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ABSTRACT: Earthquake, as a common natural disaster, has always been a serious threat to human
beings, cities and infrastructures. Schools are regarded as the representative of educational centers, where
students spend a lot of time. Therefore, the seismic performance of such buildings should be guaranteed
completely. In this study, in collaboration with the Organization for Development, Renovation, and
Equipment of Schools (DRES) in Iran, a steel school building in Kermanshah city was chosen, and
its seismic risk was assessed incorporating FEMA P-58 methodology in two states of before and after
retrofitting process. The Lateral resisting system of the school in one direction is Eccentrically Braced
Frame (EBF), and in the other direction is Concentrically Braced Frame (CBF). Due to weakness in the
lateral resisting system, it was suggested that some of the braces should be replaced with stronger ones.
In this study, the probability distribution of repairing time and repairing cost for different structural and
non-structural components in 3 hazard levels containing 50%, 10%, and 2% in 50 years was obtained
using risk analysis. The results show that in all 3 hazard levels, an increase in stiffness after retrofitting has
led to a decline in the loss of drift-sensitive components and a rise in acceleration-sensitive components.
Due to the dominance of the number of drift-sensitive components in this case study, the total damages
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and repairing time after retrofitting have negligibly decreased.

1- Introduction

The 2017 Sarpol-e Zahab earthquake [1, 2] remarked
the high seismicity of Iran, emphasizing the necessity of
accurate seismic risk assessment of vital infrastructures,
such as educational institutions. In this paper, a steel school
building located in Kermanshah is investigated using the
FEMA P-58 framework [3]. This approach, unlike traditional
methods that mainly focus on structural response, combines
structural and non-structural performance into a single risk-
based assessment. Using the FEMA P-58 methodology, a
probabilistic framework was employed to estimate the risk in
terms of potential damage, repair costs, and downtime. The
objectives are to (I) assess the building’s seismic performance
before and after retrofitting, (II) evaluate the effectiveness of
stiffness enhancement measures, and (III) quantify expected
repair costs and downtime under various seismic hazard
levels.

2- Methodology

For the seismic risk analysis the FEMA P-58 methodology
was adopted, which integrates probabilistic seismic hazard
analysis with building-specific vulnerability data to estimate
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repair costs, downtime, and the probability of structural
collapse. The study includes the following major components:

* The Building Model and Structural Details:

The selected school is a two-story braced-frame steel
building with a rectangular plan of 14.4 m by 14.7 m. The
lateral load-resisting system includes concentrically braced
frames (CBF) in one direction and eccentrically braced
frames (EBF) in the perpendicular direction. The original
braces, consisting of small double-angle sections, did not
provide adequate stiffness to meet the seismic requirements
of the building. During retrofitting, selected braces in certain
bays were replaced with larger double-angle sections (No. 6
upgraded to No. 8) to enhance the building’s lateral stiffness
and strength.

* Seismic Hazard Assessment:

Seismic hazard analysis was based on data from previous
studies conducted in Kermanshah [4], accounting for local
ground motion characteristics. Three hazard levels were
considered: 50% probability of exceedance in 50 years
(frequent, low-intensity earthquakes), 10% probability in 50
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years ( design-level seismic events), and 2% probability in 50
years (rare but high-magnitude earthquakes). The site-specific
seismic demands were determined using Probabilistic Seismic
Hazard Analysis (PSHA), yielding spectral accelerations for
the building’s first vibration mode under each hazard level.

* Structural Modeling and Analysis:

The building’s model was developed in OpenSees [5], a
finite element software for nonlinear time-history analysis.
Two-dimensional models were created for both the CBF and
EBF systems, capturing the inelastic behavior of the braces
and their connections. Geometric nonlinearity (P-Delta
effects) and material nonlinearity (steel plasticity) were
included in the analysis.

* Retrofit Design and Performance Evaluation:

The goal of the retrofit was to increase the lateral force-
resisting system’s strength and stiffness. Particularly, braces
in the EBF system were upgraded, while minor adjustments
were made to the CBF system. The effectiveness of the
modifications was assessed by reanalyzing the retrofitted
building using the same set of earthquake ground motions.

* Damage and Loss Estimation:

Using the PACT tool from FEMA P-58, damage states for
both structural and non-structural elements were determined
based on the drift and acceleration demands from the IDA
results. The fragility curves, specific to each building
component, were used to estimate the probability of damage
at different seismic intensities. These damage probabilities
were then translated into expected repair costs and downtime.
To perform Incremental dynamic analysis (IDA) [6] six pairs
of earthquake ground motions were chosen based on the soil
type and scaled to match the hazard levels. The IDA results
provided key response parameters, such as inter-story drift
ratios (IDR) and absolute floor acceleration, which are crucial
for evaluating both structural and non-structural damage.

3- Results and discussion

In this study, the seismic risk of a steel school building in
Kermanshah was assessed using the FEMA P-58 methodology
in two states of before and after retrofitting. The primary
lateral load-resisting systems included concentrically braced
frames (CBFs) and eccentrically braced frames (EBFs).
Due to the insufficient seismic capacity of these systems,
retrofitting was necessary to reduce seismic vulnerabilities.

Pre-Retrofit Performance:

The EBF system had serious deficiencies prior to
retrofitting, including excessive interstory drifts and the
potential for collapse at the 2% in 50 years hazard level.
The weakness in the EBF system capacity caused significant
inter-story drifts, leading to extensive damage in structural
components, as well as non-structural elements like partitions
and walls. This system required immediate retrofitting due to
its failure to meet seismic performance criteria, particularly at
the 2% hazard level, where the risk of collapse was highest.

1266

Existing (50/50)
— — — Retrofitted (50/50)

Existing (10/50)
= = = Retrofitted (10/50)

P (total repair cost <=$C)

Existing (2/50)

— — — Retrofitted (2/50)

0 50000 100000 150000
$C (U.S. Dollars)

Fig. 1. Cumulative Probability Distribution Curves of
Total Repair Costs for Existing and Retrofitted Struc-
tures at Three Seismic Hazard Levels.

Post-Retrofit Performance:

Retrofitting slightly improved the performance of the
building. The increase in lateral stiffness led to a reduction in
the interstory drift ratios across all hazard levels. For example,
at the 10% hazard level, repair costs for the building decreased
from $88,250 to $82,400, representing a 6.6% reduction in
expected losses. The cumulative distribution function (CDF)
of the total repair cost of the building at all three hazard levels
is shown in Fig. 1, illustrating the leftward shift of all curves
after the retrofitting processHowever, retrofitting also caused
an increase in acceleration-induced damage. Acceleration-
sensitive components, such as suspended ceilings, were
damaged more due to the increased accelerations that
resulted from retrofitting, particularly at high seismic hazard
levels. Despite this, the overall repair costs were moderately
reduced across all hazard levels due to the dominance of the
number of drift-sensitive members. In terms of downtime,
the probabilistic seismic risk analysis showed a reduction
in the total repair time after retrofitting. For example, at the
50% hazard level, repair time decreased from 122 days to
112 days in the serial repair model. Likewise, the retrofitted
structure showed improved performance with marginally less
downtime at the 10% and 2% hazard levels. The parallel
repair model exhibited even greater reductions in repair time,
especially at the 2% hazard level, where downtime decreased
from 365 days to 141 days after retrofitting.

4- Comparative Analysis of Hazard Levels:

The results demonstrate that the benefits of retrofitting
are more pronounced at the highest hazard level. For the
50% and 10% hazard levels, the reduction in repair costs
was approximately 8% and 6%, respectively, while at the
2% hazard level, the reduction was about 32% due to the
prevention of total collapse.

5- Conclusions
This study illustrates the efficacy of the FEMA P-58
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methodology in evaluating the seismic risk of an existing steel
school building before and after retrofitting. The probabilistic
nature of the assessment provides a robust framework for
estimating repair costs and downtime, which are critical factors
for stakeholders when deciding on retrofitting strategies.
The retrofitting measures implemented in this study slightly
reduced the building’s vulnerability to drift-induced damage,
though some acceleration-sensitive components remained at
risk. The findings suggest that while retrofitting improves
overall building resilience, further optimization is required to
minimize the impacts on acceleration-sensitive components.
Future work should explore alternative retrofitting solutions
that balance stiffness and flexibility, reducing both drift and
acceleration demands.
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Fig. 3. Specifications of Selected Frames Requiring Retrofit in Plan and Elevation
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6. Probabilistic Seismic Hazard Analysis
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1. Giuffre-Menegotto-Pinto

2. Nonlinear Beam Column Element (Force-Based Beam-
Column Element)

3. Distributed Plasticity Model

4. Fiber Section

5. Lumped Plasticity
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2. Engineering Demand Parameter (edp)
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1. Incremental Dynamic Analysis
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Table 6. Median and Standard Deviation of the Maximum Values of the Engineering Demand Parameters for
the Concentrically Braced Frame
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Table 7. Median and Standard Deviation of the Maximum Values of the Engineering Demand Parameters for
the Eccentrically Braced Frame
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Fig. 12. Repair costs of structural and non-structural components of the existing and the
retrofitted building in the hazard level of 50% in 50 years
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Fig. 13. Repair costs of structural and non-structural components of the existing and the
retrofitted building in the hazard level of 10% in 50 years
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Fig. 14. Repair costs of structural and non-structural components of the existing and the retrofitted

building in the hazard level of 2% in 50 years
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Table 8. Mean Total Repair Costs for the Existing and the Retrofitted Concentrically Braced Frames at Differ-
ent Seismic Hazard Levels
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Fig. 15. Cumulative Probability Distribution Curves of Total Repair Costs for Existing and Retrofitted
Structures at Three Seismic Hazard Levels
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Fig. 16. The Repair Time for the Existing and Retrofitted Structures at the Three Hazard Levels (Series)

PARALLEL

350

[O%]
[
S

N
W
o

[\
[
(=]

® Existing

365
146 141
118
29 m Retrofitted
I 72 I

50% IN 50 YEARS 10% IN 50 YEARS 2% IN 50 YEARS
INTENSITY LEVEL

Repair Time (Days)
nw o o
(e o (e

(]

(55130) Al aw yhd ol ;5 28 (gjlunte 9 392 90 83l (12 o o IV JSUd

Fig. 17. The Repair Time for the Existing and Retrofitted Structures at the Three Hazard Levels (Parallel)

VYAo



WA B AVED doio VFF Jlo oY o5lad AV S el lpos osign 4 s

WS (o (Byre ceslio Sy 1ol 30y G plgisar )

@ yess Gloj g abjp el isloj)) Cllud odee (S )sboa
ol Sl e 5 glage 5 e 45 51 Lolazs] (glojlu (sl
Ll 045

3o laog)S > Chlud Gials s929 b siluge Sy ¥
olsisds QI oy loj ) Cllud il (i (S0 i & ol
ol il ool ol s o sl bl iul38l bty sluo soae
ol 03l jd S 3llas

elogy) Shlas ials sevg by 4 Amd e Lt Limgd ol ol -0
ol Sl dwjde (gloj) Sy > (pSade L (gilure
P9 6Nk g Cenulil o3y il b 5 ol

gloosls cly ySie gy ST Sl )3 90 Slaiiy —F
2 Sygsa sloj) silupglia slagigy pSb g ond edlitul cilisee
D9 sy Sloj ) Sy ialS

odn] Gldlbe Sl cllus wle (lojy) 50> slasely -V

Dy )13 byl 3590 K55 0

d)'}iﬂ't&“
s5kkeds o j5uiS” yw)lie 55 g dmwg «(gilwg lojl 5 (B aku g
oles oo (S19)48 o S pwylie culeMb] &1,

&lo

[1] Hayward, B. M. (2013). Rethinking resilience: reflections
on the earthquakes in Christchurch, New Zealand, 2010
and 2011. Ecology and Society, 18(4).

[2] Mimura, N., Yasuhara, K., Kawagoe, S., Yokoki, H., &
Kazama, S. (2011). Damage from the Great East Japan
Earthquake and Tsunami-a quick report. Mitigation and
adaptation strategies for global change, 16, 803-818.

[3] Nadim, F., Moghtaderi-Zadeh, M., Lindholm, C.,
Andresen, A., Remseth, S., Bolourchi, M. J., ... & Tvedt,
E. (2004). The Bam earthquake of 26 December 2003.
Bulletin of Earthquake Engineering, 2, 119-153.

[4] Eghbali, M., Samadian, D., Ghafory-Ashtiany, M., &
Dehkordi, M. R. (2020). Recovery and reconstruction of
schools after M 7.3 Ezgeleh-Sarpole-Zahab earthquake;

bl o Cand 4 ) s
lib plos )3 lojer b 4 Slpsess plonl (gjlge b > )
Febar ISy il b 53 (b3l Gy s 3 5 3900 Pl

ol (g s )
e Gialil ol )3 yuexs loj (slojy) Slad adaw i3l L Y
Ll OMLMJJ{B d)ly 9 S el 90 & 0 wul)ﬁl u.:l Jujdo
26 A5 ed adau (3 oais Gl (V) 5 (V) o IS5 55 a7 jobylen
JolS sk 40 311487315 55, Y80 & 5l (ol sl 03l (Jlw 0+ 53 7Y)
JL«J RS » ZQ’ 9 Z\‘ )Ja.’> C9.|aw 2 usb.) L))l AR 0 (.Jl‘““" D)L»
Gl igy Gloj o glas s mdaw ialS b andl a8 conl alas Mo L8
WLl go il Ao pras
P e oloj il Jl o los) s sl plas s )
bt aaw (ilil b ials e cpl a8 cul 038 Ty ialS o5l
Gl el Mo |58

G S A -0

ol b (63Y58 (slayloitlis (gloj,) Sy u.nb))l a adlae oy
Siles & 63V g8 dusyde S 33l 0 FEMA P-58 (6590
Gl 48,5 8 Sy Judoo (gl olisle,S o 50 jguiS Ll
by ) 9 LRen (a)loe s gyl Liasly S5 5 dwyso et ls
b e Cins Cle 4 &5 Al oo 155 slaaiylee (sl dolxie
2 el o (gilage Uwly 93 2 53 baiylee ghale Cupi b (s>
Wili oad p Codalpae oS Yl Lbgy 605,50 b adllas )
g o dizsn Jlanl gjgi oS e i o 1y ojls sl g ol sl
duwldo (gl O] il odelCuwddy lojlu e g lojlo slas] pass oyloj
L;lo)')J )Ja_'> C‘la"" Aw yd 0l d)"“’"‘éf 9 9> 90 dusylo dlo)')J ))ﬂéﬁ
ol D g 4 adlllas ol 5l sdelcunsdy gl wal (sl ouds odlazul

Oles g aiip Jolis ¢slojy) (slasoly (slojy) slas adaw yiol38l L —)
b il 0ad (siluge 5 39250 05l 53 58 53 e

e el 4y oo ol oo o (al331 L oiylee gl =Y
@ b o9s 38155 )3 990 (nl D9 oo sloj)) Clilud AalS g 0jls
oS ol 0yg0 b oligS (slojlw (gl (iSew iuljsl oS sl VY] dllis

YA



[15] Terzic, V., Kolozvari, K., & Saldana, D. (2019).
Implications of modeling approaches on seismic
performance of low-and mid-rise office and hospital

shear wall buildings. Engineering Structures, 189, 129-
146.

[16] Yekrangnia, M., Bakhshi, A., Ghannad, M. A., & Panahi,
M. (2021). Risk assessment of confined unreinforced
masonry buildings based on FEMA P-58 methodology:
a case study—school buildings in Tehran. Bulletin of

Earthquake Engineering, 19, 1079-1120.

[17] Office of Technical Affairs, Standards Development,
and Earthquake Risk Reduction, List of Services for
Seismic Rehabilitation Studies of Existing Buildings,
Publication No. 251, Ist Edition, Deputy of Planning

and Strategic Supervision, 2007. (in Persian)

[18] VPSPS (Vice Presidency for Strategic Planning and
Supervision). Instruction for seismic rehabilitation
of existing buildings. No.360. First revision. Tehran,
Iran: Office of Deputy for Supervision, Department of

Technical Affairs; 2014.

[19] Iranian Code of Practice for Seismic Resistant Design
of Buildings, Standard No. 2800, Fourth Revision, B. a.
H. R. (in Persian)

[20] Center, Tehran,Iran, 2015. (In Persian)McKenna, F.,
Fenves, G. L., & Scott, M. H. (2008). Open system for
earthquake engineering simulation: version2. 1.0. URL
http://opensees. berkeley. edu.

[21] Road, Housing and Urban Developenment Research
Center (BHRC), (2013). National Building Code: No.
10: Design and construction of steel buildings. Tehran,
Iran.

[22] Filippou, F. C., Popov, E. P., & Bertero, V. V. (1983).
Effects of bond deterioration on hysteretic behavior of
reinforced concrete joints.

[23] Hsiao, P. C., Lehman, D. E., & Roeder, C. W. (2012).
Improved analytical model for special concentrically

braced frames. Journal of Constructional Steel Research,
73, 80-94.

[24] Razavian Amrei, S.A., Ghodrati Amiri, G. and Mavaei,

\YAY

part II: Recovery process and resiliency calculation. Soil

Dynamics and Earthquake Engineering, 139, 106327.

[5] Samadian, D., Eghbali, M., Dehkordi, M. R., & Ghafory-
Ashtiany, M. (2020). Recovery and reconstruction of
schools after M 7.3 Ezgeleh-Sarpole-Zahab earthquake
of Nov. 2017; part I: Structural and nonstructural
damages after the earthquake. Soil Dynamics and

Earthquake Engineering, 139, 106305.
[6] Baker, J. W., & Cornell, C. A. (2008). Uncertainty

propagation in probabilistic seismic loss estimation.

Structural Safety, 30(3), 236-252.7.

[7] Yang, T., et al., Seismic performance evaluation of
facilities: Methodology and implementation. Journal of

Structural Engineering, 2009. 135(10): p. 1146-1154.
[8] Filiatrault, A., & Sullivan, T. (2014). Performance-based

seismic design of nonstructural building components:
The next frontier of earthquake engineering. Earthquake
Engineering and Engineering Vibration, 13, 17-46.9.
[9] Zeng, X., et al., Application of the FEMA-P58
methodology for regional earthquake loss prediction.

Natural Hazards, 2016. 83(1): p. 177-192.

[10] FEMA (Federal Emergency Management Agency).

(2012). Seismic performance assessment of buildings.

[11] FEMA,P.(2012).58-2, Seismic performance assessment
of buildings volume 2: Implementation guide.
Washington, DC: Federal Emergency Management
Agency.

[12] Joyner, M. D., & Sasani, M. (2020). Building
performance for earthquake resilience. Engineering

Structures, 210, 110371.

[13] Yazdanpanah, O., Dolatshahi, K. M., & Moammer, O.
(2021). Earthquake-induced economic loss estimation of
eccentrically braced frames through roof acceleration-
based nonmodel approach. Journal of Constructional
Steel Research, 187, 106888.

[14] Kor, E., & Ozcelik, Y. (2022, June). Seismic performance
assessment of concentrically braced steel frames
designed to the Turkish Building Earthquake Code
2018. In Structures (Vol. 40, pp. 759-770). Elsevier.



WA B AVED doio VFF Jlo oY o5lad AV S el lpos osign 4 s

dynamic analysis. Earthquake engineering & structural
dynamics, 31(3), 491-514.
[27]Mr, H. M. (2003). Multi-hazard loss estimation
of
Homeland Security, FEMA, Washington, DC, 235-260.

methodology: Earthquake model. Department

[28] Means, R. S. (2017). RS Means online data. Retrieved
November, 13, 2017.

M. (2014), “Providing Peak Ground Acceleration (PGA)
on Bedrock and Uniform Seismic Hazard Spectra for
Different Regions of Kermanshah City”, Geodynamics
Research International Bulletin, Vol. 1, No. 02, pp. 1-9.
[25] Council, A.T. and U.S.F.E.M. Agency, Quantification
of building seismic performance factors. 2009: US

Department of Homeland Security, FEMA.
[26] Vamvatsikos, D., & Cornell, C. A. (2002). Incremental

DOI: 10.22060/ceej.2025.21220.7658

Sh. Sayyad, M. Raissi Dehkordi, Gh. Ghodrati Amiri, M. Eghbali, D. Samadian, Risk Assess-
ment of Retrofitted Steel Structures Based on FEMA P-58: a Case Study-School Buildings in
Kermanshah, Amirkabir J. Civil Eng., 57(7) (2025) 1265-1288.

o gl )l e (ol 4 digSy

YYAA


https://dx.doi.org/10.22060/ceej.2025.21220.7658

