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Precast concrete slabs are extensively used in construction, with Carbon Fiber Reinforced Polymer (CFRP)
laminates effectively enhancing their structural performance. This study investigates the flexural performance
of precast concrete slabs and overlays strengthened with CFRP laminates through four-point bending tests.
Four specimens were tested, including one unreinforced slab and three CFRP-strengthened slabs with varying
overlay configurations. The slabs measured 2500 mm in length, 350 mm in width, and 50 mm in thickness,
and were strengthened with CFRP alone or combined with 50 mm and 100 mm concrete overlays. Results
indicate that CFRP strengthening significantly enhanced structural performance, achieving a 195% increase
in load-bearing capacity compared to unreinforced slabs, and 296% when combined with reinforced overlays.
Increasing overlay thickness from 50 mm to 100 mm improved stiffness and reduced midspan deflection by 26%,
albeit with a slight reduction in ductility. Reinforced overlays improved load capacity by 34% and ductility by
27% compared to regular overlays. These findings highlight the effectiveness of CFRP laminates and concrete
overlays in optimizing the flexural performance of precast concrete slabs for high-performance structural
applications.
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1. Introduction

The growing demand for efficient and sustainable con-
struction underscores the importance of enhancing struc-
tural performance in precast concrete systems. Precast
concrete slabs and overlays are highly regarded for their
construction efficiency, superior quality control, and cost-
effectiveness. However, challenges such as aging materials,
increased load demands, and evolving design standards re-
quire innovative strengthening techniques to maintain and

improve structural integrity [1, 2]. Among these techniques,
CFRP laminates stand out for their exceptional strength-to-
weight ratio, corrosion resistance, and adaptability, making
them ideal for enhancing flexural performance, ductility,
and load-carrying capacity in precast and reinforced con-
crete (RC) structures [3–6].

Yee and Eng [7] demonstrated the economic and struc-
tural advantages of precast concrete, particularly in im-
proving construction efficiency. Similarly, Al-Rousan et
al. [8] This study further confirmed the effectiveness of
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CFRP laminates in enhancing the load-bearing capacity
and flexural performance of reinforced concrete elements.
The results revealed that variations in CFRP configurations-
such as unidirectional layouts, cross-ply arrangements, and
multilayer applications-significantly influenced the overall
structural behavior, particularly by increasing stiffness, de-
laying crack initiation, and controlling crack propagation.
These findings demonstrate that CFRP strengthening is a
highly efficient technique for mitigating material degra-
dation and accommodating increased service loads, while
simultaneously preserving the architectural aesthetics of
both precast and cast-in-place concrete structures. Teng
et al. [9] showed that applying CFRP laminates could in-
crease the ultimate flexural strength of RC beams by ap-
proximately 25%, depending on material configurations
and loading conditions. Similarly, Awoyera et al. [10] ob-
served a 60.76% improvement in the ultimate load capacity
of RC slabs retrofitted with CFRP laminates under con-
trolled laboratory conditions, showcasing their potential to
enhance flexural performance and reduce crack propaga-
tion. Azevedo et al. [11] further investigated fire-exposed
RC slabs strengthened with near-surface mounted (NSM)
CFRP laminates and concluded that effective fire protec-
tion measures could extend their performance to over 120
minutes under extreme conditions.

Naser et al. [12] and Ibrahim et al. [13] emphasized the
critical role of CFRP laminates in enhancing structural stiff-
ness and ductility, particularly under cyclic loading. Their
studies highlighted the effectiveness of integrating CFRP
with structural overlays to improve resistance against dy-
namic loads and reduce the risk of failure. These findings
underscore the potential of CFRP systems in addressing
both static and dynamic challenges in structural applica-
tions.

Achieving optimal performance through CFRP strength-
ening requires meticulous design and precise implemen-
tation. Mongkhonsang [14] demonstrated the utility of
finite element analysis (FEA) in predicting stress redistri-
bution and failure modes in CFRP-strengthened systems.
Their findings highlight the critical role of accurate design
and proper installation in ensuring the success of CFRP
retrofitting, particularly in enhancing the flexural capac-
ity and structural stability of RC elements under varied
loading conditions. Additionally, Mohammadi et al. [15]
and Amran et al. [16] emphasized the importance of thor-
ough surface preparation, proper adhesive selection, and
rigorous quality control to achieve a reliable bond between
CFRP laminates and concrete substrates, maximizing the
system’s efficiency and durability.

Recent advancements in precast concrete systems have

integrated innovative materials and techniques. The Pre-
cast Concrete Structures group [17] proposed strategies
to optimize the performance of load-bearing precast ele-
ments strengthened with CFRP, while Siddika et al. [18]
highlighted CFRP’s role in mitigating material degradation
in RC beams, extending the service life of precast elements.

CFRP systems have also demonstrated remarkable ver-
satility in addressing modern construction challenges. May
et al. [19] reported a 70% reduction in dead load with
lightweight carbon-reinforced precast elements, improving
structural efficiency. Derkowski and Surma [20] illustrated
the benefits of integrating CFRP with structural toppings,
which enhanced load distribution and composite action.
Similarly, hybrid strengthening systems combining CFRP
with sustainable materials, as explored by Awoyera et al.
[10] and Swathy et al. [21], offer costeffective and environ-
mentally friendly retrofitting approaches.

These findings underscore the need for tailored strength-
ening solutions that address diverse structural and site-
specific requirements. While previous research has ex-
tensively validated the individual benefits of externally
bonded CFRP systems for flexural strengthening and the
use of concrete overlays for enhancing slab performance,
limited attention has been devoted to the synergistic effects
of combining these two techniques, particularly within
the context of precast concrete slab systems. A signifi-
cant knowledge gap remains regarding how specific varia-
tions in overlay properties, namely thickness and reinforce-
ment detailing, influence the composite flexural behavior
of CFRP-strengthened members. This study addresses this
critical gap by systematically investigating the interplay
between externally bonded CFRP laminates and diverse
overlay configurations. Unlike prior studies, this research
provides a direct experimental comparison of varying over-
lay thicknesses ( 50 mm vs. 100 mm ) and reinforcement
types (plain vs. reinforced). By doing so, it offers novel in-
sights into optimizing the trade-off between strength, stiff-
ness, and ductility, thereby providing practical guidelines
for designing more efficient and resilient strengthening
solutions.

2. Experimental program

2.1. Specimen design

This study fabricated four slab specimens to evaluate the
flexural performance and load-bearing capacity of precast
concrete slabs strengthened with CFRP sheets under four-
point bending tests. The test setup included two wide-
flange beams serving as supports, positioned 50 mm and
2450 mm from the slab edges. Two additional wide-flange
beams were used to apply symmetrical loads around the
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midspan, with load points located at 850 mm and 1650 mm
from the edges. This configuration accurately simulated
bending behavior and allowed consistent application of
loads until failure.

The slabs, measuring 2500 mm in length, 350 mm in
width, and 50 mm in thickness, were produced in a con-
trolled factory environment to ensure precision and uni-
formity. All specimens underwent a curing process of at
least 28 days to achieve optimal compressive strength. The
specimens were prestressed with high-strength steel wires
to enhance their structural performance. External strength-
ening was applied using externally bonded CFRP sheets
(EBCFRP sheets), which were strategically placed 200 mm
from the support points on both sides to maximize their
effectiveness in flexural reinforcement.

For specimens with concrete overlays, variations in over-
lay thickness ( 50 mm and 100 mm) and reinforcement
type were incorporated to evaluate their effects on flexural
performance. Reinforced concrete overlays (RC10) were
included to provide insights into the comparative behavior
of plain and reinforced overlays. These variations were
critical for understanding the interaction between the over-
lay material, CFRP sheets, and the precast slab core under
applied loads.

The specimen labels were defined based on their config-
urations to distinguish the variations in design. PC refers
to precast slabs without overlays, serving as the control
group. PC-C5 represents slabs with a 50 mm concrete over-
lay, while PC-C10 refers to slabs with a 100 mm concrete
overlay. PC-RC10 denotes slabs with a 100 mm reinforced
concrete overlay. These labels facilitate clear identification
of each specimen and their specific configurations.

The detailed specifications and properties of the slabs
are summarized in Table 1.

This design enabled a comprehensive evaluation of the
flexural performance and loadbearing capacity of precast
concrete slabs, particularly with CFRP sheet strengthening.
The variations in overlay thickness and type provided valu-
able insights into the interactions among slab components
under load. The experimental framework, including the
test setup and specimen configurations, is illustrated in Fig-
ure 1 and Figure 2, which highlight the structural details
and loading arrangement used in the study.

2.2. Materials

The materials utilized in this study were meticulously se-
lected and prepared to ensure compatibility and reliability
in achieving the desired structural performance. All mate-
rials adhered to relevant international standards, ensuring
consistency and accuracy in the experimental results. Four

Fig. 1. Schematic representation of specimen
strengthening with CFRP sheets showing longitudinal

profile and reinforcement details.

(a)

(b)

(c)

(d)

(e)

Fig. 2. Detailed cross-sectional configurations of the tested
slabs: (a) Control slab PC; (b) Slab with 50 mm overlay

PC-C5; (c) Slab with 100 mm overlay PC-C10; (d) Slab with
reinforced 100 mm overlay PC-RC10.

precast concrete slab specimens were fabricated in a con-
trolled environment to guarantee precise dimensions and
uniform material properties. The slabs were cured for at
least 28 days to achieve the required mechanical properties.
Detailed material properties and associated standards are
presented below.

2.2.1. Concrete

The precast concrete slabs were fabricated using a custom
mix designed to meet structural performance requirements.
For specimens with concrete overlays, the mix was opti-
mized for improved workability and compatibility with the
existing slab surface. The concrete achieved a minimum



4 Sayan Sirimontree et al.

Table 1. Experimental specifications of the slabs.

Specimen Type of slab
Thickness slab

(mm)
Type of concrete overlay

Thickness
concrete
overlay
(mm)

Type of strengthening method

PC Precast 50 - - EB-CFRP sheets
PC-C5 Precast 50 Concrete overlay 50 EB-CFRP sheets

PC-C10 Precast 50 Concrete overlay 100 EB-CFRP sheets
PC-RC10 Precast 50 Reinforced concrete 100 EB-CFRP sheets

compressive strength of 28 MPa after 28 days of curing, as
verified according to ASTM C39 [22].

2.2.2. High-strength steel wires

Prestressing was achieved using high-strength steel wires
conforming to ASTM A421 [23], ensuring superior load-
bearing capacity and minimized deflection under service
loads. The high-strength steel wires used in this study had
a diameter of 4 mm and a cross-sectional area of 12.57 mm2.
These wires exhibited a tensile strength of 1, 715MPa.

2.2.3. Reinforcement in concrete overlay

The concrete overlays were reinforced using wire mesh and
plain round steel bars to enhance stress distribution, crack
control, and ductility. Wire mesh reinforcement adhered to
ASTM A185 [24], while steel bars conformed to ASTM A615
[25]. The wire mesh reinforcement used in the concrete
overlays had a diameter of 4 mm and a cross-sectional area
of 12.57 mm2. It demonstrated a yielding strength of 540
MPa , contributing to enhanced stress distribution, crack
control, and overall ductility. The plain round steel bars
used for reinforcement had a diameter of 9 mm and a cross-
sectional area of 63.6 mm2. These bars possessed an elastic
modulus of 210 GPa , with a yielding strength of 235 MPa
and a tensile strength of 385 MPa , ensuring effective load
transfer and resistance to cracking.

2.2.4. CFRP sheets

The externally bonded CFRP sheets applied for strength-
ening had a width of 50 mm and a thickness of 0.12 mm
. These sheets provided a tensile strength of 3, 100MPa,
significantly improving the tensile capacity and structural
performance of the precast concrete slabs. These sheets
complied with ASTM A370 [26].

2.2.5. Epoxy adhesive

The epoxy adhesive used for bonding the CFRP sheets had
an elastic modulus of 11.2 GPa and a tensile strength of
29 MPa . This adhesive played a crucial role in ensuring
effective load transfer between the CFRP sheets and the
concrete substrate, contributing to the overall durability
and efficiency of the strengthening system.

2.3. Strengthening process

The strengthening process follows systematic steps to en-
sure effective bonding of CFRP sheets to the concrete sur-
face, as illustrated in Figure 3. The figure highlights key
stages: surface preparation with a diamond grinder for a
smooth finish, uniform application of epoxy adhesive, and
precise placement of CFRP sheets aligned with the desig-
nated reinforcement spacing. These steps are essential to
achieving optimal adhesion and reinforcement effective-
ness, which directly impact structural performance under
loading.

The concrete surface is ground with a diamond grinder
to remove irregularities and achieve a smooth finish. This
step eliminates potential weak points, such as sharp edges
or contaminants that could impair bonding. A moisture
meter is used to ensure the surface is sufficiently dry before
proceeding to the next stage. Dust and debris generated
during grinding are removed using compressed air and
brushes, leaving a clean bonding surface.

After surface preparation, the CFRP sheets are cut to
specified lengths based on design requirements. An epoxy
adhesive, formulated for high bond strength and durability,
is applied uniformly across the prepared area. Ensuring
even adhesive coverage prevents weak spots that could
lead to delamination or reduced reinforcement efficacy. The
CFRP sheets are then carefully placed onto the adhesive-
coated surface, aligned precisely with the designated rein-
forcement spacing. Precision at this step ensures effective
load distribution and optimal structural performance [14].

For each precast slab, a single layer of CFRP sheet is
applied to reinforce critical regions, including the midspan
and areas near the support points. This configuration en-
hances flexural and shear capacity, effectively addressing
potential failure modes and optimizing slab performance
under bending loads.

Once the CFRP sheets are installed, the specimens un-
dergo a curing period of at least two weeks. This curing
process allows the epoxy adhesive to reach full strength,
ensuring a robust bond between the CFRP sheets and the
concrete. Proper curing is critical for the long-term durabil-
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ity and reliability of the strengthened specimens.

This comprehensive strengthening process ensures con-
sistent CFRP application and maximizes performance un-
der testing conditions. By adhering to these precise steps,
the study achieves reproducible results and provides valu-
able insights into the use of CFRP for structural reinforce-
ment.

Fig. 3. Procedure of the strengthening method.

Surface preparation: The concrete surface is ground
with a diamond grinder to achieve a smooth, even finish
and ensure optimal adhesion.

Epoxy application: An epoxy adhesive is uniformly ap-
plied to bond the CFRP sheets to the concrete. It is carefully
spread over the designated areas to en sure consistent cov-
erage.

CFRP placement: The CFRP sheets are placed with pre-
cision, aligned to the designed reinforcement spacing to
ensure accuracy and adherence to the structural design.

2.4. Test setup

The experimental setup for the four-point bending test, as
shown in Figure 4, was systematically designed to evaluate
the flexural performance of precast concrete slabs. The
test setup utilized two wide-flange beams functioning as
support points and two additional wideflange beams for
load application.

The support points were located at 50 mm and 2450
mm from the specimen edges, creating a clear span of 2400
mm Load points were symmetrically positioned at 850
mm and 1650 mm from the edges to ensure a uniform
bending moment within the midspan. This configuration
effectively replicated realistic structural loading conditions,
allowing for a focused evaluation of the specimens’ flexural
behavior.

A load cell was used to measure the applied force on the
specimens with high precision. To monitor deflection, a Lin-
ear Variable Differential Transformer (LVDT) was installed
at the midspan of each slab. This instrumentation provided
accurate measurements of both the applied load and the
corresponding deflection, which are critical parameters for
evaluating structural performance.

The load was applied incrementally using a hydraulic
loading system. For most specimens, the load was applied
at a rate of 1 ton per minute, ensuring a consistent and
controlled testing process. However, the first specimen was
subjected to a slower loading rate of 0.2 tons per minute
to observe its initial behavior and ensure system stability.
Loading continued until failure, providing comprehensive
data on the load-bearing capacity and failure modes of the
slabs.

The applied load and midspan deflection were recorded
in real-time using a data acquisition system, enabling
both live monitoring and detailed post-test analysis. The
collected data was processed to generate load-deflection
curves, which illustrate the relationship between applied
load and deflection. These curves highlight key metrics
such as stiffness, cracking load, and ultimate capacity.

The systematic design of the test setup ensured con-
sistency across all specimens, enabling accurate compar-
isons of their structural behavior under similar loading
conditions. The results obtained from this setup signifi-
cantly contribute to understanding the impact of different
strengthening configurations on the flexural performance
of precast concrete slabs.

Fig. 4. Experimental setup for structural testing.
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3. Results and discussions

3.1. Overall responses

3.1.1. Load and deflection

The load and deflection behavior of the four slab speci-
mens tested in this study is summarized in Table 2 and
illustrated in Figure 5. Key parameters such as cracking
load (Pcr), yield load (Pyield), and maximum load (Pmax)
were recorded along with their corresponding deflections
( ∆ Pcr, ∆ Pyield, and ∆ Pmax). The specimens were sub-
jected to four-point bending tests, and the results provide
insight into the influence of concrete overlay and reinforce-
ment with CFRP sheets. Among the specimens, PC-RC10
exhibited the highest load-carrying capacity, followed by
PC-C10, PC-C5, and PC. These results highlight the signifi-
cant role of concrete overlays and reinforcement configura-
tions in enhancing the load-bearing capacity and stiffness
of precast concrete slabs.

The specimen with reinforced concrete overlay (PC-
RC10) exhibited a maximum load 34% higher than those
with regular concrete overlays of both 50 mm and 100 mm
thickness. In comparison, the specimen without an over-
lay (PC) demonstrated a maximum load 75% lower than
PC-RC10, emphasizing the importance of overlays in en-
hancing structural performance.

In terms of deflection, PC-RC10 showed 333% less de-
formation at maximum load compared to the specimen
without an overlay (PC), underscoring its higher stiffness.
The difference in deflection between specimens with 50 mm
and 100 mm overlays was 26%, with the thicker overlay
offering greater stiffness. However, the improvement in
stiffness for the 100 mm overlay compared to the reinforced
overlay was marginal, with only a 1% difference.

Ductility, as reflected by the ductility ratio, varied sig-
nificantly among the specimens. The specimen with the 50
mm overlay (PC-C5) exhibited a ductility ratio 27% higher
than the reinforced overlay (PC-RC10), but the specimen
without an overlay (PC) demonstrated a ductility ratio 68%
lower than PC-RC10, indicating brittle behavior. These re-
sults confirm that reinforced overlays effectively balance
strength, stiffness, and deformation capacity.

3.1.2. Section analysis for composite slabs

The section analysis for composite slabs, illustrated in Fig-
ure 6, evaluates their structural performance under flexural
loading in detail. The analysis considers the contributions
of prestressing steel, cast-in-situ reinforcement, precast re-
inforcement, and EB-CFRP sheets. These materials form a
composite system comprising a precast concrete slab, an
in-situ concrete layer, and CFRP sheets on the tension face.
The study focuses on understanding the strain and stress

(a) Load-deflection relationship.

(b) Critical load parameters: Cracking load (Pcr), Yield load(
Pyield

)
, and Maximum load (Pmax).

Fig. 5. Load-deflection behavior and key load parameters.

distribution, calculating forces in individual components,
and determining the moment and ultimate load capacity,
ensuring the structural integrity and optimization of the
slab.

The strain distribution in Figure 6b follows the principle
of plane sections remaining plane after bending, resulting
in a linear strain gradient. The neutral axis divides the
section into compression and tension zones, with the upper
region of the concrete under compression and the reinforce-
ment layers below experiencing tension. The height of the
compression block ( a ) is calculated using a = β1 · c, where
β1 is a factor reflecting the concrete’s stress distribution,
and c is the depth to the neutral axis. This calculation en-
sures an accurate determination of the concrete’s effective
contribution to resisting flexural forces. The stress distribu-
tion in Figure 6c mirrors the strain profile, with compres-
sion in the upper region and tension in the reinforcement
and CFRP layers, maintaining balanced force equilibrium
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Table 2. Experimental results.

Specimen Pcr (kN) Pyield (kN) Pmax (kN) ∆Pcr (mm) ∆Pyield (mm) ∆Pmax (mm) ∆Pmax /∆Pyield (mm)
PC 2.3 17.7 30.3 3.17 48.9 97.7 2.0

PC-C5 4.3 48.0 89.3 0.42 3.8 30.1 7.9
PC-C10 8.7 55.3 89.5 0.43 4.6 22.3 4.9

PC-RC10 10.0 61.7 119.7 0.72 3.6 22.6 6.2

across the section.

Fig. 6. Cross-sectional analysis of the composite slab.

The moment capacity ( Mn ) of the composite section
integrates the contributions from all materials and is ex-
pressed as:

Mn = Fps ·
(

d1 −
a
2

)
+ Fa ·

(
d2 −

a
2

)
+ Fb ·

(
d2 −

a
2

)
+ FCFRP ·

(
d3 −

a
2

) (Eq.1)

Where d1, d2, and d3 represent the effective depths of
the prestressing steel, reinforcement, and CFRP, respec-
tively; a denotes the depth of the compression block; and
Fps, Fa, Fb, and FCFRP correspond to the forces in their re-
spective layers. These variables are crucial for calculating
the composite section’s flexural capacity, ensuring that the
contributions from all materials are accurately represented.

The forces in individual materials are determined based
on their respective stress-strain relationships. For prestress-
ing steel, the force is computed as:

Fps =

Epsεps Aps ; εps < εyps

fyps Aps ; εps ≥ εyps
(Eq.1a)

Similarly, the forces in cast-in-situ reinforcement ( Fa )
and precast reinforcement ( Fb ) are given by:

Fa =

Eaεa Aa ; εa < εya

fya Aa ; εa ≥ εya
(Eq.1b)

Fb =

Ebεb Ab ; εb < εyb

fyb Ab ; εb ≥ εyb
(Eq.1c)

The CFRP layer, unlike steel, does not yield but fails
upon reaching its ultimate tensile strength. The force in the
CFRP is calculated as:

FCFRP =

ECFRPεCFRP ACFRP ; εCFRP < εuCFRP

fuCFRP ACFRP ; εCFRP ≥ εuCFRP
(Eq.1d)

Where Eps, Ea, Eb, and ECFRP are the moduli of elastic-
ity for the prestressing steel, cast-insitu reinforcement, pre-
cast reinforcement, and CFRP, respectively; εps, εa, εb, and
εCFRP are the strains in these materials; and fyps, fya, fyb,
and fuCFRP are the yield strengths or ultimate tensile
strengths. These equations provide accurate force calcula-
tions under varying loading conditions.

The ultimate load capacity of the composite slab is cal-
culated from the moment capacity using the formula:

Load = Mn × 6
L
× 2 (Eq.2)

Where Mn is the moment capacity of the section; L is
the span length of the slab; the term 6/L represents the re-
lationship between moment and load in continuous slabs;
and the multiplier 2 accounts for both positive and neg-
ative bending moments. This formula provides a robust
framework for estimating the slab’s load-carrying capacity
under symmetrical loading.

To validate the accuracy of the proposed analytical for-
mulations, the ultimate loadcarrying capacities calculated
using Eq.1 and Eq.2, denoted as Pana , were compared with
the experimental maximum loads ( Pexp ). The material
properties used in the calculation were based on the actual
tested strengths: fpu = 1, 715MPa for prestressing wires,
f f u = 3, 100MPa for CFRP, and the yield strength of RB9
bars in the overlay. The comparison results are summarized
in Table 3.

Table 3. Comparison between experimental and analytical
ultimate loads.

Specimen Pexp (kN) Pana (kN) Ratio ( Pexp /Pana )
PC 30.3 15.2 1.99

PC-C5 89.3 48.0 1.86
PC-C10 89.5 89.0 1.01

PC-RC10 119.7 118.5 1.01
Mean 1.47

SD 0.53

The ratio of experimental to analytical values (



8 Sayan Sirimontree et al.

Pexp /Pana ) serves as an indicator of the model’s accuracy.
As shown in the table, the analytical predictions for the
thicker composite slabs are in excellent agreement with the
experimental results. Specifically, the ratio for both PC-C10
and PC-RC10 is 1.01 , demonstrating the model’s capability
to accurately capture the composite flexural behavior.

For the thinner slabs (PC and PC-C5), the model pro-
vides a conservative prediction with ratios of 1.99 and 1.86,
respectively. This apparent discrepancy is attributed to
arching action (or compressive membrane action). The thin-
ner slabs experienced significant deflection (up to 97.7 mm
for PC) prior to failure. This large deformation, combined
with the friction and restraint at the supports, allows the
formation of a compressive strut mechanism that enhances
load-carrying capacity beyond the pure flexural strength
predicted by section analysis. Consequently, the proposed
analytical method is confirmed to be effective and safe for
estimating the structural capacity of CFRP-strengthened
precast slabs.

3.1.3. Failure mode

The failure modes observed in the experiments provided
critical insights into the structural behavior and limit states
of the CFRP-strengthened specimens. For all slabs strength-
ened with CFRP (PC, PC-C5, PC-C10, and PC-RC10), the
governing failure mode was the premature debonding
of the CFRP laminate from the concrete substrate. This
debonding occurred prior to the tensile rupture of the
CFRP composite material, indicating that the ultimate ten-
sile strain of the CFRP fibers was not reached during the
tests. The failure process typically initiated with the for-
mation of flexural cracks in the concrete slab within the
constant moment region. As these cracks widened under
increasing load, they induced high interfacial shear and
normal stress concentrations at the bond line between the
concrete and the CFRP laminate. This phenomenon, known
as Intermediate Crack (IC) debonding, propagated towards
the supports, leading to the complete separation of the
laminate as shown in Figure 7a.

A detailed post-failure inspection of the fracture sur-
faces revealed a mixed-mode failure mechanism at the
interface. In certain regions, the failure occurred at the
concrete-adhesive interface, characterized by a separation
of the epoxy layer from the concrete substrate, leaving the
concrete surface relatively clean. Simultaneously, distinct
areas exhibited cohesive failure within the concrete sub-
strate. This was evidenced by a thin layer of concrete aggre-
gate and mortar remaining attached to the debonded CFRP
strip, as illustrated in the close-up view in Figure 7b. The
corresponding rough texture of the concrete surface (Figure
7c) confirms that in these locations, the bond strength of

(a) Overall view of CFRP delamination initiated by flexural cracks.

(b) Close-up of a debonded CFRP strip showing attached concrete
fragments, indicating cohesive failure within the substrate.

(c) The corresponding rough concrete surface texture after
debonding, confirming the mixed-mode nature of the interfacial

failure.

Fig. 7. Predominant failure modes observed in
CFRP-strengthened specimens.

the epoxy adhesive exceeded the tensile strength of the
concrete surface layer.
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Crucially, no cohesive failure was observed within the
adhesive layer itself, confirming that the epoxy was prop-
erly mixed and cured. The dominance of bond-related fail-
ure modes underscores that the interfacial bond strength,
rather than the tensile capacity of the CFRP material, is
the limiting factor governing the ultimate load-carrying
capacity of these strengthened precast slabs.

3.2. Effect of parameters

The results of this study highlight the significant influ-
ence of overlay thickness, overlay type, and strength-
ening method on the structural performance of CFRP-
strengthened precast concrete slabs. Increasing the thick-
ness of the concrete overlay improves stiffness and reduces
deflection, though it has diminishing effects on load ca-
pacity and a notable trade-off with ductility. Reinforced
concrete overlays consistently outperform regular overlays,
demonstrating superior load-carrying capacity, energy ab-
sorption, and ductility. Additionally, the combination of
CFRP with reinforced overlays provides the most effective
strengthening solution, achieving up to a 296% increase in
load-carrying capacity compared to unstrengthened slabs.
These findings corroborate prior studies [27, 28], confirm-
ing that optimizing these parameters is essential for enhanc-
ing the structural performance of precast concrete slabs in
various applications.

The findings from prior studies strongly align with the
current research in emphasizing the benefits of combining
CFRP and concrete overlays to enhance structural perfor-
mance. For example, Hoang et al. [27] demonstrated that
integrating ultra-high-performance concrete (UHPC) in the
compression zone with CFRP in the tension zone signif-
icantly improved flexural capacity by up to 40%, while
reducing deflection by 1.9 − 2.3 times. These results vali-
date the current study’s observation that the combination
of CFRP and reinforced overlays achieves up to a 296%
increase in load-carrying capacity. Similarly, El-taly et al.
[28] highlighted that CFRP strips effectively enhanced load-
bearing capacity and ductility under negative bending mo-
ments, supporting the ductility improvements observed in
this study. Together, these consistent findings confirm the
critical role of CFRP and reinforced overlays in optimizing
the structural performance of precast concrete slabs.

3.2.1. Thickness of concrete overlay

Overlay thickness significantly impacts structural behavior.
Increasing the overlay thickness from 50 mm to 100 mm im-
proved load-carrying capacity by less than 1% but reduced
deflection by 26%. This highlights the diminishing returns
in strength improvement with increased thickness, while
stiffness showed a noticeable enhancement. However, the

ductility ratio decreased by 38%, indicating a trade-off be-
tween stiffness and deformation capacity.

While increasing the overlay thickness from 50 mm to
100 mm yielded a significant 26% reduction in midspan de-
flection, demonstrating a marked improvement in service-
ability, this enhancement was accompanied by a notable
38% decrease in the ductility ratio. This inverse relation-
ship between stiffness and ductility is a critical finding that
warrants a deeper discussion, as it carries significant im-
plications for structural design and safety. The mechanism
driving this trade-off is rooted in the alteration of the sec-
tion’s flexural behavior. The addition of a thick concrete
overlay substantially increases the flexural rigidity ( EI )
and shifts the neutral axis upwards, thereby enlarging the
compression zone depth. Consequently, under ultimate
loading conditions, the extreme compression fiber of the
concrete may reach its ultimate compressive strain limit
(εcu = 0.003) and initiate crushing before the tensile rein-
forcement (both the internal steel and external CFRP) un-
dergoes extensive yielding. This phenomenon represents a
shift towards a compression-controlled failure mode, char-
acteristic of a more brittle structural response where failure
is governed by sudden concrete crushing rather than duc-
tile steel yielding.

From a design perspective, this finding underscores a
crucial optimization challenge. While increased stiffness is
highly beneficial for satisfying serviceability limit states
(SLS), such as controlling deflections and vibrations, a
significant reduction in ductility can compromise struc-
tural safety at the ultimate limit state (ULS), particularly
in seismic-prone regions. Ductility is fundamental to a
structure’s capacity to dissipate energy through inelastic
deformation. Recognizing this, design guidelines such
as ACI 440.2R [29] ("Guide for the Design and Construc-
tion of Externally Bonded FRP Systems for Strengthening
Concrete Structures") impose strict limits on the strength-
ening ratio and apply strength reduction factors to prevent
overly brittle, compression-controlled failures. Therefore,
when designing thick overlays with CFRP, engineers must
carefully balance the enhancement of stiffness with the
preservation of adequate ductility to ensure the retrofitted
structure remains both robust and resilient.

3.2.2. Type of concrete overlay

The type of concrete overlay plays a vital role in structural
performance. Reinforced concrete overlays improved maxi-
mum load capacity by 34% compared to regular overlays of
the same thickness and enhanced the ductility ratio by 27%.
This demonstrates the superior energy absorption and load
transfer efficiency of reinforced overlays, which make them
more suitable for high-performance applications.
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3.2.3. Strengthening method

The strengthening method also significantly influences
structural performance. Specimens strengthened solely
with CFRP exhibited significantly lower load-carrying ca-
pacity and stiffness. The addition of a 50 mm overlay in-
creased maximum load by 195% and reduced deflection by
69%. Increasing the overlay thickness to 100 mm further
reduced deflection by 26%, with minimal improvement in
load capacity. Reinforced overlays combined with CFRP
resulted in a maximum load 296% higher than specimens
without overlays and provided an optimal balance between
strength, stiffness, and ductility.

3.2.4. Synergistic Interaction between Concrete Overlays and
CFRP Strengthening

The remarkable improvement in load-carrying capacity,
particularly the 296% increase observed in specimen PC-
RC10 compared to the unstrengthened slab, is attributed
to a powerful synergistic interaction between the concrete
overlay and the CFRP laminate. This enhancement is not
merely additive but results from the combination of sev-
eral critical structural mechanisms. Primarily, the addition
of the concrete overlay significantly increases the overall
depth of the composite section. This geometric alteration
shifts the neutral axis upwards, thereby substantially in-
creasing the internal lever arm-the vertical distance be-
tween the resultant compressive force in the overlay and
the resultant tensile force in the CFRP and steel reinforce-
ment. Since moment capacity is directly proportional to the
lever arm, this enhanced composite action leads to a multi-
plicative increase in the slab’s ultimate flexural capacity.

Furthermore, to fully utilize the high tensile strength of
CFRP, the member must possess a compression zone robust
enough to maintain force equilibrium. In thin precast slabs,
premature failure often occurs due to concrete crushing be-
fore the CFRP can reach its ultimate capacity. The concrete
overlay provides an enlarged and substantial compression
zone, effectively resisting the induced compressive stresses.
This prevents premature crushing and allows for the full
mobilization of the CFRP’s high tensile capacity, enabling
the system to sustain significantly higher ultimate loads.
Additionally, the increased stiffness provided by the thick
overlay reduces the curvature of the slab under a given
load. This reduced curvature promotes a more uniform dis-
tribution of interfacial shear and normal stresses along the
bond line, particularly minimizing stress concentrations
at the CFRP plate ends where peeling typically initiates.
By delaying the onset of debonding, the overlay allows
the composite section to deform further and carry higher
loads.

Finally, the inclusion of steel reinforcement within the

overlay (as in PC-RC10) plays a vital role in maintaining
structural integrity. This reinforcement controls crack prop-
agation and provides confinement within the topping con-
crete, ensuring the integrity of the compression zone and
facilitating effective stress redistribution across the slab
width. This mechanism explains the superior ductility and
strength of the reinforced overlay compared to the plain
concrete overlay, as it prevents localized stress concentra-
tions that could otherwise lead to premature failure.

4. Conclusions

This study investigated the flexural performance of pre-
cast concrete slabs strengthened with externally bonded
CFRP laminates and varying concrete overlay configura-
tions. Based on the experimental results, the following key
conclusions and practical implications are drawn:

• Composite Strengthening Efficiency: The integration
of CFRP laminates with concrete overlays proved to be
a highly effective retrofitting strategy. This composite
system achieved a load-bearing capacity increase of up
to 195% compared to slabs strengthened with CFRP
alone, demonstrating significant synergistic benefits.

• Trade-off between Stiffness and Ductility: Increasing
the overlay thickness from 50 mm to 100 mm signif-
icantly enhanced stiffness, reducing midspan deflec-
tion by 26%. However, this improvement resulted in
a 38% reduction in the ductility ratio. This finding
highlights a critical design trade-off where increased
stiffness may lead to a more brittle, compression-
controlled failure mode.

• Superiority of Reinforced Overlays: Reinforced con-
crete overlays exhibited superior structural perfor-
mance compared to plain overlays of equivalent thick-
ness. The inclusion of reinforcement increased the
ultimate load capacity by 34% and improved the duc-
tility ratio by 27%, ensuring better energy absorption
and structural resilience.

• Optimal Configuration: The most effective strengthen-
ing solution evaluated was the combination of CFRP
laminates with a reinforced concrete overlay (PC-
RC10). This configuration yielded the highest load-
bearing capacity, representing a 296% increase over
the control slab, while maintaining a balanced ductil-
ity ratio. This characteristic makes it ideal for high-
performance structural applications.

Practical Implications: For practical retrofitting, engi-
neers should prioritize the use of reinforced overlays in
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conjunction with CFRP to maximize both capacity and duc-
tility. While thicker overlays offer superior stiffness control
for serviceability, the potential reduction in ductility must
be carefully managed in the design process to prevent brit-
tle failure.

Limitations and future research

This study provides valuable preliminary insights into the
flexural strengthening of precast slabs; however, the exper-
imental program was limited to a single specimen per con-
figuration. Consequently, the statistical significance of the
findings is constrained, and the results should be viewed
as indicative of performance trends rather than definitive
design values. To establish statistical reliability, future re-
search should prioritize testing a larger sample size with
replicate specimens to validate the consistency of the ob-
served behaviors and failure modes. Subsequent studies
should also expand the experimental matrix to investigate
additional parameters, such as the effect of multiple CFRP
layers and alternative anchorage systems. Furthermore,
comprehensive instrumentation, including strain gauges
along the CFRP laminates, is recommended to quantita-
tively capture the strain distribution and interfacial stress
transfer, providing essential data for refining and validat-
ing analytical models.
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