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Effective strengthening and repair techniques are required to extend the service
life of reinforced concrete (RC) slabs affected by ageing, increased loads, and
flexural deficiencies. Among modern solutions, fiber-reinforced cementitious
matrix (FRCM) systems have shown effectiveness. Nevertheless, the experimental

knowledge regarding the effectiveness of partial FRCM configurations on two-way
RC slabs in terms of load distribution, stiffness and the ability to control crack
propagation is still limited. The objective of this study is to experimentally assess
the structural behavior of two-way RC slabs reinforced and repaired with
different carbon-based FRCM partial layouts. A flexural loading experimental
program was performed on four control and retrofitted slabs with various FRCM
layouts in the tension zones. The outcomes showed that the FRCM could be applied
both in strengthening and repair, which can significantly enhance load capacity,
stiffness, cracking behavior and service performance compared to the control slab.
FRCM layers are more efficient when directly applied over the maximum moment
zone of the slabs. Consequently, this results in higher failure loads, increased
stiffness and improved crack control. In general, the results demonstrate that
partial application of carbon-based FRCM can be an effective and reliable solution
for strengthening two-way RC slabs in the flexure zone.
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1. Background

Repairing and strengthening concrete structures has been considered one of the most important
issues in recent decades because these structures deteriorate over time and must conform to the
most recent design guidelines [1-3].The primary objective of using strengthening and repair
methods for structural members is to restore the load-bearing capacity of these elements, extend
the building's lifespan, and improve its overall structural performance, whether to address existing
damage or to meet new requirements, such as changing the building's function or responding to
natural disasters [4, 5].

Many structural retrofitting methods, such as the RC layer technique, externally bonded steel
plates, and steel jacketing, have been adopted in the construction industry. For example, Aykac,
Kalkan [6] investigated the effectiveness of adding a new RC layer to a damaged slab, and they
found that the ultimate load does not significantly change with this technique. Sahranavard,
Jahangir [1] investigated how external ponded steel plates may enhance the flexural behavior of
two-way reinforced concrete (RC) slabs. They discovered a difference in the influence of these
plates on the reaction of these slabs. Aldhafairi, Hassan [7] investigated steel jacketing to improve
RC beams at various temperature levels; they discovered that steel plate jacketing had no
significant effect on beams at high temperatures. Although the conventional retrofitting methods
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have assisted in the improvement of the capabilities of structural components, many researchers
have indicated that these methods have serious issues, such as high temperature resisting,
debonding and shear peeling [8, 9]. Thus, to overcome this drawback of these traditional
technique’s researchers examined the advantages of using polymer fibers as a means of
reinforcement and repair for structural elements.

Fiber-reinforced polymers (FRP), as one of the least damaging rehabilitation methods, are widely
used in contributing to the strengthening and repair of the building members because of their
advantages, including high ductility, low self-weight and corrosion resistance [10, 11] Several
common FRP materials are available, including glass FRP (GFRP), carbon FRP (CFRP), aramid FRP
(AFRP), and basalt FRP (BFRP). Many forms of FRP can be used in the construction industry, such
as rods, laminates, dry fibers or sheets that are bonded with the concrete by using adhesive
materials [12, 13]. These techniques have become more important in the building industry in
recent decades. Fang, Xu [14] investigated the effect of using carbon fiber reinforced polymer
(CFRP) on the structural behavior of reinforced concrete (RC) slabs. The findings of this
investigation revealed that the use of CFRP improves the flexural behavior of the RC slabs. On the
other hand, the influence of basalt FRB on the flexural performance of one-way RC slabs had been
studied by Erfan, Abd Elnaby [15]. Their results show an increase in the ultimate flexural strength
due to the Contribution of the basalt FRB in the flexural behavior. He, Wang [16] proved by their
study that the use of FRB on the RC slabs has a good influence on the structural behavior, such as
cracking load and flexural stiffness. However, these methods encountered a lot of problems
because of the many properties of fiber-reinforced polymers in the rehabilitation of concrete
components, such as brittle behavior [17]. FRP has not been proven to outlast traditional materials
for long-term service life, especially for structures that are exposed to moisture and humidity [18].
In addition, high temperatures and UV rays have a significant influence on FRP, causing their
performance to decline [19, 20]. Due to these disadvantages, Fabric-Reinforced Cementitious
Matrix (FRCM) appears, in some cases, more appropriate and viable, in particular in high-
temperature environments as well as in more extreme environmental conditions.

Fabric-Reinforced Cementitious Matrix (FRCM) is a novel class of composite materials used for
strengthening and repairing concrete structures and existing building elements that exhibit limited
tensile strength, heat resistance, and/or resistance to aggressive environmental influences [21-23].
FRCM (or textile-reinforced mortar (TRM)) is an inorganic composite material in which a network
of fibers, such as Poly-p-phenylenebenzobisoxazole (PBO), carbon, basalt and glass fibers are
embedded within a cement matrix or cement mortar instead of organic resins or plastics [24, 25].
This provides heat, environment, and corrosion resistance advantages for the system, as well as
compatibility with the existing concrete structure. Many studies try to study the impact of
retrofitting the RC members with the FRCM technique [25-27]. The effect of carbon FRCM on the
structural behavior of two-way RC slabs had been investigated by Kadhim, Jawdhari [23]. It can be
found from their findings that the use of the FRCM system significantly enhances the ultimate load
of the RC slabs. Varma, Sarker [26] considered FRP and FRCM systems at high temperatures that
confine reinforced concrete cylinders. The observation suggested that the effectiveness of the
FRCM system in maintaining a load-bearing system was significantly greater than that of an
equivalent FRP system at elevated temperatures. Recent evaluation between FRCM versus FRP
systems available in the construction industry reveals that FRCM provide better bond behavior [11,
28], presents lower dependence of bond behavior from environmental factors [27] and has better
durability in temperature fluctuations and provides adhesion properties over time [29, 30].

The above literature review has shown that FRCM has high credibility and application in the
rehabilitation and retrofitting of concrete members. However, a handful of studies have
investigated the application of FRCM on RC slabs. The current study aims to utilize FRCM for
retrofitting reinforced concrete slabs and investigate the variables that affect the performance of
slabs enhanced with FRCM.
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2. Experimental Program
2.1. Materials
2.1.1 Cementitious Mortar

Cementitious mortar is one of the main elements of concrete members' retrofitting [31]. In this
experimental study, the cementitious mortar used to bind the materials is a commercial ready-mix
cementitious binder known as Sika MonoTop®-612. The mortar is considered a single-component,
polymer-modified, fiber-reinforced cementitious material. The selected mortar is designed to
retrofit structural elements and is characterized by high adhesion, high final strength, sulphate
resistance, significant resistance to shrinkage, and resistance to environmental factors. Sika
MonoTop®-612 follows the main requirements of EN 1504-3, R3 classification and its properties
are highlighted in Table 1. Although precise material-level tests (e.g., tensile, flexural, and bond
compatibility) were not conducted in this macroscopic study, the manufacturer's certified
parameters were adopted as a reliable baseline for structural verification.

Table 1. Properties of Sika MonoTop®-612

Property Description
Composition Polymer-containing cementitious mortar with different additives and
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

Many researchers have used FRCM to support or retrofit reinforced concrete elements such as
beams, columns, and slabs [32, 33]. The textile comes in a wide range of fibers and configurations
[23, 25]. The current study utilized a well-known type of textile, carbon-based Fabric-Reinforced
Cementitious Matrix (Carbon-textile) system, as an external reinforcement. The characteristics of
the selected textile grid include 20 mm spacing and 0.047 mm equivalent thickness. The carbon
textiles' modulus of elasticity and tensile strength were 230 GPa and 3600 MPa, respectively. The
carbon characteristics of the textile have been presented in Fig.1 and Table 2.

o 20 mm o

Fig. 1. Selected Carbon-textile

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
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2.1.3 Reinforced Concrete

In the current study, the concrete slabs were cast simultaneously using ready-mix concrete.
Compression testing was carried out using a calibrated testing machine, and the load was applied
axially with a constant loading rate until failure occurred. The overall average compressive strength
of the specimens was 34.8 MPa. The test procedure followed BS 1881: Part 116 [34].

In this experimental program, 6 mm deformed steel bars were used. The steel was tested in
accordance with the requirements of the American Standard Specification for Carbon Steel Rebars
for Use in Reinforced Concrete (ASTM A615/A615M-20 [35]. The diameter was measured using a
micrometer, and tensile testing was performed to determine yield strength, ultimate tensile
strength, and relative elongation at break. During the tensile tests, the reinforcement exhibited a
well-defined linear elastic phase, followed by a distinct yield plateau and a subsequent strain-
hardening region prior to rupture. The steel used is Grade 40, a type commonly used in light—and
medium-duty structural applications. Table 3 shows the detailed results of the mechanical tests
and the physical properties of steel bars.

Table 3. Properties of reinforcement steel.

Property Values
Nominal diameter (mm) 6
Actual diameter (mm) 5.8
Cross-sectional area (mm2) 26.4
Yield stress (MPa) 405.3
Ultimate stress (MPa) 605
Elongation (%) 17
Nominal weight (Kg/m) 0.208
Grade G40

2.2 Test Specimens Details
2.2.1 Specimens Details and Parameters

The main aim of this experimental study is to investigate the effectiveness of using carbon-FRCM
as external reinforcement on the flexural behavior of two-way RC slabs. Four laboratory-scale RC
slabs with identical geometry were constructed and tested as simply supported at their perimeter
(Fig. 2). As indicated in Fig. 2 (a), the slabs were of a square section with a 1000 mm side and a
thickness of 80 mm. Also, the effective flexural span was 900 mm (Fig. 2(b)).

To simulate the flexure-deficient, all the samples were lightly reinforced with a reinforcement ratio
of (p=0.28%). Fig. 2(C) shows the details of the steel reinforcement for the samples. The reinforcing
steel utilized in the present study was deformed steel bars with a 6 mm diameter and a spacing of
192 mm at the bottom in two directions of the slabs. All reinforcement bars have been bent at the
supports by 180 degrees to guarantee proper anchorage. Also, 6 mm bars were added at distances
of 100 mm from the support in the top reinforcement to control surface cracks and improve the
anchoring. This was applied to all support in the four edges of the slab. To reduce cracks resulting
from twisting moments, additional reinforcement was used at the corners as shown in Fig. 2(c).

To achieve the goal of this research, two parameters, the configuration of FRCM and the existence
of pre-damage, were considered. Fig. 3 and Table 4 show the configurations of the FRCM and the
sample details. Four samples were designed to complete the experimental programs as follows:

e Rrepresents the control specimen tested without strengthening (Fig. 3-a).

e (250 is a sample strengthened with two carbon textile strips in a cross configuration. Every
strip was 45 mm wide, 50% of the slab's effective span in each direction (Fig. 3-b).

e (50-3isasample strengthened with six strips of carbon textile, three of which were in a cross
configuration. Each strip had a width of 15mm, representing 50% of the slab's effective span
in each direction (Fig. 3-c).
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CD250 is a sample strengthened with two strips of carbon textile in a cross configuration. Every
strip was 45 mm wide, 50% of the slab's effective span in each direction (Fig. 3-d). This specimen
is strengthened after being pre-damaged.

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.

Perimetri-c Supports

-—/

100

100 mm

(b)

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

Table 4. Samples, experimental parameters, and materials

Concrete mortar steel Textile
Samples Strengthening compressive compressive reinforcement reinforcement
configuration strength strength ratio ps (per ratio pt (per
F'c (MPa) F'mc (MPa) direction) direction)
R 34.26 0.29%
Two carbon textile
C250 strips in a cross 34.26 40 0.29% 50%
configuration
Six carbon-textile
cs0-3 Suips including 34.26 40 0.29% 509%
three arranged in a
cross pattern
Two carbon textile
CD250 strips in a cross 34.26 40 0.29% 50%

configuration
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Fig. 3. Configuration of FRCM strengthening on the tested samples/ (a) Control slab R, (b) C250,
(c) €50_3, and (d) CD250

2.2.2 Strengthening Procedure

In this experimental program, FRCM was adopted to retrofit the concrete slab models due to its
height, tensile strength, and modulus of elasticity [23, 36]. The procedure for the application of
FRCM carbon textile on the samples has been indicated in the following steps:

e Preparing concrete model surfaces by mechanical cleaning and removing dust and loose
materials.

e A grid of grooves, 2mm in depth, is created to achieve good adhesion between the mortar
layer and the concrete surface (Fig. 4-a).

e Moisten the concrete surface to be strengthened (Fig. 4-a).

e The first layer of cementitious mortar was applied with a thickness of 3mm at the sample's
tension face on the required portion of the concrete surface according to the intended
strengthening ratio (Fig. 4-b).
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e Thefirstlayer of the carbon textile was applied onto the fresh cementitious mortar and gently
pressed by hand to achieve full contact and adequate bonding between the fabric and the
matrix (Fig. 4-b).

e The second layer of cementitious mortar was applied on the first layer of the carbon textile
(Fig. 4-c).

e A new layer of the carbon textile was applied perpendicular to the previous carbon textile
layer (Fig. 4-c).

e The final layer of cementitious mortar is applied, followed by careful finishing and smoothing
of the surface (Fig. 4-d).

All mortar and textile layers must be applied while the mortar is still fresh.
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Fig. 4. Application steps for FRCM reinforcement: (a) Preparing and moistening the concrete
surface for strengthening; (b) Application of the first mortar layer together with the carbon
textile; (c) Application of the second mortar layer along with the carbon

2.3 Testing Set Up and Procedure

The test was performed with monotonic loading, and the entire perimeter was simply supported,
as shown in Fig. 5. Four rigid steel beams were utilized as supports, which were welded with a steel
bar of diameter 25mm, then a 10 cm rubber band was fixed on the top of the steel bar to ensure
proper loading distribution. As illustrated in Fig. 5, the effective flexural span was 900 mm in each
direction. A system of three rigid steel beams was used to disrupt the one-point load into a four-
point load, as indicated in Fig. 5 (a), leading to proper load distribution. At the locations of load
application, square rubber pads (100 x 100 x 10 mm) and square steel plates (100 x 100 x 12 mm)
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were used between the upper face of the slab and the rigid steel beams to reduce local stresses.
The center-to-center distance between the four-point load was 400 mm, as indicated in Fig. 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.

The sample’s deflection was observed by utilizing three linear variable differential transformers
(LVDT), as indicated in Fig. 5 (d). Three LVDTs were installed on the slab to measure its deflection.
The first one is placed at the center to record the central deflection, the second one is located in the
middle between the center and the support to catch the intermediate deflection, and the third is
near the support to measure the deflection at this point. All the samples have been loaded up to
failure except CD250. First, it is loaded with 50% of the ultimate load, followed by the strengthening
that is applied, and then, CD250 is tested up to failure.

3. Experimental Findings

The results of all tested slabs were indicated in Fig. 6 as curves illustrating the relationship between
the loads and the deflection at the center of the slabs. Fig. 7 indicates the ultimate crack pattern for
each sample. The main experimental results, including the ultimate load Pmax, the ultimate
deflection and the improvement in the flexural strength due to the retrofitting process, have been
indicated in Table 5. To provide a precise mathematical definition for the stiffness derivation, the
initial pre-cracking stiffness (K.-) was calculated using linear regression as the average secant slope
of the load-midspan deflection curve for the uncracked stage( K = AP/AS$, form the origin up to the
cracking load). The cracking load was estimated as the load level where the first crack was noticed
during the test and where the slope of the load-deflection curve starts to change. Subsequently, the
post-cracking stiffness (Kpost) was mathematically derived as the average linear slope of the data
points extracted from the cracking point up to the yielding stage. The load at the short-term
serviceability limit state (SLS) was determined following the recommendations of Eurocode 2—
Part 1 (CEN 2004)[37]. According to this standard, the SLS is reached when the midspan deflection
equals L/250, where L represents the effective span of the slab. In the present study, this
corresponds to a midspan deflection of about 3.6 mm. All these parameters, including this property
and the ones mentioned earlier, are summarized in Table 5.
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Fig. 6. Applied load versus central deflection curves for all specimens

As it was designed, the control slab (R) failed mainly in flexure after the steel bars started to yield
and some large plastic deformations appeared. The first flexural cracks were seen at aload of about
15 KN, which caused a clear drop in stiffness, as can be noticed from the slope change in Fig. 6. After
that, the steel reinforcement continued to yield and more cracks developed (Fig. 7(a)), together
with larger deflections. Finally, the control slab reached its maximum load of around 120 KN, where
many cracks appeared at the bottom face of the slab as shown in Fig. 7(a).

Sample C250, which was strengthened with two carbon textile strips in a cross configuration. Every
strip was 45 mm wide, 50% of the slab's effective span in each direction. This slab showed a flexure-
dominated failure mode, the same as the control slab (R), but resisted a significantly higher
ultimate load of 153 KN due to the additional flexural strength provided by the FRCM layers.
Additionally, it exhibits a better pre-cracking response compared to the control specimen, with a
60% increase in initial stiffness, as indicated in Table 5. Furthermore, a significant increase in the
cracking load, which reached 40 KN, is illustrated in the slope of the load-deflection curve in Fig. 6.
The instantaneous tensile activation of carbon fibers across flexural fractures led to a significant
enhancement in post-cracking flexural stiffness, achieving 3 KN/mm, in contrast to 1.13 KN/mm
for the control slab. The crack pattern of slab C250, as shown in Fig. 7(b), consisted of a few main
cracks, along with some smaller ones that spread across the FRCM surface. The failure occurred
gradually, primarily because some of the fibers began to slip and partially break within the mortar
along the main cracks. While advanced instrumentation, such as distributed strain measurements,
was not utilized to quantify the micro-mechanics of crack bridging, the progressive activation of
the carbon fibers and the ultimate failure mechanisms (e.g., fiber slip and partial rupture) were
phenomenologically evaluated through continuous visual monitoring of the crack development and
the global load-deflection responses. Furthermore, while this qualitative assessment of crack
propagation does not provide a numerical estimation of fracture energy or progressive damage
modeling, it offers essential physical evidence regarding the effectiveness of the carbon textile in
distributing stresses and altering the failure mechanism.

Slab C50-3, which had the same amount of textile reinforcement as slab C250 but arranged in a
slightly different way (Fig. 7(c)), failed under an ultimate load of 135 KN in flexure. Its initial
stiffness was even higher than specimen R, reaching roughly 16.6 KN/mm. The first visible cracks
formed when the load got to around 35 KN, and the post-cracking stiffness of this slab was about
2.36 kN/mm, which is noticeably lower than that of C250 (3 kN/mm) but higher than the control
slab R (1.13 kN/mm). This indicates that the material performed well compared to R; however, at
this stage, placing the FRCM in the regions of maximum moments would be more effective than
distributing it in strips, as was done in this specimen.
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(0) (d)
Fig. 7. Comparison of experimental crack propagation and failure modes for the tested
specimens: (a) Control slab R; (b) Strengthened slab C250; (c) Strengthened slab C50_3; (d)
pre-damaged strengthened slab CD250

Table 5. Overview of the test results

Maxim Midspan Crackin
. Improveme Pre- Post-
um deflectio . . . Load at
ntin cracking cracking .
Sample load nat . . load lev . services
capacity stiffness a stiffness 2
Pmax Pmax (%) (kN /mm) elb (kN /mm) (kN)
(kN) (mm) ° (kN)

R 120.0 213 e 10.6 15 1.13 31
€250 153.0 15.5 27.5 17.1(60%) 40 3(165%) 55(77%)
C50_3 134.5 19.5 12.5 16.6(56%) 35 2.3(108%) 45(45%)
CD250 1329 14.2 100 e e 1.60(41%)

a For the retrofitted specimens, the percentage increase with respect to the R specimen is provided in parentheses.
b Based on (a) the load-displacement curve's slope change and (b) the test results.
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The specimen finally failed in flexure after the steel bars yielded and the textile fibers started
slipping inside the mortar, with a maximum failure load of 134.5 kN. Specimen CD250, which was
pre-damaged and then strengthened with the same strengthening as specimen C250 before the
test, failed in flexure under a load of about 132.9 KN. This specimen showed a lower initial stiffness
compared with the other samples, mainly because of the pre-cracking of concrete as indicated in
Fig. 7. At aload of 50 KN, the FRCM reinforcing layers start contributing to resisting the tension
stresses, where the stiffness increases significantly.

4. Discussion and Evaluation of the Findings

The strengthening methods employed in this study successfully provided a noticeable
improvement in the flexural strength of the lightly-reinforced concrete two-way slabs. From an
analytical perspective, the carbon textile enhances the flexural capacity by contributing to the
internal tensile force equilibrium after concrete cracking, thereby delaying the yielding of the
internal steel. However, evaluating this capacity theoretically requires complex sectional
equilibrium analysis combined with spatial failure mechanisms. Predicting the exact ultimate load
is highly challenging due to the progressive nature of fiber-matrix debonding and the discrete
distribution of the strengthening strips. Consequently, while developing a rigorous analytical and
numerical model to validate these capacities is a primary objective for our future ongoing research,
the current study intentionally focuses on establishing a solid physical baseline through
experimental macroscopic evaluation. Considering the different variables examined, a review of
the experimental results presented in Table 5 including the ultimate strength, cracking load, pre-
cracking stiffness, post-cracking stiffness, and the response at the serviceability limit state (SLS)
points out several key observations and outcomes that are discussed below.

4.1 Effect of Fiber-Reinforced Cementitious Mortar Layers

In general, the FRCM layer achieves a significant increase in flexural strength, which is consistent
with the findings of several studies, which state that the textile-reinforced systems provide
additional tensile resistance to concrete elements This improvement is mostly due to the fact that
the carbon fibers start working early on during loading. This makes it easier for tensile stresses to
spread evenly over the concrete-mortar-textile composite layers.

In addition to the higher ultimate load, the strengthened slabs also exhibited a higher initial
stiffness just before cracking, indicating that a more stable response and a proper interaction bond
between the slab and the FRCM were functioning effectively. Even after the cracking initiated, the
slabs still exhibited higher degrees of post-cracking stiffness, largely due to the carbon fibers
maintaining the cracks and delaying their opening. This behavior is very similar to what other
researchers mentioned before, where FRCM systems usually help with crack control and keeping
the stiffness from dropping too much after cracking [38].

Also, the service-load behavior improved in all strengthened slabs, not just in terms of strength but
also in how the slabs behaved under normal loading levels, which is really important for long-term
use. Furthermore, regarding long-term environmental durability, the inorganic nature of the
cementitious matrix offers inherent advantages over traditional resin-based FRP systems. It
provides excellent thermal compatibility with the concrete substrate, superior resistance to
ultraviolet (UV) radiation, and allows moisture breathability, thereby reducing the risk of
premature delamination and ensuring sustained structural performance over time. These trends
can be seen in the load-deflection curves in Fig. 6, and the values listed in Table 5 also support the
idea that the FRCM strengthening method had a positive effect on the performance of the two-way
slabs used in this study.

4.2 Configuration FRCM layer

An insight into the effect of the strengthening configuration is provided in specimens C250 and
C50_3, whose test results are retrievable in the summary format of Table 5 and also in the plots of
Fig. 3. Despite using the same type of carbon FRCM and having the same reinforcement ratio (two
orthogonal textile layers covering nearly 50 per cent of the tension face), the arrangement of these
layers was completely different. Specimen C250 was laid with each layer in a single sheet and

11
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placed at the center of the span where the maximum bending moment occurs. That meant that the
majority of the textile was focused directly where the slab required its maximum tensile
reinforcement. For C50_3, on the other hand, each of the layers was separated into three strips of
15 cm in width spaced by roughly 11.25 cm. In this configuration, the textile can be spread over a
larger volume, and its fibers may interact progressively, according to the formation and
propagation of cracks. Fig. 3 clearly shows the layouts of both configurations and may help explain
why the reinforcement in C250 seems to have been activated more directly and efficiently.

These differences in configurations had an obvious impact on the mechanical behavior. Specimen
C250 exhibited a higher ultimate load (153 kN) than C50_3 (135 kN), indicating the superior
flexural efficiency of placing the reinforcement directly in the maximum moment area (Table 5).
This performance is fundamentally linked to the micro-mechanical interaction between the fiber
and the matrix. In C250, the continuous mesh configuration provided a larger effective surface area
for bond stress distribution, which enhanced the mechanical interlock (the "rivet effect") where
the mortar effectively penetrated the grid openings. This mechanism delayed the initiation of fiber-
matrix debonding and resisted its progression across the span. In contrast, the discontinuous strips
in C50_3 created localized stress concentrations at the edges of each strip, leading to an earlier
onset of debonding and less efficient crack bridging. This is reflected in the cracking load, which
rose significantly from 15 kN in the control slab to 40 kN in C250, compared to 35 kN in C50_3.
Furthermore, C250 achieved nearly double the post-cracking stiffness (3 kN/mm) compared to
C50_3 (2.36 kN/mm), as the dense, centralized grid was more effective in arresting micro-crack
propagation within the cementitious matrix. The behavior remained consistent for the
serviceability limit state (SLS) resistance, with C250 reaching 55 kN while C50_3 reached 45 kN.
Although both configurations outperformed the control specimen, the concentration of FRCM in
the maximum moment region enabled fibers to bridge cracks more effectively. The distributed-
strip configuration (C50_3) enhanced performance but did so by only partially engaging the fibers,
as some strips were slightly off the major cracking path, further facilitating the debonding
progression compared to the continuous patch in C250.

4.3 Effectiveness of FRCM Strengthening on Pre-Cracked Slabs

The effectiveness of FRCM strengthening after initial cracking was evaluated by comparing
specimen CD250, which was subjected to 50% of the ultimate load of the control slab before
strengthening, with the directly strengthened specimen C250. Both specimens utilized the same
carbon FRCM with two orthogonal layers covering 50% of the tension face, and their layout is
illustrated in Fig. 3. In CD250, flexural cracks had already developed prior to the application of
FRCM, whereas C250 was strengthened without any prior damage. The pre-existing cracks in
CD250 were flexural in nature. Despite this initial damage, the slab was able to achieve a final load
capacity of 132.9 KN, which is significantly higher than the control slab (120 KN) but still lower
than C250 (153 KN). CD250 achieved a post-cracking stiffness of 1.6 KN/mm, which is only 41%
larger than for the control slab (1.13 KN/mm) but 68% less than for C250 (3 KN/mm). As
summarized in Table 5 and plotted in Fig. 6, these results demonstrate that FRCM can regain some
of the lost flexural capacity and stiffness. However, this is depreciated when compared with
undamaged slabs that were subsequently strengthened.

Despite these small differences, CD250 performed similarly to C250 in failure mode (no or
minimally debonded and slipped fiber), and there were no significant issues (dis-) activating FRCM
during loading. While the extremely slight, probably negligible, effect of pre-existing cracks slightly
impaired textile layer engagement (lowering the post-cracking stiffness in them compared to a
fully intact slab) and contributed slightly to the detection of cracks, it could not prevent effective
crack bridging and net flexural reinforcement. Relative to the control slab, CD250 showed a
significant increase in ultimate capacity and post-cracking behavior, demonstrating that FRCM can
even be effective if the damage is applied first. In conclusion, FRCM has proven to be efficient in
increasing flexural performance compared to direct strengthening (C250), providing additional (up
to 27%) structural compensation and controlling the crack texture even when bonded after
moderate pre-damage. The differences are highlighted by the position of reinforcement with
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respect to the region of maximum moment (Fig. 6) and the need for optimized behavior between
different structural systems.

Despite the slight differences, the failure mode of CD250 remained similar to C250, with no
significant issues in fiber debonding or slippage, although minor differences in FRCM activation
duringloading were observed. The presence of pre-existing cracks slightly affected the engagement
of the textile layers, reducing the post-cracking stiffness compared to the fully intact slab, but did
not prevent effective crack bridging and flexural reinforcement. Compared with the control slab,
CD250 exhibited a substantial enhancement in both ultimate capacity and post-cracking response,
confirming that FRCM can be effective even when applied after initial cracking. Overall, the
comparison highlights that while direct strengthening (C250) yields the highest flexural
performance, applying FRCM after moderate pre-damage still provides meaningful structural
improvements, particularly in load-bearing capacity and crack control. The observed differences
underline the importance of reinforcement placement relative to the maximum moment region, as
shown in Fig. 6, in achieving optimal structural performance.

5. Conclusion

The present research paper provides experimental insights into the effectiveness of the carbon-
roving FRCM system in enhancing the behavior of two-way RC slabs, when applied to strengthen
undamaged members and to repair pre-damaged ones. The research was focused on different
performance parameters, including ultimate flexural strength, first-crack load, pre-crack and post-
crack stiffness development, crack pattern and propagation, and service load behavior of the slabs.
Using these criteria, the key findings from the experimental program can be summarized as
follows:

e The FRCM was efficient in retrofitting RC slabs, as all retrofitted slabs showed a significant
difference from the control slab in various scales.

e The distribution of FRCM layers under the loaded areas should be placed just above the
maximum moment zone rather than distributing them as separate strips. The slabs with such
layers presented significant improvements in terms of the failure load, stiffness, and crack
control.

e FRCM usage demonstrates high effectiveness in increasing the first cracking loading,
resulting in more elastic and stable behavior.

e An overall enhancement in structural stiffness was observed in both the pre-cracking and
post-cracking stages, particularly in the specimens strengthened with continuous textile
reinforcement. This indicates a more effective engagement of the textile in resisting
deformation throughout the entire loading process.

e More effective crack control is achieved with the reinforcement in the critical zone. The strip
layout still helped, but somewhat imperfectly because the strips are not contiguous.

e Strengthened slabs have a higher load-to-allowable deflection ratio, which enhances the
serviceability behavior of the slabs.

e The outcome showed not only that the amount of surface covered is significant, but also the
design and configuration of the fibers.

Based on the above, future studies are recommended to evaluate different coverage ratios, better
spacing for strip layouts, other types of textile materials, and also the long-term behavior of FRCM
under repeated loads and different environmental conditions. These aspects could help in
developing more reliable and efficient strengthening strategies for using FRCM in real repair and
retrofitting projects.
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