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The seismic performance of existing buildings can be improved significantly through the installation of various
retrofit technologies. Decision support systems can be used for the selection of an optimal retrofit alternative
when several important decision variables (DVs) need to be considered. Typically, the decision-making process
considers a range of economic, social and technical aspects that are of interest to decision-makers; however, less
or no consideration is given to the environmental impact (EI) of the retrofit alternatives. This study investigates
how including the EI of possible retrofit alternatives as an additional DV in a multi-criteria decision making
(MCDM) process can affect the choice of the optimal retrofitting scheme for a reinforced concrete school building
in Italy. An assessment methodology for determining the life cycle Els for the case-study structure, based on
environmentally extended input-output life cycle analysis, is described. Then, a set of five retrofit alternatives is
developed using response estimates from non-linear static analyses and their performance is assessed using non-
linear time-history analysis and the PEER-PBEE framework. Several decision assessments are conducted, using
the MCDM framework, each considering a subset of 13 possible DVs, including EI, to select an optimal retro-
fitting alternative. The results of the MCDM assessment and their implications are discussed in detail. The main
conclusions were: (1) in some instances the expected annual EI may be a suitable proxy for the total life cycle EI
when used in the MCDM framework; (2) the use of aggregated performance metrics such as the Life Cycle
Performance Metric should be carefully considered when the MCDM procedure is used for the decision analysis,
and; (3) the most significant factor affecting whether or not the inclusion of EI will affect the choice of optimal
alternative is the weights of the DVs assigned by the decision-maker.

1. Introduction

A significant portion of the Italian building stock consists of struc-
tures built in the years following the second world war but before the
introduction of the first seismic design codes in the 1970s. As a result,
many of these structures have not been designed or detailed to withstand
seismic demands and pose a significant risk in terms of economic losses
and casualties [1]. Seismic performance can be improved either by
demolishing and replacing the most at-risk structures with new code-
compliant ones or retrofitting them to improve their seismic perfor-
mance. Demolition and replacement of existing buildings is not gener-
ally considered an acceptable solution given the high capital costs
associated with new construction, as well as the extended interruption
caused to occupying residents and businesses [2]. In addition to these
economic factors, there are significant environmental concerns
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associated with demolition and reconstruction. The building sector
contributes approximately 40% of the total energy use and greenhouse
gas (GHG) emissions in the EU [3] and, although the majority of this is
associated with the operation of these buildings, a non-negligible
portion can be attributed to their demolition and construction. Con-
struction and demolition waste is also the most significant waste stream
in the EU, contributing over 800 million tonnes of waste per year, or
approximately 25% to 30% of the EU’s total waste [4]. Considering that
the economic and environmental costs of retrofitting are lower than
wholesale demolition and replacement it is easy to see why this is the
preferred option when deciding how to improve existing buildings’
seismic performance.

When developing structural retrofit solutions, three main strategies
can be used to improve a structure’s seismic performance: (1) local
strengthening of individual elements; (2) the introduction of additional
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lateral load resisting elements, and; (3) the reduction of the demands on
the structure via supplemental devices [5]. There are numerous ways in
which specific retrofit schemes can encompass one or more of these
strategies. Take, for example, the case of a typical reinforced concrete
(RQ) frame structure with unreinforced masonry (URM) infills designed
prior to the introduction of seismic design codes. These structures may
suffer premature shear failure of the joints due to inadequate detailing or
shear failure of columns due to their interaction with the URM infill
panels. Local intervention schemes aimed at strengthening the weak
joints could include the application of fibre-reinforced polymer (FRP)
sheets [6-8] or joint enlargement through the application of concrete
jackets [8-10] or post-tensioned steel angles [11]. FRP and concrete
jacketing can also be applied to the columns to increase their shear
strength, flexural strength or ductility [8]. Alternatively, new or addi-
tional lateral load resisting elements can be added to create an alter-
native load path, thus reducing the demands on the existing elements. It
is common for existing frames to be retrofitted with RC shear walls
[2,8,12] or steel braces [8,13,14]. Moreover, the reduction of seismic
demands can be achieved through the use of supplemental damping
systems, such as viscous dampers [15,16] or base isolation [2,17,18].

There has been significant focus in recent years on developing
methodologies that aim to determine an optimal retrofit configuration
for a specific building. In the literature, optimal retrofitting can be
achieved in one of two ways: (1) selection of an optimal solution from a
predefined set of alternatives or; (2) optimisation of a specific retrofit-
ting design using advanced computational methods, such as evolu-
tionary algorithms. Studies using advanced optimisation algorithms
[19-22] have shown that very cost-effective solutions can be achieved
for different retrofitting schemes. Typically, these studies utilised non-
linear static procedures for the seismic assessment of the design alter-
natives and the optimisation is performed on the basis of the total
installation cost of the retrofit scheme, although future effort could be
directed towards expanding optimisation criteria to include additional
variables. On the other hand, methods for the selection of an optimal
retrofit solution from a set of pre-defined alternatives proposed in the
literature include: seismic resilience-based assessments [23-25]; index-
based methods [26]; cost-benefit analyses [27-29]; and Multi-Criteria
Decision Making (MCDM) [30,31], amongst others. Each of these
methodologies uses structural response characteristics, economic vari-
ables, or a combination of both, to determine the optimal retrofit
alternative from a set of candidates. The MCDM method is a more
comprehensive decision support framework, which can accommodate a
broad range of decision variables encompassing economic consider-
ations, structural response, social aspects and environmental impacts
(EIs) to name a few. Recently, Carofilis et al. [32] undertook a detailed
assessment of a number of these methodologies within the context of
selecting an optimal structural retrofit scheme for an existing RC school
building in Italy. Their investigation revealed that the ranking of alter-
natives derived from selection methodologies with a strong focus on
structural response often contradicted the rankings obtained from
methods that relied on economic variables. When additional factors
associated with social, aesthetic or practical aspects of the interventions
were considered, yet another ranking of the alternatives was observed
using the MCDM framework. In light of this, Carofilis et al. [32]
concluded that simple decision-making tools, such as cost-benefit anal-
ysis or index-based methods, do not appear to be comprehensive enough
when a wide variety of decision variables need to be considered.

In recent years, the assessment of a building’s environmental impact
has become increasingly important as building owners and property
developers work to comply with new environmental regulations [3] or
obtain green building accreditations from third-party organisations
[33,34]. It would therefore be beneficial to consider the Els associated
with alternative designs when selecting an optimal structural retrofit
solution. Several studies have considered or proposed metrics for eval-
uating different structural designs or retrofit alternatives in terms of
their EI. The most common method in the literature is a direct
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comparison of the total EI for each design, usually normalised per unit of
floor area [35-37]. Direct comparison of aggregated EI metrics, such as
the BEES score, which is a weighted average of all of the EIs produced by
a product [38], has also been utilised in several studies [39,40]. An
environmental cost-benefit analysis has also been proposed in other
studies [41-43]. Recently, Caruso et al. [44] proposed a comprehensive
Life Cycle Performance Metric (LCPM) for evaluating the EIs of struc-
tural and energy efficiency retrofitting alternatives. This LCPM calcu-
lates the total economic costs or Els over the life cycle of a building and
expresses them in terms of €/m?/yr. or kgCOze/m2/yr. The LCPM is a
flexible parameter that can incorporate costs or Els from an array of
sources including, but not limited to, retrofit installation, repair of
seismic damage, maintenance, and energy use.

Despite the ability of these metrics to effectively communicate the
Els associated with different retrofit alternatives, to the authors’
knowledge, they have yet to be included as part of a comprehensive
MCDM methodology to select an optimal retrofit solution for an existing
building. With this and all of the above in mind, the aim of the present
study is to build on the work of previous studies, such as the one by
Carofilis et al. [32], and investigate how the inclusion of EIs in the
decision-making process can influence the selection of an optimal
retrofit solution for existing buildings. A detailed seismic performance
and EI assessment will be performed for an existing case-study building,
which is characterised by poor seismic structural performance, located
in a high seismicity region in central Italy. A selection of five retrofit
alternatives will be developed for the structure in accordance with the
requirements of the national design codes [45] and the recently devel-
oped Italian seismic risk classification guidelines [46]. Following the
detailed assessment of each of the retrofit alternatives, the selection of
an optimal retrofit solution will be investigated using the MCDM
framework and the impact of EIs on such a choice will be scrutinised.

2. Assessment and selection methodology
2.1. Seismic assessment

This study features two distinct phases of structural performance
assessment. The first phase involves using a simplified non-linear static
procedure to estimate the displacements at which the as-built and ret-
rofitted structures attain different performance limit-states (perfor-
mance points) stipulated by the Italian building code (NTC) [45]. The
N2 assessment method [47] was adopted for this study as it is one of
several acceptable assessment methods outlined in the NTC [45]. As part
of the initial seismic assessment of the as-built configuration, the N2
method can be used to identify critical structural weaknesses that limit
the performance of the building and help guide the design of the various
retrofit alternatives.

In the second phase of the analysis a detailed seismic performance
and loss assessment is performed utilising non-linear time-history ana-
lyses (NLTHA) and the well established PEER-PBEE methodology [48].
The PEER Performance Assessment and Calculation Tool (PACT) is used
to perform the required loss assessment calculations. A further
description of the PEER-PBEE assessment framework and its imple-
mentation can be found in the FEMA P-58 series of reports [48-51] or
the work by Giinay and Mosalam [52].

2.2. Environmental impact estimation

The methodology used in this study to assess the EIs of the case-study
building is based on the concept of Life Cycle Assessment (LCA), which is
a common approach for assessing the cost and EI associated with the
different phases of a structure’s life. Typically LCAs consist of four steps:
(1) definition of the scope of analysis and system identification; (2)
compilation of the life cycle inventory (LCI); (3) impact assessment; and
(4) interpretation of the results [53,54].
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2.2.1. Stage 1: Scope definition

Step one focuses on determining the boundaries of the system for
which the LCA is to be conducted. Fig. 1 shows the life cycle phases and a
selection of processes that can be considered in the LCA of a typical
building.

As the aim of the present study is to include consideration of Els in
the selection of optimal structural retrofit schemes, the scope of the
impact assessments conducted in this work (Fig. 2) will focus on the
estimation of both the pre-use and recurring embodied Els, with no
attention given to operational Els (Fig. 1): the implicit assumption here
is that the as-built and retrofitted structures all have the same opera-
tional Els. This is deemed a reasonable assumption given that the
structural retrofit interventions exclusively target improved seismic
performance and not energy efficiency. The chosen system boundary
encompasses all five of the major life-cycle stages shown in Fig. 2 -
extraction, manufacture, construction, use and end-of-life - and is
considered to be a cradle-to-grave assessment. As Fig. 2 illustrates, the
effects of transportation and labour have not been explicitly considered
in the EI assessment. Labour is not typically considered in the building
LCA as human labour does not contribute directly to any Els [55].
Transportation, on the other hand, has a clear impact on the environ-
ment, however, these impacts are difficult to quantify unless detailed
information is obtained relating to local conditions (e.g. distance from
material sources and waste dumps). Excluding the transportation im-
pacts is expected to have a minimal effect on the overall results and
conclusions drawn, given that all of the retrofitted structures are likely
to be affected equally. Four different system boundaries are used to
estimate the Els in different parts of the study and these are illustrated in
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Figure F4. The red boundary represents the cradle-to-gate Els associated
with repairing earthquake-induced damage. In this system, the con-
struction EIs have been neglected as the LCI database used only provides
information for a cradle-to-gate assessment. More details regarding the
chosen LCI database are provided in Section 2.2.2. End-of-life effects
were also not considered as they are accounted for separately in the
building replacement system (blue boundary). The EIs of building
replacement systems are also calculated from the LCI database, how-
ever, they can be calculated by applying the replacement cost to the
“school and vocational buildings” industrial sector, which includes
construction costs. This system is the only system that considers the
impacts associated with the labour and transportation required to
reconstruct the structure because these are implicitly included in the EI
per unit cost value of the sector. In this case, the end-of-life EIs can be
accounted for by amplifying the pre-use embodied impacts by a fixed
amount, as will be discussed in Section 4.4. The green line represents the
boundary of the system assumed when calculating the Els for the
installation of the retrofit alternatives. Here, the same assumptions were
made as for the repair system, except that an allowance has been made
for the EIs resulting from the disposal of construction waste. This was
possible because the design of the retrofit alternatives made it easy to
provide an estimate for the expected volume of waste. Finally, the bold
black line indicates the complete system boundary that has been used to
estimate the total life-cycle environmental impacts (LCEI) for the
structure and it is the result of the union of the systems previously
described plus the maintenance Els.
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Fig. 2. Scopes of the different EI assessments conducted as part of this study.

2.2.2. Stage 2: Life cycle inventory

Step two of the LCA process is the compilation of the life cycle in-
ventory (LCI), which is a collection of all of the processes, industries and
sources of EI that fall within the system boundary specified in step one.
The ISO guidelines do not standardise the methods that are used to
develop life cycle inventories. In previous studies examining the EI of
buildings subject to seismic damage Process-based LCA (PLCA)
[35,37,39,40,56-60], Environmentally Extended Input Output LCA
(EEIOLCA) [36,44,61,62] and carbon factor [41,42,63-65] LCI have
been employed.

In the present study an EEIOLCA inventory was selected for use,
specifically the USEEIO life cycle inventory [66]. This proves to be an
attractive choice for several reasons. Firstly, the data from the USEEIO
database has recently been integrated into PACT (version 3.1.2) [49],
which, as highlighted in Section 2.1, is the primary performance
assessment tool used in this study. Secondly, using an EEIOLCA in-
ventory makes it relatively straightforward to determine the Els asso-
ciated with the repair of components that are not already included in the
PACT fragility database, as they can be estimated using repair cost es-
timates obtained from literature, e.g. [67,68]. The functional unit of the
USEEIO inventory is EIs/$US (2013). When calculating the impacts for a

year other than 2013, the effects of inflation should be considered.
Additional information regarding the comparison between EEIOLCA
inventories and PLCA inventories and associated sources of error can be
found in references [55,61,69,70].

2.2.3. Stage 3: Impact assessment

In this phase the resources consumed and the emission and waste
flows generated by the processes and industrial sectors identified in step
two are converted into Els, using a library of EI factors that simplify a
large catalogue of emissions into several, more communicable, perfor-
mance metrics [54,71]. This study has chosen to use Climate Change
Potential (CCP), measured in equivalent kilograms of carbon dioxide
(kgCOze) as the sole metric for assessing the EI of the case-study building
because it has been shown to be a good proxy for a range of different Els
[55]. The impact assessment for the as-built structure, the installation of
the retrofit schemes and the repair of seismic damage can be assessed by
directly applying the disaggregated sector costs for each life-cycle phase
to the values from the USEEIO matrix. In these calculations, a
2020-2013 deflation factor of 0.91 was considered [72]. The flowchart
in Fig. 3 illustrates the impact assessment procedure.
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$
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Qectore
u\d‘ut‘d“ o

5. Matrix multiply the total $
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[ ] = [ - -
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Fig. 3. EEIOLCA impact assessment procedure adapted from Huang and Simonen [61].
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2.2.4. Stage 4: Interpretation of results and sources of uncertainty

The final step in an LCA is the interpretation of the results. This
typically includes the identification of the process or materials that
contribute most significantly to the total EI. The results should also be
presented in terms of a useful performance metric along with a discus-
sion of the data quality and uncertainties in the calculation. This step is
key in facilitating comparisons between different products or, as in the
present study, different building retrofit alternatives. The results of the
impact assessments will generally be presented in terms of kgCOze/
building for the pre-use embodied impacts or kgCOze/yr for recurring
embodied impacts, enabling a good comparison between the as-built
structure and the different retrofit alternatives. Some of the limitations
and potential sources of uncertainty relevant to EEIOLCA inventories are
highlighted by Saynajoki et al. [69] and Majeau-Bettez et al. [70],
however there are other sources of uncertainty that are introduced in
this particular study. Firstly, the USEEIO inventory has been developed
using US economic data meaning that the Els derived from its use are
applicable only within the United States. The application of this in-
ventory to case studies outside of the US will likely increase the error of
the impact estimate unless it can be demonstrated that the economy of
interest has the same structure as the US economy. In this study, the use
of the USEEIO inventory for a case-study building in Italy is justified by
the fact that the assessments performed are for comparative purposes
and any error resulting from the use of a US inventory will likely have an
equal effect on all of the retrofitted structures. Secondly, the USEEIO
database does not consider any sort of uncertainty in the EI estimates for
each sector, however, uncertainty in these values is accounted for in the
PACT software by assuming that the uncertainty of the EIs (85 is related
to the uncertainty of the cost estimate (), as given by Equation (1):

P =P+ 0.25 (€8]

2.3. Optimal retrofit selection

Extending on the work of Carofilis et al. [32,73], the MCDM
framework has been chosen to aid in the selection of the optimal retrofit
scheme for the case-study structure and its application has been
described extensively by Caterino et al. [30]. This study considers a
broad range of decision variables (DVs), encompassing the social,
environmental and economic aspects of each retrofit alternative and a
complete list can be found in Section 7.1. These criteria have also been
adopted in previous studies by Caterino et al. [30] and Gentile and
Galasso [31], with the exception of the EI variables, and the rationale for
the selection of these variables can be found in those papers. For what
concerns the EI DVs, the EI of installation, Cy, was selected because it is
analogous to the cost of installation and represents an initial capital
investment associated with the retrofit scheme. Conversely, the ex-
pected annual EI (EAEI), C;, represents an ongoing environmental cost
associated with the retrofit alternatives and is impacted by the seismic
performance (i.e. the effectiveness) of the retrofit alternatives. Economic
and environmental LCPMs [44] have also been included to investigate
what effect aggregating all life-cycle costs and EI factors into only two
DVs will have on the selection of the optimal alternative.

The weight vector values used in this study have been derived from
the data collected in the survey conducted by Carofilis et al. [73], which
received responses from researchers and engineers practising in the field
of structural earthquake engineering and retrofit in Italy. The specific
values of the weight vectors and decision matrices used in each of the
MCDM analyses performed as part of this study are reported in Section
7.1. In addition to conducting the survey, Carofilis et al. [73] also
investigated the effects of considering uncertainty in the MCDM
framework. One of their key findings was that, when the values in the
weight vector are relatively uniform, the inclusion of uncertainty in the
weight vector and the decision matrix has little effect on the overall
ranking of the alternatives. With this in mind, the present study will use
the deterministic method described in Carofilis et al. [73] to select the
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3. Case-study building
3.1. Characteristics and properties of the case-study structure

The building chosen as the case study for this research is an RC
moment-resisting frame (MRF) school building with URM infills located
in Isola del Gran Sasso d’Italia, Abruzzo, Italy [74]. The school consists
of two above-ground storeys and a small partial basement at the east
end. The first and second floors each have an area of approximately 630
m? and interstorey heights of 3.75 m and 4.25 m, respectively. The
structural system consists of two-way RC MRFs in the longitudinal (X)
and transverse (Y) directions. URM infills and partitions are present
throughout the building and large penetrations in the exterior infills
allow for the presence of windows. As this structure was built sometime
between the 1960s-1970s, it is an example of the typical Italian con-
struction prior to the introduction of modern seismic design codes [74].
A more detailed description of the building, along with architectural
plans and elevations, can be found in Prota et al. [74].

3.2. Numerical modelling

For the case-study school building, a numerical model was developed
using the OpenSees software framework [75]. A three-dimensional
representation of the numerical model is presented in Fig. 4. The
model consists of flexural elements (i.e. beams and columns), beam-
column joints (BCJs), a stair-case, and masonry infills. The typical
frame elements (beams, columns and BCJs) were modelled following the
suggestions presented by O’Reilly and Sullivan [76] for simulating the
structural behaviour of older Italian RC frames. The staircases were
modelled using simple elastic frame elements, with one element repre-
senting each stair unit. The concrete and steel material properties were
obtained from Prota et al. [74]. More information on the modelling of
the RC frame elements for this case-study structure can be found in the
studies of Carofilis et al. [32,73].

The effects of the exterior masonry infills on the response of the
structure was modelled by incorporating a system of equivalent diagonal
struts that represent the behaviour of the infills [77]. The case-study
structure features four different infill configurations, which, along
with the corresponding equivalent strut configurations, are presented in
Fig. 5. All four of the equivalent strut configurations have been modelled
following the recommendations of Sassun et al. [67], assuming that the
hollow masonry blocks have the same geometry and material properties
as the T3 typology used by Hak et al. [78]. For the partial height infills
(Fig. 5c and d), the strut parameters were determined assuming the
actual height of the masonry infill, below the window penetrations. In
these cases, no additional stiffness or strength reductions due to window
penetration were considered. In the case of the partial width infill
(Fig. 5b) the stiffness and strength reduction factors proposed by Dec-
anini et al. [79] were used to modify the properties of the infill struts to
account for the window and door penetrations. The strut models used in
these analyses are only capable of modelling the in-plane behaviour of
the infills. To simplify the analysis and the post-processing, no consid-
eration has been given to the out-of-plane (OOP) behaviour of the infills.

It is acknowledged that, by using this simple single strut model, the
collapse performance of the structure could be overestimated and the
losses underestimated, given that shear failure of the columns is not
being accurately modelled. In this study, this was not considered to be a
significant liability because each of the retrofitting solutions specifically
addresses the negative impacts of column-infill interaction, as will be
detailed in Section 5.4.

In addition to the modelling of the specific structural elements, the
laterizio floor system was assumed to be rigid, which is typical of other
similar studies [44,80,81]. The second-order geometric effects have
been modelled using the P-A formulation. The base nodes of the
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Fig. 4. 3D representation of the numerical model developed in OpenSees. Blue members are force-beam-column elements, black members are elastic elements and
orange members are truss elements. Qualitative backbone curves for the non-linear elements are also shown. Adapted from Carofilis et al. [32].
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Fig. 5. Different infill configurations present in the case-study structure and the equivalent strut geometry adopted in the numerical model.

numerical model were considered to be fully fixed and any effects
resulting from soil-structure interaction were neglected. Finally, 5%
tangent stiffness proportional Rayleigh damping was adopted at the
frequencies of the first and third fundamental modes of vibration.

3.3. Preliminary assessment of as-built structure

Before the design of the alternative retrofit schemes, the performance
of the as-built structure was assessed. The NTC [45] defines four limit
states: Operational limit state (SLO); Damage limitation limit state
(SLD); Life safety limit state (SLV), and; Collapse prevention limit state
(SLC). For a school building, which is characterised by the NTC [45] as a
class III building, the specified design life is 75 years and the ground
motion return periods corresponding to each limit state are: SLO, 45
years; SLD, 75 years; SLV, 712 years, and; SLC, 1463 years.

The performance of a structure is generally quantified using either
global displacements, local deformations, strength capacity checks or a

combination of all three. The NTC [45] requires several demand-
capacity/limit checks to be performed at each limit state, which are
presented in Table 1. In addition to the interstorey drift, flexural hinge
rotation and beam/column shear resistance checks, using the capacity
models provided by the NTC [45], verifications of the rotation capacity
of the BCJ springs and axial strain of the infill struts were performed to
provide a more comprehensive assessment of the building’s perfor-
mance. These are summarised in Table 1.

The interstorey drift limits defined in the NTC [45] for class III
structures with fragile non-structural components (such as URM infills)
are 0.33% at SLO and 0.5% at SLD. The limits on the maximum rotation/
curvature of the beam/column flexural hinges and the moment capacity
of the BCJs were calculated following the requirements and the equa-
tions from Section C8.7.2.3 of the supplement to the NTC [45] for the
assessment of existing structures. The shear failure of the beams and
columns was checked using the expressions provided by the NTC [45]
which define the capacity based on the well-known truss analogy, with
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Table 1
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The structural verifications stipulated by NTC [45] for each limit state are indicated by black dots. Additional checks carried out are indicated by the squares. The
verifications highlighted in grey indicate that the as-built structure failed this verification based on the results of the simplified seismic assessment.

SLO SLD SLV SLC

Global Displacement Interstorey drift ° °

BClJ rotation -

Beam hinge curvature ° ° °
Local Deformation

Column hinge curvature ° ° °

Infill strut axial strain | ] [ | [ |

Beam shear °
Strength Demand-Resistance Column shear °

BCJ Moment °

the strut inclination and concrete and steel resistances being determined
based on criteria provided in the code. The maximum acceptable BCJ
rotation was set at 0.02 rad, based on the recommendations of O’Reilly
and Sullivan [76] who evaluated several past experimental tests on such
sub-assemblies. The infill strut strain limits were adopted based on the
recommendations of Sassun et al. [67], which were also used in the
definition of the modelling approach in order to be consistent
throughout.

A displacement-controlled non-linear pushover analysis of the
structure was performed using an inverted triangular load pattern and a
control node located at the centre of mass on the top floor. For each of
the limit states, the results from the pushover analysis were used in
conjunction with the N2 method, outlined in Section 2, to estimate the
performance of the structure. It is worth noting here that the N2 method
was not specifically developed for use with irregular URM-infill struc-
tures and it has been shown that there may be some inaccuracy in the
results obtained when used in this context [82]. However, for this study,
in which the N2 method has been used for just an initial seismic
assessment and rapid design of possible retrofit alternatives, these
inaccuracies are not expected to be of notable consequence. The detailed
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seismic assessment, which employs a more detailed NLTHA, has been
used to determine the values of the parameters used in the final decision
assessment.

The performance points obtained from the N2 assessment were
compared with the displacements at which the various structural ele-
ments reached their deformation or strength limits corresponding to
each applicable limit state. The pushover curves summarising these
analyses are presented in Fig. 6a. The critical structural weaknesses at
SLV are the moment capacity of the BCJs and the shear failure of the
short columns located adjacent to the partial height URM infills. These
elements limit the performance of the structure to such an extent that
failure occurs before the structure reaches the expected displacement
demand induced by an SLO intensity ground motion. At SLO intensities,
the axial strain of the infill struts also exceeds the SLO limits proposed by
Sassun et al. [67].

Fig. 6b presents the drift profiles at the structure’s centre of mass in
both the X and Y directions at each of the four limit state performance
points. The corresponding drift limits are shown for comparison. The
maximum drifts at SLO and SLD intensities are estimated to be 0.19%
and 0.21% respectively, which is well below the code specified limits. It
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— Y

i y
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i SLD lim.
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Fig. 6. (a) Pushover curves showing the N2 performance points (diamonds) and the capacity (circles) at each limit state for the as-built case-study structure. (b) Drift
profiles for each of the four limit states in the X and Y directions and the code specified drift limits.
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should be noted, however, that it appears that the structure may be
susceptible to the formation of a soft-storey at level two for higher in-
tensity ground motions. This can be attributed to the fact that the
strength and stiffness of levels two and three are similar, but the higher
shear force at level two causes the corresponding infills to fail first. This
results in reduced strength and stiffness of level two relative to level
three, leading to a concentration of drift.

The results of modal analysis of the as-built structure (AQ) are pre-
sented in Table 2 along with the results of the other retrofitting alter-
natives (Al to A5) discussed in subsequent sections.

3.4. Proposed retrofit alternatives

3.4.1. General description

Calvi [2] notes that it is often counter-productive to invest significant
amounts of resources to strengthen existing structures to meet the code
requirements for new structures. Retrofitting a structure to increase its
seismic performance, even if it does not meet the all of the code-define
capacity requirements for new buildings still represents a significant
improvement over the original as-built configuration and would be in
line with the goals of recent risk-reduction programmes, such as the
Italian Sismabonus scheme [46]. This simple principle has been used in
this study to guide the design of the five retrofit alternatives being
proposed. Where it is deemed practical, the design of the retrofit
schemes attempts to meet the code-defined limit state requirements;
however, where this cannot be achieved (e.g. due to excessive cost or
material requirements) the maximum improvement that can be realis-
tically achieved is accepted even if the performance is technically less
than required by the NTC [45]. The following paragraphs, Table 3, and
Fig. 7 provide a summary of the five retrofit alternatives considered in
this study.

A significant retrofit intervention that has been investigated in other
studies (e.g. [83]) and applies to all five of the retrofit alternatives is the
inclusion of a seismic gap of 50 mm between masonry infills and col-
umns. This corresponds to a storey drift of approximately 1.3% and is
over two times larger than the maximum drift of A0 at SLC. The inclu-
sion of this gap significantly reduces the risk of column shear failure
resulting from the column-infill interaction, but it will result in a more
flexible structure, leading to increased displacements. These displace-
ments can be controlled by the new retrofit schemes in a way that does
not risk shear failure in the columns. It is also noted that the introduction
of the seismic gap does significantly increase the risk of OOP failure of
infills although this can be reduced by installing OOP restraints to the
sides of the infill and the application of a fibre reinforced plaster to in-
crease the tension capacity of the infill [84]. The reduction in thermal
performance could also be remediated by filling the seismic gap with a
compressible insulation material or a compressible grout with very low

Table 2

The first four modal periods, geometric mean (Tgy) and period range of the six
models used in this study. The labels X;, Y; and Tr; in parentheses indicate the it
mode in the X-, Y-, and Torsional directions, respectively. The bold values are
used to calculate the geometric mean used in the record selection.

Mode 1 Mode 2 Mode 3 Mode 4 Tem 0.2Tgy -
1.5Tgm

A0 0.311 0.266 0.235 0.127 0.250  0.050-0.375
(Tr1) X1) (Y1) (Y2)

Al 0.603 0.492 0.367 0.234 0.470  0.094-0.705
X1) (Try) (Y1) (Y2)

A2 0.408 0.367 0.288 0.190 0.387  0.077-0.581
X1) (Y1) (Tr1) (X2)

A3  0.396 0.352 0.269 0.182 0.373  0.075-0.560
X1) (Y1) (Try) (Y2)

A4 0.750 0.521 0.348 0.297 0.511 0.102-0.767
X1 (Trp) (Y1) (Tr2)

A5 0.339 0.190 0.077 0.056 0.254  0.051-0.381

(X1) (Y1) (Y2) (X2)
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Table 3
Summary of the five retrofit alternatives considered in this study, the primary
intervention techniques used, and their intended effect.

Alternative  Interventions Effect
Al CFRP strips to BCJ Increases joint shear resistance
CFRP bars to columns Increases column stiffness and flexural
capacity
CFRP wrap of columns Increases shear resistance of elements
and beams and confinement
A2 Steel X-Braces around Reduces force and displacement
exterior demand on MRF
A3 CFRP as for Al -
Braces as for A2 -
A4 CFRP as for Al -
Viscous dampers Reduces displacement and
acceleration demands
A5 RC Shear walls Reduces frame demands and

regularises storey drifts
CFRP wrapping as for Al -
Steel Joint Enlargement Increases joint shear resistance

elastic modulus, although these considerations are outside the scope of
this study.

Following the separation of the infills, the first four retrofit alterna-
tives (A1-A4) are the same as those presented in the recent work of
Carofilis et al. [32,73] and a detailed description and discussion around
the advantages of each alternative can be found in those publications.
The final alternative, A5, designed for this study, uses a combination of
RC shear walls, BCJ enlargement and CFRP wrapping to improve the
seismic performance of the case-study building. The addition of RC shear
walls provides a new system of lateral-load-resisting elements, thereby
reducing demand on the existing frame. The walls are expected to reg-
ularise the interstorey drift and prevent the formation of a soft-storey at
high levels of excitation. The length, strength and location of the walls
were determined by attempting to move the centre of stiffness and
centre of resistance of the structure to coincide with the mass and reduce
the torsional response of the structure [85]. Six 1.5 m long shear walls
have been provided in the X-direction, parallel to the longitudinal axis of
the building, with two located along each of the north facade, south
facade and central axis of the building. In the Y-direction (transverse
axis), three 2.8 m long shear walls have been placed around the stairwell
to reduce the torsional effects attributed to the relative position of the
weaker columns. Two 1.5 m long shear walls were positioned on the
west facade, with two more 2.0 m long walls located near the central
axis of the building. All of the shear walls are 200 mm wide. The shear
capacity of the BCJs was improved by installing a system of steel angles,
plates and post-tensioned rods [11,86]. The capacity of these joints was
verified using the strut-and-tie model developed by Shafaei and Nezami
[86]. This post-tensioned steel system increases the effect of the size of
the BCJ and provides additional confining pressure to the joint
increasing the shear capacity. In several instances, the relocation of the
beam and column hinges away from the BCJ caused an increase in the
shear demand on the beams and columns. To ensure adequate shear
capacity, CFRP jackets designed in accordance with Eurocode 8 [87]
were applied to the affected elements.

3.4.2. Additional modelling considerations

First of all, and common to all five of the retrofit schemes, the infill-
strut elements were removed from the models in response to the seismic
separation of the infills and the frames. To accommodate this assump-
tion, additional checks were carried out during the non-linear analyses
to ensure that the estimated drifts did not exceed the 50 mm seismic gap
provided.

As noted in the previous section, A1-A4 are the same as the retrofit
schemes presented in [32,73]. A detailed description of the modelling
considerations can be found in those publications and will not be
repeated here. For A5, the RC walls have been modelled using fibre-
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Fig. 7. Conceptual details of the five retrofit alternatives: (a) A1 — CFRP wrapping along with CFRP bars in columns and CFRP strips in joints; (b) A2 - steel bracing in
specific bays; (c) A3 - combination of CFRP and steel bracing; (d) A4 — combination of CFRP and viscous dampers; (e) A5 — reinforced concrete shear walls installed in
specific locations; (f) A5 — joint enlargement with a post-tensioned steel angle system.

section force-beam-column elements spanning between floors. Each
element uses a four-point Gauss-Lobatto integration scheme to model
the effects of distributed plasticity. The steel fibres are modelled using
the Giuffré-Menegotto-Pinto material model with the recommended
parameter values from Filippou et al. [88]. The unconfined cover con-
crete was modelled using the OpenSees concrete01 model with the key
parameters taken from experimental tests [74] or being calculated using
the simplified parabolic model described by Collins [89]. The confined
concrete was defined using the same basic concrete model, except that
the effect of the confining reinforcement was accounted for by
increasing the ultimate compressive strength and ultimate strain of the
concrete using the Mander model [90]. The yield strength of the steel
was 550 MPa and the unconfined concrete strength was 38 MPa. The
strain at maximum stress in the concrete is 0.002 and the ultimate
concrete strain is 0.0035. In the locations of the walls, the existing beam
elements were removed, assuming that the existing beams will be
removed to allow the installation of the new walls. To account for the
non-negligible mass associated with the installation of the shear walls,
additional masses were added to the wall nodes at each storey. The total
weight of the A5 structure was then taken as 7150 kN. The post-

tensioned steel joint enlargement systems were modelled simply by
extending the rigid end-blocks of the existing beam-column elements to
account for the depth of the new steel angles (200 mm). The zero-length
spring element representing the BCJ behaviour was assumed to be
elastic for all retrofitted joints as the results of experimental testing of
this system showed negligible cracking, even at extremely large dis-
placements (10% drift) [11,86]. The stiffness of the retrofitted BCJ
springs was determined from the capacity of the joint estimated from the
strut-and-tie model and the cracking rotation of 0.0002 rad from the
original BCJ model [76].

3.5. Preliminary structural assessment of the retrofit alternatives

The preliminary performance assessment of the retrofitted alterna-
tives was conducted in much the same fashion as the as-built structure,
denoted AO. A modal analysis was performed for each alternative, the
results of which are presented in Table 2.

Following the modal analysis, non-linear pushover analyses were
performed for each of the alternatives and the N2 procedure was used to
determine the performance points of each structure. The implications of
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this type of assessment for structures with additional supplemental
damping, such as A4, are discussed by Carofilis et al. [32]. The results of
the pushover analysis and N2 assessment are presented in Fig. 8. In
addition to the limit state verifications highlighted in Table B, additional
checks were also made on: the wall curvature at SLD, SLV and SLC; brace
buckling at SLD, and; brace fracture at SLC. No verifications of the infills
were performed for the retrofit alternatives because it has been assumed
that the provision of a seismic gap greater than the maximum
displacement observed at SLC will allow the infills to remain
undamaged.

From Fig. 8, it is immediately clear that the initial stiffness and the
lateral resistance of the retrofit alternatives are lower than A0, partic-
ularly in the X-direction. This is a direct result of the separation of the
infills and the frame. The reduction in strength and stiffness is more
pronounced in the X-direction than in the Y-direction because of the
larger number of infills present in the longitudinal axis of the building.
The key performance characteristics of A1-A4 at each limit state are
described by Carofilis et al. [32]. For A5 the column deformation limit is
exceeded at SLD; however, this occurs for only a small number of col-
umns and the consequent implications are not significant. In the Y-di-
rection, all of the member capacities are greater than the demands. At
SLV and SLC, the improved performance of A5 is very evident with all
capacities exceeding the expected demands.

The drift profiles of the retrofit alternatives for each of the four limit
states are presented in Fig. 9. In general, the interstorey drifts are larger
for the retrofitted alternatives, when compared to AO. This is a result of
the separation of the URM infills from the MRF. The drifts are, in gen-
eral, below the code specified limits, the notable exception being A5 at
SLO. In this case, however, the expected drifts are not significantly
larger than the limit and a more accurate drift performance will be
assessed with detailed non-linear time-history analyses. The drift pro-
files also show that the formation of a soft-storey mechanism in the as-
built configuration has been addressed.

4. Detailed seismic performance assessment
4.1. Characterisation of seismic hazard

The first step in the detailed seismic assessment procedure, as
described in Section 2, is the characterisation of the seismic hazard at
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the location of the building of interest. This study adopted the same
ground motion set selected as part of the studies of Carofilis et al.
[32,73]. The record set is suitable for application to this study because
the case-study building is located at the same site and the period ranges
for models A0-A5 (Table 2) all fall within the range used to select the
records (0.05-1.0s). Sets of 20 ground motion records, comprising two
orthogonal horizontal components, were selected for ten return periods:
30, 45, 75, 100, 200, 475, 712, 975, 1463 and 2475 years.

4.2. Characterisation of structural response

Multiple-stripe analysis (MSA) [91] was conducted to characterise
the response of the different structures using the records selected in the
previous section. The key engineering demand parameters (EDPs) that
were monitored and recorded for use in the loss assessment phase were
the absolute peak floor acceleration (PFA), the peak storey drift (PSD)
and the peak floor velocity (PFV). The medians of the maximum values
observed for each EDP across all storeys at each intensity are presented
in Fig. 10.

The most obvious point to note from these plots is the poor perfor-
mance of A0, as anticipated based on the initial evaluation performed in
Section 5. For intensities larger than those corresponding to a 200-year
return period, the structure reached the collapse criteria, which are
detailed in the following paragraphs, in all 20 records of the stripe. In
general, the retrofitted structures performed significantly better, only
recording failure in all records at a return period of 2475 years.
Furthermore, the retrofitted alternatives tended to exhibit lower PFAs
than AO across the range of intensities, which was expected given the
reduction in lateral stiffness of the structure. A significant improvement
was noted in Al and A4, in which the increased flexibility of the sepa-
rated moment frame (A1) and the increased damping (A4) reduced the
demands appreciably. The PSDs in the Y direction show a minor
improvement when compared to AO. Conversely, in the X-direction
higher drifts were observed by all of the alternatives when compared to
AOQ, particularly Al and A5, which tended to produce the largest drifts
across the range of intensities. There is less variation between the PFV
values of AO and the retrofitted structures than the PFDs or the PFAs,
however, the retrofitted structures do exhibit a minor reduction in PFVs.

Vectors of the maximum response of each EDP at each level of the
structure were also recorded for each ground motion and will be used as
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Fig. 8. Pushover curves, performance assessment and limit state capacities for the five retrofit alternatives at SLD, SLV and SLC.
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Fig. 9. Drift profiles of the five retrofit alternatives at the N2 displacement demand at SLO, SLD, SLV and SLC. The drift profiles of A0 are provided for comparison.
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Fig. 10. Median maximum PFA, PFV, and PSD recorded at each intensity level during the MSA.

input in the loss assessment procedure. These vectors account for the
aleatory uncertainty inherent in the record-to-record variability of the
selected ground motions, but they do not account for the epistemic
uncertainty associated with the assumptions made in the development
of the numerical models. To account for this, an additional modelling
dispersion was considered. In this study, a value of 0.4 was adopted for
all structures and EDPs based on the values proposed by O’Reilly and
Sullivan [92].

The results from the MSA can also be used to develop collapse
fragility curves for AO and each of the five alternatives, by recording, at
each intensity level, the number of collapses observed. A collapse was
considered to have occurred if one of the following conditions was met:

1. The shear force demand exceeds the shear resistance of one or more
of the beam or column elements;

2. The rotation of one or more of the plastic hinges in the beam, column
or wall elements exceeds the SLC deformation limits;

3. The shear deformation in one or more of the BCJ joints exceeds 0.02
rad.

These collapse criteria are similar to those required by the NTC [45].
However, the failure criteria of the BCJs are based on the deformation
rather than the strength requirements specified in the code. The reason
for this is that the code calculation for maximum joint capacity corre-
sponds roughly to the moment at which the joints begin to crack when
using the models proposed by O’Reilly and Sullivan [76]. This is very
conservative given that the experimental tests reviewed in that study
[76] show that external and internal joints can continue to carry gravity
loads when joint strains are as high as 0.02 rad. If the conservative
approach was used in this study, a significant number of collapses would
have been prematurely recorded and a suitable estimate of the collapse
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fragility could not have been obtained with the chosen set of return
periods. The collapse fragility curves for the AO and the five alternatives
are presented in Fig. 11. The curves were fitted from the MSA collapse
data using a lognormal distribution and maximum-likelihood estimation
[93].

As for the demand vectors, the fragility curves obtained from the
fitting procedure account for the record-to-record variability of the
selected ground motions, but they do not account for the epistemic
uncertainty of the numerical models. To account for this additional
uncertainty, the median and dispersion values from the fitting procedure
were modified following the recommendations of O’Reilly and Sullivan
[92]. The median value of A5 was not adjusted, unlike the other four
alternatives, as it was assumed that the modelling of the shear walls
would have little impact on the median value, in a manner similar to
MRFs with infills [92]. As evidenced by Fig. 11, A0 is highly vulnerable
to collapse, with the median of the collapse fragility function corre-
sponding to ground motion intensity with a return period of approxi-
mately 150 years. The proposed retrofit alternatives all improve the
collapse performance of the case-study structure, with significant im-
provements being shown by A3, A4 and AS5.

4.3. Inventory of damageable components

After the characterisation of the structural performance, the next
step in the assessment procedure was estimating damage for different
levels of structural response. For this purpose, an inventory of dam-
ageable components likely to be present in the case-study building was
developed. The types of components included in the inventory were
adopted from previous seismic assessment studies of Italian RC school
buildings [81] which were based on the results of in-situ surveys. The
quantities of the non-structural components were estimated by scaling
the quantities from O’Reilly et al. [81] by the ratio of the floor areas (and
rounding to suitable whole numbers). The quantities of the structural
elements and the masonry infills were determined directly from the
architectural plans of the case-study building [74] and the design of the
retrofit alternatives. The quantities are expressed on either a per m? or
per unit basis. The important assumptions and calculations performed
during the compilation of the component inventory are detailed in the
following paragraphs.

The fragility of the retrofitted BCJs and columns was, for simplicity,
assumed to be similar to BCJs and columns designed to modern seismic
design standards. Although not strictly true, this assumption results in
the retrofitted elements suffering significantly less damage than the as-
built elements, which is deemed to sufficiently capture the intended
effects of the retrofit designs. The fragility of the infills was modelled
using the curves proposed by Sassun et al. [67]. For the rest of the non-
structural components, the fragility curves were adopted directly from
the existing PACT database [49], with the exception of the windows,
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Fig. 11. Collapse fragility functions of A0 and the five retrofit alternatives. The
Avg. SA at SLC is indicated by the vertical red line. The median (6aygs4) and the
total dispersion (f,,) of each fragility curve after accounting for the epistemic
uncertainty is indicated in the legend.
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doors, desks and chairs. In these four cases, it was assumed that the
damage to these components would be caused by the collapse of the
infills, so the damage states were based on the infill fragility of DS4
adopted from Sassun et al. [67].

The cost consequences for all components are expressed in terms of
euros (€) per unit and adjusted for inflation to June 2020. In the cases
where the costs were obtained from literature, an appropriate inflation
factor was obtained from the Italian national economic statistics be-
tween the reference year of the cost (e.g. 2011 for costs obtained from
Sassun et al. [67] and 2013 for costs obtained from Cardone [68]) and
June 2020. In the cases where the cost data was sourced from the PACT
database [49] the cost consequences were adjusted to account for the
local labour and material construction cost ratios, inflation and currency
exchange rates using the method proposed by Silva et al. [94]. Using this
method, an estimate of the fraction of cost associated with labour needs
to be made for each repair action. In the absence of more detailed in-
formation, the recommendations of Porter et al. [95] were followed to
assign labour factors depending on the type of work being carried out.
Previous studies [32,73,81] have adopted repair costs for the contents
components based on the expert opinion of a local Italian engineering
firm. These cost estimates were also adopted in this study and were
adjusted to account for the effects of inflation. The inflation factors and
currency exchange rates used for adjusting the repair cost consequences
obtained from different sources are presented in Table 4.

A point to note is that the masonry infill/partition components have
been divided into three different component types depending on the size
of the window penetrations in the panel. The reason for this is that the
inclusion of windows can significantly increase the costs when the panel
is damaged [67]. The costs associated with the repair of these infill el-
ements only considers the costs of the masonry and they have been
scaled to reflect the reduced area of masonry per m? of panel area.

Similar to the cost consequences, EI consequences of repair were
determined using several different methods. The first method was to
simply adopt the EI values from the existing PACT database [49] and
was applied to components where the cost consequence data was also
obtained from the PACT database [49]. The second method was applied
to components that had similar damage states and repair requirements
to elements already in the PACT database [49] but with different cost
consequences, such as the non-ductile BCJs and columns. In this case,
the Els were estimated simply by scaling the database Els by the ratio of
the database repair costs and the adopted repair costs. The final method
uses the EEIOLCA calculation procedure illustrated in Fig. 3 and was
applied to all components where the two methods described previously
could not be applied. The repair costs were disaggregated into the
contributing industrial sectors using the authors’ judgement. For
simplicity, the costs were disaggregated into at most two industrial
sectors plus the contribution of labour to the total cost. The sector costs
were then used in conjunction with the USEEIO database [66] to
determine the Els. It is worth noting that the estimation of the EIs could
be improved if the disaggregation of costs was performed by an expe-
rienced cost estimator, as was done for the PACT database [49,55]. In
this instance, however, where the results are being used in a

Table 4
Exchange and Inflation rates used to scaling cost data for the calculation of
repair cost consequences and environmental impact

Exchange Rates

USD — Euro (June 2020) 0.889
USD - Euro (2013 avg.) 0.752
USD - Euro (2011 avg.) 0.719
Inflation Rates

USD (2011-2020) 1.12
USD (2013-2020) 1.10
USD (2011-2013) 1.03
EUR-Italy (2011-2020) 1.10
EUR-Italy (2013-2020) 1.04
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comparative study, the effect of this inaccuracy is likely to be small.
4.4. Economic loss and environmental impact estimation

The final phase of the assessment procedure is the loss estimation.
The results from the previous sections were combined into a building
performance model that can be used with PACT [49] to estimate the
expected economic and environmental impacts due to seismic hazard. In
addition to the economic and environmental consequences outlined in
Section 4.3, an estimate of the replacement costs and EIs was required so
that losses associated with collapse of the structures could be incorpo-
rated into the assessment. Data from past earthquakes in the Italian
region was used to estimate the demolition and replacement costs.
Following the Emilia Romagna earthquakes in 2012, the average costs of
building demolition and reconstruction were 95.50 €/m? and 1805.75
€/m2, respectively [81], for a total of 1901.25 €/m>. These values were
adopted in the present study for the calculation of replacement costs and
Els. Given an approximate floor area of 1395 m? the demolition and
reconstruction costs were estimated to be 133,222 € and 2,519,020 €
respectively, for a total replacement cost of 2,652,242 €. The recon-
struction EIs were coarsely approximated by first converting the
reconstruction cost, in 2020 €, to 2013 USD, then multiplying the
reconstruction cost by the Els/€ factor for “schools and vocational
buildings” from the USEEIO database [66]. An additional 15% of the
reconstruction EI was added to account for the impacts associated with
the demolition and disposal of the damaged structure. This assumption
is consistent with previous studies made in this field [40,43] and is
reasonable for Italian buildings if only moderate levels of recycling are
considered [96]. These calculations and assumptions resulted in a
replacement EI of 1,830,000 kgCO-e. For simplicity, the repair costs and
EIs were considered to be the same for all of the alternatives. In addition
to the replacement cost estimates, a threshold above which the losses are
deemed so significant that the owner would opt to demolish rather than
repair the building also needs to be specified. This study adopted a loss
ratio of 60% of the total building cost, in line with observations made by
Cardone and Perrone [1] following the 2016 L’Aquila earthquake.
Additionally, the probability that the building would be demolished as a
result of significant residual displacements was considered assuming a
fragility curve with a mean of 1.5% drift and a dispersion of 0.3 [81].

The results of the loss assessment are presented in Fig. 12 and
Table 5. Fig. 12 displays the vulnerability curves for the expected eco-
nomic and environmental losses for each return period, as a fraction of
the total replacement cost. From these plots, it is evident that AO is
extremely vulnerable and that collapse plays a significant role in the
expected losses of the structure compared to the retrofitted alternatives.
There is clearly a substantial improvement in the expected losses of al-
ternatives A3, A4, and A5 for ground motions with longer return pe-
riods. This can be attributed to the combined effect of the additional
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Table 5
Expected annual economic losses and EIs expressed as a percentage (%) of the
estimated replacement cost and EI.

EAL Repl. Cost [€] EAEI Repl. EI [kgCO,e]
A0 0.50% 2,652242 0.51% 1,830,00
Al 0.20% 0.18%
A2 0.43% 0.39%
A3 0.16% 0.11%
A4 0.06% 0.04%
A5 0.13% 0.10%

lateral load resisting elements and the increased strength and defor-
mation capacity of the existing elements. In these three cases, the eco-
nomic losses and Els at SLV and SLC vary between 5% and 15% and
7.5% and25% of the replacement cost, respectively. Conversely, the
performance of Al and A2, whilst better than AO, is still significantly
affected by collapse, as evidenced by the significant increase in expected
losses from around 10% of the replacement cost at a 475-year return
period to almost 100% of the replacement cost at a 712-year return
period.

The economic expected annual loss (EAL) for A0 was 0.5% of the
total replacement cost of the building. This estimate is considered
reasonable for pre-1970s Italian RC structures given that it falls close to
the values obtained by other studies on similar buildings [28,81]. As
observed in Table 5, all of the alternatives have reduced EALs when
compared to AO. Al, A3 and A5 have all produced reductions in EAL in
the range of 60-75%, whereas A4, the alternative incorporating sup-
plemental damping and FRP strengthening, has seen a reduction of 88%.
This excellent performance is due to the reduced PFAs and PSDs
resulting from the additional damping. In contrast, A2, which utilises
steel braces, exhibits only a minor improvement in EAL of 14%. This
poor performance can be attributed to the inability of the steel braces to
prevent the collapse of the structure due to shear failure of the column
and beam members.

From the results of the structural analyses and loss assessments
presented in this section, it is clear that several of the proposed retrofit
alternatives outperform other alternatives by a significant margin.
However, there are many other criteria, as already mentioned, that can
be considered in a comprehensive selection process. The following sec-
tion will describe in detail the various decision criteria employed in this
study, use them to perform an MCDM assessment to select the ‘optimal’
retrofit solution considering the specified criteria and investigate how
the consideration or not of Els can affect the result.

—o— A0
—o— Al
-— A2
A3
—0— A4
A5

Return Period [yrs]

(b)

Fig. 12. Vulnerability curves for A0 and the five alternatives: (a) Economic vulnerability; (b) Environmental vulnerability.
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5. Selection of the optimal retrofit alternative
5.1. Determination of the decision matrix values and weight vectors

In this section, the selection of the optimal retrofitting alternative
will be made using different combinations of DVs to investigate how the
consideration of EIs in the MCDM process can affect the ranking. The
DVs considered in this study are described in the following paragraphs.
The specific values of each DV for the five alternatives are presented in
Table 6. Fig. 15 presents the values of the DVs, normalised by the largest
value, for a visual comparison.

C; Installation Costs: The total cost of installation of each retrofit
alternative considers the removal of internal linings, partial demolition
of the existing structure/infills as required, removal of debris, installa-
tion of the retrofit scheme, and restoration of infills and linings as
required. Costs associated with the installation of CFRP or steel braces
were generally based on the data provided in Mazzolani et al. [14] and
scaled based on the quantities of material required. The costs associated
with the installation of the RC walls were estimated using data obtained
from the American Society of Professional Estimators [97] and adjusting
the final value using the recommendations of Silva et al. [94]. The cost
of the steel joint enlargement was estimated simply by multiplying the
weight of the steel required by the average cost of hot-rolled steel
products in Europe, as of June 2020. The cost of the dampers was ob-
tained directly from a local manufacturer in Italy.

C2 Maintenance Costs: The cost of maintenance over the lifetime of
the structure (75 years) was obtained by considering the interventions
outlined by Caterino et al. [30] and scaling them based on the quantity
of materials used. An inflation rate of 1% per year was considered in
these calculations.

C3 Duration of Works: The data presented by Mazzolani et al. [14]
was used to estimate the duration of the intervention works for struc-
tures with CFRP or steel braces. The values from Mazzolani et al. [14]
were scaled based on material quantities and floor area where appro-
priate. It was also assumed that a maximum of 20 workers is present on
site at a given time. The estimate of the construction time of the RC walls
was calculated using the method detailed by Hofstadtler [98] and the
production rate data adapted from [97]. In light of a lack of available
information, it was assumed that 4 workers can install 16 steel joint
systems per day.

C4 Architectural Impact: The qualitative ranking of the alternatives
based on their architectural impact was performed using the AHP, as
described by Caterino et al. [30]. In this method, a series of pairwise
comparisons are made between the retrofit alternatives in which the
impact of Alternative A is compared to Alternative B and an integer
value assigned on the range 1-9. A value of 1 indicates that the impact of
both alternatives is exactly the same, whereas 9 indicates that Alterna-
tive A has a significantly larger impact than Alternative B. In the case
where Alternative B is compared to Alternative A, the reciprocal value of
the first comparison is used. Once all of the comparisons have been
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performed and combined into a preference matrix, the weight vector
ranking each of the alternatives by their architectural impact can be
determined. See the work of Caterino et al. [30] for an easy step-by-step
implementation of this method. The preference matrix used in this study
was based on the professional judgement of the authors.

Cs Need for Specialised Labour: The values for this variable were
determined using the AHP and the judgement of the authors in a pro-
cedure analogous to Cy.

Ce¢ Foundation Intervention: The values for this variable were
determined using the AHP. In this case, the judgement of the authors
was supplemented by estimates of the axial loads on the foundations and
the approximate volume of concrete required for new foundations.

C7 Economic Losses at SLD and Cg Economic Losses at SLV: These
values were obtained from the lost estimation results presented in
Fig. 12.

Co Installation EIs: The Els associated with the installation of the
retrofit alternatives were estimated using the EEIOLCA procedure
described previously (and shown in Fig. 3). Each component of the
installation cost was disaggregated into the appropriate industrial sec-
tors and used in conjunction with the USEEIO database [66] to estimate
the Els.

C10 Expected Annual EIs and C;; Expected Annual Losses: The
values for the EAEIs and EAL are obtained from the results of the loss
assessment presented in Table 6.

C12 Environmental LCPM and C;3 Economic LCPM: The values of
these LCPMs were calculated using Equation (2),

IC + EAL oo X SL+ MC

LCPM =
= A X SL

(2

where IC is the installation cost (economic or environmental) of the
retrofit alternative, EALpos—reirofir iS the EAL of the retrofitted structure,
SL is the expected service life of the structure post-retrofit, MC is the
total maintenance cost of the alternative over the expected service life,
and A is the total floor area of the building. This has been proposed by
Caruso et al. [44] to include the maintenance costs of each solution and
remove the consideration of the pre-retrofit phase as this will be the
same for all of the buildings. The units of these variables can be
expressed in terms of € or kgCOze depending on the LCPM desired. A
service life of 75 years was chosen based on the nominal building life
specified in the NTC [45].

Using the values of the DV summarised in Table 6, a collection of
smaller decision matrices can be developed to investigate how different
combinations of variables affect the order of preference of the alterna-
tives. A total of six different combinations of DVs were investigated and
each of them are summarised in Table 7, along with the corresponding
weight vector values.

The decision matrices can be divided into two main sets. In Set One,
which comprises Dy, Dg, D¢ and Dp, the matrices contain several
different economic DVs (Cq, Cy, C7, and Cg), each of which have been
assigned specific weight values. Contrastingly, in Set Two, which

Table 6

Decision Matrix Values used in the MCDM Assessment.
Variable Unit Al A2 A3 A4 A5
Cy Installation cost € 850,458 43,120 389,477 679,445 508,018
Cy Maintenance cost € 1,520,883 229,829 794,218 810,781 2,137,838
C3 Duration of works Days 36 8 28 29 40
Cs Architectural Impact - 0.05 0.16 0.24 0.43 0.11
Cs Need for specialised labour - 0.24 0.03 0.22 0.40 0.10
Ce Need for foundation intervention - 0.06 0.22 0.22 0.03 0.47
C; Economic losses at SLD € 26,296 45,000 41,500 14,818 43,666
Cs Economic losses at SLV € 2,511,228 2,513,377 332,500 131,818 337,272
Cy Installation Els kgCOse 465,123 67,551 240,976 299,411 225,848
Cio EAEI kgCOe 3,385 7,512 2,190 754 1,890
Ci1 EAL € 5,247 11,403 4,228 1,587 3,428
Ci2 LCPM - € 75yrs €/m?/yr. 22.00 10.29 12.05 13.05 21.34
Ci3 LCPM - Env. 75yrs kgCOe/ m>/yr. 7.04 6.27 4.06 3.67 4.21
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Fig. 15. Normalised decision matrix values for the five alternatives considered in the MCDM assessment.

Table 7

Summary of the DVs included in each of the five decision matrices. The numbers contained in each cell indicate the weight assigned to that particular DV for that

analysis. DVs indicated with grey cells were not included in a particular analysis.

Decision Matrices

Decision Variable Da Ds Dc Dp Dg Dr
C; Installation Cost 0.133 0.119 0.119 0.119

C; Maintenance Cost 0.138 0.123 0.123 0.123

C;  Duration of Works 0.120 0.108 0.108 0.108 0.226 0.189
Cs4  Architectural Impact 0.105 0.094 0.094 0.094 0.202 0.166
Cs  Specialised Labour 0.108 0.097 0.097 0.097 0.176 0.169
Cs¢ Foundation Intervention 0.127 0.113 0.113 0.113 0.182 0.147
C; € Losses SLD 0.133 0.119 0.119 0.119

Cs € Losses SLV 0.135 0.121 0.121 0.121

Co Installation Els 0.106

Cio EAEI 0.106

Cn EAL

Ciz LCPM € - 75yrs 0.213 0.152
Ci3 LCPM EI - 75yrs 0.106 0.178

comprises Dp, and Dg, the four economic variables have been aggregated
into a single LCPM. Matrix Dp, adopted from the work of Carofilis et al.
[73], represents the baseline option for this study as it contains decision-
making criteria that are commonly considered when retrofitting struc-
tures focusing just on seismic aspects without any EI variables. Matrices
Dg, D¢ and Dp build on Dy by adding an environmental variable to the
analysis. Dy considers EIs using the installation Els as the environmental
variable, whilst D¢ considers the total LCEIs through the environmental
LCPM. Dp uses the EAEI as the EI DV. A comparison of the results of
these four assessments will provide insight into whether or not and in

15

which way the inclusion of EIs can affect the preferential ranking of the
alternatives. Matrix Dy is another assessment scenario that does not
include Els, however, it differs from Dp by condensing all of the cost-
related variables into the single economic LCPM variable. Matrix Dg
extends the assessment of Dg with the inclusion of the environmental
LCPM.

The values of the weight vector for each decision matrix were
determined simply by renormalising the mean weights obtained from
the survey conducted by Carofilis et al. [73] depending on which vari-
ables were included in the assessment. In the case of the economic



N. Clemett et al.

LCPM, the weight was assumed to be the average of the weights of the
contributing variables (C;, Cg, Cy, and Cg).

5.2. Selection results

The decision matrices and weight vectors presented in the previous
section were used as inputs in the MCDM procedure introduced in
Section 4. The preferential rankings obtained from each analysis are
presented in Table 8, where the alternative in position I is considered the
most preferred alternative, given the selection criteria and weights, and
the alternative in position V is the least preferred option. The bracketed
values indicate the relative closeness of each alternative to the fictitious
‘ideal’ retrofit alternative, a parameter used to rank the alternatives in
preferential order. The relative closeness values lie in the range (0,1),
with a value of 1 indicating that an alternative is the ‘ideal’ solution. The
difference between the relative closeness values can be used to under-
stand how strongly one solution is preferred over another.

Considering Set 1, it is clear that there is a slight preference for A2 to
be ranked in the first position with a difference between the I and II
alternatives ranging between 1.8% and 7%, depending on the decision
matrix considered. The preference of A2 despite its poor seismic per-
formance (Fig. 15), can be attributed to the extremely low installation
and maintenance costs which out-perform all of the other alternatives by
a significant margin. In contrast, A5 and Al are the least preferred al-
ternatives. The low ranking of A5 can be attributed primarily to its high
maintenance costs and the level of intervention required at the foun-
dation level. Al, on the other hand, is hampered by high installation
costs and SLV losses. Unlike A2, A5 and Al do not significantly
outperform the rest of the alternatives for any DV, resulting in a low
preferential ranking.

Comparing the results of Dg, D¢, and Dp to Dy it is clear that the
inclusion of Els in the MCDM framework can alter the preferential
ranking of the retrofit alternatives. In the case of Dy practically no sig-
nificant change occurs in the ranking because the preferred alternative
already has the lowest installation Els, thus, the preference for selecting
A2 as the optimal retrofitting alternative is strengthened. This is
confirmed by the increase in the difference between the relative close-
ness values of I and II from the Dy analysis compared to those from Dy. A
small change is observed in the alternatives ranked IV and V. In the case
of D¢, A2 remains the preferred solution but the strength of the prefer-
ence is reduced because A2 has a higher environmental LCPM than
either of the alternatives ranked II and III. For the Dp analysis, A3 and
A4 are the preferred alternatives, whilst A2 is ranked III. The drop in
ranking of A2 is directly attributed to the fact that this alternative has
the worst EAEI performance. Unlike D¢, the installation Els are not
included in this assessment so the low installation EIs of A2 cannot offset
the high EAEL

Table 8

Rankings of the retrofit alternatives in order of preference following the MCDM
assessments. The relative closeness of each alternative is indicated by values in
parentheses.

D Matrix Alternative Ranking
I I I v \%
Setl Dp A2 A3 A4 Al A5
(0.609) (0.586) (0.542) (0.458) (0.435)
Dg A2 A3 A4 A5 Al
(0.628) (0.584) (0.534) (0.445) (0.433)
Dc A2 A3 A4 Al A5
(0.602) (0.591) (0.547) (0.452) (0.441)
Dp A3 A4 A2 A5 Al
(0.610) (0.577) (0.547) (0.473) (0.473)
Set 2 Dg A2 Al A3 A4 A5
(0.737) (0.612) (0.536) (0.484) (0.417)
Dg A2 Al A3 A4 A5
(0.709) (0.591) (0.550) (0.497) (0.348)
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Given that the inclusion of an EI DV can have an impact on the
ranking of the alternatives, it is important, therefore, that the appro-
priate EI DV be chosen. As the previous analyses have alluded to, there
are several parameters that may be considered, such as the installation
Els, EAEIs or the total LCEIs. When calculating the Els of a structure the
emphasis tends to be on estimating total LCEIs. It follows then that the
most applicable EI DV that can be included in the decision analysis is the
LCPM or a similar variable that is capable of capturing all of the sources
of EI over a structure’s life. However, calculating the initial and main-
tenance components of the environmental LCPM can be time-consuming
and require specialist knowledge of LCA that many structural or earth-
quake engineers are not familiar with. On the other hand, the calculation
of the EIs associated with seismic damage is more immediate, given that
extensive EI data is already available in the fragility libraries provided
with software such as PACT [45]. To promote the inclusion of Els in
MCDM frameworks, it would be advantageous to only have to rely on EI
DVs that are easy to calculate, such as the EAEL The results of this
particular case-study have shown that when the EAEI is used as the EI
DV the relative rankings of most of the alternatives remain unchanged. It
would appear then, that using the EAEI as the EI DV could be a suitable
substitute for the more complex LCPM. However, it should be noted that
using the EAEI in lieu of the environmental LCPM can severely disad-
vantage alternatives that have relatively low installation costs and
relatively high EAEI, as was the case for A2 in this study.

Considering Set 2, the same preference for A2 to be ranked I can be
observed, although in this set it is much stronger. The difference in
relative closeness between the alternatives ranked I and II is approxi-
mately 17%. When EIs are considered in Dr the ranking of the alterna-
tives is not affected.

In this set of analyses, the stronger preference for A2 to be ranked I
compared to the results of Set 1 can be attributed to the use of the
economic LCPM, which is an aggregated performance metric, in lieu of
the four separate economic parameters, C;, Cy, Cy7, Cg. While useful for
providing a comparison between the total life-cycle costs, if that is what
is most important, the aggregation of all the economic parameters may
not be the best option if a comprehensive decision-making procedure
like MCDM is being used. Consider only the economic variables Cj, C11
and Cjs. In this study, the values of Cy, for A2 and A3 (10.29 €/yr. and
12.05 €/yr., respectively) vary by only ~17%. If only the values of Cq2
were compared it would seem that there is not a huge difference be-
tween choosing either A2 or A3 as the preferred alternative, however,
upon closer examination, the values of the variables that contribute to
the LCPM are quite different. The installation cost (C;) of A2 is € 346,357
less than A3, or only 11% of the cost of A3, whereas the EAL (Cq1) for A3
is 37% of that for A2 (4228 €/yr. and 11403 €/yr., respectively). By
using the LCPM in this instance, the ability to tailor the weights of
different cost variables to the needs of the decision-maker is lost. For
example, A2 could be the preferred solution in a situation where limited
capital resources are available to retrofit the building, whereas, in the
opposite conditions, a decision-maker seeking a low damage design and
low on-going costs would prefer A3. Using the LCPM as the only eco-
nomic variable does not allow one to make these distinctions.

In both the Set 1 and Set 2 analyses there were cases where the in-
clusion of the Els did not affect the ranking of the alternatives in any
meaningful way. This, naturally, can question the consideration of the
Els in the decision analysis when selecting an optimal retrofit scheme.
The answer is not straightforward and depends on several factors. The
first factor to be considered is the dispersion of the values of the EI DV
between the alternatives. In this particular case-study, a relatively uni-
form weight vector was used in the decision analysis which means that
the variation in the DV values must be large in order to effect some
change in the overall rankings, because a uniform weight vector has an
averaging effect on the values of the decision matrix. This effect was
particularly evident in this study in the results of Set 1. The variation in
the values of environmental LCPM (D¢) was not sufficient to cause a
change in rankings; however, when EAEIs were used (Dp) the larger
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spread in the values caused a ranking change to occur. This observation
is only valid for this particular case-study structure and set of retrofit
alternatives, as it is very possible that given a different structure and/or
a different set of retrofit alternatives simply changing the dispersion of
EI DV values would result in a different outcome.

The second, and probably the most important factor, that must be
considered when deciding whether or not it is worth considering EIs in
the MCDM framework is the weight, or relative importance that will be
assigned to the EI DV. It was a key observation in the work of Carofilis
et al. [73] that given a range of different sources of uncertainty in the
MCDM assessment procedure the factor that had the most significant
impact on the results of the assessment was the values of the weight
vector. As previously discussed, a uniform weight vector effectively
averages the results of a number of DVs, whereas a more skyline profile
promotes and demotes various DVs and will likely result in a different
ranking. To illustrate this, Fig. 14 presents a comparison between the
weight vector used in this study for D and one used in a recent MCDM
assessment by Gentile and Galasso [31]. The weight vector used by
Gentile and Galasso [31] places much more emphasis on the installation
cost, seismic losses and intervention at the foundation relative to the rest
of the DVs when compared to the vector in this study. Performing an
MCDM assessment using the vector from Gentile and Galasso [31], the
results of which are compared with those from Dy in Table 9, it is clear
that the ranking has changed. Although this comparison has been made
with weight vectors that do not include the EI, it can easily be concluded
that if a weight vector was used that gave preference to the environ-
mental variables similar results would be expected. Based on this
observation, if a weight vector incorporating Els and considering them
to be relatively important compared to some of the other DVs was used
in this study then it is likely that the change in the rankings of the D¢ and
possibly Dg analyses would occur, although this cannot be stated for
certain. What this illustrates then, is that it is the preferences of the
decision-makers that have the most influence on whether or not the
inclusion of Els alters the ranking of the retrofit alternatives. This also
further highlights the utility of the MCDM methodology and its
robustness in adapting to different scenarios or priorities.

6. Conclusions

This paper has investigated how environmental impacts (EIs) can be
considered in a multi-criteria decision making (MCDM) framework for
the selection of optimal retrofitting techniques for an existing reinforced
concrete frame school building. Various EI assessment methodologies
were discussed and the method adopted in this study, Environmentally
Extended Input-Output Life Cycle Analysis (EEIOLCA) was described in
detail. A set of five retrofit alternatives were developed using response
estimates from non-linear static analyses and their performance was
assessed using non-linear time-history analysis and the PEER-PBEE
framework. EEIOLCA was used to develop estimates of the Els
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Fig. 14. Comparison of the weight vectors used in this study and the study of
Gentile and Galasso [31].
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Table 9
comparison of rankings obtained using the weight vectors for D, and from the
study of Gentile and Galasso [31].

I II I v \'
Da A2 A3 A4 Al A5
(0.609) (0.586) (0.542) (0.458) (0.435)
Gentile and A3 A4 A5 A2 Al
Galasso [31] (0.678) (0.590) (0.541) (0.510) (0.348)

associated with the installation of the retrofit interventions, repair of
seismic damage, and general maintenance. To perform the calculations,
a life cycle inventory (LCI) was developed which comprises information
obtained from the FEMA Performance Assessment and Calculation Tool
(PACT) database and calculations based on cost estimates of the ex-
pected work. Several MCDM assessments were conducted each consid-
ering a subset of 13 possible decision variables (DVs) to select an optimal
retrofitting alternative. The results of the MCDM assessment and their
implications were discussed in detail and the main conclusions that can
be drawn from this study are:

@ The EIs associated with the installation, maintenance and seismic
damage can all be determined using the EEIOLCA methodology and
cost information readily available to the designer of the retrofit so-
lutions. These can be used to estimate the total life cycle EIs (LCEISs)
of the structure;

@® When incorporating the EIs into the MCDM framework, the selection
of an appropriate EI DV is important as it can affect the ranking of the
alternatives. It is recommended that the EI life cycle performance
metric (LCPM) or a similar variable that captures the entire life cycle
impacts is adopted as the EI DV because it is the most rigorous
approach for considering Els. This DV was also the one causing more
changes in the ranking of the different retrofit alternatives;
To simplify the calculation of the EIs, EAEIs could be used as a
substitute for the LCPM in certain cases. This approximation is likely
to be more suitable in cases where the EAEIs of all the alternatives is
of a similar magnitude as it disadvantages alternatives with
comparatively low seismic performance, even if their overall LCEIs
are not significantly different from the other alternatives;

@ There are positive and negative aspects of aggregated performance
metrics, such as the LCPM, that should be considered when selecting
DVs for use in the MCDM framework. The analyst should consider
carefully whether or not aggregated performance metrics sufficiently
describe the information that is available to make the decision.
Aggregated economic metrics may thus be of limited use in an
MCDM framework that, in the context of seismic retrofitting,
commonly considers several different economic parameters. Using
an aggregated economic metric limits the ability of the decision-
maker to assign different weights to the constituent variables
(installation costs, maintenance costs, seismic losses, etc) meaning
that the assessment cannot be tailored to suit the financial resources
they have available. Conversely, aggregated EI metrics are a much
more practical option for considering the LCEIs, as there is no clear
benefit to be had in considering the constituent variables (EIs from
installation, seismic repair, maintenance, etc) separately. Addition-
ally, in the case of the LCEIs little guidance is available to help
determine weights for each of the constituent variables and consid-
ering a single DV with one weight reduces the associated uncertainty;

@ The most important factor in determining the influence of the EI DV
on the ranking of the alternatives is likely to be the DV weight pro-
vided by the decision-maker. These weights can be determined in a
number of ways such as personal preference, the analytical hierarchy
process (AHP) or from the results of a survey, amongst others. Ulti-
mately, all these methods are suitable if the weights they produce are
acceptable to the decision-maker;
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@ The procedure implemented in this study to select an optimal retrofit
alternative for an existing building is somewhat time-consuming and
computationally intensive given the need to perform a large number
of NLTHAs and individual LCAs for each retrofit alternative. To make
this methodology more attractive to practising engineers, future
research will focus on simplifying aspects of this procedure to make it
more accessible and time-efficient. In addition to using EAEI in lieu
of the complete LCA, possible branches of investigation include
checking if using a component-based loss assessment, such as the one
performed in this study, with results from non-linear pushover ana-
lyses, or simplified loss assessment techniques, such as the Italian
seismic risk assessment guidelines (Sismabonus), produce similar
results to the detailed approach described herein.
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