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technique. The results also show that while full coverage provides higher stiffness
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present experimental investigation, the Carbon-FRCM system exhibited promising
structural performance as a strengthening and repair technique for reinforced
concrete slabs under the investigated loading conditions.
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1. Introduction

The growing degradation of reinforced concrete (RC) infrastructure is one of the major worldwide
threats to the sustainability and resilience of our structured development [1, 2]. The combination
of a few important factors, such as the development of corrosion due to material aging and
aggressive environmental conditions (e.g., chloride ingress and carbonation), and increasing
requirements imposed by new types of use that go beyond the original performance criteria lead
to this structural degradation [3, 4]. The inadequacy of elements within the structural hierarchy
are especially harmful to RC slabs, as they represent the most significant horizontal elements in the
load-carrying system [5]. As a result, slabs are often among the most critical structural components
in terms of serviceability, as they are highly susceptible to excessive deflection and flexural
cracking, which may adversely affect the overall structural performance of the building system [6].
Nevertheless, the need for intervention for slab systems can be categorized into two engineering
challenges: proactive "strengthening" for higher loading protocols and reactive "repairing” to
recover structural capacity lost due to damage or environmental degradation. In either context, the
ultimate goal is to extend the service life of existing structures while reducing the environmental
and economic costs of complete demolition and reconstruction [7]. In retrospect, this led to a shift
away from cumbersome traditional practices such as steel plate bonding, characterized by
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corrosion vulnerability and installation related difficulties, to use of expensive composite materials
in structural retrofitting [8].

The later introduction of Fiber Reinforced Polymer (FRP) composites marked a revolution in
structural rehabilitation. With outstanding strength-to-weight ratios and natural resistance to
corrosion, FRP systems made with carbon, glass or aramid fibers encapsulated in organic epoxy
resins provided an efficient solution for flexural and shear capacity increases with minimal changes
in structural geometry [9-11]. However, there are very considerable technical limitations
associated with FRP because of the approach used they are dependent on organic polymers which
persist in the environment. In particular, epoxy resins exhibit poor thermal properties which may
result in loss of bond integrity and catastrophic failure during fire conditions. In addition, the
impervious quality of FRP creates a vapor barrier, which can keep moisture inside the concrete that
can lead over time to delamination, or freeze-thaw damage [12]. In order to avoid these thermal
and chemical incompatibilities, Fiber Reinforced Cementitious Matrix (FRCM) has been proposed
as a more compatible and "breathable"” reinforcement alternative [13].

Due to the use of an inorganic, mineral-based cementitious mortar instead of organic epoxy, FRCM
provides excellent fire resistance and avoids a potentially detrimental chemical interaction with
the concrete substrate [14, 15]. Symmetrically, FRCM provides a complex bond-slip mechanism as
well as a multi-linear stress-strain response that fosters a more ductile failure mode in comparison
to the brittle debonding of FRP applications [16, 17]. When the cementitious matrix experiences
micro-cracking at a threshold level, the crack will become consolidated so that the load is
progressively redistributed across the fiber mesh, resulting in an amount of strain warning that is
dispersed as diffuse micro-cracking rather than catastrophic failure [18]. While FRCM is already
established as an effective technique to strengthen undamaged load bearing members, the "repair"
of structurally damaged elements presents new engineering challenges [19]. It also requires the
repair of already greatly sustained damage members which requires a method of fusing macro-
cracks existing while also being able to restore sectional stiffness. Here the reinforcement coverage
ratio is a key ballpark figure for performance as well as cost performance. One approach is to use
localized patches (or sheets) instead of the full-surface coverage, this is a strategy to reduce
material consumption especially because carbon fiber is very expensive, without sacrificing the
total capacity uptake [20].

Recent life-cycle cost analyses also corroborate this paradigm shift, indicating that although FRCM
entails more labor at the outset, the increased durability with decreased long-term maintenance
requirements makes it a relatively more economical solution through the life of a structure [19, 21,
22]. Therefore, the current research aims to study the behavior of reinforced concrete slabs
strengthened with Carbon-FRCM under loading with two possible strengthening ratios: full surface
coverage and localized application in the region of maximum moment. In particular, the capacity of
partial strengthening configurations to produce efficient stress redistribution and crack control
with limited materials is emphasized in this work. Furthermore, the main aim of this study is to
evaluate the structural performance recovery of slabs pre-damaged at moderate damage levels
(50% of the ultimate load of the control specimen) and subsequently repaired using Carbon-FRCM.
The paper presents a detailed investigation on load-deflection behavior, stiffness development and
failure modes to increase the understanding of the interaction of the structural behavior between
the cementitious matrix, textile reinforcement and the damaged concrete substrate in two-way slab
systems.

2. Experimental Program
2.1. Materials

2.1.1 Cementitious Mortar

In fiber- reinforced cementitious matrix (FRCM) composite, the cementitious mortar serves as the
inorganic binding matrix that encapsulate the textile reinforcement and facilitate stress transfer
between the reinforcement and the concrete substrate [23, 24]. An appropriate cementitious
matrix is critical for load redistribution, bond performance and long-term durability in
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strengthening members [25]. For the present study, the cementitious mortar selected was Sika
MonoTop®-612[26], a one-component, fiber-reinforced, polymer-modified structural repair
mortar that meets the requirements of Class R3 according to EN 1504-3[27]. According to the
product’s technical specification, the mortar comprises of cement, specified aggregates, silica fume,
polyamide fibers, and additives, and appears as a gray powder that is mixed with clean water prior
to application. The mortar was made carefully according to the manufacturer's specifications,
assuring a constant water-to-powder ratio, complete mixing (mechanical mixer at low speed), and
proper handling to produce uniform workability. The mechanical properties and technical
specification of the mortar, obtained from the manufacturers data sheet are listed in Table 1. It
should be noted that the material properties reported in this study are based on manufacturer
technical data sheets for commercially available FRCM components, and no additional
experimental characterization of the composite system or interface behavior was performed within
the scope of this study.

Table 1. Properties of Sika MonoTop®-612

Property Description
Polymer-containing cementitious mortar with different additives and

Composition synthetic fiber.
Appearance / Colour Grey powder
Maximum grain size Dmax: 2.0 mm

Compressive 28 days (ASTM C109) ~40 MPa *Testing cubes 50 x 50 x 50 mm

strength

Mixing ratio 3 - 3.25 L of water per 25 kg bag

Fresh mortar density Fresh mortar density 1.95 kg/L at +20 °C
Layer thickness Min. 5 mm, Max. 30 mm

2.1.2 Fabric-Reinforced Cementitious Matrix (FRCM) Textile

In fabric-reinforced cementitious matrix (FRCM) systems, textile reinforcement represents the
main load-carrying component responsible for controlling the tensile response and governing the
overall structural performance of strengthened members [17, 19]. Textile reinforcement in FRCM
has a high tensile capacity and durability better than FRP under severe environmental and thermal
conditions due to its inorganic matrix and better compatibility with concrete [28]. Carbon, glass,
basalt, and polyparaphenylene benzobisoxazole (PBO) fibers have all been used in FRCM
applications, with each having its own mechanical and durability properties [19].

& 20 mm ®

20 mm

(a) Carbon-textile

Fig. 1. Selected carbon-textile

Textile reinforcements are chosen based on their performance and durability for application
within FRCM systems. Carbon fabrics are characterized by impressive high tensile strength, high
elastic modulus, low creep, and long-term stability [19, 28, 29], which are favorable for high-
performance strengthening applications. In this study, carbon textile was used as reinforcements
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in the FRCM system and the mechanical behavior was compared under flexural loading. The
carbon textile has composite nominal thickness of 0.047 mm and mesh size of 20 x 20 mm as shown
in Fig. 1. Table 2 summarizes the mechanical properties of the textile while Fig.1 shows its nature
within the strengthening system.

Table 2. Characteristics of FRCM textile based on the manufacturer's data sheet.

Material Nominal thickness Tensile strength Modulus of elasticity

Carbon 0.047 mm 3600 MPa 230 GPa

2.1.3 Reinforced Concrete
2.1.3.1 Reinforcing Steel

Reinforcing steel improves reinforced concrete by providing tensile strength, ductility, and greater
bond with concrete, minimizing cracking and enhancing structural load-bearing capacity [29]. 6
mm diameter deformed bars were used in the present work to provide better interlocking of
mortar and bond strength. All reinforcing bars shall conform to the ASTM A615/A615M-20 [30]
standard specification for deformed and plain carbon-steel bars for concrete reinforcement,
providing consistent chemical and mechanical properties. Calibrated micrometers were used to
take measurements for the diameter and thickness of the bars; tensile testing was performed
according to ASTM standards to determine yield and ultimate strength for the selected Grade 40
steel (ASTM A615/A615M-20) [30]. A detailed mechanical property of the reinforcing steel can be
found in Table 3.

Table 3. Properties of reinforcement steel

Property values
Nominal diameter (mm) 6
Actual diameter (mm) 5.8
Cross-sectional area (mm?) 26.4
Yield stress (MPa) 405.3
Ultimate stress (MPa) 605
Elongation (%) 17
Nominal weight (Kg/m) 0.208
Grade G40

2.1.3.2 Concrete

Concrete is one of the most widely used construction materials due to its high compressive
strength, good durability and it can be applied in various structural applications [31]. The
mechanical properties of the normal-strength concrete oriented in this study were evaluated using
the standard tests compressive strength, splitting tensile strength and flexural strength to give an
overview of its structural behavior. Compressive tests were performed on standard cubes
measuring 100mm x 100mm x 100mm, while standard cylindrical 100mm x 200mm test pieces
were employed for tensile tests, and the flexural strength of the prism specimens was determined.
All tests were conducted according to British Standards BS 1881 with the customs loading rates.
Table 4 will illustrate the concrete standards and the measured values.

Table 4. Summary of concrete mechanical properties

Property Specimen Type Average (MPa) Test Standard
Compressive Strength Cube 34.8 BS 1881: Part 116 [32]
Splitting Tensile Strength Cylinder 2.27 BS 1881: Part 117 [33]
Flexural Strength Prism 5.58 BS 1881: Part 118 [34]
Modulus of Elasticity N/A 27.7 GPa Empirical formula
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2.2 Test Specimens and Parameters
2.2.1 Overview

An experimental program was developed to study the flexural performance, strengthening
effectiveness, and general behavior of Fabric-Reinforced Cementitious Matrix (FRCM)
strengthened reinforced concrete (RC) slabs. In order to have similar boundary conditions and also
general characteristics from the test specimens, a total of five square RC slab specimens were
fabricated having identical geometry, thickness, and boundary conditions. The specimens were
constructed of 1.0 m x 1.0 m plan dimensions to correspond to a representative plan size of scaled
RC slabs and accommodating laboratory constraints.

2.2.2 Geometry and Reinforcement

The reinforced concrete slab specimens were all 1.0 m x 1.0 m in plan and had a consistent
thickness of 80 mm. The concrete cover was kept 15mm for all the reinforcement. All specimens
had the same geometry and reinforcement layout. There were two orthogonal directions of main
flexural reinforcement spaced at 192 mm with 6 mm diameter steel bars. The main reinforcement
was arranged accordingly so that the slab bottom face received the reinforcement on both the total
area of slab perimeter. The bottom rebar at the slab edges were bent up at 180° at the supports in
order to give them continuity at the slab perimeter, which formed the top rebar. Next to the
supports, localized top reinforcement was provided with bent bars, which were oriented
perpendicular to each edge and spaced at 192 mm.

Bottom Reinforcements:

@6 @ 192mm deformed bars.
Corners( area 192*192 mm):
bottom: @ 6 @ 100mm deformed bars.
top : @6 @ 100mm deformed bars.

Side Reinforcements:
2 @6 deformed bars.

Perimetric Supports

(b)

Fig. 2. (a) The slab's geometry; (b) the slab's perimeter-supported bottom face; and (c) the
slab’s steel reinforcement details

Reinforcement detailing has been further improved to enhance anchorage behavior and crack
control, and to mitigate stress concentrations near the slab edges and corners. By addition, two
further 6 mm bars were placed at the bottom face of the slab within a square area of 192 mm x
192 mm at each corner of the slab, leading to an effective reinforcement spacing of around 100 mm
in this area. In addition, on the top face, a 6 mm bar was placed parallel to the edges of each slab,
100 mm from the edge, with a length of 960 mm. Due to having these edge bars, the density of
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reinforcement at corners of slab on its top face were increased with a spacing of 100 mm (approx).
The above-mentioned details led to better anchorage behavior, better bond and crack distribution
as well as lower stress concentration in these critical areas. Fig. 2(a), (b) and (c) shows the slab
geometry, bottom face of perimeter supported slab, and the reinforcement layout respectively.

2.2.3 Studied Parameters

This experimental program was developed to study the effect of strengthening material,
strengthening configuration, and preloading condition on the flexural behavior of two-way
reinforced concrete slabs. For reliable comparison, all other parameters such as concrete
characteristics, slab dimensions, reinforcement ratio, mortar type, loading conditions, support
conditions, and effective span were kept constant in this experimental program.

The parameters ranged as ratio of strengthened area to effective span, and loading condition
(unloaded or 50% pre-loaded to the ultimate load of the control slab during FRCM strengthening).
Therefore, one specimen was tested without the strengthening as a control slab and indicated with
anR.

The strengthening schemes included slabs strengthened before loading with various fiber
reinforced cementitious matrix (FRCM) configurations of carbon fiber, including continuous
strengthening with two layers covering 100% of the effective bottom surface (C2100), as well as
two orthogonal layers covering 50% of the effective span applied as continuous layers in the max
moment region (C250). Also prior to strengthening, two slabs were preloaded to 50% of the
control slab capacity to mimic conditions of retrofitting, denoted as CD250 and CDZ2100,
respectively. Fig. 3 provides a schematicillustration ofthe strengthening configurations, and Table
4 summarizes the specimen details and test variables.

2.2.4 Specimen Notation

The notations used to designate each tested specimen according to its strengthening condition and
configuration are presented schematically in Table 4, where R is the reference specimen tested
without any strengthening and that serves as the control slab. Specimen C250 is a completely
unloaded slab that has been reinforced with a carbon-based FRCM system. Here, two orthogonal
carbon textile layers were layered in the region of Mmax, both covering 50% of the effective span
in a continuous way. Two Continuous carbon FRCM layers fully covering the effective bottom
surface were used as the strengthening solution for specimenC2100.

Table 4. Samples, experimental parameters, and materials

Number Coverage
Specimen Strengthening of Strengthening (% of Preload Notes
p Material Layout effective  Condition
Layers
span)
R None None None None None Control slab
. Applied in
C250 Carbon 2 Continuous 50 None maximum moment
sheets
zone
C2100 Carbon 2 Continuous 100 None Full bottom surface
coverage
Retrofitting
CD250 Carbon 2 Continuous 50 Preloaded cor?dltlon,. Applied
sheets 50% in maximum
moment zone
Retrofitting
. Preloaded condition, Full
CD2100 Carbon 2 Continuous 100 50% bottom surface
coverage

To evaluate retrofitting scenarios, specimens CD250 and CD2100 were initially preloaded to 50%
of the control slab's ultimate capacity prior to strengthening. Specimen CD250, identical in
configuration to C250, was reinforced with two orthogonal carbon Fiber-Reinforced Cementitious
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Matrix (FRCM) layers covering 50% of the effective span. Similarly, specimen CD2100, mirroring
specimen C2100, was strengthened with two continuous carbon FRCM layers integrated along the
entire bottom effective surface.

@ ®
Fig. 3. Configuration of FRCM strengthening on the tested samples/ (a) Control slab R, (b) C250,
(c) CD250, (d) C2100 (e) CD2100

2.3 Retrofitting Procedure

The systems used to strengthen and retrofit the reinforced concrete slab specimens in this
experimental program included the use of fabric-reinforced cementitious matrix (FRCM) systems
with carbon textile, which are known to have high tensile properties, good durability, and
compatibility with cement-based substrates ([19, 36]. All specimens followed the same consistent
and reproducible strengthening procedure, which is schematically depicted in Fig. 4. Before the
strengthening, the tension faces of the concrete were mechanically cleaned to get rid of dust,
laitance, and loose materials. A shallow grid of grooves (about 2 mm in depth) was implemented
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on the concrete surface to increase the bond effectiveness and the mechanical interlock between
the substrate and the cementitious matrix (Fig. 4a).

(b)

(d)

)

Fig. 4. Application steps for FRCM reinforcement: (a) Preparing and Moistening the concrete
surface for strengthening; (b and e) Application of the first mortar layer together with the
carbon textile; (c) Application of the second mortar layer along with the carbon; (d and f)

Application and finishing of the final mortar layer

Moistening of the prepared surfaces was performed to improve adhesion before mortar
application. Then, a first layer of cement-based mortar (approximately 3 mm thickness on
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average) was applied on the area where the strengthening would be performed, according to the
strengthening layout given by the notation of the specimens. The carbon textile reinforcement for
each specimen was specifically prepared and cut in accordance with the designated strengthening
configuration. The textile was embedded and lightly compacted by hand, while the mortar was still
fresh, to guarantee proper contact and impregnation as well as avoid air voids (Fig. 4b and e).

More layers of mortar were applied to fully encapsulate the textile, followed by the placement of
another layer of textile (Fig. 4c). This successive layer was applied with sufficient care for to settle
correctly and bond. The strengthening process concluded with the application of a final thin layer
of mortar and meticulous finishing/smoothing of that surface, as seen in Fig. 4(d and f). Following
strengthening, all the specimens were cured until the adequate mechanical performance of the
FRCM system was achieved before proceeding with the tests. To facilitate evaluation and
comparison of the effects FRCM system in both strengthening and repairing for the flexural
behavior of the slabs, the same strengthening treatment was uniformly applied across all slabs.

2.4 Test Setup and Loading Protocol

The testing of all the slab specimens was done using a four-point loadin configuration with a
universal testing machine of capacity 2000 kN. The four edges of the slabs are simply supported
with a continuous support system along the slab perimeter. The support framework has 4 steel
beams each welded to a steel bar 25 mm in diameter. In order to provide uniform stress transfer
and avoid local stress concentrations each of the steel bars, prior to placement of the concrete slab,
had a 10 mm wide rubber strip placed on the top face so that the slab tension face was in direct
contact with the support system.

66}"'5« -
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Fig. 5. Experimental setup (a) 3D schematic view; (b) top view; (c) the specimen positioning
and the applied loading scheme; (d) Layout of LVDTs installed for deflection measurements

A four-point bending setup was used for the loading, as highlighted in Fig. 5(a and c) which applied
the loading in a load-controlled manner. The applied load from the testing machine was initially
transferred to the high-strength steel spreader beam and then to two transverse steel beams (one
on each side of the primary beam) oriented perpendicular to the primary beam. Each transverse
beam transmitted the load to the slab through two loading points at 300 mm from slab edges,
leading to a distance of 400 mm between loading points centers. A square steel plate 100 x 100
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mm comprising 12 mm thick was inserted between the steel beam and slab followed by a 100 x
100 x 10 mm rubber plate to reduce the local crushing of the concrete surface and allow uniform
distribution of load at each loading location. All slabs retained an effective span of 960 mm.

In the test setup, the machine load cell recorded the applied load and three linear variable
displacement transducers (LVDTs) were used to obtain slab deflections as shown in Fig. 5 (d). In
the geometry, one LVDT was placed at the center of the slab where the maximum mid-span
deflection would occur, and the other two were placed between the support and the center of the
slab, one close to the support, to enable direct comparison of deflection measurements. Visual
inspection for monitoring crack initiation, propagation, and failure patterns was conducted
periodically during the tests, and crack widths were examined using a crack width gauge. However,
these observations were used primarily for qualitative interpretation of crack development and
failure behavior, and were not systematically recorded for a quantitative serviceability assessment
based on crack-width criteria. All specimens were monotonically loaded to failure. For the
retrofitted specimens (CD250 and CD2100), a pre-loading was applied up to 50% of the ultimate
load of Specimen R, then followed by unloading, strengthening, and subsequent reloading until
failure. The same test setup, instrumentation, and loading protocol were employed for all
specimens to ensure uniformity and facilitate comparative evaluation of the flexural behavior and
strengthening efficiency of the various test configurations.

3. Results and Discussion

In this section, the results related to flexural performance of the tested RC slabs are discussed in
detail. It serves as an experimental study aiming at understanding the structural performance, load-
carrying capacity and deformation behavior of the specimens. Particular attention is given to the
serviceability behavior of the slabs in terms of stiffness development and deflection response, with
reference to the general principles of the short-term serviceability limit state (SLS) described in
Eurocode 2—Part 1 (CEN 2004). In the present study, the serviceability load level (PSLS) was
determined based on the deflection limit equal to 1/250, where 1 represents the effective span of
the slab. For the tested specimens, this deflection corresponds to 3.6 mm, and the associated load
values were obtained directly from the experimental load-deflection curves. This approach enables
a comparative interpretation of slab behavior and identification of the load range corresponding to
deflection-based serviceability performance within the scope of the present experimental study. In
addition, the stiffness (k) of the slabs was evaluated quantitatively at various loading stages (both
pre-cracking and post-cracking). Stiffness was determined from the slope of the load-deflection
curves, where the initial stiffness (ki) corresponds to the approximately linear portion of the
response before first cracking, and the post-cracking stiffness (k) represents the response after
crack initiation and before the final nonlinear softening stage, as defined by the following equation.

k =AP /AS (1)
Where P represents the applied load and 6 denotes the corresponding mid-span deflection.
In order to ensure a clear and structured comparison, each subsequent subsection contains:

e A table compilation providing the context of the primary mechanical characteristics and
markers of functionality.

e Load-deflection curves to demonstrate the general trends in behavior.

e Photo Record of Failure Modes to see the crack patterns and failure modes of each specimen
at ultimate state.

3.1 Strengthening Efficiency of FRCM System

The experimental observations summarized in Table 5 indicate the beneficial influence of the
Carbon-FRCM system on the structural response of the tested slabs. The first crack load (Pcr) of
both specimens C250 and C2100 was identical at 40 kN which corresponds to 166.7% higher than
standard control slab (R). These results suggest that partial coverage (C250) can provide crack-
delay behavior comparable to that of full coverage (C2100) under the investigated loading
conditions. For the ultimate bearing capacity (Pu), as shown in the Load-Deflection diagram (Fig.

10
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6), C 2100 recorded 163 kN compared to 153 kN for C250. Despite using approximately 50% less
carbon textile reinforcement, specimen C250 achieved approximately 93.8% of the ultimate load
capacity recorded for specimen C2100.

The experimental response indicates that the strengthening configuration significantly influenced
the stiffness development and post-cracking deformation behavior of the tested slabs. The first
stiffness (ki) of specimen C250 appeared to be 17.05 kN/mm, a significant increase over that of the
reference slab (10.6 kN/mm), and the maximum for the C2100 specimen was 25 kN/mm. A similar
trend was observed for the post-cracking stiffness response (k;), reflecting the influence of the
strengthening configuration on stiffness retention after crack initiation, with C2100 (4.6 kN/mm)
performing better than C250 (3 kN/mm). For serviceability, based on Eurocode 2 requirements,
C250 improved the service load (PSLS) to 55 kN (77% improvement over R) and C2100 to 70 kN.

From a material efficiency perspective, specimen C250 may represent a practical strengthening
option, as comparable structural improvement was achieved using a reduced amount of carbon
textile. It should be noted that no detailed economic analysis was performed in this study, and the
comparison is limited to relative material usage between strengthening configurations. The
ultimate load for C250 was 6.5% lower than that of C2100; However, the doubling of the
reinforcement area in C2100 did not result in a proportional increase in structural performance, as
reflected in the corresponding deflection values (11.93 mm for C2100 compared to 15.55 mm for
C250). While full-surface strengthening (C2100) provides modest gains in capacity and stiffness,
the results indicate that localized strengthening (C250) can achieve efficient structural
performance with reduced material usage, making it a practical option for engineering applications.

Table 5. Summary of experimental results for specimens: R, C2100, and C250

Specimen ID R C2100 C250
Configuration None Continuous sheet
Layers None 2 2
P (kN) 15 40 40
P. (kN) 120 163 153
Ay(mm) 21.34 11.93 15.55
Psis 31 70 55
ki (kN/mm) 10.6 25 17.05
Kp(kN/mm) 1.13 4.6 3
Preloading level None None None

Qualitative data from visual evidence of the failure modes in Fig. 7 supports these numerical data.
The control slab (R) experienced wide, localized flexural cracks. In contrast, failure of the
strengthened specimens showed the "multi-cracking” mode. Localized stress-bridging was
observed in cracks concentrated within and along the edges of the reinforced patch in C250. In
contrast C2100 showed its tension face filled with a densely distributed network of fine cracks
(crack smearing). The extensive crack branching observed in specimen C2100 suggests that the
continuous Carbon-FRCM configuration contributed to a more distributed transfer of tensile
stresses across the tension zone. This behavior was associated with improved stiffness retention
and lower deflection values prior to ultimate failure. The observed structural behavior can be
further interpreted based on the interaction between the cementitious matrix, textile
reinforcement, and cracked concrete. After the onset of cracking, the FRCM system contributes to
tension stiffening by bridging flexural cracks and transferring tensile stresses across the cracked
sections. In the localized configuration (C250), this mechanism is concentrated within the
strengthened region, resulting in partial stress redistribution and localized crack control. In
contrast, the continuous configuration (C2100) promotes a more uniform stress distribution over
the entire tension zone, leading to improved stiffness retention and more distributed cracking
patterns. This behavior may explain the enhanced stiffness retention and reduced deflection
observed in the fully strengthened specimens under the investigated loading conditions. It should
be noted that the presented results are based on a limited number of specimens and are intended

11
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to reflect observed behavioral trends under controlled laboratory conditions rather than
generalized structural performance.
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Fig. 6. Load-deflection response of specimens: R, C2100, and C250

() (b) ()
Fig. 7. Failure modes and crack patterns of specimens: (a) R, (b) C250, and (c) C2100

3.2 Repair Efficiency of FRCM System

The functionality of the Carbon-FRCM system in rehabilitating and upgrading the pre-damaged RC
slabs is discussed here. The specimens CD250 and CD2100 were pre-loaded with 60 kN, i.e. 50% of
control slab (R) ultimate capacity. The purpose of this pre-loading phase was to induce controlled
flexural cracking representative of a moderate pre-damage condition prior to strengthening,
defined in this study based on the applied preload level rather than on quantitative damage indices.
This approach allows a consistent comparison of the effectiveness of different strengthening
configurations while maintaining the structural integrity of the specimens. It should be noted that
the pre-damage condition was defined solely based on the applied preload level corresponding to
50% of the ultimate capacity of the control specimen. Although this loading stage produced visible
flexural cracking representative of a moderate damage condition, no quantitative measurements
of crack width, residual deflection, or stiffness degradation were systematically recorded prior to
strengthening. Consequently, the initial damage state could not be characterized using quantitative
damage indices. Therefore, the repair efficiency discussed in this study should be interpreted as a
comparative structural response under a controlled preloading condition rather than as a fully
quantified assessment of damage recovery. As shown in Table 6, all the experimental results
indicated that the damaged slabs were successfully repaired to their original capacity or even
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greater than that using the FRCM system. In particular, specimen CD2100 attained an ultimate load
of 156.5 kN whereas CD250 achieved 132.9 kN, which are greater than the undamaged control slab
by 30.4% and 10.7% respectively.

The repaired specimens exhibited partial recovery of post-cracking stiffness following the
application of the Carbon-FRCM system. The post-cracking stiffness (kp) evaluated increased
dramatically; kp for specimen CD2100 was 3.5 kN/mm; kp for specimen CD250 was 1.6 kN/mm,
both values much greater than the 1.13 kN/mm for the cracked control specimen. Although there
were already cracks in the concrete, the load-deflection curves of Fig. 8 show a stable transition
and good load transfer from the damaged concrete substrate to the carbon fiber mesh via the
cementitious matrix. The observed failure mode was primarily characterized by rupture of the
carbon textile without significant visible debonding of the FRCM layer. This behavior suggests that
an effective stress transfer mechanism developed between the cementitious matrix and the
concrete substrate under the investigated loading conditions. It should be emphasized that no
direct bond-slip tests, interface strain measurements, or detailed interfacial characterization were
conducted in the present study. Consequently, bond behavior is interpreted indirectly based on the
observed structural response and failure patterns, and should be considered as an observational
assessment rather than a direct experimental verification.

Table 6. Summary of experimental results for specimens: R, CD250, and CD2100

Specimen ID R CD250 CD2100
Configuration None sheet Continuous
Layers None 2 2
P (kN) 15 None None
Py (kN) 120 132.9 156.5
Ay(mm) 21.34 14.2 14.5
Psis 31 None None
ki (kN/mm) 10.6 None None
Ky (kN/mm) 1.13 1.6 3.5
Preloading level None 50% 50%
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Fig. 8. Load-deflection response of specimens: R, CD2100, and CD250

From a structural performance perspective, the comparison between specimens CD2100 and
CD250 provides useful insight into the influence of strengthening extent on slab behavior. Although
the CD2100, with full surface coverage, demonstrated a 17.7% increase in ultimate load capacity
compared to the localized configuration CD250, this improvement was associated with a significant
increase in the amount of reinforcement used. This non-proportional relationship indicates that
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while the continuous configuration enhances capacity and stiffness, the increase in reinforcement
quantity is significantly higher relative to the achieved performance gain. On the other hand,
specimen CD250 achieved full recovery of the pre-damaged slab, delivering a 10.7% increase in
load capacity compared to the control specimen while using a reduced amount of reinforcement
relative to CD2100. This highlights the ability of localized strengthening to provide effective
structural improvement with lower material usage. This observation is further supported by visual
inspection of the crack patterns shown in Fig. 9. While CD2100 exhibited a more distributed crack
pattern, the localized reinforcement in CD250 effectively controlled major flexural cracks and
prevented premature failure. These results suggest that strategic placement of FRCM in critical
tension zones can provide efficient structural enhancement without the need for full surface
coverage.

Fig. 9. Failure modes and crack patterns of specimens: (a) R, (b) CD250, and (c) CD2100

3.3 Comparative Structural Performance of Carbon-FRCM: Strengthening vs.
Repair

The experimental outcomes indicate that the Carbon-FRCM system can provide effective
strengthening and repair performance for reinforced concrete slabs under the investigated
conditions, since all the rehabilitated specimens reached an ultimate capacity higher than the
control slab (R=120 kN), as indicated in Table 7. The comparison of the ultimate load capacities
(Pu) indicates that the repaired specimens (CD series) achieved structural responses comparable
to or greater than that of the control specimen under the investigated experimental conditions
Specimen CD2100 reached an ultimate load of 156.5 kN, which is the equivalent of 96% of the
strength capacity of its retrofitted equivalent, C2100 (163 kN)..

Table 7. Summary of experimental results for specimens: R, C250, C2100, CD250, and CD2100

Specimen ID R C250 C2100 CD250 CD2100
Configuration None sheet Continuous sheet Continuous
Layers None 2 2 2 2
P (kN) 15 40 40 None None
Pu (kN) 120 153 163 132.9 156.5
Ay(mm) 21.34 15.55 11.93 14.2 14.5
Psis 31 55 70 None None
ki (kN/mm) 10.6 17.05 25 None None
Ky (KN/mm) 1.13 3 4.6 1.6 3.5
Preloading level None None None 50% 50%

Although localized repair at CD250 attained 132.9 kN, which only lost 86.8% of the capacity for the
strengthened specimen C250 (153 kN), It implies that because a continuous (full-face)
reinforcement configuration is more likely to effectively contain and bridge existing cracks over the
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entire length, it appears less sensitive to the influence of pre-existing cracking compared to the
localized strengthening configuration investigated in this study

This highlights the influence of pre-damage on the post-cracking stiffness (k;). For the 2100 series,
the stiffness decreased from 4:6 kN/mm in the strengthened state (C2100) to 3-5 kN/mm in the
repaired (CD2100) state. Hence the small reduction suggests the continuous FRCM layer "heals"
the section by restoring a significant degree of flexural stiffness despite the 50% pre-loading
damage. The 250 series, on the other hand, underwent a more drastic stiffness reduction from 3
kN/mm (C250) down to 1.6 kN/mm (CD250). These observations suggest that localized
strengthening can effectively restore load-carrying capacity; however, its ability to control post-
cracking deformation and stiffness degradation appears to be less pronounced compared to the
continuous strengthening configuration. Counter intuitively the findings show that a full coverage
repair to a damaged slab (CD2100) can give a greater ultimate capacity (156.5 kN) than localized
strengthening of a healthy slab (C250 = 153 kN). This observation highlights the potential
structural effectiveness of the Carbon-FRCM strengthening approach; rather than simply
"repairing” an already compromised structure back to its original condition, it upgrades that
structure up to a higher performance category. Overall, although zoned reinforcement (250 layout)
is still the cheapest option for both applications, the continuous layout (2100) ensures better
structural recovery, especially in terms of preserving normal section rigidity and crack control
regarding prior major damage. It should be noted that the comparison presented in this section is
limited to structural performance and relative material usage, and does not represent a
comprehensive economic or cost analysis.

3.4 Influence of FRCM Coverage Ratio and Configuration

Coverage ratio of Carbon-FRCM system is crucial to finding a compromise between material saving
and structural behavior. As shown in Table 7 and Fig. 3, this research focused on two principal
configurations: a localized (250 series) sheet configuration that covers the high-moment region
only and a continuous (2100 series) configuration that spans the entire face. Interestingly, subject
to this change in the coverage area from localized patch to full surface reinforcement, the
experimental data suggests only a marginal increase in ultimate load capacity; namely, C2100 was
only 6.5% stronger than C250 (163 kN vs 153 kN), and CD2100 was only 17.7% superior to CD250
(156.5 kN vs 132.9 kN). Although the larger reinforcement coverage in the 2100 series provided an
additional structural safety margin, this suggests the localized 250 configuration appears to
provide efficient structural performance at capturing the main flexural stresses at their most
crucial location, as illustrated by the load-deflection comparisons in Fig. 10.

In the control of deformations and distribution of cracks, the effect of the coverage ratio was
present as the most significant factor. In Table 7, the ultimate deflection was limited to 11.93 mm
for specimen C2100, which was 100% covered, and was 15.55 mm for specimen C250. This
improvement in serviceability is related to the crack smearing effect identified in same full-
coverage models (Fig. 7(c) and Fig. 9(c)) that the continuous mesh contributed to a more
distributed tensile stress transfer across the slab tension face on the entire tension face of the slab.
On the contrary, due to the unified FRCM patch boundaries, the 250 series showed almost localized
cracking propagation, between the crack bands (Fig. 7; Fig. 9(b)), that could also be justified in
terms of very low post cracking stiffness (kp) values, equal to 3 kN/mm and 1.6 kN/mm for the C
and CD series, respectively, compared to the higher stiffness kept by the 2100 series.

Ultimately, the choice of coverage ratio reflects a balance between structural performance and
material usage. Although the 2100 configurations provide improved overall stiffness and more
uniform crack control, the localized 250 configuration demonstrates effective strengthening and
repair performance with reduced material usage. This trend is clearly illustrated in the integrated
performance curves shown in Fig. 6. From a practical perspective, localized FRCM application can
be considered an efficient approach for structural restoration, as it enables recovery of slab
capacity beyond its pre-damage level while limiting the amount of reinforcement applied to critical
regions. It should be noted that the experimental program was designed to provide a focused
comparative assessment of strengthening configurations rather than a statistical evaluation of
material variability.
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Fig. 10. Load-deflection response of specimens: R, CD2100, CD250, C2100, and C250

Although the number of specimens tested was limited, the observed behavioral trends in terms of
stiffness evolution, cracking sequence, and load-carrying capacity showed consistent responses
among the investigated strengthening arrangements. Under controlled laboratory conditions, the
experimental findings provide meaningful insight into the structural performance of Carbon-FRCM
strengthened slabs, particularly regarding the comparative behavior between localized and full-
surface strengthening configurations. Nonetheless, the present study has a scope for further
research with a greater number of specimens and loading conditions, which could possibly enhance
the transferability of the results and a wider generalization for design-oriented purposes.

4. Conclusion

The following conclusions are drawn from the experimental results and comparative effectiveness
of the Carbon-FRCM system for strengthening and repair of RC slabs:

e The Carbon-FRCM system was found to be effective within the scope of the experimental
program in enhancing the structural performance of both intact and pre-damaged slabs. The
increase in ultimate load capacity (P.) of the strengthening specimens (C series) reached up
to 35.8% for C2100 compared to the control slab.

e The experimental results indicate that the Carbon-FRCM system was capable of restoring and
enhancing the load-carrying capacity of slabs (CD series) that were pre-loaded to 50% of the
original strength. Specimen CD2100 reached 96% of the maximum capacity of its
strengthened counterpart (C2100) and exceeded the original capacity of the control slab by
30.4%.

e FRCM resulted in noticeable increases in the initial stiffness (ki) and service loads (Ps.s). In
the first load stage, the initial stiffness of specimen C2100 was the highest at 25 kN/mm,
which represents a 135.8% increase compared to the control slab (R), while C250 increased
the service load to 55 kN [31 kN for reference specimen].

e The results suggest that localized strengthening (250 series) can provide effective structural
improvement with reduced material usage compared to full-area coverage (2100 series)
under the investigated conditions. Although a larger strengthening area was used in
specimen C2100, only a 6.5% increase in ultimate load capacity was achieved compared to
that of C250.

e Flexural cracks in the control slab were relatively wide, accompanied by early stiffness
degradation, indicating a more brittle failure mode. In contrast, the specimens strengthened
with Carbon-FRCM exhibited a more distributed cracking pattern (“crack smearing”),
reflecting improved crack control and higher deformation capacity. The most uniform crack
distribution and the greatest reduction in deflection were observed for the full-surface
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coverage (2100 series), with a final deflection approximately 44% lower than that of the
reference slab.

e No visible debonding or delamination of the FRCM layer from the concrete substrate was
observed in the tested specimens. The dominant failure mode was rupture of the carbon
textile, suggesting that bond transfer between the cementitious matrix and the concrete
surface was effective under the applied loading conditions.

It should be noted that the conclusions presented are based on a limited experimental program and
are intended to reflect observed behavior under controlled laboratory conditions rather than
generalized structural performance.

5. Limitations and Future Work

This work represents an experimental study on the structural performance of Carbon-FRCM for
strengthening and repair of reinforced concrete slabs. In addition, the experimental program was
conducted using a limited number of specimens without repeated tests for each strengthening
configuration; therefore, broader statistical validation of the observed structural trends requires
further experimental investigation. The experimental program was carried out under monotonic
loading, and a single pre-damage level corresponding to 50% of the ultimate capacity of the control
specimen. This value represents moderate damage under controlled parameters; other damage
levels or other deterioration mechanisms may affect structural response differently. Moreover, the
tests were conducted in a laboratory environment and the long-term response of FRCM-concrete
interface to cyclic loading or environmental effects calls for more studies.

Future research might aim to determine more optimal strengthening layouts to ensure a better
efficiency of the structure with respect to the consumption of material, explore alternative types of
textiles and subject the models to different loading conditions. Also, numerical modeling
techniques such as finite element analysis (FEA) may be beneficial in providing a better
understanding of the interfacial stress transfer mechanisms and predicting potential failure modes
within FRCM-strengthened structural members.
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