ﬁ applied sciences

Article

Optimal Seismic Retrofit Alternative for Shear Deficient
Rc Beams: A Multiple Criteria Decision-Making Approach

Paola Villalba 2, Byron Guaygua 2 and Victor Yepes 1*

Academic Editor: Dario De

Domenico

Received: 16 January 2025
Revised: 20 February 2025
Accepted: 21 February 2025
Published: 24 February 2025

Citation: Villalba, P.; Guaygua, B.;
Yepes, V. Optimal Seismic Retrofit
Alternative for Shear Deficient Rc
Beams: A Multiple Criteria
Decision-Making Approach. Appl.
Sci. 2025, 15, 2424. https://doi.org/
10.3390/app15052424

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license
(https://creativecommons.org/license

s/by/4.0/).

1 Institute of Concrete Science and Technology (ICITECH), Universitat Politecnica de Valéncia,
46022 Valencia, Spain; pxvillalba@uce.edu.ec (P.V.); bguaygu@doctor.upv.es (B.G.)
2 Faculty of Engineering and Applied Sciences, Civil Engineering Degree Programme, Universidad Central
del Ecuador, Quito 170521, Ecuador
Correspondence: vyepesp@cst.upv.es

Abstract: The vulnerability of existing buildings to recent earthquakes underscores the
critical need to explore effective retrofit solutions thoroughly. This study presents a com-
prehensive methodology for ranking seismic retrofit alternatives for reinforced concrete
beams with shear deficiencies. It evaluates five alternatives to ensure a 50-year service life,
meeting current seismic standards and incorporating specific preventive maintenance
measures for each option. A cradle-to-grave life cycle assessment was used to analyze the
impacts associated with the sustainability of each alternative. Hybridization of emerging
multi-criteria decision-making methods was applied for criteria weighting and final rank-
ing, and a hierarchical model including economic, environmental, social, and functional
criteria was developed. The results highlight carbon fiber reinforcements and steel plates
with epoxy adhesives as optimal solutions due to their lower environmental and social
impact, along with improvements in execution time and minimal architectural impact.
This study underscores the necessity of a comprehensive approach to identifying optimal
retrofitting alternatives, demonstrating the imperative to complement the conventional
structural engineering objective of ensuring safety while minimizing investment.

Keywords: decision making; life cycle assessments; MCDM,; retrofit; seismic

1. Introduction

The past decade’s seismic events underscore societies’ persistent vulnerability to
earthquakes. Despite increased efforts by governments, academia, and international or-
ganizations to mitigate seismic risks, recent earthquakes reveal that significant challenges
remain [1]. Much of the aging building stock was constructed under outdated seismic
design standards and fails to meet current seismic resistance codes [2]. As more buildings
near the end of their intended service life, additional risks related to material durability
emerge; this creates a substantial societal risk, as evidenced by the susceptibility of exist-
ing structures to recent earthquakes, which have caused structural damage, significant
economic losses, serious injuries, and loss of life [3].

Informal, self-managed housing construction—typically undertaken by residents or
builders without formal training and often without permits or adherence to building
codes— constitutes a significant proportion of residential construction in low- and middle-
income countries [4]. Post-earthquake assessments have consistently highlighted struc-
tural vulnerabilities and a high incidence of collapses in informally constructed reinforced
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concrete and masonry housing [5]. One of the most devastating recent earthquakes, the
April 2016 Pedernales earthquake on the northwest coast of Ecuador, had a moment mag-
nitude (MW) of 7.8. Official statistics reported 668 fatalities, 12 missing persons, 6274 in-
juries, 113 rescues, and 28,775 individuals displaced to shelters. Approximately 30,000
homes were severely damaged or destroyed, with urban (13,962) and rural (15,710) areas
experiencing nearly equal levels of destruction [6]. The widespread damage to low- and
mid-rise reinforced concrete buildings revealed that inadequate seismic detailing and
poor-quality control contributed to their partial or total collapse [7]. Limited economic
resources further exacerbate these problems, as most construction practices in informal
buildings do not comply with seismic codes.

Post-earthquake studies worldwide have highlighted the significant impact of shear
failures in beams, columns, and beam-column joints on the seismic performance of exist-
ing reinforced concrete buildings [8]. Pre-code reinforced concrete structures are particu-
larly susceptible to shear failures during seismic events, underscoring the critical im-
portance of accurately estimating the shear capacity of these elements. Many existing re-
inforced concrete buildings were designed using outdated standards that often overesti-
mated the shear strength of beams. Unlike flexural damage, shear damage is brittle and
far more detrimental to structural performance. Furthermore, poor reinforcement prac-
tices—such as insufficient transverse reinforcement and overlapping splices in the plastic
hinge region—heighten vulnerability by promoting brittle failure modes, including shear
failures. These deficiencies compromise structural integrity, posing significant risks to
property and human life [9].

Increasing the shear capacity of reinforced (RC) concrete beams is crucial, as shear
failure is sudden and typically accompanied by poor energy dissipation. Numerous pa-
rameters influence the shear strength of reinforced concrete beams, and predicting shear
capacity is an ongoing area of research. Current design standards employ either empirical
or semi-empirical methods. ACI-318 uses a semi-empirical approach based on truss mod-
els for shear reinforcement contribution and an empirical factor for the concrete contribu-
tion [10]. In contrast, Eurocode 2 adopts the variable strut inclination method [11]. Addi-
tionally, other researchers have proposed models based on the modified compression field
theory and the general stress field approach [10].

Localized preventive interventions can help mitigate potential damage. Several
methods for enhancing the shear strength of reinforced concrete beams have been devel-
oped, with the most common being the addition of reinforced concrete jacketing, steel
jacketing, and composite jacketing (fiber-reinforced polymers) [12,13]. RC cladding is par-
ticularly effective in improving shear performance and is a relatively easy-to-apply rein-
forcement method [12]. It is also a well-established technique for retrofitting structural
elements. The success of the jacketing process largely depends on achieving a strong bond
between the old and new materials, with reinforced concrete being highly effective at the
interface, making it a reliable material for U-shaped reinforcement of shear-critical beams
[14]. Steel jacketing offers the advantage of requiring less space, being lightweight, and
easy to install [13]. On the other hand, externally bonded fiber-reinforced polymer (FRP)
composites have emerged as an efficient solution, enhancing bending, shear, torsion, and
confinement capabilities. FRP composites are characterized by their low invasiveness,
high strength-to-weight ratio, and ease of application [15].

Structural engineering has traditionally focused on achieving maximum safety with
minimal investment. However, growing concerns about sustainability have elevated the
importance of its three pillars: economic, environmental, and social. A circular economy
(CE) presents a promising approach to addressing sustainability challenges by extending
the useful life of the built environment through the retrofit and refurbishment of buildings
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and infrastructure [16]. In the building and construction industry, the economic dimen-
sion of sustainability has historically received the most attention, while environmental
impacts have gained increasing research interest in recent years. Seismic retrofitting of
reinforced concrete buildings typically involves the production of new materials and im-
plementing construction processes, contributing to the industry’s already significant en-
vironmental impact. Given the large number of buildings with seismic deficiencies, these
retrofitting activities may exacerbate negative environmental consequences [17]. Mean-
while, the social dimension of sustainability in the construction sector faces substantial
challenges due to its relative development and lack of maturity [18].

Multi-criteria decision-making methods (MCDM) are valuable tools for tackling
complex engineering problems, particularly when selecting optimal solutions under con-
flicting criteria [19]. Multiple attribute decision-making methodologies (MADMs) have
received much attention recently. MADMSs have evolved into comprehensive operations
research methods integrating computational and mathematical tools to identify optimal
solutions [20]. MADMs enable a holistic assessment of safety and sustainability by ad-
dressing conflicting dimensions and criteria. Recent research has applied decision-making
methods to rank seismic retrofitting alternatives, incorporating economic, functional, and
environmental criteria. These studies include contributions from references [21-25]. How-
ever, many building retrofit studies lack social life cycle analysis, leaving a significant gap.
Despite the availability of advanced MADMSs, their application in seismic retrofit remains
limited [26]. Classical decision-making methods continue to dominate the research land-
scape. With the proliferation of innovative decision-making approaches in recent years,
there is considerable potential to improve accuracy and applicability, offering robust so-
lutions to current challenges. The term “postpone effect” aptly describes the state of the
field, reflecting the lag in adopting and applying modern MCDMs in research [27].

The scientific community has made significant strides in utilizing MCDM methods
to select optimal seismic retrofitting alternatives. However, there is still a need to thor-
oughly explore retrofit strategies with a holistic approach that can effectively minimize
seismic risk. While established MCDM methods have been widely applied, newer meth-
odologies developed in recent years may yield improved results in the weighting of crite-
ria and the final ranking of alternatives. This study addresses these gaps by introducing a
methodology that integrates the three pillars of sustainability —economic, environmental,
and social —through life cycle assessments alongside a functional dimension. The primary
objective is to propose a comprehensive framework for classifying seismic retrofit strate-
gies for reinforced concrete beams with shear deficiencies at the local level. Additionally,
two secondary objectives are pursued: first, to evaluate the sustainability dimensions
through life cycle assessments, and second, to employ emerging MCDM methods for cri-
teria weighting and ranking alternatives.

The article is structured to achieve these objectives: Section 2 reviews the literature
on life cycle assessments and emerging MCDM approaches. Section 3 contains materials
and methods and details the proposed methodology. Sections 4 and 5 analyze and discuss
the results, including a sensitivity analysis. Finally, Section 6 concludes with the key find-
ings of the study.

2. Literature Review
2.1. Life Cycle Assessment

The life cycle assessment (LCA) framework is a powerful tool for assessing the envi-
ronmental impacts of products, systems, or processes throughout their life cycle. Life cycle
sustainability assessment is increasingly applied in the building and construction sector,
with significant economic, environmental, and social impacts [18]. Recent studies have
focused on analyzing the environmental aspects of seismic retrofitting of buildings using
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LCA. For example, a group of researchers compared the environmental performance of
reinforced concrete column jacketing and dissipation devices, concluding that the latter is
more environmentally friendly than traditional solutions [28]. Similarly, another study
evaluated three seismic retrofitting methods for an old RC building: concrete shear wall
reinforcement, RC column jacketing with shear wall reinforcement, and base isolation us-
ing high-damping rubber bearings and viscous fluid dampers. Of these, the base isolation
method was found to have the least environmental impact [29]. Another group of re-
searchers conducted an LCA of three seismic retrofitting alternatives for a reinforced con-
crete building: RC column jacketing, beam weakening, and shear walls. Among them,
shear walls were found to have the highest environmental impact [17]. Similarly, another
research analyzed and compared the environmental performance of four seismic retrofit-
ting strategies: FRP-based strengthening solution, FRP-RC jacketing-based strengthening
solution, installation of RC shear walls, and base isolation. Their results indicate that base
isolation has the lowest environmental impact [30]. Another study conducted an LCA of
seismic retrofitting of RC columns, comparing three traditional methods: concrete jacket-
ing, steel jacketing, and carbon fiber incorporation; steel jacketing proved to be the best
alternative from an economic and environmental point of view [26].

The building and construction sector faces significant challenges on the social sus-
tainability front. The criteria for assessing social sustainability in the built environment
vary considerably, highlighting the need for a standardized framework [31]. This lack of
consistency can be attributed to the ambiguity surrounding the definition of social sus-
tainability criteria. Notably, no relevant studies currently address social life cycle assess-
ments of seismic retrofitting alternatives, underscoring a significant knowledge gap.

2.2. Decision-Making Methods

Selecting the most appropriate multi-criteria decision-making methods from the ex-
isting literature is complex. No single MCDM model can address all the multifaceted chal-
lenges encountered in the construction industry [32]. Among the approaches employed to
select retrofit alternatives, the joint application of the Analytical Hierarchy Process (AHP)
for criteria weighting and the Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) for ranking alternatives has gained widespread acceptance within the
scientific community. This combined approach generates a comprehensive ranking of al-
ternatives with minimal parameters required from the decision-maker (DM) [26]. How-
ever, research on the application of MCDM in the construction industry remains limited.
Researchers and decision-makers must integrate emerging MCDM methods to fill this
gap.

The weighting stage of criteria is a critical step in the decision-making process. Ac-
cording to the literature, the Best-Worst Method (BWM) outperforms both the AHP and
the Analytical Network Process (ANP) [27]. BWM offers a systematic approach that re-
quires fewer pairwise comparisons than AHP, leading to more consistent judgments [33].
For the ranking of alternatives, several state-of-the-art methods have gained prominence.
These include EDAS (Evaluation Based on Distance to Average Solution), MABAC (Multi-
Attribute Boundary Approximation Area Comparison), CODAS (Combinatorial Dis-
tance-Based Assessment), and MARCOS (Measurement of Alternatives and Ranking Ac-
cording to Compromise Solution). These advanced techniques offer robust frameworks
for evaluating and ranking alternatives effectively.

2.2.1. Best-Worst Method

The pairwise comparison method proposed by Rezaei in 2015 [34] is based on iden-
tifying the best and worst criteria from a set of evaluation criteria, followed by pairwise
comparisons between these criteria and all others. The stages of the Best-Worst Method
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are briefly outlined below: (a) Determine the set of decision criteria; (b) Determine the best
criterion (the most desirable, the most important) and the worst criterion (the least desir-
able, the least significant); (c) Determine the preference of the best criterion over the other
criteria, using a number between 1 and 9; (d) Determine the preference of all criteria over
the worst criterion, using a number between 1 and 9; (e) Calculate the optimal weights

determined from the maximum absolute differences:
Wp
For all, j is minimized, which results in the following min-max model:

W.
and |—J - a]-W| 1)
Wy

This model is equivalent to the following model:

min &
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The solution of this model could lead to multiple optimal solutions; a new model is
proposed that minimizes the maximum between the set of {|WB —ag jwj|, |Wj - ajWWW|}.

The problem can be formulated as follows:
minmaxj{|wB — aijj|, |Wj — ajWWW|}, Xjwj=1,w; 20, forallj (5)

This problem is transformed into the following linear programming problem:

min &¢ 6
|ws — ag;jwj| < &%, for hall j ©
|, — ajwwi| < €4, for hall j )
szz]_; WjZO,fOThallj (8)

J

This problem has only one solution, and we obtain the optimal weights
(Wi, w;,...,w;;) and &*; &X*. It is regarded as an indicator of comparison consistency,
with values close to zero reflecting a high degree of consistency.

2.2.2. Evaluation Based on Distance to Average Solution

Proposed by Ghorabaee et al. in 2015 [35], it ranks alternatives based on the distance
to the median solution, eliminating the need to calculate both the ideal and nadir
solutions. Two measures are used to assess the desirability of alternatives: positive
distance to the mean (PDA) and negative distance to the mean (NDA). These measures
indicate the difference between each alternative and the mean solution. Higher PDA and
lower NDA values mean the alternative is better than the median solution. Their
application is summarized in the following steps:

1. Construct the decision matrix X = [Xl- j]nxm’ Xij is the value of the performance of
alternative i in criterion j.
2. Determine the average solution according to all criteria:

n
i=1 Xij

AV, = ©)

3. Calculate the distance matrices according to the type of benefit or cost criterion:

Benefit:
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max (0, (X;; — AV;))

PDA;; = v (10)
max (0, (4V; — X;;
NDA;; = ( (v, ”)) (11)
av,
Cost:
max | 0, (AV; — X;;
PDA;; = ( (v, ‘J) (12)
AV,
max (0, (X;; — AV;
NDA” _ ( ( U ])) (13)
av,
4. Determine the weighted sum for all alternatives:
m
j=1
m
j=1
wj is the weight of the criterion j.
5. Normalize SP and SN values:
SP;
NSP, = ————— (16)
max;(SP;)
SN;
NSN; =1———— 17)
max;(SN;)
6. Calculate the evaluation score (AS) of all alternatives:
1
AgzzmﬂwaMXOSA$s1 (18)

Alternatives are ranked in descending order of values (AS).

2.2.3. Multi-Attribute Boundary Approximation Area Comparison

Proposed by Pamucar and Cirovic in 2015 [36], it is based on the definition of the
distance of the criterion function of each alternative to the edge approximation area; the
method is applied in six steps:

1. Formation of the decision matrix X = [Xl- j]mxn;

2. Normalization of the elements of the initial matrix X, N = [ni f]mxn ;

Benefit:
X — Xi
L (19)
L L
Cost:
X — X
Tlij = m (20)
X =max(Xy, Xy, . Xm) v X7 = min(Xy, Xy, ... Xp) (21)

3. Determine the weighted matrix V = [ j]
mxn
Vij = Wy k (nl- i+ 1), wi criteria weighting coefficients;
4. Determine the edge approximation area matrix G = [g, g, ... g,], formed by edge
approximation area (BAA);
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1
m m
a=\][w (22)
j=1
5.  Determine the matrix Q = [qi j]mxn:
Q=V-G (23)

Alternative Ai could belong to the border approach area G, the upper approach area
G+, or the lower approach area G-, G+ contains the ideal alternative A+, and G- contains
the anti-ideal alternative A-. Membership is determined according to the following:
G*if q;; >0
A€ Gifq; =0 (24)
G™if q; <0
For Ai to be selected as the best, it must have as many criteria as possible belonging
to the upper approximation zone G+.
To rank the alternatives, the values of the criterion functions for the other options Si
are determined as the sum of the distance of the alternatives from the boundary approach
areas qi.

n
Si=Zqij,j=1,2,...,n; i=1,2,...,m (25)
j=1

2.2.4. Combinatorial Distance-Based Assessment

Proposed by Ghorabaee et al. in 2016 [37], it evaluates the desirability of alternatives
using Euclidean and taxonomic distances. The primary metric is the Euclidean distance
between the alternatives and the negative ideal solution, while the secondary metric is the
Taxicab distance. The alternative farthest from the negative ideal solution is deemed the
most desirable. The method is implemented as follows:

1. Definition of the decision matrix X = [Xl- j]nxm;

2. Normalization of the decision matrix:

X
J__ if j € Ny; benefit

maxiXij
nij - miniXi- (26)
/ if j €N, cost
ij
3. Calculating the weighted normalized decision matrix:
rijzwj'nij; 0<Wj<1; Z}n:le=1 (27)
4. Determine the ideal negative solution (point):
ns = [ns]-]lxm; ns; = min;r; (28)

5. Calculate the Euclidean and taxicab distances of the alternatives with respect to the

E = \/ijl(r"f —ns;)’ (29)

m
Ti = ] |rl'j —n5j| (30)
ZJ=1

6. Construct the relative evaluation matrix Ra = [ ]nxn:

negative ideal solution:

hy = (E; — Ep) + (T, = T},) (31)
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1 is a threshold function to recognize the equality of the Euclidean distances of two

alternatives:

_(Liflxl=7
Vi) = {0 if x| <t (32)

T is the threshold that can be set by the decision-maker. Its value can be between 0.01
and 0.05; usually 1=0.02 is used.

7. Calculate the evaluation score for each alternative:

n
Hi = E hik (33)
k=1

The alternatives are ranked according to the degressive values of Hi.

2.2.5. Measurement of Alternatives and Ranking According to Compromise Solution

The method proposed by Stevig et al. in 2020 [38] measures and ranks alternatives
relative to a compromise solution; utility functions must be determined based on the
distances to the ideal and anti-ideal solutions and their aggregations. The best alternative
is the one closest to the perfect solution and farthest from the anti-ideal benchmark. The
method is applied by following these steps:

1. Determining the decision matrix;

2. Determine the extended matrix defining the ideal (IA) and anti-ideal (AAI) solution:

G G, Cn

AAI Xaal Xaaz Xaan

Al X11 X12 Xln
X: AZ X21 X22 . in (34)

Am Xm1 XmZ an

Al Xail XaiZ Xain
AAl = miniXij lf] € Band maxiXij lf] eC (35)
Al = max;X;jif j € Band minX;jif j € C (36)

B group of benefit criteria, and C group of cost criteria;

3.  Normalize the extended matrix N = [ni j]mxn:

Xai ., .

Tlij:X—:LfJE c (37)
X

nij=)ﬁifj€B (38)

4. Determine the weighted matrix V = [vi j]mxn; Vi = Ny ok wy;

Calculate each alternative’s utility relative to the ideal and anti-ideal solutions:

Si
K = (39)
Saai
S
K+t =L
=5 (40)

n
Si= Z vij (41)
i=1

6. Determine the utility function of the alternatives:
K'+ K
=D 1= &) (#2)
fK) fK)

f(Ki)=
1+
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The utility functions of the ideal and anti-ideal solutions are calculated according to

the following:
_ K
fK) = K+ K- (43)
K~
KH)y=—+t
&) K+ K- (44)

The higher the value of the utility function, the better.

3. Materials and Methods

A comprehensive methodology is proposed for selecting the optimal seismic retro-
fitting solution for reinforced concrete beams with shear deficiencies, adopting a holistic
approach. Figure 1 illustrates the methodology, organized into four clearly defined stages:
Stage 1: Define the problem and the dimensions to analyze for the strengthening alterna-
tives: economic, environmental, social, and functional. Stage 2: Present five strengthening
alternatives to enhance the shear strength of the beam under study. Stage 3: Quantify the
economic, environmental, and social impacts using life cycle assessments—Life Cycle
Cost Assessment (LCCA), Environmental Life Cycle Assessment (LCA), and Social Life
Cycle Assessment (S-LCA). Additionally, two criteria representing the functionality of the
strengthening alternatives will be evaluated. Stage 4: Develop a decision model through
expert input, structured hierarchically into four dimensions, eight criteria, and 16 specific
indicators. Employ the BWM for subjective criteria weighting and the EDAS, MABAC,
CODAS, and MARCOS methods to rank the alternatives. This approach identifies the op-
timal seismic retrofitting solution for reinforced concrete beams with shear deficiencies.



Appl. Sci. 2025, 15, 2424

10 of 30

1. Objective of the study

Selection of the optimal
alternative for seismic shear
retrofitting of reinforced

2. Retrofitting alternatives

- Concrete

concrete beams

v

Functional unit: specific beam
Service life: 50 years according to
current seismic codes

[

[ Sustainability | [

- Shotcrete

- Steel sheets with epoxy resin
- Steel sheets with mechanical
anchors

- Fiber-reinforced polymer

v

Functionality |

A 4
Cradle-to-grave
approach

3. Assessment of impacts 4. Optimal alternative

Construction cost | [ MCDM decision model |
Economic Maintenance cost |
(CYPE Database) | Panel oiexperts |
End-of-life cost
! | | Hierarchical structure |
Environmental Ecosystems |
(Recipe End | Indicators and criteria |
Point- Ecoinvent Human health |
Database) Resources | | Subjective weights |«— BWM |
Local Community ] Ranking of the
Social Society | alternatives
(MISP-Soca -
Database) Value Chain Actors |
Workers I -EDAS
Duration of works | - MABAC
. . - CODAS
Functionality
Architectural impact | - MARCOS

Figure 1. Methodology of the study.

3.1. Description of the Problem and Retrofit Alternatives

This study aims to determine the optimum seismic retrofitting solution for a rein-
forced concrete beam with shear deficiencies. The analyzed beam has a span of 6.0 m. It
presents material properties and longitudinal and transverse reinforcement, typical of
beams built according to obsolete standards or non-designed practices. In order to comply
with current seismic regulations, the retrofit of the beam includes a 22% increase in shear
strength within the intended plastic hinge zone. The analysis assumes a service life of 50
years for the retrofit beam, which ensures compliance with modern seismic requirements
and improves the durability of the structural element. The seismic strengthening alterna-
tives are evaluated using a “cradle-to-grave” life cycle analysis, which incorporates eco-
nomic, environmental, and social dimensions while assessing functionality.

Optimal seismic retrofitting is selected from five alternatives: concrete jacketing (C]),
shotcrete jacketing (SCJ), steel jacketing with structural epoxy adhesive (STE), steel jack-
eting with anchor bolts (STA), and use of carbon fiber reinforced polymer (CFRP). The
methods for the design of retrofitting alternatives are considered to be an additive ap-
proach.
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The equations in the Ecuadorian standard NEC-15 [39], which are based on ACI-318,
were used for the concrete jacketing alternatives. The nominal shear strength considers
the contribution of the concrete (V¢) and the shear reinforcement (Vs), according to Equa-
tion (45).

o=V + V5 (45)

The contribution of concrete to shear was determined using Equation (46).

V. =0.17 /f’cbwd (46)

where f . is the compressive strength of the concrete cylinder in MPa, bw is the width of the
beam, and d is the effective depth of the beam. For the contribution of the vertical stirrup,
ACI-318 considers the truss model represented by Equation (47).

A f,d

Vo=—¢ 47)

where Av is the effective area of the stirrup legs, f; is the steel yield strength, and s is the
spacing between the stirrups.

For the alternatives incorporating steel plates, equation 48 followed the reference
guidelines [40]. This expression considers the shear strength of reinforced concrete beams
with continuous horizontal steel plates attached to the web, the addition of the contribu-
tions of the concrete, the internal shear reinforcement, and the external steel plates. Equa-
tion (49) determines the contribution of shear stress (Vp), considering the sum of the shear

stresses along its depth and thickness.
o=V +V +V, )

Vo = Tanghptp (49)
where Tay is the average shear stress in the steel plates, i is the depth of the plates, and ¢,
is the thickness of the plates on either side of the beam’s web. For the quadratic distribu-
tion of shear stress over the depth of the plate, the average stress is calculated using Equa-
tion (50):

2
Tavg = §Tmax (50)

Tmax is the maximum shear stress in a steel plate, which can be determined from
Tresca’s maximum shear stress theory. This theory considers the yield strength of the ma-
terial fip, as indicated in Equation (51):

1
Tmax = Efyp (51)

Thus, when considering Equations (49)-(51), the contribution of the plates becomes
Equation (52):

1
V= §fyphp tp (52)

For the design of the CFRP, the Guide for the Design and Construction of Externally
Bonded FRP Systems for Reinforcing Concrete Structures (ACI 440) was used, where the
contribution of the FRP shear stress (Vf) in Equation (53) is affected by the coefficient s
with a value of 0.85 for U-shaped wraps.
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Vo=V + Vs + sV

(53)
The contribution of the shear stress of the FRP is given by Equation (54):
V= Agpfre(sina + cosa)dy,
f Sg (54)
where for rectangular sections, Ax is determined by Equation (55):

where 7 is the number of FRP reinforcement layers, #is the nominal thickness of a rein-
forcing sheet, wris the nominal width of a reinforcing sheet, f is the effective stress in the
FRP reinforcement, « is the angle formed by the extreme fiber in traction with the FRP
strip, dr the depth of the FRP shear reinforcement, and sf the distance between the centers
of the FRP strips.

Specific preventive maintenance measures based on material properties were incor-
porated to ensure that the retrofit alternatives achieve the expected service life of 50 years
from installation or until structural damage due to an earthquake occurs. Table 1 summa-
rizes the general characteristics of the beam analyzed and the shear strength values of the
five retrofit alternatives considered.

Table 1. General information about the original beam and the retrofitting alternatives.

Original beam

A (m) B (m) E (m) DL (mm) Number
0.4 0.6 0.2 16 8
DT (mm) Sa (m) f'c (Mpa) fy (Mpa) V (KN)
10 0.1 24 421 558.79
A |
e
m . ‘ < «
.~ DT
‘\ e . DL
Einitial beam
Retrofit beam
V (kN)
CJ 5CJ STE STA CFRP
722.57 742.65 682.77

aSpacing of ties.

The beam requiring retrofit is assumed to be part of a reinforced concrete building in
northern Quito, classified as a high seismic hazard zone under Ecuador’s current seismic
regulations. The following transport distances were considered: 8.0 km from the concrete
factory, 42.3 km for steel, 40.2 km for structural adhesives and materials used in preven-
tive maintenance, and 13.2 km to the landfill for waste disposal. For CFRP and epoxy
resin, transport distances include 3800 km by air and 37.3 km by land, as these materials
are imported into Ecuador. Figure 2 shows the schematics of the retrofitting alternatives.
A detailed description of the alternatives to retrofit is provided.



Appl. Sci. 2025, 15, 2424 13 of 30

i L 4 ] ] [ j ° £ ry r
T i
. Jacketing RC ~_Steel plate
[Pws
~_Adhesive
e (] (] L} \ e (] [ ] ]
v v 9 \I_{einforcement
() (b)
s e @
L1 ] 7777 T
i amimsm
~_Steel plate
~_CFRP
| P g
e [ ] [ ] (2

(© (d)

Figure 2. Alternative reinforcement schemes. (a) CJ and SCJ; (b) STE; (c) STA; (d) CFRP.

CJ Alternative: A 75 mm thick layer of concrete is applied to the bottom and side
faces of the beam. The concrete, with a compressive strength of 24 MPa and a soft con-
sistency, is pre-mixed at the plant and pumped on-site. Before application, a continuous
layer of two-component, thixotropic, epoxy resin-based structural adhesive is applied to
the hardened concrete surface. The reinforcement consists of four longitudinal bars 12 mm
in diameter and stirrups 10 mm in diameter, spaced at 150 mm and anchored to the slab
using chemicals. Preventive maintenance includes the application of an anti-carbonation
paint.

SCJ Alternative: A 75 mm thick shotcrete jacket is applied to the bottom and side
faces of the beam. The shotcrete has a compressive strength of 24 MPa and fluid con-
sistency. It is applied using a wet spraying technique. The reinforcement is identical to
that used in the CJ alternative. Preventive maintenance consists of the application of anti-
carbonation paint.

STE Alternative: 4 mm thick A572 Gr50 hot-rolled steel plates are applied to the lat-
eral faces of the beam and secured using a two-component thixotropic epoxy resin adhe-
sive. Preventive maintenance includes the application of a two-component epoxy resin-
based anticorrosive paint and passive fire protection achieved by spraying cement-based
fireproof mortar.

STA Alternative: 4 mm thick A572 Gr50 hot-rolled steel plates are secured to the
beam’s lateral faces using mechanical anchorage with bolts. Preventive maintenance in-
cludes the application of two-component epoxy resin-based anticorrosive paint and pas-
sive fire protection provided by the projection of cement-based fireproof mortar.

CFRP Alternative: The CFRP is applied using a U-wrap method with two layers of
unidirectional carbon fabric, each 0.165 mm thick. The fabric has a tensile strength of 4900
MPa, an elasticity modulus of 230,000 MPa, an ultimate elongation of 2.10%, and a 300
g/m?2 weight. Preventive maintenance includes passive fire protection through the projec-
tion of cement-based fireproof mortar.

3.2. Life Cycle Assessment

The LCCA includes construction, preventive maintenance, and end-of-life (EoL)
costs. Construction costs cover the supply of materials, equipment and machinery usage,



Appl. Sci. 2025, 15, 2424

14 of 30

labor, and minor tools. For the CJ alternative, this also includes the cost of the recoverable
formwork system. Preventive maintenance costs encompass anti-carbonation paint for CJ
and SCJ, anti-corrosion paint for STE and STA, fireproof mortar for STE, STA, and CFRP,
and decennial maintenance for the first 10 years. EoL costs involve demolition, sorting,
and transportation to recycling plants or landfills as appropriate. Future costs are con-
verted to present value using a 2% social discount rate, which aligns with long-term sus-
tainability objectives [41]. The LCCA used unit price analyses from the CYPE construction
cost database, which included specific costs for Ecuador with a cutoff date of January 2025.

The environmental and social dimensions are evaluated across four distinct phases.
First, the objective and scope of the study are to assess five seismic retrofitting alternatives
for reinforced concrete beams with shear deficiencies. The functional unit is the seismic
retrofitting of a specific reinforced concrete beam, ensuring structural safety over a 50-
year service life. A cradle-to-grave approach is adopted, covering material fabrication,
transportation to the site, construction, preventive maintenance, and end-of-life. The end-
of-life stage includes pre-treatment of concrete, transporting steel and concrete to recy-
cling plants, and final disposal of CFRP to a landfill.

The second phase consisted of conducting an inventory analysis for each alternative.
Environmental impacts were assessed using the Ecoinvent database, while social impacts
were assessed using SOCA v2, with both analyses modeled in OpenLCA version 2.3 soft-
ware. By using SOCA, which integrates data from the PSILCA social database, the same
processes applied in the environmental impact assessment were used, ensuring con-
sistency in the results. As the global SOCA data are complete but region-specific data may
be missing, the global average was used for process modeling, following the reference
recommendation [42]. The energy required for machinery operations during construction
was obtained from the BEDEC database. For the SCJ alternative, the additional energy
required for shotcrete application was considered and extracted from BEDEC. For the STA
alternative, the energy values for machinery operations during construction were adapted
from reference [43]. For carbon fiber, the energy results for virgin carbon fiber production
from reference [44] were adapted to Ecoinvent’s carbon fiber reinforced plastic process
used in aircraft manufacturing. Table 2 presents the inventory by functional unit and the
associated processes from the Ecoinvent database, which were also used in SOCA. A zero
discount rate was applied for future end-of-life quantifications.

Table 2. Life cycle inventory.

Process Quantity Unit  Ecoinvent Process

Concrete Jacketing (CJ)

Concrete 0.27 m3 Concrete, 24-30 MPa

Reinforcement steel 32.83 kg Reinforcing steel

Structural adhesive 5.69 kg Epoxy resin

Column jacketing 462.82 M]J Diesel, burned in building machine =
Anti-carbonation paint 1.44 kg Epoxy resin

Retrofit demolition 64.96 MJ Diesel, burned in building machine =
Concrete crushing 545.13 kg Rock crushing

Shotcrete Jacketing (SCJ)

Concrete 0.27 m3 Concrete, 24-30 MPa

Shotcrete 386.63 MJ Diesel, burned in building machine =
Reinforcement steel 32.83 kg Reinforcing steel

Column jacketing 462.82 MJ Diesel, burned in building machine @
Anti-carbonation paint 1.44 kg Epoxy resin

Retrofit demolition 64.96 MJ Diesel, burned in building machine =

Concrete crushing 545.13 kg Rock crushing
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Steel Jacketing with epoxy resin (STE)

Structural steel 63.30 kg Hot rolling, steel

Structural adhesive 3.84 kg Epoxy resin

Column jacketing 190.85 M]J Diesel, burned in building machine =
Anti-corrosion primer 0.96 kg Epoxy resin

Fireproof mortar 38.76 kg Cement mortar

Steel Jacketing with mechanical anchorages (STA)

Structural steel 65.82 kg Hot rolling, steel

Column jacketing 131.21 M]J Diesel, burned in building machine =
Anti-corrosion primer 0.96 kg Epoxy resin

Fireproof mortar 38.76 kg Cement mortar

Fiber-Reinforced Polymers (CFRP)
Acrylonitrile; Chemical, organic;

Carbon Fibers 1.90 kg Electricity, low voltage; Heat, district
or industrial; injection moulding

Epoxy Resins 4.12 kg Epoxy resin

CFRP installation 132.02 MJ Diesel, burned in building machine =

Fireproof mortar 58.15 kg Cement mortar

a BEDEC Database.

In the third phase, the Endpoint Recipe method was employed to assess environmen-
tal impacts. At the same time, the Social Impact Weighting Methodology (MISP) was used
to evaluate social impacts, and both models were modeled using OpenL.CA software. Ped-
igree matrix approaches were incorporated to account for uncertainty based on five indi-
cators: reliability, completeness, temporal correlation, geographical correlation, and tech-
nological correlation.

In the final phase, the environmental results were interpreted by grouping the im-
pacts into three damage categories: ecosystems (measured in species per year), human
health (measured in disability-adjusted life years), and resource availability (measured in
US dollars). A hierarchical approach was used for a long-term scenario (H), with the three
damage categories normalized using the WORLD ReCiPe methodology, following H/H
hierarchies (person/year). The Final Recipe method was then applied to calculate each
retrofit alternative’s full life-cycle environmental impact score. For social impacts, the
MISP methodology translates the 55 indicators into four stakeholder categories: Workers,
Value Chain Actors, Society, and the Local Community. These impacts are measured us-
ing a unit average mean risk per hour (MRH).

3.3. Decision Model

The decision model incorporated four dimensions represented by eight criteria and
16 specific indicators, as shown in Table 3. The criteria reflect the impacts identified
through life cycle analysis using a cradle-to-grave approach for the economic, environ-
mental, and social dimensions. The functionality dimension includes two criteria com-
monly employed by researchers in selecting optimal building retrofitting solutions using
MCDM: the duration of construction works and the architectural impact of the retrofit
alternative [26].
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Table 3. Hierarchical tree of the decision model.

Dimension Criteria Indicators
C1 Construction cost I1  Construction cost (USD)
12 Preventive maintenance (USD)
Economic o Maintenance and EoL I3 Maintenance (USD first 10 years)
costs u Demolition, classification, and

transport of waste (USD)

I5 Ecosystem (Points)

Manufacturing and 6 Human health (Points)

C3

construction .
. 17 Resources (Points)
Environmental .
I8 Ecosystem (Points)
C4 Maintenance and EoL. 19 Human health (Points)
110 Resources (Points)
Cs Local Community and 111 Local Community (MRH)
Social Society 112 Society (MRH)
Co Value Chain Actors andI13 Value Chain Actors (MRH)
Workers 114 Workers (MRH)
' ' C7 Duration of works 5 Duration of works/disruption to
Functionality occupants (scale)

C8 Architectural impact 116 Architectural impact (scale)

The economic dimension is represented by two criteria: C1: Construction costs,
which include construction costs, materials, equipment, machinery, labor, and minor
tools. C2: Maintenance and EoL, which include preventive maintenance, such as carbon-
ation protection for C] and SCJ, anti-corrosion paint for STE and STA, and fireproof mortar
for STE, STA, and CFRP. This criterion also includes decennial maintenance and EoL costs,
such as crushing for CJ, transportation to material plants for CJ, STE, and STA for recy-
cling, and transportation to landfills for CFRP. According to the LCCA, all costs are meas-
ured in dollars. Future costs consider a social discount rate of 2% to reflect long-term sus-
tainability issues.

Environmental dimensions encompass two criteria reflecting the environmental im-
pacts throughout the life cycle: C3: Production and Construction covers the impacts asso-
ciated with the production of materials, transportation to the site, and energy consumed
by machinery during the installation of the retrofit alternative. C4: Maintenance and EoL
consider the impacts of producing raw materials required for preventive maintenance of
each alternative and the end-of-life phase, including treatment before recycling CJ and
SCJ and transport to recycling facilities or landfills. These criteria are evaluated using in-
dicators that measure impacts within three damage categories: Ecosystems, Human
Health, and Resources. Impacts are quantified in points derived from the Endpoint ReC-
iPe method.

The social dimension includes two criteria grouping four stakeholder categories: C5:
Local community and society and Cé6: Stakeholders and value chain workers. Social im-
pacts are measured in Mean Risk per Hour (MRH).

The Functionality dimension is represented by two criteria: C7: Duration of works,
evaluated using a scale based on CYPE cost analysis performances. C8: Architectural im-
pact, evaluated by a scaling approach translating the qualitative judgments of the deci-
sion-makers using the AHP and pairwise comparisons of the five alternatives. Six deci-
sion-makers with professional experience in civil engineering and architecture were con-
sulted to ensure a diversity of perspectives and approaches. These experts have between
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10 and 35 years of academic and professional experience in structural engineering, con-
struction, and sustainability.

4. Analysis of Results
4.1. Results of Life Cycle Assessments

Figure 3 illustrates the results of the LCCA for alternatives to retrofit the beam with
shear deficiencies. The costs are expressed as present values as of January 2025. Construc-
tion costs are the most significant component of the total costs, accounting for an average
of 82% across all alternatives. The CFRP alternative incurs the highest construction costs
due to the expensive raw materials. CJ ranks second, mainly due to the high cost of the
formwork system required. The STE and STA alternatives have the highest costs in the
maintenance stage. This is attributed to the inclusion of two types of preventive mainte-
nance: anti-corrosion paint with fireproofing mortar, which represents a 2.3 times increase
compared to the preventive maintenance cost of the CJ alternative. In the EOL phase, the
costs are especially significant for the CJ and SCJ alternatives due to the requirements for
the pretreatment of concrete waste. The percentages shown in Figure 3 represent the total
LCCA values, with the CJ alternative as the benchmark. The SCJ alternative has the lowest
total costs, with a 45% reduction, while the CFRP alternative has an increase of 1%.

600.00

100% 101%
500.00
83%

400.00 71%

300.00 55%

200.00

Total costs ($)

100.00

d SCJ STE STA CFRP

Construccion ' Maintenance = EoL

Figure 3. Economic life cycle assessment.

The ReCiPe endpoint approach provides straightforward LCA results for environ-
mental impacts, offering a clear overview of the effects associated with each alternative.
Figure 4 highlights the impacts across damage categories: Ecosystems, Human Health,
and Resources. The manufacturing phase has the highest impact in all damage categories,
with the exception of the STE alternative, which has the highest values for the preventive
maintenance stage in the Ecosystems category. In the EoL phase, impacts are substantial
for CJ and SCJ. Regarding total impact values measured in points, the Resources category
has the highest representation, followed by Human Health and Ecosystems. Among all
alternatives, CJ exhibits the highest environmental impact. SCJ ranks second but achieves
the most significant reduction in the Resources damage category, with a 21% decrease
compared to CJ. Despite requiring higher energy consumption for machinery operations
during the manufacturing and application of shotcrete, SCJ benefits from the reduction of
structural adhesives, which helps lower its overall environmental impact. STE and STA
alternatives offer substantial ecological advantages, particularly in the Human Health cat-
egory, with reductions of 69% for STE and 79% for STA compared to CJ. Similarly, CFRP
presents significant benefits with reductions of 54% in the Ecosystems category, 70% in
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Ecosistems (points)

Resources (points)

Human Health, and 56% in Resources compared to CJ. Similarly, the Figure 4d) summa-
rizes the total environmental impacts of the retrofit alternatives. CJ has the highest overall
impact, while SCJ achieves a 19% reduction. CFRP shows a 59% decrease, and the lowest
environmental impacts are observed for the STE and STA alternatives, with decreases of
62% and 77%, respectively, compared to CJ.
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Figure 4. Environmental life cycle assessment. (a) ecosystems; (b) human health; (c) resources; (d)

total impacts.

The impacts associated with the S-LCA are represented in Figure 5, where the highest
values are for the Workers and Society stakeholders of the alternatives. The most signifi-
cant social impacts are found in the CJ alternative. SCJ presents a total decrease in social
impacts of 21% regarding CJ, and the STE alternative is 61%. The most significant reduc-
tions correspond to the CERP alternative, with a reduction of 68%, and STA, with the most

significant reduction of 75%.
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Figure 5. Social life cycle assessment.

4.2. Selecting the Optimal Retrofit Alternative

CFRP

mWorkers

Table 4 presents the values of indicators representing the economic, environmental,

social, and functional dimensions for the five retrofit alternatives considered. Costs are

expressed in dollars, environmental indicators in points, social indicators in average mean

risk per hour, and functionality on a standardized scale. Based on these values, the eight

criteria were determined for use in the decision-making process. Figure 6 illustrates the

normalized values for each criterion across all alternatives. The CJ alternative shows the

highest values for environmental, social, and functional criteria, while the CFRP alterna-

tive scores highest for criterion C1. STE and STA exhibit the highest values for criterion

C2, corresponding to preventive maintenance costs and end-of-life impacts. SCJ has the

lowest construction cost, STE achieves the lowest value for criteria C7, and STA for criteria

C3, C5, and Cé6. Lastly, the CFRP alternative demonstrates the weakest values for criteria
C2, C4, and C8.

Table 4. Values of the indicators for each alternative.

Indicators CJ SCJ STE STA CFRP
I1 Construction cost USD 439.80 21535 27496 334.46 445.16
I2  Preventive maintenance (USD) 2218 2218 5146 5146  33.14
I3 Maintenance (USD first 10 years) 14.06  14.06 31.64 31.64 28.49
u Demolition, classification, and 28.15 2815 126 126 037
transport waste (USD)

I5 Ecosystem (Points) 1.03 0.89 0.26 0.15 0.33
6 Human health (Points) 9.04 7.89 2.46 1.44 242
I7  Resources (Points) 2623  20.08 9.85 4.89 11.95
I8  Ecosystem (Points) 0.08 0.08 0.16 0.16 0.19
I9 Human health (Points) 0.73 0.73 0.61 0.61 0.53
I10 Resources (Points) 3.12 3.12 2.01 2.02 1.09
111 Local Community (MRHx10E4) 2.73 2.17 1.05 0.68 0.94
112 Society (MRHx10E4) 3.29 2.62 1.30 0.85 1.01
I13 Value Chain Actors (MRHx10E4) 1.97 1.56 0.76 0.49 0.60
114 Workers (MRHx10E4) 3.38 2.67 1.31 0.83 1.09
[15 Duration of works (scale) 0.37 0.24 0.07 0.23 0.09
116 Architectural impact (scale) 0.35 0.35 0.09 0.15 0.06




Appl. Sci. 2025, 15, 2424

20 of 30

Construction costs (C1)

Maintenance, EoL costs (C2)

Manufacturing, construction environmental (C3)

Maintenance, EoL environmental (C4)

Local Community and Workers (C5)

Society and Value Chain Actors (C6)

Duration of works/ disruption to occupants (C7)

Architectural impact (C8)

0.00

mC] =SC] STE

0.20

STA m CFRP

Figure 6. Normalized values of the criteria.
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Table 5 presents the geometric mean values of the weights derived using the BWM

method for both the criteria and dimensions analyzed. The criterion with the lowest

weighting was the environmental impact of the maintenance and EoL phases, followed

by the costs associated with maintenance and EoL and the social impacts on the local com-

munity and workers. In contrast, architectural impact and construction cost were identi-
fied as the most important criteria. Table 6 shows the results of the ranking methods ap-
plied in this study. The CJ alternative was the worst-rated in all cases, followed by the SCJ
alternative. The STA alternative ranked third in all methods. The EDAS and MABAC
methods identified the STE alternative as the best option for seismic retrofitting of shear-
deficient beams, with CFRP ranking second. CODAS and MARCOS methods ranked
CFRP as the best option, followed by the STA alternative.

Table 5. Weights derived from BWM.

Dimension Weight Criteria Global Weight
. C1 0.19
Economic (D1) 0.27 2 0.08
C3 0.16
Envi D2 2
nvironment (D2) 0.23 Ca 0.07
. C5 0.08
Social (D3) 0.17 C6 0.09
. . c7 0.13
Funcionality (D4) 0.33 8 0.20
Table 6. Classification of alternatives with MCDM.
Alternatives EDAS MABAC CODAS MARCOS
Score Ranking Score Ranking Score Ranking Score Ranking
CJ 001 5 -0.40 5 -1.83 5 031 5
sCJ 034 4 -0.06 4 -0.75 4 043 4
STE 099 1 028 1 076 2 0.66 2
STA 085 3 019 3 066 3 063 3
CFRP 098 2 027 2 117 1 070 1
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5. Discussion

In the search for optimal seismic retrofit strategies, the scientific community has pre-
dominantly relied on traditional MCDM methods, often overlooking innovative ap-
proaches that could provide better solutions. This study presents a comprehensive meth-
odology for ranking seismic retrofit alternatives using emerging MCDM techniques. The
methodology integrates functionality with the three pillars of sustainability-economic, en-
vironmental, and social life cycle analysis. The proposed approach is applied to evaluate
and rank five seismic retrofit alternatives for a reinforced concrete beam with shear defi-
ciencies. These retrofit alternatives were designed to achieve the same increase in shear
strength to meet seismic regulations. The analysis considers a time frame beginning from
the implementation of the retrofit and extending up to a useful life of 50 years or until the
beam sustains damage from an earthquake. The inclusion of specific preventive mainte-
nance, tailored to the material characteristics of each alternative, ensures the validity of
this time frame. This approach eliminates the possibility of one retrofit alternative having
a longer lifespan, allowing for a fair comparison [17].

Determining the shear capacity of reinforced concrete beams remains an evolving
area of research. Most shear design methods use an additive approach, combining the
contributions of concrete and steel. However, Eurocode 2 considers only the steel contri-
bution to shear strength [10], which can lead to an underestimation of the shear capacity
in lightly shear-strengthened beams where the concrete contribution is more significant
[11]. This manuscript’s methods for designing the retrofitting alternatives are based on an
additive approach that considers the contributions of concrete, steel, and composites. This
approach resulted in comparable increases in shear strength capacity across the different
retrofit alternatives, assuming that all resistance mechanisms reach their maximum values
simultaneously without any interaction between them. Although this additive approach
is widely accepted, recent research has indicated potential interactions between the exper-
imental strength contributions of FRP shear reinforcement [45].

The relatively high increase in shear force observed in the concrete-based alternatives
is mainly due to construction limitations, as additional concrete is required even when it
is not structurally necessary [43]. For alternatives involving steel plates, the contribution
to shear stress is considered a function of the depth and thickness of the continuous plates.
However, in the case of STE, where the plates are not fully anchored to the concrete, they
may not reach maximum strength at the elastic limit. To take this into account, previous
studies [40,46] have introduced modification factors that consider the tensile capacity of
the concrete at the concrete-adhesive interface, with a reduction factor of 0.76 being appli-
cable in this case. For the STA, the contribution of the bolts to the shear capacity could
also be considered [46]; however, theoretical models to accurately predict shear capacity
are still under development [47].

The depth of the beam below the slab limits the bond length or connection length of
the steel and CFRP coatings. As a result, the bond length can be shorter than the required
development length, leading to premature failure of the rehabilitation system and limiting
the effective utilization of the high-strength properties of the laminates. For the STE alter-
native, steel plates contribute more significantly to the shear resistance of the beam when
the ratio of plate depth to beam depth reaches its maximum feasible value. Studies have
shown that, for ratios greater than 0.75, the contribution of the plate remains unchanged,
which is particularly advantageous for T beams and beams located under slabs [40]. In
this study, the ratio was 0.70. On the other hand, shear reinforcement using CFRP lami-
nates with anchors can increase shear capacity by approximately 20% or more compared
to CFRP laminates without anchors [48,49]. However, the ACI 440 design guidelines pro-
vide conservative and reliable predictions, guaranteeing safe retrofitting designs for
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beams with a shear deficiency with CFRP laminates [50]; there are currently no standard-
ized guidelines for anchor design.

By analyzing the cost-effectiveness of the retrofitting alternatives, their economic vi-
ability can be assessed by determining the cost required to achieve a 1% increase in shear
strength [51]. Table 7 presents the retrofitting costs obtained through LCCA for a 1% in-
crease in shear strength in the different alternatives. Among the alternatives, the SCJ
method demonstrates the lowest cost per 1% increase in shear strength, making it the most
cost-effective option. In contrast, the CFRP alternative incurs the highest costs. However,
despite its cost-effectiveness, concrete jacketing has certain drawbacks, especially in labor-
intensive construction processes, long execution times, and reduced usable space inside
the building [52]. The viability of the retrofitting strategies was evaluated using two crite-
ria: C7-Duration of the work and C8-Architectural impact. The results indicate that CJ
has the highest value for C7, while both CJ and SCJ have the highest values for C8.

Table 7. Cost-effectiveness of the alternatives.

Alternatives CJ SC) STE STA CFRP
Shear force increase ratio (%) 29% 29% 33% 33% 22%
Cost LCCA = 504.19  279.74  359.32  418.82  507.16

Cost to increase the strength by 1% @ 17.39 9.65 10.89 12.69 23.05

2Costs are expressed in US dollars.

Retrofitting alternatives involving the use of concrete generate significant environ-
mental, social, and functional impacts. These high environmental impacts and associated
social consequences are primarily due to concrete production, further exacerbated by the
large quantities required for these retrofit methods, even when not structurally necessary.
The environmental and social impacts of SCJ are lower than CJ due to the reduction of
structural adhesive in the retrofit process. Although the shotcrete and equipment required
for SCJ are more expensive than conventional concrete, the cost of SCJ is reduced by avoid-
ing extensive formwork systems and the reduction of structural adhesives required for
CJ. Alternatives that include concrete have notable architectural impacts, but CJ has the
highest execution time, contributing to its lower ranking. Consequently, CJ and SCJ are
ranked fifth and fourth among the retrofit alternatives.

Steel jacketing alternatives significantly reduce environmental and social impacts
and lower construction costs; this is attributed to the efficient use of materials by placing
continuous steel plates on both sides of the beam web. This retrofitting technique effec-
tively enhances shear strength and ductility, achieving higher shear capacity by increasing
the height of the plates rather than their thickness [12]. However, the highest preventive
maintenance costs for steel jacketing alternatives are due to the need for anti-corrosion
paint and fireproof mortar. The STA alternative shows reduced environmental and social
impacts compared to STE, primarily because it eliminates using epoxy resin-based thixo-
tropic adhesives. Nevertheless, STA involves higher construction costs, longer execution
times, and more significant architectural impacts due to the anchor bolts required, ranking
it third among the alternatives. The incorporation of carbon fibers presents reductions in
environmental and social impacts, shorter execution times, and minimal architectural im-
pacts, although its construction costs are high. The STE and CFRP retrofit alternatives lead
the alternatives in the ranking.

In construction engineering, decision-making often involves conflicting criteria. In
the search for optimal seismic retrofit solutions, economic, environmental, and social im-
pacts, lead times, and architectural considerations can result in conflicting criteria for dif-
ferent retrofit alternatives. Various MCDM methods are available in the literature to ad-
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dress such complexities. Among them, the widely used AHP and TOPSIS combine antiq-
uity and ease of application. However, little attention has been given to exploring newer,
more advanced decision-making methods. AHP remains the most commonly applied
method for criteria weighting. However, the BWM has emerged as a robust alternative in
the MCDM field, offering reliable and relevant results. Unlike the arbitrary pairwise com-
parisons in AHP, BWM employs a systematic approach [53]. It requires fewer pairwise
comparisons, reducing inconsistencies and producing more reliable outcomes than AHP
[54]. One of the concerns in applying different MCDM methods is the rank reversal prob-
lem. This issue occurs when the ranking of alternatives changes depending on the method
used, leading to inconsistencies in decision-making [27].

The STE alternative ranks first in the EDAS and MABAC methods, followed closely
by CFRP. In the MARCOS method, CFRP ranks first, narrowly edging out STE. In contrast,
the CODAS method places CFRP in first place, with a significant advantage over STE in
second place. This study has considered input from diverse experts to capture different
professional, academic, and research perspectives. However, the weighting of criteria of-
ten introduces uncertainty in the application of MCDM methods, which can significantly
influence decision-making results. The results indicate that STE is the highest-ranked al-
ternative in the two methods, while CFRP leads in the remaining two. An important step
in the application of MCDM is the sensitivity analysis of aspects that can significantly alter
the results, thus ensuring consistency in the final decision [55]. In order to support the
robustness of these results, a sensitivity analysis was performed to examine how varia-
tions in the weighting of the criteria might affect the rankings. The analysis included pos-
itive and negative weighting variations of 10% and 15%, resulting in 16 scenarios. An ad-
ditional scenario was considered in which all criteria had the exact weighting. Rankings
were then generated for each scenario across all MCDM methods, providing valuable in-
formation on the consistency and reliability of the decision-making process.

Figure 7 presents the results for a +15% variation in the criteria weights, as no signif-
icant changes were observed with a 10% variation. Across the 68 scenarios analyzed, CJ
consistently ranks last, while SCJ occupies fourth place in all MCDM rankings. In the
EDAS method, STE ranks first in 14 scenarios. CFRP leads the ranking when the weight
of the construction cost criterion is reduced when the architectural impact criterion is in-
creased and in the scenario with equal weights for all criteria. Similarly, in the MABAC
method, STE ranks first in 15 scenarios. At the same time, CFRP emerges as the best option
when construction costs are lower and in the equal-weight scenario. CFRP is consistently
ranked as the best option across all scenarios analyzed for the CODAS and MARCOS
methods. Notably, STA ranks second when the environmental impact weight during the
manufacturing stage is increased in the CODAS method and when equal weights are ap-
plied in both the CODAS and MARCQOS methods. Based on the results from the four
MCDM methods and the weight variations applied in the sensitivity analysis, CFRP
emerges as the best option in 57% of cases. At the same time, STE is the top choice in 43%
of cases.
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Figure 7. Sensitivity analysis. (a) EDAS; (b) MABAC; (c) CODAS; (d) MARCOS.

Traditional retrofit techniques, which consist of increasing the concrete section and
using steel profiles, are widely used worldwide [15]. Applying U-jacketing reinforced con-
crete sleeves to retrofit beams with shear deficiencies is an ongoing development within

the scientific community to address key challenges, such as limited section increase. A

group of researchers conducted an experimental study using thin layers of U-shaped re-

inforced concrete to retrofit shear-critical beams, evaluating the performance of these jack-

ets [14]. Similarly, another group explored the effectiveness of U-shaped reinforced ce-

mentitious mortar liners for repairing damaged shear-critical beams [52]. In another

study, they analyzed beams representing older construction practices with inadequate

stirrup spacing, which leads to premature shear failure. They applied a three-sided coat-

ing method using thin sleeves of self-compacting reinforced concrete [56].

The retrofitting alternatives in this study focus on improving shear strength in rein-

forced concrete beams. However, concrete jackets allow the sections to behave similarly

to conventional sections of the exact dimensions. A group of researchers analyzed the

load-displacement curves and the corresponding ductilities, concluding that retrofitting

reinforced concrete beams exhibits mechanical behavior comparable to and slightly better

than ordinary reinforced concrete beams of the same size [57]. As for CFRP, significant

improvements in ductility have been determined up to the point of lamina detachment

[58]. Similarly, another group studied the retrofitting of shear-critical reinforced concrete
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beams using various FRP systems. It concluded that retrofitting improved shear capacity
and transformed shear failure into more ductile flexural failure [59]. In addition, an ex-
perimental study examined the effects of steel plates attached to the web of the beam,
either with adhesives or bolts, showing significant improvements in beam stiffness—by
29% and 42%, respectively —as well as more excellent ductility when more bottomless
plates are used [46].

This study classified five retrofit alternatives based on coating techniques for jacket-
ing beams with shear deficiencies. However, the literature highlights additional tech-
niques that achieve the same retrofit objective. One such method is shear beam retrofit
through external prestressing, where a restoring force is applied via externally placed,
non-adhered tendons. This approach is known for its ease of application, cost-effective-
ness, and straightforward maintenance [51,60]. In recent years, ultra-high-performance
concrete (UHPC) has been proposed to retrofit reinforced concrete structural elements. In
beams, UHPC has been shown to prevent shear failure and enhance flexural performance,
increasing strength by 40% to 125%, making it a promising emerging alternative [61].

The durability of the retrofitting alternatives is considered within the time frame of
this study, starting from implementation and extending up to 50 years or until the retro-
fitting beam sustains damage due to an earthquake. While seismically retrofit structures
typically perform well under expected earthquake scenarios, this does not guarantee their
continued operability after a seismic event [62]. For the CJ and SCJ alternatives, the brittle
shear failure mode is effectively mitigated. In shallow beam jacketing with a span-to-
depth ratio greater than 2.5, the retrofitted section can achieve ductile flexural failure
modes [63], improving flexural strength, energy dissipation, and ductility [64]. The STE
alternative effectively controls cracking under the steel plate; however, its anchoring ca-
pacity is limited by the tensile strength of the concrete under the adhesive. This limitation
can lead to a risk of explosive detachment of the steel plate. In the case of the STA alter-
native, stresses at the fixing points can cause localized creep of the steel plate and crushing
of the adjacent concrete. However, with adequate anchoring, more excellent ductility can
be achieved at the point of failure [65]. Finally, the CFRP alternative improves crack re-
sistance, promoting a shift to a ductile failure mode. However, two main failure modes
are observed: detachment from the concrete surface and rupture of the CFRP. In the first
scenario, the beams may fail prematurely under the initial load before the CFRP reaches
its maximum capacity. In the second scenario, rupture governs the shear capacity [66],
[67]. Future research could focus on the need for resilient buildings that account for the
challenges posed by seismic damage, including restoring functionality amidst physical,
social, and economic disruptions over time [68].

6. Conclusions

This paper presents a comprehensive methodology for selecting seismic retrofitting
solutions for reinforced concrete beams with shear deficiencies. Five retrofit alternatives
designed to improve the shear capacity in the expected plastic hinge formation zone were
evaluated to ensure compliance with current seismic regulations. A service life of 50 years
was considered for each alternative, with preventive maintenance adapted to the specific
properties of the material. The retrofit alternatives evaluated include concrete jacket (C]),
shotcrete jacket (SCJ), steel jacket with structural epoxy adhesive (STE), steel jacket with
mechanical anchors (STA), and incorporation of carbon fiber reinforced polymer (CFRP).
A hierarchical decision-making model encompassed four dimensions-functionality, eco-
nomic, environmental, and social- and was analyzed through eight criteria and measured
by 16 specific indicators. The BWM method was applied to weigh the criteria and rank the
reinforcement alternatives. At the same time, four new MCDM methods were used for the
final ranking: EDAS, MABAC, CODAS, and MARCOS.
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Life cycle assessments of the economic, environmental, and social dimensions were
conducted using a “cradle to grave” approach. The SCJ and STE alternatives demonstrate
cost reductions compared to the traditional CJ option. The STE, STA, and CFRP alterna-
tives offer substantial environmental and social advantages over the concrete-based CJ
and SCJ alternatives. Compared to the CJ alternative, the STA alternative achieves the
most significant reductions in environmental and social impacts, with decreases of 76%
and 73%, respectively. STE shows reductions of 61% and 59%, while CFRP achieves re-
ductions of 58% and 66%, respectively, in environmental and social impacts. In addition,
STE and CFRP show the shortest execution times and lowest architectural impacts among
the alternatives evaluated.

Based on the assumptions of this study, the CFRP and STE alternatives emerge as the
preferred options when economic, environmental, social, and functional criteria are con-
sidered together. Retrofitting with carbon fiber significantly reduces environmental and
social impacts while enhancing functionality despite the high costs associated with the
raw materials. Steel jacketing with structural epoxy adhesive is also viable, providing bal-
anced performance across all criteria and outperforming the alternative incorporating
structural steel with mechanical anchors. In contrast, alternatives involving concrete are
the least favorable due to their high environmental and social impacts coupled with lower
functionality.

This study evaluated five commonly used alternatives for seismic retrofitting shear-
deficient beams. Future research could explore additional options, including fiber-rein-
forced polymeric materials and innovative composite materials, such as concrete compo-
site linings and fiber-reinforced cement mortars. Further studies could also incorporate
criteria that address the final capacity characteristics of the retrofit element and address
the need for resilient buildings capable of recovering quickly after an earthquake to main-
tain functionality in a shorter time frame. Additionally, the application of MCDM meth-
ods could be improved by integrating approaches to manage the uncertainty inherent in
expert opinion and considering interactions between criteria, ultimately improving the
robustness of solutions.
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RC Reinforced concrete
FRP Fiber-reinforced polymer
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CE Circular economy
MCDM  Multi-criteria decision-making
MADM  Multiple attribute decision-making

LCA Life cycle assessment

AHP Analytical Hierarchy Process

TOPSIS ~ Technique for Order of Preference by Similarity to Ideal Solution
DM Decision-maker

ANP Analytical Network Process

BWM Best-Worst Method

EDAS Evaluation Based on Distance to Average Solution

MABAC  Multi-Attribute Boundary Approximation Area Comparison

CODAS  Combinatorial Distance-Based Assessment

MARCOS Measurement of Alternatives and Ranking According to Compromise Solu-
tion

LCCA Life Cycle Cost Assessment

S-LCA Social Life Cycle Assessment

q Concrete jacketing

SCJ Shotcrete jacketing

STE Steel jacketing with structural epoxy adhesive
STA Steel jacketing with anchor bolts

CFRP Carbon fiber-reinforced polymer

EoL End-of-life

MISP Social Impact Weighting Methodology

MRH Mean risk per hour
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