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Abstract 11 

Reinforced concrete (RC) structures, that are built with outdated seismic evaluations faced 12 

significant damage due to the earthquakes, which highlights the needs for resilient and 13 

sustainable strengthening solutions. In order to evaluate their efficacy in enhancing seis-14 

mic behavior, this review summarizes recent developments in high performance materi-15 

als like fibre reinforced polymer composites and engineered cementitious composites by 16 

applying  nonlinear analytical techniques like pushover and nonlinear time-history anal-17 

yses. Using Scopus, Web of Science, and Google Scholar, a focused literature search was 18 

carried out with an emphasis on important topics such as FRP-based retrofitting, engi-19 

neered cementitious composites (ECC), and low-impact building materials that support 20 

sustainability objectives. Through lighter interventions, longer service life, and fewer re-21 

pair requirements, innovations like FRP retrofitting and ECC-based detailing greatly im-22 

prove ductility, energy absorption, and post-earthquake functionality while minimizing 23 

environmental impact, as the chosen studies show. The data also shows that proactive 24 

performance-based design (PBD), where nonlinear modeling enables educated retrofit de-25 

cisions to meet targeted resilience targets, is increasingly replacing reactive repair solu-26 

tions. Overall, this research emphasizes how crucial it is to combine cutting-edge seismic 27 

assessment techniques with sustainable material technologies in order to facilitate the con-28 

struction of resilient, low-carbon RC infrastructure in earthquake-prone areas. 29 

Keywords: - Engineered Cementitious Composites , Fiber Reinforced Polymer , Nonlinear 30 

Analysis, Seismic Resilience. 31 

 32 

1. Introduction 33 

Nowadays structures are analyzed and designed using easy linear or elastic analysis 34 
methods but in reality the response of structure is not elastic during high seismic 35 
conditions. To understand the complex inelastic response different researchers have 36 
proposed nonlinear analysis methods which provide a strong foundation for performance 37 
based design. New techniques were based on the design method to determine the real 38 
movement of the structure under seismic conditions, therefore for the new structures as 39 
well as for existing structure non linear pushover analysis is used which is very effective 40 

mailto:waqas.malik@cust.edu.pk


Fusion Journal of Engineering & Sciences 2025 2 of 11 
 

for design [1].To preserved the heritage and old buildings of concrete structure in high 41 
seismic zones has to be focused to avoid any disaster, due to the earthquake the structure 42 
witnesses the damage which has to be determined to set the benchmark for level of safety. 43 
For examining these factors linear elastic method is not efficient [2]. Pushover analysis is 44 
done by applying the x direction loads in a increasing manner which effect the structure 45 
when faced the ground shaking. Due to the lateral loads acting on it the buildings will 46 
face the loss in stiffness. A pushover analysis generate the non linear force displacement 47 
relationship [2] ,[3]. 48 

      One of the technique is isolation for improving the seismic behaviour of buildings. 49 

Other is to cover the weaker elements with the FRP sheets which is efficient due to i) do 50 

not require the evacution of the occupants for a long period; ii) less polluting than other 51 

repairs methods; iii) increase the ductility and strength; iv) it does not increase the weight 52 

of the building.Some limitations of this technique should be also mentioned such as, for 53 

instance, the poor improvement of structural stiffness it brings or the high costs it typically 54 

entails.[4].Retrofitting is done to for the safety of the structures during the earthquakes, 55 

so that the kateral forces will cause less damage to the structures. Various techniques have 56 

been developed and implemented to achieve this goal, with each has unique advantages 57 

and applications[5]. Moreover, now it is more focusing on the effectiveness, sustainability 58 

and more energy efficiency. The purpose of this review  is to have a detailed study of 59 

seismic retrofitting techniques for existing structures, focusing on recent innovations, 60 

methodologies, and materials used to enhance seismic performance, including fiber rein-61 

forced polymer composites, concrete jacketing, steel bracing systems, and advanced mod-62 

elling techniques, with an emphasis on improving resilience in earthquake-prone ar-63 

eas[5],[6],[7]. 64 

      Mainly the social and economics infrastructures are built on residential and com-65 

mercial structures. Housing are constructed using the concrete, steel, wood and stone. 66 

Originally utilized for minor parts like windows, doors, canopies, profiles, and other dec-67 

orative elements, fiber reinforced polymer (FRP) composites are now used for entire 68 

buildings[8],[9].FRP with the composite like glass, aramid, carbon, and basalt are used In 69 

the structural engineering applications. Furthermore differnet types of  additives were 70 

used with the polymer to improve its performance like wettability and fabrication, which 71 

further reduce the costs. This way, the FRP composites can be employed for both internal 72 

and external applications in RC structures[10]. The increasing demand of FRP enhance 73 

the engineering technique and efficiency in civil engineering. Both rehabilitation repair, 74 

strengthening, and retrofit and creative new building techniques utilizing full FRP or hy-75 

brid FRP concrete systems are part of structural renewal due to which long-term structural 76 

performance and durability are enhanced as a result[11].In the industry, engineers are 77 

emphasizes on the material ductility, costs and the structural performance of reinforced 78 

Engineered Cementitious concrete or Reinforced engineered cementitious concrete .At 79 

this point, it is clear that a milestone has been reached where there is a broad international 80 

community, involving academic, industrial and govern mental concerns engaged in ECC 81 

science and technology development. [12]. 82 

2. Research Methodology  83 

In order to examine how sustainable material advances and analytical methods lead to 84 

improved seismic performance in reinforced concrete structures; this review uses an or-85 

ganized methodological framework. Using Scopus, Web of Science, and Google Scholar, 86 

a focused literature search was carried out with an emphasis on important topics such 87 

ductile detailing techniques, FRP-based retrofitting, engineered cementitious composites 88 
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(ECC), and low-impact building materials that support sustainability objectives. To guar-89 

antee technological relevance to contemporary seismic engineering practice, studies in-90 

corporating nonlinear static or dynamic analysis within performance-based design (PBD) 91 

frameworks were given priority. Research on resilience, life-cycle efficiency, and environ-92 

mental impact reduction in both new building and structural retrofitting was prioritized 93 

in the selection criteria. In order to compare how well the reviewed works improved seis-94 

mic behavior while achieving sustainability goals, they were divided into material-fo-95 

cused and analytical-focused approaches. In order to enhance resilient RC infrastructure, 96 

the final synthesis identifies current gaps and potential in connecting nonlinear modeling 97 

approaches with creative sustainable design ideas. 98 

 99 
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3. Sustainable Material and Retrofitting Innovations for Enhanced Seis-132 

mic Performance 133 

Owens Glass company was the first one to introduced the patented fiber glass, and its 134 

matrial mostly used in the military and aerospace industries. Numerous research studies 135 

have been conducted since then to study the potential applications of FRP composites in 136 

structural engineering[10]. Fibre reinforced concrete is divided into two further categories 137 

i) internal applications such as rods, tendons and FRP bars, and external applications in-138 

cludes FRP plates, fabrics and wraps. For the retroffiting, strengthening purpose indus-139 

tries focuses on the FRP prestressed concrete structures. A tree diagram shows the com-140 

posite of the FRP composites with its applications in figure 1(a),(b). 141 

 142 

Figure 1. FRP composites used in concrete structures [10]. 143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 

Figure 2. FRP Composite strengthening[13] 151 

The FRP composite is used internally where the steel reinforcement get corode and weak 152 

to cover the economic and safety of the structure. For lowering the environmental impacts 153 

like global warming, chemical reactions FRP composites are suitable for these conditions. 154 

[10],[14]. Furthermore, when we notice the the external application of FRP composites as 155 

primarily been implemented for the retrofitting of structures when lack of design tech-156 

niques is noticed, after experiencing the extreme events such as fire and seismic the ele-157 

ments load bearing capacity is modified for those which start to deteriorate after these 158 

events. 159 
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Table 1. Comparison of different fibres 160 

Property GFRP Bars CFRP Fabrics Basalt Fibre (BFRP / 

BFRM) 

Reference  [10] [10] [15] 

General Mechanical Per-

formance 

Good overall perfor-

mance, tensile 550 to 

1380 Mpa, modulus 44.8 

to 60 Gpa, Serviceability 

governs. 

Very high strength and 

stiffness; excellent for 

strengthening; bond 

degradation under mois-

ture. 

High strength, increased 

ductility, good crack 

control, good chemical 

and thermal resistance. 

Tensile Strength 
550 to 1380 MPa de-

pending on product. 
Not numerically speci-

fied; high strength. 

Mesh tensile capacity 45 

kN/m. Basalt fibres com-

monly 1000 to 1500 Mpa. 

Flexural Strength / Per-

formance 

Flexural governed by 

serviceability, retains 

>70% strength under al-

kalinity. 

Water exposure de-

creases flexural strength; 

resin moisture absorp-

tion critical. 

BFRM increases flexural 

capacity 25 to 40%; im-

proves crack resistance 

and ductility. 

Durability Performance 
Good retention in water, 

saline, alkaline environ-

ments (67 to 93%). 

Moisture reduces bond; 

adhesive failure be-

comes dominant. 

Enhanced durability, 

better crack resistance, 

stable load behavior un-

der repeated loading. 

Sustainability 
Lower environmental 

impact than steel. 
Not discussed as sus-

tainable. 

Environmentally 

friendly, natural vol-

canic rock; chemically 

additive free, recyclable, 

lower embodied energy 

than CFRP. 

Strength to Weight Effi-

ciency 
Density ¼ steel in high 

strength to weight. 
High strength-to-weight; 

easy installation. 

Higher strength to 

weight ratio, lighter than 

steel, good energy ab-

sorption. 

Cost / Availability 
Slightly more expensive 

than steel but near par-

ity. 
No cost data. 

basalt is described as 

low cost and widely 

available natural mate-

rial. 

In addition to the previously mentioned advantages of FRP materials, their strength-to-161 

weight ratio, ease of installation, and suitability for irregular surfaces are additional rea-162 

sons that have contributed to their popularity as a strengthening technique [10],[14].FRP 163 

composites are used for the external structural elements like beams ,coloumn and slab, to 164 

enhance the flexural, shear strength of the elements without increasing their weight. 165 

Table 2. Comparison of different fibres 166 

Application Internal Application External Application Material Specifications 

AASHTO LRFD Bridge Design 

Guide Specifications for 

GFRP-Reinforced Con-

crete (2nd ed.) 

Guide Specifications for 

Design of Bonded FRP 

Systems for Repair and 

Strengthening of Con-

crete Bridge Elements 

(1st ed.) 

ASTM International 

D7205/D7205M-

06(2016). 

D7914/D7914M. 

D7957/D7957M-22 

ACI ACI 440.22. Code Re-

quirements for Struc-

tural Concrete Rein-

forced with Glass FRP 

Bars (1st ed.) 

ACI 440.2R-17. Guide 

for the Design and Con-

struction of Externally 

Bonded FRP Systems 

for Strengthening Con-

crete Structures 

ACI SPEC-440.5-22. 

Construction with Glass 

Fiber-Reinforced Poly-

mer Reinforcing Bars 
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 167 

Ali Abbaszadeh and Omar Chaallal examine the potential of externally bonded Fiber Re-168 

inforced Polymer (EB-FRP) composites for improve self-centering and lessen residual drift 169 

in Single Shear Walls (SSWs), which are essential for withstanding seismic stresses but 170 

frequently undergo irreversible deformation. They assessed three EB-FRP configurations 171 

(R1-SSW, R2-SSW, and R3-SSW) under various seismic characteristics using nonlinear 172 

time-history analyses on 20- and 15-story buildings in Vancouver and Montreal. The find-173 

ings demonstrate that EB-FRP greatly improves post-earthquake performance by reduc-174 

ing residual inter-story drift. All things considered, EB-FRP offers an affordable, mini-175 

mally invasive way to reinforce current SSWs and increase seismic resilience. Gangarao 176 

Hota and Ruifeng Liang offer an overview of fiber reinforced polymer (FRP) composites, 177 

focusing their corrosion resistance, more strength-to-weight ratio, and high durability that 178 

make them crucial 21st-century construction materials. The study analyzes over 25 years 179 

of research and field applications across highways, bridges, utility systems, renewable 180 

energy, green buildings, and advanced retrofitting. FRPs offer noncorrosive, lightweight, 181 

and ecologically beneficial alternatives to standard materials, with qualities that can be 182 

customized to performance needs. All things considered, their application represents a 183 

significant change in civil infrastructure by enhancing long-term cost effectiveness, sus-184 

tainability, and durability.[8],[9] 185 

      This review about the durability of fiber-reinforced polymer (FRP) composites in 186 

concrete structures is presented by Jesús D. Ortiz, who focuses on how mechanical im-187 

pacts (creep rupture, fatigue) and environmental conditions (water, alkalinity, tempera-188 

ture) affect their performance. The study assesses existing design guidelines for FRP-rein-189 

forced and strengthened concrete and looks at important FRP materials including glass/vi-190 

nyl-ester bars and carbon/epoxy textiles. Results indicate that, in the absence of numerous 191 

stressors, the majority of exposures result in a tensile strength drop of no more than 20%. 192 

This information encourages the appropriate use of FRPs to guarantee the long term de-193 

pendability and durability of FRP concrete and strengthened concrete sys-194 

tems[10],[14].Using Fiber-Reinforced Polymer (FRP) sheets, a quick and lightweight 195 

method that enhances the seismic performance of buildings built to antiquated norms, 196 

Juan-Carlos Vielma-Perez investigates the efficacy of pre-seismic reinforcing. The work 197 

employs nonlinear static and dynamic calculations to assess how FRP strengthening im-198 

proves global structural behavior prior to an earthquake, with a focus on an existing Ital-199 

ian residential structure. Such pre-seismic reinforcement can greatly enhance perfor-200 

mance, according to the results, highlighting the need of nonlinear analysis for pre-plan-201 

ning and verifying retrofit schemes.[4] 202 

      The vast amount of research has done on Engineered cementitious composite (ECC) 203 

for the commercial development due to the micromechanics based design theory. ECC is 204 

known because of its good tensile strain capacity which is far better than the normal con-205 

crete. Even with a relatively low fiber volume fraction (less than 2-3%), this design meth-206 

odology produces a versatile material that may be treated using techniques like casting, 207 

CSA CSA S806-12 (R2017). 

Design and construction 

of building structures 

with fibre-reinforced 

polymers 

CSA S806-12 (R2017). 

Design and construction 

of building structures 

with fibre-reinforced 

polymers 

CSA S807-19. Specifica-

tion for fibre-reinforced 

polymers 

JPCI 

 

Recommendation for 

Design and Construc-

tion of Concrete Struc-

tures using Fiber Rein-

forced Polymers (FRP) 

- - 
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extrusion, or spraying. To facilitate the usage of ECC, a sizable database of its mechanical 208 

and physical characteristics is being created. 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

Figure 2. Flow-chart of important elements of the research and development of Engineered Ce-217 

mentitious Composites. Investigations into structural applications [12] 218 

                          ECC is very appealing for a variety of structural applications, including those that call for 219 
improved seismic performance, due to its high ductility. Rational approaches to structural 220 
design with ECC are being established by experiments and constitutive models incorpo-221 
rated into FEM codes. The long-term advantages are anticipated to propel its commercial-222 
ization worldwide, especially in nations like Japan, Korea, and the US, despite the initial 223 
raw material cost being more than that of regular concrete. In order to improve the mate-224 
rial through a constant feedback loop, ongoing R&D focuses on cutting costs, creating 225 
specific variants of ECC with special features (such light weightedness), and encouraging 226 
cooperation among all stakeholders. A decade of advancements in engineered cementi-227 
tious composites , an ultra-ductile fiber-reinforced material intended for widespread, eco-228 
nomical application in building, are reviewed by Victor C. Li. The paper details the im-229 
proved ductility, toughness, and structural performance of ECC and emphasizes the cru-230 
cial role of micromechanics in its design through an extensive review of theoretical and 231 
experimental studies. When compared to regular concrete, applications in structural sys-232 
tems, repairs, and retrofits show notable improvements in capacity, stiffness, and energy 233 
absorption. Future obstacles and chances to advance ECC development and implementa-234 
tion are also noted in the review. [16],[12] 235 

 

 

(a) (b) 
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Figure 3 a) Uniaxial tensile stress-strain curves of an ECC reinforced with 2% PVA-REC15 236 

fibers, showing high tensile ductility of about 5%.[12]. b) ECC/RC Composite Coupled 237 

Shear Walls[17] 238 

Pushover analysis is an analysis method in which the structure is subjected to increasing 239 

lateral forces with an constant height-wise distribution until a target displacement is 240 

reached [18].. The applied lateral loads were accelerations in the x direction representing 241 

the forces that would be experienced by the structures when subjected to ground shak-242 

ing[2].These parametrs gives the force- deformation potential locations such as plastic 243 

hinges in pushover analysis. As shown in Figure 4 below, five points labelled A, B, C, D, 244 

and E are used to define the force deformation behaviour of the plastic hinge, and three 245 

points labelled IO (Immediate Occupancy), LS (Life Safety) and CP (Collapse Prevention) 246 

are used to define the acceptance criteria for the hinge.[19],[20] 247 

 248 

 249 

 250 

 251 

 252 

 253 

Figure 4 Seismic demand and capacity graphs (a) safe design; (b) unsafe design [2]. c) Load –Defor-254 

mation curve[19]. d) Capacity curve, Demand Spectrum and Performance Point[1] 255 

Performance-Based Seismic Design (PBSD) is emphasized by Nishant and Siddhant Rana, 256 

who focus on the importance of examining the building inelastic behavior for better seis-257 

mic investigation. They describe how Pushover Analysis, a non-linear static technique 258 

that has been in use since the 1970s, tracks the force-displacement behavior of a structure 259 

by applying constant gravity loads and gradually rising lateral forces. This method creates 260 

capacity curves that may be compared with seismic demand, exposes the evolution of 261 

deterioration, and highlights important elements. All things considered, pushover analy-262 

sis is a useful and straightforward method for forecasting non-linear seismic behavior and 263 

directing retrofit plans for already-existing structures.[1],[3]. Following the 2003 Bou-264 

merdes earthquake, which exposed serious structural flaws, A. Kadid and A. Boumrkik 265 

examine the seismic performance of Algerian reinforced concrete frame buildings. They 266 

evaluated performance under increasing seismic demand by measuring base shear capac-267 

ity, displacement response, and hinge development on 5, 8, and 12-story frames using 268 

nonlinear static pushover analysis. The findings demonstrate that well-designed frames 269 

can function satisfactorily, although poor material quality and weak-column/strong-beam 270 

pairings were the main causes of reported failures. In order to fully comprehend the gen-271 

eral behavior of RC frame buildings in Algeria, the study emphasizes the necessity for 272 

more case studies.[2],[21] 273 

Jhon In his analysis of current developments in seismic retrofitting, Philip P. Camayang 274 

highlights the significance of this technique for improving the resilience of buildings in 275 

seismically active areas. In addition to machine learning and sophisticated modeling for 276 
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optimal design, the study looks at contemporary methods such as FRP composites, con-277 

crete jacketing, steel bracing, and new materials like shape memory alloys. Results show 278 

that these techniques greatly increase structural strength and lessen seismic damage. All 279 

things considered, the analysis reaffirms the need for creative retrofitting techniques to 280 

fortify both modern and historic structures.[5] 281 

4. Comparison 282 

Table 4. Summary of the Literature Review papers 283 

5. Conclusions 284 

After reviewing all important aspects related to material and new innovations tech-285 

niques it is recommended that the high use of the performance materials like FRP and 286 

ECC, which enhance the ductility ,corrosion resistance and energy dissipation while de-287 

creasing the environmental impacts and increase the service life. Although both Fiber-288 

Reinforced Polymer (FRP) and Engineered Cementitious Composite (ECC) are advanced 289 

building materials, their performance, behavior, and composition are different. FRP is a 290 

lightweight, corrosion-resistant composite with a very high tensile strength that is perfect 291 

for retrofitting or strengthening structures. It is built from fibers (such as carbon or glass) 292 

inserted in a polymer matrix. Conversely, ECC is a unique kind of fiber-reinforced con-293 

crete that is intended to have ductile, crack-controlled behavior; it may experience signif-294 

icant deformation without failing and produces numerous tiny microcracks rather than 295 

massive ones. When comparing the two, ECC offers better flexibility and crack-control 296 

Researchers Focus Area Analysis Method 
Seismic Perfor-

mance Outcomes 

Sustainability 

Benefits 

Li (2003)  

ECC for struc-

tural & retrofit 

applications 

Experimental + 

theoretical review 

Ultra ductility, 

superior crack 

control 

Extended service 

life; reduced re-

pair demand 

Abbaszadeh & 

Chaallal (2020) 

EB FRP strength-

ening of SSWs 

Nonlinear time-

history 

Reduced residual 

drifts; improved 

self centering 

Low intrusive ret-

rofit; lightweight 

Hota & Liang 

(2017) 

FRP for resilient 

infrastructure 

Field implemen-

tation review 

Higher durability 

and performance 

in harsh condi-

tions 

Low embodied 

energy; corrosion 

free 

Ortiz et al. 

(2024) 

FRP RSC durabil-

ity under envi-

ronmental loads 

Durability review 

≤20% strength re-

duction under ex-

posure 

Increased longev-

ity of RC ele-

ments 

Vielma-Perez et 

al. (2018) 

FRP seismic ret-

rofit of RC build-

ings 

NL static + dy-

namic 

Increased global 

building resili-

ence 

Reduced demoli-

tion waste; low 

added mass 

Rana & Rana 

(2021) 

Performance 

based pushover 

methodologies 

Review + model-

ing assessment 

Accurate damage 

prediction and 

capacity evalua-

tion 

Optimization re-

duces material 

use 

Kadid & Boum-

rkik (2008) 

RC frame seismic 

performance (Al-

geria) 

Pushover analy-

sis 

Good response 

when ductile de-

tailing present 

Prevents failures  

lower reconstruc-

tion needs 

Camayang 

(2022) 

Innovative retro-

fit technologies 

Comprehensive 

review 

Improved struc-

tural strength and 

failure mitigation 

Supports sustain-

able adaptive re-

use 
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capabilities, while FRP typically delivers stronger tensile strength and outstanding lon-297 

gevity because of its corrosion resistance. [22],[23].Compared to FRP products, which are 298 

often made worldwide, ECC is more specialized and less readily available. Futhermore 299 

ECC is the superior option for long-term durability in cement-based structures because of 300 

its remarkable crack resistance, whereas FRP is the superior option for pure strength, 301 

lightweight application, and wide availability. Secondly, Pushover and nonlinear time 302 

history simulations allow for performance based design strategies for optimal and effec-303 

tive strengthening solutions, as well as accurate assessment of damage progression. 304 

1. Abbreviations 305 

The following abbreviations are used in this manuscript: 306 

FRP Fibre reinforced concrete  

ECC Engineered Cementitious composite 

PBSD Performance Based Design  

IO Immediate occupancy 

LS Life Safety  

CP Collapse Prevention 

 307 
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