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Abstract Natural disasters may have catastrophic and long‐lasting impacts on communities' physical,
economic, and social infrastructure. Slow recovery of educational services following such events is likely
to cause traumatic stress in children, lead families to out‐migrate, and affect the community's overall social
stability. Methods for quantifying and assessing the restoration process of educational systems and their
dependencies on other supporting infrastructure have not received adequate attention. This study
introduces, for the first time, a new framework to evaluate the functionality, recovery, and resilience of a
school system following severe earthquake events. The framework considers both the quantity and quality of
education services provided, school enrollment, and staff employment, as well as the interaction between
various agents such as staff, students, parents, administration, and community. A virtual testbed
community, Centerville, is utilized to highlight the application of this framework. The impact of school
reopening policies on the number of students enrolled as well as the potential for homeschooling is also
considered. The availability of various enrollment alternatives for students, backup classroom space and
functioning utility systems, and facilitation of staff and supplies transfer between schools substantially
increase the resilience of the education service.

Plain Language Summary Recovery of educational services following natural disasters is key for
ensuring the well‐being of communities and for maintaining the overall social stability. Currently, there
is a lack of quantifiable methodologies for assessing the restoration process of educational systems while
accounting for their dependencies on other supporting infrastructure and the society. In this study, a new
sociotechnical approach is devised for evaluating functionality, recovery, and resilience of a school
system following severe earthquake events. The framework is applied to a virtual testbed to highlight its
application. Various social and physical parameters are shown to have a substantial impact on the recovery
trajectory and the overall resilience of the schools.

1. Introduction

Earthquakes pose a potential threat to the social and economic stability of many communities.With children
being among those most vulnerable to natural disasters (Fothergill, 2017; International Finance Corporation
[IFC], 2010; Norris et al., 2002), the consequences of such extreme hazard events on schools and educational
services are likely to be severe. Despite their importance to the community, especially in maintaining a sense
of normalcy to children and their parents, schools often suffer significant physical damage and reduction in
functionality after major earthquakes (Rodgers, 2011). In some cases, substantial injuries or loss of life has
resulted from school building damage or collapse (Applied Technology Council, 2017; Fujieda et al., 2008).
For instance, the 1989 Loma Prieta earthquake caused significant damage to three schools in San
Francisco, Watsonville, and Los Gatos (EERI, 1990). The 1995 Kobe earthquake damaged approximately
4,500 schools, and even though no school‐related fatalities were recorded, full recovery of normal educational
function required 10 years (Nakano, 2004). The impact of severe earthquakes on school systems in
less‐developed countries can be even worse, with significant destruction, injuries, and loss of life in school
systems, which are key institutions in social and economic development (Applied Technology
Council, 2017; Asian Development Bank and World Bank, 2005; Government of Nepal [National Planning
Commission], 2015; Green & Miles, 2011; Kabeyasawa et al., 2014).

A large number of schools are vulnerable to earthquakes in the United States (American Society of Civil
Engineers, 2017; Applied Technology Council, 2017; Rodgers, 2011). There are approximately 56.6 million
students attending K‐12 schools, employing around 3.7 million teachers (National Center for Education
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Statistics [NCES], 2019). Despite their importance to a community, schools typically are designed for Risk
Category III, as per ASCE 7–16 (2016), with seismic importance factors of 1.25 as opposed to other
essential facilities, such as hospitals, police stations, and fire stations, which are assigned a higher risk
category (IV) (Hancilar et al., 2014). Various national plans and extensive retrofitting strategies have
been introduced to enhance the safety of existing schools and reduce their vulnerability (Federal
Emergency Management Agency, 2002; Fujieda et al., 2008; Nakano, 2004). For example, the Federal
Emergency Management Agency (FEMA) has issued a series of reports to address the impact of differ-
ent natural hazards on schools and provide strategies to enhance their performance during and
following hazard occurrence (Applied Technology Council, 2017; Federal Emergency Management
Agency, 2002, 2010, 2012). Furthermore, natural disasters impact not only school buildings but also
the academic performance of students (Osofsky et al., 2009). Therefore, ensuring quick restoration of
educational facilities and services is an essential component of the community recovery process.
Reopening schools and restoring a sense of normalcy within the community can help schoolchildren
recover from a major disaster and can minimize disruption to families as a whole (American
Academy of Pediatrics, 2019).

Schools also play a crucial rule in societal stability before and after disasters especially for school children
and their families (National Research Council (US) Panel to Review the Status of Basic Research on
School‐Age Children, 1986; Ungar et al., 2019). Many studies have investigated the impact of natural di-
sasters, including earthquakes, on the developmental and behavioral resilience of children (Masten
et al., 2015; Masten & Narayan, 2012; Masten & Osofsky, 2010; Raccanello et al., 2017). These studies
highlighted the fact that children's exposure to disastrous events will severely impact their
adaptation to life following major events. Furthermore, measuring the impact of these events on indivi-
duals' behavior requires an understanding of the relationship between these individuals and
other community systems that provide essential services including schools (Masten et al., 2015).
Accordingly, including the cascading impact of earthquake disasters on physical infrastructure in com-
munities is essential for quantifying this impact (Masten, 2018; Ungar, 2018). However, analytical meth-
ods geared toward quantifying this cascading impact are lacking, and more studies are needed to bridge
the gap in linking children's developmental resilience and the functionality of school systems after
disasters.

Elementary and secondary (K‐12) schools generally can be classified as either public or private schools.
State regulations govern school operations, depending on the school type; these include the presence of
qualified staff, proper space, and sufficient supplies and services. However, following extreme natural
hazard events, many districts allow schools to run without supporting infrastructure for a limited time,
provided that these schools are safe for students and staff (Balingit, 2017; Rundquist, 2012). Different
options for delivering education also exist; one of these options is homeschooling, which allows parents
to teach their children from home. Previous studies have focused on measuring the performance of
schools during normal operating conditions (Mayer et al., 2000; National Research Council, 2012) while
other studies pertained to performance during and after earthquakes (Augenti et al., 2004; Beaglehole
et al., 2018; Oyguc & Guley, 2017). However, these studies did not introduce models that could be used
to predict school functionality after extreme natural hazard events, such as earthquakes. Models that
include quantitative representations of different components of a typical school, specifying a service
component of functionality, and accounting for the mutual interaction between schools and their
supporting lifelines are required for full functionality assessment.

This study presents a new framework to estimate the resilience and functionality of K‐12 schools after earth-
quakes and to assess how their performance impacts the social stability of communities. The framework
considers the role played by parents, teachers, and administrative personnel on maintaining the functional-
ity of schools while accounting for interdependence between schools and their supporting lifelines. The
quantity and quality of educational services are quantified in terms of the schools' enrollment capacity at
each grade and the class capacity combined with the student academic and social outcomes, respectively.
A Markov chain stochastic model, coupled with dynamic optimization, is used to model the near‐optimal
school recovery trajectory while considering limitations in repair resources and appropriate repair
sequences. The framework is tested on a school network located in the Centerville virtual community
(Ellingwood et al., 2016) subjected to two different earthquake scenarios.
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2. Factors Affecting Educational Services

K‐12 education services are aimed at providing schoolchildren with appropriate academic and social experi-
ences and training. A complex set of factors and their interactions influence the functionality and success of
the educational system within a community in achieving these goals, as shown in Figure 1. School function-
ality represents the ability of a school to provide the desired level of educational services. School buildings
provide essential space for teachers, administrative staff, and community volunteers to provide educational
services to students. The continued availability of this space requires that damage to structural and nonstruc-
tural components, as well as building contents, be kept to an absolute minimum and those essential utilities,
such as power, water, and sewer, be available. Since students in a typical community attend different school
grades, the continued availability of all K‐12 grades in a school is crucial to reduce the potential for commu-
nity outmigration for students and their families (Hinojosa et al., 2019). Finally, most students require trans-
portation to reach school, which is provided by either school buses or private transportation. A set of
national and local regulations must be followed in school management. These regulations differ based on
the school type and require the availability of qualified staff, proper space and sufficient supplies and
services. In the case of a school closure, different alternatives may be offered to students, which are deter-
mined based on the school policy and regulations.

In normal conditions, student enrollment is based on the school zone. The selection of these zones depends
on school capacity and the expected number of students within the zone. Some parents may select a different
school for the students; however, school transportation is commonly limited to the students living in that
zone. Following natural disasters such as earthquakes, some students might transfer to other schools as a
consequence of school damage. In this situation, schools might increase class capacity or reduce the trans-
portation service, or in some cases totally suspend it, due to damage to roads, shortage in staff, or damage
to buses. Schools can also be used as temporary shelters, or as centers for community disaster relief
(Singh, 2019) and recovery coordination (Applied Technology Council, 2017; Fujieda et al., 2008). Using
schools as shelters is, however, a function of the disaster occurrence time, space availability, and school
building safety. For instance, educational services are impacted by earthquakes differently during the
academic year than when school is not normally in session.

Figure 1. Components of educational services.
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In the following section, we build a model of postdisaster school functionality and recovery around the basic
considerations introduced above. This model is focused on public schools, which enroll approximately 90%
of K‐12 students in the United States.

3. Framework for School Functionality and Recovery

Tomeasure the functionality of the educational services, two main indices are widely used: service availabil-
ity (UNESCO, 2019) and quality of the education providers (Mayer et al., 2000). In this study, these two
indices are combined to form a comprehensive measure of the educational service. The expected value of
the total functionality of the education service, E[S], at any time, t, within a community can be mathemati-
cally calculated, including the correlation between quantity, SV, and quality, SS, of the service, or approxi-
mated using weighted geometric means, as shown in Equation 1. The weighted geometric mean is a
common method to aggregate social indicators (U.S. Department of Education [Office of Innovation and
Improvement], 2009).

E S½ � ¼ ∬SV
αV SS

αS f Sð ÞdSSdSV ≅ SV
αV SS

αS ; (1)

in which αV and αS are weighting factors for quantity and quality. The short‐term functionality depends on
the quantity of basic educational services that can be provided. Over the long term, however, the total
functionality depends, in addition, on the quality of the service. The quantity can be measured by enroll-
ment capacity and class size, which depend on the performance of schools' physical infrastructure, avail-
ability of staff, supplies, and supporting lifelines. On the other hand, the quality can be measured by
combining different indices related to teachers' credentials and experience, classroom amenities, and
school context (Mayer et al., 2000). Some of these parameters can be impacted significantly in the after-
math of an earthquake. For instance, outmigration or dislocation of professional staff might affect tea-
chers' assignments, which could negatively impact the quantity and quality of the delivered education.
Moreover, damage to structural and nonstructural components and to building contents, as well as the
damage to the schools' supporting lifelines, might increase the class size.

Figure 2. Success tree for determining the availability of seats in the school.
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3.1. Quantity Index

Staff, space, and supplies availability are the main components of the schools' post‐hazard quantity measure.
The school staff includes teachers, supporting staff, and administrative staff as well as community volun-
teers. Appropriate space for students entails having a safe structure, reliable nonstructural components,
and functioning contents (desks, computers, etc.). Schools also require various utilities (water, power, waste-
water, and drinkable water), as well as infrastructure (transportation and telecommunication) to operate.
Some schools are equipped with backup utilities. Books and other educational materials, food, fuel, and
other supplies are also vital for operation. The probability of school seat availability for students can be
estimated using the success tree shown in Figure 2. This success tree is composed of various events, each
of which is assumed to be statistically independent. It describes the functionality of not only the school build-
ing itself but also the surrounding community's physical, economic, and social infrastructure. Similar to pre-
vious studies (Hassan & Mahmoud, 2019; Nozhati et al., 2019), the availability of each basic event is
described by appropriate probabilistic mathematical functions. The basic events in the success tree analysis
are connected using AND/OR gates to calculate the probability of top and intermediate events. Probabilities
for these gates are calculated using Equation 2, where POR and PAND denote AND and OR gate operations,
respectively; Pi refers to the basic event (i) probability; and n is the total number of considered basic events.

POR ¼ 1 −∏n
i¼1 1 − Pið Þ

PAND ¼ ∏n
i¼1Pi

: (2)

The probability of staff availability, P (STi(t)), for each grade, i, at a time, t, after an earthquake occurrence is
estimated as the union of events that the school staff is available, as given by:

P STi tð Þð Þ ¼ P ⋃N
j¼1E

j
i

� �n o
¼ P 1 − ðLDSð Þf Þ∪ STaddð Þ∪ STvolð Þ∪ 1 − STdisð Þð Þ∪ 1 − STdif

� �� �g; (3)

where Ej
i is the jth event for the ith grade considered and N is the total number of events. This equation is

utilized to calculate the staff availability, R1, R2, and R4, which are related to staff casualties and trauma
and are expected to be impacted immediately after an event as a result of the direct social losses, LDS.
Other factors also can influence staff availability during the recovery time such as staff appointments (per-
manent and temporary), STadd; volunteer staff, STvol; staff dislocation, STdis; and staff personal responsi-
bilities and commitments, STdif. Volunteers from the community, R3, can temporarily fill the gap for
the required supporting staff, R2. The availability of R3 is a function of the investigated community.

School space functionality considers school accessibility, the functionality of supporting infrastructure, and
the availability of appropriate working space. Accessibility, R5 to R6, accounts for the corridor, stairs, and
elevator functionality after the earthquake. School accessibility might be influenced by damage to structural
and nonstructural components, which can block the corridors and impact the safety of stairs and elevators.
School‐supporting infrastructure includes water, R7; power, R9; transportation, R10; telecommunication,
R14; wastewater, R15; and drinking water, R17. School physical entities, commonly classified into structural,
R19; nonstructural, R20; and content, R21, are taken into account as physical school building components.
During the earthquake, damage can be quantified in these components based on building fragilities, which
describe the probability of reaching a certain damage level for a given hazard intensity. The framework also
considers the availability of backup space, R22, such as using a different building or turning other rooms in
the school into classrooms.

School supplies include food for students, staff, and teachers, R23; fuel for heating, R24; books and technol-
ogy supplies essential to a classroom, R25; and other supplies, R26. The availability of these supplies depends
on the availability of suppliers, transportation, and storage.

The index of quantity functionality after an earthquake is given by the expected number of available seats for
students at grade i in each school, which is calculated using the probability of school seat availability, Ps.
Equation 4 shows the expected value of education quantitative index, SV:

E SV tð Þ½ � ¼ ∑Ig
i¼i

1
Ni

∑Ni
n¼1P

n
s; i (4)

in which Ni is the total number of seats at grade i and Ig is the number of grades.
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3.2. Quality Indices

The quality of the educational services that can be provided may be impacted after major disasters as a
consequence of a shortage of teachers, staff, space, and supplies. The framework combines various quality
measures including teacher assignment, Ta, and experience, Te, as indicators of teacher quality; class size,
Cs, and technology, Ct, as indicators of classroom quality; and leadership, Sl, and professional community,
Spc, as indicators of school quality as shown in Equation 5:

SS tð Þ ¼ Tαa
a tð ÞTαe

e tð Þ� �
Cαs
s tð ÞCαt

t tð Þ� �
Sαll tð ÞSαpcpc tð Þ� �

; (5)

in which the α terms are weighting factors represent the importance of each quality measure. Combining
these indicators can be used as a quality index, SS, of the education service mentioned in Equation 1.

Teacher quality, including teacher assignment and experience, can seriously be affected by staff shortages,
difficulties in finding qualified staff, and a shortage of qualified community volunteers. Teacher assignment
is evaluated as:

Ta tð Þ ¼ ∑
i

STi; req tð Þ − E STi; unq tð Þ� �
STi; req tð Þ

� 	
; (6)

in which the required staff, STi,req, varies with the number of students enrolled, Ni(t), and the class capa-
city, Ri(t):

STi; req tð Þ ¼ Ni tð Þ
Ri tð Þ : (7)

The probability of finding alternative staff, P (STalt), is shown in Equation 8 as a function of the required staff
and available staff to hire, STavl. However, it is probable that this replacement staff may be less qualified, P
(STunq), than the permanent staff, as shown in Equation 9.

P STi; alt tð Þ
� � ¼ P STi < STi; reqSTavl

� �
; (8)

P STunq tð Þ� � ¼ P STi; alt
� �

PðSTmis STi; alt



 �
: (9)

Teacher experience is calculated as the ratio between the experienced staff and the total staff, STi(t):

Te tð Þ ¼ ∑i

STi tð Þ − E STi; inexp tð Þ� �
STi tð Þ

� 	
(10)

Teacher experience is mainly impacted by the percentage of teachers who are either appointed, transferred,
or volunteered after the earthquake, and they have a lack of experience. The expected value of inexperienced
teachers is calculated from the conditional probability of a new teacher joining the school staff, STadd, and
does not have enough teaching experience, STmis:

P STinexp tð Þ� � ¼ P STi; add∩STmis
� � ¼ P STi; add

� �
P STmisSTi; add
� �

: (11)

Larger class size and lack of technology can seriously impact class quality. The classroom size is measured as
a ratio between existing, R(t), and normal, R(0), teacher‐to‐student ratios, considering maximum acceptable
class capacity, Rmax as shown in Equation 12. The maximum acceptable capacity is assumed to be a function
of the school regulations and community norms. The mean value of the classroom sizes for all grades is uti-
lized to express the overall school's classroom quality as shown in Equation 13.

Ci; s tð Þ ¼ Ri;max − Ri tð ÞÞ
Ri;max − Ri 0ð Þ ≤ 1:0; (12)

Cs tð Þ ¼ Ci; s tð Þ ∀i: (13)

The ratio between the current technology availability, T(t), and the technology before earthquake
occurrence, T(0), is used as an index for classroom technology, as shown in Equation 14. This technology
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will be impacted after an earthquake as a consequence of building contents damage, LC, and deficiencies in
essential utilities, U, for classroom technology, such as power and telecommunication as shown in
Equation 15.

Ct tð Þ ¼ 1 −∑i
Ti 0ð Þ − E Ti tð Þð Þ

Ti 0ð Þ
� 	

(14)

P Ti tð Þð Þ ¼ P 1 − Li; C
� �� �

⋂Ui
� �

: (15)

The absence of effective leadership in the aftermath of an extreme natural event also impacts school qual-
ity. The leadership availability is represented before the earthquake, l(t), as well as following earthquake
occurrence, l(0) as shown in Equation 16. In this study, school administration, STadmin, and experienced
faculty, STlp, control the quality of leadership, as defined by Equation 17. The appointment of
less‐qualified teachers, as well as turnover in teaching staff, can negatively impact the relationship
between teachers and their students and eventually reduce student outcomes.

Sl tð Þ ¼ 1 −∑i
li 0ð Þ − E li tð Þð Þ

li 0ð Þ
� 	

(16)

P li tð Þð Þ ¼ P STadmin∪STlp
� �

: (17)

The availability of the professional community is estimated as the ratio between the current professional
community, pc(t), and its value before the earthquake, pc(0), as shown in Equation 18. Appointing unquali-
fied teachers, STunq, and the teacher change events, STch, are utilized as an indicator of the professional
community as shown in Equation 19.

Spc tð Þ ¼ 1 −∑i
pci 0ð Þ − E pci tð Þð Þ

pci 0ð Þ
� 	

(18)

P pci tð Þð Þ ¼ P 1 − STunq
� �

∪ 1 − STchð Þ� �
: (19)

Figure 3. Students' enrollment and transfer process framework.
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3.3. School Administration Model

The decisions that the school administration makes after disasters to maintain the school's functionality can
make an enormous difference in the resilience of a school system. To mimic the role of school managers in
the decision‐making process, decision support frameworks are introduced that model the main decision
processes, including the students' admission and transfer, staff appointment, and community engagement.
Figure 3 shows the framework for students' admission and transfer in which different schools and transpor-
tation options are considered. The framework also considers the role played by parents in terms of school
selection, funding, transportation, and homeschooling.

The decisions to reopen damaged schools after major disasters involve the school district, school administra-
tors, the building and fire departments, office of public safety, and the community (U.S. Department of
Education, 2007). In this study, we consider three cases. In the first, schools can be partially opened using
backup spaces during the recovery stage to provide education for a limited number of students (Decision
I) (Bounds, 2014). In the second, where schools are not provided with backup spaces, they can only reopen
if they are repaired (Decision II). Finally, in the third, schools might stay closed until all buildings are fully
functional (Decision III) (U.S. Department of Education, 2007). The first and second cases might reduce the
total number of students who are in temporary classrooms, being homeschooled, or missing school, but they
require high levels of coordination between the school administration, parents, and students to ensure equi-
table temporary student placement. School districts often work with the community to find temporary class-
rooms for students and professional staff after disasters (U.S. Department of Education, 2007).

A similar process simulates staff appointment (temporary, part‐time, and permanent) and transfer between
schools, as shown in Equations 20–22.

STadd tð Þn ¼
STreqn tð Þ − STn tð Þ� �

P STapn tð Þ� �
⇔ STn ≤ min SPn; SUnð Þ&∑STreq ≥ ∑ST

STreq tð Þn − STn tð Þ� �
P STtrm→n tð Þð Þ ⇔ STn ≤ min SPn; SUnð Þ&∑STreq < ∑ST

0:0 ⇔ STn > min SPn; SUnð Þ

8><
>: ; (20)

P STapn tð Þ� � ¼ P Ehr⋂Eman⋂Efun

� �
; (21)

P STtrm→n tð Þð Þ ¼ P Ewm; n⋂Etf m; n⋂Emam; nSTm > min SPm; SUmð Þ
� �

: (22)

Figure 4. Staff shortage appointment approach.
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Staff appointment or transfer is assumed to take place only where space and supplies are sufficient to accom-
modate additional staff and the existing staff, ST, are less than the required, STreq. Additionally, staff
appointment is a function of having available human resources, Ehr; the staff matching the school needs,
Ema; and the funding availability, Efu. The probability of staff transfer between schoolm and n is calculated
based on the willingness of the school district to transfer the staff between schools, Ew, and the schoolm staff
accepting a transfer, Etf, and the transferred staff will match the need of school n, Ema. The approach of an
individual school to solve the staff shortage problem is shown in Figure 4, which starts with using the exist-
ing staff within the school, for instance, by assigning more teaching loads for teachers while assigning volun-
teers to substitute the supporting staff. In case the existing staff and volunteers are not enough (STreq > ST),
schools could request staff transfer from other schools within the school district. If the school district cannot
provide all required staff due to the fact that no staff is available to transfer (ΣSTreq > ΣST), schools can then
appoint temporary and part‐time staff to close the gap in staff shortage. Later, those temporary and part‐time
staff can be replaced with permanent, more qualified, and more experienced staff to increase the quality that
is expected to be impacted by hiring temporary and part‐time staff with fewer qualifications.

Schools can also transfer supplies and resources to reduce the impact of the earthquake consequences on the
school system. Equation 23 shows the expected amount of supplies that can be transferred.

SUadd tð Þn ¼ SUreq tð Þn − SUn tð Þ� �
P SUtrm→n tð Þð Þ ⇔ SUn ≤ min STn; SPnð Þ

0:0 ⇔ SUn > min STn; SPnð Þ

(
(23)

in which

P SUtrm→n tð Þð Þ ¼ P Eagm; n⋂Etf m; n⋂Emam; nSUm > min STm; SPmð Þ
� �

: (24)

The probability that the supplies are transferred is assumed to be a function of an established agreement, Eag;
availability of transportation between schoolm and school n, Etr; and the supplies matching the school need,
Ema. For the public schools in the same school district, Eag can be considered 1.0, since public schools in a
community typically are administrated centrally under the general supervision of an elected Board of
Education, and in such cases “established agreements” are not relevant.

Community individuals can support education through supporting the school staff, providing donations, and
encouraging students and staff to keep the school system as functional as possible. The effect of community
individuals' behavior on school functionality following an earthquake is modeled by (a) calculating the num-
ber of available volunteers, R3, for each school; (b) tallying donations collected after the earthquake, which
can be added to other recovery funding sources; and (c) considering the impact of the social vulnerability
index (CVI) (Agency for Toxic Substances and Disease Registry, 2018) on the resilience of the school system.
To estimate the total number of volunteers at each school, the probability that an individual responds to a
request from the school depends on his/her gender, age, education, and income (Shi et al., 2018).

Schools can also play an important role as community shelters and as community centers for recovery man-
agement. The expected shelter capacity of each school,Nsh, can be calculated as a product of the school capa-
city, Ns, and the probability, Psh, that a school can serve as a shelter:

Nsh tð Þ ¼ Ns psh tð Þ; (25)

in which the probability is:

P ST tð Þð Þ ¼ P Es⋂Ea⋂Eu⋂EmNa > Ntð Þ; (26)

where Es is the event that the school structural is safe, Ea is the event that the school is accessible, Eu is
the event that main supporting utilities or alternatives are available, and Em is the event that the school
space can be used as a shelter, conditioned on the enrollment capacity of the school, Na, being more than
the number of students attending the school, Nt.

Different indices are used to quantify the quality of the educational service such as educational attainment
(National Academies of Sciences, Engineering, 2019) and student outcomes (Patry & Ford, 2016). Student
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outcomes can be monitored using self‐reported or test‐based measures (Caspersen et al., 2017). Student
outcomes have been found to depend on chronic absenteeism (Bruner et al., 2011), which typically
increases after major natural hazard events as a consequence of school closure, population dislocation,
and stress and trauma. In this study, student's chronic absenteeism is used as a resilience index of the
educational service.

3.4. School System Recovery Model

To recover educational services, all school functions described above must be restored to or near their level
prior to the disruption. Repair recovery time after major natural hazard events can be classified into two
stages—(1) assessment and planning and (2) the repair process. The assessment and planning stage includes
inspection of damage, review/redesign, procurement of funding, issuing of permits, andmobilization of con-
tractors. The time required for each of the assessment and planning tasks can be estimated as a function of
the building damage condition and other financial conditions (Almufti & Willford, 2013).

Repair or restoration of each school can be estimated using a semi‐Markov chain process, in which the
restoration process is defined by discrete nondecreasing states. In the Markov chain process herein, the
repair process at any time step can either improve the restoration state or will stay the same; the current
restoration state depends on the previous state but is independent of other previous states (Kozin &
Zhou, 1990). A school's quantity functionality is subcategorized into subcomponents based on the repair
crew specialty: structural components, building envelope, permanent and movable partitions, mechanical
equipment, and electrical systems. The discrete Markov chain modeling the recovery process is:

Ql kΔtð Þ ¼ Ql 0ð Þ∏k − 1
i¼0 Al Pt iΔtð Þl; (27)

in which the functionality of subcomponent l, Ql, after time kΔt is assumed to be related to the initial func-
tionality drop, Ql(0), due to seismic damage, the interaction between the repair process of each school, and
other community lifelines, Al:

Al ¼ ∏Nf

j¼1βj: (28)

The interaction term Al is calculated based on factor βj, defined in terms of the interaction factor, ej, and the
current functionality state of the lifeline j, Qj(t).

βj tð Þ ¼
1:0 ⇔ ej ¼ 0:0

Qj tð Þ=ej ⇔ 0:0 < ej ≤ 1:0

(
; (29)

E ¼ e1 e2 ⋯ eNf

� � ¼ ej: (30)

Figure 5. Centerville Community Testbed (after Ellingwood et al., 2016).
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The transition probability matrix, Pt, is shown in Equation 31 with components ps,r(t), defined in
Equation 32.

Pt tð Þ ¼

p1; 1 p1; 2

p2; 1 p2; 2
⋯

p1; R − 1 p1; R

p2; R − 1 p2; R
⋮ ⋱ ⋮

pR − 1; 1 pR − 1; 2

pR; 1 p1; 2
⋯

pR − 1; R − 1 pR − 1; R

pR; R − 1 pR; R

2
66666664

3
77777775
t

; (31)

in which

ps; r tð Þ ¼ Prob Q tð Þ ¼ Qr Q t0ð Þ ¼ Qsj½ �; ∑R
s¼1ps; r tð Þ ¼ 1:0∀t: (32)

The transition probabilities, ps,r(t), are defined as the probability of the functionality state transitioning to
the next (higher) level (Kozin & Zhou, 1990):

ps; r ¼ a 1 − e −bx 0:1r0:5ð Þ½ �
h i

; (33)

In which a and b are parameters referring to the geographical and structural properties of the investigated
lifeline and accounts for the location of the building and how the building will be accessible for the repair
crews as well as the building structural system and how easy it can be repaired (Kozin & Zhou, 1990). The
transition probabilities are also calculated as a function of the assigned repair crews, x, and the current
restoration stage, r.

The allocation of a limited number of repair crews with multiple specialties to repair the damage that is tem-
porally changing in different schools has to be well managed to achieve the recovery objectives of the school
system. In this study, the repair crews are distributed by dynamic optimization (Bellman, 1957) to achieve
the predefined community objectives regarding the education service. While this process can maximize
the quality or/and the quantity of school education, thus potentially minimizing population outmigration
and enhancing community resilience, the impact of repair on the quantity of the education service can be
immediately observed andmeasured. Therefore, we use the quantity of educational service delivered in illus-
trating the framework.

Table 1
Centerville Schools and Their General Building Properties

School Grade Type At (m
2) Building type

Height
(stories)

Built
year

Building components values (106 $)

Structural
Nonstructural
(drift sensitive)

Nonstructural
(accel. sensitive) Content

P1–P4 Elementary Public 9,290 Reinforced masonry
bearing walls

1 1980 1.80 4.64 3.08 9.52

M1 and M2 Middle Public 9,290 Concrete moment frame 3 1990 1.71 4.39 2.92 9.02
H1 and H2 High Public 9,290 Steel light frame 3 1990 1.71 4.39 2.92 9.02

Table 2
Staff, Space, and Supplies Availability for the Centerville School System Immediately Prior to the Earthquake

School Grades

# classroom per
grade (National

Center for
Education

Statistics, 2017b)

# student per
class (National
Center for
Education

Statistics, 2017b)

# staff per school (Glander, 2017) Backup systems (%) Supplies

R1 R2 R4 R8 R10 R13 R16 R18 R22–R25%

P1–P4 P–K‐5 6 22 46 21 30 100 50 100 0 100 100
M1 and M2 6–8 11 26 43 20 28 100 50 100 0 100 100
H1 and H2 9–12 12 24 97 27 37 100 50 100 0 100 100
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Suppose that the total available number of repair crews at each specialty, m, is Xm(t), which changes as a
function of the time after earthquake (Porter, 2016). The decision‐makers assumed in this study assign these
crews, xmn(t), at any time, t, to repair the damaged components by crew's specialty, m, in each school, n, to
achieve maximum quantity of the offered education service for the whole community as denoted by
Equation 34. Distribution of the repair crews is subjected to the following constraints: (a) limitation of repair
resources as shown in Equation 35, (b) predefined repair sequence based on engineering judgment (Almufti
& Willford, 2013), and (c) work environment constraint that limits the total number of repair crews, xn,max,
in any building, n, as a function of the building area, At, as shown in Equation 36.

max
SV tð Þ

∑N
n¼1S

n
V tð Þ; (34)

Xm tð Þ ¼ ∑N
n¼1x

m
n tð Þ; (35)

xn ≤ xn;max ∀xn;max ; xn;max ¼ 2:3 × 10−6At þ 1:0; 2:0 ≤ xn;max ≤ 26:0: (36)

4. Case Study
4.1. Community and School System Characteristics

Centerville (shown in Figure 5) is a virtual midsize community in a Midwestern State, consisting of approxi-
mately 50,000 inhabitants; a mixture of residential, industrial, and commercial zones; and a diverse econ-
omy and including schools, fire stations, a hospital, and other public facilities (Ellingwood et al., 2016).

The Centerville school system consists of three primary schools, two middle schools, and two high schools,
as well as a school district administrative office, which is attached to the high school building. To accommo-
date the number of students from K‐9 to K‐12, another high school is added to Centerville. Table 1

Figure 6. School zones before the earthquake occurrence.

Table 3
Input Parameters for the Recovery Model

School

Geo and Structural dataa Repair crews (normal/with aid)a Interaction values (Cimellaro, 2016)

a b X1 X2 X3 X4 X5 X6 Power Trans. Telecom. Water W. water Fuel

P1 0.80 0.15 3/5 0/1 1/1 1/1 1/2 1/1 0.3 0.3 0.0 0.6 0.0 0.3
P2 0.83 0.13
P3 0.89 0.17
P4 0.82 0.14
M1 0.88 0.18
M2 0.84 0.17
H1 0.81 0.15
H2 0.85 0.16

aAssumed data.
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summarizes the characteristics of the Centerville schools, including grade, total area, building type, height,
year of construction, and valuation of structural, nonstructural and contents prior to the earthquake. The
values in Table 1 are obtained from a previous study (Ellingwood et al., 2016), except for the added high
school and building type for all schools, which are assumed in this study. The school area is used to calculate
the maximum number of repair crews allowed in the school building at any time based on (Almufti &
Willford, 2013) and, if the school is used as an emergency shelter, the capacity of that shelter according to
FEMA requirements (Federal Emergency Management Agency, 2015).

Figure 7. School buildings damage fragility curves (Hazus‐MH 2.1, 2015).

Figure 8. Buildings, schools, and schools supporting infrastructure damage.
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Table 2 shows the total number of classrooms for each grade, the number of students per grade, staff, and the
backup utilities and supplies availability immediately prior to earthquake occurrence. The National Center
for Education Statistics (NCES) (2017a), which provides an average total number of student enrollment per
grade for public schools in the United States, is utilized to calculate the number of school students in
Centerville as a function of the total population. Based on NCES for 2017, the total number of school‐age
students is 7,754, which are distributed to the primary (pre‐K to Grade 5), middle (Grades 6–8), and high
(Grades 9–12) schools as 3,702, 1,742, and 2,310, respectively. The elementary schools are assumed to have
self‐contained classrooms, while both middle and high schools utilize instruction by topic (math, history,
etc.), which impacts the number of students in each class. The resulting average class sizes, per the
National Center for Education Statistics (2017b), are 22, 26, and 24 for the elementary, middle, and high
school, respectively. The number of staff and administration are also estimated based on U.S. national
averages (Glander, 2017). The experience of instructional staff is determined by years of teaching experience
and the highest degree earned (National Center for Education Statistics, 2019). Based on the school's capa-
city and the expected travel time for students, the school district defines each school's zone as shown in
Figure 6.

Parameters for the school system recovery model are shown in Table 3 including the geographical and struc-
tural parameters (a and b in Equation 28), the total number of available repair crews for the school system,
and the interaction values between schools and their supporting lifelines. Different specialties of repair
crews are considered including structural, X1, plumbing, and HVAC systems, X2, interior partitions, ceiling
tiles, and components of the exterior building envelope, X3; mechanical equipment, X4; electrical systems,
X5; and elevators, X6. A building repair sequence starts with the repair of the structural components to

Figure 9. Recovery for schools' supporting infrastructure.

Figure 10. Restoration of school functionalities.
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guarantee the safety of the building, followed by corridors and stairs to ensure accessibility for the subse-
quent repair tasks. All other repair tasks can then be executed simultaneously. The total number of available
repair crews is assumed to be changing with time since the impacted community may receive additional aid
from the surrounding communities. It is assumed that each repair crew consists of 10 workers.

4.2. Damage and Recovery of Supporting Infrastructure

Two different earthquake scenarios are considered, both with moment magnitude,Mw, equal to 7.9, epicen-
ter approximately 40 km southwest of Centerville, and occurrence time 5:00 pm. In the first scenario, the
earthquake is assumed to occur during the middle of the school year, while in the second, the earthquake
occurs during the summer break. In both scenarios, the spatial distribution of the building damage is
estimated from the earthquake intensity generated by IN‐CORE (Ellingwood et al., 2016) and damage states
in Hazus MH 2.1 (2015), which is generated based on buildings characteristics shown in Table 1 including
the building age and design code generation. Given the spatial distribution of the seismic demand in the
community (Ellingwood et al., 2016), damage to buildings, transportation, power, telecommunication,
water, wastewater, fuel, and education systems are calculated. As an example, the seismic fragilities of the
school buildings in Centerville are summarized in Figure 7 including seismic fragility curves for structural
components, nonstructural drift‐sensitive components, and nonstructural acceleration‐sensitive
components.

Economic and social losses at the different schools are estimated from FEMA P‐58 (2012), based on damage
to the building components, expected occupancy at the time of the earthquake, and the building component
values listed in Table 1. Figure 8 shows the immediate impact of the earthquake on Centerville buildings,
schools, and main supporting infrastructure systems. Damage to infrastructure located on the west side of
Centerville, which is closer to the epicenter and experienced higher earthquake intensities, is higher. The
fact that most of the expected building damage is either slight or moderate reduces the population disloca-
tion and the demand on the community shelters (Levine et al., 2007).

Damages to school buildings and supporting infrastructure are utilized to estimate the recovery of educa-
tional services based on historical data and restoration curves from ATC‐13 (1985). Restoration of electricity,

Figure 11. (a) Total student enrollment versus time, (b) the percentage of student enrollment per census tract at Day 30,
and (c) percentage of student enrollment per census tract at Day 100.

Figure 12. (a) The effect of Decisions I and II on the student enrollment, (b) student enrollment based on Decision III,
and (c) chronic absenteeism comparison for Decisions I–III.
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transportation, telecommunication, water, wastewater, and fuel supplies
at each school is shown in Figure 9. These curves subsequently are utilized
to calculate the functionality and recovery of the school buildings using
the methods described in the previous section.

4.3. Recovery of School Functionality

Functionality, recovery, and resilience of the K‐12 school system in
Centerville following the two earthquake scenarios are estimated using
themethods described in section 3. The influence of school administrators
on school reopening, cooperative interactions between schools during the
recovery period, and resource optimization are investigated, as well as the
different roles played by schools during community recovery such as pro-
viding community shelter.

In the first earthquake scenario when school is in session, students are
directly impacted by any school closure. The semi‐Markov chain model,
coupled with the dynamic optimization, estimates the near‐optimal repair
progress of the school system that attains the predefined objectives of the
education system of achieving the maximum quantity of the offered edu-

cation service for the whole community, taking into account repair crew specialties and the possibility that
repair crews from neighboring communities are available. Figure 10 shows the quantity and quality func-
tionalities as well as the total functionality of each Centerville school. Substantial damage to the working
space within the school system and supporting lifelines immediately after the earthquake leads to closure
of all schools immediately following the earthquake. A week after the earthquake, the state of recovery of
most supporting lifelines, coupled with the performance of operational backup utility systems and backup
space in the schools, increases the supportive infrastructure availability and ends closure of schools. For
middle schools (M1 and M2) one classroom is open while for all other schools, two classrooms are open.
At this stage, proper backup space is required if schoolchildren, beyond the classroom capacities, are to
return to school. However, backup spaces can be utilized only when transportation and utilities reach a suf-
ficient functionality level, which is assumed to be 50%, based on decision‐makers' judgment (Decision I) as
mentioned before. It is assumed that each school can be provided by temporary backup spaces (FEMA, 2011)
that can be gradually increased as needed to 25% of the school capacity in 3 weeks. At 169 days after the
earthquake, all classes in all the schools can reopen. To work towards full recovery of educational services,
each school continues its efforts toward increasing the quality by replacing the unqualified staff, ending the
staff internal and external transfer, and ensuring the adequacy of the class technology, which is achieved
after 94 more days.

Due to damage to school facilities, schoolchildren can be enrolled in school (depending on damage level),
transfer to homeschooling, or miss school. Figure 11a displays the change in total student enrollment in
Centerville following the first earthquake occurrence scenario. Limitations in available student positions
throughout the first month after the earthquake increase the number of schoolchildren who miss school.
Even though permanent population dislocation is expected to be minimal overall, driven mainly by minor
damage in buildings and the quick recovery of utilities, it is likely to be higher for families with children
missing school for a longer time. If a nearby school district with schools that have suffered less damage
can enroll these children, dislocation is less likely to occur. Figures 11b and 11c shows the percentage of stu-
dent enrollment per census tract 30 and 100 days after the earthquake. The variation of student enrollment
in each census tract is due to dissimilarity in damage at schools within Centerville, transportation availabil-
ity, and ability of families in each census tract to provide alternatives for their schoolchildren, such as home-
schooling and/or private transportation.

To highlight the influence of school district administration on closing and reopening of schools, two other
cases are considered, in which the schools do not have backup space (Decision II) or the schools remain
closed after the earthquake by the school district until full recovery of all schools has been achieved
(Decision III). Figure 12a displays the effect of backup space on the total number of students enrolled and
the delay in reopening the schools (between 33 and 67 days). Figure 12b shows the impact of Decision III
on student enrollment. A significant increase in school closures is apparent, in which it takes the school

Figure 13. Shelter availability.
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district 153 days to open all schools. However, Decision III provides the required time for the school district
administration to arrange for school reopening and student return when most school infrastructure has
restored to normal conditions. The average chronic absenteeism for three investigated decisions is shown
in Figure 12c. It can be noted that Decisions II and III significantly increase chronic absenteeism, which
is utilized here as a resilience index of the educational service provided by the Centerville community.

In the second earthquake scenario, in which the earthquake occurs when schools are in recess, the use of
school buildings and backup space for community shelter does not interrupt the main services provided
by the schools. On the other hand, shelters require emergency staff, including social workers, volunteers,
transportation services, utilities, space (with different contents), fuel, and food supplies (Federal
Emergency Management Agency, 2015). It is assumed that 2 days after the earthquake, the community
can provide shelter in undamaged school buildings and backup spaces. The capacity of the backup spaces
is assumed to gradually increase from 25% to 50% of the schools' capacities as a shelter within 18 days.
Figure 13 shows the shelter capacities at each school. The shelter capacity can be increased by adding the
classrooms, once they are repaired, to the number of accommodations as shown in Figure 13; after 142 days
all the schools' area can be used as a shelter. Of course, if the school recess ends during this recovery period,
the school utilization is likely to revert to its original intended purpose, creating social problems for commu-
nity officials that are not addressed in this paper and would require modification to the framework presented
in section 3.

5. Summary and Conclusions

This article presents a new methodology to measure functionality, recovery, and resilience of a K‐12 school
system exposed to a severe scenario earthquake. The methodology accounts for interdependencies between
schools and their supporting lifelines, suppliers, parents, teachers, and administrative personnel, as well as
relationships between the individuals involved in delivering quality education to a community. School func-
tionalities are categorized into quantity functionality, measured in terms of the enrollment capacity for
schoolchildren, and quality functionality estimated as a combination of different factors related to teacher
quality, classroom quality, and school quality. Near‐optimal recovery trajectories of the school's buildings
that attain the predefined objects of the school system are determined using a semi‐Markov chain stochastic
model, coupled with dynamic optimization while considering limitations and specialties of the repair crews,
change of the number of repair crews over time, and repair sequences. The role played by school adminis-
trators in managing school reopenings after the earthquake and finding alternatives for schoolchildren
and staff to ensure the continuation of educational services is also considered. Two different earthquake
scenarios are assumed to test the feasibility of the proposed approach as a planning tool. The first scenario
focuses on the school system as a provider of education, while the second scenario considers the school
system as a provider of emergency shelter.

The main conclusions drawn from this analysis can be summarized as follows:

1. Providing schools with reliable backup utilities and sufficient backup spaces is critical for keeping the
schools open after the earthquake.

2. Recovering the schools' main supporting lifelines, especially transportation, is key for school reopening.
3. Providing alternative staff and using community volunteers can temporarily close the gap in staff short-

age. However, it could also negatively impact the quality of educational services and student outcomes.
However, staff swapping and appointing qualified staff sustain the leadership and professional
community.

4. Establishing appropriate policies and decision‐making processes has a substantial impact on the school's
recovery trajectory and students' enrollment state.

5. Using schools as shelters immediately after the earthquake is a function of the backup utility systems and
backup spaces. However, it depends on the recovery progress of schools, supporting lifelines and
suppliers.

The study also establishes the basis for defining the required parameters that need to be measured by
communities after natural hazards, such as earthquakes, to assess the education system resilience, function-
ality, and recovery. Estimation of the presented model parameters can be modified to address the investi-
gated communities' characteristics and hazard type. While the results obtained in this study highlight the
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importance of different school components in education system recovery, we acknowledge that factors
related to the psychosocial and socioecological functioning of the human systems are found to be among
the significant factors influencing resilience of schools, especially for the quality indices. Therefore, we
recommend that these factors be included in future studies to provide a more holistic understanding of
school system resilience.

Data Availability Statement

All data can be found online (at https://github.com/EmadShafik/Resilience‐of‐school‐systems‐following‐
severe‐earthquakes).
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