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Abstract

This article presents a methodology for an estimate of the benefit cost ratio of the seismic risk
reduction of buildings portfolio at broad scale, for a World region, allowing comparing the results
obtained for the countries belonging to that region. This methodology encompasses: i) the
generation of a set of random seismic events and the evaluation of the spectral accelerations at the
buildings location; ii) the estimation of the buildings built area, the economic value, as well as the
classification in structural typologies; iii) the development of vulnerability curves for each
typology; iv) the estimation of the annual average loss of the buildings portfolio in the current
conditions as well as in the case of a hypothetical structural intervention. The benefit cost ratio is
obtained by comparing the annual average loss with the reinforcement costs. This methodology
has been applied to the portfolio of public schools of fourteen countries of Latin America and The

Caribbean, for evaluating the feasibility of the seismic risk reduction at a national scale.

Keywords: Seismic risk, Benefit Cost Analysis, Retrofitting of schools

INTRODUCTION

Risk assessment and risk reduction require information regarding the typology of the buildings,
their location and their structural properties. It is also valuable to identify the economic value of
the buildings, their use and the number of inhabitants. The construction techniques and the

structural typologies are usually identified by building inspections (see Carrefio et al. 2010; IGC
1
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2010). Starting from all these data, and in order to assess the seismic performance of the most
common existing buildings, it is necessary to perform a detailed structural modeling and analysis,
taking into account their structural characteristics, the local seismic hazard and safety requirements
(see Faleiro et al. 2008; Mata et al. 2008; Vielma et al. 2010; Vargas et al. 2010; Vargas et al.
2011). On this basis, alternatives for possible structural interventions are defined (Lopez et al
2007). For seismic safety and risk management and reduction, Barbat et al. (2006), Barbat et al.
(2008), Carreiio et al (2007a), Carrefio et al. (2007 b), Lantada et al. (2010) and Lantada et al
(2011) proposed procedures for developing seismic scenarios useful to identify, at urban scale, the
most critical administrative zones regarding the vulnerability of buildings and the expected losses.
For prioritization purposes, simplified assessment methods have been proposed in order to score
the safety of the buildings. In the case of schools, damage assessments using vulnerability indexes
have been developed in Portugal and Istanbul (Ferreira et al. 2008; Ferreira y Proenga 2008).
Capacity indexes and interstory drift indexes have been also considered in Istanbul (Yakut et al.
2008) and Bogota (Proyectos y Disefios — P&D 2000). In order to balance the complexity of the
damage assessment and the amount of buildings studied, Gran et al. (2007) present a multi level
procedure for prioritization of the seismic intervention of school buildings including indexes based
on the peak ground acceleration, vulnerability indexes and a simplified structural mechanics-based
structural assessment.

At a broad regional scale, the seismic risk assessment of a portfolio of buildings (for example,
hospitals, infrastructure of lifelines, public buildings and schools) is very useful for policy making,
risk perception and communication. Obtaining detailed information for the buildings and
developing detailed models of their performance, are activities that require a significant effort that
makes them not feasible. Moreover, at this scale, the decision making process requires risk
assessments aggregated by countries or by subnational administrative units, useful for scoring
areas according to their seismic risk. Therefore, simplified methods, as well as gross assumptions
regarding the vulnerability of the buildings, must be considered.

This article presents a risk based methodology for an appraisal of the feasibility of the structural
intervention of portfolios of buildings at the national scale, aiming to obtain benefit cost ratios of
the structural intervention. The concrete objectives of this application are: i) the generation of a set
of random seismic events and the evaluation of the spectral accelerations at the buildings location
ii) to develop a proxy of the built area and their vulnerability; iii) to estimate the Loss Exceedance
Curve (LEC) and the Average Annual Loss (AAL) of the buildings portfolio in both the current
and retrofitted case and iv) to obtain an estimate of the cost-benefit ratio of the seismic risk
mitigation alternatives.

The proposed methodology follows the structure of the catastrophe models which is a robust
approach from a financial perspective (Grossi & Kuhnreuther 2005). The contributions of this
methodology are as follows: (i) the estimation of the 44L for the current and retrofitted case by
following a probabilistic approach; (ii) the adoption of a simplified procedure in order to estimate
the present value of the 44L for both alternatives; and (iii) the definition of a Benefit Cost Ratio,
BCR, as the difference of the estimates of the present value of the 44AL, compared with the

retrofitting costs. This procedure is useful for making risk based decisions, given that losses are


https://www.researchgate.net/publication/225502076_Ground-shaking_scenarios_and_urban_risk_evaluation_of_Barcelona_using_the_Risk-UE_capacity_spectrum_based_method?el=1_x_8&enrichId=rgreq-067d0a00-0738-4784-ac72-8123c5068c0d&enrichSource=Y292ZXJQYWdlOzI1NTcwNDM1NTtBUzoxODM0MjU1MDM4NjY4ODBAMTQyMDc0MzQ1NjgxMg==
https://www.researchgate.net/publication/225502076_Ground-shaking_scenarios_and_urban_risk_evaluation_of_Barcelona_using_the_Risk-UE_capacity_spectrum_based_method?el=1_x_8&enrichId=rgreq-067d0a00-0738-4784-ac72-8123c5068c0d&enrichSource=Y292ZXJQYWdlOzI1NTcwNDM1NTtBUzoxODM0MjU1MDM4NjY4ODBAMTQyMDc0MzQ1NjgxMg==
https://www.researchgate.net/publication/236121477_Dynamic_analysis_of_beam_structures_considering_geometric_and_constitutive_nonlinearity?el=1_x_8&enrichId=rgreq-067d0a00-0738-4784-ac72-8123c5068c0d&enrichSource=Y292ZXJQYWdlOzI1NTcwNDM1NTtBUzoxODM0MjU1MDM4NjY4ODBAMTQyMDc0MzQ1NjgxMg==
https://www.researchgate.net/publication/281093072_Seismic_safety_of_limited_ductility_buildings?el=1_x_8&enrichId=rgreq-067d0a00-0738-4784-ac72-8123c5068c0d&enrichSource=Y292ZXJQYWdlOzI1NTcwNDM1NTtBUzoxODM0MjU1MDM4NjY4ODBAMTQyMDc0MzQ1NjgxMg==
https://www.researchgate.net/publication/278688297_Incremental_Dynamic_Analysis_and_Pushover_Analysis_of_Buildings_A_Probabilistic_Comparison?el=1_x_8&enrichId=rgreq-067d0a00-0738-4784-ac72-8123c5068c0d&enrichSource=Y292ZXJQYWdlOzI1NTcwNDM1NTtBUzoxODM0MjU1MDM4NjY4ODBAMTQyMDc0MzQ1NjgxMg==
https://www.researchgate.net/publication/278688297_Incremental_Dynamic_Analysis_and_Pushover_Analysis_of_Buildings_A_Probabilistic_Comparison?el=1_x_8&enrichId=rgreq-067d0a00-0738-4784-ac72-8123c5068c0d&enrichSource=Y292ZXJQYWdlOzI1NTcwNDM1NTtBUzoxODM0MjU1MDM4NjY4ODBAMTQyMDc0MzQ1NjgxMg==

estimated for all the potential seismic events to which buildings are exposed. This methodology
has been applied to countries of Latin America and the Caribbean. This study was promoted by the
International Labor Office, through its Programme on Crisis Response and Reconstruction (ILO
/CRISIS), and by the International Strategy for Disaster Reduction (UNISDR), in order to evaluate
the seismic risk of schools. The obtained results were included in the Global Assessment Report
(GAR 2011; ERN-AL 2010) as a case study of the benefits of investments in vulnerability

reduction.

METHODOLOGY FOR BENEFIT COST ANALYSIS

Defining the adequate level of safety of a building regarding the seismic hazard is an optimization
problem. In this sense, Li et al. (2009) presents an expected utility approach of benefit cost
analysis, in which, the optimal investment satisfies the equivalence between marginal benefits and
costs. According to Hadjian (2002), for making risk based decisions, it is necessary to consider
that any structure is potentially exposed, during its design life, to all possible ground motions
intensities at a given site which is characterized by the site specific seismic hazard curves. This
opinion is confirmed by Smyth et al. (2004a) and Smyth et al. (2004b) who perform a benefit cost
analysis for a specific building typology, taking into account all possible ground motion intensities
according to the seismicity of the region and estimating the present value of losses for a given time
horizon. A similar approach is developed by Kappos & Dimitrakopoulos (2008) in order to
evaluate the economic feasibility of the seismic retrofitting of a set o heterogeneous buildings.
Based on the works of Smyth et al (2004a), Kappos & Dimitrakopoulos (2008) and Mora et al.
(2011), we propose in this article a Benefit Cost Ratio (BCR) estimated as the difference between
the present value of the losses in the current and retrofitted cases divided by the retrofitting costs

BCR =M

R

M

In this equation, Ly is the net present value of the losses due to all future earthquakes for the
unreinforced case; Ly is the net present value of the losses due to all future earthquakes for the
retrofitted case and Cy is the retrofitting costs. The BCR has been adopted herein in order to
evaluate the feasibility of the seismic risk reduction of the buildings portfolio. The methodology
for obtaining the net present value of the losses, as well as the Benefit Cost Ratio is explained in
this section. This procedure encompasses the following steps: generation of a set of stochastic
events and the corresponding ground motion fields, the description of the exposed buildings and

their vulnerability, and the estimation of the expected losses of the buildings portfolios.

SEISMIC HAZARD EVENTS

At a national level, the main seismic sources are geometrically defined based on available

geological and tectonic information. Source seismicity parameters are assigned following a
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Poisson recurrence model, taking into account seismic catalogues and previous studies. On this
basis, a set of seismic events of diverse magnitudes is generated through a sampling procedure,
based on the recursive sub division of the geometry of sources. The seismicity parameters of each
segment are assigned by weighting its area in relation to the total area.

Once generated the set of events, the expected spectral acceleration at the location of the buildings
can be obtained by using attenuation laws. Given the random nature of the seismic ground motion,
the spectral acceleration is assumed as a random variable with lognormal distribution. The CRISIS
2007 Version 7.2 code (Ordaz et al. 2007) can be used for generating a file which includes
multiple grids of the studied territory. Each grid corresponds to the spectral accelerations
calculated for each event. Those events are characterized by their magnitudes and their frequency

of occurrence.

EXPOSURE

The exposed elements are aggregated at a given administrative unit such as, for instance,
municipalities. Similar procedures have been proposed by Goran et al. (2009) in order to calculate
damages by averaging over an entire city. In order to characterize an exposed portfolio, it is
necessary to identify: i) the built area of the portfolio of buildings aggregated by a given
administrative unit; ii) the economic value and iii) the representative structural typologies. Those
estimations are based on coarse grain data or on expert opinions.

Regarding the built area, for each municipality (or any administrative unit) this value can be
obtained as a relationship between the number of inhabitants and an average built area per
inhabitant. The number of inhabitants can be obtained from data available in the national census.
Finally, the economic value of the buildings can be obtained by using representative prices per
square meter of the buildings.

At national level, the representative structural typologies can be selected depending on the
predominant building classes and techniques, according to the basic structural system, typical
height and period of construction (Bommer et al. 2002; Barbat et al. 2007).

The development of surveys and field inspections in order to identify the structural typologies, as
well as the use of detailed computational models for defining their seismic performance are
desirable, especially for making decisions about structural interventions (Lopez et al. 2007). Given
that the time and cost required for this procedure could be large, expert’s opinion can be
considered, as well the description of the buildings typologies available in databases such as, for
instance, the World Housing Encyclopedia-WHE (EERI-IAEE (2012), see http://www.world-
housing.net/, or the PAGER-WHE (Jaiswal et al. 2010).

VULNERABILITY

Vulnerability curves are developed for all the structural typology considered in the analysis. These

curves describe the expected value of the loss and its standard deviation as a function of the
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spectral acceleration estimated at the buildings location. The loss is expressed as a ratio of the
structural reparation costs to the reposition value of the building.

The vulnerability curves are defined based on the parameters of the bilinear capacity spectrum of
each typology. In Barbat et al. (2006), Barbat et al. (2008) and Lantada et al. (2011) are given
procedures allowing to obtain the capacity curves and capacity spectra for building structures. It is
assumed a loss value S, of 5% corresponding to the displacement at the yielding point, yo,
identified in the bilinear capacity spectrum. For the spectral displacement corresponding to the
ultimate capacity point, a loss value of 100% is assumed. Under these considerations, the expected
value of the loss, 5, for a given spectral displacement, y;, can be obtained by using the following

expression (Miranda, 1999; Ordaz, 2000):

E(B; |7,)=|1-exp ln(l—ﬂo)(ﬁj‘ @

Yo

where ¢ is a factor used in order to fit the curve to the levels of loss defined for the point of
ultimate capacity. Since in the hazard module the seismic action is expressed in terms of the
spectral acceleration, it is necessary to convert those values into spectral displacement using the

following equation (Miranda et al., 1999):

2

T
7 = B.B.B; 4e ) Sa(T) 3)
T

where Te is the period of the structural typology; f; is the ratio between the maximum lateral
displacement at the upper level of the structure and the spectral displacement, considering linear-
elastic behaviour; f, is the ratio between the maximum storey drift and the maximum lateral
displacement at the upper level divided by its total height; f; is the ratio between maximum lateral
displacement with inelastic behaviour and the maximum lateral elastic displacement.

We considered in this study that the loss follows a Beta distribution function

A (a + b) ; b1
Py, \B)=—r~xr5 P U=P 4
/7\71( ) F(a)r(b) ( )
where the parameters a and b of the distribution may be computed from the expected value of the

loss (Ordaz et al. 1998 a), given a specific spectral displacement (see Equation 2)

_1-E(B7)-EB17.)C(B)

c(p) ©

a

=57 @

and the coefficient of variation of the loss C°(8) can be calculated as follows:
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In Equation 7, G; (,B | ]/i) is the variance of the loss at a given spectral displacement. In order to

estimate this parameter, we adopted the damage distribution proposed in ATC 13 (ATC 13 1985).
Graf & Lee (2009) assume that the maximum value of the standard deviation of loss is around 0.15
at the 50% of the loss and it decreases as the damage is closer to the loss levels of 0% and 100%.
Once established the expected value of the loss and the coefficient of variation, it is possible to

estimate its probability distribution, given a specific spectral acceleration.

LOSS ESTIMATION FOR BENEFIT COST ANALISYS

For each country and for each event included in the hazard module, the expected economic loss of
each exposed element is estimated by using the vulnerability curves associated to the structural
typologies. Each event has associated a specific frequency of occurrence. Thus, it is possible to
express the losses in function of their annual frequency of occurrence. This information is
summarized in the Loss Exceedance Curve (LEC). The LEC specifies the frequencies (also known
as the exceedance rate), usually annual, of the events for which a specific loss value may be
exceeded (Ordaz et al. 1998 b). The area under the LEC is known as the Average Annual Loss
(AAL). The AAL is the expected value of the annual loss and represents, in a simple insurance
scheme, the actuarially fair insurance premium. This metric can be obtained by integrating the

LEC (Cardona et al. 2010). The exceedance rate of a given loss is obtained as

events

v(p)= Z;P(P > pli)F, () ®

where v(p) is the exceedance rate of the sum of the losses that may occur in all the exposed
elements; F4(i) is the annual frequency of the event ; and P(P>pl|i) is the probability of a loss
greater than p given the occurrence of the event i. The exceedance rate v(p) is obtained for the sum
of all the potential harmful events. The inverse of v(p) is the return period of the loss. The
procedure to estimate the exceedance rate v(p) is the following: (i) for a given event included in
the hazard model, the probability distribution of the loss is estimated for each exposed element, by
using equations (4), (5) and (6); (ii) the probability distribution of the sum of the losses of all
exposed elements is estimated according to the loss-aggregation rules proposed by the National
Commission for Insurance of Mexico (CIRCULAR S-10.4.1.1); (iii) the probability that the total
loss for a hazard scenario exceeds a certain value p is estimated; (iv) the probability estimated in
the previous step is multiplied by the annual frequency of occurrence of the event i. This procedure
must be repeated for all the events i included in the hazard module.

The LEC and the AAL can be estimated by using the software ERN-CAPRA-GIS (Cardona et al.
2010). This open source software was developed by ERN-AL consortium with support of the

Interamerican Development Bank, the World Bank and the International Strategy for Disaster
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Reduction. Further information about this software 1is available at the website

http://www.ecapra.org/.

Once the Annual Average Loss has been obtained in the current case, as well as in the case of a
hypothetical intervention, the net present value of the loss in the current (Ly) and retrofitted (Lg)
alternative is estimated under the assumption that, in the long term, the expected losses would be
equal to the sum of the AAL. In this sense, the AAL could be considered as a loss that occurs
indefinitely, in perpetuity. Under this assumption, it is relevant to highlight that the present value
of losses are not estimated for a given time horizon (for example 50 years), as suggested by Smyth
et al. (2004a) and Li (2009).Therefore, the expected values of Ly and L included in Equation (1)

may be calculated as follows:
gLy =121 ©)

where E/f] is the AAL estimated for each portfolio in both the current and retrofitted cases and 7
corresponds to the discount rate.

In order to estimate the expected losses for a given time horizon, it is necessary to consider that
both the expected losses and the time when they occur are random variables. Then, based on the
LEC, stochastic loss events could be generated for a given time horizon 7. On this basis, the
present value of losses L could be obtained by following Eq (10). Nevertheless, this procedure is

out of the scope of this study.

T
L= pe™ (10)
i=1

Where L is the present value of losses, T is the time horizon and ¢; is the time of occurrence of the

loss event f3;.

APPLICATION OF THE METHODOLOGY

The proposed methodology has been applied to evaluate, at the national level, the feasibility of the
seismic risk reduction of the public schools of fourteen countries of Latin America and the
Caribbean. The countries included in the analysis are: Argentina (ARG), Bolivia (BOL), Chile
(CHL), Colombia (COL), Costa Rica (CRI) , Ecuador (ECU), El Salvador (SLV), Guatemala
(GTM), Honduras (HND), México (MEX), Nicaragua (NIC), Panama (PAN), Peru (PER) and
Venezuela (VEN).

Seismic hazard of the studied countries

The geometry of the sources and their seismicity parameters have been defined according to
previous studies developed for each country. The references used for the seismic hazard models, as
well as the number of seismic scenarios generated are listed in Table 1. The expected spectral

acceleration at the center of each municipality has been obtained by using the attenuation laws
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defined by Gallego (1999). Figure 1 shows the seismic hazard in each country considered in this
study in terms of the Peak Ground Acceleration (PGA) for a return period of 500 years

Table 1. References used in the seismic hazard model for each country

Country ~ Number of seismic scenarios Reference
Argentina 32,712
Chile 24,564
Bolivia 43,710 ERN-AL (2009)
Ecuador 31,422
Mexico 104,514
Peru 50,898
Colombia 55,338 Comité AIS-300 (1996)
Costa Rica 18,444 Benito et al. (2008)
Salvador 21,768 Climent et al. (2008)
Guatemala 24,450 Escobar et al. (2008)
Honduras 26,268
Nicaragua 26,460 Molina et al. (2008)
Panama 24,342
Venezuela 19,620 Estevez & Schubert (1993)

Exposed values

For each country and each municipality, we estimated the total built area of schools as the product
of the number of students by the average area per student. The number of students is obtained from
data available in the national census. The public area of schools is estimated as a percentage of the
total area. This value depends on the range of population of each municipality (see Table 2). These

percentages have been obtained from the average number of pupils on roll in urban and rural areas.

Table 2. Population and percentages of public education by ranges of population

Range of population Public education (%)
High > 100,000 50
Medium 20,000 to 100,000 80
Low <20,000 100

Given the scope of the study and the available information, some simplifications have been made
in order to define an average built area per student at national level. These assumptions are related
to educational progress indicators, public investments in education and local information about the
number of students and built area of schools.

From the database of the public school buildings included in the program of vulnerability
assessment and seismic risk mitigation in Bogota, it was found that the built area per student in
most of the schools is ranged between 0.9 and 2.1 m2 (see Figure 2). In other sources, like the
Manual for Estimating the Socio-Economic Effects of Natural Disasters (ECLAC 2003), different
values for the built area per student are suggested. In the case of Argentina, the built area per

student is near to 6 m2; for Peru, the classroom area per pupil is around 1.5 m2.
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In order to express the average built area per student in terms of indices of the educational progress
of the countries, we considered the Educational for All Development Indicator -EDI (UNESCO
2010). Therefore, by using the indices of built area per student mentioned above and the scale of
the EDI, it is possible to estimate the area per pupil under the assumption that the bigger the EDI,
the wider the schools. The results of the relation between the EDI and the area per student are

shown in Figure 3.
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Figure 2. Percentage of buildings by ranges of m2 per student in public schools of Bogota.

Source: Secretaria de Educacion del Distrito Capital (2004)
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Figure 3. Graphic representation of the area per students in function of the EDI

In order to estimate the costs of the built area, we obtained the prices per m2 from national centers
of statistics and from data included in the WHE (EERI-IAEE 2012). Nevertheless, this information
is incomplete and is not always available for all countries. Therefore, it was necessary to establish
a relation between the exposed values per student and the GDP per capita. Thus, the costs per m2

were adjusted according to those parameters (see Figure 4).
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Figure 4. Relation between the GDP per capita and the exposed value per student

For each country, the representative structural typologies were selected according to the data
available in the national census regarding the construction materials and characteristics of walls,
floors and roofs. Besides, we used the information about predominant building classes and
techniques provided by the WHE. We made the assumption that the school buildings were built by
using the common construction techniques used in the country. Typically, school buildings are low
rise, with 2 or 3 floors.

The results of the exposure module are summarized in “shp” format files (shapefiles) which are
compatible with geographic information systems. Those files include: i) the id of the
municipalities; ii) the representative structural typologies; ii) its location; iii) the scholar built area;
iv) the economic value, and v) the number of students. Figure 5 shows, the composition of the
schools portfolio by structural typologies on each country. Figure 6 shows for each country, the

exposed values estimated, aggregated by municipalities.
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Figure 5. Composition of the built area by structural typologies for each country
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Vulnerability of the schools in the current and retrofitted state

Among the countries included in the analysis, there are different seismic regulations for each
structural typology, as well as different safety targets for the educational infrastructure. Given the
scope of the study, it is not feasible to examine in detail specific buildings, as well as the
retrofitting methods and the correspondent vulnerability reduction. Therefore, we made some
simplifying hypotheses in order to define the vulnerability curves for the exposed elements.

The school buildings have been characterized by structural typologies with low code requirements
in the current case and by high code requirements in the case of structural intervention. Then, the
feasibility of the seismic risk mitigation of the schools is evaluated by assuming a set of standard
structures, whose losses are estimated for all the possible ground motions, according to the
correspondent seismic hazard model. For adobe and unreinforced masonry buildings, we
considered that, in the retrofitted case, the buildings are replaced by new facilities made of
reinforced masonry. This alternative not only improves the seismic safety, but it also represents an
opportunity to upgrade the infrastructure. The references of the parameters of the structural
typologies considered are shown in Table 3. The expected vulnerability curves for both the current

case and the retrofitted case are shown in Figure 7.

Table 3. References of the capacity curves for the current case and the retrofitted case

Structural typology Current case Retrofitted
Yamin et al. (2004), Tarque et Facilities replaced by new
Adobe . L
al. (2010). reinforced masonry buildings

) o Hazus MH 2003 (FEMA/NIBS Facilities replaced by new
unreinforced masonry buildings

2003) Pre code reinforced masonry buildings
Confined masonry Garcia-Ruiz et al (2010).
Reinforced masonry buildings with
precast concrete diaphragms
Concrete frames with unreinforced (FEM;/;ZIL:SN;;(E;)T) ; Hazus MH(2003) (FEMA/NIBS
ow code
masonry walls 2003) High code

Precast concrete frames with concrete
shear walls

Wood structures

From Figure 7(a) it is possible to identify that, in the current conditions, the most vulnerable
building typologies are the adobe and the unreinforced masonry buildings; the less vulnerable
buildings are the concrete frames with unreinforced masonry walls. It is possible to identify from
Figure 5 that the unreinforced masonry buildings are common in most of the countries included in
the analysis. The greater percentages of areas built with this typology to the total built area (larger
than 40%) correspond to Bolivia, Guatemala, Ecuador, Panama and Costa Rica. The percentage of
areas built of adobe buildings to the total built area is relevant in Bolivia and Honduras (20% and
10% respectively). Finally, the percentage of the built areas built with concrete frames buildings to

the total built area (greater than 30%) is relevant in Mexico, Chile, Colombia and Honduras.

13



- 0,
100% 100% PVt
T a v
~ a KA " w
o 80% 1 = 80% AT W -
= . 7
7] ” 'd
n 12 LR/ 7’
1) o KAA ’ ’
S 60% A = 60% = ~
Q A = /’ 4
[5)
2 = &R L7
& 40% A S 40% A%,
o A | /‘ ’,
o 2 =,
g %] 5 52
> Z ;QA, sz
B 0% o T T T T S 0% e . . .
8 0 100 200 300 400 500 g 0 500 1000 1500 2000
o
= Sa (gals) L;j
. . a (gal

= = Concrete frames with unreinforced masonry walls S (g S)

(pre code) X X

= Reiforced masonry (pre code) = = Concrete frames with unreinforced masonry walls
(High code)
—Wood (pre code) =~ Reiforced masonry (High code)

—r—
Confined masonry (pre code) == Precast concrete frames (High code)

== Precast concrete frames (pre code)
= = Wood (High code)
*— Adobe

= &= Confined high cod
== Unreiforced masonry (low code) onfined masonry (high code)

(a) (b)

Figure 7. Vulnerability curves included in the analysis (a) current conditions; (b) after structural

intervention

Retrofitting costs

Retrofitting costs are related to the structural intervention adopted in order to guarantee the
required level of seismic safety of the structures and, therefore, they depend on the structural
system of the buildings and on their seismic design. Typical retrofitting costs are suggested in
FEMA 156 (FEMA 1994b) and FEMA 157 (FEMA 1994c). In GeoHazards International - Escuela
Politécnica Nacional (1995) are also given retrofitting costs per square meter for school buildings
of Ecuador. According to Coca (2006), the average costs of the structural intervention of the
schools in Bogota was about 240 US$ per m2. On the other hand, retrofitting costs can be
described as a percentage of the buildings value. Kappos & Dimitrakopoulos (2008) assumes that
the retrofitting costs are around the 12% of the buildings value. Similar values are given in the
retrofitting program of schools developed between 2007 and 2008 in Istanbul (GFRRD, 2009).
Taking into account the above mentioned references, in this work we assumed the
retrofitting/replacement costs as follows: i) adobe buildings are replaced by new reinforced
masonry buildings; ii) for the remaining structural typologies, retrofitting costs were considered as
a percentage of the replacement cost, which is considered as the 15% of the building.

The discount rate t used to convert the costs of losses due to future earthquakes into present
monetary values is 3%. Similar values have been suggested by Kappos & Dimitrakopoulos (2008),
as well as by the Benefit-Cost Model for the assessment of Seismic Rehabilitation of Federal

Buildings (FEMA 1994 a).
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RESULTS

Table 4 shows a summary of the exposed values and the calculated BCA at country level. It is
possible to identify in Figure 8 three categories of countries according to the estimates of the AAL
for the current portfolio of schools. The lower values of the AAL (lower than 1 %) correspond to
Argentina, Venezuela, Colombia and Mexico. In the case of Argentina, Colombia and Venezuela,
those results reflect a lower concentration of buildings in zones of relative moderate to high
seismic hazard (see figures 1 and 6). In the case of Mexico, the low estimates of the AAL are
related to the composition of the schools portfolio which includes typologies of relatively low
vulnerability such as reinforced concrete structures (see Figure 5). Figure 9 shows the loss

exceedance curves estimated for each country.
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Figure 8. Average Annual Loss of the educational sector by country in the current case an in the

retrofitted case

We obtained the highest values of the AAL (greater than 6% of the exposed value) for Peru, El
Salvador, Ecuador, Costa Rica, Nicaragua, and Guatemala. These results reflects the composition
of the school portfolio by structural typologies, which consists of relatively high vulnerability
unreinforced masonry and adobe buildings, located in areas with relatively high seismic hazard.
The estimates of the AAL for these countries are considerably high. Bolivia, Chile, Panama, and
Honduras have an estimate of the AAL around 2% of the exposed value. Those results are also
related with the seismic hazard model developed for each country and with the structural
typologies considered relevant for each schools portfolio. In the case of Chile, the seismic hazard
is relatively high, meanwhile the school portfolio is composed by structural typologies with
relatively low vulnerability such as reinforced concrete and reinforced masonry buildings (see

Figure 5).
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Table 4. Summary of the results

. AL E(L) Retrofitting costs Benefit Cost Ratio
Country Number of Build area ExFo-sed value Current Retrofitted
students (m?2 x 10%) (millions $US) N - % Exposed

(Millions $US) (o) (Millions $US) (o) Current  Retrofitted Millions USD % GDP value BCR
VEN 5,932,654 28,131 $25,519 $73.78 2.9%o $7.10 0.3%o 2,489 239 6580 2% 26% 0.34
CHL 1,929,800 9,999 $7,716 $219.08 28.4%o $29.37 3.8%0 7,390 984 2820 2% 37% 2.27
MEX 26,225,836 122,785 $89,116 $248.63 2.8%o0 $45.77 0.5%0 8,389 1,535 40096 4% 45% 0.17
ARG 8,038,308 42,768 $29,793 $21.34 0.7%o $4.24 0.1%o 718 140 7647 2% 26% 0.08
PAN 682,940 2,170 $1,483 $40.43 27.3%o $3.55 2.4%o 1,364 120 670 3% 45% 1.86
CRI 1,153,291 3,159 $1,952 $152.33 78.1%0 $10.15 5.2%0 5,143 343 952 3% 49% 5.04
COL 9,170,199 20,710 $ 11,327 $94.99 8.4%0 $15.23 1.3%o 3,203 510 6036 2% 53% 0.45
PER 6,483,956 18,194 $ 8,881 $1,170.99 131.8%o0 $95.33 10.7%o 39,503 3,212 2587 2% 29% 14.03
ECU 2,817,108 4,146 $1,572 $166.36 105.8%o0 $12.25 7.8%o 5,613 413 662 1% 42% 7.85
SLV 1,803,495 1,535 $475 $53.82 113.3%o $4.10 8.6%0 1,816 138 356 2% 75% 4.71
GTM 2,760,358 2,204 $ 640 $41.31 64.5%0 $2.24 3.5%0 1,394 75 286 1% 45% 4.60
BOL 2,286,652 4,953 $929 $28.35 30.5%o0 $1.49 1.6%o 957 50 353 2% 38% 2.57
HND 2,022,766 1,993 $332 $8.65 26.1%o $0.93 2.8%o 292 31 237 2% 71% 1.10
NIC 1,743,900 1,909 $263 $20.19 76.8%0 $1.68 6.4%0 682 57 156 2% 59% 4.01
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Figure 9. Loss exceedance curves estimated for each country
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The results shown in Figure 9 are useful in order to define acceptable levels of losses as well as
risk transfer mechanisms. Also, these results are used in order to identify the benefits of risk
mitigation alternatives. Based on these curves, it is possible to estimate the AAL for both the
current and the retrofitted portfolios. Then, the benefits of the risk reduction alternatives can be
estimated as the difference of the present value of the AAL between both portfolios. The wider
expected reductions in losses are observed in Bolivia, Costa Rica, Ecuador, El Salvador,
Guatemala, Honduras and Peru. These differences can also be observed in Figure 8.

Once estimated the benefits of risk reduction activities, it is possible to establish from equations 1
and 9 the feasibility of the seismic retrofitting of the schools from a financial perspective. The
benefit cost ratio given by Equation 1 is greater than 1 when the difference between the AAL in
the current case and the retrofitted case, AAAL, is greater than the retrofitting costs multiplied by
the discount rate. If those terms are normalized by the Exposed Value. EV, the threshold of the
feasibility of the seismic upgrading can be described by:

AAL _ zC,

11
EV EV (o

The results of the BCR analysis are shown in Figure 10. In the abscissa is shown the retrofitting
costs CR, multiplied by the discount rate 7 and normalized by the exposed value EV for each
country. In the ordinate is shown the difference between the 44AL for the current and retrofitted

portfolio of schools 44A4L, also normalized by the exposed value.
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Figure 10. Benefit cost results

It is possible to observe in Figure 10 that the difference between the AAL of the current portfolio
and the AAL of the retrofitted portfolio is not significant when compared with the retrofitting costs
in the case of Venezuela, Argentina, Colombia and México; those countries are below the
threshold of the BCR ratio. Therefore, in these countries, the seismic upgrading of the public
school portfolio is not attractive from a financial perspective. For the remaining countries, it is
feasible to develop a seismic upgrading of the schools portfolio from a financial perspective, given

the expected reduction of the AAL and the estimated costs of the structural intervention.
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The estimates of the BCR are obtained from the loss estimates derived from the model developed
for the generation of the stochastic events, the vulnerability curves used, the retrofitting costs
considered as well as the discount rate adopted. Regarding the loss assessment, in this proposed
methodology is considered that the AAL is a loss that occurs indefinitely, in perpetuity. Therefore,
the present value of the AAL and of the BCR, are not sensitive to any time horizon. Nevertheless,
by generating stochastic loss events according to the LEC, it is possible to estimate the present
value of losses for a given time horizon by following Eq (10).

Also, it must be remarked that the estimation of the LEC includes the (random) uncertainties of
both the ground motions at the building site and the expected value of losses. By following the
proposed procedure, it is possible to estimate, for any seismic event, the probability of exceedance
of a certain value of loss, and, by using Eq (8), the loss exceedance rate could be obtained taking
into account all the seismic events. Then, regarding the random uncertainty, no confidence
intervals are required. On the other hand, this article does not include considerations on the
epistemic uncertainty neither for both the hazard nor for the used vulnerability models, that allows
defining confidence intervals for the loss estimates. Those calculations are out of the scope of this
study.

Regarding the sensitivity of the BCR to the discount rate, it is possible to identify from Equation 1
and 9 that SBCR/S7is equal to (-1/7°)x(AAAL/Cy). In this case, it has been observed that variations
of 7 lower than +0.5% are not relevant in order to identify countries where the structural
interventions are feasible, by considering as a criterion a BCR/0.9. Therefore, the result of the
analysis is sensitive to the discount rate. For example, if a discount rate of 12% is considered, the
BCR is 4 times lower than in the case of a discount rate of 3% (see Figure 11a). Figure 11b shows

the BCR estimated for Honduras, by considering different values of 1.
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Figure 11. (a) BCR estimated for discount rates of 2.5%, 3%, 3.5% and 12%. (b) BCR for

Guatemala for several values of t.

For the analysis of the results, countries were classified in groups defined by ranges of the AAL in

the current portfolio and of the EDI (UNESCO 2010). In a similar procedure, countries were
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classified based on the results of the AAL and the public investment in education as a percentage
of the GDP. When comparing the estimates of the AAL and of EDI, the seismic risk assessment of
schools acquires different meanings. It is possible to identify the following cases: I) countries with
large AAL and notable advances in education; II) countries with notable advances in education
and low estimates of the AAL; III) countries with low progress in education and low estimates of
the AAL and IV) countries with low progress in education and high estimates of the AAL. Figure
12 classifies the countries according to the AAL and the EDI considering these four cases.

The ability to finance risk reduction activities, as well as plans to recover from disasters, is also
examined herein for the studied countries. At national level, the investment in education as a
percentage of the GDP is considered as a reference of the resourcefulness of the educational
sector, under the assumption that part of the recovery funds will be obtained from budgetary

reallocation.
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Figure 12. Average Annual Loss (AAL) and Education for All Development Index (EDI)

By comparing the estimates of the AAL with the investment in education as a percentage of the
GDP, it is possible to identify four different cases: I) countries with large AAL estimates and high
investments in education; II) Countries with high investments in education and low estimates of
the AAL; III) Countries with low investments in education and low estimates of the AAL; and V)
countries with low investments in education and high estimates of the AAL. Figure 13 shows all

these cases for the studied countries. Table 5 gives a summary of both classifications.
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Figure 13. Average Annual Loss (AAL) and investment in education (% GDP)
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Regarding the capacity to develop risk reduction programs, Table 4 gives the retrofitting costs in
terms of the GDP. These values range from 1 to 4%, and are closer to the total annual investment
in education. When comparing these costs with the educational expenditure on capital on public
institutions (see Figure 14a), it has been found that the estimated retrofitting costs are several times
larger than the resources available for construction, repair, renovation or replacement of buildings
and infrastructure of the educational sector (see Figure 14b). Therefore, seismic upgrading
programs may represent significant efforts, which may require the definition of financing

strategies, such as credits from international organisms.
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Figure 14. (a) Educational expenditure on capital of public institutions (%GDP); (b) Retrofitting
costs / education expenditure on capital of public institutions

Note: No data available for Peru, Costa Rica and Honduras

From the classification given in Table 5, it can be concluded that the countries included in cases I
and IV should consider as a priority task in their development plans the investment in education
and in the seismic risk reduction. Given the scope of the performed study, the details of the
information and the limitations of the model, the feasibility of the seismic upgrading of schools in
cities and at subnational units, such as the Case of Bogota, or Quito, cannot be discussed using the

results of this analysis.

Table 5. Country classification according to the AAL, the EDI index and the investment in
education (%GDP)

Case AAL vs EDI AAL vs Investment in education (%GDP)

I Pert, Costa Rica, Ecuador Costa Rica

Meéxico, Argentina, Chile, Panama, o ) ) )
11 ) o Bolivia, Panama, México, Argentina, Colombia
Venezuela, Colombia and Bolivia

III | Honduras and Guatemala Chile, Venezuela, Guatemala and Honduras

IV | Nicaragua, El Salvador Peru, El Salvador, Nicaragua and Ecuador
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This analysis is focused on the estimation of economic losses. Nevertheless, a complete and
comprehensive benefit cost analysis should include other variables such as, for instance, those
related to the possible casualties to the students. Nevertheless, those consequences/losses are
incommensurable with the economic losses (Hansson 2007). Therefore, the decision-making
process related to risk reduction programs should be developed by taking into account also social
and political aspects (Aven y Kriestensen 2005). In this regard, the use of risk indicators,
following a holistic approach, is suggested (Barbat et al. 2010; Barbat et al. 2011 and Carrefio et
al. 2012).

CONCLUSIONS

This study proposes a methodology for an estimate of the feasibility of the seismic risk reduction
of a buildings portfolio at a broad scale level. The methodology consists in the following: i) the
estimation of the built area and the economical value of the buildings portfolio, aggregated at a
given administrative unit, and its classification into structural typologies according to the most
common construction techniques of the studied territory. ii) The development of vulnerability
curves for each structural typology, considering the current case, as well as for the case of a
hypothetical structural intervention. Those curves provide, for a given ground motion intensity, the
expected value of loss and its standard deviation. iii) The generation of a set of random seismic
events according to the seismicity of the studied territory. iv) The estimation of the average annual
loss in the current case and in the case of strengthening of the buildings portfolio. v) The
estimation of a benefit cost ratio by comparing the expected reduction in the average annual loss
with the retrofitting costs.

This methodology has been applied to evaluate the feasibility of the seismic risk reduction of the
built area of public schools in countries of Latin America and the Caribbean. Among the countries
considered in the study, it is observed that for Venezuela, Argentina, Colombia and México, the
reduction of the average annual loss is not significant when compared with the retrofitting costs.
Therefore, the seismic upgrading of the public school portfolio is not attractive from a financial
perspective. In those countries, loss estimates are lower due to the composition of the schools
portfolio by structural typologies of relative low vulnerability such as reinforced concrete moment
frames. Also, it is relevant the geographical distribution of the built area with regard to its
exposition to the seismic hazard. If buildings are located in regions with moderate to low
seismicity, their expected losses would be lower and those results would reduce the feasibility of
the structural intervention at the national level. In the remaining countries, the benefit cost ratio is
greater than 1 and, therefore, it is feasible to develop a seismic upgrading policy of the schools
portfolio.

In order to assign priorities among countries regarding the seismic risk of the schools, the results
of the average annual loss have been compared with indicators describing the performance of the
educational sector, as well as indicators of the public investments in education. The rationale of

this analysis is to identify countries that may have limited resources for financing risk mitigation
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projects and disaster recovery activities. This analysis is also considered as a first criterion
allowing identifying countries in which the potential losses of the school buildings are high when
compared with the investments in education and may affect the achievements of the educational
goals.

It must be remarked that the obtained results represent a gross estimate of the seismic risk at
country level. The model used for this analysis is based on the general information regarding the
number of students, the average prices of built area, the retrofitting costs, the building typologies
and the vulnerability curves. Therefore, although these results are useful, they should be
considered only as indicative for the prioritization and definition of more specific plans and
programs for seismic risk reduction. These results are considered as inputs for policy making of
international organizations interested in establishing priorities among different countries in
regional context, with regard to allocating funds for programs concerning retrofitting of structures

and/or infrastructures.
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