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Abstract 

Retrofitting reinforced concrete (RC) slabs is crucial for enhancing their flexural strength, ductility, and durability, 

particularly in aging or seismically deficient structures. This study aims to evaluate and compare the effectiveness of three 

retrofitting techniques: steel plate bonding, carbon fiber reinforced polymer (CFRP) sheets, and engineered cementitious 

composites (ECC) with expanded steel mesh in improving the structural behavior of RC slabs. The research integrates both 

experimental testing and numerical analysis using ABAQUS finite element modeling to assess load–deflection behavior, 

failure mechanisms, and strength enhancement. The findings revealed that the use of CFRP sheets and ECC with expanded 

mesh significantly improved the slabs’ structural performance, increasing ultimate load capacity by up to 58% and ductility 

by more than 40% compared to the control specimens. Conversely, steel plate retrofitting showed inferior performance due 

to inadequate interfacial bonding. The numerical results exhibited strong agreement with the experimental data, with an 

average FEM-to-test ratio of 1.04. The study highlights the superior efficiency of CFRP and ECC techniques in strengthening 

RC slabs, offering enhanced deformation capacity, energy dissipation, and overall seismic resilience, which contributes to 

the ongoing development of sustainable and high-performance rehabilitation strategies for concrete structures. 

Keywords: Retrofitting; Steel Plates; CFRP; ECC; Structural Sustainability; Finite Element Modeling. 

 

1. Introduction 

Reinforced concrete (RC) slabs are fundamental structural components extensively used in buildings, bridges, and 
various infrastructure systems. However, over time, these slabs may suffer deterioration due to aging, environmental 

exposure, or increasing service loads, which compromises their strength and serviceability. Consequently, retrofitting 

and strengthening techniques have become essential for restoring or enhancing the structural performance of such 
members, particularly in terms of load-carrying capacity, ductility, and durability. Previous research has focused on 

different strengthening strategies such as externally bonded steel plates and carbon fiber reinforced polymer (CFRP) 

composites [1]. More recently, engineered cementitious composites (ECC) have also attracted growing interest as an 
innovative material for structural rehabilitation [2]. These external bonding and overlay methods are designed to improve 
structural integrity and extend the service life of deteriorated concrete elements, especially RC slabs. 

1.1. Overview of Retrofitting Techniques 

1.1.1. Steel Plate Reinforcement 

Among traditional strengthening methods, the use of externally bonded steel plates has long been recognized for its 

ability to enhance the flexural and shear capacities of RC members [3-5]. Steel plates offer several advantages, including 
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high tensile strength, ductility, and ease of installation, making them suitable for projects requiring rapid or large-scale 

retrofitting. However, limitations such as corrosion susceptibility, added self-weight, and the need for surface 

preparation and mechanical anchorage have restricted their long-term application [6-8]. Several studies have explored 
improvements in surface bonding, protective coatings, and hybrid steel–composite systems to mitigate these drawbacks 

[9-11]. Despite these efforts, steel retrofits remain prone to environmental degradation, motivating the exploration of 
more durable and lightweight alternatives [12, 13]. 

1.1.2. Carbon Fiber Reinforced Polymer (CFRP) 

The advent of CFRP composites has revolutionized structural retrofitting due to their high strength-to-weight ratio, 

corrosion resistance, and ease of handling [14]. CFRP sheets, laminates, and rods are widely applied on the tension side 

of RC slabs using epoxy adhesives, substantially increasing flexural and shear capacities without adding significant dead 

load [15, 16]. Numerous studies have demonstrated that CFRP strengthening enhances load-bearing capacity, ductility, 

and crack control, especially in seismic regions [17-19]. Moreover, advances in adhesive and anchorage systems have 

minimized debonding issues, while modeling and finite element simulations have confirmed the accuracy of CFRP 

performance predictions [20-22]. Comparative investigations have further shown that CFRP can improve flexural 

strength by up to 82% relative to control specimens [18], while remaining more lightweight and durable than steel plate 

systems [23-25]. Despite these advantages, CFRP retrofits can face limitations related to cost, surface preparation, and 

long-term environmental exposure, emphasizing the need for continued material and method optimization [26-28]. 

1.1.3. Engineered Cementitious Composites (ECC) 

In recent years, Engineered Cementitious Composites (ECC) and similar cement-based systems such as Composite 

Reinforced Mortars (CRM) have emerged as promising alternatives for strengthening RC structures [29, 30]. ECC 

exhibits strain-hardening behavior and multiple micro cracking, which significantly enhance ductility, toughness, and 

energy dissipation compared to conventional concrete [31-33]. Its self-healing ability through calcium carbonate 

precipitation in fine cracks contributes to improved long-term durability and reduced maintenance [34, 35]. Studies have 

shown that ECC overlays or combined ECC–FRP systems effectively enhance flexural and shear performance of RC 

elements [36-38]. Additionally, ECC demonstrates superior thermal resistance and better compatibility with concrete 

substrates than FRP, making it advantageous in repair and rehabilitation applications [39-41]. These benefits make ECC 

a sustainable and efficient material for strengthening slabs and other critical infrastructure. 

1.2. Research Gap and Motivation 

Although extensive research has been conducted on the strengthening of RC elements using steel plates, CFRP 

composites, and ECC materials, the existing literature still reveals several critical gaps. Most prior investigations have 

focused primarily on RC beams, with limited direct comparison among these three techniques when applied to RC slabs 

[42]. Furthermore, few studies have examined the combined structural response, ductility behavior, and long-term 

durability of these systems under similar boundary and loading conditions. In addition, standardized design 

recommendations for slab retrofitting remain insufficient, particularly regarding the selection of the most effective and 

sustainable technique for practical implementation. 

1.3. Objectives and Novelty 

To address these gaps, the present study experimentally and numerically investigates and compares the flexural 

performance of RC slabs retrofitted using three distinct techniques: steel plate reinforcement, CFRP sheets, and ECC 

with expanded mesh. The research aims to evaluate the relative effectiveness of these methods in terms of load capacity, 

ductility, and energy dissipation, as well as to validate finite element modeling using ABAQUS against experimental 

results. By conducting a direct comparison among the three strengthening methods under consistent conditions, this 

work contributes new insights into the optimal retrofitting strategy for RC slabs, providing a foundation for more reliable 

and sustainable rehabilitation design in reinforced concrete structures. 

2. Research Significance and Objectives 

The significance of this research lies in providing a systematic comparison of three widely adopted retrofitting 

techniques: steel plates, CFRP, and ECC for reinforced concrete slabs. Unlike most previous studies that focused on a 

single material or application method, this work combines both experimental investigations and numerical modeling to 

evaluate their effectiveness under similar conditions. The main objectives are: 1) To experimentally evaluate the flexural 

performance of RC slabs retrofitted with steel plates, CFRP, and ECC. 2) To develop and validate finite element models 

for predicting the behavior of retrofitted slabs. 3) To compare the advantages and limitations of each technique in terms 

of strength, ductility, and durability. 4) To recommend the most effective retrofitting approach for enhancing the service 

life of RC slabs. It should be noted that this study was limited to short-term monotonic testing. The long-term durability 

of ECC and CFRP systems under environmental and cyclic loading conditions warrants further investigation to validate 

their sustained performance in real service environments. The overall research procedure followed in this study is 

illustrated in Figure 1. 
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Figure 1. Research methodology flowchart 

3. Program of Research 

The experimental investigation focused on assessing the effectiveness of various retrofitting techniques for 

reinforced concrete slabs. The study involved the application of three distinct retrofitting methods: steel plates, CFRP 

Sheets, and ECC mortar. Initially, control specimens in the form of untreated concrete slabs were prepared and subjected 

to baseline testing. Subsequently, the slabs were retrofitted using each of the three techniques. Steel plates were 

adhesively bonded to the surface of selected slabs to enhance their load-carrying capacity. Carbon fiber plates were 

similarly bonded to the surface, providing high tensile strength and flexural reinforcement due to their excellent 

mechanical properties. Additionally, ECC mortar was applied as an overlay or embedded reinforcement layer to improve 

the ductility and crack resistance of the slabs. The retrofit processes involved surface preparation, application of bonding 

agents where necessary, and the proper placement of reinforcement materials. In the initial stage of the experimental 

program, ten concrete slabs with dimensions of 1000 mm × 500 mm × 50 mm were cast using a conventional concrete 

mixture (CO), with variations in steel reinforcement ratios. Five slabs were reinforced with 5 Ø 6 mm bars, and the 

remaining five with 5 Ø 8 mm bars, corresponding to steel reinforcement ratios of 0.282% and 0.502%, respectively.  

After a curing period of 28 days, two slabs were tested to failure to establish the baseline behavior of un-strengthened 

specimens. The remaining eight slabs were randomly allocated to different retrofitting groups to minimize selection bias 

and ensure statistical reliability. Prior to retrofitting, these slabs were preloaded to approximately 70% of their ultimate 

failure load to simulate service-induced damage and flexural cracking typically observed in existing reinforced concrete 

elements. This preloading level was selected to induce initial cracking and moderate stiffness degradation without 

causing severe structural distress, thereby replicating realistic field conditions of in-service members commonly targeted 

for strengthening [43-46]. Subsequently, three retrofitting techniques were implemented: bonding of steel plates, 

application of carbon fiber-reinforced polymer (CFRP) laminates, and overlaying with an engineered cementitious 

composite (ECC) layer. 

4. Experimental Program 

4.1. Materials for Casting and Retrofitting 

Two types of mixtures were employed in this study. The first was conventional concrete (CO), which was used to 

cast the initial slabs. The mix consisted of OPC, sand, dolomite, and water, with proportions of 350, 600, 1200, and 175 

kg/m³, respectively. The second was Engineered Cementitious Composite (ECC) mortar, applied as a retrofitting layer 

for selected slabs (S1-E, S1-EM, S2-E, and S2-EM). The ECC mix contained sand (571 kg/m³), OPC (643 kg/m³), 

GGBFS (577 kg/m³), water (330 kg/m³), SP (14.8 kg/m³), and polypropylene fibers (27.3 kg/m³). The ECC mixture 

proportions were designed following micromechanical design principles and previous studies [47-50]. The fiber volume 

fraction (2%) was selected to achieve the desired strain-hardening and multiple-cracking behavior while maintaining 
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workability. Ground granulated blast furnace slag (GGBFS) was incorporated as a partial cement replacement (47%) to 

enhance environmental sustainability and optimize the strength–ductility balance. These parameters were adopted based 

on literature evidence demonstrating that moderate GGBFS content and controlled fiber volume fractions lead to 

superior tensile ductility and crack control in ECC mixes.  

The particle size distribution of the fine and coarse aggregates used in the concrete mix is illustrated in Figure 2. The 

gradation curves were obtained through standard sieve analysis according to ASTM C136.In addition to the concrete 

mixtures, two external reinforcement materials were utilized. Steel sheets with a thickness of 1 mm, ultimate tensile 

strength of 310 MPa, and modulus of elasticity of 230 GPa were obtained from Modern Construction Chemicals 

Company (CMB). Carbon fiber sheets (SIKA Wrap-230C), also supplied by CMB, were employed with an ultimate 

tensile strength of 3000 MPa and modulus of elasticity of 200 GPa. 

   
a) Coarse Aggregate b) Fine Aggregate 

Figure 2. Particle size distribution (gradation) curves of fine and coarse aggregates 

4.2. Mechanical Properties of Materials 

The mechanical properties of OC and ECC were evaluated through compressive and indirect tensile (splitting) 

strength tests. Compressive strength was determined using 100×100×100 mm cubes according to ASTM C39 [38], while 

tensile strength was obtained from 100×200 mm cylindrical specimens cured for 28 days. The results indicated that 

ordinary concrete (OC) achieved a compressive strength of 20 MPa at 7 days and 25 MPa at 28 days, with corresponding 

tensile strengths of 1.2 MPa and 2.0 MPa. In contrast, engineered cementitious composite (ECC) demonstrated superior 

performance, reaching compressive strengths of 40 MPa at 7 days and 50 MPa at 28 days, along with tensile strengths 

of 4.8 MPa and 5.5 MPa, respectively. These results highlight the significantly enhanced strength and ductility of ECC 

compared to OC, justifying its selection as an effective retrofitting material. 

4.3. Preparation of Specimens 

Figure 3 illustrates the specimens utilized in the experimental investigation, consisting of ten reinforced concrete 

(RC) slabs. Each slab has a length of 1000 mm and a width of 500 mm, supported by two supports separated by a span 

of 900 mm between their centroids. According to the American Concrete Institute (ACI) 318-19 Building Code 

Requirements for Structural Concrete [34], the maximum reinforcement ratio (often denoted as ρmax) for reinforced 

concrete members, including slabs, is typically limited to prevent issues such as congestion, constructability problems, 

and excessive reinforcement leading to brittle failure. For reinforced concrete slabs, the maximum reinforcement ratio 

is generally specified as equal to 0.75ρb where ρb is balanced reinforcement equal to 0.75% according to ACI [34]. Thus, 

the maximum tension reinforcement ratio was established at approximately 0.56% in accordance with the ACI 318-19 

Code [34]. To induce the desired mode of flexural failure in the slabs, a reinforcement ratio was selected for ten slabs 

that was intentionally below this maximum value. The specimens exhibit variations in steel reinforcement ratios: five 

slabs are reinforced with five longitudinal bars of Ф6 mm diameter, corresponding to a reinforcement ratio of 0.282%, 

while the remaining five slabs are reinforced with five Ф8 mm diameter bars, corresponding to a reinforcement ratio of 

0.502% with yield strengths of 280 MPa. The specimens were cast from a single concrete batch (designated as mixture 

CO) to eliminate variability in concrete quality. The targeted compressive strength at 28 days was specified as 25 MPa. 

The quantities of the constituent materials required for producing 1 m³ of concrete are summarized in Table 1. After a 

curing period of 28 days, two slabs were subjected to loading until failure, while the other eight slabs were loaded up to 

70% of their respective ultimate failure loads. In the subsequent stage, these eight slabs, loaded to 70% of their capacity, 

underwent retrofitting using three different techniques: reinforcement with steel plates, reinforcement with carbon fiber 

plates, and application of an engineered cementitious composite (ECC) layer as illustrated in Table 1. and Figure 3. 
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(a) (b) 

Figure 3. Slabs’ details (a) S1 and (b) S2 

Table 1. Test specimens 

Group Slabs ID Longitudinal Reinforcement ρ (%) fy (MPa) Retrofitting Technique 

G1 

S1 5Ø6 mm 0.282 280 None 

S1-S 5Ø6 mm 0.282 280 Steel Plates 

S1-C 5Ø6 mm 0.282 280 CFRP 

S1-E 5Ø6 mm 0.282 280 ECC 

S1-EM 5Ø6 mm 0.282 280 ECC with welded mesh 

G2 

S2 5Ø6 mm 0.502 280 None 

S2-S 5Ø8 mm 0.502 280 Steel Plates 

S2-C 5Ø8 mm 0.502 280 CFRP 

S2-E 5Ø8 mm 0.502 280 ECC 

S2-EM 5Ø8 mm 0.502 280 ECC with welded mesh 

4.4. Description of Repair Methods 

Three strengthening techniques were adopted: steel sheets, carbon fiber-reinforced polymer (CFRP), and engineered 
cementitious composite (ECC), as illustrated in Figure. 4. In the steel and CFRP methods, strengthening was applied in 

the form of strips bonded along the longitudinal axis of the slabs with a length of 900 mm. The thicknesses and widths 
of the strips were chosen to provide comparable ultimate tensile capacities (~3000 MPa) based on the cross-sectional 

area of the strengthening materials. Steel sheet strengthening: Slabs S1-S and S2-S were retrofitted using two steel strips 
(50 mm × 1 mm) with a yield strength of 280 MPa bonded to the tensile face of each slab using Sikadur® epoxy adhesive 
(properties summarized in Table 2). CFRP strengthening: Slabs S1-C and S2-C were strengthened with SIKA Wrap-

230C CFRP strips (50 mm × 0.13 mm) bonded with Sikadur® epoxy adhesive. ECC strengthening: Slabs S1-E and S2-
E received a 20 mm ECC overlay applied in two layers, while slabs S1-EM and S2-EM incorporated a 10 × 10 mm steel 

wire mesh between the two layers. The ECC was applied over the entire tensile face after surface preparation. Table 2 
summarizes the key properties of the adhesive used. 

   

  

 

 

(a) (b) (c) 

Figure 4. Retrofitting Techniques (a) Steel Plates, (b) CFRP and (c) ECC with and without Expanded welded mesh 
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Table 2. Properties of Sikadur® Adhesives 

Property Sikadur®-31 (Structural Adhesive) 

Chemical Base Two-part epoxy resin 

Consistency Thixotropic paste (non-sag) 

Modulus of Elasticity in Tension ≈5,000 MPa (5 GPa) 

Tensile Adhesion Strength (on concrete) Not typically measured; used for structural bonding. 

Tensile Adhesion Strength (on steel) ≈15 - 20 MPa 

Compressive Strength ≈50 - 70 MPa 

Main Application Bonding concrete elements, repairing corners, filling voids, and bonding carbon fiber plates. 

4.5. Test Setup 

As illustrated in Figure 5, all specimens were tested using a 1000 kN universal testing machine. The slabs were 

simply supported over a clear span of 900 mm (Figure 5-a). The applied load was transferred through two steel plates 

spaced 300 mm apart and centered along the slab axis, ensuring symmetric loading conditions. The distance between 

the edges of the load plates and the nearest supports was maintained at 300 mm.  Deflections were continuously 

monitored using linear variable differential transformers (LVDTs). One LVDT was placed at the mid-span and another 

at one-third span (Figure 5-b). Measurements were recorded at every load increment of 0.5 kN. For each specimen, the 

load corresponding to the first visible crack was also documented. 

 

 

(a) (b) 

Figure 5. Experimental configuration of the specimen 

Un-strengthened control specimens were tested to ultimate failure. In contrast, retrofitted slabs were first loaded 

up to approximately 70% of their ultimate capacity, consistent with previous studies [43–46]. After unloading, the 

strengthening techniques described earlier were applied, and the slabs were reloaded until failure. It is worth noting 

that the appearance of the first crack marks the transition from linear-elastic to nonlinear structural behavior. 

Applying retrofitting at service-level loads (70% of ultimate) is considered more representative of realistic structural 

performance. 

5. Results and Analytical Discussion of Slab Performance 

5.1. Failure Modes and Crack Characteristics 

Crack initiation and development were systematically observed following each increment of applied load. In the 

case of the un-strengthened reference slabs, designated as S1 and S2, the first visible cracks appeared at applied 

forces of 2.2 kN and 4.7 kN, respectively, corresponding to approximately 44% and 46% of their respective collapse 

loads. As the load increased, a pattern of flexural cracking emerged at the midpoint of the slabs, with cracks 

propagating longitudinally and transversely toward the edges. Over time, these primary cracks widened and were 

accompanied by the formation of additional cracks. This progressive cracking led to a reduction in the stiffness of 

the slabs, evident through substantial central deflections occurring with only marginal increases in load near the 

ultimate capacity, around 5.0 kN for S1 and 10.2 kN for S2. The failure mode for both S1 and S2 was characterized 

as flexural failure, as illustrated in Figure 6. 
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(a) (b) 

Figure 6. Mode failure and crack pattern (a) S1 and (b) S2 

In the case of the slabs, designated as S1-S and S2-S, the first visible cracks appeared at applied forces of 2.4 kN 

and 4.0 kN, respectively, corresponding to approximately 57% and 44.44% of their respective collapse loads. During 

the loading process, elevated shear and tensile stresses developed along the interface between the steel plate and the 

concrete surface, particularly in regions of stress concentration such as load application points and the plate edges. When 

these interfacial stresses surpassed the bond strength of the adhesive, debonding initiated, as illustrated in Figure 7. The 

onset of debonding resulted in the loss of effective stress transfer by the steel plate, leading to a significant decrease in 

the retrofit's load-carrying capacity and potentially causing abrupt structural failure. The ultimate capacity reached 4.2 

kN for S1-S and 9.0 kN for S2-S. The collapse of the slabs retrofitted with CFRP occurred as a result of fracture and 

separation within the CFRP layer. These fractures propagated, weakening the bond between the CFRP and the concrete 

substrate, leading to the eventual separation of the CFRP layer. As the CFRP layer was tensioned and peeled away from 

the slab, its capacity to reinforce and distribute loads was compromised, causing the structural integrity to deteriorate 

rapidly. For the retrofitted slabs designated as S1-C and S2-C, the initial visible cracks were observed at applied forces 

of 3.1 kN and 8.2 kN, respectively. These load levels correspond to approximately 50.8% and 50.6% of their respective 

ultimate collapse loads, which are approximately 6.1 kN for S1-C and 16.2 kN for S2-C, as shown in Figure 8. 

  

  

(a) (b) 

Figure 7. Mode failure and crack pattern (a) S1-S and (b) S2-S 

  

  

(a) (b) 

Figure 8. Mode failure and crack pattern (a) S1-C and (b) S2-C 
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The failure mechanism of retrofitted slabs reinforced with ECC mortar predominantly manifested as the 

development of a prominent crack located in the mid-span region along the transfer (longitudinal) direction, as 

shown in Figure 9. This crack indicated a localized loss of structural integrity, typically resulting from tensile stress 

concentrations that exceeded the ductile capacity of the ECC layer. The formation of such a crack disrupted the load 

transfer mechanism between the retrofitted layer and the substrate, thereby increasing the risk of brittle failure or 

collapse of the slab. In the case of the retrofitted slabs designated as S1-E and S2-E, initial visible crack initiation 

was observed at applied forces of 3.0 kN and 5.0 kN, respectively. These load levels represented approximately 

50% and 45.045% of their respective ultimate load capacities, which were approximately 6.0 kN for S1-E and 11.1 

kN for S2-E. 

  

(a) (b) 

Figure 9. Mode failure and crack pattern (a) S1-E and (b) S2-E 

The flexural failure mechanism of the slabs retrofitted with ECC mortar and expanded welded mesh was 

predominantly governed by strain localization and crack propagation under bending stresses. As the applied load 

increased, tensile stresses concentrated at the tension face of the slab, initiating micro -cracks within the ECC layer 

owing to its high strain capacity and crack control properties. In the cases of slabs S1-EM and S2-EM, micro -cracks 

were first observed at applied forces of 3.0 kN and 6.6 kN, respectively, corresponding to approximately 49.1% and 

48.5% of their respective ultimate loads. These micro -cracks gradually coalesced into a dominant crack propagating 

across the mid-span region, leading to significant weakening of the tension zone. The incorporation of expanded 

welded mesh provided additional reinforcement, aiding stress distribution and improving ductility. However, under 

excessive loading, the combined effects of crack growth in the ECC mortar and the yielding or rupture of the welded 

mesh precipitated a sudden decline in structural capacity. This failure mechanism, as depicted in Figure 10, was 

characterized by large deflections and the formation of a prominent crack across the span, ultimately resulting in 

flexural failure. 

  

(a) (b) 

Figure 10. Mode failure and crack pattern (a) S1-EM and (b) S2-EM 

5.2. Structural Response under Load and Deflection 

Figure 11. illustrates the effect of the implemented strengthening techniques on the load-deflection behavior of the 

slabs. A detailed examination of the figure indicates that the application of steel plates, as observed in slabs S1-S and 

S2-S, respectively, did not produce a significant alteration in the load-deflection response when compared to the un-

strengthened control slabs S1 and S2. This occurred due to sudden failure of the interface between the steel reinforcement 

layer and the concrete slab, primarily due to insufficient bonding of the existing bonding material. To ensure an effective 

bond between the reinforcement and the concrete substrate, it is recommended to utilize an adhesive bonding agent in 

conjunction with mechanical fastening methods such as nails. However, in this case, the use of nails was not 

implemented because the slab had prior loading history, exhibited initial cracking, and had a limited thickness. These 

factors raised concerns regarding the potential for slab fracturing during nail installation, which could adversely affect 

the integrity of the laboratory testing results. 
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(a) (b) 

Figure 11. Load–deflection behavior of the slabs: (a) Group 1 and (b) Group 2 

Conversely, S1-C and S2-C, which were retrofitted by CFRP, exhibited distinctly different load–deflection 

responses compared to the other specimens due to their flexural failure mode, as illustrated in Figure 11. The load–

deflection behavior of these two slabs can be characterized by three discernible phases: (1) the elastic (stiffest) 

stage, during which a proportional relationship was observed between the central deflection and the increment in 

applied load, extending approximately up to 37% and 42% of their respective failure loads; (2) the plateau phase, 

characterized by significant deflections with only marginal increases in applied load, which continued until reaching 

the peak load; and (3) the descending phase, marked by abrupt reductions in load-carrying capacity shortly after 

reaching the ultimate load. Notably, slabs S1-C and S2-C achieved the highest peak loads among all ten specimens, 

indicating superior flexural capacity. Similar multi-stage responses have been reported by Breveglieri & Czaderski 

[48], who observed that externally bonded CFRP laminates substantially increase both ultimate strength and post -

cracking stiffness of RC slabs, confirming that the CFRP retrofit effectively enhances load redistribution and energy 

absorption capacity. 

In contrast, slabs retrofitted with ECC mortar, either with or without expanded welded mesh, exhibited enhanced 

ductility and a smoother post-peak response, signifying improved deformability and progressive failure. The superior 

performance of ECC-based retrofits can be attributed to their inherent strain-hardening and multiple micro cracking 

behavior, which enable the material to sustain significant tensile strain while maintaining load-carrying capacity. These 

findings align with the studies of Yang et al. [49], who demonstrated that ECC overlays delay crack localization and 

significantly improve the ductility and toughness of RC members under flexural loading. When expanded welded mesh 

was embedded within the ECC layer, an even greater improvement in load-carrying capacity and ductility was recorded. 

The mesh serves as an additional reinforcement medium, enhancing tensile stress distribution and bridging wider cracks. 

This synergistic effect is consistent with the experimental results reported by Ahamed et al. [50] who found that 

combining ECC with steel or polymeric meshes can enhance both flexural resilience and energy dissipation by more 

than 50% compared to plain ECC overlays. 

Quantitatively, the maximum deflections at failure for strengthened slabs increased by 13.8–46.3% relative to 

control slab S1 and by 5.8–48% relative to control slab S2, highlighting the significant gains in deformability and 

energy absorption. However, steel plate–retrofitted slabs exhibited limited improvements, primarily due to 

premature interfacial debonding that restricted composite action. Overall, the experimental findings reinforce that 

CFRP provides the highest strength enhancement, while ECC–mesh systems deliver the most balanced 

improvement in ductility and energy absorption, demonstrating a robust retrofitting alternative for sustainable and 

resilient RC structures. 

5.3. Cracking and Load Capacity 

Figure 12 illustrates the cracking load and ultimate load capacities for the ten evaluated slabs, while Figure 13. 

emphasizes the effectiveness of the proposed strengthening techniques in restoring the capacity lost due to initial 

damage. Together, these figures highlight the improvements in strength achieved using different retrofitting 

materials. 

0

1

2

3

4

5

6

7

0 2 4 6 8 10 12 14 16 18 20

L
o

a
d

 (
 K

N
)

Deflection (mm)

S1

S1-S

S1-C

S1-E

S1-EM

0

4

8

12

16

20

0 5 10 15 20 25 30

L
o

a
d

 (
 K

N
)

Deflection (mm)

S2

S2-S

S2-C

S2-E

S2-EM



Civil Engineering Journal         Vol. 11, No. 12, December, 2025 

5265 
 

  

(a) (b) 

Figure 12. Ultimate and Cracking load (a) Group1 and (b) Group2 

 

Figure 13. Percentage increase in the ultimate load capacities of the retrofitted slabs compared to the un-retrofitted 

specimens S1 and S2 

The most effective strengthening method was the application of CFRP sheets, which resulted in strength 

enhancements of 22.0% and 58.8% relative to the control specimens with holes, S1 and S2, respectively. Moreover, 

incorporating a layer of ECC mortar combined with expanded welded mesh also yielded notable improvements in the 

ultimate load capacity, increasing it by 22% and 33% compared to the control slabs S1 and S2, respectively. 

Conversely, retrofitting the slabs with steel plates resulted in a reduction of the ultimate load capacity by 16% 

and 11.7% compared to the control slabs S1 and S2. This premature failure was attributed to inadequate bonding 

between the steel plates and the concrete slab. Therefore, enhancing the connection by incorporating mechanical 

fastening elements such as nails is recommended to improve bond quality and structural performance.   In summary, 

CFRP sheets and ECC mortar with welded mesh proved to be the most effective retrofitting methods for restoring 

slab capacity, achieving substantial improvements. Conversely, steel plate retrofitting was less effective due to 

bonding issues, highlighting the importance of proper connection techniques for successful structural 

reinforcement. 

The most effective strengthening method was the application of CFRP sheets, which produced substantial 

enhancements in ultimate load capacity 22.0% and 58.8% relative to the control slabs S1 and S2, respectively. This 

significant improvement can be attributed to the superior tensile strength, high stiffness-to-weight ratio, and strong 

adhesive bond of CFRP with the concrete substrate, which collectively improve flexural resistance and delay crack 

propagation. These findings are consistent with the results of Breveglieri & Czaderski [48], who reported strength gains 

in the range of 20–60% for CFRP-strengthened RC slabs under flexural loading. Similarly, Samarakoon et al. [46] 

observed that CFRP reinforcement effectively restrains crack growth and enhances post-yield behavior, confirming the 

efficiency of this strengthening technique for flexural applications. 
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In comparison, the use of engineered cementitious composite (ECC) mortar combined with expanded welded mesh 

also produced notable gains in ultimate load—22% and 33% relative to control slabs S1 and S2, respectively. The 

improvement stems from the strain-hardening and multiple micro cracking behavior of ECC, which provides enhanced 

tensile ductility and superior crack control. The embedded welded mesh further contributes to the load transfer and 

confinement mechanism, promoting distributed cracking and delaying failure. These synergistic effects are in agreement 

with findings by Yang et al. [49] who demonstrated that hybrid ECC–mesh retrofitting systems can increase flexural 

capacity by up to 35% while substantially improving ductility and energy absorption. 

Overall, the experimental observations confirm that CFRP remains the most effective retrofitting method in terms 

of strength enhancement, while ECC–mesh systems offer a well-balanced improvement across strength, ductility, and 

crack control—making them a promising alternative for sustainable and resilient strengthening applications. 

5.4. Ductility 

Ductility, a key parameter reflecting the structural performance under flexural loads, was quantified using the 

ductility index, defined as the ratio of the maximum mid-span deflection at failure to the deflection at steel yield [9]. 

Tables 3 and 4 present the ductility values for the control and retrofitted slabs. The results indicate that retrofitting with 

CFRP sheets and ECC mortar combined with expanded mesh positively influenced the ductility of the slabs. 

Specifically, specimens S1-C and S2-C exhibited approximately 10.2% and 3.2% higher ductility compared to S1 and 

S2, while S1-EM and S2-EM demonstrated substantial increases of 43% and 6.1%, respectively. 

Conversely, the application of steel plates for retrofitting led to a decrease in ductility of 2.4% and 8.7% relative 

to the control slabs S1 and S2, respectively. These findings   highlights that retrofitting methods such as CFRP sheets 

and ECC mortar with expanded mesh significantly improve the ductility of reinforced concrete slabs, enhancing 

their flexibility and energy absorption capacity under flexural loading. Conversely, steel plate retrofitting marginally 

reduces ductility, indicating that different strengthening techniques can have varying impacts on structural 

performance. 

5.5. Energy Absorption 

The energy absorption capacity, denoted as J and calculated as the area under the load–deflection curve, serves 

as a critical indicator of the structural resilience of the tested slabs. As shown in Tables 3 and 4, the retrofitting 

interventions with CFRP sheets and ECC mortar combined with expanded mesh significantly enhanced the energy 

absorption capacity of the slabs. Specifically, specimens S1-C and S2-C exhibited approximately 45.2% and 

95.23% increases in J compared to control specimens S1 and S2, respectively, while specimens S1-EM and S2-

EM demonstrated substantial increases of 90.7% and 97.6%, respectively. Conversely, the application of steel 

plates for retrofitting led to a decrease in energy absorption capacity by 35.9% and 34.5 % relative to the control 

specimens S1 and S2, respectively. 

Table 3. Summary of the experimental results for the tested slabs 

Group Specimen 
Cracking Stage Ultimate Stage K 

(kN/mm) 
K/K 

(control) 
J 

(kN.mm) 
Δu/Δcr 

Pcr (kN) Δcr (mm) Pu (kN) Pu/Pu (Control) Δpu (mm) 

G1 

S1 2.2 3 5 1 12.3 0.73 1 43.048 4.1 

S1-S 2.4 2.3 4.2 0.84 9.2 1.043 1.43 28.03 4.0 

S1-C 3.1 3.1 6.1 1.22 14 1.0 1.37 62.5 4.52 

S1-E 3 3.1 6 1.2 15 0.97 1.33 67.25 4.84 

S1-EM 3 3.07 6.1 1.22 18 0.98 1.34 82 5.86 

G2 

S2 4.7 6.1 10.2 1 18.91 0.77 1 127.482 3.10 

S2-S 4 5.3 9 0.88 15 0.75 0.97 83.5 2.83 

S2-C 8.2 7.5 16.2 1.59 24 1.093 1.42 248.88 3.2 

S2-E 5 5.2 11.1 1.1 20 0.96 1.24 155.1 3.85 

S2-EM 6.6 8.5 13.6 1.33 28 0.78 1.01 251.92 3.29 

Pcr: First crack load, Δcr: Deflection at the onset of first cracking Pu: Ultimate load, Δpu: Deflection at failure, K: Elastic stiffness index (kN/mm), J: Energy absorption 

capacity (kN·mm). 
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Table 4. Comparative summary of performance improvements for retrofitted slabs relative to control specimens 

Retrofitting 

Technique 

Change in Ultimate  

Strength (%) 

Change in 

Ductility (%) 

Change in Energy 

Absorption (%) 
Overall Performance Remarks 

(S1, S2) — — — Baseline specimens; early crack initiation (~44–46% of ultimate load). 

(S1-S, S2-S) ↓ 11–16% ↓ 2–9% ↓ 34–36% 
Poor bond performance led to interfacial debonding and premature failure; 

reduced ductility and energy dissipation. 

(S1-C, S2-C) ↑ 22–58.8% ↑ up to 40% ↑ up to 97% 
Highest strength gain and energy absorption; distinct three-phase load–

deflection response; failure by CFRP fracture or separation. 

(S1-E, S2-E) 
↑ Moderate  

(approx. 15–25%) 

↑ Moderate 

(~20–30%) 
↑ 40–60% 

Improved stress redistribution and controlled crack propagation; gradual 

post-peak response. 

(S1-EM, S2-EM) ↑ 22–33% ↑ up to 43% ↑ up to 97% 
Provided enhanced confinement and resilience; promoted micro-cracking 

before coalescence; best overall ductility-energy balance. 

In summary, retrofitting with CFRP sheets and ECC mortar combined with expanded mesh markedly improves the 

energy absorption capacity of reinforced concrete slabs, significantly enhancing their structural resilience. In contrast, 

steel plate retrofitting results in a substantial reduction in energy absorption, indicating that different strengthening 

methods have varying impacts on the slabs' ability to dissipate energy under load. 

5.6. Comparative Summary of Results 

Table 4 shows the comparative summary of percentage improvements in ultimate strength, ductility, and energy 

absorption for different retrofitting techniques relative to the control slabs. CFRP and ECC mesh retrofitting 

demonstrated the most significant gains in both ductility and energy dissipation, while steel plate retrofitting showed 

reduced performance due to interfacial debonding. 

Based on a combined assessment of ultimate strength, ductility, and energy absorption, the CFRP system 

demonstrated the highest overall performance, followed closely by the ECC–mesh retrofit, which offered superior crack 

control and post-peak ductility as shown in Table 5. The steel plate system ranked lowest due to premature interface 

failure and reduced overall efficiency. 

Table 5. The overall ranking of performance improvements for retrofitted slabs 

Rank Retrofitting Method Overall Performance Summary 

1 CFRP Plates Highest strength gain and energy dissipation; good ductility; efficient bond behavior until failure.  

2 ECC + Mesh Overlay Excellent ductility and energy absorption; moderate-to-high strength gain; superior crack control and post-peak resilience. 

3 Steel Plate Bonding Decreased strength, ductility, and energy capacity due to premature debonding and weak interface behavior. 

6. Numerical Study 

The theoretical framework of the present research is based on nonlinear finite element analysis (FEA) principles, 

which provide a powerful tool for understanding the flexural response and damage evolution of reinforced concrete 

(RC) slabs under strengthening and loading conditions. The adopted modeling approach relies on the continuum 

mechanics theory, where concrete and composite materials are treated as heterogeneous but isotropic media governed 

by plasticity and damage evolution laws. 

The Concrete Damage Plasticity (CDP) model is selected as the theoretical foundation to describe the inelastic 

behavior of concrete in both tension and compression, capturing stiffness degradation and post-cracking responses. The 

model accounts for the combined effects of tensile cracking and compressive crushing, allowing the simulation of 

stiffness recovery and energy dissipation during cyclic loading. The numerical modeling of retrofitted slabs integrates 

experimental parameters such as material strengths, geometry, and boundary conditions, ensuring that the theoretical 

predictions accurately reflect the real structural behavior observed in laboratory tests. 

This theoretical approach establishes a consistent framework linking the experimental investigation and the 

numerical simulation, enabling validation of the proposed retrofitting techniques and assessment of their influence on 

load-carrying capacity, deformation characteristics, and overall structural ductility. 

A numerical study was conducted using Abaqus [39] software to complement the experimental investigation of 

retrofitting RC slabs with different reinforcing strategies, including steel plates, CFRP plates, and ECC layers. Ten finite 

element models were developed to capture the nonlinear behavior of concrete and steel reinforcement. The study 

explored bond–slip behavior, load transfer, and potential failure modes such as debonding, steel plate yielding, CFRP 

plate debonding, and ECC–concrete interaction. 
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Material models accounted for concrete crushing, reinforcement yielding, and strain-hardening or damage behavior 

in the retrofit materials. The slab model simulated in Abaqus comprised ordinary concrete, ECC, steel reinforcement 

bars, steel plates, and CFRP sheets under support and loading conditions. The concrete slab and ECC layers were 

modeled using C3D8R elements, representing homogeneous solid brick elements with 8 nodes. Each node possesses 

three translational degrees of freedom, and the element utilizes reduced integration to compute the stiffness matrix 

incrementally during load application. Reinforcement bars and welded steel mesh were represented using T3D2 truss 

elements, featuring two nodes with three degrees of freedom per node. Steel plates and CFRP sheets were modeled as a 

composite layup using S4R shell elements, a 4-node doubly curved thin shell with reduced integration. Embedded 

regions were assigned to steel rebar’s within the concrete host material. The CFRP sheets were connected to the concrete 

slab via a tie constraint, with the concrete slab defined as the master surface and the CFRP sheet as the slave surface. 

A uniform mesh with a characteristic element size of 10 mm was employed across all components to achieve an 

optimal compromise between computational efficiency and solution accuracy, as illustrated in Figure 14. 

 
 

(a) Geometry of slabs and steel 

 
 

(b) Finite Element mesh 

Figure 14. Numerical model details 

6.1. Material Properties 

The compressive strength adopted for modeling the ordinary concrete in the slab is 25MPa, and the cracking 

stress is taken as 40% of the compressive strength, consistent with experimental observations. Consequently, 

concrete is represented in Abaqus with two mechanical behaviors: a linear elastic response characterized by the 

elastic modulus and Poisson's ratio, and a plastic response described in two stages—strain hardening up to the 

concrete strength followed by strain softening beyond the peak strength. The Concrete Damage Plasticity (CDP) 

model is employed to define the post-cr cracking behavior of concrete [40, 41]. The compressive stress–strain 

relationship of the concrete is formulated using the Hognestad curve, as given in Equation 1, which provides a 

reasonable fit to the experimental results. 

𝜎𝑐 = 2𝑓𝑐
′  [

𝜀𝑐

𝜀𝑐𝑜
− (

𝜀𝑐

𝜀𝑐𝑜
)

2

]  (1) 

where, 𝜎𝑐  is the concrete compressive stress at the corresponding strain (𝜀𝑐 ) in MPa, 𝜀𝑐 is the concrete strain at 

compression, and (𝜀𝑐𝑜) is the strain at the compressive strength. 

Poisson’s ratios is 0.20 for ordinary concrete (OC) and 0.18 for engineered cementitious composite (ECC). The 

Concrete Damage Plasticity (CDP) model available in ABAQUS was employed to capture nonlinear concrete behavior. 

The CDP parameters are summarized in Table 6. For reinforcing steel was Modeled as an elastic–perfectly plastic 

material with an elastic modulus of 200GPa. Longitudinal reinforcement bars were assigned to a yield stress of 280 

MPa. Ultimate Tensile Strength=310 MPa, and Modulus of Elasticity = 230 GPa of Steel plates. 

Hinged 

Support 
Embedded Longitudinal  

Steel (T3D2) 

Displacement 

Control 

Ordinary Concrete  

(C3D8R) 

Contact Interaction 
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Table 6. The CDP model's parameters for OC and ECC 

Types 
Dilation  angle  

(ψ) 

Eccentricity  

(e) 

Shape parameter 

 (Kc) 

Maximum compression   

axial/biaxial (fbo/fco) 

Viscosity   

(μ) 

OC 37 0.1 2/3 1.16 0 

ECC 39 0.1 2/3 1.16 0 

Elastic and plastic states are used to model CFRP sheets. Hashin Damage is used to determine the plastic behavior 

and Lamina type for the elastic behavior. fiber-reinforced composites' damage characteristics. The manufacturer's 

experimental values are what determine the calibrated data. Table 7 lists the CFRP sheets' mechanical characteristics. 

where μ12 is the Poison's ratio in the xy plane, G12, G13, and G23 are the shear modulus in the xy, xz, and yz directions, 

while E1 and E2 are the elastic modulus in the x and y directions [42]. 

Table 7. The CFRP sheets' mechanical characteristics when utilized in Abaqus 

Elastic 
E1(MPa) E2(MPa) µ12 G12, (MPa) G13 (MP) G23 (MPa) 

131950 9610 0.336 5280 7020 3290 

Hashin Damage 

Long. Tensile 

strength 

Long. Compressive 

strength 

Transverse 

tensile strength 

Transverse compressive 

strength 

Long. Shear 

strength 

Transverse shear 

strength 

1338 MPa 1074 MPa 71.9 MPa 231 MPa 70.2 MPa 92.5 MPa 

Plastic Damage Evolution type Energy softening linear 

Longitudinal tensile 

fracture energy 

Longitudinal compressive 

fracture energy 

Transverse tensile fracture 

energy 

Transverse compressive fracture 

energy 

340 J/m2 340J/m2 2100J/m2 2100J/m2 

Two distinct methods could be used to assess the interaction between CFRP and concrete. The overall workflow 

adopted for the finite element modeling and simulation process is summarized in Figure 15. The first took into account 

the possibilities of merging tie constraints. According to a study by Jin et al. [43], two dissimilar surfaces (master 

concrete surface, slave CFRP surface) should not move relative to one another. The cohesive zone model for this search 

was used in a simulation as the second technique. Because it prevents the transfer of tensile stresses across the interface 

by reducing the expansion of the slave surface into the master surface at the constraint points, the "hard" contact 

relationship was selected for this simulation. Table 8 is a list of the epoxy resin parameters used in this numerical 

research. 

 

Figure 15. Flowchart of the finite element modeling workflow 
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Table 8. Mechanical characteristics of the interaction between CFRP and concrete 

Normal stiffness, 

𝑲𝒏𝒏 (𝑴𝑷𝒂/𝒎) 

Shear stiffness, 

𝑲𝒔𝒔 (𝑴𝑷𝒂/𝒎) 

Shear stiffness, 

𝑲𝒕𝒕 (𝑴𝑷𝒂/𝒎) 

Normal strength, 

𝝈𝒏(𝑴𝑷𝒂) 

Shear-1 strength, 

𝝉𝒕(𝑴𝑷𝒂) 

Shear-2 strength, 

𝝉𝒔(𝑴𝑷𝒂) 

1830×103 500×103 500×103 4.05 8.782 8.782 

Normal fracture 

energy, 𝑮𝒏𝒏(𝑱/𝒎𝟐) 

1st Shear fracture 

energy, 𝑮𝒔𝒔(𝑱/𝒎𝟐) 

2nd Shear fracture 

energy, 𝑮𝒕𝒕(𝑱/𝒎𝟐) 

Benzeggagh-Kenane 

exponent, η 
Stabilization  

90 900 900 1.45 0.00001  

6.2. Results of Numerical Analysis 

This FEM technique effectively captured the nonlinear flexural response and progressive cracking of the retrofitted 

slabs. Figures 16 and 17 display the results of the slab finite element simulation, while Table 9 provides a comparative 

analysis. Key parameters, including Pu (ultimate load), and Δu (ultimate deflection), are summarized in Table 9, along 

with their mean values and standard deviations. These parameters were used to quantitatively evaluate the correlation 

between experimental data and FEM predictions. The simulated load-deflection responses represented all major 

behavioral stages observed in the experimental testing: the initial elastic stage (representing stiffness), crack initiation, 

yield progression, and ultimate failure. A close match was observed across all phases, indicating that the numerical 

model accurately represents the structural behavior of the retrofitted slabs under flexural loads. 

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

Figure 16. Load-deflection behavior for slabs in group 1 compared to experiments 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

Figure 17. Load-deflection behavior for slabs in group 2 compared to experiments 

Table 9. Comparison of the experimental and numerical results 

Group Specimen 
Pu (KN) ΔPu(mm) 

Exp. Num. Exp./ Num. Exp. Num. Exp./ Num. 

G1 

S1 5 5.1 0.98 12.3 12 1.03 

S1-S 4.2 4.3 0.98 9.2 9 1.02 

S1-C 6.1 6 1.02 14 13.5 1.04 

S1-E 6 5.8 1.03 15 14.5 1.03 

S1-EM 6.1 6 1.02 18 17.8 1.01 

G2 

S2 10.2 10.7 0.95 18.91 18 1.05 

S2-S 9 8.9 1.01 15 14.6 1.03 

S2-C 16.2 16 1.01 24 23.8 1.01 

S2-E 11.1 11 1.01 20 19.9 1.01 

S2-EM 13.6 13.1 1.04 28 28.5 0.98 

Avg    1.04   1.021 

SD    0.027   0.0196 
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The experimental data and numerical results show strong agreement. The average ratio between the FEM-predicted 
and empirically measured ultimate load is 1.005, with a standard deviation of 0.027 (Table 9), indicating that the 
proposed FEM model can accurately and reliably predict the flexural capacity of reinforced concrete retrofitting slabs. 

Moreover, the simulations accurately replicated the failure mechanisms observed in the tests. Crack propagation patterns 
and the dominant failure modes—flexural failure and debonding of CFRP and steel plates were successfully captured 

in the simulations (Figures 18 and 19). These findings validate the modeling approach for capturing both the progression 

of localized damage and the overall behavior of reinforced concrete slabs. 

(a)  (b)  

(c)  (d)  

(e)  

Figure 18. FEM failure mode of Slabs in group 1; (a) S1, (b) S1-S, (c) S1-C, (d) S1-E, and (d) S1-EM 

(a)  (b)  

(c)  (d)  

(e)  

Figure 19. FEM failure mode of Slabs in group 1; (a) S2, (b) S2-S, (c) S2-C, (d) S2-E, and (d) S2-EM 
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7. Conclusions 

Based on the analysis of the experimental results of the tested RC beams in this work, the following conclusions can 

be drawn: 

• Crack initiation and propagation: In control slabs (S1, S2), cracks initiated at ~44–46% of ultimate load, while 

strengthened slabs delayed initiation to ~45–57% depending on the technique. In CFRP-retrofitted slabs, cracks 

appeared at ~50% of failure load, whereas ECC and ECC and mesh retrofits also delayed cracking by promoting 

micro crack formation before coalescence. 

• Ultimate load capacity: CFRP retrofitting achieved the highest strength gains (22% for S1 and 58.8% for S2), 

followed by ECC mesh (22–33%), and ECC mortar alone with moderate improvement. Steel plates, however, 

reduced ultimate strength by ~11–16% due to poor bonding. 

• Failure modes: Un-strengthened slabs failed by flexural cracking; steel plate-retrofitted slabs failed by interfacial 

debonding; CFRP slabs failed by CFRP fracture/separation; ECC mortar slabs showed localized mid-span 

cracking; ECC mesh slabs exhibited mesh rupture after excessive loading. 

• Load–deflection behavior: CFRP retrofitted slabs showed a distinct three-phase response (elastic, plateau, sudden 

drop). ECC-based retrofits improved ductility and allowed gradual post-peak response, while steel plates did not 

alter control behavior due to interface failure. 

• Ductility performance: CFRP and ECC mesh improved ductility (up to 43% for S1-EM), while ECC alone also 

enhanced deformability. Steel plate retrofitting reduced ductility by 2–9%. 

• Energy absorption: CFRP and ECC mesh substantially increased energy dissipation (up to ~97% improvement), 

while steel plates decreased absorption capacity by ~34–36%. 

• Stress distribution and resilience: ECC mortar improved stress redistribution and delayed crack localization; 

combining ECC with mesh provided additional confinement and resilience under flexural loading. 

• Experimental–numerical correlation: FEM models accurately reproduced crack initiation, propagation, failure 

modes, and load–deflection responses, with an average FEM-to-test ultimate load ratio of 1.04 (SD = 0.027), 

confirming reliability of the numerical approach. 

7.1. Hypothesis Statement 

Based on the theoretical principles of composite action, bond behavior, and material constitutive characteristics, it 

was hypothesized that the performance of retrofitted RC slabs would vary significantly depending on the strengthening 

technique. Specifically, CFRP retrofitting was expected to provide the highest enhancement in ultimate load capacity 

due to its superior tensile strength and stiffness, albeit with a more brittle failure response. In contrast, engineered 

cementitious composites (ECC), owing to their strain-hardening and multiple micro cracking behavior, were anticipated 

to delay crack initiation, improve ductility, and enhance energy absorption through distributed cracking and stress 

redistribution. The integration of ECC with steel or polymer mesh was expected to further strengthen crack control and 

post-peak resilience by providing confinement and preventing crack coalescence. Conversely, slabs strengthened with 

externally bonded steel plates were hypothesized to show limited improvement or potential reduction in capacity due to 

interfacial debonding and incompatibility of stiffness between the plate and the concrete substrate. These theoretical 

expectations guided the experimental and numerical investigations and were subsequently confirmed by the observed 

improvements in cracking behavior, load capacity, ductility, and energy absorption in the strengthened slabs. 
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