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Abstract

Seismic performance of a representative single-story confined unreinforced masonry
school building in Tehran, Iran is evaluated by means of incremental dynamic analyses
according to FEMA P-58 framework. For this purpose, fragility curves are derived for
each of the constituent walls of the building. The in-plane behavior of the walls is consid-
ered only. Both flexible and rigid diaphragm conditions are investigated. For comparison
purposes, the corresponding unconfined building exactly duplicating the considered con-
fined unreinforced masonry building is also studied. In order to analyze the effects of near-
source seismic actions on the performance of masonry buildings, two separate far-field and
near-field ground motion sets containing 326 records are used. By utilizing the results of
the incremental dynamic analyses and the available data of unreinforced masonry school
buildings in Tehran, a scenario-based risk assessment of this type of school buildings is
performed considering all three adjacent faults for three different earthquake magnitudes.
Considerable performance improvement is achieved by providing confinement to the walls
which leads to over $100 million reduction in the damage costs for masonry school build-
ings in Tehran. Also, significant reduction in seismic vulnerability, especially for uncon-
fined masonry buildings, is observed by providing the roof with more rigidity. The findings
in this study can be of direct use for disaster management of masonry school buildings in
Tehran and similar cities.

Keywords Unreinforced masonry buildings - Fragility curves - Life-cycle cost analysis -
Risk assessment

1 Introduction

Generally speaking, masonry buildings are classified into unreinforced and reinforced; the
latter usually benefit from horizontal and vertical steel bars which significantly improve
strength, ductility and energy dissipation capacity of such walls. Masonry buildings can
also be categorized as confined and unconfined. Using horizontal and/or vertical ties
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Fig. 1 Example of damages to an
Iranian URM school buildingin
Ahar Earthquake, 2012; note that
although the life safety perfor-
mance level has been achieved,
the servicability of the building
halted temporarily. (Courtesy of
Dr. Morteza Bastami)

usually in the form of lightly reinforced concrete members at the perimeter of walls, their
intersection with perpendicular walls and if necessary, around large openings can consider-
ably enhance their ductility and in some cases their strength.

Unlike other masonry construction types, the behavior of Confined unreinforced
Masonry (referred to CM hereafter) buildings has not yet been fully formulated. This is
mainly because of more sophisticated behavioral characteristics of CM walls compared
to unconfined Unreinforced Masonry (referred to URM hereafter) buildings. CM is the
only masonry system that has been allowed practicing by the Iranian Code of Practice
for Seismic Resistant Design of Buildings (Standard 2800, 2005) in seismic-prone areas.
Consequently, considering the fact that more than 6% of five million rural houses in Iran
(Rural Houses Specifications Count 2003) and more than 20% of 95,000 Iranian schools
(Yekrangnia and Mahdizadeh 2009) are CM, proper design and evaluation of these build-
ings are urgent and important as well. The current approach of the majority of seismic
design codes for CM buildings (including Standard 2800) is prescriptive in nature, and are
intended to provide a life-safety level of protection when a design-level earthquake occurs.
However, a code-designed building could withstand extensive damages from a design-
level earthquake, and be out of service for an extended period of time. In some cases, the
damage may be too expensive to repair, leaving demolition and reconstruction as the only
option (FEMA-P-58, 2012). This is indeed a challenging situation for school buildings that
their operational performance is needed both for students and for possible immediate shel-
tering after earthquakes (Fig. 1).

In this paper, seismic performance of a typical Iranian masonry school building is evalu-
ated by using previously-developed simple spring models (Yekrangnia et al. 2017a, b). Fra-
gility curves are derived based on large number of records for two sets of seismic actions;
far-field and pulse-including near-field records. Vulnerability of the considered CM school
buildings are compared with the corresponding URM school buildings. Finally, the results
of the fragility curves are utilized in risk assessment of masonry school buildings in Tehran
following a scenario-based approach. It should be noted that the results of this study are
limited to single-story URM buildings (either unconfined or confined). In this study, the
out-of-plane failure of walls was not considered. Observations from past earthquakes by
the first author (Yekrangnia et al. 2017a, b) indicate that if wall-to-wall connections were
constructed according to national building design codes, the out-of-plane failure of walls
is unlikely to occur especially for the low height-to-thickness (slenderness) ratio of most
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Iranian URM walls. The out-of-plane resistance of such walls is significantly improved
thanks to the presence of confining ties in CM buildings. However, care must be taken
in such statement as in-plane (IP) and out-of-plane (OP) interaction of URM/CM walls
can finally result in huge capacity reduction both in in-plane and out-of-plane directions
(Dolatshahi et al. 2014; Dolatshahi and Yekrangnia 2015).

The summary of the utilized procedure of risk assessment of masonry school buildings
in this study is presented in Fig. 2. The procedure consists of several stages which forms
different sections of this paper. These include assembling the building performance model,
performing IDA, defining building and performance characteristics, and calculating perfor-
mance that together with defining earthquake hazards, leads to final results of seismic risk
analysis. These steps will be fully covered in the following sections.

2 Assembling building performance models

2.1 Modeling procedure and assumptions

Modeling of walls in the CM school building was carried out by using the proposed
models by Yekrangnia et al. (2017a, b) for CM walls. The force—displacement behavior

found in ASCE 41 (ASCE 41-13, 2013) was utilized for modeling the corresponding
URM school building. For this purpose, lateral drift ratio was considered for Engineering
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Fig.2 Flowchart of risk assessment of masonry school buildings based on FEMA P-58 Methodology
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Fig. 3 Utilized hysteretic behav-
ior for solid and perforated CM
walls (Yekrangnia et al. 2017a, b)

Force

Fig.4 Induced forces in wall and ties

Demand Parameter (EDP), as a parameter which best describes seismic response severity
of each structural element (which can be drifts, accelerations, distortions, etc.) and was
subsequently used to determine performance based on the proposed damage index (FEMA
440, 2005). Two levels of EDP’s for drift ratios, namely First Major Event (FME) related
to the first considerable stiffness reduction and Second Major Event (SME) associated
with the ultimate force capacity of each wall, were considered. These EDP’s were deter-
mined based on the relations proposed by Yekrangnia et al. (2017a, b) for various CM
walls and also ASCE 41 of the corresponding URM walls. The schematic representation
of the utilized hysteretic force—displacement behavior for CM walls is shown in Fig. 3.
The backbone curve of this behavior is characterized by two points i.e. FME and SME.
Based on this proposed behavior, the characteristics of CM walls up to FME (wall’s crack-
ing) including wall’s strength and stiffness are similar to those of the corresponding URM
walls which can be determined based on the available relations in different seismic design
codes e.g. ASCE 41 (ASCE 41-13, 2013). The strength related to SME is based on the
positive effects of confining ties in the form of an additional vertical compressive force
from the tie acting on the wall. This interaction force as the confining force on the wall is
shown with a red arrow in Fig. 4 which directly contributes to increasing the wall’s shear-
sliding capacity. The SME strength as the maximum strength of CM wall is the improved
wall’s capacity when either of the tensile, compressive or shear failure occurs in the ties;
all of which can be determined based on available design code’s formulations for rein-
forced concrete members. The displacement related to SME (Ag,,) is based on equating
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the previously-determined SME strength and the strength following the bilinear force—dis-
placement path (as a function of unknown Ag,,;). The stiffness in the second branch of
force—displacement curve (from FME to SME according to Fig. 3) is the reduced stiffness
based on the experienced damages in the wall and the ties. In displacements larger than that
of SME, the wall experiences strength softening if the failure of the ties is either compres-
sive or shear. The loading mechanism follows a secant stiffness(K..(A;)) based on the dis-
placement demand (A;).The unloading behavior follows a bilinear path through two stiff-
ness factors i.e.Kéj (A;) and KIU (A;) shown in Fig. 3. The former and the latter stiffness are
functions of wall’s initial stiffness and ties flexural stiffness, respectively. It is assumed that
Ké’ (A)) and K ]U (A;) linearly decrease by the displacement demand. The effects of opening
are taken into account in the form CM wall’s initial stiffness, the strength related to FME
and SME; and also two reduction factors. The first reduction factor shown by « in Fig. 3 is
applied to the unloading strength (V) and the other is applied to K]U (4A,;); both of which
depend on the ratio of opening’s length to that of the wall. More information about the pro-
posed model is found in Yekrangnia et al. (2017a, b).

2.2 Considered failure modes for CM and URM walls

Generally speaking, among the possible failure modes in CM walls, shear-sliding in walls
and three failure modes in ties namely shear failure at the base of the Far Tie (FT), tensile
failure at the base of the Near Tie (NT) and compression failure at the base of the FT have
been observed in Iranian CM walls. Schematic representation of these failure modes are
shown in Fig. 5. It can be said that for walls with low aspect ratios (the ratio of height to
length of the wall), shear failure in ties is more probable (Yekrangnia et al. 2017a, b). For
walls having high aspect ratios and a considerable vertical load, compression failure at the
ties is more likely; and for walls with an intermediate aspect ratio, the ties’ tensile fail-
ure is expected. Each of the aforementioned failure modes of CM walls has its own char-
acteristics in terms of the force—displacement curve and hysteretic behavior. The detailed
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Fig.5 Considered failure modes in wall and ties in CM walls a After Tasnimi (2004) (Failure mode: shear
sliding in wall/tensile failure in tie) b After KhalafRezaei (2012) (Failure mode: shear sliding in wall/com-
pressive failure in tie) ¢ After Sarrafi and Eshghi (2012) (Failure mode: shear sliding in wall/tensile failure
in tie)
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formulations for determination of the parameters related to force—displacement behavior of
CM walls are found in Yekrangnia et al. (2017a, b).

In order to further verify the accuracy of the proposed formulations in capturing the
hysteretic behavior of CM walls, the results of three previously-tested specimens are
exploited. The characteristics of these specimens are found in Table 1. In this table, H, L
and 7 are wall’s height, length, and thickness, respectively; b and d are the width and height
of ties’ cross section, respectively; u is the friction coefficient between bricks; f,'n and fc' are
compressive strengths of masonry prism and concrete of ties, respectively; f, is the yield
strength of longitudinal bars in ties which is equal to yield strength of shear reinforcement
in ties (fy_n); ¢ and C are vertical stress on the wall and shear bond strength of mortar,
respectively;d,;, and d,,,,. are the diameter of shear and longitudinal reinforcing bars in
ties, respectively; s is the distance between shear reinforcement bars; A, and Ag,,, are
lateral drift ratios related to FME and SME, respectively.

The numerical simulation of the specimens is performed using OpenSees (Fenves et al.
2004). For this purpose, the required parameters derived from the proposed relations by
Yekrangnia et al. (2017a, b) are assigned to Pinching4 material in a single degree of free-
dom system as a nonlinear axial spring. Where as shown in Fig. 6, shear stress-lateral drift
ratio curves of the experimental specimens and the numerical models are in good agree-
ment which indicates the ability of the models to simulate different behavioral character-
istics of CM walls. The force—displacement curves of the models and related specimens
have been transformed to shear stress-lateral drift ratio in order to make them independent
of the walls’ geometrical characteristics. Part (a) and (b) of this figure represent solid CM
walls with sliding shear failure in the wall but with different failure modes in the ties. The
specimen in part (a) experiences tensile failure in the NT which is associated with a large
displacement capacity up to 3% of drift ratio as shown in this figure; whereas in part (b),
compressive failure occurs in the FT which is attributed to significant strength reduction in
larger drift ratios. The considered specimen in part (c) of this figure has a central window
with 0.60 m and 0.45 m in length and height, respectively. The wall and the NT experi-
ence shear sliding and tensile failure, respectively. The noticeable pinching in the hysteretic
curve in this specimen compared to the two others originates from presence of opening
which results in considerable reduction of the wall’s stiffness. As a result, ties play a more
important role in load-bearing mechanism and the behavior of this specimen tends to that
in a typical infilled frame with weak infill/strong frame which in many cases shows pinch-
ing (Yekrangnia and Mohammadi 2017).

2.3 Models selection

The main objective of this study is to derive analytical-based fragility curves for masonry
buildings. For this purpose, a representative Iranian masonry school building shown in
Fig. 7 is considered. The dimensions of different parts of the representative school building
are based on the mean values from statistical analysis on more than 500 masonry school
buildings in Iran by the first author (Yekrangnia et al. 2017a, b). Unfortunately, among the
related mechanical properties of material, only shear strength of mortar is available from
several in-situ tests (see Fig. 8) and the median value of this parameter has been considered
for performing IDA. Selection of this value is based on FEMA-P-58 (FEMA-P-58 2012)
recommendation which indicates the 50th percentile values are appropriate for estimating
quantities for most buildings, when more specific information is not available about build-
ings under consideration. In addition to shear strength of mortar, other material properties
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Fig. 6 Comparison of force—displacement curves of the experimental specimens and the proposed numeri-
cal models after Yekrangnia et al. (2017a, b)
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Fig.7 Representative Ira-

nian CM school building
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Fig.8 Distribution of mortar shear strength by in-situ tests on 1914 samples based on EN 1052-3 (2002);
with mean and standard deviation of 0.26 MPa and 0.17 MPa, respectively

such as compressive strength of concrete, yield strength of bars, and compressive strength
of masonry prism are necessary for developing spring models. These parameters were
assumed based on the values found in Tasnimi (2004).

It is worth noting that because many Iranian masonry school buildings are symmetri-
cal in both directions and the geometrical characteristics of all classrooms are similar,
they are considered as modular buildings and hence the number of classrooms has negli-
gible effects on their seismic performance. Because of the modularity of classrooms, the
connections of the adjacent walls at each building plan axis is not much of importance.
For example, consider a single classroom with two parallel walls in each direction, if
the initial stiffness and strength capacity of such walls in direction 1 can be represented
by parameters K, and F, respectively, these parameters for double-classroom building is
approximately 2 K and 2F, respectively (Mosalam et al. 1997). The mass of the latter
building is two times of that of the former building. Consequently, the seismic demands
on the two buildings are approximately identical and the capacity of each module (class-
room) remains approximately constant regardless of the number of classrooms. Conse-
quently, the fragility curve for the representative classroom can be regarded very similar
to that of the whole building. Consequently, seismic behavior of Iranian masonry school
buildings can be represented by the behavior a representative classroom consisting of
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several modular walls in both directions. These walls are schematically shown in Fig. 9
with their behavior in terms of shear stress-lateral drift ratio at the second row. The
ratio of opening to the walls’ surface area for walls with door and window is 10%, and
22%, respectively. It is noted that based on some design recommendations (Meli et al.
2011), this ratio is limited to a certain upper bound. However, the aim of this study is
to perform seismic risk analysis on a typical URM and corresponding CM representa-
tive building regardless of the consideration of seismic design code’s requirements. The
dashed lines in these curves represent shear stress-lateral drift ratio of the considered
URM walls according to ASCE 41 (ASCE 41-13, 2013). The solid lines signify the
behavior of the corresponding CM walls based on Yekrangnia et al. (2017a, b). Since
the failure mode of all the URM walls are rocking, zero hysteretic damping is consid-
ered for these walls and hence, the unloading behavior exactly follows the loading curve
in these diagrams. As a result, both dashed and solid lines denote cyclic behavior of
the considered walls. As shown in Fig. 9, NS-S is a solid wall in North—South direc-
tion (two of them are considered in a parallel spring model later in obtaining fragility
curves for the representative classroom); EW-D and EW-W are the walls with side door
and central window in the East—West direction (see Fig. 7), respectively. Note that in
each representative classroom, there are two identical EW-W walls which are adjacent
to each other and the response of two EW-W walls is included for determination of
the representative classroom’s vulnerability. Because of a common-practice system of
jack-arch roof in which the roof’s beams are placed on the walls in EW direction, NS-S
is assumed to be non-load-bearing in the vertical direction; whereas the roof loads of
each classroom are equally distributed between EW-D and two EW-W walls. Moreover,
EW-D bears the roof load from the corridor of the building. Among the behavioral char-
acteristics of these walls is considerable reduction in hysteretic damping of EW-W due
to presence of large opening ratio (ratio of opening area to wall area). Also, EW-W has
larger displacement capacity compared to NS-S and EW-D because of the lower wall’s
contribution in load-bearing originated from significantly lower stiffness compared
with other walls. However in NS-S and EW-D, the wall dominates the lateral response
because of its length and therefore, the resulted stiffness and shear strength. As a result,
these walls have less displacement capacity because of inherent limited-ductility nature
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Fig.9 Geometrical features and force—displacement of the CM walls and the corresponing URM walls in
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of masonry walls. It is noted that the walls were assumed to carry in-plane loads only
and no out-of-plane contribution was considered for the walls.

By comparing the shear stress-lateral drift ratio behavior of the considered URM walls
with that of the corresponding CM walls, it is observed that significant improvement is
achieved thanks to the confining effects from the ties especially in NS-S and EW-W. As
shown by Yekrangnia et al. (2017a, b), masonry walls benefit most from the confining ele-
ments in in two cases: (1) the vertical loads are negligible; which usually means the failure
mode changes from rocking in URM wall to diagonal-sliding in the corresponding CM
wall due to confining force from the tie (shown in Fig. 4); or (2) the wall’s aspect ratio is
high which intensifies the confining force from the tie. Case (1) and case (2) are valid for
NS-S and EW-W, respectively; the former bears no vertical force from the roof and the lat-
ter is divided by the central window into two separate piers with a high aspect ratio. It is
noted that for NS-S and EW-D, the capacity related to shear failure and tensile failure at the
ties are close to each other. For these walls, the shear failure at the ties which is attributed
to less ductility is considered conservatively. On the other hand, for all the URM walls, the
toe-crushing and rocking failure modes are close matches. For these walls, the ductile rock-
ing failure mode is considered un-conservatively to compare the positive effects of confin-
ing ties in the worst case possible.

3 Performing IDA
3.1 Records characteristics

In this part, characteristics of the earthquake records used for performing IDA are pre-
sented. Two sets of records namely far-field and near-field are considered in this paper.
Based on Benjamin and Cornell (1970), the number of required ground motions for per-
forming IDA is determined based on the standard deviation of EDP’s and the assumed
error. In this study, the number of considered earthquakes is sufficient to maintain a maxi-
mum error of 2% in the results.

3.1.1 Far-field records

The far-field set consists of 60 records which covers soil classes B, C and D based on
ASCE 41-13, 2013. These records are recommended as the far-field records by FEMA
P-440A (2009). This set is employed in this study as an indicator for determination of sen-
sitivity of the considered walls to the near-field ground motions. The acceleration spectrum
of this set scaled to the design Peak Ground Acceleration (PGA) in conjunction with the
average of the design spectrum of Standard 2800, 2005 over the soil classes B, C and D for
regions with very high seismicity has been shown in Fig. 10a. Also, the list of the far-field
records used in this study is found in Table 2.

3.1.2 Near-field records

The near-field set, including 266 pulse-like ground motions recorded on soil classes B,
C and D was downloaded from PEER strong motion database (Chiou et al. 2008). Fig-
ure 10b shows the acceleration spectrum of this set scaled to the design PGA. As stated
by Lovon et al. (2018), considering a large set of ground motion records provides good
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Fig. 10 Acceleration response spectra of the considered ground motions

propagation of the record-to-record variability. Comparing the spectra of the far-field set
and the near-field set in this figure shows higher spectral accelerations at large periods in
the latter set that was addressed in several previous studies (Ghahari et al. 2010). Also,
the list of the near-field records used in this study is presented in Table 3. As indicated in
design codes (ASCE/SEI 7-05 2005), the selected ground motions should represent the
magnitude, fault-to-site distance and fault mechanism of the seismic actions in the consid-
ered site. Since the final objective of this study is to evaluate the risk of masonry school
buildings in the city of Tehran which is surrounded by three major faults (two of which are
less than 10 km distance from the city), considering the near-field, pulse-like earthquakes
in developing fragility curves can greatly facilitate a deeper understanding of a more real-
istic performance of these buildings. Also, since these buildings have high natural frequen-
cies, they are expected to show sensitivities to high-frequency content related to near-field
ground motions.

According to the findings by Bommer et al. (2004) on the effect of duration of ground
motions on masonry buildings with strength and stiffness degradation, some of the records
which caused higher strength degradation in masonry buildings are from events with pulse-
like, near-field ground motions. Also, he concluded that near-field records which impose
considerable energy on the structures in a short period of time tend to cause severer dam-
ages compared to far-field ground motions with the same energy which is distributed over
a longer period of time. This observation has also been pointed out by FEMA 461 (2007).
However, Kostov and Koela (2007) stated that although near-field ground motions has high
PGA'’s, they result in lighter damages compared to far-field earthquakes which usually have
significant Cumulative Absolute Velocities (CAV). These rather diverse findings make
the evaluation of the effects of near-field earthquakes on performance of the considered
masonry buildings more interesting.

3.2 Strong motion parameters

In this study, several strong motion parameters are considered as intensity measures to cor-
relate with the selected EDP i.e. maximum drift ratio. As reported by Bakhshi et al. (2014),
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the Park-Ang damage index for CM walls is best correlated with Effective Peak Accelera-
tion (EPA), Arias Intensity (/,), spectral acceleration at the first natural period (Sd(Tl )) and
PGA. However, according to the study by Amiri and Dana (2005) in which they investi-
gated sensitivity of several strong motion features of 150 Iranian earthquakes, EPA, Peak
Ground Velocity (PGV) and Effective Peak Velocity (EPV) are the more prominent strong
motion parameters for selecting the critical ground motions similar to one introduced by
Zhai and Xie (2007). They concluded that velocity-related parameters are more representa-
tive of criticality of ground motions than displacement parameters which their sensitiv-
ity to low-frequency, high-amplitude signals is not reliable. This finding agrees with the
results by Bommer et al. (2004) who stated that the dependency of duration on structural
damages is open for further research. It is because inherent difficulty in decoupling the
duration from other features of strong motion and this characteristic is expected to be
influential in structures with low-cycle fatigue and cyclic degradation only (Bommer et al.
2004; Reinoso et al. 2000). Also, definition of duration and the considered damage type is
of great importance which sometimes can result in independence of this parameter to the
EDP (Shome et al. 1998).

Moreover, the duration of ground motion which is comparatively high in far-field earth-
quakes is not much of importance is some of EDP’s including those related to extreme
(as opposed to cumulative) response characteristics. Examples of these EDP’s are maxi-
mum acceleration, maximum story shear force and maximum drift ratio which is consid-
ered in this study. As indicated by Bommer et al. (2004), unlike DI's which are based on
energy dissipation, those based on extreme drift ratio are not sensitive to duration of strong
motion.

As utilized in some researches (FEMA-P-58 2012), spectral acceleration at the domi-
nant natural period of the structure is a frequently-used parameter as Intensity Measure
(IM). Nonetheless, studies show that this parameter can results in high dispersions in EDP
(Bommer et al. 2004). On the other hand, averaging the spectral accelerations over a range
of periods is suggested. Since masonry buildings experience severe stiffness and some-
times strength reduction during earthquakes, the upper-bound of periods is very important
in scaling the ground motions. While different codes consider different upper-bounds for
scaling (Standard 2800 2005; NZS1170.5 2004), Bommer et al. 2004 found the 2.7T leads
to the least dispersion in the EDP for masonry buildings in which T, is the natural period
of the first mode of the building. When compared to single period scaling method, this
method leads to less dispersion in the results; however, this is not the case for low-period
structures e.g. single-story masonry buildings in which acceleration-related parameters
works better (Dhakal et al. 2007). In this study, the proper IM is selected based on the
results of sensitivity analysis presented in the next section “Selection of intensity measure”.

3.3 IDA results discussion
3.3.1 Selection of intensity measure

There are several studies with the focus of determining the most efficient and sufficient IM
for performing IDA. Luco and Cornell (2007) carried out sensitivity analysis on different
types structures to different IM’s. They found that ground motion intensity measure which
takes into account second-mode frequency content and inelasticity is suitable in estimat-
ing the structural drift response measure. They also indicated that using this IM, it is not
necessary to treat near-field ground motions as a separate set with far-field one. Jalayer
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et al. (2012) and Ebrahimian et al. (2015) proposed and implemented a new procedure
employing relative sufficiency measure based on information theory concepts to quantify
the suitability of one IM relative to another in the representation of ground motion uncer-
tainty. They found that the results depend only on the spectral ordinates at the periods of
the first two modes of vibration. In order to determine the best parameter for IM for incre-
mentally scaling the records sets for performing IDA and accordingly, deriving the fragility
curves, a preliminary IDA is performed. Based on the results of this analysis which is not
presented here for brevity, the correlation between the considered EDP i.e. the maximum
story drift ratio and different strong motion parameters is studied. Among different strong
motion parameters, PGA has the best correlation with the considered EDP i.e. maximum
drift ratio. Consequently, PGA is considered here as IM. This correlation for two of the
considered walls against two sets of the used ground motions is shown in Fig. 11. In this
figure, the two sets of considered records namely near-field and far-field are applied incre-
mentally to the two representative walls (NS-S and EW-W). Scale 1 in the legends of this
figure means all the records are applied without any scaling and hence, in the intensity
perspective, they are as-occurred earthquakes. Scale 2 records are scaled up two times of
their original intensity. The other levels of applied excitation follow the same procedure
with Scale i denoting the scale factor equal to i-times of the original records. As can be
seen, since the near-field set has higher original intensity compared to the far-field set,
lower scaling factors are needed to impose a very large EDP and hence complete the IDA
process. According to Fig. 11, the similarities of the correlation between the IM and the
EDP to the assumed force—displacement curve of the walls (placed at the top right within
each figure for that particular wall) up to the SME level is observable. Also, the aforemen-
tioned correlation is weaker in EW-W compared to NS-S because this wall has a lower
natural frequency (refer to Fig. 9) and hence, has lower sensitivity to acceleration-related
strong motion parameters e.g. PGA. Two levels of drift ratio i.e.Ag,z and Ag,, associated
with FME and SME, respectively which are based on the proposed relations by Yekrang-
nia et al. (2017a, b) are shown by vertical dashed lines. As can be seen, for the experi-
enced drift ratios smaller than Dp,,,, the correlation is very strong which is due to the fact
that the wall’s response remains linear elastic before cracking drift ratio i.e. Apyp = %%
where K and Fp,,; are wall’s stiffness and FME strength, respectively which are deter-
mined from Yekrangnia et al. (2017a, b). The spectral acceleration which induces inertial
force equal to Fpy,, is shown by horizontal dashed lines denoting S,_pz = F;/“I” where M
is the wall’s total mass. The PGA related to S,,_g,,z which is denoted by PGAp,,;; is deter-
mined based on S,_p,,» and natural period of the wall. For NS-S wall, PGApyr = S,_ryr
because of very small natural period of the wall (refer to Fig. 9); whereas for EW-W wall,
PGApyg = 0.5S,_rye from the average records sets shown in Fig. 10. The interesting find-
ing is that at the intersection of A,z and S,_p,,; which is FME, the trend of correlation
between EDP and IM changes to a smaller slope and larger scattering, both of which indi-
cate response nonlinearity of the walls.

3.3.2 Fragility curves of constituent walls

The results of IDA from more than 78 thousand nonlinear time-history analyses based
on 0.05 g increments were transformed into exceedance probabilities of certain per-
formance levels i.e. FME and SME given an IM i.e. PGA following the procedure by
FEMA P-58 and Baker (2015). It was assumed that the IDA results follow log-normal
distribution which was fitted to the Cumulative Distribution Function (CDF) of the
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Fig. 11 (continued)

results. The resulted fragility curves are shown in Fig. 12 for the representative walls.
Each part of these figures consists of eight curves; half of these curves are related to
CM walls (denoted by solid lines) and the other half are associated with the correspond-
ing URM walls (shown by dashed lines). Also, one half is related to far-field set of
ground motions (denoted by thin lines) and the rest of the curves show the near-field set
results (represented by thick lines). There are two damage states considered in these fig-
ures i.e. FME (shown by green lines) and SME (represented by red lines); each of which
includes half the fragility curves. Although NS-S walls carry no vertical loads from the
roof, they are the only lateral load-bearing structural elements in the considered build-
ing in NS direction. Consequently, the total roof mass of each classroom (half roof mass
from each adjacent classroom) is assigned to these walls for determination of their fra-
gility curves.

The results of Fig. 12 are as follows; in part (a) there is no significant difference
between the performance of CM and URM walls in both FME and SME damage states.
This is mainly because the wall itself dominates the behavior of the CM wall and the
wall has considerably larger stiffness and capacities than the ties which itself is origi-
nated from the length and the large vertical load carried by this wall. However, this is
not the case for EW-W and NS-S (part (b) and part (c) of Fig. 12) in which the uncon-
fined wall because of either having short length (part (b)) or having negligible verti-
cal loads (part (c)) benefits hugely from the effects of the confining ties. This relative
improvement in lateral response of EW-W and NS-S was also observed in the results of
Fig. 9. The PGA related to the 50th percentile of exceedance probability of FME level is
0.15 g and 0.45 g for EW-W and NS-S having URM and CM walls, respectively which
shows 200% improvement in seismic performance of these walls. Moreover, the corre-
sponding PGA of SME level is 0.20 g and 0.55 g for NS-S having URM and CM walls,
respectively which indicates an improvement of 175% in this level. The same conclu-
sion from 90% performance improvement of SME level thanks to walls confinement can
be made for EW-W. Note that in some fragility curves related to FME, the exceedance
probability of CM is slightly larger than that of the corresponding URM wall. This is
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because the URM wall corresponding to CM, the length of confining ties was assumed
to be also replaced with masonry wall (based on the assumption of constant walls’ gross
length), leading to slight increase in cracking strength.

Another observed feature for these curves is the dispersion of the results which is higher
for SME level compared to FME level. This behavior has also been observed in Fig. 11 in
which scattering of the results significantly increases from FME to SME. This is due to the
fact that each considered model is at the verge of experiencing nonlinear behavior when
reaching FME level; hence the linear-elastic response of the models contributes to deter-
mination of the fragility curves for FME level. However, the results related to SME level
are based on the more sophisticated nonlinear behavior i.e. the assigned hysteretic rule for
each wall. As a result, different structural parameters play a part in response determination
and accordingly, more strong motion parameters in the applied earthquake records become
more important. Consequently, weaker correlation exists between the EDP (maximum drift
ratio) and the IM (PGA). For the same reason, the difference between the results related to
far-field and near-field sets is more pronounced in the SME level compared to FME level.
As can be seen, the former set leads to up to 0.10 g higher PGA associated with a consid-
ered exceedance probability. In other words, the considered walls show less capacity when
subjected to near-field seismic actions. For example, the PGA causing SME level damages
in EW-W associated with 50% probability of exceedance is 0.57 g and 0.67 g, respectively
for near-field and far-field set; hence the former set, although scaled the same as the latter
set, imposes larger seismic demands on the wall and hence, reduces the IM associated with
SME by more than 17%.

3.3.3 Fragility curves of representative classroom

It can be claimed that the behavior of the selected school building is very similar to the
behavior of the representative classroom having the walls shown in Fig. 7 because of the
symmetrical plan of the building in both directions and also its classroom-based modular
form. When it comes to the roof system of Iranian masonry buildings, they are either jack-
arch roof or filler-joist, both classified as flexible diaphragms. However, Standard 2800,
2005 recommends providing these roofs with integrity by means of adding diagonal strips
as shown in Fig. 13a. However, in many cases, the roof of these buildings is made rigid,
albeit in in-plane direction, by casting a reinforced concrete layer on it (see Fig. 13b).

As schematically shown in Fig. 14a, the parallel walls in the representative classroom
with rigid diaphragm experience equal top lateral displacements. However, these walls
in the representative classroom with flexible diaphragm have independent degrees of
freedom and hence, they should be evaluated separately (Fig. 14b).

3.3.3.1 Flexible diaphragm In order to derive fragility curves of the representative
classroom with flexible diaphragm in EW direction, a combination of the results of part
(a) and part (b) of Fig. 12 should be used. For this purpose, it is assumed that reaching
a certain level of damage by either of the two load-bearing walls i.e. EW-D and EW-W
leads to experiencing that particular level of damage in the classroom. As a result, the
probability of exceedance of a certain level of damage in the representative classroom
with flexible diaphragm in EW direction can be expressed as Eq. (1). It can be concluded
from this equation that when diaphragm is flexible, the walls act independently and fail-
ure of at least one wall will lead to the failure of the whole system.
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(a) Providing integrity (b) Providing rigidity

Fig. 13 Practiced roof retrofit measures for Iranian masonry school buildings a Rigid Diaphragm b Flexible
Diaphragm

A1= A4> A2= A3

(a) Rigid Diaphragm (b) Flexible Diaphragm

Fig. 14 Walls’ deformation based on EW seismic loading demand a Flexible Diaphragm b Rigid Dia-
phragm

In A) EW-W

(Am

Fpg (&)= ® —=2 | =1~ [ (1-P[DS>DS,|EDP = A]) )
B j=EW-D

DS; = FME and SME,A = Driftratio.

where @ signifies the lognormal cumulative distribution function, A,, and f denote the
median and the logarithmic standard deviation of the distribution, respectively. Note that
according to this method, it is not necessary to perform additional analyses on model repre-
senting classroom with flexible diaphragm and the results of constituent walls of the class-
room is put together in obtaining the fragility curves. The fragility curves of the representa-
tive classroom with flexible diaphragm in EW direction are shown in part (a) of Fig. 15.
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Fig. 15 Fragility curves of the considered representative classroom in EW direction

The notations used in this figure are similar to those in Fig. 12. As can be seen, the curves
are comparable with the curves related to EW-W wall shown in Fig. 12b. This relative
similarity is originated from the fact that EW-W is weaker than EW-D and because the
walls act independently due to flexibility of the diaphragm, EW-W determines the response
of the classroom. Note that the fragility curves of the representative classroom with flex-
ible diaphragm in NS direction exactly duplicate the curves related to Fig. 12c for NS-S
because this wall is the only wall contributing in response of the building in NS direction.

3.3.3.2 Rigid diaphragm Since the top displacements of the parallel walls are equal in the
representative classroom with rigid diaphragm, its behavior can be reduced to a simple
paralleled spring model which is a combination of EW-D and EW-W walls with the back-
bone force—displacement curve shown in Fig. 16. The curves in this figure are simply the
summation of the resisting force of a single EW-D wall and two EW-W walls (since there
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are two adjacent walls with window opening in each classroom; refer to Fig. 7) in EW
direction at each lateral drift ratio. Also, doubling the force level at each drift of NS-S wall
(Fig. 9) leads to the force—displacement curve of the representative classroom in NS direc-
tion because it constitutes two identical walls in this direction (Fig. 7). When regarded in
the whole building, the representative classroom with rigid diaphragm cannot experience
any torsion in its plan thanks to the roof boundary condition and symmetry of the building’s
plan. Nonetheless, if this classroom were analyzed as an isolated building, it would experi-
ence considerable torsion because of difference in stiffness of EW-D and EW-W as parallel
walls (see Fig. 9). Consequently, contrary to the case of flexible diaphragm, it is necessary
to perform additional IDA on new models with parallel springs (by summation of the force
in force—displacement curves at each displacement for parallel walls in each direction) in
order to obtain the fragility curves for the representative classroom with rigid diaphragm.

The fragility curves of the representative classroom with rigid diaphragm in EW direc-
tion are shown in part (b) of Fig. 15. Comparing the results of part (a) and part (b) of
this figure indicates the ability of rigid diaphragms in reducing seismic vulnerability of
masonry buildings. For example, for the representative classroom having CM walls, the
PGA related to the 50th percentile of exceedance probability of SME level is 0.57 g and
0.72 g for cases with flexible and rigid diaphragm, respectively which shows 26% improve-
ment in seismic performance of the considered classroom. The corresponding PGA for the
classroom having URM walls are 0.30 g and 0.55 g for cases with flexible and rigid dia-
phragm, respectively, which indicates an improvement of 83% thanks to providing the roof
with rigidity. This higher improvement of the results in the classroom with URM walls
compared to that with CM walls is due to superior response characteristics of CM walls
compared to URM walls which results in less sensitivity of these walls to the details of the
roof. Note that the fragility curves of the representative classroom with rigid diaphragm in
NS direction exactly duplicate the curves related to Fig. 12(c) for NS-S because this wall is
the only wall which determines the response of the building in NS direction.

4 Scenario-based risk assessment: a case study of Tehran

In this part, a scenario-based risk assessment is conducted on a number of masonry school
buildings. In order to perform seismic risk assessment, two components of risk i.e. seis-
mic hazard (demands) and seismic vulnerability in the form of fragility curves should be
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determined. First, seismic demands are determined by considering scenarios with different
magnitudes for all the major adjacent faults of the target site. Then, the results of the previ-
ously-performed IDA are utilized to determine the seismic vulnerability of the considered
school buildings.

Among different Iranian provinces, the Greater Tehran as the capital has the largest pop-
ulation of around 12 million people. The city is located in the vicinity of three active major
faults, namely;

(1) The Mosha; a reverse fault dip-ping north~ 175 km long at the southern edge of the
Alborz mountains. It has been the cause of big historical earthquakes with magni-
tudes of over 6.5 in Anno Domini (AD) 958 (surface magnitude (Ms)~7.7), AD 1665
(Ms~6.5) and AD 1830 (Ms~7.1) (Berberian and Yeats 2001).

(2) The North Tehran; which lies north and west of Tehran with an estimated length of
110 km. The focal mechanism of the North Tehran Fault is thrust with a component of
left-lateral strike-slip motion (Nazari 2006). It has been the main cause of magnitude
of Ms~7.1 and Ms~7.3 during 855-856 and 1177, respectively (Panahi et al. 2014).

(3) The Rey; which comprises North and South Rey which are 20.0 and 16.5 km, respec-
tively. The occurrence of the historical earthquakes of 855 (Ms~7.1), 864 (Ms~5.3),
958 (Ms~7.7) and 1177 (Ms~7.2) could be the result of these faults’ movements
(Panabhi et al. 2014).

Consequently, Tehran has one of the highest seismic risks both in Iran and even in the
Middle East and hence, is considered as the target city for risk assessment. The seismic
activity of the Central Alborz region and location of masonry school buildings in Teh-
ran together with the average shear wave velocity at the 30 m depth (V) and the three
aforementioned faults are shown in Fig. 17. It is noted that there are 706 masonry school
buildings in Tehran which as shown, most of them are located in the southern parts of the
city. In the northern part which includes more recently-developed regions, the majority of
school buildings are either steel or reinforced concrete frame structures.

4.1 Hazard assessment

The PGA distribution in Tehran based on three scenarios of Moment magnitude
M,,)=5.5, 6.5 and 7.5 for the three adjacent faults is shown in Fig. 18. The attenuation

0N

X ’Tﬁautmhmulr )J:s\\ .

(a) Seismicity of Central Alborz region (b) Location of masonry school buildings and Vi

N &)

Fig. 17 Seismicity of Central Alborz and coordinates of masonry school buildings in Tehran
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Fig. 18 Attenuated PGA (g) based on three scenarios for three adjacent faults in Tehran

relation proposed by Campbell and Bozorgnia 2003 is utilized which can properly account
for the near-source seismic actions. The used attenuation relation is universal and hence,
can be used herein. As observed, the Rey fault results in the highest PGA’s according to the
utilized attenuation relation which is originated from soft soil conditions in southern parts
of Tehran.

4.2 Vulnerability assessment

In this part, a representative single-story masonry school building, consisting of 10 identi-
cal classrooms with the total area of 600 m? is considered for performing vulnerability
assessment. The plan and the walls’ characteristics are shown in Figs. 7, 9, respectively.
After consulting with several contractors of Organization for Development, Renovation
and Equipping of Schools in Iran (DRES) as the only organization responsible for con-
struction and retrofit of school building throughout Iran, the average demolish-reconstruc-
tion cost for this school building is assumed $285,000 with the unit cost of $475/m>. Note
that all the non-structural parts including walls’ granite finishing, flooring, doors, windows
and heating—cooling system has been included in this unit cost; however, non-structural
parts are considered as dependent parts to the structural parts and therefore no separate
fragility function is assigned to them. Moreover, the average required time for demolish-
reconstruction of the considered building is taken as 180 days. By assuming 30 students in
each classroom, the total population of the considered school building is 300. The assumed
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Fig. 19 Population model of the representative school building

population model which is accordant to the Education (k-12) (FEMA-395 2002) category
is shown in Fig. 19.

Life cycle costs due to seismic hazards that may occur during the life time of a structure
are usually categorized as the damage repair cost, loss of contents, loss of rental cost, loss
of income cost, the cost of injuries and fatalities (Wen and Kang 2001; Mitropoulou et al.
2010). In this study, since the considerable variability of school contents, loss of contents
has been excluded from the cost calculations. Furthermore, since most of the school build-
ings are public sector and belongs to the Iranian ministry of education, there is no loss of
rental when the building is damaged. Loss of income is also not applicable to school build-
ings because they are used for educational purposes. Nonetheless, the costs associated with
loss of use, loss of education, downtime, and also rental cost (renting other buildings as
temporary schools) can be significant in many other cases and should be considered. These
costs are also excluded in this study because they vary a lot and are hard to quantify. Also,
solutions including using shelters and portable, prefabricated rooms installed in the yard
of schools and dividing and transferring affected students to other schools in the neighbor-
hood eliminate the aforementioned costs. Values of resulting EDP’s can be replaced by

related cost components using formulas in Table 4. In this table, unit damage repair costs
are a function of structural component i.e. the three representative walls and the proposed
drift-based performance levels i.e. FME and SME. These costs are shown in the first row
of Table 5. The injury costs are calculated based on the multiplication of several compo-
nents which are as follows. (1) The injury cost per person which varies a lot based on the
type and extent of injury and a mean value of $17.5 k is considered for it in this study. (2)
The affected floor area which depends on each of the structural component damage and is
presented in the third row of Table 5. For example, the affected floor for EW-D is half of
the classrooms area because this wall is parallel with EW-W and carries approximately
half of the dead and live loads. As a result, all the EW-W walls in the representative build-
ing attribute to 50% of the building’s total area. (3) The occupancy rate which is based on
the assumed population model is shown in Fig. 19. (4) The expected injury rate which as
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Table 5 Expected consequence functions (assumed log-normal distributions with b=0.1)

Wall EW-D EW-W NS-S

FME SME FME SME FME SME
Repair cost $5.3k $79k $2.6 k $3.9k $3.9k $5.9k
Repair time 6 days 9 days 3 days 5 days 5 days 7 days

Non-collapse injury 0.1 (50%) 0.2 (50%) 0.1 (50%) 0.2(50%) 0.1 (100%) 0.2 (100%)
rate (Normalized
affected populated
area)

Non-collapse death - 0.1 50%) - 0.1 (50%) - 0.1 (100%)
rate (Normalized
affected populated
area)

shown in the third row of Table 5, is considered 0.1 and 0.2 of all the constituent walls in
FME and SME levels, respectively. The corresponding details are applied for calculation of
death costs.

The utilized procedure is based on the framework for performance-based earthquake
engineering proposed by PEER (Moehle and Deierlein 2004). Several sources of uncer-
tainties in loss estimation can be characterized in this framework including uncertainties
in earthquake hazard characteristics, development of an analytical model of the structure,
the construction quality and material characteristics (Basim and Estekanchi 2015). A
Monte Carlo approach is implemented to apply the integration of statistically compatible
simulated demand data with a limited number of analyses. As mentioned, a scenario-based
approach is considered to account for three different possible major earthquakes from the
three adjacent faults in Tehran. To account for the uncertainties in loss calculation, a fragil-
ity specification is assigned for each vulnerable component in the form of a series of dis-
tinct damage states which are the same as those previously introduced for the constituent
walls for FME and SME damage states (see Fig. 11). Each damage state is associated with
a set of consequences consisting of a probable repair action with associated repair cost and
casualty rate. For each damage state, a lognormal distribution is considered that indicates
the conditional probability of incurring damage at a certain value of the imposed demand.

Although FEMA-P-58 (2012) provides components fragilities for many structural sys-
tems, there is no data available for CM buildings in this document. As a result, after con-
sulting with several contractors and university faculties specialized in masonry buildings,
the fragility groups associated with CM school buildings has been determined from the
previous parts of this paper. The required information for these groups are based on the
three representative walls, the damage states and the related fragilities, and also all the con-
sequence functions including repair cost, repair time and non-collapse injuries and deaths.
These values for each fragility group (which is referred to performance group because
these groups experience similar seismic demands) are presented in Table 5 which has been
previously introduced.

4.2.1 Uncertainties in demand parameters

For scenario-based assessment, a range of IM’s related to negligible damage to collapse is
considered namely from 0.10 g to 0.50 g for the considered URM school building model
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and from 0.25 g to 0.70 g for the corresponding CM school building. The results of IDA
on the representative masonry school building in two confined and unconfined states under
near-field ground motions presented in the previous parts of this paper are utilized to pre-
dict median values and estimate dispersion of results.

Uncertainties in demand parameters including modeling uncertainty and ground motion
variability are taken into account by proper judgmental assumptions found in FEMA-P-58,
2012. Modeling uncertainty (f,,) is used to account for the level of building definition and
construction quality assurance (), and the quality and completeness of the IDA models
(By)- In this study, we assume 3, = ff; = 0.25 based on averaged-quality results according
to FEMA-P-58 (2012) which leads to B, = /B2 + Bfl = 0.35. Record to record variabil-

ity,f,) 1s implicitly obtained by considering a large number of Ground Motions (GM) set
i.e. 266 here which is far larger than the recommended value of 30 according to FEMA-
P-58 (2012). Also, ground motion variability,f,, which takes into account the uncertainty
in the shape and amplitude of the target spectrum and the values for ground motion spectral
demand uncertainty in the utilized attenuation relationship is assumed 0.6 according to
FEMA-P-58 which is in good agreement with the upper bound value found in Campbell
and Bozorgnia (2003).

4.2.2 Fragility functions for collapse and residual story drift ratio

Building collapse is the main cause of earthquake casualties and economic loss. Assess-
ment of collapse-induced damages requires the development of the building collapse fra-
gility. Collapse fragility functions are used to determine the probability of collapse in dif-
ferent IM’s. The probability of collapse is expressed as a lognormal distribution of PGA
(as the selected IM here), defined by a median value and dispersion. Various methods of
collapse assessment have been defined in FEMA-P-695 (2009). Since the experimental
data related to the level of collapse of CM walls is very limited, it is practically impossi-
ble for the proposed models by Yekrangnia et al. (2017a, b) which were calibrated against
several experimental results to precisely determine the level of collapse of these buildings.
However, since the central-difference solution method has been utilized in this study, very
large displacement demands can be numerically modeled without any limitations induced
from convergence problems as for Basim and Estekanchi (2015). Consequently, the level
of collapse has been assumed to be 1.5 times of the story drift ratio associated with SME.
This value may be conservative as results of few shaking table tests on CM buildings show
these structures can tolerate displacement demands much larger than the displacement
associated with SME level (Tomazevi¢, and Gams 2012). For the selected GM set, this
leads to median PGA of 0.92 g which is based on the minimum PGA value associated with
the collapse of the a single component wall. A large value of dispersion of 0.6 is assumed
for the log-normal distribution considering several uncertainties attributed to this perfor-
mance level.

Once the collapse happens, a total building replacement cost is used as the induced cost.
Besides, when the total cost of repair exceeds a threshold value or when the residual drift
ratio exceeds a repairable limit, the building replacement is favored over its repair and con-
sequently, the replacement cost is considered. Speaking of Iranian school buildings, a value
of 30% of the replacement cost is considered as the threshold of justification for seismic
retrofit projects by DRES. In the absence of a threshold, this value is also considered for
post-earthquake decision making about replacement-repair; however, the assumed thresh-
old is subjective and greatly depends on the post-earthquake circumstances in terms of
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time and budget restrictions. For the residual drift, a tentative fragility is assumed with
a lognormal distribution having a dispersion of 0.4 (FEMA P-58) and a median value of
0.15% residual story drift ratio based on few available in-situ test data (Yekrangnia et al.
2018) and post-earthquake field observations (Yekrangnia et al. 2017a, b). This value is
half of the averaged drift ratio related to SME level for the three constituent walls. It is
noteworthy that the residual drift criterion is independent to the collapse criterion.

4.2.3 Performance calculation

The probabilistic performance of the structure is calculated by generation of simulated
demands based on the GM set results, collapse assessment and repairability, determination
of damages and losses in terms of expected repair cost and time, casualties and collapse
probability. To evaluate uncertainties and variability in building performance and related
losses, a large number of demand sets (a set of IM values at each mean intensity level
following certain distribution) are simulated for each intensity level (with 0.05 g inter-
val) based on the statistical distribution of demands obtained from IDA; each represent-
ing a possible building response (FEMA-P-695 2012). In the next stage, for each simu-
lated demand set, the consequences are determined by Monte Carlo method based on the
assumed fragility and consequence functions. Each unique performance consequence
related to one single simulated demand set is named a realization. For each realization, the
occurrence time of day and day of year and the number of occupant people in the build-
ing at the time of seismic action are determined by random number generation. Follow-
ing, the collapse occurrence is calculated by means of the collapse fragility function. If a
realization results in the condition that neither collapse has occurred nor the residual story
drift ratio exceeds the assumed threshold, the damaged structure is deemed to be repairable
and the damage of each performance group is determined based on the provided fragility
curves and consequence functions. Otherwise, the building total replacement cost will be
used as the induced cost for that realization and the number of casualties is predicted based
on the building population according to the population model and the considered collapse
casualty rate. For example, a random number between 0 and 100 is generated for determi-
nation of collapse occurrence. According to the assumed distribution for collapse with the
median of 0.92 g (as mentioned in part “Fragility functions for collapse and residual story
drift ratio” in this paper), based on coin toss probability, if the generated number is less
than or equal to 50 (out of 100) for that particular intensity level i.e. 0.92 g, the realization
is considered to be encountered with collapse. The same procedure is followed for determi-
nation of other consequences. In scenario-based assessment, the aforementioned procedure
is repeated for each intensity level. In this study, 1500 realizations are utilized for each
intensity level to assess a range of possible outcomes. The assumed number of occurrences
is sufficient to result in 2.4% variance in the results of a number of consecutive similar
runs. The results of the PGA intensity equal to 0.65 g for the representative CM school
building for each wall in terms of damage costs is depicted in Fig. 20. As can be seen,
EW-D and NS-S contribute to the most damage costs because of their lower displacement
capacity compared to EW-W (see Fig. 9) and large surface area which leads to larger repair
cost compared to NS-S (see Table 5). Note that realizations from 750 to 1150 result in
collapse of the building. Also, the building is deemed unrepairable due to excessive expe-
rienced residual drifts in realizations from 1151 to 1500 and as a result, the total building
value (replacement cost) is considered for them which is shown by the upper horizontal
dashed line. For realizations from 1 to 649, the damage costs for each of the constituent
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walls set is not larger than the assumed threshold for replacement i.e. 30% of the replace-
ment costs which is shown by the horizontal dashed line.

Probability of exceedance based on the considered intensities in terms of repair cost,
repair time and casualties are calculated and the results are shown in Fig. 21. Part (a)
of this figure indicates that if the PGA of a scenario at a given site is equal to 0.40 g,
there is approximately 50% probability of exceedance of the tolerable threshold cost for
repair of the building i.e. 30% of the replacement cost shown by a vertical dashed line. It
is assumed if a CM school building experiences a PGA of less than 0.40 g, it is deemed
to be repaired (because the exceedance probability of repair cost threshold at that IM is
slightly larger than 50% which is assumed herein as a threshold for decision making about
repair/reconstruction); otherwise, replacement of the damaged or collapsed building with
the new building identical to the previous one is the option based on the existing limita-
tions i.e. collapse, residual story drifts and the 30% loss threshold. The 50% of exceedance
probability at the tolerable threshold cost, which correlates with PGA =0.40 g, is a subjec-
tive level for decision making and lower exceedance probabilities related to lower PGA’s
may be considered as a benchmark for decision about demolish-reconstruction or repair
of CM school buildings in the scope of risk-aversion. The considered benchmark PGA is
because the costs probability of exceedance of the considered CM building insignificantly
changes from PGA of 0.25 g to 0.40 g. The repair time also shows no significant increase
from 0.25 g to 0.40 g. As a result, the upper bound of these intensities is considered as
the benchmark. To be more specific, uncertainty in the costs is dealt with by “accepting”
a level of uncertainty at the cost threshold and considering two cases i.e. demolish/recon-
struction and repair. With this approach, each building, depending on the experienced
PGA, is categorized as either of the two aforementioned cases and the related costs are
calculated. If the building has to be reconstructed, its area is considered for determination
of the resulted cost. If it needs to be repaired, its area and the integral of probability curve
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for that particular experienced PGA (if the PGA curve is not found in Fig. 21, its values are
calculated using interpolation of the available curves) which leads to the expected value of
the cost are taken into account for determination of the resulted cost. By considering 42%
probability of exceedance of the tolerable threshold cost for repair, the representative URM
school building has to be replaced when PGA >0.20 g. Note that for the curve related
to PGA=0.25 g, the probability of exceedance for the tolerable threshold is 100%. This
means the considered URM building is very sensitive to even small increase in PGA (as
IM). This behavior is also observed in Fig. 12 when comparing fragility curves of URM
walls with those of CM walls; the former has lower dispersion and hence narrower dis-
tribution shape. This sensitivity of URM buildings to PGA has been previously observed
in Iranian earthquakes. As an example, Moghaddam (Moghaddam 2015) reported during
Manjil earthquake in 1990, URM buildings which were approximately 10 km from the epi-
center were severely damaged or collapsed. However, URM buildings with similar material
quality and construction details experienced slight damages because they were located in
villages approximately 15 km from the epicenter, which means they experienced slightly
lower PGA. The same goes for repair time and the casualties which clearly prove perfor-
mance superiority of the CM over the URM school building. It is noted that the probabili-
ties of occurrence of certain level of damage cost, repair time and casualties is very close
for CM between intensities 0.25 g and 0.40 g. The abrupt increase in probability of exceed-
ance in these parameters from 0.40 g to 0.45 g is originated from the abrupt increase in the
EDP at the FME level, as shown in Fig. 11. Based on the results of Fig. 21 part (a) for the
representative CM school building, the damage costs for different considered scenarios,
assuming all the masonry school buildings in Tehran as CM, are shown in Fig. 22. Note
that in determination of the costs associated with each site (school building), two param-
eters are considered: (1) The experienced PGA based on which the cost is determined for
the representative building. If the experienced PGA is larger than 0.40 g and 0.20 g, the
total replacement cost is considered for that particular CM and URM building, respec-
tively; otherwise, the expected value of damage cost is determined based on the probability
distribution according to Fig. 21 part (a); (2) The area of school building based on which
the resulted cost for the representative building is linearly scaled up or down depending on
the ratio of school building area to that of the representative school building (600 m?). As
seen in this figure, the damages are concentrated at the northern and central parts of Tehran
from the assumed scenario of M,,=7.5 from North Tehran fault; however, only northern
part of Tehran is hugely affected by a scenario of M,,=6.5 from the same fault. The same
observation can be made in M, =7.5 and M,,=6.5 for Rey fault. As a result, M,,=7.5 for
both of these faults results in a numerous damaged school buildings and hence consider-
able increase in the overall damage costs.

The results of the seismic assessment of masonry school buildings in Tehran in terms of
the grand total damage cost for each of the three considered earthquake magnitude from the
three faults and the related displaced students (students whose school building needs either
repair or replacement) are shown in Fig. 23. Note these nine scenarios are repeated for two
separate cases by assuming all masonry school buildings in Tehran as CM and URM; in
both of these cases, the school buildings are assumed to be unretrofitted single-story build-
ings. This assumption is not correct since the majority of vulnerable masonry school build-
ings in Tehran have been shotcreted or demolished and reconstructed. Also, these build-
ings are either single-story, two- or three-story; however, it is ideally assumed that all the
masonry school buildings are single-story. These idealizations are made in order to present
an illustrative example of the risk assessment of single-story masonry school buildings in
Tehran with the emphasis of positive effects of confinement on the seismic performance
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of these buildings. Figure 23 contains important findings which indicate the huge reduc-
tion of damage costs and number of displaced students thanks to the seismic performance
improvement of CM school buildings over URM ones. Based on this figure and assuming
all school buildings as URM, the damage costs are maximum (replacement of all masonry
school buildings in Tehran) when M,,=7.5. Comparing the costs for CM school buildings
in M, =7.5 for Rey and North Tehran faults with those of URM ones, it is concluded that
the damage severity is so high that CM buildings leads to marginal reduction in the over-
all costs; however, this is not the case in M, =7.5 for Mosha fault. Because this fault is
located far from Tehran compared to the other two faults, the induced seismic hazards from
this fault for a particular magnitude is lower than those for Rey and North Tehran faults;
hence, the improvement of CM school buildings over URM ones can be easily identified.
The real benefit of performance improvement of CM school buildings is seen for M, =6.5
and M, =5.5 scenarios which in some cases leads to reduction of damage costs to less than
half of those related to URM school buildings. The same conclusions can be made for the
results presented in part (b) of Fig. 23 for the number of displaced students.

5 Conclusions
Seismic performance of a representative single-story masonry school building in Tehran

was assessed using analytical modeling and through incremental dynamic analyses. Fragil-
ity curves were derived for each of the constituent walls of the building both in unconfined
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and confined states. Also, response assessment of the modular classroom under various
roof conditions was made by determination of fragility curves. Both far-field and near-field
ground motion sets were taken in to account. The results of IDA indicated that PGA related
to the 50th percentile of exceedance probability of FME level for the considered walls
increases 200% thanks to adding ties to the walls and providing confinement. This increase
in the median PGA is from 90 to 175% in the SME level depending on the wall i.e. NS,
EW-D and EW-W. It was observed that PGA related to the 50th percentile of exceedance
probability of SME level for CM and URM classroom is 26% and 83% larger by providing
the roof with rigidity. Also, the near-field records cause a decrease of up to 17% in the PGA
related to the 50th percentile of exceedance probability compared to that of the far-field
records; causing severer seismic demands on the considered building. Utilizing the results
of the nonlinear time-history analyses and the available data of masonry school buildings
in Tehran, a scenario-based risk assessment of these school buildings was carried out. It
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was shown that improving seismic performance of masonry school buildings in Tehran by
providing confinement to the walls can lead to over $100 million reduction in the damage
costs under scenarios M, =5.5 and 6.5; whereas this undertaking is not of much effect for
M,,=7.5 from North Tehran and Rey faults. The findings in this study can be of direct use
for disaster management of masonry school buildings in Tehran and other similar cities.

The results of this study are limited to single-story masonry buildings. The masonry
buildings with higher number of stories may be more vulnerable against seismic actions
compared to the corresponding single-story buildings (Quiroz and Maruyama 2017). As
stated by Azizi-Bondarabadi et al. (2016), the method can be used for all schools in Iran
due to their similar architectural and structural configurations and construction techniques.
Moreover, it can be employed to provide fragility curves for typical masonry residential
buildings, given the building types considered.
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