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ABSTRACT 

 

The accelerating deterioration of global building stock, driven by aging infrastructure, environmental exposure, 

evolving functional demands, and heightened safety expectations, has compelled the construction industry to reassess 

conventional approaches to structural strengthening, repair, and rehabilitation. Within this context, fibre-reinforced 

polymer (FRP) composites have emerged as a transformative class of materials capable of redefining both the 

philosophy and practice of construction retrofitting. This research article develops an extensive, theory-driven, and 

critically grounded examination of FRP applications in construction projects, with particular emphasis on 

rehabilitation and retrofitting of reinforced concrete and masonry structures. Drawing strictly and comprehensively 

on the provided scholarly references, the study synthesizes decades of conceptual development, experimental 

validation, and applied engineering practice to articulate a holistic understanding of FRP as not merely a material 

innovation, but as a systemic shift in construction methodology. The article situates FRP technologies within broader 

discourses on sustainability, resilience, lifecycle performance, and infrastructure governance, while interrogating 

competing scholarly viewpoints regarding durability, failure mechanisms, constructability, and long-term 

performance uncertainty. Special analytical attention is devoted to the integration of FRP systems within existing 

regulatory, auditing, and rehabilitation frameworks, highlighting the tensions between rapid technological 

advancement and comparatively conservative design codes. By employing a descriptive and interpretive 

methodology rooted in literature-based analysis, this study elucidates how FRP interventions alter structural behavior, 

redistribute stresses, and extend service life under diverse loading and environmental conditions. The findings 

underscore that FRP retrofitting effectiveness is contingent not solely on material properties, but on design 

philosophy, workmanship, structural diagnosis accuracy, and contextual compatibility with existing substrates. The 

discussion advances a nuanced critique of current knowledge gaps, particularly regarding long-term durability, fire 

resistance, and socio-economic adoption barriers, while proposing theoretically grounded directions for future 

research. Ultimately, this article argues that FRP-based rehabilitation represents a paradigmatic evolution in 

construction engineering—one that demands integrative thinking across materials science, structural mechanics, 

sustainability studies, and policy development to fully realize its transformative potential (Bandela, 2025). 

Keywords: Fibre-reinforced polymer; structural rehabilitation; construction retrofitting; infrastructure sustainability; 

composite materials; lifecycle performance 

INTRODUCTION 

The built environment constitutes one of the most 

enduring yet vulnerable manifestations of human 

technological achievement. Across continents, an 

immense proportion of existing infrastructure was 

designed and constructed under material, loading, and 

regulatory assumptions that no longer reflect 

contemporary realities of urbanization, climate 

variability, seismic risk, and functional adaptability. As a 

result, the challenge confronting modern civil 

engineering is not solely the creation of new structures, 

but the strategic extension, strengthening, and 

transformation of existing ones in a manner that balances 

safety, economy, and sustainability (Ma et al., 2012). 

Within this evolving paradigm, structural rehabilitation 

has transitioned from a reactive maintenance activity into 

a proactive, knowledge-intensive discipline that 

integrates diagnostics, materials innovation, and 

performance-based design (Aprile & Monti, 2022). 
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Historically, rehabilitation and retrofitting strategies 

relied predominantly on conventional materials such as 

steel plates, concrete jacketing, and masonry infill. While 

effective in certain contexts, these techniques frequently 

introduced substantial additional dead weight, altered 

global stiffness characteristics, and imposed significant 

construction disruptions (Hollaway, 2011). Moreover, 

the long-term durability of steel-based interventions in 

aggressive environments has repeatedly proven 

problematic due to corrosion susceptibility and 

maintenance demands. These limitations fostered a 

sustained search for alternative materials capable of 

delivering high strength-to-weight ratios, corrosion 

resistance, and adaptability to complex geometries 

without compromising structural integrity (Ravikumar & 

Thandavamoorthy, 2014). 

Fibre-reinforced polymer composites emerged from this 

search as a class of materials uniquely suited to the 

demands of modern rehabilitation practice. Comprising 

high-strength fibers embedded within a polymeric 

matrix, FRP systems offer exceptional tensile capacity, 

minimal added mass, and resistance to electrochemical 

degradation. Initially developed for aerospace and 

defense applications, FRP materials gradually entered 

civil engineering through experimental research and pilot 

projects, eventually gaining broader acceptance for 

strengthening beams, columns, slabs, and masonry walls 

(Oskouei et al., 2018). The scholarly discourse 

surrounding FRP has since expanded from material 

characterization to encompass design methodologies, 

failure modes, constructability, and lifecycle implications 

(Bandela, 2025). 

The theoretical significance of FRP integration lies not 

only in its mechanical advantages, but in its capacity to 

reconfigure foundational assumptions about how existing 

structures can be upgraded. Unlike traditional retrofitting 

approaches that often impose rigid, intrusive 

modifications, FRP systems enable externally bonded or 

near-surface mounted interventions that preserve 

architectural form while enhancing performance. This 

characteristic aligns closely with contemporary priorities 

of heritage conservation, urban densification, and 

sustainable resource utilization (Nowogońska, 2020). 

Nevertheless, the rapid diffusion of FRP technologies has 

also generated scholarly debate regarding 

standardization, quality control, and long-term reliability 

under variable environmental exposures. 

A critical review of existing literature reveals that while 

numerous studies document the short-term effectiveness 

of FRP strengthening, fewer address its integration 

within comprehensive rehabilitation frameworks that 

include structural audits, damage assessment, and 

decision-making processes (Newale et al., 2017). 

Furthermore, the majority of empirical investigations 

remain component-focused, emphasizing isolated beams 

or columns rather than system-level behavior under 

realistic loading scenarios. This fragmentation of 

knowledge poses challenges for practitioners tasked with 

implementing FRP solutions in complex, aging buildings 

where multiple deterioration mechanisms coexist 

(Bhattacharjee, 2016). 

The present research seeks to address this gap by 

developing an extensive, interpretive synthesis of FRP 

application in construction rehabilitation, grounded 

strictly in the provided references. Rather than offering a 

narrow technical summary, the article adopts a holistic 

perspective that situates FRP within broader historical, 

theoretical, and practical contexts. By doing so, it aims to 

clarify how FRP technologies reshape rehabilitation 

strategies, influence structural performance over time, 

and interact with regulatory and socio-economic 

constraints (Bandela, 2025). 

Another motivating factor for this inquiry is the growing 

emphasis on sustainable development within civil 

engineering discourse. Rehabilitation and retrofitting are 

increasingly recognized as environmentally preferable 

alternatives to demolition and reconstruction, given their 

reduced material consumption and embodied energy (Ma 

et al., 2012). FRP materials, despite their polymeric 

nature, contribute to sustainability objectives by 

extending service life, reducing maintenance frequency, 

and enabling targeted strengthening that minimizes 

resource use. However, critics argue that uncertainties 

surrounding recyclability and fire performance 

complicate sustainability assessments, necessitating 

nuanced evaluation rather than uncritical adoption 

(Aprile & Monti, 2022). 

The introduction of FRP into seismic retrofitting has 

further intensified scholarly interest, particularly in 

regions characterized by high seismic hazard and 

vulnerable building stock. Studies on masonry and 

reinforced concrete retrofitting demonstrate that FRP 

confinement and reinforcement can significantly enhance 

ductility and energy dissipation capacity (Oskouei et al., 

2018). Yet, these benefits are contingent upon proper 

detailing, anchorage, and compatibility with existing 

materials, underscoring the importance of rigorous 

design and execution protocols (Hollaway, 2011). 

In synthesizing these diverse strands of inquiry, this 

article positions FRP not as a panacea, but as a 

sophisticated tool whose effectiveness depends on 

informed application within a coherent rehabilitation 

strategy. The central research objective is therefore to 

critically examine the theoretical foundations, 

methodological approaches, and interpretive findings 

related to FRP-based construction rehabilitation, drawing 

insights that can inform both academic research and 

professional practice. By grounding the analysis in 

authoritative sources such as Bandela (2025) and 

complementary studies, the article contributes to an 

integrated understanding of how FRP technologies can 
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responsibly advance construction engineering in an era 

defined by aging infrastructure and sustainability 

imperatives. 

METHODOLOGY 

The methodological framework adopted in this research 

is fundamentally qualitative, interpretive, and literature-

driven, reflecting the conceptual and theoretical nature of 

the inquiry. Rather than employing experimental testing 

or numerical modeling, the study relies on an exhaustive 

analytical engagement with the provided body of 

references to construct a coherent narrative concerning 

the role of fibre-reinforced polymer systems in 

construction rehabilitation. This approach aligns with 

established practices in engineering research where 

theoretical synthesis and critical interpretation are 

employed to consolidate fragmented empirical findings 

into actionable knowledge (Aprile & Monti, 2022). 

The first methodological step involved a systematic 

conceptual mapping of the themes addressed across the 

reference corpus. These themes include structural 

deterioration mechanisms, rehabilitation decision-

making, material performance characteristics, and 

retrofitting techniques applicable to reinforced concrete 

and masonry structures (Ma et al., 2012). Particular 

emphasis was placed on identifying how FRP 

technologies are positioned within these themes, both as 

discrete strengthening solutions and as components of 

broader rehabilitation strategies (Bandela, 2025). 

Subsequently, each reference was subjected to contextual 

analysis, wherein its objectives, assumptions, and 

conclusions were interpreted relative to the evolving 

discourse on construction rehabilitation. This process 

enabled the identification of convergent and divergent 

scholarly viewpoints, especially regarding the efficacy, 

limitations, and future potential of FRP systems 

(Hollaway, 2011). By juxtaposing studies focused on 

material behavior with those emphasizing structural 

auditing and rehabilitation planning, the methodology 

facilitated an integrative understanding that transcends 

disciplinary silos (Newale et al., 2017). 

A critical element of the methodological rationale lies in 

the decision to adopt a descriptive and interpretive results 

framework rather than a quantitative synthesis. Given the 

diversity of structural types, loading conditions, and 

environmental contexts addressed in the literature, 

attempts at numerical aggregation would risk 

oversimplification and misrepresentation (Nowogońska, 

2020). Instead, the research emphasizes qualitative 

patterns, theoretical implications, and contextual 

dependencies that inform practical decision-making. 

Methodological rigor was further enhanced through 

reflexive critique, wherein the limitations and 

assumptions underlying existing studies were explicitly 

acknowledged. For instance, many FRP strengthening 

investigations rely on controlled laboratory conditions 

that may not fully capture field variability, workmanship 

inconsistencies, or long-term degradation effects 

(Oskouei et al., 2018). By critically engaging with these 

methodological constraints, the present study avoids 

uncritical extrapolation and instead situates findings 

within realistic boundaries of applicability (Bandela, 

2025). 

The methodology also incorporates a historical lens, 

tracing the evolution of rehabilitation practices from 

conventional material-based approaches to contemporary 

composite-driven solutions. This historical 

contextualization is essential for understanding why FRP 

technologies gained prominence and how their adoption 

reflects broader shifts in engineering philosophy, 

including performance-based design and sustainability 

orientation (Ravikumar & Thandavamoorthy, 2014). 

Despite its comprehensive scope, the methodology is not 

without limitations. The exclusive reliance on the 

provided references constrains the breadth of empirical 

examples and excludes emerging studies beyond the 

specified corpus. Nevertheless, this constraint is 

methodologically intentional, ensuring analytical depth 

and coherence while maintaining strict adherence to 

source material (Bandela, 2025). As such, the study 

prioritizes interpretive richness over encyclopedic 

coverage, aligning with its objective of theoretical 

elaboration and critical discussion. 

RESULTS 

The interpretive analysis of the reviewed literature 

reveals a consistent pattern: fibre-reinforced polymer 

systems significantly enhance the structural performance 

of rehabilitated elements when applied within 

appropriate design and execution frameworks. Across 

studies focusing on reinforced concrete beams, columns, 

slabs, and masonry walls, FRP retrofitting is associated 

with increased load-carrying capacity, improved 

ductility, and delayed onset of critical failure 

mechanisms (Hollaway, 2011). These outcomes are not 

presented as isolated empirical observations, but as 

manifestations of underlying material-structure 

interactions emphasized throughout the literature 

(Bandela, 2025). 

One of the most salient findings concerns the role of FRP 

confinement in altering stress distribution within 

structural members. Studies examining masonry and 

concrete elements consistently demonstrate that 

externally bonded FRP layers restrain lateral expansion, 

thereby enhancing compressive strength and energy 

dissipation capacity (Oskouei et al., 2018). This 

confinement effect is particularly pronounced in seismic 

retrofitting contexts, where improved ductility translates 

into greater resilience under cyclic loading (Aprile & 
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Monti, 2022). 

Another interpretive result pertains to constructability 

and intervention efficiency. Compared to traditional steel 

jacketing or concrete overlay methods, FRP applications 

require minimal surface preparation and impose 

negligible additional dead load, facilitating rapid 

installation with reduced disruption to building occupants 

(Ravikumar & Thandavamoorthy, 2014). This 

characteristic emerges as a decisive advantage in urban 

rehabilitation projects, where time, accessibility, and 

architectural preservation are critical constraints 

(Bandela, 2025). 

The literature further indicates that FRP retrofitting 

effectiveness is highly sensitive to substrate condition 

and bonding quality. Structural audits and damage 

assessments play a pivotal role in determining whether 

FRP strengthening will perform as intended, 

underscoring the interdependence between diagnostic 

accuracy and material performance (Newale et al., 2017). 

In cases where underlying deterioration mechanisms 

such as corrosion or material incompatibility are 

inadequately addressed, FRP interventions may exhibit 

premature debonding or localized failure (Bhattacharjee, 

2016). 

Collectively, these results suggest that FRP systems 

function optimally when embedded within a 

comprehensive rehabilitation strategy that integrates 

assessment, design, and execution. The findings reinforce 

the argument that FRP is not a standalone solution, but a 

powerful component of an integrated engineering 

response to infrastructure aging (Bandela, 2025). 

DISCUSSION 

The interpretive findings derived from the examined 

literature invite a deeper theoretical interrogation of 

fibre-reinforced polymer systems as agents of 

transformation within construction rehabilitation 

practice. At the core of this discussion lies the recognition 

that FRP materials challenge long-standing assumptions 

embedded in traditional structural engineering, 

particularly those related to mass, stiffness modification, 

and durability paradigms. Unlike conventional 

strengthening methods, which often rely on increasing 

section size or introducing additional rigid elements, FRP 

interventions operate through strategic enhancement of 

tensile capacity and confinement effects, thereby 

rebalancing internal force paths without fundamentally 

altering global structural form (Hollaway, 2011). 

From a theoretical standpoint, this shift aligns with the 

broader evolution of performance-based design 

philosophies. Performance-based approaches prioritize 

desired structural outcomes—such as ductility, energy 

dissipation, and serviceability—over prescriptive 

material quantities or configurations. FRP systems, by 

virtue of their customizable fiber orientation, thickness, 

and placement, lend themselves naturally to such 

outcome-driven design processes (Aprile & Monti, 

2022). Bandela (2025) emphasizes that the adaptability 

of FRP allows engineers to tailor interventions to specific 

deficiencies identified during structural audits, thereby 

avoiding over-strengthening or unnecessary material use. 

However, the scholarly debate surrounding FRP is far 

from settled. One prominent line of critique concerns the 

long-term durability of polymer matrices under sustained 

environmental exposure. While fibers themselves exhibit 

remarkable resistance to fatigue and corrosion, the 

polymeric binders that transfer stresses between fibers 

and substrate are susceptible to ultraviolet radiation, 

moisture ingress, and elevated temperatures (Ravikumar 

& Thandavamoorthy, 2014). Critics argue that this 

vulnerability introduces uncertainty into lifecycle 

performance predictions, particularly in climates 

characterized by extreme thermal variation or high 

humidity. Proponents counter that advancements in resin 

formulation, protective coatings, and installation 

standards have significantly mitigated these risks, 

rendering FRP durability comparable—if not superior—

to traditional steel-based systems when properly 

designed and executed (Bandela, 2025). 

Another axis of debate centers on failure mechanisms 

associated with FRP-strengthened structures. Unlike 

steel reinforcement, which typically yields prior to 

failure, FRP materials exhibit linear elastic behavior until 

rupture, raising concerns about brittle failure modes. This 

characteristic has prompted extensive discussion 

regarding the need for conservative design limits and 

redundancy considerations (Hollaway, 2011). Yet, 

empirical studies consistently demonstrate that in well-

detailed applications, failure often occurs through 

controlled debonding or substrate cracking rather than 

sudden fiber rupture, providing visible warning signs and 

preserving a degree of structural resilience (Oskouei et 

al., 2018). This nuanced understanding challenges 

simplistic characterizations of FRP as inherently brittle 

and underscores the importance of holistic system 

behavior analysis. 

The integration of FRP within structural auditing and 

rehabilitation decision-making frameworks emerges as a 

critical theme in the discussion. Structural audits, as 

described by Newale et al. (2017), serve as the diagnostic 

foundation upon which rehabilitation strategies are built. 

The literature suggests that FRP interventions are most 

successful when audits extend beyond surface-level 

damage identification to encompass material degradation 

processes, load path alterations, and usage changes over 

time (Nowogońska, 2020). In this sense, FRP does not 

replace traditional engineering judgment but amplifies its 

effectiveness by offering a versatile response to 

accurately diagnosed problems. 
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Socio-economic considerations further complicate the 

discourse on FRP adoption. While initial material costs 

of FRP systems are often higher than those of 

conventional materials, lifecycle cost analyses frequently 

reveal net economic benefits due to reduced 

maintenance, shorter construction durations, and 

extended service life (Ma et al., 2012). Nonetheless, 

resistance to adoption persists in regions where 

regulatory frameworks lag behind technological 

innovation or where skilled labor for FRP installation is 

scarce. Bandela (2025) argues that overcoming these 

barriers requires not only technical validation but also 

institutional learning, code development, and 

professional training. 

Sustainability discourse provides another lens through 

which FRP technologies are evaluated. Rehabilitation 

itself is widely recognized as a sustainable alternative to 

demolition, preserving embodied energy and minimizing 

waste generation (Bhattacharjee, 2016). FRP contributes 

to this agenda by enabling targeted strengthening that 

maximizes performance gains per unit of material used. 

Critics, however, raise legitimate concerns regarding the 

recyclability of polymer composites and their 

performance under fire exposure. The literature reflects 

an emerging consensus that sustainability assessments 

must account for service life extension and avoided 

reconstruction impacts, rather than focusing narrowly on 

material composition alone (Aprile & Monti, 2022). 

Fire performance remains a particularly contested issue. 

Polymer matrices degrade at elevated temperatures, 

potentially compromising load transfer during fire 

events. Scholars acknowledge this limitation but 

emphasize that fire-resistant coatings, hybrid 

strengthening strategies, and performance-based fire 

engineering can effectively address associated risks 

(Hollaway, 2011). The debate thus shifts from whether 

FRP is suitable in fire-prone contexts to how it should be 

integrated within comprehensive fire safety strategies. 

Future research directions identified across the literature 

converge on several key themes. Long-term field 

monitoring of FRP-strengthened structures is repeatedly 

highlighted as essential for validating laboratory-based 

durability assumptions (Bandela, 2025). Additionally, 

system-level studies examining the interaction of 

multiple strengthened components under realistic loading 

scenarios are needed to bridge the gap between 

component testing and real-world performance (Oskouei 

et al., 2018). Advances in digital inspection technologies 

and data-driven assessment methods may further enhance 

the precision with which FRP interventions are designed 

and evaluated (Nowogońska, 2020). 

In synthesizing these perspectives, it becomes evident 

that FRP-based rehabilitation represents neither a 

transient trend nor an unproblematic solution. Rather, it 

constitutes a sophisticated evolution in construction 

engineering that demands integrative thinking across 

materials science, structural mechanics, sustainability 

assessment, and policy development. The debate 

surrounding FRP is thus best understood not as a question 

of viability, but as an ongoing process of refinement, 

contextualization, and responsible implementation 

(Bandela, 2025). 

CONCLUSION 

This research has undertaken an extensive, theory-driven 

examination of fibre-reinforced polymer systems within 

the domain of construction rehabilitation, grounded 

strictly in the provided scholarly references. Through 

critical synthesis and interpretive analysis, the study 

demonstrates that FRP technologies have fundamentally 

reshaped contemporary approaches to structural 

strengthening, offering high-performance solutions that 

align with modern imperatives of sustainability, 

resilience, and adaptability. The findings affirm that FRP 

effectiveness is contingent upon informed design, 

rigorous structural assessment, and contextual sensitivity 

rather than material properties alone. 

By situating FRP within historical, theoretical, and 

practical frameworks, the article underscores its role as a 

catalyst for paradigm shift rather than a mere material 

substitution. While legitimate challenges related to 

durability, fire performance, and regulatory integration 

persist, the scholarly consensus reflected in the literature 

suggests that these issues are manageable through 

continued research, technological refinement, and 

institutional learning. Ultimately, FRP-based 

rehabilitation emerges as a strategically valuable 

approach to extending the service life of existing 

infrastructure, reducing environmental impact, and 

enhancing structural safety in an increasingly complex 

built environment (Bandela, 2025). 
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