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Retrofitting the existing building stock is needed since it can cause significant losses
as in case of a damaging earthquake, particularly in structures used for public
services, such as schools. Effective and optimal seismic retrofitting measures
applied to existing masonry constructions should arise from a strong
understanding of the vulnerabilities associated with each structural typology and
construction practice. Using representative structural configurations of the masonry
buildings used in the education sector from Romania, the paper aims to evaluate the
seismic risk associated to the existing buildings and to support informed decision-
making for seismic retrofitting measures. Starting from a broad database of school
masonry buildings, potential losses were evaluated considering two seismic hazard
scenarios. For an earthquake having a 63% exceedance probability in 50 years, losses
estimated for the education sector comprising masonry structures reached almost
240 mil. € and 2,500 potential casualties. For highlighting that investments in
retrofitting masonry structures from the education sector lead to significant
reductions of potential losses, prioritization criteria were proposed and
cost–benefit analysis was carried out for about 15,000 buildings. Results are
presented through graphs and maps that illustrate the distribution of annual
failure probabilities at the national level. Therefore, the methodology proposed
and the results presented in this paper can represent a valuable tool for
substantiating public policies aiming at reducing the seismic risk, in particular for
existing masonry structures.
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1 Introduction

Almost 60% of the entire building stock of kindergartens, schools, and high schools in
Romania consists in masonry structures used for classrooms and laboratories, according to
the data collected in 2018–2019 for the national database of the Integrated Information
System of Education in Romania (SIIIR). Considering that more than 20% of these are
unreinforced masonry and more than half of them were built before 1920, their
vulnerability is high and risk assessments should be focused on reducing seismic risk
associated to them.

Previous studies regarding the effectiveness of strengthening interventions applied to
similar typologies of masonry structures have been conducted in Europe (Penazzi, et al.,
2001), (D’Ayala, et al., 1997), (Spence, et al., 2000), New Zealand (Ingham and Griffith,
2011), and South America (EERI Special Earthquake Report, 2007). Confined masonry
structures, where the structural masonry walls have reinforced concrete elements on the
border (tie beams and small columns), have proven to have a better behavior than the
unreinforced masonry during seismic events, as confirmed by the experience from
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residential buildings in Chile (Moroni et al., 2004). Transforming
existing unreinforced masonry structures into mixed systems with
brick walls and reinforced concrete floors and frames, as well as
reinforced concrete jacketing applied to masonry walls, represent
retrofitting methods that have been extensively used in the last
decades and continue to be applied in Romania (Scupin et al.,
2020). However, these invasive traditional methods are strongly
debated (Campos Pomba, 2007) since they might produce
important variations in the global behavior of the structure in
terms of stiffness and load-bearing capacity, potentially leading to
inappropriate force distributions (Monteiro and Bento, 2012).
Alternative retrofitting methods were also studied for the
existing residential building stock from Romania, both in
experimental campaigns (Lozinca et al., 2016) and through
numerical models, in particular for a typical project of medium-
rise apartment buildings retrofitted by means of fiber carbon sheets
applied as an alternative to RC jacketing (Scupin et al., 2020). In
literature, large-scale seismic risk assessments were performed by
various methods, and the outcomes are presented in various ways,
through risk maps or risk indicators such as the annual average loss
ratio. However, one of the most important aspects related to
seismic risk assessments performed at the regional or national
scale is the data available in terms of exposure and vulnerability.
Since the only extensive post-earthquake data collection was
carried out after the 1977 Vrancea earthquake (around
12,500 masonry buildings inspected in Bucharest and 1800 in
Iasi), it is difficult to employ empirically derived fragility
functions (Vacareanu et al., 2012), as it is commonly carried out
in seismic-prone countries [(Zuccaro and Cacace, 2015), (Vicente
et al., 2014), (Lagomarsino and Giovinazzi, 2006)]. Partial use of
large databases, such as the information collected as part of the
census, is extremely useful in the residential sector, but there is
always the need to complement available data with filed
investigations and post-earthquake assessments. More than
250,000 residential buildings were assessed in Italy following the
procedure proposed by Zuccaro (2015).

For planning the strengthening interventions on the existing
building stock from the Alfama neighborhood in Lisbon, a loss
assessment was carried out for the residential sector, and then
retrofitting by means of adding steel ties was proposed (D’Ayala,
et al., 1997). The efficiency of the retrofitting method proposed was
analyzed by comparing damage probability matrix associated with
the unstrengthened version and the strengthened version of the
structures.

In order to assess the effectiveness and economic viability of
investing in strengthening measures for reducing the risk
associated to masonry buildings from Romania used in the
education sector, cost–benefit analyses have been used. This
type of analysis represents another way of assessing the
feasibility of investing in large-scale seismic risk reduction
through retrofitting. For the existing residential building stock
from Lisbon, cost–benefit analyses were carried out in order to
balance the technical and economical aspects involved in such a
process. Alternative retrofitting methods were considered, such as
using reinforced plastering, adding crown beams or bracing walls,
and performing local strengthening works or even rebuilding,
with appropriate average costs and then losses, and potential
benefits were estimated for each retrofitting scenario (Marques
et al., 2018).

2 Materials and methods

2.1 Seismic risk assessment

Seismic risk analyses for the entire building stock require
information on exposure, in the form of inventories of people,
buildings, and assets exposed. In order to assess the seismic
vulnerability for large portfolios of buildings, the recommended
approach involves establishing structural typologies that allow the
initial filtering of a large number of buildings through objective criteria
in order to estimate the expected structural response. The basic
exposure and vulnerability parameters, such as number of pupils
and teaching staff, number of shifts, structural system, year of
construction, and surface or height regime, are available from the
SIIIR database, along with the location of each school unit, which
further provides data on the seismic hazard level on site. The data
related to average annual exceedance rates of the seismic action which
were used in the present paper comprise the results of the latest seismic
hazard analysis carried out as part of the BIGSEES project (Pavel et al.,
2016).

Fragility functions were assigned to the entire database of
15,084 masonry buildings, grouped in four types of structural
systems presented in Table 1: URM_FF (unreinforced masonry
structures with flexible floors), URM_RM (unreinforced masonry
structures with rigid floors), CM (confined masonry), and CM_RM
(retrofitted confined masonry). Confined masonry structures have
reinforced concrete elements confining the masonry walls, such as tie
beams, beams and columns, while the retrofitted version implies
reinforced concrete jacketing of the masonry walls.

These typologies are considered to be representative for the
building stock of masonry structures from the education sector,
where most of the structures hosting classrooms and laboratories
are low-rise (less than three levels above ground). Figure 1 presents the
distribution of these four structural typologies for the entire data
sample used for the analysis.

Previous seismic risk assessments focused on masonry structures
were performed for the existing residential building stock from
Romania (Pavel et al., 2022) and for some massive heritage
buildings (Scupin and Vacareanu, 2021). The seismic risk
assessment employed in the present paper implies the convolution
integral proposed by Kennedy that estimates the probability of
exceeding a certain level of structural damage (failure probability
PF) based on the fragility (PF|a) and the hazard (HA), namely, the
annual rate of exceedance for a certain ground motion amplitude
(Kennedy, 2011):

PF � ∫+∞

0
HA a( ) · dPF|a

da
da.

2.2 Structural fragility

In order to assess the fragility parameters for each of the
typologies considered, numerical models were realized based on
a school building from Bucharest that was initially built in 1884 as a
two-story unreinforced masonry structure with flexible wooden
floors, which passed during time through progressive structural
changes aimed to improve its behavior. First, in the 1940s, the
wooden floors were replaced by 12-cm-thick reinforced concrete
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slabs and then, after the 1977 Vrancea earthquake, a few reinforced
concrete frames were added (beams and columns), transforming
the structure into a confined masonry one. The latest retrofitting
project aimed to align the structural behavior of the building to the
latest safety regulations and thus proposed jacketing of most of the
masonry walls (10-cm-thick shotcrete reinforced with ø10/15 ×
15 cm), the addition of supplementary reinforced concrete
columns and some local repairs. The plan view of the semi-
basement level shown in Figure 2 presents the location of the
initial RC columns, as well as the current strengthening measures
proposed for the school building.

TREMURI (Lagomarsino et al., 2013) and 3DMacro software
were used for the non-linear static analyses of the structures, the
first one for the unreinforced masonry systems and the last one for
the mixed RC–masonry system, in order to properly model the
interfaces between masonry panels and RC elements. The
numerical models created using TREMURI use deformable
macro-elements (piers and spandrels) connected by rigid nodes
and allow capturing two failure mechanisms specific for masonry
structures: yielding caused by shear in spandrels (diagonal

FIGURE 1
Masonry structure distribution for the education building stock
(Romania).

TABLE 1 Structural typologies used for the fragility assessment (adapted after Correia Lopes, et al., (2019).

Typology Sketch Structural system Floor system

URM_FF Unreinforced masonry Flexible

URM_RF Unreinforced masonry Rigid

CM Confined masonry (RC beams and columns) Rigid

CM-RM Retrofitted confined masonry Rigid
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cracking) and for piers and failure caused by combined bending
and compression (Scupin et al., 2021). However, in order to capture
the interaction between RC elements (beams and columns) and
masonry walls, 3DMacro defines interface springs placed at the
edges of masonry panels that work in compression-bending and
shear (Formisano, 2014). Previous research in the field of assessing
existing masonry structures by means of numerical models
highlighted that both software are adequate for non-linear static
analyses (Marques and Lourenço, 2014). In order to define the
material characteristics for all the numerical models used, specific
information collected as a part of the seismic evaluation report was
used. The material properties defined for existing masonry
structures from Romania were previously tested as part of
experimental campaigns (Lozinca et al., 2016), and further on,

numerical models of masonry walls were calibrated based on them
(Scupin and Vacareanu, 2021).

Once capacity curves were obtained for each model, level II
methodology from the RISK-UE project (Milutinovic and
Trendafiloski, 2003) was used to establish thresholds for each
damage level (minor, moderate, extensive, and complete) and then
obtain fragility curves expressed function of median values of spectral
displacements and standard deviations. Fragility curves obtained for
the longitudinal direction of the building, the most vulnerable one, are
shown in Figure 3 (URM-FF), Figure 4 (URM-RF), Figure 5 (CM), and
Figure 6 (CM-RM). Comparing the expected damage level associated
to the same values of spectral displacements, it can be observed that
the highest exceedance probabilities are obtained for the structures
having unreinforced masonry walls and flexible floors, with a

FIGURE 2
School plan view: evolution of retrofitting interventions.

FIGURE 3
Fragility curves for URM-FF.
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significant improvement for the behavior of confined masonry and
retrofitted masonry.

The fragility curves obtained from the numerical models of the
school were compared to those of similar structural systems from
relevant literature in the field of assessment of masonry structures. For
the confined masonry structures, the ‘Placa’ structural systems from
Lisbon, Portugal, were used since they are mixed masonry–RC
buildings with rigid slabs, built in between the 1940s and 1960s,
similar to the structures from Romania. Comparing the fragility curves
proposed by Lamego et al. (2017) for medium-rise Placa buildings
expressed in spectral displacement and standard deviations with the
fragility curves obtained for the CM (see Figure 5) model of the school,
good agreements were obtained for all the damage states.

2.3 Cost–benefit analysis

In order to estimate the efficiency of retrofitting existing masonry
structures, the seismic risk calculations for the education sector are
first carried out based on the seismic fragility of the structures as they
are currently reported in the database and then compared with the risk
estimates computed for retrofitted structures (CM-RM) that have
different fragilities associated.

The tool used for evaluating the feasibility of investing in
retrofitting the masonry school buildings from Romania is the
cost–benefit analysis, which is an economic planning of the
retrofitting expenditures and the estimated benefits from reducing
the seismic risk through such actions.

FIGURE 4
Fragility curves for URM-RF.

FIGURE 5
Fragility curves for CM.
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The first step of the analysis is represented by the loss estimation
for the portfolio considered. The losses are quantified for the existing
situation and for the potentially retrofitted building stock following
the HAZUS methodology (FEMA, 2015), which presents a method for
establishing a link between the expected level of damage resulted from
fragility curves and the direct losses or number of casualties and
injured people during a seismic event. For each damage condition
(slight damage, moderate damage, extensive damage, and complete
damage), the handbook indicates casualty rates expressed in
percentages that have to be multiplied with the corresponding
probabilities of exceeding a certain damage state in order to
determine the probability of casualties, for a specified number of
persons exposed.

The input data are represented by the basic structural and
exposure parameters from the national database of the education
system in Romania (SIIIR), along with the locations that correlate each
of the buildings in the portfolio with a certain level of seismic hazard,
according to a certain earthquake scenario. For the present case, the
PGA values considered for each location are obtained based on a
probabilistic seismic hazard analysis for two earthquake scenarios: one
having 63% exceedance probability (scenario 1) and another one with
39% exceedance probability (scenario 2) for a period of 50 years, the
same as the design lifetime of regular buildings.

Once assigned structural systems, fragilities, and levels of seismic
hazard for each entry in the database, the probabilities for exceeding a
certain damage state were computed and further on combined with
the casualty rates proposed in HAZUS for estimating the probability of
having casualties with severity 4, meaning persons who are
instantaneously killed or mortally injured (FEMA, 2015). In a
similar manner, the HAZUS methodology proposes structural and
non-structural (sensitive to acceleration or displacements) repair costs
for education facilities, expressed as percentages of the total
replacement cost, which was considered equal to 600 €/sq m. Based
on cost estimates from past rehabilitation projects in the education
sector in Romania, an average cost of 400 €/sq m was obtained, to

which was added 200 €/sq m in order to account for the value of assets
(furniture, equipment, and document ) inside the buildings.

In addition to the basic parameters needed for the input data
related to the loss estimations, there are also several economic
parameters that need to be established for the total cost estimates,
such as the planning horizon of the investment, the discount rate, and
the rhythm of interventions, meaning the amount of strengthening
works able to be carried out yearly. Starting from these, the discounted
benefits and the discounted costs can be determined for each year of
the planning horizon and thus estimate the payback period, the
benefit–cost ratio at the end of the investment, and the internal
rate of return. Taking into account the amount of resources needed
in order to retrofit such a large portfolio of buildings at the national
scale, the planning horizon was considered to be 50 years and the
investments were distributed in the first 15 years, with 1000 buildings/
year and in average 8,00,000 sq m of built-up areas to retrofit
each year.

To calculate the discount rate, a long-term growth rate of
approximately 4.9 and a zero-utility discount rate were considered
so that both benefits and costs are reduced over the entire investment
planning period, namely, for 50 years. The Ramsey formula was
applied for calculating the discount rate, yielding to a social
discount rate equal to 5%.

The economic performance indicator called net present value is
the difference between discounted benefits and costs. Consequently,
the discount rate for which the net present value is 0 at the end of the
planning horizon is called the internal economic rate of return. At the
end of the planning horizon, the benefit–cost ratio is calculated as the
ratio between the present value of the benefits and the costs. Benefit
over cost values higher than 1 at the end of the planning horizon
indicate a feasible investment from the economic point of view.
However, financing risk reduction measures in the education
sector, by reducing the risk of life losses and structural damage of
such buildings, has additional social benefits not considered in the
present analysis.

FIGURE 6
Fragility curves for CM-RM.
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3 Results

3.1 Annual failure probabilities and risk maps

Seismic risk analysis involves estimating annual probabilities of
failure, based on fragility functions and seismic hazard, considering
permanent exposure of the building stock and of the users inside. The

annual probabilities of failure are considered in this case the
probabilities of exceeding the extensive damage state (DS3) and the
complete damage state (DS4), the former implying a 10%–15%
probability of collapse. According to the HAZUS methodology
(FEMA, 2015), extensive structural damage recorded for URM
walls implies extensive cracking and local failures, while complete
structural damage of the walls, either in-plane or out-of-plane, might

TABLE 2 Seismic risk maps: annual failure probabilities.

Structural typology Exceedance probability DS3 Exceedance probability DS4

Legend

URM_FF

URM_RF

CM

CM-RM
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lead to the collapse of the structure, with a 15% collapse fraction.
However, the reinforced masonry structural type, having also rigid
diaphragms, has a slightly lower collapse fraction assigned in case of
low-rise structures, namely, 13%.

Table 2 presents the comparison between seismic risk maps
obtained for the exceedance of DS3 and DS4, where annual
exceedance probabilities are shown for each masonry typology at
the county level, according to the color legend. The lighter colors
indicate the lower seismic risk levels, namely, the lower failure
probabilities, while the darker ones illustrate the highest seismic
risk. It can be observed that the Vrancea seismic source located in
the eastern side of the country strongly influences the seismic hazard
levels and consequently the seismic risk for all the structural
typologies. However, the highest risk is recorded for the
unreinforced masonry structures, where for URM_FF is estimated
an annual exceedance probability of 1% for extensive damage in
almost half of the country, while the rest has values between .01%
and .1%. For the URM_FF typology, there are only four counties for
which is estimated 1% probability of exceeding the complete damage
state, while in the case of URM_RF, lower risk levels are reported, as
expected due to the ability of RC slabs to prevent out-of-plane collapse
of masonry walls.

Comparing the masonry typologies from the database analyzed,
the best behavior is observed for the retrofitted structures (CM-RM);
however, there are only a few of them in the entire portfolio, namely,
only 3%. Since the data available related to previous retrofitting
interventions for schools are quite scarce, it is possible to have in
reality more education units strengthened and with lower seismic risk
than the ones included in the analysis. Most of the buildings included
in the risk analysis are those of confined masonry (approximately
8,700), in which approximately 700,000 pupils have classes. Out of
these, only 18% (buildings and students) are exposed to a high seismic
risk, with an annual probability of exceeding DS4 of
approximately .1%.

The situation of the most vulnerable structures, namely,
unreinforced masonry with flexible floors, affects to a greater
extent the building stock in the education sector. The analysis
includes almost 3,500 such buildings, of which 70% have an
exceedance probability for DS4 equal to .1% and another 7% have
an exceedance probability of 1%. Nearly 1,90,000 pupils studying in
schools with unreinforced masonry structures are exposed to this level
of risk associated with a potential partial collapse of the structure.

3.2 Prioritization matrix for strengthening
interventions

Starting from the list of input data at the building level taken from
the database of buildings included in the education sector, four main
parameters were chosen as being the most representative for a first-
step filtering of the building list from the point of view of seismic risk.
This step, prior to the actual loss assessment, allows the investment to
be organized in an optimal way in terms of fund allocation in areas
where potential losses are concentrated. Since seismic risk depends on
seismic hazard, structural fragility, and exposure, the prioritization
matrix from Table 3 was proposed, having four categories of values for
each parameter. For each category, scores ranging from 1 to 4 are
assigned, where 1 indicates the highest risk. For each building in the
database, scores have to be assigned for each parameter (PGA on site,TA
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year of construction, structural system, and importance) and then the
total weighted score, considering the weights in the matrix, should be
computed. Since the year of construction and the structural system are
considered to be partially correlated in terms of construction
techniques and both refer to fragility characteristics, they were each
assigned a .2 weight. The seismic hazard is expressed by means of PGA
values characteristic for each location and has a weight of .30. The
importance (exposure) parameter refers to the importance of the
school estimated based on the number of students enrolled in the
education unit, comparing schools across the entire country.
Therefore, the fourth quartile includes the schools in the country
having the largest number of enrolled pupils, namely, over
1740 students per building.

Figure 7 presents the final distribution of scores ranging from 1 to
4 for the database of 15,084 buildings having masonry structure. As
can be observed, the largest share is of the buildings having final scores
between 2 and 3 (60% of the sample), but there is also an important
part of highly vulnerable buildings with scores lower than 2, almost
25% of the entire sample considered.

3.3 Results of the cost–benefit analyses

In order to estimate losses in economic terms, it is necessary to
convert the probabilities of being in a certain damage state for
building into equivalent values expressed in monetary units.
Therefore, an average retrofitting cost has to be established and
then correlated to the built-up area of the schools in need of
strengthening measures. Considering that masonry structures
usually require extensive strengthening works that imply costly
procedures such as RC jacketing or addition of RC elements (tie
beams, slabs, and shear walls), the retrofitting cost proposed was
350 €/sq m. However, since the portfolio contains buildings of
different typologies, ages, and locations, retrofitting might be
more or even less costly than the average value proposed.
Retrofitting the entire built-up areas of masonry structures of
the 15,084 buildings considered in the database leads to a final
investment of about 4.3 mil. €. For a replacement cost of 600 €/sq

m, the avoided direct damage referring to potential repairs of
structural and non-structural damages caused by the scenario
earthquakes reaches 388 mil. € in the first scenario and 544 mil € in
the second one.

Based on the casualty rates assigned for each structural
system and the total number of exposed people inside the
buildings (pupils, teachers, and auxiliary staff), the estimated
number of fatalities is determined for each scenario. Out of the
total number of persons exposed, which is around 1.3 million, the
first earthquake scenario (63% exceedance probability in
50 years) could cause 2,459 casualties, while the second
earthquake scenario (39% exceedance probability in 50 years)
might lead to 3,622 victims. Since retrofitting the entire portfolio
of masonry buildings assumes increasing the safety and avoiding
structural collapse, the potential casualties become lives saved by
the investment. Therefore, once assigned a value of statistical life
for the potential victims, the total value of lives saved is to be
accounted as benefits in the economic analysis. The VSL (value of
a statistical life) represents the amount the society is willing to
pay for reducing the risk of dying, but because there is not
enough reliable national data for VSL estimates, the “benefits
transfer” method was applied (Cropper and Sahin, 2013). The
formula given as follows was used to determine the VSL for
Romania, which resulted in 700,018 € based on the reference
value from of 9.7 mil. $ used in the United States by the
Environmental Protection Agency and the GDP per capita (γ)
adjustment with 2018 data, as well as an elasticity rate (E) of
1.5 to account for overestimation occurring when
transferring VSL values from high-income countries to a
lower-income one:

VSLRO � VSLUSAp
γ RO

γUSA

( )
E

.

The 1.3 million pupils enrolled in the public education system,
starting from kindergarten level and up to high school level, could
benefit from the investment project in reducing the seismic risk
associated with masonry buildings. Using the estimations
previously explained, the total value of avoided life losses by
retrofitting the education buildings considered in the analysis
reaches 1721 mil. € for scenario 1 and 2,536 mil. € for scenario
2. Given that the total investment required to retrofit these
buildings is 4,388 mil. euros, a value of approximately 1.2 mil.
euros is associated with saving a life, compared to the statistical
value of life estimated at .7 mil. euros. However, calculating the
total investment in relation to the total number of beneficiaries,
namely, 1.28 million students, results in an average cost of
3,400 euros/person.

In order to have a clearer picture of the spatial distribution of the
expected number of victims in the case of the proposed earthquake
scenarios, Figure 8 presents in parallel the results obtained, each green
dot representing a potential victim. The cumulative number of points
on themap on the left (scenario 1) is equal to 2,459, and for the map on
the right (scenario 2) is 3,622, concentrated in both cases in the
southern and eastern part of the country. Most of the expected victims
are in the Bucharest–Ilfov area, Buzau, Prahova, Galati, and counties
exposed to high seismic hazard. The ratio of the number of casualties
obtained for an earthquake with an average return period of 50 years
(scenario 1) to that of 100 years (scenario 2) is between 1.4 (counties

FIGURE 7
Distribution of scores for the database ofmasonry school buildings.
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with maximum PGA values) and 1.8 (counties with values PGA
minimum).

The main outcomes of the cost–benefit analysis and the loss
estimations in terms of direct damage and life losses are presented
for the two earthquake scenarios in Figure 9. Since the second
scenario considers a seismic event with a higher mean return
period than the first one, namely, 100 years compared to 50 years,
the expected losses are higher, and thus the payback period
increases with about 20%, while the NPV and the benefit–cost
ratio decrease with about 20% as well. The analysis considers the
benefits weighted by the probability of exceedance associated with
the ground motion, and since the first earthquake scenario has
higher exceedance probabilities, even if the losses estimated for
the second earthquake scenario are higher, the overall economic
analysis yields better results for the first scenario.

4 Discussion

4.1 Importance of the prioritization stage

The aforementioned results are based on the allocation of funds
according to the priorities set by the prioritization methodology
previously presented. Depending on the ranking established based
on the final scores obtained during the prioritization stage, masonry
buildings are progressively included in the list of investments. Thus,
buildings with a minimum final score shall occupy a leading position
in the list of priorities set to reduce seismic risk in education. If the
allocated funds cannot cover the need for the entire portfolio of
educational institutions, a threshold can be set in the established
ranking in order to ensure that the investment is directed toward the
objectives that maximize the resulting benefits.

FIGURE 8
Spatial distribution of potential casualties.

FIGURE 9
Cost–benefit analysis main results.
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In order to highlight the importance of directing funds to
schools having the highest seismic risk, two different alternatives
have been compared: random investment planning (without

applying the ranking based on prioritization) and prioritized
investment planning (whose results are already presented in
Section 3.3). In terms of loss estimation, there are no

FIGURE 10
Impact of the prioritization process: potential lives saved.

FIGURE 11
Impact of the prioritization process: distribution of costs and benefits along the planning.
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differences between the two cases; thus, only the economic
parameters of the cost–benefit analysis will be discussed.
However, even if the potential losses are not changed by the
prioritization process, the funds allocated toward investments
where the greatest risk is estimated increase the number of lives
saved in the first years of implementation, as it can be observed in
the graph from Figure 10, for both earthquake scenarios. Thus,
after 5 years of investments, in case of earthquake scenario 1,
prioritizing investments based on the matrix presented before
might lead to 2,230 potential casualties saved, instead of
850 obtained based on a random allocation of funds. Since
retrofitting works were considered to finish after 15 years,
starting with the 15th year of the planning horizon, the
number of lives saved reached a maximum value of all
potential casualties in the sector, and it remained constant
until the end of the planning horizon.

The graphs in Figure 11 show the evolution of retrofitting costs
and cumulative benefits over the 50-year planning period, for the first
earthquake scenario only, in the case of prioritized investments (left
side) and not prioritized investments (right side). The intersection
point between the cumulative discounted costs and benefits on the first
row of graphs marks the end of the payback period, namely, the year in
which the benefit–cost ratio reaches a value equal to 1. Thus, in the
case of a prioritization process, the payback period is reduced from
21 to 18 years. The second row of graphs also allows the comparison of
the cumulative benefit values year by year, with a much faster growth
recorded in the first 10 years of implementation for the prioritized
investment option. On the other hand, costs are also increasing
sharply at the beginning of the 15 years needed to retrofit the
portfolio of masonry buildings, when funding is allocated to the
most needed investments: large, vulnerable schools in high-seismic
hazard regions.

4.2 Evaluation of past retrofitting programs

Although the version of the SIIIR database used in the present
analysis comprised information about past rehabilitation works
carried out for each school unit in the sample, there is no clear
distinction between seismic strengthening and thermal rehabilitation
works; thus, the information could not be considered reliable.
However, the Schools Infrastructure Rehabilitation Project (P.R.I.S.)
also targeted ensuring the safety of schools from Romania and
included retrofitting works for part of the schools included in the
program. A sample of 443 masonry buildings (unreinforced masonry
and confined masonry) which were included in the program was
analyzed in a separate analysis in order to highlight the benefits in
reducing the seismic risk for these particular structures used in the
education sector.

This analysis was performed only to compare the expected losses
in the initial version of the masonry buildings with those resulting
from retrofitting. Thus, for the 443 retrofitted buildings, the structural
system was changed into CM-RM (by jacketing of walls and insertion
of RC elements: tie beams, columns, and slabs). Past practice for
retrofitting in Romania implies strengthening the structures by means
of jacketing, even if applied only locally, as was the case for damages
generated by the 1977 Vrancea earthquake (Pavel, et al., 2022).
Therefore, most of the retrofitting works carried out imply the
addition of RC elements that change the initially unreinforced
masonry structure into a confined masonry structure with rigid
floor and even jacketed masonry walls. The comparison made was
based on an initial loss assessment conducted considering URM
fragility curves (see Figure 3) and a post-retrofitting stage, for
which losses were estimated based on CM-RM fragility curves (see
Figure 6). Both stages (initial and post-retrofitting) were assessed in
terms of losses following the HAZUS methodology (FEMA, 2015)

FIGURE 12
Loss estimation for masonry structures retrofitted in the School Infrastructure Rehabilitation Project (P.R.I.S.).
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according to the procedure described in Section 2.3 of the present
paper.

The transition from unreinforced/confined masonry to retrofitted
masonry implies significant differences in terms of expected losses, as
can be seen in Figure 12. For scenario 1, the expected losses from the
strengthening of the 443 buildings are about 30 times lower than for
the initial structures. For the second scenario, the implemented
strengthening projects indicate 20 times larger reductions in terms
of expected losses. These results confirm the economic viability of the
retrofitting investment dedicated to reducing the seismic risk for
masonry buildings with educational function.

5 Conclusion

The importance of seismic risk analyses at the typological level is
highlighted by the application of the proposed methodology in order
to estimate the expected losses for masonry buildings in the education
sector. Based on the information on the exposure and vulnerability of
school buildings collected through the Integrated Information System
of Education in Romania (SIIIR), the expected losses for masonry
buildings were estimated and criteria for prioritizing retrofitting
interventions were proposed.

The seismic risk assessment method employed in the present paper
follows the procedures presented already in literature for large-scale
evaluation of losses in case of a seismic event, for example, the RISK-
UE project (Milutinovic and Trendafiloski, 2003). Furthermore, in order to
have an economic evaluation of the investments needed for reducing the
losses in the education sector, in particular for school masonry buildings, a
similar approach as the one proposed for Lisbon by Lamego et al. (2017)
was used. Two seismic scenarios were proposed and costs were assigned for
the retrofitting interventions, after which casualties and direct losses were
estimated using the HAZUS methodology.

Following the HAZUSmethodology for loss assessments in case of
a seismic event, the potential impact of such an event for the education
section composed of masonry buildings was highlighted. Out of the
total number of 1,285,275 students enrolled in the schools considered,
.2% represent potential casualties in the first earthquake scenario, and
the number of victims increases up to .28% for the second scenario.
From the point of view of the costs associated to retrofitting
interventions, by normalizing the total investment needed for
ensuring the safety in the sector, an average cost of 3,400 €/student
enrolled is estimated.

The analysis carried out for the sector also highlighted that the
highest risk is recorded for the unreinforced masonry structures with
flexible floors, having 1% annual probability of exceeding the extensive
damage state for the regions exposed to high seismic hazard levels
(eastern half of the country).

Such instruments can contribute to planning of necessary
investments for actions aiming to reduce the seismic risk
associated with the existing building stock from Romania.
Taking into account the large share of masonry buildings used
for accommodating public services and located in seismic-prone
areas, comprehensive analyses are needed for a better
characterization of their behavior and expected losses in case of
seismic events. It is recommended to apply the method proposed in
the present paper for analyzing also the feasibility of investing in

seismic retrofitting of buildings from other sectors, such as
residential or health, as well as buildings having different
structural typologies. Moreover, for particular situations such as
the one of heritage buildings, less invasive retrofitting methods are
to be used. Therefore, in such cases, it is even more relevant to
better investigate how much of the expected losses can be reduced
when using only minimal strengthening methods.
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