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Abstract: The current study is based on the analysis and adaptation of a Federal Emergency Manage-
ment Agency guide, FEMA P-1000, from the USA to improve school safety against natural hazards
by applying the guide to the infrastructure of Ecuadorian schools, focusing primarily on seismic
risk. By considering the technical foundations of structuring and managing disasters in buildings
for school use, society will be provided with a practical procedure to recognize those aspects that
need immediate attention as part of proper risk management. Here, a variety of parameters are
involved in the proposed methodology of the given guide from FEMA combined with the national
construction standards and regulations. The characteristics of nearby geological faults and structural
and nonstructural vulnerability levels, amongst others, were also considered to allow for a detailed
evaluation and a subsequent seismic risk categorization. Finally, the global risk is determined for the
studied institutions of Sangolquí in the Valley of Los Chillos, within the Interandean Depression in
central Ecuador.
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1. Introduction

Over the years, Earth’s sudden movements due to earthquakes and their subsequent
seismic hazards have impacted vulnerable areas, destroying them socially and economi-
cally, and often leaving a high death toll [1–4]. There are plenty of examples in the Pacific
Rim or the Latin American area, such as the earthquake in Haiti (2010), which caused
316,000 fatalities, and the earthquake and subsequent tsunami in Chile (2010) with
525 dead. More examples include the earthquake and tsunami in Japan (2011), with
15,405 dead and 8405 missing, and the earthquake in Ecuador (2016) that registered
663 people dead [5–12]. The consequences of these and other significant events have
made it possible to identify the transcendental role played by the structural design of
buildings when safeguarding the integrity of their occupants [13–17]. Thus, losses due to
earthquakes and seismic hazards have made it necessary to become aware of the potential
damage that structures may suffer due to these events. As a response, international organi-
zations have been created whose main objective is to minimize the social and economic
impact caused by the occurrence of this type of geological phenomenon [18–20].

Based on the aforementioned, several countries located on active continental margins
where there is a high frequency of severe earthquakes, such as Italy, Japan, Chile, and
the USA, have generated several advances in construction codes in buildings with certain
conditions for resisting high-magnitude seismic movements [21–25]. In this sense, the
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Federal Emergency Management Agency (FEMA) has a fundamental role in disaster-
related issues since it is in charge of developing risk control and management tools to
guarantee the proper functioning of structures within the United States [26–29]. FEMA
and other government agencies of different countries see schools as a primary point
of attention for preventing risks in the face of hazards. Indeed, schools are teaching
and learning environments where children and young people, followed by teachers and
administrative and service personnel, among others, spend most of their time. In this way,
the physical and structural elements that make up the facilities, and the administrative and
pedagogical processes, must be able to offer a safe environment to those who embrace the
educational community. The educational community includes the Ministry of Education,
the neighboring families of the school building, and, in general, the community where the
school is located, to which the students may or may not belong. Indeed, the mayor,
the local level’s educational authorities, and other community actors and sectors are
also included.

However, several recorded seismic events have affected and destroyed educational
buildings. For example, on 7 December 1988, an earthquake of magnitude 6.9 on the
Richter scale and at a depth of 6 km shook Spitak (Armenia); likewise, on 17 October 1989,
an earthquake of a similar magnitude, a 7.1 on the Richter scale, with a depth of 15 km
agitated Loma Prieta (USA) [30–34]. As a standard feature, highly populated urban areas
with housing, schools, colleges, and other critical infrastructure were hit. Unfortunately,
in Spitak, the buildings within the affected area were built with poor consideration of the
effects of an earthquake; therefore, half a million buildings were destroyed, including more
than 900 schools, and about 25,000 people died in the destruction, where an estimated
6000 of the deaths were school-age children [35]. In contrast to the Spitak earthquake, the
Loma Prieta earthquake caused 63 deaths; even though it occurred after school hours, only
three schools suffered structural damage, but no school building collapsed. Fortunately for
the affected area, the “Field Law” that was enacted in response to the Long Beach earth-
quake (1933), which destroyed hundreds of educational centers, ensured the construction
of school buildings that could withstand the 1989 earthquake [36–38]. In this context, it is
observed that implementing strict building codes and mitigation measures in the law and
practices of California saved many lives. In this state, the earthquake resistance standards
are more rigorous in their regulations compared to other states in the country, which still
puts schools in other high seismic hazard sites at risk. See Table 1 for further details [39–52].

In Mexico, after the two strong earthquakes that shook Chiapas and Puebla on 7 and 19
September 2017, respectively, many schools’ structures were irreparably damaged, whereas
others collapsed. In this region, about seven million children lived in the areas affected by
the earthquakes [53]. After the disaster and in a recovery environment, UNICEF worked to
establish temporary teaching centers, promote safety guidelines for schools, train teachers
and administrators in psychosocial support, distribute educational material, and develop
kits for children, representing an investment of 3.5 million dollars [54].

In Italy, after the tragic collapse of the school at San Giuliano in the October 2002 earth-
quake and the many damaged schools during the L’Aquila earthquake in April 2009, [55]
a procedure was developed for the seismic risk analyses of several school buildings. Most
of them were designed and constructed ignoring seismic regulations, potentially result-
ing in a high seismic risk. In the same context, to reduce earthquake impacts on Italian
school buildings constructed between 1950 and 1975, [56] typological vulnerabilities were
identified that could affect their seismic performance.

Ecuador, a country prone to seismic activity, needs tools that evaluate the vulnerability
of both public and private institutions. In terms of earthquake resistance, establishments
with a large influx of people such as hospitals, shopping centers, colleges, and schools
must have a low level of vulnerability to unavoidable telluric events [57–63]. Thus, it has
been decided to develop and subsequently apply the most appropriate guide to assess
the degree of seismic risk for schools as a pioneering approach. This tool would allow
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diagnosing the problems of the structures that make up the institutions, identifying the
most common issues in design, construction, and operation.

Table 1. Destructive effects on school buildings by selected earthquakes in the world.

Earthquake Date Mw Effects on Schools Observations

Olympia, USA 4/13/49 7.1 10 schools collapsed, and
30 schools were damaged.

Only 2 children died due to
a school break day.

Kern County, USA 7/21/52 7.7
1 school collapsed, 15 suffered
severe damage, and 15 moderate
damage among the 58 schools.

Only 1 school suffered moderate
damage among the 15 schools
built after the Field Act.

Skopje, Macedonia 7/26/63 6.1 44 schools were destroyed out of
a total of 77 schools in the city.

It took place at 5:17 a.m.; thus,
thousands of lives were saved.

Peru 5/31/70 7.7
6730 classrooms collapsed, and
hundreds of schools were
seriously damaged.

Even though this event caused
some 70,000 deaths, there were no
school victims due to the time
of occurrence.

El Asnam, Algeria 10/10/80 7.3 70% of El Asnam schools
were destroyed.

Experts reported
a disproportionate level of damage
to schools. Low loss of life due to
time of occurrence.

Kobe, Japan 1/17/95 6.9
4500 campuses with
extensive structural and
nonstructural damage.

It happened very early in the
morning; therefore, no victims
were recorded.

Nazca, Peru 11/12/96 7.5 93 schools seriously damaged. There were no victims due to
schools being in recess.

El Salvador 1/13/01 7.6
85 schools needed demolition,
another 279 suffered
serious damage.

50% of the fatal victims
were children.

Molise, Italy 10/31/02 5.6 Collapse of a school and the death
of 27 children and a teacher.

The school victims
represented 93% of the
victims of the earthquake.

Xinjiang, China 2/24/03 6.3 900 classrooms collapsed.
The students were out of the
classrooms in physical education
classes and only 20 students died.

Banda Aceh, Indonesia 12/26/04 9.3
750 schools destroyed in
Indonesia, 55 in Sri Lanka,
44 in Maldives, 30 in Thailand.

Earthquake and tsunami; one of
the largest magnitudes recorded.

Kashmir, Pakistan 8/10/05 7.6
Widespread collapse of more than
17,000 schools caused some
19,000 children to die.

School buildings were affected in
greater proportion than
other buildings.

Sichuan, China 5/12/08 7.9 Destruction of at least
6898 school buildings.

12% of the approximately
80,000 deaths were students
and teachers.

Pedernales, Ecuador 4/16/16 7.8 Some 560 schools were damaged,
around 88 of them severely.

No fatalities in schools
due to time of event.

The proposed methodology was mainly based on the FEMA P-1000 guide [64], con-
sidering its practical and economical procedures for school operations and the protection
of school facilities before, during, and after an event; in this specific case, an earthquake.
In general, it includes the seismogenic characteristics of nearby faults, the structural and
nonstructural vulnerability levels, and the response capacity, amongst others, to establish
a global risk level. Its effectiveness was probed for twelve schools in Sangolquí, a city
within the Interandean Depression in central Ecuador. The results demonstrated the tool’s
convenience and that most schools exhibit a moderate global seismic risk level, which
should be subjected to advanced vulnerability studies to prioritize improvement measures.

Unfortunately, the seismic hazards and their consequences in Ecuador are still un-
derestimated because of the lack of financial resources and support. Therefore, the study
presented in this paper constitutes a convenient instrument for evaluating seismic risk to
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implement prevention, mitigation, and adaptation actions by global and local stakeholders
in this country and will certainly serve other places with similar geodynamic conditions.

2. Geodynamic Setting and Seismic Vulnerability of Ecuador

Ecuador is situated within the Pacific Ring of Fire; therefore, it is a country with
a high seismic risk [65–67]. The prominent phenomenon occurs in the subduction zone of
the easternmost area of the Pacific Ocean, caused by the oceanic Nazca Plate subducting
below the South American and Caribbean continental plates (Figure 1). Additionally,
the Guayaquil-Caracas megafault or shear crosses the country, dividing the mentioned
continental plates [68–74]. Therefore, most Ecuadorian territory has a high seismic hazard,
except for the northeast region which has an intermediate level, whereas the coastal region
has a very high seismic hazard [75–77]. Thus, based on historical events, there are plenty
of documented severe catastrophes, such as the 1797 earthquake in Riobamba, 1859 in
Quito, 1868 in Ibarra, 1906 in Esmeraldas, 1942 in Manabí, 1949 in Pelileo-Ambato, and
the most recent in 2016 in Pedernales [78–84]. On 16 April 2016, at 18:58:36 (ECT), an Mw
7.8 magnitude earthquake hit the Ecuadorian coast, causing damage in the provinces of
Esmeraldas and Manabí, including the towns and cities of Muisne, Pedernales, Canoa,
Bahía de Caráquez, Portoviejo, and Manta [85]. The maximum PGA recorded in Pedernales
was 1.4 g [86]. Several buildings collapsed hundreds of kilometers from the epicenter. In
the earthquake, 6274 people were injured, 12 remained missing, 113 were rescued, and
28,775 were taken to shelters [87].
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Figure 1. Geodynamic setting of Ecuador and associated tectonic plates [10].

There were collapsed school buildings or a high degree of deterioration, in which
three common characteristics were predominant [88]. These included existing design
deficiencies and the lack of professional control during construction processes, as well as
poor reinforcement detailing that prevent possible structural damage in the event of severe
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earthquakes (Figure 2). As a result, 23% of the 1866 schools and colleges suffered minor
(16%), medium (3%), and severe damage (4%).
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Ultimately, some of the schools’ structures on the coast were affected, mainly due to
poor construction practices and implementation on unsuitable land. The schools that have
been most affected were those whose construction was configured according to the school
models used more than two decades ago [89]. Therefore, the need to conduct a vulnerability
assessment is evident, especially for establishments with more years of operation.

In 2016, the Ministry of Education of Ecuador set a benchmark for regional risk
management, issuing the “Comprehensive School Safety Policy”, which was adopted as
a tool for the prevention and preparation for emergencies, and the first comprehensive
system of school risk management, designed exclusively for educational centers. Book 2.1
and Book 2.2 of this school safety policy finally recommend a specific study of the areas in
which the schools are located, since having a more specific analysis of the sector allows the
management of prevention and mitigation processes [90].

3. Study Area and Regional Seismic Hazard

Sangolquí, on the southeast side of Quito, is the capital of the Rumiñahui Canton with
an area of 135.7 km2. The canton is located in the Valley of Los Chillos within the Interan-
dean Depression, which resulted from a synsedimentary transpressive deformation [89,90].
The geology of Sangolquí describes lands primarily formed by deposits that are mainly
composed of cangahuas, and pyroclastic flows, mudflows, colluvial and old lava flows of
andesitic–basaltic composition as a result and influence of the Ilalo, Pasochoa, Rumiñahui,
and Cotopaxi volcanoes, among others [91–98]. These are geological formations from the
Quaternary period, with a depth of approximately 1000 m [99].

The Interandean Depression or Valley of Ecuador is crossed by a set of active and
inactive faults aligned to the Guayaquil-Caracas megashear system, which have been the
cause of various aforementioned, devastating earthquakes. Among the regional and local
geological faults that cross the Rumiñahui Canton and that have a direct influence are the
Quito fault, which is divided into several segments, and which has a compression and
a secondary transcurrent dextral component with a NS trend, and the Machachi dextral
transcurrent fault [99–101]. Although different segments of the Quito fault add up to
a length of about 60 km with a rupture area of about 720 km2, the Machachi fault extends
23 km with a rupture area of 276.78 km2 [99–101]. The Quito fault could trigger an event
of MwRA 6.8 (magnitude of a seismic event due to fault rupture area) and MwSRL 7.1
(magnitude of a seismic event as a function of rupture length), with a recurrence period
between 195 and 235 years [100]. However, for this study, the southernmost segment called
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the Puengasí fault is exclusively considered, having a length of 22 km and a rupture area
of 259 km2, which could generate an event of MwRA 6.4 and MwSRL 6.4 with a recurrence
period of 188 years. The Machachi fault could reach magnitudes in MwRA events of 6.4
and MwSRL of 6.4, with a recurrence period of 538 years [101].

Sangolquí and, in general, the Valley of Los Chillos is susceptible to strong earth-
quakes due to the previously mentioned geological faults which were reactivated, as
recorded in several historical documents since 1541 and with instruments since the last
century [102,103]. These events include the earthquakes of 1541 (magnitude 7.5 and an
intensity of IX on the MSK scale), 1587 (6.4 and VIII), 1755 (IX), 1859 (IX), 1914 (VI), 1923
(6.5 to 7 and V–VII), 1929 (5.9 and VII), and 1938 (5.8 and VII) [104–106]. Thus, the Chillos
Valley is affected by a strong influence of surface earthquakes, which, combined with
a structural vulnerability, can be very dangerous for the population and its community.

The parish of Sangolquí has a value of the factor (Z), which is the maximum acceler-
ation in rock expected for the design earthquake, which is expressed as a fraction of the
acceleration of gravity [75]. The value Z = 0.4 corresponds to zone V (of possible VI), with
a high seismic hazard [75].

FEMA P-154 [107–109] determines five levels of seismic regions based on the spectral
acceleration response from the risk-targeted maximum considered earthquake (MCER)
(ASCE 7-16 [110]). Through FEMA P-154 [107–109], it has been identified that the Sangolquí
parish, according to the type of soil and the presence of the Machachi and Quito faults
(Puengasí segment), presents two seismic regions, which are either high (for type C soils;
Vs30 < 760 m/s, but Vs30 ≥ 360 m/s) and very high (for type D soils; Vs30 < 360 m/s, but
Vs30 ≥ 180 m/s) [101].

There are many schools within Sangolquí, which are important places for community
development not only because they are the second home of future leaders, but also because
schools could become multifunctional places, as has been explained previously. Therefore,
this type of structure must meet specific characteristics in its design and construction,
and the management must be conducted by its authorities to prevent risks (especially
seismic). Therefore, to comply with the term seismic resistant, a building would need
a low vulnerability to a seismic event. Within the parish of Sangolquí, there are 18 schools,
10 colleges, 16 academic units, and 17 education centers (basic or infant) [106].

4. Methodology
4.1. General Assumptions

This current study seeks to lay the foundations to evaluate the infrastructure of the
buildings that make up these education centers. All cities within the country, due to the
nonhomogeneous geodynamics of the regions, the exponential population growth, and the
expansion of the border, must meet the fundamental principle of “adequate construction” by
considering three critical parameters. These are the foundation, the most optimal materials
used on site, and the environment in which the activities are carried out, evaluating the
vulnerability to seismic hazards and the environmental impact. Vulnerability over the
years has been disseminated with various approaches that allude to the security of people,
highlighting the fragility of the social order. Therefore, for sustainable development and
intelligent land use, planning that respects and prevents the influence of natural hazards
is essential.

According to FEMA P-1000 [64], the infrastructure of the schools fulfills critical func-
tions within the communities. For example, they sometimes serve as designated shelters
for displaced families after a natural or man-made disaster. However, even when not
designated as a shelter, school policy states that children must be protected within the
schools until parents can pick them up. If the school is not officially designated as a key
post-emergency site, school policies have made it one [64].

The methodology and tools to develop appropriate risk management are based on
an adequate vulnerability study for natural hazards. The different guides and national and
international manuals that address these issues were studied for this case. The primary



Buildings 2022, 12, 1471 7 of 28

reference for this study is from FEMA, of the United States, which addresses various
essential issues from risk management to regulations and guidelines for the construction of
safe and resistant buildings to any hazard [64].

FEMA has conducted a successful study regarding the risk management of natural
hazards in schools and has presented it in a guide called, “Safer, Stronger, Smarter-A Guide
to Improving School Natural Hazard Safety”, known as FEMA P-1000, which is a reference
for the development of this current study. In addition, a tool is established to assess seismic
vulnerability by applying, among others, the FEMA-P154 manual, “Rapid Visual Screening
of Buildings for Potential Seismic Hazards” [109].

Adequate risk management for schools would safeguard the lives of students, teachers,
administrative staff, and services, among others, during an emergency through orderly
planning within all phases of a given emergency operation plan as long as it involved the
entire academic community. Therefore, the seismic hazard study of Sangolquí is presented.
Based on these parameters, an emergency operation plan can be adequately developed, and
the vulnerability assessment of the schools can be conducted according to the geological
and geographical parameters in which they are located.

4.2. Safety Requirements in Performance-Based Design

Performance-based design (PBD) is a philosophy in which design criteria are expressed
regarding a specific behavior expected for a given hazard level (Ghobarah, 2001). Before
defining the design methodology, ASCE 7-16 [110] classifies buildings according to the
risk to human life, health, and well-being associated with damage due to their occupation,
considering loads from floods, wind, snow, earthquakes, and ice supplies (hail). Each
building or other structure would be assigned to the highest applicable risk category. For
example, school buildings are in category III. This includes buildings and other structures
which could be a substantial risk to human life in case of failure. In case of failure, buildings
and other structures not included in category IV could cause a substantial economic impact
and/or massive interruption to civil life. Buildings and other structures not included in
category IV (including, but not limited to, facilities that manufacture, process, handle, store,
use, or dispose of hazardous fuels, hazardous chemicals, hazardous waste, or explosives)
contain toxic substances or explosives, where the quantity exceeds a threshold quantity
established by the competent authority and sufficiently pose a threat to the public if
released [110].

ASCE 41-17 [111] presents a set of objectives for the seismic rehabilitation of buildings,
considering different levels of behavior for structural and nonstructural elements. Each
structural performance level must meet the structural and nonstructural design level
conditions. For example, category III buildings (where the schools are located) must
meet the performance objective (4-D). The structures located in category III are in a range
between life safety (S-3) and collapse prevention (S-5) (within the inelastic range). If
the nonstructural components are damaged, they could create fall hazards. However,
the high-risk components are insured to avoid falling in public gathering areas as they
represent a risk to the safety of many people’s lives. The structures must behave correctly
in the inelastic range for the maximum considered earthquake (MCE) with a probability
exceedance of 2% in 50 years and a return period of 2500 years.

Although ASCE 41-17 indicates four risk categories for existing buildings according
to their occupancy or use, NEC-15 identifies three categories and the respective factor
of importance due to seismic action [112]. Both norms are correlated by the designated
categories and the importance factors. Special use structures must verify correct seismic
performance in the inelastic range in the face of an extreme earthquake with a return period
of 2500 years (collapse prevention level). In addition, special occupancy structures must
develop a structural performance level of noncollapse (collapse prevention). This means
that the design allows a certain degree of damage to structural systems, while considerable
damage to nonstructural elements is expected, which is achieved with an adequate seismic
response in the inelastic range.
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4.3. Vulnerability Degree Assessment Procedure (V)

Based on the aforementioned, a Seismic Vulnerability Assessment Guide for Schools
Located in the Sangolquí Parish was prepared with a vulnerability degree assessment
procedure (V), as illustrated in the flowchart in Figure 3. In addition, a form for data
collection during a rapid building inspection was developed by FEMA P-154 [108]. The
collection instrument is aimed at most buildings, thus it serves as a starting point for the
evaluation form developed in this project; its application uses a base score (P. Base) and
three vulnerability groups (GV1-3) for quantification.
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The P. Base refers to the year of construction, determining if the building meets the
performance objectives established for a building category III (ASCE). GV1 deals with the
general aspects of the schools, including the type of FEMA building, number of stories,
presence of adjacent buildings, and soil type of the land it is built on. GV2 deals with
structural vulnerability, which corresponds to the structural elements (columns, beams, and
slabs), their geometry, layout, and configuration in plan and elevation, the visible presence
of irregularities, and pathologies in structural and nonstructural elements such as walls.
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GV3 is about the vulnerability of nonstructural systems. With this, the state of conservation
of the building and roofs is included, which is added to the contents of the school; for
example, water storage tanks, partitions, ceilings, lamps, shelves, doors, and windows,
among others. In order to evaluate a structure, variables or conditions are defined with
four degrees representing the vulnerability that affects the structure. A numerical value
has been assigned to quantify it, as indicated in Table 2.

Table 2. Degrees of vulnerability used.

Degree Description Score

GA Represents a low vulnerability 20
GB Represents a medium vulnerability 40
GC Represents a high vulnerability 60
GD Represents a very high vulnerability 80

The scale for the measurement of vulnerability is established from 20 to 80 points,
considering that a vulnerability score equal to 100 would mean that the school building
is uninhabitable and would indicate that it is not fit for operation. On the other hand, the
value 0 is equivalent to an invulnerable structure that does not correspond to any building
in the country.

4.3.1. Base Score (P. Base)

An important factor in determining the vulnerability of schools focuses on the year in
which the structure was built and whether it meets the performance objectives established
by the American Society of Civil Engineers for the maximum considered earthquake
(2% of exceedance in 50 years). These objectives prevent collapse, which allows extensive
damage to structural elements (but they continue to function) and significant damage to
nonstructural elements. Therefore, it was decided to use base scores depending on the
building’s year of construction. In this way, the intended vulnerability ranges for the
structures are defined.

Most of the school buildings in Sangolquí are relatively old, thus it is presumed
that they were not designed with adequate regulations. It is even known that more than
40 years ago, there was not even an entity that regularized these constructions. To the best
of our knowledge, one of the first regulations that contemplates the design of buildings
in Ecuador is the CEC 77 (Ecuadorian Construction Code of the year 1977), followed by
the CEC 2000 (Ecuadorian Construction Code of the year 2000), and finally, the NEC-15
(Ecuadorian Construction Standard of the year 2015).

4.3.2. Before the First Construction Code (Pre-Code)

For the years before 1977, when the first regulations appeared in Ecuador, most
structures did not have an earthquake-resistant design, and there was not even ade-
quate quality control. These facts translate into informal constructions for the older
schools and colleges. Therefore, constructions before 1977 are considered to have poor
structural performance.

4.3.3. First Ecuadorian Construction Code (CEC 77) (Transition Period)

In 1977, under official registration No. 369, the first two parts of the Ecuadorian
Construction Code were made official to improve the safety and quality of construction,
as well as to protect human lives, which were elaborated by the Ecuadorian Institute
for Standardization (INEN). For preparing this regulation, a reference was made to the
ACI 318-71 code (American Concrete Institute), adapting it to the situations in Ecuador.
However, this code only dealt with houses with up to three floors, and it does not consider
prestressed or prefabricated elements [113].

Between 1977 and 1990, despite having the CEC 77, a control by construction pro-
fessionals was still not implemented, and an earthquake-resistant design was not even
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required. As a result, it was not until 1998, the date of the Bahía de Caráquez earthquake,
that the poor performance of the structures built with CEC 77 was evidenced. Given this
situation, there was a need to continue investigating to obtain safer buildings in Ecuador in
the face of these effects.

4.3.4. Ecuadorian Construction Code 2000 (CEC 2000) (Post-Code)

In 2001, the first document of the CEC 2000 was made official, which contains the
chapter on seismic hazards, design spectra, and minimum calculation requirements for
earthquake-resistant design, registering the last update in 2002 [113]. The main objective of
this regulation was the design of basic specifications for structures subject to seismic effects,
which could occur at some point in their useful life [114]. The design philosophy of the CEC
2000 served to establish some main objectives for certain types of ground motions. In this
regard, mild and frequent earthquakes should prevent structural and nonstructural element
damage. Moderate and infrequent earthquakes should prevent serious structural damage
and control nonstructural damage. Severe and rarely occurring earthquakes should not
cause the collapse of the structure, in an attempt to safeguard people’s lives [113,114]. The
CEC 2000 sought to improve the quality of the structures after the damage caused by the
1998 earthquake. However, with seismic events in the last two decades, improvements
were demanded in the earthquake-resistant design standards worldwide. Therefore, in
2010, the Ecuadorian government decided to update and improve construction regulations
with a group of professionals, national and foreign consultants, and professors from
different universities.

4.3.5. Ecuadorian Construction Standard 2015 (NEC-15) (Modern Code)

On 6 April 2011, through Executive Decree No. 705, published in the Official Gazette
No. 421, the Executive Committee of the NEC was formed. This committee was tasked with
issuing the Ecuadorian Construction Standard, which should contemplate the minimum
requirements of design, construction, and control in the execution of works, in addition to
promoting an improvement in the quality of buildings, with the main aim of protecting
people’s lives. On 19 August 2014, through Ministerial Agreement No. 0028 of the Ministry
of Urban Development and Housing (MIDUVI), the first six chapters of NEC-15 were
approved. On 10 January 2015, the MIDUVI, through Ministerial Agreement number 0047,
approved the remaining four chapters of the current standard [112]. The chapters included
nonseismic loads, seismic loads, and earthquake-resistant design, the seismic rehabilitation
of structures, geotechnics and foundation design, reinforced concrete structures, and glass,
steel, and wood structures.

According to the MIDUVI and CAMICON [73], the design philosophy allows us to
check for the life safety objective. The structural design is developed for the design basis
earthquake, which considers a 10% probability of exceedance in 50 years, equivalent to
a return period of 475 years. The MIDUVI and CAMICON [75] indicate in the NEC-15 the
performance objectives for special use buildings that comply with the ASCE provisions.
Finally, for the base score, the expected performance of the standard valid at the time of
construction is considered. With the base scores added to the score modifiers, the ranges of
vulnerabilities expected by the year of construction are obtained (Table 3).

Table 3. Base scores and expected vulnerability ranges by year of construction.

Year Rank Structural
Performance

Base
Score

Minimal
Vulnerability

Maximum
Vulnerability

After the year 2015 (NEC 15) Good performance 12.5 20 42.50
Between 2000–2014 (CEC 2000) moderate performance 22.5 30 52.50
Between 1978–1999 (CEC 77) poor performance 45 52.50 75
Before the year 1977 (without norm) no performance 55 61.25 80
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4.3.6. Score Modifiers (GV)

A vulnerability sheet was used to obtain the value of the score modifiers through
collected information about the current conditions of the building. It was necessary to
review the vulnerability conditions by assigning a score through the mechanism listed in
Table 4. In this way, the vulnerability value is calculated for each “Vulnerability Group”
(GV) [108].

Table 4. Example of scoring modifier evaluation for each GV.

No Condition GA
20 pts.

GB
40 pts.

GC
60 pts.

GD
80 pts.

1 Condition 1 X

2 Condition 2 X

3 Condition 3 X

RESPONSE COUNT 1 1 1 0

SCORE
×20 ×40 ×60 ×80
20 40 60 0

SUM 120 / 3 (Number of form conditions)

FINAL VULNERABILITY SCORE (V) 40

The final GV score is based on the value of each vulnerability group, with the conditions
of the following equation influencing the final vulnerability score to a different extent:

V = P. Base + GV (1)

GV1 and GV2 categories are the most important (Table 5); therefore, these have been
assigned a greater influence on vulnerability depending on the base score, as follows:

GV = I(GV1)·Gv1 + I(GV2)·Gv2 + I(GV3)·Gv3 (2)

Table 5. Influence factor for GV based on the base score.

I
Base Score
12.5 22.5 45 55

GV1 0.2250 0.225 0.1875
GV2 0.1125 0.113 0.0938
GV3 0.0375 0.038 0.0313

4.4. General Aspects of the Schools (GV1 and GV2)
4.4.1. Number of Stories

The number of traditional stories for schools in Ecuador ranges from one to four.
Given the design characteristics of the schools in Sangolquí, and considering the year of
construction, it has been identified that taller buildings could register a higher degree
of vulnerability. For this reason, the number of stories and the year of construction are
linked together. It is logical to think that if earthquake-resistant design standards had not
been implemented, the tallest structures would be the most vulnerable. The structures
raised from the post-code (CEC 2000), and to a greater extent, those built with the modern
code (NEC 15), would exhibit the lowest vulnerability conditions, especially buildings
that contain up to a maximum of four stories, since these regulations have already imple-
mented an earthquake-resistant design. Constructions erected during the transition period
(1977–2000) are considered buildings with poor structural performance, which is why they
have been categorized as highly vulnerable (up to a maximum of three floors). However,
the evaluator would judge the predominant material in the structural system to mark this
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condition. If it does not meet any of the above conditions, it will be assigned the worst
degree of vulnerability (Table 6).

Table 6. Degree of vulnerability by number of floors.

Year of Construction Height Degree

Post-code Less than 4 floors GA: 20
Post-code Greater than 4 floors GB: 40

Transition period Less than 3 floors GC: 60
Transition period and pre-code Conditions not contemplated GD: 80

4.4.2. FEMA Building Type

The structural system of each building within the schools is evaluated according to
the FEMA P-154 methodology. Each typology responds to a vulnerability associated with
established basic scores [108,109], which have been calculated considering the probability
of collapse corresponding to the modified version of OSHPD HAZUS. The FEMA building
condition is given by the degrees of vulnerability assigned to the buildings that obtain
a basic score related to the range of values developed above, as listed in Table 7. In context,
the different types of buildings are coded as follows: W1—light wood frame, single- or
multiple-family dwellings of one or more stories in height; S1—steel moment-resisting
frame buildings; S2—braced steel frame buildings; S3—light metal buildings; S4—steel
frame buildings with concrete shear walls; S5—steel frame buildings with unreinforced
masonry infill walls; C1—concrete moment-resisting frame buildings; C2—concrete shear
wall buildings; C3—concrete frame buildings with unreinforced masonry infill walls;
PC—precast concrete structures; RM—reinforced masonry structures with flexible floor
and roof diaphragms; and, URM—unreinforced masonry bearing wall buildings.

Table 7. Degree of vulnerability by FEMA building condition.

FEMA Buildings Basic Score Assigned Grade

W1 1.8–2.1 GA: 20
S1, S3 1.5–1.8 GB: 40
S2, S4, S5, C2 1.2–1.5 GC: 60
C1, C3, PC, RM, URM 0.9–1.2 GD: 80

4.4.3. Tapping and Adjacency

Insufficient separations between adjacent buildings are associated with a possible
degree of vulnerability due to high impact. At the same time, the potential fall of de-
bris that would hinder, to a greater or lesser degree, the main means of egress from the
building under analysis is associated with a high or low degree of vulnerability due to
adjacency, respectively.

4.4.4. Soil Type

The typology established by the NEC-15 allows assigning the degree of vulnerability
according to the soil-type profile on which the school’s building is based. On the one hand,
buildings located on type A and B soil profiles are considered to have a minor vulnerability.
On the other hand, buildings on type E and F soil profiles are the most vulnerable. On
the other hand, buildings on type E (Vs30 < 180 m/s) and F (e.g., liquefiable soils, quick
and highly sensitive clays, and collapsible, weakly cemented soils) soil profiles are the
most vulnerable.

4.4.5. Degree of Vulnerability Associated with Other Parameters

(a) Length-Width Ratio

The excessive floor plan length in a building increases the probability of earthquake
damage since not all building sections would respond to the same resistance and duc-
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tility demands. Therefore, NEC-15 recommends a length-width ratio of no more than
four continuous lengths limited to 30 m. Compliance with these guidelines implies a low
degree of vulnerability compared to contrary configurations.

(b) Irregularities in Plan and Elevation

The methodology established in the guide associates opposed configurations to regular
shapes in plan and elevation with a high degree of vulnerability. In contrast, regular
configurations are classified with a lower degree of vulnerability.

(c) Vertical-Horizontal Extensions

A building that does not exhibit extensions is classified with the lowest degree of
vulnerability. Subsequently, a higher degree of vulnerability would be associated with
small or moderate extensions with the same or different construction system.

(d) Pathologies in Structural Systems

Pathological deficiencies must be associated with the respective construction system,
and the consequences of its exposure to external or internal agents. Those defects with less
severe consequences are associated with a low degree of vulnerability. Pathologies that can
compromise the stability of a building in the face of a seismic event are linked to higher
degrees of vulnerability.

4.5. Vulnerability of Nonstructural Elements (GV3)

External nonstructural elements that may fall and hinder the mobility of students
within the school must be considered. These can be parapets, tall tanks, light covers,
and chimneys. The absence of these would result in a lower degree of vulnerability. In
addition, the nonstructural elements inside each classroom, laboratory, office, and room
that can cause damage and hinder mobility must be evaluated. These can be shelves, filing
cabinets, cabinets, ceilings, and electrical installations. Again, the adequate placement and
installation of these would report a lower degree of vulnerability.

4.5.1. State of Conservation of the Building and Roofs

The state of conservation is a condition, at the discretion of the evaluator, that allows
indicating the general situation of the building, in which it briefly describes the state of
masonry, components, and structural systems, in addition to nonstructural elements that
are part of the building. Four levels are considered: very good, good, fair, and poor, with
the subsequent degree of vulnerability from low to high. In the case of roofs, additionally,
it is necessary to identify their type and the material.

4.5.2. Exit Doors or Emergency Exits

The lowest degree of vulnerability would be assigned to the highest percentage of
doors that meet the basic standards for exit doors or building emergency exits established
by the Metropolitan Council of Quito [115], since exits are the primary means of escape
and evacuation.

4.5.3. Windows

In case of door obstacles, the windows could be used as emergency exits. Still, these
would comply with the conditions regulated by [116] and would be evaluated with the
lowest degree of vulnerability. Opposite cases would be associated with the highest degree
of vulnerability.

4.5.4. Universal Accessibility

School buildings must meet basic requirements to guarantee inclusive accessibility, es-
tablished by the Metropolitan Council of Quito [115,116]. Therefore, close to
100% compliance percentages would be recorded with the lowest degree of vulnerability.



Buildings 2022, 12, 1471 14 of 28

4.5.5. Vulnerability Plugin

The evaluation forms contemplate an additional section where potential geologi-
cal risks are identified, such as landslides due to the failure of nearby slopes or settle-
ments, horizontal displacements, and rotations of a building as a result of deformations in
the ground.

4.5.6. Interpretation of the Degree of Vulnerability Score

Three ranges are considered Table 8 to categorize the degree of vulnerability. In the
report presented by the evaluator, the corresponding degree must be indicated, detailing
what was observed and establishing an action plan, and prioritizing the worst conditions.

Table 8. Degree of seismic vulnerability.

Range Degree of Vulnerability (V) Observations

60 < value ≤ 80 High A structural analysis
needs to be conducted.

40 < value ≤ 60 Medium
Evaluation through FEMA P-154 to
rule out or confirm the performance
of a structural analysis.

20 < value ≤ 40 Low Consider the recommendations
issued by the evaluators.

4.6. Seismic Risk and Global Risk of Schools

Once the degree of vulnerability for each building has been established, as a prelimi-
nary result for structural risk and global risk assessments, it is necessary to determine the
seismic hazard and its exposure. Additionally, the response capacity, the occupation, and
the importance of each building, according to the basic parameters, is established in FEMA
P-1000 [64].

4.6.1. Seismic Risk of a Structure (Rs)

Lagomarsino and Giovinazzi [117] proposed to combine (Rs = P × V) the degree
of vulnerability, V, with the macroseismic intensity, P, to obtain average damage states
and, subsequently, damage probability matrices, which for its calculation, Grünthal [118]
establishes that the damage states comply with a binomial distribution behavior. Finally,
this procedure aims to determine the empirical fragility curves.

4.6.2. Seismic Hazard

As it was previously pointed out, the evaluated schools are located in a seismic hazard
zone between “High” and “Very High”.

4.6.3. Degree of Damage

Damage scenarios are established to identify the consequences of an earthquake hitting
a building or group of buildings in a given location with a certain intensity. The proposed
methodology is based on interpreting the damage states proposed in the EMS-98 [119].

4.6.4. Global Seismic Risk (Rg)

The global seismic risk (Equation (3)) is established based on the seismic risk index
of the methodology proposed by Lopez [120], in direct relation to the total vulnerability,
Vtotal, and the level of exposure to the hazard, NE. Unlike the investigation by Lopez [120],
a capacity coefficient, C, is established, which is obtained by qualifying the response
capacity of the entire school. For this, a form named response capacity, Cr, has been
prepared, and it positively or negatively influences the final grade.

Rg =
Vtotal

C
× NE (3)
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4.6.5. Hazard Exposure Level (NE)

Quantitative values are established for each of the five threat levels, taking into account
that the lower the level of exposure, the less likely a disaster is to occur. The study area is
cataloged with a “Very High” level of exposure to the hazard, corresponding to a value of
1.00. As listed in Table 9, for each of the following levels, the assigned value is reduced in
proportion to the mean values of the spectral acceleration intervals, according to FEMA
P-154, which defines seismic risk zones, regardless of the vulnerability.

Table 9. Hazard exposure level.

Hazard Exposure Level Assigned Value

Very High 1.00
High 0.83
Moderate-High 0.50
Moderate 0.25
Low 0.17

4.6.6. Response Capacity (Cr)

The response capacity evaluation is carried out for the entire school. In the proposed
methodology, a format similar to the previously described vulnerability assessment has
been developed. However, the capacity conditions would be the opposite. The best capacity
level would be related to a maximum value of 80 points and the lowest capacity degree to
a minimum value of 20 points. The score is associated with the knowledge and application
of the different reforms, policies, and plans issued by a government, or sectional or munici-
pal entity. A low capacity level recommends reforming the response plans, restructuring
planning teams, and implementing protocols or more specific annexes.

On the other hand, a high capacity value means that the school has sufficient resources
to face an emergency. The final recommendation is based on the deficiencies found during
the evaluation. It is worth mentioning that, in Ecuador, schools must submit their emer-
gency plans to the municipal risk management secretariat for review and for the issuance
of operating permits.

4.6.7. Calculation of the Capacity Coefficient (C)

This coefficient affects the total vulnerability of the school, increasing or reducing it,
depending on the score obtained on the response capacity form. The calculation of C is
established from a heuristic methodology for solving problems, resulting in the following
equations [121]:

Si Cr ≤ 50 ⇒ C =
(Cr + 100)·(Vt + 240)

48, 000
(4)

Si Cr > 50 ⇒ C =
(Cr + 100)·(170−Vt)

13, 500
(5)

4.6.8. Categorization of Schools

The schools would finally be accredited according to the value of Rg, which generally
represents the risk of developing activities within the facilities. The proposed methodology
considers five categories between A and E. Category A represents Rg ≤ 15, B contemplates
a range of 15 < Rg ≤ 30, C of 30 < Rg ≤ 45, D of 45 < Rg ≤ 75, and E of 75 < Rg ≤ 100. Their
respective global risk estimates are low, moderate, moderate-high, high, and very high.

5. Results and Discussion

There are 61 educational establishments in Sangolquí [122]. Of these, we evaluated
twelve, presenting one exemplary case study about the degree of vulnerability with more
details, namely, the private school called “Santa Ana”. This school complex comprises
ten buildings, as indicated in the sketch of Figure 4 (Table 10). It has a student popula-
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tion of 420 students, 21 teachers, and 8 persons working in the administrative area. It
should be noted that a student (woman) in the basic section with a disability would need
priority attention.
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Table 10. Cont.

Code
(#Floors) Dependencies Description

E3 (3) (3) 6th to 9th EGB, 3rd Bach
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For the evaluation of the response capacity (Cr), we used the aforementioned corre-
sponding sheet which contained 25 questions related to risk management, for which the
institutional plan for risk reduction of the Ministry of Education was used. The school
capacity level was evaluated through this tool and field reconnaissance, as indicated
in Table 11.

Furthermore, the emergency operation plan could not be revised entirely. However,
given some characteristics observed in the field and based on the institutional plan for risk
reduction, it was possible to evaluate the school capacity level. For example, better signage
is recommended to distinguish evacuation routes, safe points, and imminent dangers. In
addition, the value obtained indicates an acceptable strategy to face threats within the
school. The aforementioned physical vulnerability and degree of vulnerability forms have
been used to evaluate the vulnerability level.

Table 11. Calculation of the degree of responsiveness.

RESPONSE COUNT
12 8 5 0

×80 ×60 ×40 ×20

SCORE 960 480 200 0

SUM 1640 / 25

FINAL VULNERABILITY SCORE (V) 65.60

In some cases, the Level 1 and Level 2 forms of FEMA P-154 are the same document.
Here, we evaluated the physical conditions of the buildings that make up the school. In
this sense, the degree of vulnerability of the nine structures within the Santa Ana Private
School was evaluated, of which the results obtained are listed in Table 12. Additionally, the
degrees of total vulnerability were also obtained, listed, and illustrated in Figure 5. Based
on these conditions, all evaluations of all other educative establishments have been listed
in Table 12.

Table 12. Summary of building evaluation and total vulnerability of the school.

Edif. Use V Terrain Element VTotal

E1 Classrooms, offices, laboratories 40.50 6 6.57

43.18

E2 Offices 64.51 3 5.23
E3 Classrooms, offices, laboratories 39.70 6 6.44
E4 Restrooms, janitor’s room 36.25 3 2.94
E5 Classrooms, laboratories 36.69 5 4.96
E6 Classrooms 36.79 5 4.97
E7 Classrooms 60.66 4 6.56
E8 Cellar 65.52 1 1.77
E9 Kitchen and dining room 34.64 4 3.74

From the response capacity evaluation, the capacity coefficient that determines the
global risk is obtained in this case.

CR = 65.60 ⇒ C =
(65.60 + 100)·(170− 43.18)

13, 500
= 1.57 (6)

Finally, the global risk is obtained with the variables calculated to be:

Rg =
43.18× 1.00

1.57
= 27.75 (7)

The global risk value allows the Santa Ana Private School to be accredited as category
“B”. However, since between 6% and 22% of unfavorable characteristics can be improved
within the school, preventive measures must be implemented to reduce potential risks
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significantly. This can be achieved mainly by considering the physical vulnerabilities
of the E2, E7, and E8 buildings, which deserve immediate attention; if they do not do
so, they would not be able to go up to category “A”. In general, the structures within
the institution present a low vulnerability because there has been an analysis and inter-
vention by a structural engineer. Therefore, its total global vulnerability value is in the
medium range.
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Figure 5. Location of vulnerable buildings in the “Santa Ana” Private School. This figure indi-
cates the buildings located as vulnerable after the evaluation, where green—low vulnerability,
yellow—medium vulnerability, red—high vulnerability.

Building E2, E7, and E8 require a structural analysis because they present a high vul-
nerability, which as evaluated by FEMA, have a 50% probability of collapse; among other as-
pects, these buildings are located next to another of greater height without
a seismic joint, which translates into a potential risk of falling masonry. Building E1 presents
a medium vulnerability because it is adjacent to building E2. However, it does not require
a detailed evaluation since it is a more robust and taller structure than E2. The Santa Ana
Private School has a high response capacity since it has an exemplary implementation of
risk management, which translates into a lower overall risk for the institution.

Therefore, it is recommended to improve capacities through prevention and mitigation
measures and to prepare the entire educational community, including direct and indirect
actors. Furthermore, they should reinforce the structures which obtained a medium or high
vulnerability by conducting a complete structural analysis for each one. Additionally, the
folding doors should be replaced by sliding doors to prevent them from obstructing the
occupants’ pushing abilities and allow people to exit in an emergency. Finally, they have to
implement the basic standards for universal accessibility, for example, by placing handrails
on stairs and ensuring that there are no objects protruding from the walls by more than
15 cm.

Table 13 lists the twelve evaluated schools in Sangolquí, of which the majority of
structures are type C3. Some schools also use hybrid structural systems in one-story
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buildings, such as unreinforced masonry with wood or steel roof systems. Only a few
buildings were identified as old existing RC-framed buildings susceptible to brittle collapse.

Table 13. Vulnerability comparisons of the assessed schools.

No Name Cr Vtotal Rg Category

1 Liceo Naval 63.20 43.40 28.36 B
2 Marqués de Selva Alegre 75.20 34.60 18.90 B
3 Santo Tomás de Aquino 66.40 37.92 18.09 B
4 Liceo Juan de Salinas 65.60 41.67 19.98 B
5 Liceo Cristiano Mahanaym 63.20 46.64 31.27 C
6 Lev Vygotsky 76.00 43.77 26.60 B
7 Jahibé 76.00 40.04 23.63 B
8 El Camino 40.80 47.49 05.63 A
9 Liceo del Valle 64.00 37.62 23.40 B
10 Cotogchoa 63.20 42.35 27.45 B
11 San Rafael 50.40 62.70 52.45 D
12 Santa Ana 65.60 43.18 27.75 B

Regarding the soil type, the most common is type C and D. The results exhibited
the lack of emergency access doors and the usage of tempered but not laminated glass in
windows. On the other hand, the institutions demonstrate a good response capacity, with
a rating greater than 60 being “High”. Finally, the highest percentage of the institutions
presents a category type B of moderate global risk, and only one of those evaluated was
category D, representing a high global risk.

Model of Victims of Schools

A seismic risk evaluation is a multidisciplinary task, which, apart from direct physical
damage, requires other types of attempts, and even more so when a probabilistic analysis
is performed [120]. A complementary analysis is detailed to approximate the number
of victims based on the number of people generally counted in schools. In this respect,
victims are the number of injured and deceased persons. Specifically, the applied model
considers four categories of victims: slightly injured, injured requiring hospitalization,
severely injured and also obviously require hospitalization, and finally, deceased persons.
The model requires basic data to estimate victims, the probability of occurrence of the
damage states, and the density and distribution of the population at the moment of the
earthquake [119]. Given a type of building and a category of people damaged, they model
the number of victims with the following equation, particularly for each building:

Ks = D5 × (M1 ×M2 ×M3 × (M4 + M5 × (1 −M4))) (8)

where:
D5 is the number of collapsed buildings, which is obtained by multiplying the number

of buildings of a specific class by the corresponding probability of collapse.
M1 is the number of people in the school at the time of the earthquake

(educational community).
M2 is the occupancy percentage of the student population within the school during

a regular school day. The worst scenario is considered a typical school day from 9:00 am to
1:00 pm during the school year.

M3 is the occupancy percentage of the student population within the buildings trapped
by their collapse. This percentage is determined based on detailed estimates for each class
of structural typology, which can be a bit subjective if you do not have an approximate idea
of the possible behavior of the building.

M1 ×M2 ×M3 represents the number of people trapped in a building damaged by
the effects of the earthquake.

M4 represents the number of deaths caused directly by the collapse of the building.
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M5 represents post-earthquake mortality.
As an example, calculating the number of different types of victims may serve the

following case [123]. In a collapsed school, there are 100 people among the teachers,
students, and administrative staff (M1). At the time of the earthquake, 90% of the peo-
ple are inside the facilities (M2), of which 50% (M3) are trapped. Then, the product
M1 × M2 × M3 = 45 represents the number of people who have not been able to leave
the buildings, considering M4 with values of 30% (M4A), 25% (M4B), 20% (M4C), and
25% (M4D) for minor injuries, injuries requiring hospitalization, severe injuries, and direct
deaths, respectively.

Therefore, there are 13.5 slightly injured (45 × 30%), 11.25 injured requiring hospital-
ization (45 × 25%), 9 serious injuries (45 × 20%), and 11.25 direct deaths (45 × 25%). The
model assumes that these four classes of victims represent 100% of the people trapped.
Therefore, there are 33.75 people trapped alive (45-11.25). Finally, post-collapse mortal-
ity among trapped people is about 30% (M5), namely, 10.13 post-earthquake casualties
(33.75 × 30%), resulting in a total amount of deaths of 21.38 (10.13 + 11.25).

This procedure agrees with this part of the equation from the work of
Coburn et al. [124]:

(M1 ×M2 ×M3 × (M4 + M5 ×(1 −M4))) (9)

(45 × (25% + 30% × (1 − 25%))) (10)

As this is a probabilistic study, we fine-tuned the parameters’ values. Since we are
dealing with probabilities or rates of occurrence, we kept the numbers with decimals.

According to the latest information record from the Ministry of Education in Sangolquí,
in the 2022–2023 school year, there were 25,502 students and 1274 teachers [122]. In the
current study, we counted 13,754 students and 695 individuals from the teaching and
administrative staff, resulting in 14,449 people distributed in the studied schools, as listed
in Table 14. Thus, given the previous data, the present investigative work takes as a sample
54% of the total population of schools registered for the parish of Sangolquí.

Table 14. Distribution of students, teachers, and administrative staff, and parameter values M1 to M3

for each school.

Name of School Students Staff M1
Total M2 (98%) M3 (49%)

Liceo Naval 2341 169 2510 2459.8 1229.9
Marqués de Selva Alegre 495 36 531 520.38 260.19
Santo Tomás de Aquino 2600 44 2644 2591.12 1295.56
Liceo Juan de Salinas 3300 123 3423 3354.54 1677.27
Liceo Cristiano Mahanaym 160 18 178 174.44 87.22
Lev Vygotsky 1262 100 1362 1334.76 667.38
Jahibé 244 16 260 254.8 127.4
El Camino 150 23 173 169.54 84.77
Liceo del Valle 513 33 546 535.08 267.54
Cotogchoa 924 47 971 951.58 475.79
San Rafael 1345 57 1402 1373.96 686.98
Santa Ana 420 29 449 440.02 220.01
Total 13,754 695 14,449 14,160.02 7080.01

A critical scenario is considered to estimate a correct model of victims. In this case, it
is established that an earthquake of magnitude 7 on the Richter scale occurs on a typical
working day (e.g., Tuesday) at approximately 9:00 a.m. Therefore, 98% (M2) of the facilities
of the school would be in use, and the probability of people who may be trapped (M3) is
determined based on the global risk that they are 50% of M2 (Table 14). Then, the parameters
of the percentage of people probably dead due to the collapse of the structure (M4A–D) and
the percentage of post-collapse mortality (M5) are calculated as the total deaths (Table 15).
Of all the schools studied, there would possibly be 7080 people trapped (students, teachers,
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and administrative staff), of which 3363 would correspond to the total casualties, which
is about 23.27% of the educational community. However, these mass balances are based
only on the highest vulnerabilities existing, without considering fewer collapsed buildings
when norms and regulations of seismic resistant constructions are respected.

Table 15. Amount of people possibly trapped and deceased in the studied schools.

Name of School M4A M4B M4C M4D M5
Total

Deaths

Liceo Naval 368.97 307.48 245.98 307.48 276.73 584.20
Marqués de Selva Alegre 78.06 65.05 52.04 65.05 58.54 123.59
Santo Tomás de Aquino 388.67 323.89 259.11 323.89 291.50 615.39
Liceo Juan de Salinas 503.18 419.32 335.45 419.32 377.39 796.70
Liceo Cristiano Mahanaym 26.17 21.81 17.44 21.81 19.62 41.43
Lev Vygotsky 200.21 166.85 133.48 166.85 150.16 317.01
Jahibé 38.22 31.85 25.48 31.85 28.67 60.52
El Camino 25.43 21.19 16.95 21.19 19.07 40.27
Liceo del Valle 80.26 66.89 53.51 66.89 60.20 127.08
Cotogchoa 142.74 118.95 95.16 118.95 107.05 226.00
San Rafael 206.09 171.75 137.40 171.75 154.57 326.32
Santa Ana 66.00 55.00 44.00 55.00 49.50 104.50
Total 2124 1770 1416 1770 1593 3363

6. Conclusions

The response capacity is a factor that depends on the physical vulnerability of the
building itself to reduce the global risk. No matter how high the capacity, if the group
of buildings evaluated is very vulnerable to seismic effects, they would collapse without
allowing the application of emergency operation plans.

The construction systems and the year of construction are determining factors when
assessing buildings’ vulnerability since the structure’s acceptable behavior depends on
them when a seismic event occurs.

Through the case study, the necessity of implementing the vulnerability evaluation
guide has been identified. Although it is a preliminary evaluation, it allows knowing the
current state of the structure and the probabilities of damage that a seismic movement with
defined characteristics could cause. It also determines the global risk value, which allows
schools to be categorized based on the security it provides.

Twelve schools in Sangolquí, Ecuador, were assessed through the proposed method-
ology. Most structures have reinforced concrete frames with unreinforced masonry in-
fill walls on C and D soil types. Regarding the response capacity, the majority reached
a “High” level, with a rating greater than 60. However, the highest percentage of the
schools registered a moderate global risk category. Only one was evaluated with a low
global risk category, and another one as category D, representing a high global risk.

As a representative case, the Santa Ana School presents nine buildings. Four had
the most significant vulnerabilities, where three present a common characteristic: the
adjacency between buildings without an adequate seismic joint, which causes a potential
risk of knocking that would cause considerable damage to the structural elements of
both buildings.

Further in-field studies are still required to implement sustainable solutions to improve
the evaluated schools’ seismic performance. However, the proposed methodology consti-
tutes a valuable instrument for prioritizing actions to reduce the seismic risk in schools
in Ecuador.
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Indonesia, 2011 Tōhoku Japan and 2016 Muisne Ecuador Earthquakes. Front. Built Environ. 2019, 5, 73. [CrossRef]

53. Okuwaki, R.; Yagi, Y. Rupture process during the Mw 8.1 2017 Chiapas Mexico earthquake: Shallow intraplate normal faulting by
slab bending. Geophys. Res. Lett. 2017, 44, 11816–811823. [CrossRef]

54. Allier Montaño, E. Memorias imbricadas: Terremotos en México, 1985 y 2017. Rev. Mex. Sociol. 2018, 80, 9–40.
55. Borzi, B.; Ceresa, P.; Faravelli, M.; Fiorini, E.; Onida, M. Seismic Risk Assessment of Italian School Buildings. In Computational

Methods in Earthquake Engineering; Papadrakakis, M., Fragiadakis, M., Plevris, V., Eds.; Computational Methods in Applied
Sciences; Springer: Dordrecht, The Netherlands, 2013; Volume 30. [CrossRef]

56. Clementi, F.; Quagliarini, E.; Maracchini, G.; Lenci, S. Post-World War II Italian school buildings: Typical and specific seismic
vulnerabilities. J. Build. Eng. 2015, 4, 152–166. [CrossRef]

57. Yépez, F.; Yépez, O. Role of construction materials in the collapse of R/C buildings after Mw 7.8 Pedernales–Ecuador earthquake,
April 2016. Case Stud. Struct. Eng. 2017, 7, 24–31. [CrossRef]

58. Goretti, A.; Hutt, C.M.; Hedelund, L. Post-earthquake safety evaluation of buildings in Portoviejo, Manabí province, following
the Mw7. 8 Ecuador earthquake of 16 April 2016. Int. J. Disaster Risk Reduct. 2017, 24, 271–283. [CrossRef]

59. Waldmueller, J.M.; Nogales, N.; Cobey, R.J. Assessment of local adaptive capacities in the context of local politics after the
2016 Ecuadorian earthquake. Int. J. Disaster Risk Reduct. 2019, 35, 101062. [CrossRef]

60. Navas, L.; Caiza, P.; Toulkeridis, T. An evaluated comparison between the molecule and steel framing construction
systems—Implications for the seismic vulnerable Ecuador. Malays. Constr. Res. J. 2018, 26, 87–109.

61. Avilés-Campoverde, D.; Chunga, K.; Ortiz-Hernández, E.; Vivas-Espinoza, E.; Toulkeridis, T.; Morales-Delgado, A.;
Delgado-Toala, D. Seismically Induced Soil Liquefaction and Geological Conditions in the City of Jama due to the M7.
8 Pedernales Earthquake in 2016, NW Ecuador. Geosciences 2020, 11, 20. [CrossRef]

62. Ortiz-Hernández, E.; Chunga, K.; Pastor, J.L.; Toulkeridis, T. Assessing Susceptibility to Soil Liquefaction Using the Standard
Penetration Test (SPT)—A Case Study from the City of Portoviejo, Coastal Ecuador. Land 2022, 11, 463. [CrossRef]

63. Yepes-Estrada, C.; Silva, V.; Valcárcel, J.; Acevedo, A.B.; Tarque, N.; Hube, M.A.; Santa María, H. Modeling the residential building
inventory in South America for seismic risk assessment. Earthq. Spectra 2017, 33, 299–322. [CrossRef]

64. FEMA P-1000. A Guide to Improving School Natural Hazard Safety. Federal Emergency Managment Agency. 2017. Available
online: https://store.atcouncil.org/index.php?dispatch=products.view&product_id=307 (accessed on 1 February 2022).

65. Pontoise, B.; Monfret, T. Shallow seismogenic zone detected from an offshore-onshore temporary seismic network in the
Esmeraldas area (northern Ecuador). Geochem. Geophys. Geosyst. 2004, 5. [CrossRef]

66. Perrault, M.; Guéguen, P.; Parra, G.; Sarango, J. Modification of the data-driven period/height relationship for buildings located
in seismic-prone regions such as Quito (Ecuador). Bull. Earthq. Eng. 2020, 18, 3545–3562. [CrossRef]

67. Mato, F.; Toulkeridis, T. An unsupervised K-means based clustering method for geophysical post-earthquake diagnosis. In
Proceedings of the 2017 IEEE Symposium Series on Computational Intelligence (SSCI), Honolulu, HI, USA, 27 November–1
December 2017; pp. 1–8.

68. Pennington, W.D. Subduction of the eastern Panama Basin and seismotectonics of northwestern South America. J. Geophys. Res.
Solid Earth 1981, 86, 10753–10770. [CrossRef]

69. Hilst, R.V.D.; Mann, P. Tectonic implications of tomographic images of subducted lithosphere beneath northwestern South
America. Geology 1994, 22, 451–454. [CrossRef]

70. Tamay, J.; Galindo-Zaldívar, J.; Martos, Y.M.; Soto, J. Gravity and magnetic anomalies of ecuadorian margin: Implications in the
deep structure of the subduction of Nazca Plate and Andes Cordillera. J. South Am. Earth Sci. 2018, 85, 68–80. [CrossRef]

71. Chunga, K.; Ochoa-Cornejo, F.; Mulas, M.; Toulkeridis, T.; Menéndez, E. Characterization of seismogenic crustal faults in the Gulf
of Guayaquil, Ecuador. Andean Geol. 2019, 46, 66–81. [CrossRef]

72. Pararas-Carayannis, G. Potential of tsunami generation along the colombia/ecuador subduction margin and the dolores-guayaquil
mega-thrust. Sci. Tsunami Hazards 2012, 31, 209–230.

73. Bourdon, E.; Eissen, J.P.; Gutscher, M.A.; Monzier, M.; Hall, M.L.; Cotten, J. Magmatic response to early aseismic ridge subduction:
The Ecuadorian margin case (South America). Earth Planet. Sci. Lett. 2003, 205, 123–138. [CrossRef]

74. Dumont, J.F.; Santana, E.; Vilema, W. Morphologic evidence of active motion of the Zambapala Fault, Gulf of Guayaquil (Ecuador).
Geomorphology 2005, 65, 223–239. [CrossRef]

http://doi.org/10.1193/1.1769374
http://doi.org/10.1002/cjg2.822
http://doi.org/10.1016/j.ijdrr.2020.101512
http://doi.org/10.1111/j.1467-7717.2009.01124.x
http://doi.org/10.1177/0020872814531303
http://doi.org/10.3389/fbuil.2019.00073
http://doi.org/10.1002/2017GL075956
http://doi.org/10.1007/978-94-007-6573-3_16
http://doi.org/10.1016/j.jobe.2015.09.008
http://doi.org/10.1016/j.csse.2016.12.001
http://doi.org/10.1016/j.ijdrr.2017.06.011
http://doi.org/10.1016/j.ijdrr.2019.01.001
http://doi.org/10.3390/geosciences11010020
http://doi.org/10.3390/land11040463
http://doi.org/10.1193/101915eqs155dp
https://store.atcouncil.org/index.php?dispatch=products.view&product_id=307
http://doi.org/10.1029/2003GC000561
http://doi.org/10.1007/s10518-020-00840-0
http://doi.org/10.1029/JB086iB11p10753
http://doi.org/10.1130/0091-7613(1994)022&lt;0451:TIOTIO&gt;2.3.CO;2
http://doi.org/10.1016/j.jsames.2018.04.020
http://doi.org/10.5027/andgeoV46n1-2991
http://doi.org/10.1016/S0012-821X(02)01024-5
http://doi.org/10.1016/j.geomorph.2004.09.003


Buildings 2022, 12, 1471 26 of 28

75. MIDUVI; CAMICON. NEC: Peligro Sísmico. Diseño Sismo Resistente. Dirección de Comunicación Social, MIDUVI. 2014.
Available online: https://www.habitatyvivienda.gob.ec/wp-content/uploads/downloads/2014/08/NEC-SE-DS.pdf (accessed
on 1 February 2022).

76. Parra, H.; Benito, M.B.; Gaspar-Escribano, J.M. Seismic hazard assessment in continental Ecuador. Bull. Earthq. Eng. 2016,
14, 2129–2159. [CrossRef]

77. Petersen, M.D.; Harmsen, S.C.; Jaiswal, K.S.; Rukstales, K.S.; Luco, N.; Haller, K.M.; Shumway, A.M. Seismic hazard, risk, and
design for south america seismic hazard, risk, and design for south america. Bull. Seismol. Soc. Am. 2018, 108, 781–800.

78. Sennson, J.L.; Beck, S.L. Historical 1942 Ecuador and 1942 Peru subduction earthquakes and earthquake cycles along Colombia-
Ecuador and Peru subduction segments. Pure Appl. Geophys. 1996, 146, 67–101. [CrossRef]

79. Bromley, R.D. Urban-rural demographic contrasts in Highland Ecuador: Town recession in a period of catastrophe 1778–1841.
J. Hist. Geogr. 1979, 5, 281–295. [CrossRef]

80. Moropoulou, A.; Polikreti, K.; Ruf, V.; Deodatis, G. San Francisco Monastery, Quito, Equador: Characterisation of building
materials, damage assessment and conservation considerations. J. Cult. Herit. 2003, 4, 101–108. [CrossRef]

81. Goyes, J.; Pineda, I.; Lindsey, E.; Foster, A.; Almeida, R. Constraining Interseismic Deformation of Northern Ecuador using
Interferometry from Sentinel-1 Data. In Proceedings of the IEEE 2021 Second International Conference on Information Systems
and Software Technologies (ICI2ST), Quito, Ecuador, 23–25 March 2021; pp. 31–38.

82. Mayorga, E.F.; Sánchez, J.J. Modelling of Coulomb stress changes during the great (Mw = 8.8) 1906 Colombia-Ecuador earthquake.
J. South Am. Earth Sci. 2016, 70, 268–278. [CrossRef]

83. Hodgson, J.H.; Storey, R.S. Direction of faulting in some of the larger earthquakes of 1949. Bull. Seismol. Soc. Am. 1954, 44, 57–83.
[CrossRef]

84. Chunga, K.; Livio, F.A.; Martillo, C.; Lara-Saavedra, H.; Ferrario, M.F.; Zevallos, I.; Michetti, A.M. Landslides triggered by the
2016 Mw 7.8 Pedernales, Ecuador earthquake: Correlations with ESI-07 intensity, lithology, slope and PGA-h. Geosciences 2019,
9, 371. [CrossRef]

85. Toulkeridis, T.; Zach, I. Wind directions of volcanic ash-charged clouds in Ecuador–implications for the public and flight safety.
Geomat. Nat. Hazards Risk 2017, 8, 242–256. [CrossRef]

86. Smith, E.M.; Mooney, W.D. A seismic intensity survey of the 16 April 2016 Mw 7.8 Pedernales, Ecuador, earthquake: A comparison
with strong-motion data and teleseismic backprojection. Seismol. Res. Lett. 2021, 92, 2156–2171. [CrossRef]

87. Lanning, F.; Haro, A.G.; Liu, M.K.; Monzón, A.; Monzón-Despang, H.; Schultz, A.; Tola, A.; Diaz-Fanas, G.; Antonaki, N.;
Nikolaou, S. EERI Earthquake Reconnaissance Team Report: M7.8 Muisne, Ecuador Earthquake on 16 April 2016. (9781932884692).
Researchgate. 2016. Available online: https://www.researchgate.net/publication/309619346_EERI_Earthquake_Reconnaissance_
Team_Report_M78_Muisne_Ecuador_Earthquake_on_April_16_2016 (accessed on 1 February 2022).

88. Secretaría Nacional de Gestión de Riesgos. Informe de Situación No. 63 (10/05/2016) 18H00 Terremoto 7.8◦ Pedernales. 2016.
Available online: https://reliefweb.int/sites/reliefweb.int/files/resources/redhum_ec_informe-63-del-10-05_sgr.pdf (accessed
on 1 February 2022).

89. Moreira, A.; Palma, J.; Villao, K. Análisis de daños Estructurales Causados Por Sismos en las Unidades Educativas Públicas de
Calceta, Manabí Después del Terremoto del 16 de Abril del 2016. Researchgate. 2018. Available online: https://www.researchgate.
net/publication/328842467_ANALISIS_DE_DANOS_ESTRUCTURALES_CAUSADOS_POR_SISMOS_EN_LAS_UNIDADES_
EDUCATIVAS_PUBLICAS_DE_CALCETA_-MANABI_DESPUES_DEL_TERREMOTO_DEL_16_DE_ABRIL_DEL_2016 (accessed
on 1 February 2022).

90. Torres, D. Libro 1: Politica Integral de Seguridad Escolar. Ministerio de Educación. 2016. Available online: https://educacion.
gob.ec/wp-content/uploads/downloads/2017/05/Libro1-Politica-Integral-de-Seguridad-Escolar_SIGR-E.pdf (accessed on
5 February 2022).

91. Fiorini, E.; Tibaldi, A. Quaternary tectonics in the central Interandean Valley, Ecuador: Fault-propagation folds, transfer faults
and the Cotopaxi Volcano. Glob. Planet. Change 2012, 90, 87–103. [CrossRef]

92. Winkler, W.; Villagómez, D.; Spikings, R.; Abegglen, P.; Egüez, A. The Chota basin and its significance for the inception and
tectonic setting of the inter-Andean depression in Ecuador. J. South Am. Earth Sci. 2005, 19, 5–19. [CrossRef]

93. Echegaray-Aveiga, R.C.; Rodríguez-Espinosa, F.; Toulkeridis, T.; Echegaray-Aveiga, R.D. Possible effects of potential lahars from
Cotopaxi volcano on housing market prices. J. Appl. Volcanol. 2020, 9, 4. [CrossRef]

94. Toulkeridis, T.; Arroyo, C.R.; Cruz D’Howitt, M.; Debut, A.; Vaca, A.V.; Cumbal, L.; Aguilera, E. Evaluation of the initial stage of
the reactivated Cotopaxi volcano–analysis of the first ejected fine-grained material. Nat. Hazards Earth Syst. Sci. Discuss. 2015,
3, 6947–6976.

95. Vaca, A.V.; Arroyo, C.R.; Debut, A.; Toulkeridis, T.; Cumbal, L.; Mato, F.; Aguilera, E. Characterization of fine-grained material
ejected by the Cotopaxi volcano employing X-ray diffraction and electron diffraction scattering techniques. Biol. Med. 2016, 8, 1.
[CrossRef]

96. Sánchez Carrasco, C.; Padilla-Almeida, O.; Toulkeridis, T. Simulation of vehicle transit during an eventual eruption of the Cotopaxi
volcano in the Valle de los Chillos, Central Ecuador. In Proceedings of the Conference on Information and Communication
Technologies of Ecuador, Guayaquil, Ecuador, 25–27 November 2020; Springer: Cham, Switzerland, 2020; pp. 391–405.

https://www.habitatyvivienda.gob.ec/wp-content/uploads/downloads/2014/08/NEC-SE-DS.pdf
http://doi.org/10.1007/s10518-016-9906-7
http://doi.org/10.1007/BF00876670
http://doi.org/10.1016/0305-7488(79)90073-2
http://doi.org/10.1016/S1296-2074(03)00021-9
http://doi.org/10.1016/j.jsames.2016.05.009
http://doi.org/10.1785/BSSA0440010057
http://doi.org/10.3390/geosciences9090371
http://doi.org/10.1080/19475705.2016.1199445
http://doi.org/10.1785/0220200290
https://www.researchgate.net/publication/309619346_EERI_Earthquake_Reconnaissance_Team_Report_M78_Muisne_Ecuador_Earthquake_on_April_16_2016
https://www.researchgate.net/publication/309619346_EERI_Earthquake_Reconnaissance_Team_Report_M78_Muisne_Ecuador_Earthquake_on_April_16_2016
https://reliefweb.int/sites/reliefweb.int/files/resources/redhum_ec_informe-63-del-10-05_sgr.pdf
https://www.researchgate.net/publication/328842467_ANALISIS_DE_DANOS_ESTRUCTURALES_CAUSADOS_POR_SISMOS_EN_LAS_UNIDADES_EDUCATIVAS_PUBLICAS_DE_CALCETA_-MANABI_DESPUES_DEL_TERREMOTO_DEL_16_DE_ABRIL_DEL_2016
https://www.researchgate.net/publication/328842467_ANALISIS_DE_DANOS_ESTRUCTURALES_CAUSADOS_POR_SISMOS_EN_LAS_UNIDADES_EDUCATIVAS_PUBLICAS_DE_CALCETA_-MANABI_DESPUES_DEL_TERREMOTO_DEL_16_DE_ABRIL_DEL_2016
https://www.researchgate.net/publication/328842467_ANALISIS_DE_DANOS_ESTRUCTURALES_CAUSADOS_POR_SISMOS_EN_LAS_UNIDADES_EDUCATIVAS_PUBLICAS_DE_CALCETA_-MANABI_DESPUES_DEL_TERREMOTO_DEL_16_DE_ABRIL_DEL_2016
https://educacion.gob.ec/wp-content/uploads/downloads/2017/05/Libro1-Politica-Integral-de-Seguridad-Escolar_SIGR-E.pdf
https://educacion.gob.ec/wp-content/uploads/downloads/2017/05/Libro1-Politica-Integral-de-Seguridad-Escolar_SIGR-E.pdf
http://doi.org/10.1016/j.gloplacha.2011.06.002
http://doi.org/10.1016/j.jsames.2004.06.006
http://doi.org/10.1186/s13617-020-00093-1
http://doi.org/10.4172/0974-8369.1000280


Buildings 2022, 12, 1471 27 of 28

97. Padilla Almeida, O.; Toulkeridis, T.; Bosque Sendra, J. Smart City Planning with Geomatic Modeling of Lahar Evacuation
Routes in the Northern Populated Area of Cotopaxi Volcano, Ecuador. In Doctoral Symposium on Information and Communication
Technologies-DSICT; Springer: Cham, Switzerland, 2022; pp. 74–88.

98. Robayo, N.A.; Llorca, J.; Toulkeridis, T. Population, territorial and economic analysis of a potential volcanic disaster in the city of
Latacunga, Central Ecuador based on GIS techniques—Implications and potential solutions. In Proceedings of the Conference on
Information and Communication Technologies of Ecuador, Cuenca, Ecuador, 17–20 June 2020; Springer: Cham, Switzerland,
2020; pp. 549–563.

99. Iñiguez, J.; Montoya, D. Estudio de Impacto Ambiental del Relleno Sanitario Para Disposición Final de Residuos Sólidos Urbanos
del Cantón Rumiñahui, en el Sitio el Carmelo. [Tesis de Pregrado, Escuela Politécnica del Ejercito]. Repositorio Institucional.
2007. Available online: http://repositorio.espe.edu.ec/xmlui/handle/21000/2347 (accessed on 5 February 2022).

100. Alvarado, A.; Audin, L.; Nocquet, J.M.; Jaillard, E.; Mothes, P.; Jarrín, P.; Cisneros, D. Partitioning of oblique convergence in
the Northern Andes subduction zone: Migration history and the present-day boundary of the North Andean Sliver in Ecuador.
Tectonics 2016, 35, 1048–1065. [CrossRef]

101. Chicaiza Bósquez, A.E. Espectros de Control Para el Valle de los Chillos. [Tesis de Pregrado, Escuela Politécnica Na-
cional]. Repositorio Institucional. 2016. Available online: https://bibdigital.epn.edu.ec/handle/15000/16821 (accessed on
5 February 2022).

102. García Román, E.F.; Padrón Bustos, P.A. Aplicación de Evaluación Técnico Visual en Estructuras de Vivienda Ante Fenómenos
Naturales en el Sector Club los Chillos, Calle Anturios Hasta Intersección de la Calle de la Rosa. [Tesis de Pregrado, Pontificia
Universidad Católica del Ecuador]. Repositorio Institucional. 2016. Available online: http://repositorio.puce.edu.ec/handle/22
000/12470 (accessed on 5 February 2022).

103. USGS (United States Geological Survey). 2022. Available online: https://www.usgs.gov/programs/earthquake-hazards/lists-
maps-and-statistics (accessed on 5 February 2022).

104. White, S.M.; Trenkamp, R.; Kellogg, J.N. Recent crustal deformation and the earthquake cycle along the Ecuador–Colombia
subduction zone. Earth Planet. Sci. Lett. 2003, 216, 231–242. [CrossRef]

105. Kelleher, J.A. Rupture zones of large South American earthquakes and some predictions. J. Geophys. Res. 1972, 77, 2087–2103.
[CrossRef]

106. Maldonado, E. Generación de Geoinformación para la Gestión de Territorio a Nivel Escala 1:25,000. Ministerio de Defensa.
2013. Available online: http://app.sni.gob.ec/sni-link/sni/PDOT/ZONA2/NIVEL_DEL_PDOT_CANTONAL/PICHINCHA/
RUMI%C3%91AHUI/IEE/MEMORIA_TECNICA/mt_ruminahui_infraestructura.pdf (accessed on 15 February 2022).

107. Lizundia, B.; Durphy, S.; Griffin, M.; Holmes, W.; Hortacsu, A.; Kehoe, B.; Welliver, B. Update of FEMA P-154: Rapid visual
screening for potential seismic hazards. In Improving the Seismic Performance of Existing Buildings and Other Structures 2015; 2015;
pp. 775–786. Available online: https://ur.booksc.me/book/52940587/2c084d (accessed on 15 February 2022).

108. FEMA P-154. Rapid Visual Screening of Buildings for Potential Seismic Hazards: A Handbook. Federal Emergency Management
Agency. 2015. Available online: https://www.fema.gov/media-library-data/1426210695633-d9a280e72b32872161efab26a602
283b/FEMAP-154_508.pdf (accessed on 1 February 2022).

109. FEMA P-155. Rapid Visual Screening of Buildings for Potential Seismic Hazards: A Handbook, 3rd ed.; FEMA P-154; Homeland Security
Dept, Federal Emergency Management Agency: Washington, DC, USA, 2015.

110. ASCE 7-16. Minimum Design Loads and Associated Criteria for Buildings and Other Structures. American Society of Civil
Engineers. 2016. Available online: https://www.asce.org/asce-7/ (accessed on 5 February 2022).

111. ASCE 41-17. Seismic Evaluation and Retrofit of Existing Buildings. American Society of Civil Engineers. 2017. Available online:
https://www.asce.org/asce-7/ (accessed on 5 February 2022).

112. NEC-SE-DS, Norma Ecuatoriana de la Construcción. In Peligro Sísimico Diseño Sismo Resistente; Dirección de Comunicación Social
MIDUVI: Quito, Ecuador, 2015; 50p.

113. Carranza Quinatoa, R.D.; Yacelga Perugachi, E.A. Análisis Comparativo de la Zona de Confinamiento Para la Conformación de la
Rótula Plástica en Vigas de Hormigón Armado. [Tesis de Pregrado, Universidad Central del Ecuador]. Respositorio Institucional.
2016. Available online: http://www.dspace.uce.edu.ec/handle/25000/6600 (accessed on 20 February 2022).

114. Vásquez León, C.A. Análisis del Desempeño Sísmico del Edificio Peña, Aplicando la Norma Ecuatoriana de la Construcción
2011 Vigente en el Distrito Metropolitano de Quito en el año 2015. [Tesis de Pregrado, Universidad Internacional del
Ecuador]. Repositorio Institucional. 2015. Available online: https://repositorio.uide.edu.ec/handle/37000/2202 (accessed on
20 February 2022).

115. Consejo Metropolitano de Quito. Ordenanza 3457. 2003. Available online: http://www7.quito.gob.ec/mdmq_ordenanzas/
Ordenanzas/ORDENANZAS%20A%C3%91OS%20ANTERIORES/ORD-3457%20-%20NORMAS%20DE%20ARQUITECTURA%
20Y%20URBANISMO.pdf (accessed on 20 February 2022).

116. CONADIS. Accesibilidad al Medio Físico y Normativa Técnica Ecuatoriana. 2018. Available online: https://www.consejodiscapacidades.
gob.ec/wp-content/uploads/downloads/2014/03/normas_inen_acceso_medio_fisico.pdf (accessed on 15 February 2022).

117. Lagomarsino, S.; Giovinazzi, S. Macroseismic and mechanical models for the vulnerability assessment of current buildings.
Bull. Earthq. Eng. 2006, 4, 415–443. [CrossRef]

http://repositorio.espe.edu.ec/xmlui/handle/21000/2347
http://doi.org/10.1002/2016TC004117
https://bibdigital.epn.edu.ec/handle/15000/16821
http://repositorio.puce.edu.ec/handle/22000/12470
http://repositorio.puce.edu.ec/handle/22000/12470
https://www.usgs.gov/programs/earthquake-hazards/lists-maps-and-statistics
https://www.usgs.gov/programs/earthquake-hazards/lists-maps-and-statistics
http://doi.org/10.1016/S0012-821X(03)00535-1
http://doi.org/10.1029/JB077i011p02087
http://app.sni.gob.ec/sni-link/sni/PDOT/ZONA2/NIVEL_DEL_PDOT_CANTONAL/PICHINCHA/RUMI%C3%91AHUI/IEE/MEMORIA_TECNICA/mt_ruminahui_infraestructura.pdf
http://app.sni.gob.ec/sni-link/sni/PDOT/ZONA2/NIVEL_DEL_PDOT_CANTONAL/PICHINCHA/RUMI%C3%91AHUI/IEE/MEMORIA_TECNICA/mt_ruminahui_infraestructura.pdf
https://ur.booksc.me/book/52940587/2c084d
https://www.fema.gov/media-library-data/1426210695633-d9a280e72b32872161efab26a602283b/FEMAP-154_508.pdf
https://www.fema.gov/media-library-data/1426210695633-d9a280e72b32872161efab26a602283b/FEMAP-154_508.pdf
https://www.asce.org/asce-7/
https://www.asce.org/asce-7/
http://www.dspace.uce.edu.ec/handle/25000/6600
https://repositorio.uide.edu.ec/handle/37000/2202
http://www7.quito.gob.ec/mdmq_ordenanzas/Ordenanzas/ORDENANZAS%20A%C3%91OS%20ANTERIORES/ORD-3457%20-%20NORMAS%20DE%20ARQUITECTURA%20Y%20URBANISMO.pdf
http://www7.quito.gob.ec/mdmq_ordenanzas/Ordenanzas/ORDENANZAS%20A%C3%91OS%20ANTERIORES/ORD-3457%20-%20NORMAS%20DE%20ARQUITECTURA%20Y%20URBANISMO.pdf
http://www7.quito.gob.ec/mdmq_ordenanzas/Ordenanzas/ORDENANZAS%20A%C3%91OS%20ANTERIORES/ORD-3457%20-%20NORMAS%20DE%20ARQUITECTURA%20Y%20URBANISMO.pdf
https://www.consejodiscapacidades.gob.ec/wp-content/uploads/downloads/2014/03/normas_inen_acceso_medio_fisico.pdf
https://www.consejodiscapacidades.gob.ec/wp-content/uploads/downloads/2014/03/normas_inen_acceso_medio_fisico.pdf
http://doi.org/10.1007/s10518-006-9024-z


Buildings 2022, 12, 1471 28 of 28

118. Grünthal, G. European Macroseismic Scale 1998. European Seismological Commission (ESC). 1998. Available online:
https://www.gfz-potsdam.de/en/section/seismic-hazard-and-risk-dynamics/data-products-services/ems-98-european-
macroseismic-scale/ (accessed on 25 February 2022).

119. Rondón, M.E.; Araujo, G.I.; Chio, C.G. Simulación de funciones de vulnerabilidad y matrices de probabilidad de daño sísmico
para edificaciones de hormigón armado en sistema pórtico. Ing. E Investig. 2008, 28, 28–40.

120. Lopez, O. Protección de las Escuelas Contra los Terremotos. [Tesis de Pregrado, Academia Nacional de Ingeninavasería y
el Hábitat]. Repositorio Institucional. 2008. Available online: http://www.acading.org.ve/info/publicaciones/TRABAJOS_
INCORPORACION/TI_OSCAR_LOPEZ.pdf (accessed on 25 February 2022).

121. Martı, R. Procedimientos metaheurısticos en optimización combinatoria. Matemátiques 2003, 1, 3–62.
122. Ministerio de Educación del Ecuador. Available online: https://www.ecuadorencifras.gob.ec/educacion/ (accessed on

25 February 2022).
123. Moquete Rosario, F.E. Evaluación del Riesgo Sísmico en Edificios Especiales: Escuelas. Aplicación a Barcelona. [Tesis de Maestría,

Universitat Politècnica de Catalunya]. Repositorio Institucional. 2012. Available online: https://upcommons.upc.edu/handle/20
99.1/17871?locale-attribute=es (accessed on 25 February 2022).

124. Coburn, A.W.; Spence, R.J.; Pomonis, A. Factors determining human casualty levels in earthquakes: Mortality prediction in
building collapse. In Proceedings of the 10th World Conference on Earthquake Engineering, Madrid, Spain, 19–24 July 1992;
Volume 10, pp. 5989–5994.

https://www.gfz-potsdam.de/en/section/seismic-hazard-and-risk-dynamics/data-products-services/ems-98-european-macroseismic-scale/
https://www.gfz-potsdam.de/en/section/seismic-hazard-and-risk-dynamics/data-products-services/ems-98-european-macroseismic-scale/
http://www.acading.org.ve/info/publicaciones/TRABAJOS_INCORPORACION/TI_OSCAR_LOPEZ.pdf
http://www.acading.org.ve/info/publicaciones/TRABAJOS_INCORPORACION/TI_OSCAR_LOPEZ.pdf
https://www.ecuadorencifras.gob.ec/educacion/
https://upcommons.upc.edu/handle/2099.1/17871?locale-attribute=es
https://upcommons.upc.edu/handle/2099.1/17871?locale-attribute=es

	Introduction 
	Geodynamic Setting and Seismic Vulnerability of Ecuador 
	Study Area and Regional Seismic Hazard 
	Methodology 
	General Assumptions 
	Safety Requirements in Performance-Based Design 
	Vulnerability Degree Assessment Procedure (V) 
	Base Score (P. Base) 
	Before the First Construction Code (Pre-Code) 
	First Ecuadorian Construction Code (CEC 77) (Transition Period) 
	Ecuadorian Construction Code 2000 (CEC 2000) (Post-Code) 
	Ecuadorian Construction Standard 2015 (NEC-15) (Modern Code) 
	Score Modifiers (GV) 

	General Aspects of the Schools (GV1 and GV2) 
	Number of Stories 
	FEMA Building Type 
	Tapping and Adjacency 
	Soil Type 
	Degree of Vulnerability Associated with Other Parameters 

	Vulnerability of Nonstructural Elements (GV3) 
	State of Conservation of the Building and Roofs 
	Exit Doors or Emergency Exits 
	Windows 
	Universal Accessibility 
	Vulnerability Plugin 
	Interpretation of the Degree of Vulnerability Score 

	Seismic Risk and Global Risk of Schools 
	Seismic Risk of a Structure (Rs) 
	Seismic Hazard 
	Degree of Damage 
	Global Seismic Risk (Rg) 
	Hazard Exposure Level (NE) 
	Response Capacity (Cr) 
	Calculation of the Capacity Coefficient (C) 
	Categorization of Schools 


	Results and Discussion 
	Conclusions 
	References

