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ABSTRACT

Zaruma, an Ecuadorian city with a mining tradition, has natural conditions of steep slopes and
environmental and socio-economic impacts related to old and illegal mining operations. Different
geodynamic events (e.g. seismic movements, settlements and sinkholes) have caused structural damage
to essential buildings such as the *San Juan Bosco’ School. This research aims to assess the seismic
vulnerability of reinforced concrete buildings of the ‘San Juan Bosco’ School through the analysis of
national and international seismic codes for the proposal of rehabilitation works that guarantee the
sustainability of the structure. The study included technical visits to observe the current damage to the
structures. The structural characteristics of the buildings were identified using auscultation and concrete
coring. The gathered data and an analysis of the site’s seismic hazard allowed for a structural assessment
of the buildings carried out using national (NEC) and international (ASCE/SEI) codes. Subsequently,
rehabilitation alternatives were proposed for each building according to national and international
(FEMA) standards. The structural system, composed of moment-resisting concrete frames, presents
potential vulnerabilities owing to impact (collision) and torsion attributed to its overhangs. The
structural assessment revealed that all blocks comply with the drift limits stipulated by ASCE 41-13
(below 2%); only block B5.6 exceeds these limits (2.25%). Recommended rehabilitation strategies
include mass reduction (removal of upper floors, representing a dead load of 700 kg/m? and a live load
of 400 kg/m?) and removal of short columns (decreased window width). These interventions are
intended to facilitate education, thus benefiting the Zaruma Mining District community.

Keywords: seismic rehabilitation, building inspection, structural evaluation, reinforced concrete.

1 INTRODUCTION

The Earth has been subjected to several destructive natural hazards throughout geological
time, of which one of the most dangerous is earthquake [1]. This natural phenomenon is an
essential manifestation of the strength of tectonic forces caused by the thermal state of Earth’s
interior [2]. Most of the energy in subduction zones generates massive earthquakes [3]. As
the boundary between the Nazca Plate and the South American Plate, earthquakes occurred
off the coasts of Ecuador and Colombia in 1942 (Mw 7.8), 1958 (Mw 7.7), 1979 (Mw 8.2),
and 2016 (Mw 7.8) [4].

Earthquake damage to structures and infrastructure results in the loss of functionality,
economic losses, fatalities, and injuries [5]. Deaths and injuries depend mainly on the scale
of damage to structural and non-structural components [6]. In Turkey, more than 150,000
people died and 900,000 buildings were damaged during earthquakes in the last century [7].
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Engineers design structures using the guidelines provided by seismic-resistant codes,
which include some unknowns and assumptions [8]. If well-designed according to modern
codes (e.g. ANSI/AISC 341-16, NBC-2015), such structures can withstand large structural
damage with a low risk of collapse in the event of a strong earthquake, thus avoiding
unnecessary casualties [9]. It is essential to assess seismic vulnerability for realistic
preparedness, response-action strategies, and effective seismic hazard management [10].

Essential facilities (e.g. schools and hospitals) play a strategic role under normal
conditions, and their role is even more important and critical during a disaster [11].
Uninterrupted use of essential facilities is crucial for the functionality of a community or city.
However, recent studies have highlighted the high seismic risks of these buildings [12].

Most countries on the west coast of South America are prone to major seismic
catastrophes owing to their location on the Pacific Ring of Fire [3]. Previous earthquakes
have confirmed that Ecuador is one of the most vulnerable countries in South America. The
earthquake in Pedernales (Mw 7.8) affected the coastal provinces of Manabi, Esmeraldas,
Guayas, and El Oro, where fatalities and injuries have been reported [4]. In addition, 875
schools were affected by the earthquake with different levels of damage [13].

Zaruma is a mining town with a unique geological mining heritage. It is located in the
western foothills of the Andes Mountains, in the El Oro Province (southwestern Ecuador (Fig
1(a))), with an area of 659.40 km? and a population of 24,097 inhabitants [14] (Fig. 1(b)).
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Figure 1:  Geographical location map of the study area. (a) El Oro province within
Ecuador; (b) The study area concerning the Zaruma canton; and (c) Structures
analysed in the ‘San Juan Bosco’ School, next to the Humberto Molina Hospital.

Geodynamic events such as subsidence are associated with informal mining activities and
earthquakes in Zaruma [15]. Seven subsidence events occurred between 2016 and 2022, most
notably the ‘La Inmaculada’ school (2016) and the Avenida Col6n subsidence (2021).
Meanwhile, within a radius of 250 km from Zaruma, there were 22 earthquakes greater than
Mw 5.5, including two earthquakes in 1995 (Mw 6.5 and 7.0; 217 km away) and in 2017 in
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Balao (Mw 5.5; 80 km away). The latter caused the closure of several essential facilities (e.g.
Humberto Molina Hospital and ‘San Juan Bosco’ School) [16].

Zaruma, Portovelo, and Atahualpa cantons have 65 Education Centres, including ‘San
Juan Bosco’ School. The Educational Centre began in 1993 and is located south of Zaruma,
where it continues to function. Currently, this school has approximately 1,000 students at the
primary and secondary levels, ensuring a continuous, safe, and functional learning
environment within the students’ education.

Throughout the years, buildings have suffered damages related to inadequate structural
design, informal construction, improper performance of certain non-structural elements, and
the occurrence of earthquakes near Zaruma. The evaluation and diagnosis of the structural
system of the existing ‘San Juan Bosco’ School facilities will serve as a basis for the
adaptation or diagnosis of other educational centres. With this structural analysis,
rehabilitation alternatives can be proposed to ensure the safety of students, teachers, and staff
in general within the school. Moreover, educational centres serve as complexes in emergency
situations, such as community resilience. The continued operation of the educational centre
generates a positive economic and social impact, generating employment and a suitable
environment for education in the long term.

Therefore, the following research question arises: How to respond to the vulnerability of
the “San Juan Bosco’ School blocks by evaluating buildings using engineering techniques?
This research aims to assess the seismic and structural risks of the buildings of the ‘San Juan
Bosco’” School through inspection field visits and analysis in specialised software for the
proposal of engineering solutions that guarantee the socio-educational sustainability of the
Zaruma community.

2 GENERAL DESCRIPTION OF THE INFRASTRUCTURE
All blocks of the educational unit had three levels, consisting of two concrete slabs and a
steel panel or Eternit roofing. Fig. 1(c) shows the layout of the blocks in the school, and Table
1 lists the building characteristics.

3 MATERIALS AND METHODS

The methodological procedure proposed in this research consists of reviewing information
on the ‘San Juan Bosco’ School and gathering field data (e.g. in situ measurements in
buildings and sampling for the laboratory) for the current structural evaluation, incorporating
the geodynamic conditions of Zaruma. Solutions for reopening the rehabilitation works of
the “‘San Juan Bosco’ School were analysed.

This study was divided into three phases (Fig. 2): (1) information gathering through
fieldwork and sampling; (2) conducting structural assessment under current conditions; and
(3) proposing rehabilitation alternatives to decision-makers.

3.1 Data analysis

3.1.1 Baseline inspection

The inspection was carried out through several visits to the study area (‘San Juan Bosco’
School) based on the international standard American Society of Civil Engineers and
Structural Engineering Institute ASCE/SEI 41-13 [17]. This initial survey determined the
external and internal dimensions of the buildings and structural elements, which were then
used for structural evaluation using specialised software. Flexometer and tape were used to
determine the exterior and interior dimensions of the buildings.
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Phase II: Structural Phase Ill: Rehabilitation
Phase I: Data analysis assessment at current Alternatives for Decision
conditions Makers
Initial Seismic Hazard
inspection and Response
Spectrum
General structural
deficiencies and
Concrete core Mathematical rehabilitation solutions
taking and model and loads
structural survey on structural
elements

Figure 2:  Proposed three-phase methodological scheme followed in this research within
the study area. It includes the process of data collection in the field, the analysis

of these data in software, and the proposal of rehabilitation alternatives.

3.1.2 Concrete coring and structural surveys

For structural characterisation, concrete cores were taken, and reinforcing steel was surveyed.
Nine concrete cores were obtained from the columns, beams, slabs, and walls in the selected
blocks (B5.1, B5.3, B5.6). This test was performed in accordance with the American Society
for Testing and Materials (ASTM C39/C39M-23) [18]. These three buildings of the ‘San
Juan Bosco’ School were chosen for three reasons: (i) the buildings had more upper floors;
(ii) the top floor of each building was built and extended without structural consideration
(extra weight was added to the structural members that were not considered in the initial
designs); and (iii) there was a limited budget for testing.

The survey of reinforcing steel was carried out by auscultation of the structural elements
(beam, column, and foundation). This auscultation made it possible to determine the type and
quantity of reinforcing steel in the structural elements (the same blocks were chosen for
taking concrete cores). Flexometer and digital Vernier calipers were used for this purpose.

3.2 Structural assessment under current conditions

3.2.1 Seismic hazard and response spectrum
Before the structural assessment, a seismic hazard characterisation was carried out based on
the Ecuadorian Construction Norm (NEC, by its acronym in Spanish), promulgated by the
Ministry of Urban Development and Housing of Ecuador (MIDUVI, by its acronym in
Spanish) [19]. Zaruma is in Seismic Zone 111, corresponding to a seismic hazard factor of
0.30g.

Chapter 2/Appendix C of ASCE/SEI [20] determines the elastic response spectrum.
Because the school buildings are 20-30 years old, the BSE-1E parameter was selected as the
seismic parameter for structural evaluation.

3.2.2 Mathematical model and loads on the structural elements

The columns and beams of the buildings were modelled using frame elements, whereas the
floor slab was modelled using shell elements. The materials used for the various structural
elements are:

e  Compressive strength (B5.1): f’c = 180 kg/cm? for beams, columns and slabs.
e Concrete modulus of elasticity (B5.1): Ec = 202,500 kg/cm?

WIT Transactions on Ecology and the Environment, Vol 262, © 2024 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



Sustainable Development and Planning X111 309

Compressive strength (in other blocks): f'c = 290 kg/cm? for beams, columns and slabs.
Concrete modulus of elasticity (in the other blocks): Ec = 257,000 kg/cm?.

According to MIDUVI [19], the stiffness of the elements is as follows:

Beams (bending) = 0.50Eclg; where 1g: inertia moment
Columns = 0.80Eclg (compression)
Walls (bending) = 0.60Eclg

The columns were embedded in the base of the building. The gravity loads used for the
structural analysis are detailed below:

Slabs

e Total dead load = 700 kg/m?

e Classroom live load = 200 kg/m?

e Live load on first floor = 500 kg/m?

e Live load on upper floors = 400 kg/m?

Steel roofs

e Total dead load = 20 kg/m?
e Live load = 70 kg/m?

The load combinations used for the structural analysis, based on the requirements of
ASCE/SEI 7-16 [21], were as follows:

e 1.1(D+0.25L) + E; where D: dead load, L: live load, and E: earthquake load.
e 09D+E

3.3 Rehabilitation alternatives for decision-makers

As described in the previous section, three-dimensional mathematical models developed in
SAP2000 [22] were used for the structural analysis, which was performed according to the
guidelines contained in ASCE/SEI [20].

Similarly, a table was prepared showing the general weaknesses of the blocks of the ‘San
Juan Bosco’ School as well as the structural rehabilitation alternatives recommended by
MIDUVI [19] and the Federal Emergency Management Agency (FEMA) [23].

4 RESULTS
4.1 Baseline inspection and structural characterisation

Block B5 (consists of the blocks described in Table 1) has experienced several problems
(1993 to date). From interviews with various professionals and school officials, it is known
that block B5.1 experienced shear failure in a pair of columns during an earthquake in 1995.
The columns were subsequently repaired by adding three walls in the north—south direction.
Subsequently, during the extension of the block (construction of an additional floor with a
steel panel roof), the block experienced tilting in the east—west direction. Therefore, this
block was rehabilitated by constructing two spread footings in the east—west direction. It is
important to note that this block was adjacent to Humberto Molina Hospital.
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Block B5.6 has significant cracks in several walls in the basement crawl space. There are
also small cracks, some of which are very fine, in other blocks. In recent years, some sectors
of Block B5 have been disabled (e.g. the basement of Block B5.6). Table 2 summarises the
dimensions, structural reinforcement, and compressive strength obtained during the initial
inspection.

Table 2: Dimension of the structural elements within the buildings of the “‘San Juan Bosco’
School. The results of the structural reinforcement of the analysed elements are
presented, as well as the compressive strength of the concrete coring.

Block | Dimensions (mm x mm) Structural Strength (f'c)
reinforcement (MPa)
B5.1 | » Column: 325 x 500 Column Column: 21.3
» Beam: 330 x 500 » Longitudinal: 4¢22 Beam: 13.6
» Slab: 200 » Stirrups: 88/190 mm | Slab: 18.5
» Corrugated rod
Beam
> Agsup: 2020 + 1g14
> AS|Y|N|:Z 2020
> At 1 est. 38/120mm
B5.2 | » Column: 300 x 500 - -
» Beam: 200 x 300
» Slab: 200
B5.3 | » Column: 330 x 350 Column Column: 21.6
» Beam: 280 x 400 » Longitudinal: 8918 Beam: 32.6
» Slab: 200 » Stirrups: 2¢8/125 mm | Slab: 27.3
Beam
> A5|,supi 2018
> A5|,|NF: 2918
» Aq: 1 est. 88/190mm
B5.4 | > Column: 300 x 300 - -
» Beam: 200 x 200
» Slab: 200
B5.5 | > Column type 1: 350 x 350
» Column type 2: 400 x 500
» Column type 3: 400 x 600
» Beam: 300 x 500
» Slab: 200
B5.6 | » Column: 430 x 600 Column Column: 27.2
» Beam: 300 x 500 » Longitudinal: 8420 Wall: 14.2
» Slab: 300 » Stirrups: 268/220 mm | Slab: 36.9
Beam
> A5|,supi 2820
> A5|,|NF: 2920
» Aq: 1 est. 88/190mm
B5.7 » Column: 300 x 300 - -
» Beam: 200 x 300
» Slab: 200
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4.2 Structural analysis of the blocks

For the preliminary evaluation of the ‘San Juan Bosco’ School’s structures, the methodology
proposed by ASCE/SEI 41-13 [20], and the results of the concrete coring and structural
survey conducted during Phase | were used.

Table 3 and Fig. 3 show the period and modal analysis results for each school block,
respectively. Buildings have potential seismic deficiencies. Consequently, in the event of
severe earthquakes acting on a structure, there are indications that the buildings could
perform inadequately. The limit states that could develop in the structural elements were
masonry and column shear failures.

Table 3: Results of period (T) obtained for the school blocks.

Period (s)

Block =7 T2 | T3
B51 | 062 | 055 | 047
B53 | 078 | 0.75 | 0.69
B54 | 079 | 0.68 | 055
B55 | 087 | 0.74 | 067
B56 | 054 | 0.74 | 038
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Figure 3:  Modal analysis of buildings 5.1, 5.3, 5.4, 5.5, 5.6 of the *San Juan Bosco’ School
(a) displacements in the X-Y axes; (b) drifts in the X-Y axes.
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4.3 Rehabilitation alternatives

In general, most blocks exhibit similar seismic deficiencies. Table 4 shows the structural
defects and the recommended structural rehabilitation alternatives. Likewise, the table
presents the weaknesses of non-structural elements (e.g. masonry walls) and their
rehabilitation techniques.

The rehabilitation proposals in Table 4 were obtained and adapted from the FEMA. In
informal buildings, as in B5.1, B5.3 and B5.6, the removal of upper floors or the
reinforcement of some structural elements is suggested. This was applied in the Humberto
Molina Hospital in Zaruma, in buildings B3 and B4, according to Rojas et al. [16] for its
rehabilitation and reopening. Alternatives to avoid torsion and knocking in buildings B5.1,
B5.4, B5.5 and B5.6, reinforce the columns and walls, and remove the edges of the slabs. A
similar situation was observed in buildings and houses in Pedernales (Manabi, Ecuador)
because of structural problems caused by the April 2016 earthquake (irregularities in
elevation, and short columns) [24].

5 CONCLUSION

Ecuador has high seismic activity that affects the stability and functionality of its buildings,
as in the case of the ‘San Juan Bosco’ School in Zaruma. This infrastructure has been
operational for 30 years. In this study, the reinforced concrete blocks of the *San Juan Bosco’
School (B5.1, B5.2, B5.3, B5.4, B5.5, B5.6, B5.7) were examined through field visits,
material tests (laboratory and field), and comparison with national (NEC) and international
(ASCE/SELI) standards. This made it possible to determine the vulnerability and level of
seismic performance of the structural system of school buildings to propose structural
rehabilitation strategies using the techniques recommended by FEMA.

The school has yet to undergo the necessary adaptations or maintenance during its years
of operation. Regarding the structural design of the elements, the following conclusions can
be drawn:

e The strength of the concrete in the columns, beams, and slabs analysed is low in some
blocks (B5.1, approximately 180 kg/cm?) and needs to meet the minimum requirements
stipulated in NEC (210 kg/cm?).

e The auscultated rebars are corrugated in all the blocks; therefore, it is concluded that
the yield stress of the reinforcing steel used is 4,200 kg/cm?. Consequently, the yield
strength met the minimum requirements stipulated in the NEC and ASCE/SEI codes
(4,200 kg/cm?).

e  The minimum number of elements complied with the minimum requirements stipulated
in the current codes (1% in columns and 0.33% in beams).

e The stirrups of the elements had 90° hooks. Consequently, the hooks used did not meet
the seismic requirements stipulated in the current codes (135° hooks).

This structural characterisation, evaluation, analysis, and proposal of rehabilitation
alternatives in the blocks will facilitate decision-making by the Risk Management Secretariat
authorities, Education Ministry, and Zaruma Municipality. ‘San Juan Bosco’ School is vital
for educating approximately 25,000 people. The data collected are a basis for supporting and
seeking assistance from policymakers to make decisions on the assignment of resources and
the prioritisation of the analysis and seismic-resistant reinforcement of schools in the area.
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The methodology presented in this study will serve as a model to be replicated in other
educational centres (schools and colleges) in Ecuador with the same or worse conditions than
the Zaruma Hospital. Because Ecuador is a country with constant geodynamic risk and has
educational structures with many years of service, which are not properly maintained or were
built with previous standards, its application in these cases is necessary and immediate.
Replicating it in essential facilities in other countries is also possible; however, it is necessary
to review the national standards and seismic spectra in each case.

The present study shows a limited number of concrete cores, which depend on the budget
of the current research project. In addition, it is possible to extend this study by investigating
other blocks of the ‘San Juan Bosco’ School. Furthermore, the realisation and interpretation
of shear/moment diagrams should be completed to observe the behaviour of the elements
under seismic conditions.
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