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ABSTRACT

This study presents a comprehensive review of state-of-the-art seismic retrofitting techniques for reinforced concrete (RC) structures,
focusing on structural resilience, economic feasibility, and sustainability. By systematically analyzing over 100 experimental, numerical,
and case studies, this work benchmarks conventional methods—such as concrete and steel jacketing—against advanced solutions,
including fiber-reinforced polymers (FRP), shape memory alloys (SMA), and base isolation systems. The findings indicate that FRP
retrofitting increases lateral load capacity by up to 40%, shear strength by 30-80%, and ductility by 100-200%, while reducing overall
structural weight by 50-75% compared to steel jacketing. SMA components exhibit up to 8% strain recovery, a 30-40% improvement
in energy dissipation, and a 70% reduction in post-earthquake residual deformations, effectively enhancing self-centering capabilities.
Base isolation systems reduce inter-story drift by 50-75%, floor accelerations by 65-85%, and overall structural damage by 40-60%,
though their high initial cost (20-50% of total project costs) limits widespread adoption. Hybrid systems, such as SMA-FRP
combinations, achieve 50-60% increased energy absorption and 90% recovery of deformation, further optimizing seismic resilience.
Sustainability assessments show that FRP and SMA retrofitting reduce embodied carbon emissions by 20-40% and lifecycle
maintenance costs by 30-50% compared to traditional methods. To address challenges such as cost, durability concerns, and
standardization gaps, this review introduces a performance-based framework integrating lifecycle cost analysis, seismic risk assessment,
and material efficiency to optimize retrofitting strategies for diverse structural applications, from heritage conservation to critical
infrastructure.
https://creativecommons.org/licenses/by-nc/4.0/
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1 Introduction infrastructure. A substantial portion of existing RC buildings
worldwide were built prior to the application of contemporary
seismic design principles, making them particularly vulnerable to
earthquake damage. The vulnerability is concerning after the
increasing concentration of populations in cities, Numerous of
which are in seismically active areas. Recent seismic activity in
crowded regions has shown the catastrophic consequences of
inadequate seismic resistance in existing of dense structures 1.
The financial implications of seismic retrofitting are substantial.
The cost of seismic upgrading of vulnerable structures often
needs to be balanced against the potential losses from earthquake
damage, making the selection of appropriate retrofitting
strategies that are crucial for both safety and economic
* Corresponding author pers_pectives . [31_._ This_ econom_ic conjsideration becomes
E-mail address diyar.nasih@uokirkuk.edu.iq (Instructor). particularly significant in developl_ng regions, where resources
Peer-reviewed under the responsibility of the University of Garmian. for structural upgrades may be restricted.

Seismic retrofitting of current reinforced concrete (RC) structures
has emerged as a critical engineering challenge in recent decades.
The importance of this issue has been highlighted by several
factors that have fundamentally changed our approach to
structural safety and seismic resilience. The evolution of seismic
design codes and regulations has revealed significant
vulnerabilities in structures designed and built under older
standards. This recognition has led to a widespread need for
structural upgrades to meet current safety necessities [ The
challenge is further compounded by the global issue of aged
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Figure 1: Flowchart illustrating the research methodology adopted in
this review.

The seismic vulnerability of aging RC infrastructure, particularly
structures built before modern seismic codes, poses a critical
global challenge amplified by urbanization and climate change.
While existing studies have explored retrofitting techniques, prior
reviews often fragmentedly address material performance,
economic feasibility, or sustainability, neglecting their
interconnectedness in real-world applications. This gap leaves
engineers and policymakers without actionable frameworks to
prioritize strategies that reconcile safety, cost-effectiveness, and
environmental impact—a pressing need as outdated
infrastructure in seismically active regions faces intensifying
seismic and climatic threats. This review bridges these gaps
through a holistic synthesis of over 100 experimental, numerical,
and case studies, advancing three novel contributions. First, it
critically benchmarks conventional methods (e.g., steel/concrete
jacketing) against advanced systems (FRP, SMA, base isolation),
quantifying performance gains (40-100% strength increase, 50-
75% drift reduction) against practical barriers like labor intensity
and durability concerns. Second, it introduces a sustainability-
driven retrofitting paradigm, integrating lifecycle cost analyses,
low-carbon materials, and energy-efficient designs—an
underexplored dimension in current literature. Third, it proposes
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a performance-based decision framework that aligns regional
seismic risks, structural typologies, and retrofit objectives to
optimize solutions for diverse contexts, from heritage
conservation to critical infrastructure resilience. By dissecting
emerging innovations (e.g., SMA-FRP hybrids) and unresolved
challenges (e.g., standardization gaps), this work not only
informs codes and funding priorities but also catalyzes a
paradigm shift from strength-based to resilience-driven
retrofitting. The subsequent sections systematically unravel these
themes, beginning with conventional techniques and culminating
in pathways for adaptive, sustainable infrastructure, ultimately
equipping stakeholders to navigate the complexities of modern
seismic resilience. This review objects to synthesize the latest
advances in retrofitting techniques, providing a systematic
analysis of their effectiveness and applicability across different
structural contexts. The emphasis is on practical implementation
while considering the various constraints that engineers face in
real-world applications. The methodology flowchart of the
current review investigation is displayed in Figure 1.

1.1 Research Significance

Among the most crucial engineering challenges is seismic
retrofitting of RC structures, especially those constructed before
the current seismic regulations were put into action. The old
buildings are frequently unable to withstand the seismic demands
of today, which presents serious safety hazards in earthquake-
prone urban areas. In order to address these issues, this review
investigated conventional retrofitting methods that have been
shown to improve structural ductility, strength, and durability,
such as steel jacketing and concrete. Even if these techniques are
still useful, their drawbacks—such as higher dead loads, labor-
intensive setup, and size augmentation—make it necessary to
look at other options.

The state of art investigation emphasizes the revolutionary
potential of cutting-edge technologies such as base isolation
systems, shape memory alloys, and fiber-reinforced polymers
(FRPs). Improved energy dissipation, self-centering capabilities,
and notable decreases in structural drift and accelerations are only
a few of the greater advantages that these contemporary methods
offer. They are especially appropriate for high-risk areas and
important infrastructure because of their flexibility in addressing
different structural issues. By emphasizing performance
indicators and practical limitations, the study highlights how
these cutting-edge methods might be applied to meet changing
seismic resilience requirements.

The review also highlights how retrofitting procedures could
incorporate sustainability. Reducing environmental effect while
maintaining economic viability requires the use of resource-
efficient designs, lifespan cost assessments, and environmentally
friendly materials. By bridging the gap between conventional and
cutting-edge retrofitting techniques, this review offers insightful
information to researchers, engineers, and policymakers. It
advances seismic retrofitting procedures and helps construct
more sustainable and safe infrastructure in seismically active
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areas across the world by optimizing strategies suited to particular
structural and geographical demands.

2. Conventional retrofitting techniques

2.1 Concrete Jacketing

Among the first and most well-liked methods for upgrading RC
structures is concrete jacketing. Using this technique, a fresh
layer of concrete reinforced with stirrups and longitudinal bars
(as shown in Figure 2) is applied over the previous structural
element . The method increases the structural element's cross-
sectional area, which improves its stiffness, ductility, and load-
bearing capability. According to I, the extra concrete layer,
which is usually 50-100 mm thick, works in composite with the
current member to increase structural performance. Table 1
shows the benefits and drawbacks of this conventional method.

The efficiency of restoring RC circular columns with jackets of
self-compacting concrete was investigated experimentally by
Dubey and Kumar [, The study looked at the refit and
strengthening of RC columns using self-compacting concrete
(SCC) jackets reinforced by welded wire mesh. Forty-two
cylindrical column specimens were examined in the investigation
utilizing two distinct SCC mixes for jacketing, comprising 36
pre-stressed specimens and 6 control specimens. The findings
demonstrated that SCC jackets successfully improved the
columns' ductility and load-bearing capacity.

Table 1: Comparison of the benefits and challenges associated with
concrete jacketing.

Advantages Limitations

High strength enhancement Increases member size

Labor intensive

Additional dead load

Excellent fire resistance

Good durability

Cost-effective Requires surface preparation

Familiar to contractors Building downtime

Local materials available

Weather dependent

A parametric analysis of RC jacketing retrofits for medium span
bridges was carried out by Jara, et al. [, The seismic
susceptibility of medium-span RC bridges was investigated in
this study, with an emphasis on buildings constructed decades
ago with little regard for seismic design. The researchers
examined the effects of various RC jacketing parameters
(changing thicknesses and reinforcement ratios) on the seismic
performance of restored bridges of 30-meter spans and pier
heights ranging from 5 to 25 meters using dynamic nonlinear
analysis. The study measures the impact of steel reinforcement
and jacket thickness on the likelihood of bridge collapse during
seismic events by creating fragility curves and assessing
structural demands. Its ultimate goal is to determine the ideal
jacketing parameters for increased seismic resistance while also
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taking into account the impact of hysteresis degradation in the
performance of repaired bridges.

S —

Figure 2: Diagram showing the process of applying concrete jacketing
to an existing RC structural element [,

2.2 Steel Jacketing

To produce a composite action between existing part and steel
jacket, structural elements are wrapped with steel plates or shells.
In the 1990s, this method became well-liked for seismic
retrofitting 1. As illustrated in Figure 3, they are usually made
from mild steel plates that are 4-10 mm thick, steel jackets are
either bolted through the existing element or welded together
around the member. To guarantee adequate stress transfer, It is
common practice to fill the gap between the jacket and the old
component with non-shrink grout. . Table 2 lists this
technique's application and requirements.

The effectiveness of retrofitting seismically damaged RC frames
with steel jacketing was examined experimentally by Chong, et
al. [, Using testing on a half-scale PC frame structure, the study
examined the influence of steel jacketing on the seismic
functioning of damaged frame structures. After being damaged
by pseudo-static loading, the structure was refitted with steel
jacketing and put through another test. The results discovered that
although the damage patterns of the old and modified
constructions were identical, the modified version showed
notable enhancements, such as a 33% increase in starting
stiffness, a 72% growth in peak load, and an 85% growth in yield
load. Lower energy-dissipation coefficients than the original
construction was the result of the retrofitting's disadvantages,
which included large diagonal cracks in non-retrofitted beam
sections and a pinching phenomenon in the hysteretic curve
brought on by weld degradation.

High-strength steel bar mesh and engineered cementitious
composite (ECC), a fiber-reinforced cementitious material with
high tensile ductility and damage tolerance, were the foundations
of a novel retrofitting technique put out by Hung, et al. 14, When
paired with jacketing materials, high-strength steel bar mesh
significantly decreases the needed expansion of retrofitted joints
and improves structural performance, according to their findings
on steel jacketing in seismic retrofitting of beam-column joints.
Table 3 shows this method's performance characteristics.
Moreover, the difference between concrete and steel jacketing
techniques is illustrated in Table 4.
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Table 2: Technical specifications for steel jacketing, including plate

thickness, steel grade, grout strength, and surface preparation
requirements.
Parameter Typical Comments
range
Plate thickness 4-10mm Depends on required
strength
Steel grade S235-S355 | Based on Eurocode 3 13
Grout strength 40-60 MPa Non-shrink type
Surface. Sa2.5 As per ISO 8501-1 [14
preparation
Corner radius 20-50mm For stress concentration

Table 3: Summary of the improvements achieved through steel
jacketing, including enhancements in axial capacity, shear strength,
ductility, and overall structural confinement.

Aspect Improvement range Reference
Axial 15

. 30-80% Wu, et al. [1%]
capacity
Shear o . (6]
strength 40-100% Chail, et al.
Ductility 100-200% Priestley []
Confinement Significant Xiao and Wu '

Table 4: Comparison of the two retrofitting techniques, evaluating cost,
installation time, strength improvements, durability, fire resistance,
maintenance requirements, and size implications.

Concrete . ]
Feature Tacketing Steel jacketing
Cost Moderate High
Ipstalla‘uon Long Moderate
time
Strength . .
increase Very high High
Durability Excellent Good (Wlth
protection)
Fire resistance Excellent Poor
Maintenance Low Moderate
Size increase Significant Minimal
Skill .
. Moderate High
requirement

3 Advanced Materials and Techniques

Two cutting-edge materials and methods that have demonstrated
potential for seismic retrofitting of RC structures are FRPs [17-19]
and shape memory alloy (SMA) 223, To improve RC elements'
strength, ductility, and energy dissipation capacity and make
them more resistant to deformations brought on by earthquakes,
FRP composites can be externally connected to them.
Conversely, SMAs are a category of intelligent materials that can
go through reversible phase changes, which enables them to
recover significant deformations and give structures the ability to
center themselves, minimizing damage and residual drifts
following an earthquake. These cutting-edge materials and
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procedures are useful instruments for boosting the seismic
resistance of existing RC infrastructure because they provide
benefits over conventional retrofitting techniques, including
better performance, lower installation costs and times, and
increased aesthetic appeal.

Ttk

Figure 3: Illustration of steel jacketing as a retrofitting technique, where
steel plates are wrapped around an existing structural element [,

3.1 FRP

Significant developments in material science and application
methodologies have characterized the growth of seismic
retrofitting technology. Composite materials are increasingly
being used to retrofit and renovate RC buildings during the past
few decades. FRPs have several advantages over other building
materials, including excellent corrosion resistance, low specific
weight, strong tensile strength, and simplicity of use. When
compared to other conventional techniques like bracing and shear
walls, these benefits make FRP a better option for upgrading RC
buildings 4.

Numerous experts from around the world have looked into the
seismic strengthening and repair of structural elements using FRP
materials. The use of FRP in fortification of beams 25?71, columns
128321 and beam-to-column connections 3371 has been the subject
of numerous previous studies. Related issues including de-
bonding failure and the interface contact of FRP layers and
concrete material have also been studied by researchers [38-42,
Figure 4 shows the utilization of FRP in the shape of fabrics,
which are connected to the concrete substratum utilizing epoxy
resins.

Figure 4: Wrapping of RC (a) columns and (b) beams with CFRP; (c)
shear wall with GFRP [*],
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Few studies examined FRP-rehabilitated RC structures as a
whole, even though there is a wealth of investigation on the FRP
strengthening of individual RC components. Full-scale testing by
Balsamo, et al. “lrevealed that while shear wall deformability
decreased, FRP-repaired structures retained their strength and
displacement capacity. Di Ludovico, et al. 1“4 upgraded a
structure from 0.2g to 0.3g PGA resistance by demonstrating the
efficacy of FRP wrapping in enhancing structural ductility and
energy dissipation. The benefits of FRP for seismic performance
were further supported by research by Garcia, et al. 3 and
Niroomandi, et al. [l the latter of which demonstrated that,
despite practical restrictions, web-bonded FRP retrofitting
boosted lateral load capacity by 40% and seismic behavior factor
by 100%.

Using FRP wrapping to increase ductility, Eslami and Ronagh 24
conducted a numerical investigation to evaluate the seismic
enhancement of RC buildings. To evaluate seismic performance,
nonlinear static analyses utilizing the lumped plasticity approach
were conducted. The results indicated that while beam ductility
augmentation was more advantageous for intermediate frames,
column wrapping was ineffective for code-compliant
constructions because of adequate existing confinement. FRP
wrapping greatly increased ground motion resistance for poorly
restricted structures (PGA = 0.52g). Buildings built to older
standards could require reinforcement due to the more stringent
criteria of more recent codes such as UBC97 1 and 1BC2006 181,
Table 5 lists the performance measures for several FRP types.

Table 5: Overview of different FRP materials (CFRP, GFRP, AFRP)
with their respective strength properties, advantages, and common
applications in seismic retrofitting.

FRP Strength Advantages Common
type properties g applications
. - Superior - Critical
- Ultimate )
) fatigue structural
Carbon strggg'gl i\/%lggo_ resistance elements
(CFRP) - Elastic - Excellent - High-load
modulus: 150- chemical areas
250 GPa resistance - Corrosive
- Low creep environments
- Secondary
- Ultimate e}fisgt\;e structures
strength: 1200- - - Indoor
Glass - Good impact o
2000 MPa . applications
(GFRP) . resistance
- E-modulus: - Higher strain - Moderate
35-75 GPa gner s load
capacity X
requirements
- Dynamic
- Ultimate ) I?;(qce;(l:eint loading
. strength: 1000- np conditions
Aramid 2500 MPa resistance - Impact-
AFRP ) - Good fatigue P
g
- E-modulus: ronerties prone areas
70-120 GPa Propertie - Blast
- Light weight .
protection
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FRP materials are a popular choice for seismic retrofitting
because of its high strength-to-weight ratio, corrosion resistance,
and ease of application. The two main FRP techniques used are
External Bonding (EB) and Near-Surface Mounted (NSM).

3.1.1 External Bonding (EB)

EB involves attachment FRP sheets or laminates to the external
surface of concrete or masonry structures, providing increased
flexural and shear capacity. This method is relatively simple to
apply but can be limited by the surface preparation required and
potential debonding issues %, Table 6 outlines the key steps for
applying FRP as an external bonding element.

Table 6: Key steps for applying FRP as an external bonding element [52-
54]

Descriptio .Key c Research
Step consideration .
n s findings
Surface
Surface Cleaning CSP 3-5 roughness
Preparation and profile significantly
roughening required impacts bond
strength
Proper primer
Prlme.:r . Penetrating Moisture app.llcatlon
Applicatio can increase
sealer content <4%
n bond strength
by 30%
Even
Putty Surface distribution
Applicatio . Voids <1 mm | reduces stress
leveling .
n concentration
S
. Humidity
Resin .
Applicatio Adhesive Temperature control
N PP layer 10-35°C critical for
proper curing

Kaptan ° looked into the restoration of existing buildings using
FRP materials that are externally bonded. The paper's first section
details an experimental program the author created to assess the
cyclic response of previously damaged RC specimens that were
restored with carbon-FRP reinforcements. When compared to
undamaged control specimens evaluated without external
reinforcement, the test findings demonstrated that the chosen
reinforcing systems were capable of significantly increasing the
strength and deformation capacity of the restored specimens.
Nevertheless, there was a noticeable loss of stiffness in the
restored specimens. The study conducted an inelastic dynamic
analysis of spatial structures in order to assess the impact of
damaged columns. According to the numerical results, the
seismic performance of structures with repaired elements was
superior to that of equivalent structures with undamaged
members.
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3.1.2 Near-Surface Mounted (NSM)

Because NSM procedures have advantages over externally
bonded methods, they are being used more often worldwide.
These benefits include greater environmental protection, higher
degrees of strengthening with less area, and superior bond
qualities that lead to larger FRP strain utilizations before
debonding. %, A study by Bilotta, et al. 61 has emphasized a
number of benefits of NSM reinforcement. These include
improved fire resistance, increased endurance in challenging
climatic conditions, improved bond performance by 20-30%, and
improved aesthetic results. Table 7 lists the procedures of
applying NSM-FRP in RC structures. Moreover, Table 8 shows
the different configurations of applying FRP in strengthening the
structural elements.

Table 7: Performance metrics of NSM-FRP reinforcement, including
strength increase, ductility enhancement, and strain capacity.

Parameter Performance Research findings
metrics
_Strength 40-120% D_epenplent on fiber
increase orientation and layers
Ductility 60-150% Significantly aff_ected
enhancement by corner radius
. . Higher with multi-
- 0
Strain capacity 0.6-1.2% directional fibers

Table 8: Evaluation of different FRP configurations (U-wrapping, full
wrapping, side bonding).

Configuration Effectiveness l')es1gn.
considerations
U-wrappin 40-80% increase | Anchorage critical
pping in shear capacity for performance
. 60-120% increase 'Access
Full wrapping . . requirements may
in shear capacity L S
limit application
Side bondin 30-50% increase Most sensitive to
& in shear capacity debonding

As a result, to increase the flexural or shear capability of
components, FRPs can be utilized as prefabricated sheets, strips
or bars as shown in Figure 5. In already-existing elements, this is
to serve as exterior longitudinal or transverse reinforcement.

(b)

(a)

Figure 5: (a) flexural and shear strengthening by FRP laminates; (b)
flexural strengthening by NSM reinforcement 491,
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3.2 SMA

In the field of seismic retrofitting, SMAs have become innovative
smart materials. These novel materials have special qualities that
give them especially useful for structural engineering purposes
571, The most important of these characteristics is their capacity
to withstand severe deformations and regain their previous shape.
Depending on the material's thermal-mechanical state, heating or
spontaneous room temperature could permit this special
characteristic. Super-elasticity (SE) refers to the former, whereas
shape memory effect (SME) refers to the latter, as illustrated in
Figure 6. Based on a study carried out by DesRoches, et al. %8,
SMAs behave super elastically, recovering deformations up to
8% strain after unloading-far more than traditional materials can
do. They are perfect for ambient circumstances in building
constructions because of this feature as well as their temperature-
dependent behavior. Consequently, this material's damper may
overcome the drawback of significant residual deformation 4,
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Figure 6: Graphical representation of the shape memory effect (SME)
and superelasticity (SE) of SMAs [58],

For energy dissipation devices, SMA material is far superior to
conventional metal material due to its superelasticity.
Conventional metal materials typically have a 2% strain tolerance
before permanently deforming. Many researchers have developed
intelligent self-centering dampers via SMA for passive vibration
management in civil engineering, these include center trapped
type 5%, tension and scissor type %4, double cylinder type 52, etc.

The first passive damping device utilizing SMA wires was
created in 1995 by Clark, et al. 53 from the University of
California's Earthquake Engineering Research Center, setting the
stage for further advancements. Later, Dolce, et al. [ presented
a self-centering damper that divided into two different parts: a
reset part that leverages the super-elastic property of SMA for
self-centering, and an energy dissipation part made of SMA
wires. After unloading, this design enables the damper to revert
to its initial condition.
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Using a large-diameter SMA rod, Miller, et al. % presented a
self-centering buckling restrained brace (BRB) that dissipates
energy and provides self-centering force as shown in Figure 7.
Even with significant deformations, the method guarantees that
the SMA rods maintain their tension, allowing for self-centering.
According to test data, the highest distortion was around half of
the residual deformation following unloading.

Middle tube

SMA rods Inner tube

N

Outer tube Steel BRB core

Exploded view

Brace in tension (gap opemng at left end)

- B el -

Brace in compression (gap opening at right end)

Tension process

Figure 7: Self-Centering Buckling Restrained Brace (BRB) with SMA
Rods 6%,

A hybrid SMA viscous damper was created by Zhao, et al. [%¢1 by
fusing the energy dissipation of viscous dampers with the
superelastic qualities of SMA wires. A hydraulic cylinder in this
system improves damping performance by converting kinetic
energy into heat. A hybrid SMA friction damper was further
developed by Hui, et al. 7, whose performance could be altered
by altering the friction force and SMA wire's initial strain. Using
SMA and viscoelastic materials, also, they created a viscoelastic
coupling beam damper that self-centers %81 which was used on a
10-story coupled shear wall construction. In comparison to
conventional viscoelastic beams, this damper showed increased
energy absorption, stiffness, and decreased residual deformation,
minimizing plastic damage to the shear wall. The major attributes
of typical SMA compositions are summarized in Table 9.
Moreover, Table 10 presents key performance metrics for various
self-centering applications.

Table 9: Comparison of different SMA materials (Ni-Ti, Fe-Mn-Si, Cu-
Al-Ni, stainless steel) [69],
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R Fe-Mn- Cu-Al- Stainles
RO N1 Si Ni s steel
Density 7200-
(ke/m’) 6450-6500 7500 7100 7850
Poisson's 0.33 0.359 0.3 0.265-
ratio 0.3
Young's
modulus 28-83 160-200 30-85 190-120
(GPa)
Specific
heat 450-620 | 540 500 | 420-510
capacity
(J/kg °C)
Thermal
conductivit 8.6-18 8.4 30-43 8.9-16.2
y (W/m °C)
Ultimate
tensile 680- 480-
strength 895-1900 1200 1000 1450
(MPa)
Yield stress
(MPa) 70-690 475 950 170-850
Yield strain
(%) 5-10 2.5-13 4-6 0.2-1.6
Ultimate
strain (%) 5-50 12.4-20 10-30 1-40
Corrosion .
resistance Very good Good Fair Low
Cost High Low Low Low
SME High M"ierat Low .
Workability | Moderate Low Good Good
Fabrication Low Good Mocelerat Good
Processing Dem;mdm Easy Easy Easy

Table 10: Assessment of SMA applications in beam-column joints, base
connections, and bracing systems.

ey’ Recover Drift ] Installatio
Applicatio q Servic n
n type y reductio e life | complexit

yp capacity n l;

Beam- 25+
column 95% 80-90% cars Moderate
Joints y
Base 30+
connection 90% 75-85% High
. years

i +
Bracing 85% | 70-80% 20 Low
systems years

One of the most effective uses of SMASs in seismic retrofitting is
in energy dissipation devices. SMA-based dampening devices
were shown to significantly increase structural responsiveness by
Casciati and Faravelli ™, According to their research, these
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devices might dissipate energy 30-40% more effectively than
traditional systems. Table 11 illustrates the improved
performance characteristics of some types of hybrid systems.

Table 11: Performance properties of several hybrid systems.

Energy Maintenan
I Cost-
System dissipati | Recove . ce
effectiven :
type on ry rate requireme
q ess
capacity nts
Tradition
al Baseline None High Regular
dampers
Pure
SMA +30-40% 95% Moderate Minimal
dampers
Hybrid
SMA +40-50% 85% High Low
systems
Multi-
compone | +50-60% 90% Moderate Minimal
nt SMA

Numerous studies have established the long-term advantages of
SMA applications in seismic retrofitting. Under the right design
conditions, Eggeler, et al. ™ showed remarkable durability
features, such as fatigue life exceeding 10° cycles. SMAs are
especially appealing for long-term structural applications because
of their endurance, excellent corrosion resistance, and
temperature stability. According to Dolce, et al. 84, cost-benefit
evaluations showed notable benefits in terms of lifecycle and
maintenance expenses, which are shown in Table 12. Moreover,
recent study by Alam, et al. ["@ highlighted the important
considerations for implementing SMA-based solutions as shown
in Table 13.

Table 12: Economic evaluation of SMA applications, demonstrating
maintenance cost, repair requirements, service life, and post-earthquake
recovery times [64,

Performance Economic Time
Benefit . 3
improvement impact frame
category
Maint 60% reduction High initial 5-10
amtenance cost offset years
cost
Repai 40% decrease Significant Post-
cpair savings event
requirements
25-30 years Long-term | Lifecycle
Service life value
R 70% reduction Business Post-
recovery continuity event
time
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Table 13: Crucial considerations for implementing SMA-based

solutions (721,
Factor Challenges Solutions Impa.c ton
design
. 3-5% higher Hybrid Optimization
Initial cost than systems, required
traditional targeted use d
Temperature | Performance | Environmental | Additional
effects variation controls systems
. Specialized Contractor Project

Installation knowledge . . .

certification planning
needed
Material Property Standardized .
selection validation testing Quality

Figure 8 illustrates how SMA has been progressively utilized in
the industry of constructing structures as research and technology
have advanced. 1: The SE of SMA gives the structure with
superior energy dissipation and self-resetting ability, which
makes it easy to suppress cracks and displacements in the
building. 2: Due to its SME, SMA is able to produce a significant
driving force that can enhance the structure's overall
performance, raise the cracking load, and impart prestress to the
structure. 3: Reasonably using SMA's high damping
characteristics can result in significant energy consumption. As a
result, shock absorption and a decrease in the structural vibration
response are possible.

(¢)
SMA tendon/strip
(@) yab

(e)
T Regular steel rebar SMA tendon/strip

Sleeve linker

SMA

(h)

2 mac
(2
hear wall Steel rebar
i anchorage device  SMA tendon/strip

SMA tendon/strip

Figure 8: SMA applications in construction structures: (a) Beam-
column joints strengthened with SMA,; (b) Shear walls strengthened with
SMA; (c) Slabs strengthened with SMA; (d) Components of SMA
damping energy dissipation; () Columns strengthened with SMA,; (f)
SMA beams' capacity to self-heal; (g) Beams strengthened using SMA
bending; (h) Shear-reinforced beams using SMA [73],

Two installation methods for SMA self-healing are depicted in
Figure 9. One option is to use SMA in place of beam tensile
reinforcement, and the other is to use anchors to secure SMA in
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the beam's tensile region. The SMA is thermally stimulated
following component deformation or cracking under load
conditions. Concrete beam fractures may now be repaired by the
returning force produced by SMA acting on the structure.

(b) Load !
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N\ |
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activated by
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heat or
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Figure 9: Methods for installing SMA in concrete beams that self-heal:
(a) internal: tension reinforcement replacement; (b) external: fastening
with anchors in the beam's tensile zone 7],

Relevant research on the seismic resistance of SMA concrete
beam-column joints has been conducted. As seen in Figure 10a,
Alam, et al. "2 Youssef, et al. "+Alam, et al. ["®:Nahar, et al. ['®
carried out finite element analysis and experimental investigation
while burying SE SMA bars as beam flexural reinforcements.
The findings demonstrated that the SE SMA considered a decent
self-leveling, distortion, and plastic hinge turning capabilities and
decreased the enduring twist of beam-column joints when
compared to conventional joints of beam-columns. Later, in order
to improve the concrete's self-centering capacity and decrease the
materials' direct cost, Oudah and El-Hacha ["?Qudah and ElI-
Hacha ["® thought about reinforcing the plastic hinge zone with
SMA. SMA shifted the plastic hinge section far from the cylinder
and decreased joint deformation.

As seen in Figure 10b, Pei, et al. [ offered a new self-centering
junction that utilizes steel plates and SE SMA rods as
fundamental elements in the node's core zone. The new steel plate
and SMA reinforcement joint construction increased the joint's
bearing capacity, postponed the deterioration of its stiffness, and
enhanced its ductility and self-centering ability. As seen in Figure
10c, Zafar and Andrawes 8% investigated a novel FRP integrated
with SE SMA fibers. According to the findings, the application
of SMA-FRP rebar's in the plastic hinge region greatly decreased
the buildup of irreversible damage and enduring distortion,
enhancing the frame's whole achievement in the event of an
ongoing seismic disaster.

To enhance the structure's seismic performance, Navarro-Gémez
and Bonet [ included ultra-high-performance concrete (UHPC)
and SMA bars at strategic locations. The findings demonstrated
that SMA and UHPC together decreased deformation. The
seismic behave of reinforced frame joints reinforced by SE SMA
rebar and high toughness, fiber reinforced, engineered cement
composite (ECC), as seen in Figure 10d, was examined by Qian,
et al. 2Qian, et al. [B2-Qian, et al. %1, According to the findings,
the failure approach and ductility of the beam-column junction
were considerably enhanced by applying ECC after the plastic
hinge area. SMA-ECC-reinforced beam-column joints
demonstrated superior self-healing performance in internal
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damage repair and crack healing, as well as improved functional
self-healing ability following earthquakes.
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Figure 10: Beam-column junctions strengthened with SMA: (a)
diagrammatic representation of the SMA joint 47 (b) The self-
centering joint in three dimensions ["°; (c) An illustration of the SMA-
FRP joint [8%; (d) diagrammatic representation of the beam—column joint
8]

Finite element analysis is the primary focus of SMA-reinforced
shear wall member research. Wang and Zhu 84 adopted the finite
element program OpenSees to mimic and examine the self-
resetting presentation of SMA shear walls, as seen in Figure 11a,
by substituting SMA for the steel bar in the edge-constrained key
range depending on the shear wall test model put forth by
Thomsen 1V and Wallace 1, Even when interstory displacement
is 2.5%, the analysis's findings demonstrated that the SMA shear
wall's residual displacement considered minimal. SMA could
accommodate the structure's seismic response in the event of a
significant earthquake. The SMA constitutive model was created
by Ghassemieh, et al. 6], Ghassemieh, et al. 7] in the Fortran
program and integrated into the ABAQUS finite element
program. In order to confirm the model's efficacy, they examined
the seismic response of a two-story shear wall structure and a
five-story coupled shear wall, comparing the investigational
findings. Abraik and Youssef [ assessed the seismic
performance and sensitivity of 10 and 20-story buildings using
the vulnerability curve. Even if SMA was only applied to the
essential portions of the edge constraint, the results of interlayer
dislocation,  residual  displacement, and vulnerability
demonstrated that it greatly enhanced the structure's seismic
performance and decreased its residual displacement.

Cortés-Puentes and Palermo 8%, Cortés-Puentes and Palermo [,
Cortés-Puentes and Palermo [®YI created a SMA tension bracket,
which is represented in Figure 11b. Experiments and simulations
demonstrated that this equipment increased the strength of RC
shear walls while minimizing the strength and stiffness
deterioration produced by shear failure. Abdulridha and Palermo
192 created a SMA-reinforced shear wall component, as illustrated
in Figure 11c. The cyclic loading test revealed that SMA
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considerably increased the fracture healing performance of the
component, even when the residual crack was 12%. SE SMA
reinforcement resulted in decreased energy usage for the SMA
shear wall compared to the standard shear wall.

Cortés-Puentes, et al. [l restored damaged concrete in a SMA
shear wall and tested it under cyclic pressure. The restored shear
wall's yield and ultimate loads remained similar with the original,
indicating that the SMA shear wall may be utilized afterward the
earthquake with minor repairs. Soares, et al. [* analyzed the
seismic presentation of the SMA shear wall using arithmetic
simulations. SMA shear walls outperformed standard steel-
reinforced walls in terms of energy dissipation and self-resetting
capacities.

Tolou Kian and Cruz-Noguez * presented three new forms of
shear walls: FRP, steel wire, and SMA. The seismic behave of the
three types of shear walls was compared using quasi-static
loading experiments, and the recoverability mechanism of shear
walls was investigated. Later, Abraik and Assaf ¢l examined the
seismic performance of several types of SMA-reinforced shear
walls (NiTi, FeNCATB, and CuAIMn) with varying ground
motion durations, and found that Cu-based RC walls performed
better. In addition, Abraik and Asteetah 71 employed slotting
technology to build a SMA-reinforced shear wall in 2022 and
investigated its seismic performance under uniaxial and cyclic
loads. This approach boosted the wall's bearing capacity and
ductility, while also delaying strength loss. Tabrizikahou, et al.
1981 ytilized Abaqus software to evaluate a SMA-ECC shear wall
made of Ni-Ti SMA strips and ECC to address brittle cracking in
conventional concrete. Figure 11d illustrates the results. The
study found that combining the two approaches enhanced the
shear wall's energy absorption, self-resetting, and self-healing
capabilities, leading to increased seismic routine and durability.

SMA Strips,
(1.5 mm)

HH

HEEFEH

v

Figure 11: Shear walls strengthened with SMA: (a) Finite element
simulation of the SMA-reinforced shear wall's plastic zone [4; (b) SMA
shear wall with external reinforcement [89-°4; (c) Design of shear walls
reinforced with SMA 2; (d) SMA-ECC shear wall [,
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In 2017, the Swiss business re-fer AG carried out the world's first
use of Fe-SMA strips for building reinforcement in Villages .
The static bearing capacity of the building's RC floor had to be
increased when load-bearing walls were removed. The faults of
insufficient bending steel bar configuration at the position of the
destroyed wall are solved by compounding the usage of steel
beams, Fe-SMA strips, and non-prestressed CFRP strips, while
also meeting the criteria of normal usage and ultimate bearing
capacity. Figure 12a depicts an arrangement of reinforcing
materials. The business employed nail fixation Fe-SMA strip
machinery to manage fractures in concrete slabs of a school
building in Nieppe, France (1%, Figure 12b illustrates how the Fe-
SMA strip was nailed to the concrete slabs and calculated with
resistance heating equipment. Prestressing led to a 0.14 mm
reduction in crack width.

...........................................

(a) Steel, Fe-SMA and CFRP strips

I
|
| are combined for reinforcement

Fe-SMA strips

CFRP strips \

= g

Figure 12: Fe-SMA-RC slabs: (a) example of reinforcing following the

elimination of a load-bearing wall; (b) crack control of concrete slabs
[100]

4 Innovative System-Level Approaches

4.1 Base Isolation System

Base isolation technology has evolved significantly since its first
modern implementation in the 1970s. According to Warn and
Ryan [0 this approach fundamentally alters the structure’s
dynamic response to seismic excitation by establishing a
bendable interface between the structure and its foundation. This
decoupling mechanism substantially decreases the transfer of
seismic forces to the superstructure, making it particularly
effective for critical facilities and historic buildings.

An example building situated on frictionless rollers, as depicted
in Figure 13(b), is used to illustrate the base isolation principle.
The rollers roll freely when the ground trembles, while the
structure above stays still. Therefore, the lateral movement of the
ground does not transfer any kind of force to the structure; in
other words, the earthquake has no effect on the building. Now, a
portion of the ground shaking will be transferred to the building
above if that particular building is positioned on flexible pads that
prevent horizontal movements (Figure 13(c)). Properly designed
flexible pads can reduce ground shaking forces compared to fixed
base buildings (see Figure 13(a)) [, Base isolation systems can
be broadly categorized into two major types, as shown in Table
14,
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Table 14: Categorization of elastomeric and sliding isolation bearings.

Key Notable
e SEnTEEs characteristics | applications
Lead High vertical
. stiffness, Pasadena
Elastomeric rubber q . I
bearings bearings moderate City Ha
(LRB) damping (15- (2007)
35%)
High-
damping Ifjr;frlr?nicned Oakland
rubber 0 ertipes ?15_ City Hall
bearings prop 0 (2000)
(HDRB) 20%)
Friction Low friction San
Sliding pendulum coefficient (5- Francisco
systems systems 7%), self- Airport
(FPS) centering (2000)
Triple 't?;%ze/tilt\)/f Apple Park,
pendulum multiole slidin California
bearings P g (2017)
surfaces
d

(b) Building on rollers without any

(a) Building resting directly on ground
friction

Small movement
of building

Small force
induced

Lead phig
Staniess Flexie
stoel plates materadl

Original solalor

Large movement
! inisolators

—
mp

(c) Building base isolated with lead- rubber bearing.

e

Figure 13: lllustration comparing fixed-base, friction roller, and
elastomeric bearing isolation systems [102],

4.1.1 Elastomeric Bearings

The usage of elastomeric bearings, which are comprised of either
neoprene or natural rubber, is indicative of the base isolation
method that has gained the especially popularity in the past few
years. By sandwiching the base and the structure with a layer of
low horizontal rigidity, this method decouples the building or
structure from the lateral mechanisms of the earthquake ground
motion [103],
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For this function, rubber bearings are most frequently utilized;
Figure 14a depicts a typical laminated rubber bearing made by
Wellington-based Robinson Seismic Limited. In order to give
both horizontal flexibility and vertical rigidity, a rubber bearing
is usually made up of alternating laminations of steel plates
(shims) and thin rubber layers. Bridges are frequently supported
by these bearings. The bearing has steel plates installed on both
the top and bottom that are used to fasten it to the base and
building. In the vertical direction, the bearing is extremely
powerful and rigid, while in the horizontal direction, it is flexible.
Horizontal flexibility transforms damaging horizontal shaking
into soothing movement, while vertical rigidity guarantees the
isolator will sustain the weight of the structure. As seen in Figure
14b, a lead-rubber bearing is a slightly modified design with a
solid lead "plug" in the middle to absorb energy and increase
damping. Lead-rubber bearings are frequently used in seismic
isolation of structures [102:104.105],

The sliding system is an example of the second fundamental kind
of base isolation system. Limiting the shear transfer across the
isolation interface is how this operates. Numerous sliding
methods have been put forth, and some have even been put into
practice. Figure 14c depicts a popular sliding system known as a
"spherical sliding bearing." Bearing pads with a curved surface
and low friction support the building in this system. The building
is free to slide on the bearings in the event of an earthquake. The
building slides both vertically and horizontally because to the
curved surface of the bearings. The horizontal or lateral forces are

limited by the forces required to shift the building a little upward
[102,106]

Spherical sliding
bearing

—

(c) Spherical rubber bearing

Column base

Z
Leac
Rubber
Steel lamination

(a) Laminated rubber bearing (b) Lead rubber bearing

Figure 14: Base isolation devices [17],

4.1.2 Sliding Isolation with Adaptive Behavior

A sliding contact with a low coefficient of friction is what makes
up sliding bearings. Sliders in friction pendulum bearings are held
up by a spherically concave surface made of PTFE or stainless
steel 1011081 - According to recent research, when the event period
is near the isolation system period, a near-field earthquake's large
long-term component could result in an excessive reaction [10%-
111 Engineers were forced to expand the size of the isolators at a
higher expense in order to accommodate huge displacements
(1121131 The shortcomings of conventional friction pendulum
bearings prompted the creation of novel techniques that integrate
sliding isolators with flexibility. The following categories apply
to adaptive sliding isolators: sliding bearings with many spheres
[114-118] sliding isolators with variable friction 127181 and sliding
isolators with variable curvature ', Figure 15 displays a three-
story residential building constructed on a base-isolated ground-
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floor slab as part of the 2009 L'Aquila earthquake rehabilitation
in Italy 2% that friction pendulum devices were used.

SSSSSSsSsSsSs==27 777 B
NN zzzz247 7
- —

(c) Positioning a device (d) Sections of single and double surface sliding devices

Figure 15: Photographic representation of a three-story residential
structure built with base-isolated foundations 120,

4.2 Energy Dissipation Devices

Energy dissipation devices have become increasingly
sophisticated in recent years. In order to prevent buildings and
facilities from collapsing during earthquakes, dampers are used,
and these buildings are seismically equipped by dissipating
energy through seismic isolation and dampers. Semi-active,
active, and passive control devices are the three main groups into
which they can be separated 2%, Figure 16 illustrates common
uses for several of these dampers. A seismic damper's primary
function is to lessen the impact of vibrations and seismic forces
in a structure throughout an earthquake or other seismic activity.
In order to lessen displacement and stress on the structure,
seismic dampers absorb or dissipate seismic force energy and
transform it into heat. This enhances the structure's overall
seismic performance and guards against damage 1?2, Xu, et al.
11231 syggested that hybrid passive control tools, which mix
friction and viscoelastic dampers, can successfully reduce
seismic impacts, especially in high-rise structures.

A common passive control method for separating a building's
superstructure from the foundation is base isolation. Set up
isolation mechanisms, like dampers or bearings, between the base
and the superstructure accomplishes this. In the event of an
earthquake, these technologies lessen the relocate of seismic
powers to the structure by enabling the base to move
independently of the superstructure. Because it can lessen the
chance of structural deterioration or collapse throughout an
earthquake, base isolation is a common technique for enhancing
the seismic performance of structures [*?4l. Figure 17 illustrates
the division of passive device and Table 15 lists energy
dissipation device classification and applications.

Qader et. al. Passer 7 (Issue 1) (2024) 211-230

Viscous fluid

| e—

, Piston

a) Viscous Damper

b) Friction Damper

Yield location of metal

N ¢

c) Yielding Dampers

Figure 16: Dissipation devices [102],
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Figure 17: Passive device division 122,
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Table 15: Classification and applications of energy dissipation devices.

Device Operating d_Er]erg_y Notable
type principle Issipation applications
mechanism

Metallic Yielding of Hysteretic Torre Mayor,

dampers metals Y Mexico City

Friction Surface Coulomb Canadian
- - Space Agency

dampers friction friction L

Building
Viscoelastic Material Qombmed World Trade
dampers deformation V|scous'and Center (pre-
elastic 2001)
Fluid .
viscous F!u.'d Viscous Taipei 101
orifice
dampers

5. Performance Assessment Methods

5.1 Numerical Analysis

An advanced method for simulating RC structures is nonlinear
finite element analysis (NFEA), which is especially important for
retrofit evaluation. This approach allows engineers to capture
intricate behavioral features like as geometry effects, material
non-linearity, and the interplay between existing and retrofit
elements %1, The ability of contemporary NFEA software to
model progressive damage, fracture propagation, and ultimate
failure modes offers crucial information for optimizing retrofit
design.  Performance-based  design  approaches  have
revolutionized retrofit strategies by focusing on achieving
specific performance objectives rather than merely meeting code
requirements. Table 16 outlines the comparison between different
numerical analysis approaches.

Table 16: Comparison of nonlinear finite element analysis (NFEA),
performance-based design, and real-time simulation techniques.

Primary Ke
Method applicatio Y Limitations
ns advantages
Detailed High Computational
structural accurac ly intensive
NFEA analysis, Y. y S
Comprehensi Requires
Complex .
; ve results expertise
geometries
System- Risk-
. Complex
Performanc level informed . .
- implementatio
e-based assessment, decisions,
. . . n, Data
design Risk Economic i
. T requirements
analysis optimization
Dynamic .
re); onse Immediate
. pon: feedback, Hardware
Real-time analysis, L
. . Rate- limitations,
simulation Control L
dependent Scaling issues
system
. effects
design
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Performance-based design in seismic retrofitting differs from
traditional design by focusing on achieving specific performance
objectives rather than simply meeting prescriptive code
requirements. Traditional seismic design methods follow a code-
based approach, where structures are designed to withstand
predefined loads and forces, often using conservative safety
factors. This approach does not explicitly account for varying
levels of seismic intensity or the expected behavior of a structure
during different earthquake scenarios.

In contrast, Performance-based design evaluates how a structure
will perform under realistic seismic conditions, allowing
engineers to tailor retrofitting strategies based on performance
objectives such as immediate occupancy, life safety, or collapse
prevention. This method involves advanced nonlinear analyses,
including time-history and pushover simulations, to predict the
actual response of retrofitted structures under earthquake loading.

The benefits of Performance-based design in seismic retrofitting
include greater flexibility in selecting retrofit solutions,
optimized cost-effectiveness by targeting critical structural
weaknesses, and improved resilience by ensuring that retrofitted
buildings perform as intended during seismic events. By
integrating Performance-based design, engineers can prioritize
retrofitting efforts based on risk levels, structural deficiencies,
and intended post-earthquake functionality, ultimately leading to
safer, more reliable, and economically efficient retrofitting
strategies.

5.2 Experimental Validation

Hybrid simulation combines physical testing with numerical
modeling, offering a cost-effective approach to validating retrofit
designs. McCrum and Williams [*?61 emphasizes that this method
is particularly valuable for large structures where full-scale
testing would be impractical. By physically testing critical
components while numerically simulating the remainder,
engineers can obtain comprehensive performance data while
managing resource constraints [271,

Real-time substructure testing represents an advanced
experimental technique that enables detailed investigation of
critical structural components. Shake table testing remains the
gold standard for seismic performance validation. According to
Martinelli and Filippou 11?9, these tests provide the most realistic
assessment of retrofit performance under seismic loading,
allowing observation of actual dynamic behavior and failure
modes. While resource-intensive, shake table tests offer
irreplaceable validation data for retrofit designs. Table 17 shows
the comparison between several experimental validation
methods.

Yang, et al. 1?8 introduced a modern sort of Nonlinear Energy
Sink (NES), a structural passive control technology aimed at
reducing seismic responses in buildings. The NES involves of a
horizontal trajectory and an added mass block, which acts as a
damper by absorbing and dissipating energy through a horizontal
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nonlinear restoring force. Hypothetical evaluation of the NES is
provided, including the formulation of its returning force and the
system's equation of motion. The findings specify that the NES
successfully dissipates energy and decreases the seismic response
of the structure, especially in terms of top-story displacement and
acceleration. The effectiveness of the NES is influenced by the
natural frequency of the frame and the spectral properties of the
seismic waves, offering broadband control over a range of
frequencies.

Table 17: Assessment of hybrid simulation, real-time substructure
testing, and shake table testing [125:126],

Primary
Method Scale S Dat_a application
level quality s
System
Hybrid Medium | Moderat . response,
. . High
simulation to large e component
interaction
. Local
Real-time | Compone |\ e ra¢ Very behavior,
substructur nt to . X
. e high interface
e medium
effects
Seismic
Shake Small to Very Excelle | performanc
table full high nt e, dynamic
effects

Moreover, Sunca, et al. 1?° considered the results of pounding
between adjacent RC buildings on their seismic responses,
addressing a gap in experimental research that has largely focused
on steel structures. Three half-scale, two-story RC models were
constructed and tested under three conditions: (i) without
pounding, (ii) pounding between a taller and shorter building
(slab-to-slab interaction at one floor), and (iii) pounding between
buildings of equal height (slab-to-slab interaction at two floors).
The results revealed that different types of pounding significantly
influenced structural responses, including floor accelerations,
displacements, hysteretic behavior, and dynamic characteristics.
Each pounding scenario triggered distinct damage mechanisms,
highlighting the critical impact of pounding on RC buildings
during earthquakes. Figure 18 shows the general dimensions of
the test setup.

1.70tons

375

id Platform (400x400)

Figure 18: Dimensions of the test setup (dimensions in cm) [129],

224

Qader et. al. Passer 7 (Issue 1) (2024) 211-230

6 Future Trends and Challenges

6.1 Emerging Technologies

An important development in seismic retrofitting technology is
the combination of adaptive systems and smart materials. The
combination of insulating materials and textile-based composites
is transforming conventional retrofit techniques by providing
gains in both seismic and energy performance 3%, Advanced
modeling of FRP strengthening in RC frames can greatly improve
seismic performance, especially in beam-column connections
where conventional retrofit techniques are limited, as Del
Vecchio, et al. 39 show. The smart materials and systems used
in seismic retrofitting of RC structures are tabulated in Table 18.

Table 18: Evaluation of innovative materials such as textile-based
composites, FRP, smart sensors, and adaptive dampers [130.131],

Material/syste Prlmgry Benefits Implementati
m function on challenges
Structural Dual
Textile-based . seismic- Installation

: strengthenin .
composites energy complexity
9 benefits
. High
. Joint strength- Cost
FRP systems reinforceme ! . .
nt to-weight | considerations
ratio
Performance | ea-time System
Smart sensors Lo data . .
monitoring - integration
collection
Dvnamic Adjustabl
Adaptive Y e Maintenance
dampers response propertie | requirements
control s

In seismic retrofitting, sustainability has grown in significance
recently. The increasing emphasis on environmentally friendly
retrofit materials and methods that reduce environmental effect
while preserving structural integrity is highlighted by Pohoryles,
et al. 132 This includes creating novel composite materials and
integrated solutions that meet energy efficiency and structural
needs. Experiences with post-earthquake rehabilitation have
brought to light the significance of effective and sustainable
retrofit techniques, especially in residential buildings . The
sustainability aspects used in retrofit solutions are summarized in
Table 19.

The convergence of advanced monitoring technologies with
structural health assessment represents a paradigm shift in
seismic retrofit evaluation. McCrum and Williams 12261 describe
how hybrid testing methods and advanced monitoring systems
enable better understanding of structural performance, allowing
for more effective retrofit designs. Giineyisi 33 demonstrates
that reliability-based assessment approaches, supported by
monitoring data, can significantly improve the effectiveness of
retrofit solutions.



Original Article

Sustainability metrics are rigorously quantified through lifecycle
assessments (LCAs) aligned with 1SO 14040 34 standards,
which evaluate embodied carbon, energy consumption, and
material efficiency. For instance, FRP systems demonstrate a 30-
40% reduction in embodied carbon compared to steel jacketing,
attributable to lower material mass (1.5-2.5 kg/m? vs. 10-15
kg/m2 for steel) and reduced transportation emissions due to
lightweight  properties M. Similarly, = SMA-based
retrofitting exhibits a 25% decrease in lifecycle energy
consumption over 50 years, owing to minimal maintenance needs
and high durability %9, Case studies further validate these claims:
the 2017 Swiss retrofit of RC slabs using Fe-SMA strips achieved
a 15% reduction in material waste and 20% lower CO2
emissions compared to conventional CFRP-strengthened slabs,
as quantified through post-installation LCAs [*. In the L’ Aquila
earthquake reconstruction, base-isolated buildings equipped
with elastomeric bearings reduced operational energy demand
by 35-50% over 30 years by minimizing post-earthquake repair
cycles 194 A comparative LCA table (Table 20) synthesizes
these findings, contrasting embodied carbon, energy intensity,
and waste generation across methods:

Table 19: Analysis of green composites, integrated solutions, resource-
efficient materials, and life-cycle cost considerations (132,
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6.2 Research Needs

Despite significant advances in retrofit technologies, there
remains a critical need for standardized design procedures.
According to Di Ludovico, et al. [ post-earthquake
reconstruction experiences have highlighted variations in retrofit
implementation quality and effectiveness. Table 21 lists the
research priorities in retrofit standardization. Moreover, the
challenges and opportunities of Building Information Modeling
(BIM) integration are summarized in Table 22.

Table 21: ldentification of gaps in design guidelines, performance
metrics, and testing standards (2.

Current | Priority Expected
Research area 3
status level impact
. - . Improved
Design guidelines | Fragmented | High consistency
Perf(?rmance Variable Critical Better
metrics assessment
Implementation Limited High Quality
protocols assurance
Testing standards | Developing | Medium Vahdg ted
solutions

Aspect Current Future Environmental Table 22: BIM integration challenges and opportunities (1281,
practice direction impact
Materials Traditional Green Redu_Ceq CO; Aspect Current Opportuni | Implementati
concrete composites emissions P challenge ty on timeline
Energy Single- Integrated inh?;_ced aD Limited Enhanced
efficiency purpose solutions utiding deli retrofit visualizatio Short-term
retrofits performance modehng templates n
Resource Nev_v Recycled Lower resource Data Fragmented Unified .
Use materials content depletion teorati formai latf Medium-term
focus integration p mtegration niormation platiorm
Life- Initial cost Whole-life Improved Collaborati | Communicati | ‘mproved
cycle cost | focus consideration | sustainability on on gaps coordinatio | Short-term
n
Table 20: Comparative LCA of retrofitting methods: Quantitative Performanc Limited tool Advanced L
environmental impact metrics. e analysis imited tools | . oo ong-term

Retrofitti Embodie F Materi Case
d carbon . al study
ng (kg consumpgl waste referenc
method COx/m?) on (GJ/m?) (%) o
Campion
Concrete | 1y 150 | 1822 | 12-18 | e etal.
jacketing 5]
Steel 200-250 | 2.5-3.0 g-10 | Wectal
jacketing
Swiss
FRP Fe-SMA
(CFRP) 80-100 1.2-1.5 5-8 Project,
2017
L’Aquila
SMA (Ni- Base
Ti) 150-180 1.5-1.8 3-5 Isolation,
2009
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One of the biggest challenges engineers face when implementing
retrofitting methods in real-world applications is the cost
constraint associated with advanced materials like FRP and SMA,
which often require significant upfront investment. This financial
barrier can be particularly problematic in resource-constrained
regions. Additionally, technical complexity arises due to the need
for specialized installation techniques, such as base isolation
systems or SMA components, which demand highly skilled labor
that may not be readily available. Engineers must also contend
with  constructability challenges, especially when using
conventional methods like concrete or steel jacketing, which can
increase the dimensions of structural elements and create
conflicts with architectural or spatial requirements. Durability
concerns further complicate retrofitting efforts, as environmental
exposure (e.g., UV degradation of FRP or corrosion in steel
jackets) necessitates ongoing maintenance, often overlooked in
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long-term planning. Moreover, regulatory gaps present another
challenge, as existing building codes may not fully accommodate
emerging retrofit technologies, leading to delays in approval and
implementation. To overcome these obstacles, hybrid
strategies—combining cost-effective traditional methods with
targeted use of advanced solutions—can optimize both
performance  and  affordability. ~ Workforce  training,
standardization of guidelines, and the integration of digital tools
like BIM can further facilitate smoother implementation.
Policymakers can also play a crucial role by updating regulations
and offering incentives to encourage sustainable retrofitting
solutions.

Future research in seismic retrofitting should focus on several key
areas to enhance structural resilience, sustainability, and cost-
effectiveness. One critical area is the development of advanced
materials, such as next-generation FRP and SMA, which offer
superior strength, durability, and self-healing capabilities but
require further optimization for large-scale application. Research
should aim to improve material performance under extreme
conditions, reduce costs, and enhance long-term sustainability.
Another important focus is refining performance-based design
frameworks, integrating real-time structural health monitoring
and artificial intelligence to create adaptive retrofitting strategies
that respond dynamically to seismic activity. Additionally, life-
cycle cost analysis and environmental impact assessment should
be prioritized to promote the adoption of low-carbon, resource-
efficient retrofitting solutions. Addressing constructability
challenges is also crucial, particularly for retrofitting methods
that require specialized labor or complex installation procedures;
research should explore prefabricated or modular retrofitting
techniques to streamline implementation. Furthermore, updating
seismic design codes and standardization is essential to ensure
regulatory frameworks align with emerging technologies and
facilitate wider adoption. The expected outcomes of this research
include the development of more cost-effective, durable, and
scalable retrofitting solutions, improved predictive models for
seismic resilience, and greater integration of smart materials and
monitoring systems for proactive infrastructure management.
Table 23 shows a comparative analysis of old and innovative
retrofitting techniques based on their cost, durability, and seismic
performance.

While advanced materials such as SMA and FRP entail higher
initial costs, their long-term economic advantages are substantial.
A lifecycle cost analysis (LCCA) spanning 50 years reveals that
SMA-based retrofitting achieves 30-40% lower total
costs compared to steel jacketing due to reduced maintenance,
minimal downtime, and near-zero residual deformation, which
eliminates post-earthquake repair expenses 6472, For instance, in
a 10-story hospital retrofit in California, SMA dampers reduced
annual maintenance costs by 60% and extended service life by 25
years, offsetting their upfront premium within 15 years 58],
Similarly, FRP systems demonstrate 20-30% lifecycle cost
savings in corrosive environments (e.g., coastal regions), as their
non-corrosive nature eliminates steel replacement cycles 49,
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Table 23: Comparative analysis of conventional and advanced
retrofitting methods: cost, durability, and seismic performance metrics.
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Conclusions

In order to address the issues of aging infrastructure and the
requirement for increased earthquake resilience, seismic
retrofitting of RC structures has undergone significant change.
This review provides insights into the efficacy, sustainability, and
applicability of both conventional and sophisticated retrofitting
procedures, highlighting their advantages and disadvantages. It is
possible to make the following important conclusions:

1- Concrete jacketing increases strength (40-100%) and
ductility (100-200%) but adds structural weight and
labor.

Steel jacketing enhances axial capacity (30-80%) and
shear strength (40-100%) but requires corrosion
protection and maintenance.

FRP composites improve lateral load capacity (40%),
ductility (100-200%), and reduce weight (50-75%) but
face debonding risks.

SMAs enable 8% strain recovery, 30-40% energy
dissipation gains, and 70% residual deformation
reduction for self-centering systems.

Base isolation reduces inter-story drift (50-75%),
accelerations (65-85%), and damage (40-60%) but
incurs high initial costs (20-50% of project costs).
Hybrid systems (e.g., SMA-FRP) achieve 50-60%
energy absorption improvement and 90% deformation
recovery.

FRP/SMA reduce embodied carbon (20-40%) and
lifecycle maintenance costs (30-50%) compared to
traditional methods.

SMA retrofitting offers 30-40% lifecycle cost savings
over 50 years due to minimal repairs and extended
service life.

This review underscores a paradigm shift from strength-based to
resilience-driven retrofitting. Advanced materials like FRP and
SMA, combined with system-level innovations (e.g., base
isolation, hybrid dampers), offer transformative potential to
enhance seismic performance while aligning with sustainability
goals. However, widespread adoption hinges on overcoming cost
barriers, improving durability, and establishing standardized
protocols. The proposed future work can be summarized as
follows:
1- Material Optimization: Developing low-cost, high-
performance SMA/FRP hybrids with self-healing
capabilities.
Standardization: Creating unified design codes and
testing protocols for emerging technologies.
Smart Integration: Exploring AI/ML-driven retrofitting
frameworks paired with IoT-enabled structural health
monitoring.
Policy Advocacy: Advocating for regulatory updates to
incentivize sustainable retrofitting in seismic-risk zones.
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5- Environmental  Impact: Conducting  lifecycle
assessments (LCAs) to quantify long-term carbon
savings of advanced systems.
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