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The mitigation of seismic risk for a population of vulnerable civil critical structures (e.g., hospitals, schools, and bridges) is
a crucial issue for many governments of earthquake-prone regions. Furthermore, owing to the global economic crisis, limited
financial resources make full seismic rehabilitation of entire building stocks challenging. Therefore, a critical decision has to be
made on the following key question: what is the most advantageous way of spending the available budget while treating each
building in a portfolio differently, by giving it a different level of structural improvement to reduce the overall risk of the portfolio
of buildings as much as possible? Herein, a decision-making tool is proposed to address this high-social-impact issue. Starting
with a limited amount of information, which is gathered through expeditious surveys on existing buildings, and by involving
uncertainties, the overall risk is evaluated from the fragility analysis of each structure. This is conducted via simplified pushover
analyses by considering the local seismic hazard. Then, an optimization is performed for each building of the portfolio to select
a relevant structural intervention from four alternatives (no intervention, partial retrofit, full retrofit, and demolition and re-
construction), based on both the overall risk reduction and the amount of financial resources. Procedures for quick estimation of
fragility curves and installation costs are also discussed as part of the proposed approach. Finally, a practical application is
presented with reference to a simulated case study consisting of 46 reinforced concrete school buildings located in
Campania, Italy.

1. Introduction

Over the past decades, considerable attention has been given
to study the risk of earthquake occurrence, how earthquakes
could affect a region when they strike, and how to protect
existing structures against them. High regional seismicity
and the existing large number of vulnerable structures have
made government and policymakers pay more attention to
the issue of risk management of urban areas, particularly of
critical/strategic buildings and infrastructures. Among the
regional-type buildings, schools have always been identified
by governments as buildings that must be kept as safe as

possible, as they host the innocent future generation of
society. Moreover, they play a major role in earthquake risk
management, as they can be used as shelter after an
earthquake event. Recent studies have shown how the actual
seismic risk of Italian schools [1] should be urgently reduced
to ensure an adequate safety level for the occupants. In order
to mitigate the territorial risk involving a large number of
structures, regional policymakers have to make difficult
decisions regarding budget allocation. In the past, the au-
thors have dealt with decision-making procedures for the
mitigation of the seismic risk of individual buildings [2, 3].
The aim of this study is to investigate the risk management of
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a population of reinforced concrete (RC) buildings. It fo-
cuses on the case of school buildings, which are taken as
a reference; however, it could be applicable to other cases
(e.g., hospitals).

In the last decade, risk studies have been a fascinating
subject for researchers, particularly in seismic territorial
zones. For example, in a risk-based decision-making
study, a risk-quantification approach was investigated
for a group of wood-frame houses in Canada, and po-
tential drawbacks in using simple risk metrics were dis-
cussed [4]. In a regional probabilistic risk assessment, the
average annual loss was defined as the main parameter for
the prioritization criteria for the case of school buildings,
and the cumulative average annual loss curves were
proposed for the definition of regional plans [5]. Con-
cerning community resilience planning, a methodology
was presented for building a portfolio analysis, which
associated the performance of individual buildings with
the overall performance of a building portfolio by in-
troducing the concept of a building portfolio fragility
function [6]. In another study, a multilayered method-
ology to assess the vulnerability of a large number of
Italian school buildings was implemented [7]. First, the
peak ground acceleration (PGA) deficit by means of the
difference between the current PGA and design PGA was
calculated. Second, the vulnerability index and risk rating
based on hazard and building age were assessed. Then,
using the assumed failure mechanism and equivalent
linearization of the structural response, a simplified
mechanics-based structural methodology was employed
in order to calculate the capacity ratio. The idea of a PGA
deficit was applied in another similar study [8] to reduce
the number of buildings at each phase so that only the
most risky buildings are considered in the detailed
analysis. A unique seismic risk rate of the whole pop-
ulation of buildings was obtained with integration of the
data of the annual probability of an event and collapse.
Moreover, the PGA deficit was used in another risk study
of public buildings in Basilicata, Italy [9], to prioritize
those buildings that need retrofitting according to the
time required and annual available fund. Buildings were
prioritized by their vulnerability and exposure rates to
identify which of them require retrofitting on a limited
fund. Cost models were used to estimate the cost of
retrofitting options. Each has a different target in terms of
capacity-demand ratio. Time-risk curves were used to
compare the effectiveness of various strategies based on
different cost models. The available fund was assigned to
those buildings that could be rehabilitated in one year
based on the sum of retrofitting cost. Then, in the fol-
lowing years, the remaining fund was distributed among
the rest of the nonretrofitted buildings. Finally, the time
(years) required to complete the structural upgrading of
all the buildings was obtained by prioritizing the plan and
available annual fund.

It has always been challenging to make decisions when
many particulars have to be considered. Moreover, decision-
making becomes more crucial when a limited amount of
resources are available. To allocate a budget fairly, a versatile
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tool is required to optimize the selection strategy of de-
termining alternatives that satisfy the financial constraint.
The tool should help in deciding the allocation of the public
budget to reduce the seismic risk of regional buildings.

Most of the previous studies on structural safety of large
building stocks have been conducted to investigate the
vulnerability of buildings; few have investigated the issue of
retrofitting risky structures. Hence, owing to the limited
studies on this issue, and the fact that a simple but practical
tool might help clients to allocate their available budget to
reduce the global risk in a given region, we were motivated to
conduct this study, which focuses on the definition of
a decision-making process and is divided into the following
sections:

(1) Assessment of the current overall seismic risk for the
building stock

(2) Definition of a discrete number of alternative in-
terventions for structural improvement of each
building

(3) Evaluation of the cost and benefit (reduction of risk)
related to each alternative

(4) Deciding on the optimal intervention for each
structure to reduce as much as possible the overall
risk while staying within the available budget

To implement the abovementioned steps, the adoption
of approximate procedures for quick estimation of fragility
curves (pre- and postintervention) and installation costs is
mandatory, because given the number of structures that
needs to be dealt with, it is hardly possible to make these
estimations with more rigorous tools (i.e., those generally
adopted when a single building is the object of interest).
These issues are discussed herein as crucial parts of the
proposed framework. The proposed procedure is finally
applied to a simulated case study, which consists of 46 RC
school buildings ideally scattered throughout Campania,
Italy.

2. Assessment of the Current Overall Seismic
Risk for the Building Stock

Seismic risk assessment and loss estimation are essential first
steps in studying the structural safety of large stocks. Risk is
technically defined as the combination of earthquake haz-
ards, seismic vulnerability, and exposure, which, in other
words, is the relationship between loss severity and fre-
quency. The challenging part of risk analysis for existing
structures is related to incomplete information on archi-
tectural and structural details. In such cases, accounting for
uncertainties is definitely mandatory and includes, in ad-
dition to information on the earthquake action as for new
constructions, information related to the building layout,
geometry, structural and nonstructural size, and detailing.
This requires the selection of a finite number of random
variables (RVs) that are able to represent, with their re-
alizations, each structure of the set.

In the subsequent sections, by referring to RC frame
buildings, the following are presented:
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(i) A possible selection of variables to be adopted for
sampling of buildings.
(ii) A practical way of dealing with seismic hazards.

(iii) A method of assessing seismic vulnerability of each
structure with approximate, quick tools.

(iv) A method of combining vulnerability and hazard
information to obtain a frequency of failure for each
building. A reliability index is used to quantitatively
express how far a given structure is from being
“safe” according to the threshold values for
structural reliability defined by standards.

(vi) An approach to deal with exposure.

(vii) A method of calculating the seismic risk of each
building, expressed in terms of economic losses,
and then that of the entire stock.

2.1. Sampling of Buildings: Deterministic and Random
Variables. A set of variables has to be selected to identify
each structure and to account for uncertainties. Owing to the
type of information, the variables are divided into two
groups: those related to the building geometry or materials
and those related to the structural detailing and materials
(Table 1). In order to reduce computational effort, the pa-
rameters herein referred to as geometry variables are con-
sidered as deterministic data that have to be obtained for the
building stock by survey or from available technical docu-
ments. Information on the second group of data—materials
and details—is generally obtained through a combination of
destructive and nondestructive tests on structural members.
The latter are hardly realizable for each of the several
buildings of the set. Therefore, they are assumed to be RV,
whose probability distribution is defined according to the
available data in design documents, related references, or
expert judgement.

Several possible realizations of each building have to be
considered in the process, as a combination of deterministic
variables and RVs. Each of those has a given probability to
actually reflect the real case that is related to the joint
probability of a specific combination of realizations for the
involved RVs. According to the relevant literature, the se-
lection of design points could be performed either randomly
by sampling methods such as Monte Carlo or based on
predetermined points on the distribution function of vari-
ables. The full factorial design method is adopted herein for
the design of experiments (DoE), and three points are
chosen for each RV. The three points correspond to the
mean value of that RV and to the mean value plus and minus
the standard deviation. It is worth noting that a dense DoE
allows capturing of the variability of the RV to reduce the
approximate fitted results [10]. On the contrary, it may
exponentially increase the analytical effort. The choice
herein assumed is considered a suitable trade-off, leading to
3'' = 177,147 realizations of the same building, where 11 is
the total number of RV's proposed to be adopted (Table 1) for
RC frame structures.

TaBLE 1: Deterministic data and random variables assumed for
sampling of buildings.

Structural details and materials
(random variables)

Geometry'
(deterministic data)

(i) Column section width, b,
(ii) Column section height, h.
(iii) Stirrup diameter in the
column section, d
(iv) Shear spacing of stirrups in the
column section, S
(v) Number of column longitudinal

(i) Number of storeys, 7y,
(ii) Total height of the
building, h

(iii) Effective width rebars, 1.
of the frame?, w (vi) Diameter of column longitudinal
(iv) Number of frame rebars, dg

bays®, n
(v) Bay length of
the frame?, |

(vii) Beam section height, hy,
(viii) Number of beam longitudinal
rebars, npy
(ix) Diameter of beam longitudinal
rebars, dy,

(x) Concrete compressive strength, foq
(xi) Yield strength of the steel rebar, f,q
'Variables w, n, and I have to be determined for each of the two main
horizontal orthogonal directions of the structure. *The mean distance
between consecutive parallel 2D frames in the considered direction. *The
number of bays for the generic 2D frame in the considered direction. “The

mean length of the bays for the considered frame.

2.2. Seismic Hazard. In order to assess the seismic risk of
a given structure, first, the annual probability of exceeding
different intensity levels of an earthquake at the site has to be
determined. This type of information is obtained from site
hazard analysis. Here, the recent technical document of the
National Council of Italian Research [11] is assumed for this
and the other steps required to define the structural re-
liability of buildings. The hazard is defined by the median
annual frequency of occurrence of an earthquake (Equation
(1)) amplified by a factor to include the epistemic un-
certainty. Therefore, the mean annual frequency of occur-
rence is calculated as Equation (2):

1
/\(s~) ==
o Ty 8
5= f(Twz):
X(sj) = A(sj) X exp <%/512+1>> (2)

where A(sj) and X(sj) are the median and mean annual
frequency of occurrence, respectively; s; and Ty, re-
spectively, are the ground motion intensity and the return
period of an earthquake with the ;™ intensity level
(j=1, 2, ..., n, where n is the number of earthquake
scenarios assumed for the reliability analysis); and S is the
amplification factor that considers the response spectrum of
the 16th and 84th percentiles of each seismicity scenario
according to the different return periods of the site. In this
study, this factor is assumed to be equal to 0.3 (suggested by
Masi et al. [9] when no specific information is available). It is
also assumed that the number of scenarios 7 is 9. The values



of Tgy, Tgy ---> Ty are assumed to be, respectively,
equal to 30, 50, 72, 101, 140, 201, 475, 975, and 2475 years
according to the Italian codes [11, 12].

2.3. Seismic Vulnerability. Among tools useful for seismic
vulnerability analysis of existing structures, static non-
linear pushover (PO) analysis is considered one of the
more suitable analyses to examine seismic capacity. As
this study deals with a large number of buildings, widely
used software based on FEM structural models is not
easily applicable; thus, it could not provide an effective
solution. Hence, a simplified approach is followed to
calculate the capacity of each sample building inasmuch as
they are highly recommended in such cases. Therefore,
among the available methods in the literature, the sim-
plified PO-based earthquake loss assessment method [13]
has been chosen for its ease of use and effectiveness
demonstrated by the authors through software numerical
analysis [14]. The methodology is validated against the
results of more sophisticated nonlinear dynamic analyses
[15]. As expected for PO analysis, the output results for
such an approximate method are the ultimate base shear
Vb, vield top displacement Ay, and ultimate top dis-
placement Au. The shear capacity is calculated as the
minimum value of the shear capacity of the column, the
shear capacity corresponding to the flexural capacity of
the column, and the shear capacity corresponding to the
flexural capacity of the beams supported by columns. The
displacement capacities Ay and Au are defined as the
functions of chord rotation of columns and building
height corresponding to the elastic and postelastic dis-
placement, respectively. The displacement at yielding, Ay,
is calculated for the light damage state, whereas Au can be
associated with either the life safety (LS) or collapse
prevention limit states. In this study, the LS limit state is
chosen to represent the ultimate damage state of build-
ings. According to the method in [16], the chord rotation
capacity for the LS limit state is limited to three-fourths of
the ultimate rotation capacity. A simplified PO curve has
to be determined for each of the several realizations of
each building belonging to the set. Here, only the LS limit
state is considered as the object of the seismic vulnera-
bility assessment. Actually, in the general case, more
performance objectives should be involved. These aspects
will be addressed in future improvements on this work.
The capacity spectrum method [17] is then suggested as
a practical tool to compare the demand and capacity of each
structure, evaluate the probability of failure of each building,
and finally draw its fragility curve at the LS limit state. With
reference to the i building, the process is as follows:

(1) For the m™ realization among the n=3'" re-
alizations of that building and with reference to the
™ one of the 9 return periods Ty j, the final result of
the capacity/demand comparison is recorded in
a binary mode, i.e., associating an index I5; with
0 when the capacity (C)) is greater than or equal to
the demand (D;) and with 1 in the case of failure.

Advances in Civil Engineering

(2) The probability of exceeding the LS limit state at the
j™ intensity level of earthquake motion for this
building is calculated by counting the number of
system failures (Isy, ,, = 1) weighted by the probability
of occurrence of each of the n realizations of RVs.

Therefore, the probability of failure PF"pre,int of the i
building in the preintervention case when the damage state,
DS, due to the j™ level of seismic magnitude sj, exceeds the
objective DS is evaluated by the following equation, where
JPDE,), is the value of the joint probability density function
for the m™ realization of the building under examination,
i.e., the probability that it corresponds to the building in its
normal state:

PF;re_im(ds> DS | sj) = i JPDF,, x (Ig;),.  (3)

m=1

Here, JPDF is the joint probability density function of n
number of realizations made for a set of RVs (). JPDF = 1.0),
and Ig; takes into account system failures and is assumed to
be equal to 1 when the structure fails and 0 when it does not.
That is, for each realization of an RV, the probability of
failure in that case would be the product of the sum of
damage probability, which indicates the joint probability of
all considered RVs and damage indicators whether it occurs
(I =1) or not (Ig =0).

2.4. Exposure. The third component of risk analysis is
known as exposure that can be summarized as the amount of
expected social and economic losses due to earthquakes.
Globally, exposure may incorporate the quality and quantity
of risk measures that could be affected by the seismicity of
the site, directly or indirectly. Hence, it quantifies the po-
tential loss to the risk assets, which translate the probability
into seismic risk. Depending on the objective limit states of
the project, loss could incorporate human life, i.e., the lives
of occupants that may be lost when a full collapse occurs.
When structures are in a state of almost collapsing
(e.g., immediate occupancy or LS limit states according to
the study in [18]), in the worst case, only injury is con-
sidered, and the expected loss is only considered for the
structural and nonstructural components.

Exposure in this study is assumed to be related to the overall
floor area of the given building, since the latter can be seen as an
indirect—certainly simplified—measure of “exposed” value
when an economic value for a unit of area is considered.

2.5. Current Seismic Risk. As the loss fraction has been as-
sociated with the displacement capacity value at a significant
state, when it is considered to be 0.75 of the collapse state, the
economic loss at the LS limit state is calculated as 75% of the
collapse state. This means that if collapse occurs, the owner
has to pay a reimbursement cost equal to rebuilding a new
building. However, when a building suffers damage at
a lower level, the damage cost has to be assumed as equal to
75% of the reconstruction cost. The physical damage cost
corresponding to the LS limit state is calculated by
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E[LDS = LS] = 0.75 x RPLV,, (4)

where RPLV; refers to the replacement value of the i™
building, which is the amount that should be paid to rebuild
anew building, and it is usually defined in per square metres.
According to previous regional studies in Italy, the re-
placement value is assumed to be equal to 1500 €/m> [19].
After obtaining the hazard data of the site under con-
sideration, vulnerability function of damage distribution,
and estimated loss due to probable damage to the buildings,
one should calculate the risk through a loss estimation
process. To determine how much the reimbursement of loss
would be, the seismic risk for the i building at a given
objective damage limit state would be calculated by

) 9
SR;)re—int = E[Ll | DS = LS Z ( ) pre lm(sl)’

(5)

where A1 (s;) is the mean annual frequency of earthquake
occurrence accountlng for the j® number of s ground
motion intensity for a site where the i™ building is located,
PF;)re int (5 ) is the probability of exceeding the LS limit state
when the i building is subjected to the s-times motlon
intensity, and E[L;|DS = LS] is the expected loss that the i ith
building suffers after exceeding the LS limit state.
Then, the overall seismic risk is obtained as
n

SRpre—int = Z SR;re-int' (6)

i=1

The idea of risk assessment was obtained from the
probabilistic framework conducted by the PEER Centre to
estimate damage and monetary losses incurred during
earthquakes [20-22].

2.6. Annual Frequency of Failure. The annual frequency of
exceeding a given damage limit state induced by earthquakes
with different return periods is the convolution of the fra-
gility function at each ground motion intensity and the
counterpart annual frequency of earthquake occurrence.

With the hazard data and fragility for each building, the
mean annual frequency of exceeding a given damage limit
state could be calculated. Referring to Section 2.6 in [11], the
mean annual frequency of exceeding the damage limit state
is calculated for 9 points representing different return pe-
riods of the earthquake scenario as follows:

; (s
Apre int — J PFpre mt( ]) : % ~ds

(7)

= Z pre- mt |AA |

where PFEre int (5;) is the probability of exceeding the LS
limit state condltloned to the ground motion intensity s
where the i building is located and A is the mean annual
frequency of exceeding the j™ intensity level of ground

motion intensity of the site under consideration. To attain
a consistent evaluation of the annual frequency of exceeding
the damage state, the seismic hazard should be defined as the
mean annual frequency of being at the s intensity level.
Hence, the gradient of the hazard curve is used to show that
the annual frequency of being at a given s intensity level is
the difference between the frequency of the s and s+1
motion intensities (Axlj).

2.7. Vulnerability Index. To decide how to intervene in order

to upgrade the building system structurally, it is essential to

first examine whether a building is vulnerable or not. To this

end, the mean annual frequency of exceeding the damage

limit is compared with the allowable reliability level [11]
defined as the vulnerability index:
; A

Xpre—int = )LI L 4 (8)

pre-int

where Xpre it 18 the vulnerability index of the i building, Ag
is the maximum allowable frequency of fallure, and A, is
the mean annual frequency of the i building, which is
calculated using Equation (7). The reference document [11]
suggests different values for the maximum allowable fre-
quency of failure according to the classes of use and limit
states. Owing to the fact that buildings are categorized as
Class III and analyzed with respect to the LS limit state, the
mean annual frequency of 0.0032 is the maximum allowable
tolerable risk for school buildings in this study.

2.8. Decision Alternatives. In general, when dealing with
mitigation of seismic risk for a group of several buildings, the
first decision that has to be made with reference to the single
structure is whether the intervention of upgrade should be
undertaken or not. If the answer is yes, the question of how
to approach the intervention needs to be answered. In this
study, decision measures are made for all the possible
conditions according to the value of the vulnerability index,
which is obtained by the vulnerability assessment of all the
buildings. Actually, these decision alternatives are made for
those buildings that are vulnerable (y <1). In other words,
those buildings with y > 1 do not require any intervention, as
they satisfy the criterion of maximum reliability [11].
However, in this study, the buildings with indices y > 0.8
are determined to be not vulnerable. This choice has been
made owing to some reasons. To design a new building,
uncertainties and reduction factors are used to determine the
building’s capacity. Buildings in reality have a high strength
capability; therefore, only buildings with a vulnerability
index close to 1, rather than those with the index less than 1,
are vulnerable to unwanted damages (the ideal case is when
the vulnerability index is less than unity, but this value is not
practical). This rule allows the decision-making process to
focus more on those buildings with a higher rate of vul-
nerability; i.e., when for a large number of buildings limited
financial resources are available, it is more reasonable to
intervene in those buildings that are more vulnerable and
which endanger more the occupants’ lives. In this type of



decision approach, more risky buildings are prioritized, and
from a decision-making point of view, any remaining budget
will be applied to buildings with indices 0.8 <y < 1.

When a building or a group of buildings is determined as
risky, its performance has to be enhanced. However, there
are several ways to retrofit a building and reduce risk.
Depending on the rate of vulnerability of a building, it can be
either demolished or retrofitted if necessary. For buildings
with vulnerability indices y<0.8, four possible decision
solutions have been assumed for the risk management
program:

(i) Demolition and reconstruction
(ii) No intervention
(iii) Partial retrofit
(iv) Full retrofit

Buildings might be demolished or rebuilt if they are
considered to be extremely risky. In such a case, it is sup-
posed that a new building would be designed and con-
structed according to the new building code so that the
minimum requirements of the seismic design criteria are
satisfied.

By definition, “no intervention” means that a building is
left as it is; no retrofitting cost is required. When dealing with
a large number of buildings and when the retrofitting budget
is less than that required to upgrade all of them, it is in-
evitable to leave some of those without making any in-
tervention. This choice has been provided to make the
sharing of a limited budget for all N buildings possible;
otherwise, it would be difficult to decide over a large number
of buildings.

Any possible retrofitting option that makes the capacity
of a building at least equal to the demand would satisfy the
condition of “full retrofitting.” The goal of full retrofitting is
to improve the structural performance so that the maximum
allowable frequency of failure is at least equal to the annual
exceedance of the damage state (y=1.0).

Alternatively, a lower-level target design could be ac-
cepted so that less amount of the retrofitting budget goes to
any building in the portfolio. “Partial retrofitting” is chosen
for those buildings with a loss ratio less than 0.7 upgraded to
the level that their target capacity is equal to 70% of the
demand. The goal of partial retrofitting is to improve the
structural performance so that the maximum allowable
frequency of failure is at least equal to 70% of the annual
exceedance of the damage state (y=0.7).

These strategies have been chosen at any of the stage of
decision zones to specify how many decisions could be made
according to the vulnerability index of any building in the
portfolio:

Case 1 (y;<0.2). (1) Demolition and reconstruction
Case 2 (0.2<y,;<0.7). (1) No intervention, (2) partial
retrofitting, and (3) full retrofitting

Case 3 (0.7 <y;<0.8). (1) No intervention and (2) full
retrofitting

Case 4 (x;>0.8). (1) No intervention
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The uncertainty in the risk evaluation could compensate
for a small lack of capacity of the system. In this regard,
buildings with a Ag;/A; ratio that is less than 0.2 are marked
for demolition, and those with a ratio greater than 0.8 do not
need any structural intervention. Therefore, the budget
would be allocated to those buildings with risk levels be-
tween 0.2 and 0.8.

3. Cost and Benefit of Investment

Benefit is defined as the profit gained because of the amount
of money spent to reduce the seismic risk. In other words,
the benefit of an intervention is mainly defined as the de-
crease in the amount of expected loss once additional
structural elements are added to strengthen a structure
against the design level of seismic motion. The total cost and
total benefit gained from the total possible intervention
strategies are given as 3" x 2V, where N' is the total number
of buildings with a risk ratio between 0.2 and 0.7 and N'' is
the number of buildings with a risk ratio between 0.7 and 0.8.

3.1. Evaluation of Costs. Among the four decision options,
when “no intervention” is the case, evidently, no cost has to
be paid, while for the case of “demolition/reconstruction,”
the cost is equal to that required to rebuild a new building
with the same area of construction. For the two other
mitigation options (i.e., partial and full retrofitting), the cost
is estimated as a part of reconstruction cost. It has been
devised that because retrofitting cost is a function of vul-
nerability, owing to the fact that the more vulnerable
a building is, the larger the amount of money that needs to be
paid to repair and fortify it against demanded loads, the cost
could be estimated by a bilinear function of the vulnerability
rate. To estimate the cost of retrofitting, two cost models are
adopted (Figure 1) so that the objective cost (assumed to be
a partial cost of the replacement value of building) would be
obtained as a function of the vulnerability index.

It should be mentioned that a linear function, which is
considered as an approximation, relates the rate of vul-
nerability to what should be paid in repairing the structural
damages. Nevertheless, the experience acquired [9] in ex-
ecuting the strengthening program on public buildings after
the 2009 L’Aquila earthquake validated the linear trend
assumed to estimate the cost of retrofitting.

In this study, buildings are classified by whether they
were constructed before or after 1972, which was the year
that the seismic design philosophy of designed buildings was
changed [23]. Consequently, it is possible that recent
buildings with updated structural codes will have enough
structural reliability to resist earthquake loads. Actually, this
reference year has been adopted from the study in [9]. It
must be noted that the adopted function is the initial step in
estimating the cost of retrofitting when no resilient refer-
ences exist, or no studies have been conducted for large
numbers of buildings. Indeed, comprehensive data of dif-
ferent typologies of retrofitting projects according to their
rates of vulnerability have to be collected to derive a more
reasonable function of cost estimation. As a function of the
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FIGURE 1: Estimation of retrofitting cost based on the risk level of two classes of buildings for “partial” and “full” retrofitting: (a) buildings

constructed before 1972; (b) buildings constructed after 1972.

year of construction and reliability index of each building,
the total cost of retrofitting N buildings is obtained as

n
i

Cpost-int = Z Cpost-int’ (9)

i=1
where Cpyin=0, in the case of no intervention;
Chost-int = Cpost—partia 0 the case of partial retrofitting;
Clpost—int =C’post_full, in the case of full retrofitting; and
Clpost—int = RPLV/, in the case of demolition/reconstruction.

3.2. Seismic Risk Reduction. The benefit of the intervention is
mainly defined as the decrease in the amount of seismic risk
once structural elements are added to strengthen existing
vulnerable buildings. Referring to the three parts of seismic
risk evaluation, when doing retrofitting, the seismic hazard
does not change, as the building is not moved to another
location with less seismicity. Furthermore, it is assumed that
the building occupancy before and after retrofitting remains
unchanged, which means that the number of occupants and
the total area of buildings do not change. However, the
structural rehabilitation (e.g., partial retrofitting or full
retrofitting) enhances the performance of the building and
reduces the expected loss. The increase in safety level and
reliability of the structural system reduces the total seismic
risk in terms of both structural/nonstructural damage and
risk of occupants’ lives.

To obtain the benefits of retrofitting, one needs to an-
alyze the structural system to measure the response of the
upgrades, as they have to comply with the criteria stipulated
by the seismic code. The difficulty lies in determining how to
analyze an existing building when there are several build-
ings. In this risk management study, structural analysis is not
performed using common sophisticated structural software;
rather, a solution which is based on a simplistic idea of global
risk estimation is utilized. Owing to their processing times
and computational effort, the common analytical provisions
would not be practical options for constructing fragility

curves for all the buildings. Hence, a simplified method has
been proposed by the authors to estimate the post-
intervention fragility curves. Clearly, the typical analytical
methods can derive the fragility curves more precisely;
however, it is believed that this estimation, as it is established
in certain design criteria of the adopted seismic code, could
provide a reasonable estimate of the fragility curves of
buildings when retrofitting strategies are applied to existing
structural systems.

3.3. Postintervention Fragility Curves. It is assumed that the
two fragility curves of the partial and full retrofitting pro-
grams could be made using a suitable scale factor. That is, at
each of the nine points of the fragility function, a coefficient
relating to the building characteristics and intensity level of
the earthquake marks the new points of fragility after the
intervention.

To determine the scale factor required to draw the new
fragility curve of the upgraded building, it is assumed that
the scale factor has a linear function of the earthquake return
period. This means that, for rarer events, less reduction in
the probability of meeting the damage limit state is expected
by implementing retrofitting. This assumption is based on
the fact that, for more frequent earthquakes, the probability
of failure is usually small, and the trend increases signifi-
cantly for higher intensity levels.

The linear function of the objective scale factor is made
up of two points A and B (Figure 2), and two satisfactory
limits have to be satisfied. First, for each building, the
starting point (point A) is the scale factor of the first return
period which, according to the Italian seismic design code, is
30 years. Second, owing to the nature of the cumulative
distribution function as it is used to fit the fragility curve, the
probability of failure should converge to 100% at a specific
return period of the earthquake attained for an objective
damage limit state. Hence, a given intensity level has to be
fixed, and the probability of failure at this intensity level and
larger levels is limited to 100%; i.e., at this intensity level,
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exceeding the design damage limit state certainly occurs
(point B). To fix this point, the return period at which the
building suffers the near collapse limit state of performance
is adopted. Indeed, in this study, as the significant damage
limit state is chosen to retrofit the buildings, such an as-
sumption could be rational.

In other words, by retrofitting the structure, the expected
damages are reduced at the objective limit state although
higher levels of damages are still probable for the rarer
events. Thus, the return period of point B (Figure 2) is
calculated for the collapse prevention limit state. According
to the study in [12], the return period of an earthquake,
which has a 5% probability of exceeding the 75-year lifetime
of the building, is 1462 years (class of use is assumed as Class
I10).

Once the scale factor at the return period of 30 years for
the i building is known from the linear function (Figure 2),
other scale factors for the rest of the return periods could be
calculated under the condition that the convolution of
fragility and hazard functions has not exceeded the value of
0.0032 (the maximum allowable frequency of failure
according to the study in [11]) for full retrofitting and
0.0032/0.7 = 0.0045 for partial retrofitting. In this case, 70%
of the global strength criteria of the seismic design is ac-
ceptable. The nine scale factors are then multiplied by each of
the nine fragility points’ preintervention to obtain the fra-
gility point postintervention for both partial and full
retrofitting.

The scale factor is then used to determine the new
coordinates of the fragility functions. The probability of
exceeding the LS limit state when any of the two in-
tervention strategies is adopted for the i building is then
calculated:

PF!

postpartial —

PF.

SFpama.l X PFpre int’

(10)

= SFi, x PF'

postfull — pre-int

Knowing the probability of exceeding a specific damage
state for pre- and postintervention cases, three fragility
curves could be generated as shown in Figure 3.
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FIGURE 3: Pre- and postfragility curves: (a) status quo, (b) partial
retrofitting, and (c) full retrofitting.

3.4. Postintervention Seismic Risk. Of the three components
of seismic risk formulation, only the fragility function
changes by adopting any of the determined retrofitting
strategies (partial or full). The seismic risks of the i* jth building
when any intervention plan is made are calculated by
9
SRy psipartial = E[L'[DS = LS| - X" AX(s;) - PF

i
postpartial postpartial ( s j )
=

= E[L)’

postpartial”

SR, s = E[L'|DS = L8] - Z AN (s;)-P

=E [L];ostfull’

postfull (S j )

(11)

where PF postpartial aNd PFpostfull are the probabilities of ex-
ceeding the LS limit state of the i' " building when a decision
is made to repair the building partially or fully. Then, the
total postintervention seismic risk is obtained as

n

post int Z post-int> ( 12)

= SR/

pre-int’ in the case of no intervention;
in the case of partial retrofitting; and

where SR/

post-int
i
SRpost int =SR|

SR! SR!

post-int— postfull>
demolition/reconstruction.

postpartial”
in the case of full retrofitting and

4. Decision of the Optimal Intervention

The optimal decision would be the one that minimizes the
expected cost while maximizing the benefit yield. The cost-
risk relation in the portfolio risk management project has
a downward trend, but it may remain unchanged in special
cases where the maximum possible benefit of a project is
tulfilled and more investment does not change the global
objective of the decision solution. By knowing the different
possible costs of retrofitting based on determined levels of
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upgrading and the conjugated reduced risk values due to
each level of performance improvement, one could plot the
total cost of retrofitting against the quantity of total post-
intervention seismic risk. For some of the buildings, more
than one possible decision choice should be considered
(0.2 <x <0.8); thus, various possible combinations of cost
and risk could be summed. A summation of each combi-
nation of choices provides the decision-makers with a plot of
cost-risk, which they can use to trace the investment and
associated risk reduction trends to find the best option
among all the buildings in the portfolio (Figure 4).

When no intervention is implemented, all the buildings
are the status quo. In other words, the total seismic risk of all
the buildings in the portfolio is equal to the sum of the
seismic risk when no intervention is made in the buildings
(i.e., initial total risk). By commencing the investment
(i.e., retrofitting), the total seismic risk would be reduced.
Clearly, increasing the total cost reduces the total seismic
risk.

In this study, the portion of the budget allocated to
retrofitting the portfolio of buildings is applied to all N
buildings. This is noteworthy because the optimum allo-
cation could be achieved by spending the budget only on
those buildings considered to be higher in terms of risk rate.
This is the case when the budget is very tight (Case 1).
Alternatively, when the available budget is larger than the
maximum required cost, then all the buildings would be
upgraded fully (Case 3). The budget falls within the mini-
mum and maximum total cost when all N buildings are
under consideration; the decision tool should optimize the
proper selection (Case 2).

Actually, the decision tool should be able to determine
the best possible solution according to the available re-
sources and project constraints. The goal is to find a point
that minimizes the objective function and at the same time
satisfies the constraints. The optimum solution is one that
obtains the maximum total seismic risk reduction after
intervention in which the total cost does not exceed the
budget:

min SR, ;e Subject to C <available budget,

post-int =
(13)

where SR, iy, is the postintervention risk and C

post-int is
the retrofitting cost of the i building.

5. Application of the Procedure to a Simulated
Case Study

To validate the feasibility of the presented decision pro-
cedure with the aim of managing the risk for a portfolio of
RC school buildings in Italy, a numerical study is carried out.
In this regard, 46 ideal buildings are chosen; each point in
Figure 5 represents a school building in the Campania region
of Southern Italy. The decision problem is programmed to
manage all the required parts of the analysis mentioned in
the prior sections [24].

To prepare this first explorative application of the
proposed procedure, some assumptions are made to reduce

the complexity, but not the validity, of the process: 2D
frames are analyzed instead of 3D frames, the RC moment-
resisting frame is considered, masonry infill influence is
neglected, and only the LS limit state is considered.

The buildings have the same structural system, while
their characteristics (i.e., geometry and structural fea-
tures) are different. The seismicity of the buildings is
unique for each case depending on their location. Each
building has a specific geometry (width, length, and
height) although its structural parameters (i.e., material
strength and structural detailing) are determined by the
appropriate probability distributions of the two classes of
buildings (pre-1972 and post-1972). In fact, geometry-
based variables are used to form the frames of the case
studies, while a structural-based variable is used to make
a vulnerability analysis of each generated sample, prob-
abilistically. From the possible realization of the RVs
(Table 1), to obtain the current seismic risk of each
building, 118,098 (3'% x 2) analyses are conducted at each
of the nine levels of hazard seismicity.

5.1. Building Population Generation. To generate sample
buildings, the Latin hypercube sampling method is used to
randomly select predefined values from the set of de-
terministic variables assumed in Table 2.

The statistics of the parameters chosen to specify the
geometry of the frames are shown by the histograms in
Figure 6. The distribution of variables demonstrates the
attractiveness of the random selection, as the distribution of
all the data in the assumed interval is almost uniform and all
the values within the interval are covered as well.

It is worth mentioning that the values used to study the
practicality of the proposed method are assumed by the
authors; however, these values are basically collected by
conducting a survey of existing buildings. Furthermore, the
data in Table 2 (Section 2) are used to make a structural
analysis of the 2D frames in the preliminary risk assessment.
All the buildings are supposed to have type “B” soil
according to the local seismic code classification [10].

5.2. Seismic Hazard. The annual frequency of exceeding any
of the intensity levels (a,) is obtained by

1
A(“g) = Kj’

where T} is the return period of an earthquake associated
with each j™ ground motion intensity using the Italian
seismic hazard database [25]. According to the reference
seismic code [12], the seismic hazard has to be calculated for
nine return periods to consider both seismic hazard and
demand. The annual frequency (Equation (14)) is the median
hazard curve that has to be transferred to the mean curve,
which illustrates the mean annual frequency of occurrence of
an event. To do so, an amplification factor is introduced [11]
to change the median to mean annual frequency of ex-
ceeding the intensity of the earthquake scenario (Section
2.2).

j: 1) 2) (IX3) 9; (14)
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As an example, with respect to the analytical data, one
building (no. 39) among the 46 studied buildings is
chosen to better describe the results. In Figure 7, the
mean annual frequency of exceeding the ground motion
intensity levels for the site where the selected building is
located is shown.

According to the reference guideline of this research
[11], which limits the seismic risk of buildings to the
minimum reliability of exceeding the damage state,
the annual frequency of surpassing the given intensity
levels is used to calculate the seismic hazard of the
buildings.

5.3. Seismic Vulnerability in the Current State. The vulner-
ability of a building is assessed by appraising whether the
capacity of the building exceeds its demand. To make the
structural analysis, the following values of introduced RV's
are extracted from relevant studies in the literature, or if
arelevant source is not available, they are assumed by expert
judgement as discrete distributions.

A building sampling is introduced by combining the
structural parameters (Table 3), which is performed by
selecting three values of the mean and mean + standard
deviation of each probability distribution of an RV when it is
distributed continuously. For discrete distributions, the

predefined values have been determined as given above. In
addition, other assumptions have to be made in frame
modelling, such that the interstorey height and bay length
are uniform, column/beam cross sections are equal in size at
different storeys, and storey masses are equal for all floors.
The values of the required design parameters, such as
concrete and steel rebar strain, gravitational loads, and
elastic modulus of materials, are taken from typical values of
structural design.

5.3.1. Evaluation of Probability of Failure. Adopting the
simplified method (Section 2.3 [13]), the capacity of each
building is obtained as the displacement capacity at the LS
limit state. Eventually, the displacement capacities of the
buildings are obtained by determining which of the three
failure conditions is predominant in each deterministic
analysis of sample frames.

In this study, the seismic demand is determined by
comparing the inelastic response spectrum (demand curves
[12]) with the inelastic behaviour of the equivalent single-
degree-of-freedom (SDOF) system of realized frames (ca-
pacity curves). The elastic response spectra for the site where
buildings are located are transformed into inelastic spectra.
The transformation is performed based on the application of
the capacity spectrum method [17].
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FIGURE 5: Distribution of 46 building samples across the Campania region.

TaBLE 2: Assumed intervals for the adopted parameters of building
geometry.

Minimum Maximum

Parameters Steps

value value
Number of storeys (#y,) 2 1 8
Interstorey height of the 3.0m 05m 45m
frame (h)
Effective width of the frame (w) 4.0m 2.0m 10m
Number of bays in length ’ 1 12
of the frame (n;)
Bay length of the frame (]) 2.0m 0.5m 6.0m
Year of construction 1920 1 2013

The vectors of capacity and demand are obtained, and
the probability of failure is obtained by comparing these
vectors, stochastically. The capacity spectrum method [17] is
used to determine whether the capacity surpasses the de-
mand by superimposing the capacity curves onto the in-
elastic response spectra.

To calculate the probability of failure, the demand
displacement values are compared with the associated
capacity displacement values (Figure 8). The probability of
failure at each intensity of ground motion is calculated by
the multiplication of failure counter (Is;) with the asso-
ciated joint probability density function of the RVs used to
analyze the system at each realization. Then, it is summed
over n number of realizations (Equation (3)). The failure
counter occurs when the demand displacement exceeds
the capacity displacement (Section 2.3). For example, the
probability of exceeding the significant damage state for

the selected building at a given intensity level (a;=0.063 g;
Tr =101 years) of an earthquake is

PF;re_im(ds >DS = Ls|s FOM)
n=118098 (15)
= ) JPDF, x(Iy),, = 0.449,
m=1

where I is the numerator of zero or one multiplied by the
JPDF of all realizations of the determined values of all the
RVs. Then, for each building, the nine values of probability
of exceeding the LS limit state with regard to the seismicity of
the zone associated with the nine return periods of earth-
quake are obtained. Figure 9 illustrates the fragility curve of
the nominated building fitted by the normal cumulative
distribution function.

5.4. Current Seismic Risk. For all 46 buildings, the proba-
bility of exceeding the LS limit state for all nine earthquake
return periods was obtained. The seismicity data of each
building were combined with the calculated vulnerability to
obtain the mean annual frequency of exceeding the de-
termined damage limit state. Eventually, seismic risk was
quantified by the expected annual monetary loss. The cal-
culated mean annual frequencies were compared with the
maximum allowable frequency of exceeding the damage
limit [11] to obtain the vulnerability index. As an example,
the seismic risk of the nominated building (no. 39) is
presented as follows:
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S 0.040 i _
g X ecin = 0.0087,
.E 0.035 | E[L;DS = LS|] = 0.75 x 912440 = 684330 €, (16)
E= ;
E 0.030 | SR e-ing = 684330 X 0.0087 = 5953.68 €.
<
g 0.025 |
=
=
& 0020 5.5. Seismic Risk Mitigation. The first step in decision-
& making is to check the reliability indices of the build-
=1 . . . . .
g 0015y ings. The indices are shown by the histograms plotted in
E 0,010 Figure 10, which shows the vulnerability distribution among
=R all buildings. This issue would be important as the decision is
£ 0.005 | being made for part of the decision axis, which is defined on
g the abscissa of this plot.
s 0 In Figure 10, some of those buildings that are safe, as

0.05 0.10 0.15 0.20
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FIGURE 7: Seismic hazard curve for building no. 39 (by example).

their vulnerability index results in a very large value, are
discarded. In this figure, the black lines represent the
boundary limit of the decision zones. Once the current



Advances in Civil Engineering

TaBLE 3: Considered random variables in structural analysis.

Uniform discrete distribution  Uniform discrete distribution

(pre-1972) (post-1972)

d.s (mm)=6, 8 d.s (mm)=38, 10

S.. (mm) =250, 300, 350 S (mm) =150, 200, 250
n.=3,4,6 n.=6, 8, 10

d (mm) =12, 16, 20 d (mm) =14, 18, 22
be=3, 4, 6 be=4, 6, 8

dyy (mm) =12, 16, 20
Continuous distribution

dy; (mm) = 14, 18, 22
Continuous distribution

(pre-1972) (post-1972)

{f“: (21\9/[}5);)[2” 6]: 369.7 and f,a (MPa): =550 and o = 33 [26]
{;d: (71\/;15>a[)2 6”] =25 and fia (MPa): =36 and 0=7.2 [26]
gb:(;én[g;f =600 and hy, (mm): y =480 and 0 =67 [27]

b. and h. (mm) [27]
if n, <3, p=450 and =50
ifn, =4, u=490 and 0 = 147
ifn, =5, y=650 and 0 =195
if n,>6, u=700 and 0 =196

b. and h. (mm) [27]
if n, <3, u=600 and 0 =216
if n,=4, y=710 and 0 =198
if n, =5, u=740 and 0 =266
if n,>6, u=850 and 0=357
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FIGURE 8: Inelastic capacity curve and inelastic response demand
spectrum for all the realizations of the example building (no. 39) at
Tr=101 years and a,=0.063 g.

seismic risk is known for the building stock, the best way to
reduce the risk of those exposed buildings should be de-
termined. The decision-making for the available budget to
reduce the risk of the portfolio of buildings has been made
on the scale of two factors: cost and seismic risk.

The cost of retrofitting is estimated by linear functions
that relate the reliability index to the cost as part of the
reconstruction cost of a building (Section 3.1). The re-
liability indices obtained are used to approximate the
required cost for partial and full retrofitting based on
whether the building was constructed before or after 1972.
It should be mentioned that, for some cases, more than
one cost would be required according to different decision
alternatives (0.2 <y <0.8).
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Referring to Section 3.4, the postintervention seismic
risk was obtained by recalculating the probability of ex-
ceeding the damage state when partial and full retrofitting
activities are implemented. To find the reduced probability
of damage, scale factors were obtained for all return
periods (Section 3.3). In Figure 11, the fragility curves of
pre- and postintervention of building no. 39 superimposed
by the hazard curve are illustrated. The fragility curves
of those buildings that could be partially retrofitted
(0.2<x<0.7) or fully retrofitted (0.2<y<0.8) are shown
in Figures 12 and 13.

The decision solution is introduced by finding the
maximum possible risk reduction by any of the introduced
strategies, while the optimum choice has been bound to the
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FIGuRre 12: Fitted fragility curves for cases that could be structurally
upgraded by partial retrofitting.

budget. The cost of intervention and conjugated seismic risk
due to each strategy have to be combined over all N
buildings of the portfolio. For buildings where y<0.2 and
X =0.8, just one choice is determined, while a decision is
made when 0.2 < y < 0.8. For the 46 buildings chosen for the
case study,

(i) Zone 1: y<0.2 (n; = 1 building and #; = 1 mitigation
option)

(ii) Zone 2: 0.2<x<0.7 (n,=13 buildings and #,=3
mitigation options)
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FiGuRre 13: Fitted fragility curves for cases that could be structurally
upgraded by full retrofitting.

(iii) Zone 3: 0.7<x<0.8 (n3=1 building and t;=2
mitigation options)

(iv) Zone 4: y>0.8 (n,=31 buildings and t,=1 miti-
gation option)

Hence, the solution that reduces the seismic risk of
all N=46 buildings could be obtained by Q=1"'x3"
x 2" x 1°' = 3,188,646. Each combination denotes a unique
solution that can be used as intervention in the buildings. The
summation of each combination of cost and risk provides the
total value that could be spent and gained by taking any of the
strategies and mapping them out. Each solution corresponds
to a given total postintervention seismic risk and a certain
total cost (i.e., the sum of the costs of the individual in-
terventions to be made, according to that specific combina-
tion, to each building of the set). It is worth noting that the last
two quantities are, respectively, the ordinate and the abscissa
of any of the points in Figure 4. One point out of all the plotted
points represents the best fit of the project. It is the one that
yields the minimum seismic risk, at the same time being close
as much as possible to the budget line.

The range of the cost-risk curve when an intervention is
made on N buildings is plotted with the coordinate of cost-
risk when no intervention is made (Figure 14). This illus-
tration could show how much seismic risk is decreased by
the budget-oriented intervention with respect to the point
when no intervention is made (red point). The yellow point
indicates how much should be spent to just demolish and
reconstruct those buildings with y <0.2 and leave the rest
without intervention. The blue point represents the opti-
mum allocation of the budget (€2.5x 107), and the green
point shows the maximum project cost. According to these
two coordinates, the amount of risk reduction by any de-
cision made over the population can be drawn. The main
objective is to allocate the budget to the right place so that
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FIGURE 14: Investment and postintervention seismic risk for each of
the 3.2e6 solutions. Identification of the optimal alternative is
shown.

the client will know how much should be spent on each
building and what would be the decision strategy for in-
tervention (blue circle in Figure 14).

Hence, the final report of the decision-making would
be as indicated in Table 4, where the level of the current
seismic risk and the strategies of how to intervene
structurally in each building are addressed. In this table,
the values of the current seismic risk of the nominated
buildings are presented to decide how to intervene in
those buildings considered vulnerable (i.e., Xipre-int <0.8)
according to the design objective with a limited available
budget. In other words, for N buildings of a portfolio, the
cost (Cpost-int) associated with each decision alternative
(Q) has to be paid to determine how to intervene in the
building (D: demolition/reconstruction, N: no in-
tervention, P: partial retrofitting, and F: full retrofitting)
to reduce the seismic risk (SRyos¢-int) @8 much as possible
compared with the risk level of building when no decision
has been made (SRpre-ing)-

The results show that the reduction would be more
significant for those buildings with higher rates of vulner-
ability (buildings no. 3, no. 11, no. 17, no. 18, and no. 37 are
clearer). For these buildings, an average of 60% of the initial
risk is diminished.

Moreover, it would be interesting to observe the cap-
tured seismic risk from the optimum allocations of the
assigned budget by the risk values when no intervention is
made. The two bar charts, which are similar to the figures
above, are plotted to determine how much risk is reduced by
the allocations of the budget (Figure 15).

6. Conclusions

Italy is located in a high seismic hazard zone, with several
buildings that were designed before the national seismic
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design code was issued. Even the more recent buildings
require further assessment to ensure that they comply with
the current criteria for structural design. This issue forces
responsible urban policymakers to make urgent prevention
decisions and actions regarding preevent risk management
programs to strengthen the regional buildings. In some
cases, the governmental budget is already approved;
therefore, a wise and rational decision should be made to
allocate funds to the right parties. In Italy, this type of
decision has been made arbitrarily and unsystematically, as
no solid principle had been established. In this regard,
decision-makers face a challenge: there are a large number of
vulnerable buildings and there is no plan describing how the
available budget should be allocated. The aforementioned
missing point in seismic risk management of a building
portfolio inspired this study, which attempts to develop
a decision-making procedure to determine how to distribute
the budget wisely.

The study is built based on a seismic risk analysis of
buildings, and its goal is to determine how to appropriately
manage the budget to lessen future risks. The seismic risk is
calculated in dimensions of monetary loss by combining the
hazard, vulnerability, and exposure data. The algorithm for
making decisions on how to reduce the seismic risk of the
entire portfolio is established by estimating the cost of
retrofitting and calculating the benefit gained by such an
investment. The reliability index of buildings is used to
determine whether buildings are vulnerable or not. A linear
function of the repair cost-vulnerability index is taken from
the literature of Italian vulnerability studies to obtain the
approximate cost of retrofitting.

Owing to the fact that it would be hard to handle the
structural analysis with in-use sophisticated engineering
software in this type of large-scale problem, a simplified
method is proposed to figure out what the reduction
would be in terms of probability of failure according to
each of the retrofitting options (i.e., partial and full
retrofitting). This study does not claim that the simplified
method is the unique one but any other methods that
could result in quick observation of objective structural
response parameters would be used in the future.
Therefore, the postintervention seismic risk would be
easily evaluated for all the buildings. Four intervention
strategies are assumed for each building: demolition/
reconstruction, no intervention, partial retrofitting,
and full retrofitting. The best intervention choice is
defined as the one that meets all the requirements and
limits of the clients. From all the combinations of in-
terventions for all the buildings, the total cost and total
seismic risk of the postintervention are calculated. The
optimum intervention is selected as the one that is less
than the budget limit and yields the minimum seismic
risk during postintervention. Finally, one is able to know
how to intervene in each building and how much should
be spent for each building to obtain the perceived
minimum seismic risk.

As has been already mentioned, the authors tried to
make a simplified but practical method to share the limited
budget among the buildings; however, to build the decision
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TaBLE 4: Optimum budget allocations required to make the best possible structural intervention decision.
BUilding /Xpre-int Xpre-int Decision zone SRpre-int (k€) Qit(q: 1048005) Cit(q: 1648005)post-int (k€) SRit(q: l648005)post-int (k€)
1 0.00092 >3 4 2.3 N 0 2.2
2 0.00189 1.689 4 2.5 N 0 2.5
3 0.01050 0.305 2 23.0 p 1510.2 9.8
4 0.00937  0.341 2 10.8 P 751.7 52
5 0.00254 1.261 4 6.5 N 0 6.5
6 0.00175 1.830 4 4.2 N 0 4.2
7 0.00121 2.637 4 0.6 N 0 0.62
8 0.00639 0.500 2 3.0 P 225 2.1
9 0.00251 1.274 4 0.77 N 0 0.78
10 0.00684 0.468 2 17.9 F 2407 8.4
11 0.00763 0.419 2 40.6 F 5283.8 17.0
12 0.00280 1.143 4 4.1 N 0 4.1
13 0.00236 1.358 4 3.3 N 0 33
14 0.00221 1.451 4 1.1 N 0 1.1
15 0.00032 >3 4 1.5 N 0 1.5
16 0.00119  2.689 4 24 N 0 2.4
17 0.00896 0.357 2 554 P 3912.4 27.8
18 0.00629  0.509 2 23.0 F 3121.8 11.7
19 0.00176 1.817 4 2.3 N 0 2.3
20 0.00480 0.667 2 3.0 N 0 3.1
21 0.00576 0.555 2 12.9 F 1753.9 7.2
22 0.00148 2.167 4 3.6 N 0 3.6
23 0.00212 1.512 4 44 N 0 4.4
24 0.00190 1.684 4 1.9 N 0 1.9
25 0.00153 2.090 4 0.75 N 0 0.74
26 0.00221 1.447 4 2.0 N 0 2.0
27 0.00233 1.375 4 3.0 N 0 3.0
28 0.00528 0.606 2 10.0 F 1172.8 6.1
29 0.00118 2.714 4 0.92 N 0 0.91
30 0.00136  2.353 4 1.1 N 0 1.1
31 0.00068 >3 4 2.6 N 0 2.6
32 0.00296 1.081 4 8.2 N 0 8.2
33 0.00267 1.197 4 3.2 N 0 3.2
34 0.00000 >3 4 0 N 0 0
35 0.00026 >3 4 0.52 N 0 0.52
36 0.00227 1.411 4 7.5 N 0 7.5
37 0.02286 0.140 1 39.6 D 2309.1 5.5
38 0.00056 >3 4 1.7 N 0 1.7
39 0.00866 0.370 2 59 p 425.7 3.1
40 0.00696 0.460 2 6.6 F 888.8 3.0
41 0.00197 1.623 4 1.0 N 0 1.0
42 0.00217 1.477 4 3.8 N 0 3.8
43 0.00404 0.792 3 6.5 N 0 6.5
44 0.00137 2.339 4 1.3 N 0 1.3
45 0.00058 >3 4 1.0 N 0 1.0
46 0.00794 0.403 2 16.3 P 1,196.9 9.2
Total 356.1 > 24,959.5 207.0

“D”: demolition and reconstruction; “N”: no intervention; “P”: partial retrofitting; “F” full retrofitting.

algorithm, some assumptions and limitations were in-
evitable, such as the following: analyzed buildings are all
consistent with the parameters of regular buildings; inter-
storey height, floor mass and structural sections, and
detailing of beams/columns are all equal at all floors; RV's
are assumed to be stochastically independent; and struc-
tural analysis is performed for a 2D frame, which represents
a 3D building. Rather than adopting a simplified method,
different methods could be attempted to conduct the
structural analysis. The development of new simplified

methods that include more structural details will provide
3D analyses of buildings. The adopted simplified PO
analysis uses the equivalent SDOF system rather than the
multiple-degree-of-freedom system. According to the ob-
jective buildings, just one damage limit state has been
studied; however, more damage limit states could be in-
vestigated. The effect of masonry infills is neglected in
evaluation of the lateral capacity of the frame. The cost
of retrofitting is calculated using a linear function of
the cost-risk rate presented in a previous similar study.



Advances in Civil Engineering

Ficure 15: (a) Preintervention seismic risk and (b) post-
intervention seismic risk of all buildings.

A comprehensive cost analysis could provide a national
resource for similar studies. Certainly, the above de-
ficiencies will be addressed in the future work. All in all, this
manuscript has to be intended as the first preliminary
development of a framework that needs further im-
provement before leading to significant and applicable
results.
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