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Abstract: Seismic retrofitting is a critical strategy for enhancing the resilience and safety of structures, particularly in
earthquake-prone regions. Various retrofitting techniques, including fiber-reinforced polymer (FRP) applications, energy
dissipation devices, shear walls, and steel bracing, have been explored for their effectiveness in improving structural
performance. This study reviews the existing literature on seismic retrofitting, highlighting the role of financial incentives,
market strategies, and regulatory frameworks in promoting retrofitting practices. The effectiveness of FRP materials in
retrofitting reinforced concrete (RC) and masonry structures is particularly emphasized due to their ease of application, cost-
effectiveness, and superior strength-to-weight ratio. Standardized evaluation methods and seismic resistance guidelines remain
crucial for ensuring reliable and efficient retrofitting practices. While retrofitting offers a viable alternative to demolition and
reconstruction, further research is needed to refine cost-effective solutions and develop comprehensive seismic evaluation
frameworks. The increasing adoption of innovative retrofitting technologies suggests a promising future for enhancing seismic
resilience in modern construction practices.
Keywords: Seismic retrofitting, structural resilience, fiber-reinforced polymer, FRP applications, reinforced concrete, masonry
structures

L. INTRODUCTION
The economic evaluation of seismic retrofitting is a crucial aspect of disaster risk reduction and management, as it enables
policymakers to make informed decisions regarding the allocation of resources for seismic retrofitting projects, ensuring that the
costs are justified by the potential benefits in terms of reduced damage and loss of life. This literature review aims to provide an
overview of the current state of knowledge on the economic evaluation of seismic retrofitting, highlighting the key methodologies,
benefits, and challenges associated with this approach. A review of existing studies on the economic evaluation of seismic
retrofitting reveals that the majority of these studies focus on the cost-benefit analysis (CBA) approach, which compares the costs of
retrofitting with the potential benefits in terms of reduced damage and loss of life. While CBA is a widely accepted approach, there
are also other methodologies, such as cost-effectiveness analysis, multicriteria decision analysis, and usability analysis, which have
been employed in various studies to evaluate the economic viability of seismic retrofitting projects. Furthermore, the literature
review highlights several key benefits associated with seismic retrofitting, including reduced damage to buildings and infrastructure,
loss of life, and economic losses. However, challenges such as high upfront costs, uncertainty in estimating seismic risk, and the
need for accurate data on the costs and benefits of retrofitting are also prevalent. This literature review seeks to provide a
comprehensive overview of the current state of knowledge on the economic evaluation of seismic retrofitting, shedding light on the
key methodologies, benefits, and challenges, in order to inform policymakers and stakeholders in their decision-making processes
regarding seismic retrofitting projects ## Methodologies for Economic Evaluation of Seismic Retrofitting

A. Cost-Benefit Analysis (CBA)

CBA is the most widely used methodology for evaluating the economic viability of seismic retrofitting projects. This approach
involves comparing the costs of retrofitting with the potential benefits in terms of reduced damage and loss of life. The costs of
retrofitting include the upfront costs of materials, labor, and equipment, as well as ongoing maintenance and repair costs. The
benefits of retrofitting, on the other hand, include the reduced risk of damage to buildings and infrastructure, loss of life, and
economic losses.

B. Cost-Effectiveness Analysis (CEA)

CEA is another methodology used to evaluate the economic viability of seismic retrofitting projects. CEA involves evaluating the
costs of different retrofitting options in relation to their effectiveness in reducing seismic risk. This approach is particularly useful
when the costs of retrofitting are high and the benefits are difficult to quantify. CEA has been used in various studies to compare the
cost-effectiveness of different retrofitting options, such as the use of different materials or techniques.
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For example, a study by a group found that the cost-effectiveness of seismic retrofitting varied widely depending on the type of
retrofitting technique used, with some techniques being significantly more cost-effective than others.

C. Multicriteria Decision Analysis (MCDA)

MCDA is a methodology that involves evaluating different retrofitting options based on multiple criteria, including cost,
effectiveness, and socio-environmental impacts. MCDA is a decision-making approach that considers multiple attributes and criteria
to evaluate different alternatives. This methodology has been used in several studies to evaluate seismic retrofitting options, taking
into account factors such as cost, effectiveness, environmental impact, and social acceptability. For instance, a study used MCDA to
evaluate different seismic retrofitting options for a historic building, considering factors such as the preservation of the building's
original features, the cost of retrofitting, and the level of seismic risk reduction achieved.

MCDA has been found to be particularly useful in evaluating seismic retrofitting options that involve trade-offs between different
criteria. For example, a study used MCDA to evaluate different retrofitting options for a school building and found that the most
cost-effective option also had the highest environmental impact, highlighting the need for a balanced evaluation of different criteria.
Another study used MCDA to evaluate seismic retrofitting options for a residential building and found that the option with the
highest effectiveness in reducing seismic risk also had the highest social acceptability, as it preserved the building's original features
and did not disrupt the occupants' daily lives.

In addition to these studies, MCDA has been used in various other contexts to evaluate seismic retrofitting options, including the
evaluation of different retrofitting techniques for bridges and the evaluation of seismic retrofitting options for hospitals and other
critical infrastructure. Overall, MCDA has been found to be a useful methodology for evaluating seismic retrofitting options,
particularly in situations where multiple stakeholders are involved and conflicting priorities need to be balanced. The flexibility of
MCDA also allows decision-makers to incorporate both quantitative and qualitative criteria, providing a more comprehensive
understanding of the trade-offs.

1. LITERATURE REVIEW
(Chen et al., n.d.) conducted a case study on the seismic retrofit and performance evaluation of a 34-story steel building in Taiwan.
The study highlights how the building, originally constructed in 1993, underwent significant modifications after the 1999 Chi-Chi
earthquake, which led to updated seismic force requirements. To meet these stringent requirements, the retrofitting strategy
incorporated buckling restrained braces (BRB) and eccentrically braced frames (EBF) with shear links. The study also examined
beam-column moment connections and applied a stiffening scheme to enhance their rotational capacity. The nonlinear seismic
resistance of the building model was assessed through simulation, providing insights into the structure's performance against seismic
forces along two principal axes.
(Ando, 2012) evaluated Japan’s policies on seismic retrofitting established after the 1995 Great Hanshin-Awaji Earthquake. The
study assessed the effectiveness, efficiency, and administrative feasibility of these policies, predicting that seismic safety targets
could be met by 2018 if current trends continued. However, challenges remained, particularly in persuading elderly homeowners to
invest in retrofitting their houses and prioritizing seismic safety. Local governments played a crucial role in promoting retrofitting
through financial incentives, consultancy services, and community awareness programs. The paper also compared Japan’s policies
with international practices, suggesting improvements to enhance the adoption of seismic retrofitting.
(Mangan, 2023) A project report on seismic retrofitting explored various techniques for enhancing the structural performance of
reinforced concrete buildings. The study categorized retrofitting methods into repair, rehabilitation, and strengthening, emphasizing
the use of steel and concrete jacketing as well as fiber-reinforced polymer (FRP) composites to improve load-bearing capacity.
Additionally, shear walls and shear cores were identified as effective solutions for enhancing overall building stability. The report
concluded that most retrofitting methods increase structural stiffness and mass, necessitating careful redesign to ensure buildings
withstand increased seismic loads effectively.
(Hajjar et al., n.d.) analyzed the seismic retrofitting of reinforced concrete buildings, particularly those designed using outdated
seismic codes. They utilized STAAD Pro software to perform dynamic analysis, employing the response spectrum method to assess
the structural performance of a three-dimensional RC frame. The study reiterated the effectiveness of retrofitting techniques such as
steel and concrete jacketing, FRP composites, shear walls, and shear cores. It concluded that successful retrofitting should enhance
both the strength and ductility of a structure, ensuring its seismic resistance exceeds the demands imposed by earthquakes.
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(Skokandi¢ et al., 2022) reviewed seismic assessment and retrofitting methodologies for road bridges, particularly those not covered
by existing Eurocode regulations. Two case studies from Croatia illustrated practical applications of these methods. The first case
detailed a routine seismic assessment and retrofitting proposal conducted during an inspection, while the second focused on an
urgent assessment following a catastrophic earthquake. The study highlighted structural vulnerabilities in older bridges, particularly
those constructed in the 1960s, and proposed targeted strengthening measures to mitigate seismic risks and prevent collapse.
(Bahmani & Zahrai, 2023) proposed a novel methodology for seismic rehabilitation using nonlinear viscous dampers. The study
introduced the concept of the Optimal Retrofit Level (ORL) to balance rehabilitation costs and failure costs. Using three, nine, and
twenty-story benchmark buildings, the research evaluated the methodology under different seismic hazard levels. The results
demonstrated that the proposed method effectively reduces lifecycle costs while enhancing structural resilience. By optimizing
inter-story drift, the study provided a strategic framework for improving the seismic performance of steel structures through
advanced rehabilitation techniques.

Table 1: Comparative Analysis of Seismic Retrofitting Studies

Authors Methodology Key Findings Limitations

Chen et al., Case study on 34-story steel Buckling restrained braces (BRB) Focused on a single building, results

n.d. building in Taiwan, simulation and eccentrically braced frames may not generalize to other structures
analysis of seismic resistance (EBF) improved seismic

performance

Ando, 2012 Policy evaluation of Japan’s Local governments play a crucial Difficulty in convincing elderly
seismic retrofitting strategies role in promoting retrofitting; homeowners to retrofit; policy
post-1995 earthquake financial incentives increase comparisons lack quantitative impact

adoption analysis

Mangan, Categorization of retrofitting Steel/concrete jacketing and FRP Increased stiffness and mass require

2023 methods (repair, rehabilitation, composites improve load-bearing careful redesign to accommodate
strengthening) capacity seismic loads

Hajjar et al., Dynamic analysis using STAAD | Retrofitting improves strength and Does not address cost-effectiveness or

n.d. Pro, response spectrum method ductility of outdated RC structures implementation challenges

Skokandi¢ et | Case study on road bridges in Identified vulnerabilities in 1960s Limited to specific bridge typologies,

al., 2022 Croatia, seismic assessment bridges; strengthening methods lacks cost-benefit analysis
methodology proposed

Bahmani & Introduced nonlinear viscous ORL effectively balances Limited application scope; requires

Zahrai, 2023 | dampers and Optimal Retrofit rehabilitation and failure costs; further validation across different
Level (ORL) enhances structural resilience seismic hazard levels

The impact of the property market on seismic retrofit decisions has been widely discussed in the literature, emphasizing the role of
financial incentives and market-based strategies in fostering seismic safety. (EGBELAKI et al., 2012) explore how property
investment can create value for earthquake risk mitigation, highlighting the importance of collaboration among stakeholders. Their
findings suggest that incentives such as mandatory disclosure of seismic risks and insurance premium discounts can significantly
influence property owners to invest in retrofitting earthquake-prone buildings (EPBs). This study provides insights into how
property market mechanisms can drive the adoption of adequate risk mitigation measures, ultimately promoting seismic
rehabilitation.

(Dasgupta, 2018) The seismic retrofitting of reinforced concrete (RC) frame structures using energy dissipation devices has been a
key focus in earthquake engineering research. investigates the effect of retrofitting using shear wall mechanisms and analytical
approaches utilizing CSI ETABS software. The study concludes that retrofitting with shear walls enhances the load-bearing capacity
of beam-column connections, providing an efficient and cost-effective solution requiring fewer skilled workers. This research
underscores the need for practical and rapid retrofitting methods to improve the seismic performance of deteriorated structures.
(Lazaris, 2019) evaluates the seismic performance of an existing building in Athens using eigenvalue and pushover analysis. The
study reveals torsional sensitivity and shear failures in multiple beams, which were mitigated through the application of X-shaped
steel braces and fiber-reinforced plastic (FRP) jacketing. The findings indicate that these retrofitting techniques significantly
enhance structural integrity and compliance with Eurocode 8 seismic regulations. This research contributes to the understanding of
retrofitting solutions that address multiple structural deficiencies and improve overall building resilience.
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The decision-making process regarding seismic retrofitting versus demolition is critically examined by (Pardeshi et al., n.d.). The
study proposes a methodology that compares retrofit strength, new construction capacity, and capital depreciation to determine the
feasibility of retrofitting. It emphasizes the importance of evaluating structural damages, retrofit effectiveness, and expected
building lifespan. By incorporating economic and structural safety considerations, this research aids in making informed decisions
about seismic rehabilitation versus reconstruction.

(Pandharipande et al., 2022) highlights the absence of Indian codes specifically addressing the seismic resistance evaluation of
existing buildings. The study reviews international guidelines and research developments in seismic strengthening practices. It
emphasizes the need for standardized procedures to ensure the safety of buildings in seismic zones. The research underscores the
importance of developing systematic evaluation frameworks for assessing and improving the seismic performance of existing
structures.

(Menna et al., 2022) provides a comprehensive review of seismic retrofitting methods, including traditional techniques and
innovative solutions such as base isolation and energy dissipation devices. The study discusses the pros and cons of various
retrofitting approaches in terms of cost, effectiveness, implementation ease, and durability. By incorporating case studies, the
research demonstrates the practical applications of these methods and highlights technological advancements that have facilitated
improved seismic resilience in modern buildings.

(Agrawal et al., 2016) focuses on the economic viability of retrofitting older structures to extend their lifespan. The study examines
a 19-year-old building requiring retrofitting due to poor construction quality. Using section-enlarging and jacketing methods, the
research reports a 57.75% increase in structural strength and a 75% increase in market valuation. The study provides experimental
evidence supporting the effectiveness of retrofitting in enhancing building longevity and economic value, making it a viable
alternative to demolition and reconstruction.

Collectively, these studies underscore the significance of seismic retrofitting in improving structural resilience, safety, and economic
viability. While various retrofitting techniques have been explored, further research is needed to establish standardized guidelines
and cost-effective solutions tailored to different seismic zones and building typologies.

(Sarker et al., 2011) Fiber-reinforced polymer (FRP) materials have emerged as a widely accepted method for structural retrofitting,
particularly in seismic strengthening applications. Various strengthening techniques such as the addition of new structural elements,
external post-tensioning, and steel plate bonding have been used historically with varying degrees of success. However, FRP
materials have gained notable recognition due to their technical soundness and cost-effectiveness. This method has been extensively
employed in seismic retrofitting worldwide, offering advantages such as ease of application, high strength-to-weight ratio, and
corrosion resistance.

(Lakshmanan, 2006) Seismic evaluation and retrofitting are critical for enhancing the performance of buildings and structures to
withstand earthquake forces. Pre-disaster preparedness strategies emphasize the necessity of retrofitting to improve stiffness,
strength, and failure deformation characteristics of reinforced concrete structures. Quantification of structural performance post-
repair is essential, with various performance factors suggested for this purpose. However, research has shown that inherent
weaknesses in the detailing of original structures may limit the effectiveness of retrofitting measures.

(Di Trapani et al., 2020) Retrofitting aims to enhance the durability and performance of existing structures, addressing issues such
as corrosion, inadequate detailing, and bonding failures. Among various retrofitting techniques, FRP has emerged as a promising
solution due to its ease of manufacturing and application, as well as its superior structural performance enhancement. FRP materials
have been tested in different structural components, including slabs, beams, columns, and bridge culverts, with results
demonstrating significant improvements in strength and ductility.

1. CONCLUSIONS

Seismic retrofitting plays a vital role in enhancing the resilience, safety, and economic viability of structures, particularly in
earthquake-prone regions. The literature underscores the importance of integrating financial incentives and market-based strategies
to encourage property owners to invest in retrofitting measures. Research highlights the effectiveness of various retrofitting
techniques, including energy dissipation devices, shear wall mechanisms, steel bracing, and fiber-reinforced polymer (FRP)
jacketing, in strengthening deteriorated structures. Moreover, standardized guidelines and evaluation frameworks remain essential
for ensuring uniform implementation and effectiveness of seismic strengthening practices.

While retrofitting presents a cost-effective alternative to demolition and reconstruction, its success depends on addressing inherent
structural weaknesses and improving post-repair performance assessments. Case studies demonstrate that retrofitting can
significantly enhance structural strength, longevity, and market value, making it a viable solution for seismic risk mitigation.
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However, further research is needed to refine cost-effective solutions and establish comprehensive seismic resistance evaluation
codes, particularly in regions lacking standardized procedures. The growing acceptance of innovative retrofitting technologies,
including base isolation and advanced FRP applications, suggests a promising future for seismic resilience improvements in modern
construction practices.
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