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Abstract

Reinforced concrete (RC) beams strengthened with carbon-fabric-reinforced cementitious
matrix (CFRCM) systems have shown potential for restoring flexural performance, yet
their effectiveness under different corrosion levels remains insufficiently understood. This
study presents a numerical investigation of the flexural behaviour of simply supported RC
beams externally strengthened with CFRCM plates. Refined finite element models (FEMs)
were developed by explicitly incorporating the steel–concrete bond-slip behaviour, the
carbon fabric (CF) mesh–cementitious matrix (CM) interface, and the CFRCM–concrete
substrate interaction and were validated against experimental results in terms of failure
modes, load–deflection responses, and flexural capacities. A parametric study was then
conducted to examine the effects of CFRCM layer number, steel corrosion level, and
longitudinal reinforcement ratio. The results indicate that the baseline flexural capacity
can be fully restored only when the corrosion level remains below approximately 15%;
beyond this threshold, none of the CFRCM configurations achieved full recovery. The
influence of the reinforcement ratio was found to depend on corrosion severity, while
increasing CFRCM layers enhanced flexural performance but exhibited saturation effects
for thicker configurations. In addition, corrosion level and CFRCM thickness jointly
influenced the failure mode. Comparisons with design predictions show that bilinear
CFRCM constitutive models are conservative, whereas existing FRP-based design codes
provide closer agreement with numerical and experimental results.

Keywords: carbon fabric reinforced cementitious matrix (CFRCM); corrosion; finite element
analysis (FEA); failure modes; interface performance; parametric study

1. Introduction
Reinforced concrete (RC) structures worldwide face persistent durability and per-

formance challenges, particularly those associated with steel corrosion induced by en-
vironmental exposure, where they are highly susceptible to long-term chloride-induced

Buildings 2026, 16, 377 https://doi.org/10.3390/buildings16020377

https://crossmark.crossref.org/dialog?doi=10.3390/buildings16020377&domain=pdf&date_stamp=2026-01-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0009-0004-2332-3424
https://orcid.org/0009-0001-2060-7438
https://orcid.org/0009-0003-4583-9344
https://orcid.org/0000-0003-2190-3826
https://orcid.org/0000-0002-2107-0505
https://orcid.org/0000-0003-1181-1389
https://doi.org/10.3390/buildings16020377


Buildings 2026, 16, 377 2 of 26

corrosion. In aggressive service environments, RC structures are particularly vulnerable to
long-term chloride ingress, which initiates and accelerates corrosion of embedded steel re-
inforcement, thereby progressively compromising structural integrity and service life [1–4].
As corrosion advances, a gradual reduction in load capacity is commonly observed, which
may ultimately result in premature or even catastrophic structural failure [5–8]. Experi-
mental and field evidence indicate that chloride-induced corrosion can cause cumulative
cross-sectional losses of up to 40% in tensile steel reinforcement within two decades [9,10],
accompanied by a severe deterioration of the steel–concrete bond performance [11,12].

Fibre-reinforced polymer (FRP) systems have been developed to address these is-
sues [13–19]. Malumbela et al. [20] reported that a combined patch-and-FRP technique
could mitigate ongoing corrosion while simultaneously enhancing load capacity and stiff-
ness. Masoud and Soudki [21] further observed a 16% reduction in rebar mass loss in
FRP-strengthened specimens compared with unstrengthened controls after 152 days of
exposure. They also noted that U-shaped glass (G)-FRP wraps effectively suppressed
corrosion activity, whereas carbon (C)-FRP plates had a negligible effect. Zidani [22]
employed finite element models (FEMs) with material nonlinearity and found that FRP
plating improved the flexural capacity of pre-damaged beams, though such improvements
were occasionally accompanied by premature debonding failures. Recent studies have
extended FRP-based strengthening to continuous RC beams and emphasised the critical
role of anchorage and interfacial behaviour in governing strengthening efficiency and
failure modes [23,24]. Moreover, advanced numerical modelling and strengthening under
degraded material conditions have been reported, providing complementary perspectives
on structural performance and model reliability [25,26].

However, their practical use remains limited due to the inherent vulnerability to
elevated temperatures and ultraviolet exposure [27,28]. In response, cementitious-based
strengthening approaches using engineered cementitious composites (ECC) have been
explored for RC structures [29,30]. Fabric-reinforced cementitious matrix (FRCM) sys-
tems have emerged as a promising alternative, offering enhanced durability, superior
compatibility with concrete substrate, and significantly improved fire resistance [31–33].
Increasing research attention has been directed toward the flexural performance of RC
members strengthened with FRCM systems [34–36]. Elghazy et al. [37–39] analysed the
critical influence of the cementitious matrix (CM)’s mechanical properties and its interface
adhesion to the fabric in governing the failure mechanism and strengthening efficiency.
For example, specimens with polyparaphenylene benzobisoxazole (PBO)-FRCM U-wraps
typically failed due to matrix fabric slippage, whereas those with carbon-FRCM (CFRCM)
exhibited extensive matrix cracking prior to failure [37]. Escrig et al. [40] further highlighted
the system-dependent performance of FRCM composites, reporting that steel (S)-FRCM
was most effective in restoring flexural capacity, while CFRCM provided the greatest im-
provement in flexural stiffness. Ebead and El-Sherif [41] added that PBO-FRCM specimens
exhibited greater post-yield ductility but also more severe stiffness degradation compared
to CFRCM. Moreover, distinct failure modes were observed across fabric types: G-FRCM
specimens failed due to fabric rupture, whereas CFRCM and PBO-FRCM systems were
prone to delamination.

Beyond experimental investigations, significant efforts have been dedicated to analyti-
cally and numerically modelling FRCM systems, with particular emphasis on predicting
the effective fabric strain [42–45] and the ultimate load capacity [46–49]. Sneed et al. [42]
theorised that the maximum peel strain of S-FRCM was substantially lower than the fabric’s
fracture strain of 1.5% yet exceeded the 0.34% value from direct shear tests. Subsequently,
Bencardino et al. [43] proposed a predictive expression for the peeling strain of S-FRCM,
while Zhu et al. [44] developed a strain-based model to determine the effective fabric
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strain and establish a criterion for predicting interface failure at either the fibre–mortar
or mortar–concrete interface. Jung et al. [45] further demonstrated that sliding-induced
debonding between hybrid carbon/glass fabrics and the matrix at high strain levels neces-
sitates bond–slip formulations that explicitly capture this phenomenon. On the theoretical
front, Zhou et al. [46] and Wei et al. [47] established analytical formulas for key behavioural
stages, including cracking, yielding, and ultimate loads, as well as deflection predictions.
Advancing the analysis to member-level behaviour, Mandor and El Refai [48] suggested
that FRCM strengthening can facilitate moment redistribution following plastic hinge
formation. They proposed a corresponding quantification approach alongside a refined
deflection formula that incorporates stiffness degradation [49].

The numerical simulation of FRCM-strengthened members has progressed substan-
tially to complement experimental findings. Elghazy et al. [50] determined that failure
is predominantly governed by fibre–matrix slip, a mechanism largely insensitive to the
concrete’s compressive strength and cover thickness. Consistent with this observation,
Aljazaeri et al. [51] demonstrated that the concrete’s compressive strength exerts a mini-
mal influence on the ultimate capacity, while the reinforcement ratio remains a decisive
parameter. Taie et al. [52] extended the analysis to more complex structural systems by
investigating the flexural behaviour of two-span continuous beams strengthened with
PBO-FRCM. Their findings highlighted a strong dependency of the flexural response on
both the strengthening configuration and the number of layers in both hogging and sag-
ging moment regions. Specifically, the hogging-to-sagging moment ratio was found to
significantly influence the failure mode in the hogging region, whereas the beam’s overall
ductility was primarily governed by the flexural behaviour in the sagging region.

While previous research has provided valuable insights into the flexural performance
of FRCM-strengthened systems, notable knowledge gaps remain unaddressed. Existing
studies have primarily focused on the influence of different strengthening systems, failure
modes, and load capacity enhancement. Although key parameters have been compared and
analytical models proposed, a fundamental limitation persists in the field of numerical sim-
ulation. Specifically, refined FEMs capable of accurately capturing structural performance
under high corrosion rates are still lacking. Moreover, prevailing modelling approaches
have tended to overlook the integration of critical interface behaviour, including steel–
concrete bond degradation induced by corrosion, the fabric-to-matrix interface, and the
FRCM-to-concrete substrate interaction. This omission of interconnected interface data
prevents a comprehensive, multi-scale analysis spanning material behaviour, interface
response, and full member performance. To bridge these gaps, the present study develops a
refined finite element modelling framework that explicitly incorporates the aforementioned
interface laws and corrosion effects, thereby enabling a rigorous characterisation of the
flexural performance evolution of CFRCM-strengthened RC beams.

This study presents a comprehensive numerical investigation of the flexural be-
haviour of simply supported RC beams strengthened with CFRCM plates. A refined
three-dimensional FEM was developed and rigorously validated against existing experi-
mental data. A pivotal feature of this model is the explicit incorporation of the constitutive
laws for all critical interface mechanisms: the bond–slip behaviour between steel and
concrete, the stress transfer between carbon fabric (CF) mesh and CM, and the interac-
tion between the CFRCM composite and the concrete substrate. The validated model
demonstrated high accuracy in replicating key experimental observations, including crack
propagation, load–displacement response, and ultimate bending capacity. Based on this
FEM, an extensive parametric study was undertaken to quantify the effects of the num-
ber of CFRCM layers, the corrosion level of the steel reinforcement, and the longitudinal
reinforcement ratio on the flexural performance. The influences of these parameters on
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load recovery, strengthening enhancement, and failure modes were also examined in detail.
Finally, the current design codes, including ACI 549.4R-20 [53], ACI 440.2R-17 [17], FIB Bul-
letin 14 [18], and CECS 146-2003 (2007) [19], were evaluated by comparing their predicted
bending capacities with the numerical results.

2. A Brief Summary of Experimental Work
This section provides a concise overview of the experimental programme used to

validate the FEM developed in this study. A detailed description of the experimental
work can be found in ref. [47]. The test series included one unstrengthened control beam
(S-B-L0) and three beams strengthened with one, two, and four CFRCM layers (S-B-L1,
S-B-L2, and S-B-L4, respectively). The key material properties of the concrete, tensile steel
reinforcement, CM, and dry CF are summarised in Table 1.

Table 1. Material properties.

Material Material Properties

Concrete Cubic compressive strength (fcu) (MPa) 42.20

Tensile steel (ϕ 12)

Yielding strength (fly) (MPa) 496.70
Yielding strain (εly) (%) 0.25

Tensile strength (flu) (MPa) 601.30
Tensile strain (εlu) (%) 9.30

Elastic modulus (El) (GPa) 200.00

Compressive steel/stirrup (ϕ 8)

Yielding strength (fsy) (MPa) 340.00
Yielding strain (εsy) (%) 0.17

Tensile strength (fsu) (MPa) 544.00
Tensile strain (εsu) (%) 13.00

Elastic modulus (Es) (GPa) 200.00

CM
Compressive strength (fcmu) (MPa) 71.50

Flexural strength (fbm) (MPa) 9.30

Dry CF
Tensile strength (fcf) (MPa) 2125.00
Elastic modulus (Ecf) (GPa) 196.40

Tensile strain (εcf) (%) 1.10

The reinforcement layout, specimen dimensions, and boundary conditions are shown
in Figure 1. Each specimen had a total length of 1500 mm and a cross-section of
170 × 300 mm. Two 12 mm diameter tensile longitudinal bars were placed at the bot-
tom of the cross-section, and two 8 mm diameter compressive longitudinal bars were
positioned at the top, with a concrete cover of 30 mm. Stirrups were omitted within the
400 mm span between the loading points. Beyond this region, stirrups were spaced at
80 mm intervals. The soffit of the beams was sandblasted, followed by the external bonding
of a CFRCM plate with a length of 1100 mm to the beam soffit, as shown in Figure 1b. No
end anchorage system was adopted herein.

Regarding the failure modes, a classical flexural failure mode was observed in the un-
strengthened specimen S-B-L0, characterised by yielding of the longitudinal reinforcement
followed by concrete crushing. The strengthened beams S-B-L1 and S-B-L2 exhibited a
similar failure mode, governed by slippage of the CF mesh within the mortar matrix of the
CFRCM system, followed by concrete crushing. In contract, a sudden and brittle failure
was observed in specimen S-B-L4, attributed to the concrete cover peeling off.
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(a) Details and configurations of unstrengthened control beam

(b) Details and configurations of CFRCM-strengthened beam

Figure 1. Details and configurations of specimens (unit: mm).

3. Development of FEMs
In this study, the Displacement Analyzer (DIANA) [54] was employed to simulate the

mechanical response of the specimens. Its extensive library of constitutive models makes
it well suited to the non-linear analysis of quasi-brittle materials such as concrete. Four
three-dimensional FEMs were developed and analysed: one unstrengthened control beam
and three CFRCM strengthened beams. The constitutive models adopted for the concrete,
CFRCM composite, and steel reinforcement, as well as the theoretical models for the steel–
concrete bond interface, the CF mesh–CM interaction interface, and the CFRCM–concrete
substrate interface, which are fundamental to establishing the refined FEMs, are detailed.
The mesh type, loading, boundary conditions, and solver settings are also reported.

3.1. Simulation of Material Properties
3.1.1. Concrete

The constitutive model for concrete encompasses the total strain crack model, the
tensile softening function proposed by Hordijk [55] (Figure 2a), and the parabolic compres-
sive curve introduced by Feenstra [56] (Figure 2b). The full description of this model is
provided in ref. [57].

Since only the cubic compressive strength (fcu) of concrete was reported in the test
results, the remaining concrete properties used in the model are derived from code-based re-
lationships. The tensile strength is taken as 2.01 MPa in accordance with GB50010-2015 [58],
while the cylindrical compressive strength fc′ and elastic modulus Ec are calculated using
Equations (1) and (2), respectively [58,59].

f ′c = 0.79 fcu (1)

Ec = 4700
√

f ′c (2)

Within the total strain crack model framework, both tensile and compressive re-
sponses are governed by fracture energy. The tensile fracture energy (Gf) is calculated
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using Equation (3) [60], while the compressive fracture energy (Gc) is determined using
Equation (4) [61]. All resultant material parameters used in the finite element analysis
(FEA) are summarised in Table 2.

G f = 0.073 f ′0.18
c (3)

Gc =

(
f ′c
ft

)2

G f (4)

Table 2. Material parameters of concrete and CM in the FEA.

Material Concrete CM

Cylinder compressive strength (MPa) 33.34 56.49
Tensile strength (MPa) 2.01 4.65

Tensile fracture energy (N/mm) 0.14 0.15
Compressive fracture energy (N/mm) 38.51 27.90

Elastic modulus (MPa) 27.20 27.20
Poisson’s ratio 0.20 0.20

Shear retention factor 0.01 0.01

(a) (b)

Figure 2. Concrete behaviour in tension and compression. (a) Crack opening law proposed by
Hordijk [48]; (b) Parabolic compression curve [49].

3.1.2. CFRCM Composite

The CFRCM composite comprises the CF mesh and CM. In this study, the CF mesh
has a fibre spacing of 100 bundles per metre in the primary direction and 130 bundles per
metre in the secondary direction. Due to the limitation that the bidirectional reinforcement
function in DIANA [54] can only simulate bidirectional CF mesh without capturing bond-
slip behaviour, the CF mesh is idealised as a 0.1 mm thick membrane based on the net area
of CF [57,62]. Its tensile behaviour is defined by a linear elastic model up to the ultimate
tensile strength, whilst its compressive strength is assigned as a nominal value of 0.01 MPa.

The CM, as a quasi-brittle material similar to concrete, is modelled using the fixed total
strain crack model. The compressive strength of the CM (fmc) is taken from experimental
tests, and the tensile strength (fmt) is calculated according to ACI 318-08 [59], as given by
Equation (5). The elastic modulus was assumed to be equivalent to that of concrete.

fmt = 0.62
√

fmc (5)

The tensile behaviour of the CFRCM composite is represented by the tensile behaviour
of the CF alone in accordance with ACI 549.4R-20 [53]. The tensile constitutive models for
one-, two-, and four-layer CF systems are presented in Figure 3. The tensile constitutive
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model for the three-layer CF system was derived by linear interpolation between the two-
and four-layer models. Specifically, the characteristic points, including the transition point
and the peak tensile stress–strain point, were obtained by averaging the corresponding
values of the two- and four-layer CF models. The tensile and compressive fracture ener-
gies of the CM (Gfcm and Gcm) are also determined using Equations (3) and (4), and the
corresponding values are provided in Table 2.

0.0 0.3 0.6 0.9 1.2 1.5
0

500
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2000
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 L2-Test
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 L4-Test
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Tensile strain (%)

Figure 3. Tensile constitutive models for CF with different numbers of layers.

3.1.3. Reinforcing Steel

In FEA, reinforcing steel is modelled as an isotropic material, with its yield behaviour
represented by the von Mises criterion and isotropic strain hardening. The hardening
function is directly defined using the stress–strain data obtained from experimental tests,
as detailed in ref. [47]. To facilitate the subsequent parametric study and to incorporate the
degradation of mechanical properties due to corrosion, the key parameters of the reinforcing
steel at various corrosion rates are implemented based on the empirical relationships given
in ref. [63], as given by Equations (6)–(10). These parameters include yield strength, ultimate
strength, and elastic modulus.

fyη = (1 − 1.004η) fy0 (6)

fsη = (1 − 0.834η) fs0 (7)

Esη = (1 − 0.767η)Es0 (8)

εpη = (1 − 2.231η)εp0 (9)

εsη = (1 − 2.159η)εs0 (10)

where η represents the corrosion rate, and fyη , fsη , Esη , εpη , and εsη denote the nominal yield
strength, nominal ultimate strength, nominal elastic modulus, initial hardening strain, and
peak strain of corroded reinforcing steel, respectively. The parameters fy0, fs0, Es0, εp0, and
εs0 correspond to those properties of the uncorroded reinforcement.

3.2. Interface Behaviour
3.2.1. Bond–Slip Model Between Concrete and Steel Reinforcement

The bond performance between steel reinforcement and concrete is highly sensitive
to the level of corrosion [11,12], which directly affects the overall effectiveness of CFRCM
strengthening. Therefore, accurate simulation of the steel–concrete interface is essential. For
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uncorroded reinforcement, the bond–slip constitutive relationship recommended by the
CEB-FIP model code [64] is adopted, as given by Equation (11) and illustrated in Figure 4a.

τ =


τmax

(
s
s1

)0.4
0 ≤ s ≤ 0.6

τmax 0.6 < s ≤ 0.6

τmax −
(

τmax − τf

)(
s−s2
s3−s2

)
0.6 < s ≤ 1.0

τf s >1.0

(11)

where τ is the local bonding strength, τmax is the maximum local bonding strength, and s is
the local slip.
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(a) Steel reinforcement–concrete interface (b) CFRCM–concrete substrate interface

0 1 2 3
0

1

2

3

4

5

B
o
n
d
 s

tr
es

s 
(M

P
a)

Slip (mm)

(c) CM-CF interface

Figure 4. Bond–slip models for steel–concrete, CFRCM–concrete, and CM-CF interfaces.

It should be noted that corrosion in real RC structures often develops in a non-uniform
manner, whereas the corrosion level considered in this study is idealised as an equivalent
uniform mass loss calibrated from laboratory observations. This assumption enables a
consistent representation of corrosion effects in member-level parametric analyses.

To adequately account for the bond performance of corroded reinforcement in sub-
sequent parametric study, a reduction factor (Rc) is applied to the bond strength. The
resulting bond characteristic strength (τmax(η)) for corroded reinforcement is determined
following the methodology proposed in ref. [11], as given by Equations (12)–(14):

τmax(η) = τmaxRc =τmaxRst Rm (12)

Rst = 1 − 0.68 ηstave (13)

Rm =

{
1 η ≤ 1.5%
e−δ(η−1.5%) η > 1.5%

(14)
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where Rst and Rm are the coefficients that represent the influence of stirrup corrosion and
longitudinal bar corrosion on bond strength, respectively, while ηstave is the average percentage
of mass loss in steel reinforcement. δ is determined by Equations (15) and (16) [11].

δ =
k1 + k2(c/db)

k4ξst + 1
(15)

ξst = nst Ast/(nb dbsst) (16)

where k1, k2, and k4 are 13.28, −0.57, and 43.54, respectively; c is the concrete cover; db is the
initial diameter of the longitudinal bar; nst is the number of stirrups that cross the splitting
plane; nb is the number of longitudinal bars; and sst is the stirrup spacing.

3.2.2. CFRCM Composite–Concrete Substrate Interface

The interface between the CFRCM composite and the concrete substrate is charac-
terised by the bond between the CM and the concrete. This interface was modelled using a
trilinear cohesive zone law, as defined in Equation (17). The specific parameters for this
model are determined based on the experimental data and analytical procedure reported
by Liu et al. [65], as given by Equations (18)–(23). The constitutive relationship for this
interface is illustrated in Figure 4b.

τ =


k1s 0 ≤ s < smax

τmax − k2

(
s − τmax

k1

)
smax ≤ s < s0

τ0 s0 ≤ s

(17)

where k1 and k2 are the rising slope and the descending slope of the trilinear bond–slip
curve, respectively; τmax and τ0 are the ultimate shear strength and residual bond stress of
the FRCM–concrete interface, respectively; smax is the interface slip corresponding to the
ultimate shear strength; and s0 is the slip at the residual bond stress.

K1 = E f A f λ1tanh(λ1L) (18)

λ1 =

√
ck1

E f A f
(19)

K2 = E f A f tan(λ2L) (20)

λ1 =

√
ck2

E f A f
(21)

τmax =
Pmaxλ2

csin(λ2L)
(22)

τ0 =
P0

cL
(23)

where K1 and K2 represent the initial slope and deteriorated slope of experimental curve,
respectively; Ef and Af is elastic modulus and cross-sectional area of CF, respectively; c
is the perimeter of the cross-section of CF; L is the bonding length; and P0 is the load
corresponding to the friction stage.

3.2.3. Cementitious Matrix-CF Interface

The bond–slip relationship for the interface between the CM and CF is taken from a
previous study [62]. The interface properties are assumed to represent short- to medium-
term conditions, and the long-term degradation effects induced by environmental actions
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(e.g., moisture exposure, freeze–thaw cycles, or cyclic loading) are not explicitly consid-
ered. Since no delamination failure was observed in the CFRCM-strengthened speci-
mens, the bond–slip relationship corresponding to the higher bond strength is selected
for this investigation. The resulting constitutive relationship for this interface is presented
in Figure 4c.

3.3. Sensitivity Analysis and Mesh Type

A mesh sensitivity analysis is performed to determine the optimal mesh size. Three
mesh sizes (20 mm, 30 mm, and 40 mm) are evaluated for specimen S-B-L1 to establish
an appropriate balance between computational cost and numerical accuracy. The corre-
sponding FEA runtimes were 6 h, 4 h, and 1.5 h, with deviations of 1.28%, 1.23%, and
1.43%, respectively, from the experimental results. Based on these results, a mesh size of
30 mm is selected for all subsequent simulations as it provides a good compromise between
computational efficiency and accuracy.

Figure 5 gives the FEM of strengthened specimen. It can be seen that the CHX60 ele-
ment, a twenty-node isoparametric solid brick element employing quadratic interpolation
and Gauss integration, is used to model the concrete, CM, and cushion block due to its
computational efficiency. The CQ40S element, an eight-node quadrilateral isoparamet-
ric curved shell element, is selected for the CF mesh. All interfaces are modelled using
the CQ48I element, a specialised interface element designed to connect two surfaces in a
three-dimensional configuration.

Figure 5. FEM of strengthened specimen.

3.4. Loading and Boundary Conditions

Accurate boundary conditions are essential to replicate experimental conditions. Out-
of-plane displacements and rotations are restrained at both supports to simulate realistic
boundary behaviour. Horizontal and vertical displacements are fixed at the left support,
while only vertical displacement is fixed at the right support to satisfy the simply supported
boundary requirements. To streamline the FEA, the distributed loads applied in the
experiment are converted into concentrated loads coupled at the cushion block. At the
loading point, displacements in the horizontal and out-of-plane directions are restrained.
A displacement-controlled loading scheme is applied at a rate of 0.1 mm per analysis
increment, and the Newton–Raphson iteration is employed with dual convergence criteria
based on force and displacement.

https://doi.org/10.3390/buildings16020377

https://doi.org/10.3390/buildings16020377


Buildings 2026, 16, 377 11 of 26

4. Validation of FEMs
Upon developing the FEMs, the FEA results, including crack pattern, load–displacement

response, ultimate loads, and bending moments, are obtained and compared with the ex-
perimental results reported in [47], as presented in the following subsections.

4.1. Failure Modes

Figure 6 presents a comparison between the simulated and experimentally observed
crack patterns. For the control beam, the simulated cracks are primarily concentrated
around the two loading points, with the crack distribution closely matching the experi-
mental results. In specimen S-B-L1, two distinct cracks are observed on the concrete and
CM surfaces within the loading region, which aligns with the experimental findings. The
crack distribution is more uniform in specimens S-B-L2 and S-B-L4 compared with S-B-L1.
In specimen S-B-L2, three cracks develop on the concrete surface, showing good agree-
ment with the experimental crack pattern. For specimen S-B-L4, the experimental image
does not clearly reveal the detailed crack distribution, making a direct comparison more
difficult. Nevertheless, the specimen shows no significant delamination of the externally
bonded layer, and the concrete surface displays denser and finer cracking relative to the
other strengthened specimens. The CM surface of S-B-L4 shows the greatest number of
cracks, albeit with the smallest crack widths. Overall, the failure modes of the specimens
are captured accurately by the FEA, as evidenced by the comparison of simulated and
observed fracture patterns.

Experimental crack Simulated concrete crack (Front) Simulated concrete crack (Bottom)

(a) Specimen S-B-L0

Experimental crack Simulated concrete crack Simulated mortar crack

(b) Specimen S-B-L1

Experimental crack Simulated concrete crack Simulated mortar crack

(c) Specimen S-B-L2

Experimental crack Simulated concrete crack Simulated mortar crack

(d) Specimen S-B-L4

Figure 6. Comparison of crack patterns of specimens.

4.2. Load-Deflection Curves

Figure 7 compares the simulated load–displacement curves and corresponding ex-
perimental results. The initial elastic stiffness of the simulated curves is higher than that
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of the experimental curves. This discrepancy can be attributed to the fact that the FEMs
incorporate only the initial elastic modulus of the materials, whereas in the actual tests, the
progressive cracking of concrete and CM leads to a gradual reduction in stiffness. Therefore,
some deviations between the experimental and numerical curves are observed.
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(a) Specimen S-B-L1 (b) Specimen S-B-L2 (c) Specimen S-B-L4

Figure 7. Comparison of load–deflection curves.

For the control beam (S-B-L0), the stiffness of the experimental and simulated curves
agrees well prior to cracking. As the load increases, the FEM predicts that a single dominant
crack initiates at mid-span and subsequently propagates symmetrically. In contrast, the
experimental crack pattern initiates and develops asymmetrically, which may be attributed
to unavoidable minor imperfections in the test setup. This difference results in a deviation
between the two curves, particularly after yielding of the steel reinforcement. The sim-
ulated load–displacement curve reaches a plateau due to the idealised symmetric crack
propagation and deformation development in the FEM, whereas the test curve continues to
exhibit a slight increase in load capacity, sustained by the asymmetric crack distribution
observed in the test. Overall, a close agreement is observed between the failure loads
predicted by the FEA and those obtained from the experimental tests.

The cracking load (Pcr,FEA), yield load (Py,FEA), and ultimate load (Pu,FEA) obtained
from the FEA are compared with the corresponding experimental results (Pcr, Py, and Pu)
in Table 3. The mean ratio values of Pcr/Pcr,FEA, Py/Py,FEA, and Pu/Pu,FEA are 1.02, 1.00,
and 1.01, with coefficient of variation (COV) values of 8.8%, 7.5%, and 4.2%, respectively,
demonstrating the high accuracy of the FEA predictions.

Table 3. Comparison of key load values.

Specimens
Experimental Values (kN) Simulated Values (kN) Ratios

Pcr Py Pu Pcr,FEA Py,FEA Pu,FEA
Pcr/

Pcr,FEA

Py/
Py,FEA

Pu/
Pu,FEA

S-B-L0 68.30 156.30 191.15 70.67 170.04 184.20 0.97 0.92 1.04
S-B-L1 77.21 170.20 193.72 70.36 170.10 191.20 1.10 1.00 1.01
S-B-L2 84.07 172.10 204.02 91.31 174.81 216.30 0.92 0.98 0.94
S-B-L4 102.81 212.80 251.60 93.94 193.14 245.08 1.09 1.10 1.03
Mean
(COV) — — — — — — 1.02

(8.8%)
1.00

(7.5%)
1.01

(4.2%)

For specimen S-B-L1, two important cracks appeared on the surface of the concrete
and CFRCM plates, corresponding to the two drops in load observed in the simulated
curve. The close agreement between the simulated cracking loads of S-B-L1 and S-B-L0
indicates that a single CFRCM layer provides negligible improvement to the initial cracking
resistance. After the failure of CFRCM plate, the load of S-B-L1 is even slightly lower than
that of control beam S-B-L0. For specimen S-B-L2, the ductility is improved by CFRCM
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strengthening. Prior to failure, the load dropped rapidly to the yield level due to the
sudden propagation of the main crack. Meanwhile, the stiffness of specimen S-B-L4 was
the highest among all strengthened specimens, resulting in a decrease in ductility to some
extent. Failure occurred at a loading displacement of approximately 6 mm, where the
simulated curve showed good agreement with the test data.

Overall, the load–displacement curves accurately capture the mechanical response
of specimens throughout the loading process. Although inevitable experimental varia-
tions lead to certain discrepancies, the FEM developed herein proves essential for reliably
reproducing the mechanical behaviour of the specimens.

4.3. Bending Moment

Figure 8 presents a comparison between the simulated cracking moment (Mcr,FEA),
yield moment (My,FEA), and ultimate moment (Mu,FEA) with the corresponding experimen-
tal values (Mcr, My, Mu). The Mcr/Mcr,FEA, My/My,FEA, and Mu/Mu,FEA ratios all fall within
the range of 0.80–1.20 [66], demonstrating good agreement between the simulation and
experimental results.

Figure 8. Comparison of key bending moment values.

5. Parametric Study
5.1. General

Upon validation, a parametric study was conducted to systematically investigate
the influence of the number of CFRCM layers, the reinforcement ratio, and the corrosion
rate of steel reinforcement on the flexural behaviour of the specimens. These parameters
were selected due to their significant impact on the load capacity and overall mechanical
performance. Specifically, steel corrosion is known to degrade structural integrity by
reducing the effective cross-sectional area of the reinforcement and weakening the bond
with the surrounding concrete [10,11].

A total of 56 models were developed herein, all maintaining consistency with the
validated reference model in terms of mesh size, boundary conditions, and reinforcement
layout. The interfacial interactions between steel and concrete, CF and CM, and the
CFRCM and concrete substrate were explicitly modelled to accurately capture the composite
behaviour. The ultimate loads (Pu,FEA) and moments (Mu,FEA) obtained from all models are
summarised in Table 4. Notations L0 to L4 in the specimen labelling system indicate the
number of applied CFRCM layers, ranging from 0 to 4, while suffixes η0 to η5 represent
corrosion levels ranging from 0% to 25%, facilitating a structured analysis of the effects of
both strengthening and corrosion on structural performance.
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Table 4. Model detail and load capacity comparison.

Specimen Reinforcement
Ratio (%)

Corrosion
Rate (%)

Pu,FEA
(kN)

Mu,FEA
(kN·m) Specimen Reinforcement

Ratio (%) Corrosion Rate (%) Pu,FEA
(kN)

Mu,FEA
(kN·m)

S-B-L0 0.52 0.00 184.20 36.81 S-B-L0-d14-η0 0.71 0.00 199.29 39.86

S-B-L0-d12-η1 0.52 5.00 179.21 35.84 S-B-L0-d14-η1 0.71 5.00 193.24 38.65

S-B-L0-d12-η2 0.52 10.00 168.21 33.64 S-B-L0-d14-η2 0.71 10.00 185.27 37.05

S-B-L0-d12-η3 0.52 15.00 159.72 31.94 S-B-L0-d14-η3 0.71 15.00 175.46 35.09

S-B-L0-d12-η4 0.52 20.00 151.23 30.25 S-B-L0-d14-η4 0.71 20.00 152.03 30.41

S-B-L0-d12-η5 0.52 25.00 133.25 26.65 S-B-L0-d14-η5 0.71 25.00 123.73 24.75

S-B-L1 0.52 0.00 191.20 38.24 S-B-L1-d14-η0 0.71 0.00 217.37 43.47

S-B-L1-d12-η1 0.52 5.00 186.75 37.35 S-B-L1-d14-η1 0.71 5.00 211.02 42.20

S-B-L1-d12-η2 0.52 10.00 182.55 36.51 S-B-L1-d14-η2 0.71 10.00 200.33 40.07

S-B-L1-d12-η3 0.52 15.00 176.54 35.31 S-B-L1-d14-η3 0.71 15.00 192.65 38.53

S-B-L1-d12-η4 0.52 20.00 169.44 33.89 S-B-L1-d14-η4 0.71 20.00 180.27 36.05

S-B-L1-d12-η5 0.52 25.00 159.26 31.85 S-B-L1-d14-η5 0.71 25.00 169.78 33.96

S-B-L2 0.52 0.00 216.30 43.26 S-B-L2-d14-η0 0.71 0.00 231.84 46.37

S-B-L2-d12-η1 0.52 5.00 210.85 42.17 S-B-L2-d14-η1 0.71 5.00 229.54 45.91

S-B-L2-d12-η2 0.52 10.00 204.61 40.92 S-B-L2-d14-η2 0.71 10.00 217.29 43.46

S-B-L2-d12-η3 0.52 15.00 181.74 36.35 S-B-L2-d14-η3 0.71 15.00 188.96 37.79

S-B-L2-d12-η4 0.52 20.00 173.32 34.66 S-B-L2-d14-η4 0.71 20.00 182.42 36.48

S-B-L2-d12-η5 0.52 25.00 153.23 30.65 S-B-L2-d14-η5 0.71 25.00 168.10 33.62

S-B-L3-d12-η0 0.52 0.00 229.50 45.90 S-B-L3-d14-η0 0.71 0.00 250.40 50.08

S-B-L3-d12-η1 0.52 5.00 226.84 45.37 S-B-L3-d14-η1 0.71 5.00 247.09 49.42

S-B-L3-d12-η2 0.52 10.00 207.70 41.54 S-B-L3-d14-η2 0.71 10.00 228.90 45.78

S-B-L3-d12-η3 0.52 15.00 183.71 36.74 S-B-L3-d14-η3 0.71 15.00 194.12 38.82

S-B-L3-d12-η4 0.52 20.00 178.06 35.61 S-B-L3-d14-η4 0.71 20.00 189.89 37.98

S-B-L3-d12-η5 0.52 25.00 166.79 33.36 S-B-L3-d14-η5 0.71 25.00 182.45 36.49

S-B-L4 0.52 0.00 245.08 49.02 S-B-L4-d14-η0 0.71 0.00 269.28 53.86

S-B-L4-d12-η1 0.52 5.00 226.31 45.26 S-B-L4-d14-η1 0.71 5.00 250.30 50.06

S-B-L4-d12-η2 0.52 10.00 208.37 41.67 S-B-L4-d14-η2 0.71 10.00 224.51 44.90

S-B-L4-d12-η3 0.52 15.00 190.81 38.16 S-B-L4-d14-η3 0.71 15.00 187.81 37.56

S-B-L4-d12-η4 0.52 20.00 184.93 36.99 S-B-L4-d14-η4 0.71 20.00 184.15 36.83

S-B-L4-d12-η5 0.52 25.00 167.77 33.55 S-B-L4-d14-η5 0.71 25.00 187.85 37.57

5.2. Load Capacity Comparison
5.2.1. Influence of CFRCM Layer

Figure 9 illustrates the variation in ultimate load capacity with the number of CFRCM
layers under two reinforcement ratios. For specimens with a reinforcement ratio of 0.52%,
the load capacity increases steadily from L0 to L3 across all corrosion levels. However,
once the corrosion level exceeds 5%, the difference between the L3 and L4 configurations
becomes negligible, indicating the onset of a saturation effect.

For specimens with a reinforcement ratio of 0.71%, this saturation behaviour becomes
more pronounced. When the corrosion level exceeds 10%, the four-layer configuration not
only fails to provide additional enhancement but even results in slightly lower capacities
than the three-layer configuration. This trend suggests an over-strengthening effect, where
the added CFRCM layers cannot be fully utilised due to limitations in interface bond or
insufficient deformation compatibility with the internal reinforcement.

Across both reinforcement ratios, the most significant improvement occurs from L1
to L2, while the gains from L2 to L3 are moderate and those from L3 to L4 are minimal.
This behaviour highlights a diminishing return in strengthening efficiency as the number
of CFRCM layers increases, particularly under higher corrosion levels.
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Figure 9. Effect of CFRCM layer number on load capacity.

5.2.2. Influence of Corrosion Rate of Steel Reinforcement

Figure 10a,b show that the load capacity of specimens gradually decreases with an
increasing corrosion rate, reflecting the combined effects of steel cross-sectional loss and
bond degradation between the steel and surrounding concrete [10,11]. To evaluate the
rehabilitation capability of the CFRCM system, Figure 10c,d present the absolute recovery
ratio, defined relative to the uncorroded, unstrengthened specimens.
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Figure 10. Effect of corrosion rate on load capacity.
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For specimens with a reinforcement ratio of 0.52%, a single CFRCM layer is sufficient
to restore the load capacity to the uncorroded unstrengthened baseline level when the
corrosion rate remains below 10%. When corrosion reaches 15%, L2 or L3 is required to
recover the baseline capacity, whereas at 20% corrosion, only L4 can achieve full recovery.

For specimens with a reinforcement ratio of 0.71%, the ultimate load can be restored
to the baseline level within a corrosion rate of approximately 10% by using a single layer.
However, once the corrosion rate reaches around 13%, the recovery levels achieved by L2,
L3, and L4 become relatively close, indicating only limited additional benefit from increas-
ing the number of layers. At a corrosion level of 25%, all strengthening configurations
exhibit a 10–20% reduction in capacity compared to the uncorroded, unstrengthened base-
line, indicating a significantly reduced effectiveness of the strengthening system. Overall,
the baseline capacity can be recovered when corrosion remains below 10–15%; however,
beyond this threshold, full recovery is no longer achievable regardless of the number of
CFRCM layers.

5.2.3. Influence of Reinforcement Ratio

Figure 11 presents the relative enhancement ratio, defined as the percentage increase
in ultimate load of the strengthened specimens compared with the unstrengthened ones
at the same corrosion level. The results indicate that the influence of reinforcement ratio
highly depends on corrosion severity.
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Figure 11. Effect of reinforcement ratio on load capacity.

When the corrosion level is not greater than 10%, the enhancement ratios for the
two reinforcement ratios (0.52% and 0.71%) are almost identical, and the curves remain
nearly horizontal, indicating that the reinforcement ratio has only a minor effect at this

https://doi.org/10.3390/buildings16020377

https://doi.org/10.3390/buildings16020377


Buildings 2026, 16, 377 17 of 26

stage. Once the corrosion level exceeds 10%, the effect becomes more pronounced. At
15% corrosion, all configurations with a reinforcement ratio of 0.52% exhibit higher en-
hancement ratios than those with 0.71%, with the difference being most evident for the
four-layer configuration. When the corrosion level reaches 20%, this difference diminishes
and, in some cases, begins to reverse. At 25% corrosion, a clear and consistent pattern
emerges across all configurations: specimens with a reinforcement ratio of 0.71% show
markedly higher enhancement ratios than those with 0.52%, as reflected by the upward
shift in the yellow dashed lines.

Overall, up to a corrosion level of about 15%, specimens with a reinforcement ratio of 0.52%
tend to achieve higher or comparable enhancement ratios, whereas beyond 15% corrosion,
those with 0.71% reinforcement consistently provide superior strengthening effectiveness.

5.3. Failure Modes Summary

Figures 12 and 13 present the crack patterns on the concrete surface and CFRCM
layers for specimens with a reinforcement ratio of 0.52%. The failure characteristics varied
systematically with the number of CFRCM layers and the corrosion level.

For the unstrengthened specimens, multiple flexural cracks were observed at low
corrosion levels. As corrosion increased, these cracks progressively concentrated into a
single dominant crack at 25% corrosion (Figure 12a), reflecting a transition from ductile to
brittle response.

For the L1-L2 series, well-distributed flexural cracks were maintained when corrosion
was below 15%, and fine, uniform cracking was also observed on the CFRCM surface
(Figure 13a,b), indicating effective stress redistribution. When corrosion increased to the
20–25% range, the overall crack pattern became notably less uniform, and larger uncracked
regions developed on both the concrete and CFRCM surfaces. These changes reflect
progressive deterioration of the steel–concrete bond and a reduced deformation capacity of
the section under higher corrosion levels.

  
(a) S-B-L0-d14 series (b) S-B-L1-d14 series 

Figure 12. Cont.
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(c) S-B-L2-d14 series (d) S-B-L3-d14 series 

 
(e) S-B-L4-d14 series 

Figure 12. Concrete crack patterns under different corrosion rates and CFRCM layer numbers.

The L3–L4 series exhibited a noticeably different failure pattern compared with the
L1–L2 specimens. At low corrosion levels (η≤ 10%), the CFRCM plates develop dense and con-
tinuous crack bands along most of the span, while the concrete surface is dominated by flexural
cracks (Figures 12d,e and 13c,d). This indicates that the external reinforcement is effectively
engaged and that the internal reinforcement still provides a relatively uniform flexural response.
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As corrosion increases to around 15%, diagonal cracks appear in the constant-moment region,
marking a transition from pure flexural behaviour to flexure-shear interaction.

In the same corrosion range (approximately 5–15%), crack and strain concentration
become evident near the CFRCM termination zones, where partial debonding or slip
initiates. When corrosion exceeds 15%, the cracked region in both the concrete and the
CFRCM shortens and the crack spacing becomes larger, leading to extensive uncracked
zones away from the main flexure–shear zone. This pattern suggests that, under severe
corrosion, the response is governed by a narrow, highly damaged region, while large
portions of the CFRCM length are only partially mobilised.

The load capacity trends correspond closely with the observed failure patterns. At
25% corrosion, the response becomes highly localised within a narrow damaged region,
which explains both the limited load recovery and the reduced utilisation of additional
CFRCM layers. Around 15% corrosion, the thicker L3–L4 configurations begin to exhibit
flexure–shear interaction and local slip at the CFRCM terminations, indicating the onset
of over-strengthening effects. In this corrosion range, the overall strengthening trend
also shifts, with a reduction in the effectiveness of the L4 scheme becoming apparent. At
corrosion levels up to 15%, the predominance of uniform flexural cracking is consistent
with the stable and effective strengthening performance provided by the L2 configuration.

  
(a) S-B-L0-d14 series (b) S-B-L1-d14 series 

Figure 13. Cont.
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(c) S-B-L2-d14 series (d) S-B-L3-d14 series 

Figure 13. CFRCM crack patterns under different corrosion rates and CFRCM layer numbers.

6. Assessment of Bending Moment
6.1. Design Guidelines

Currently, ACI 549.4R-20 [53] is commonly used to evaluate the bending capacity of
FRCM-strengthened members. However, given the limited contribution of the CM after
cracking, the applicability of design codes originally developed for FRP systems, including
ACI 440.2R-17 [17], FIB Bulletin 14 [18], and CECS 146-2003 (2007) [19], is also examined in
this study. The basic assumptions include that plane sections remain plane after loading
and that the bond between the FRCM and the substrate remains effective. The ultimate
compressive strain limit for concrete differs across codes, with values of 0.003 in [17],
0.0035 in [18], and 0.0033 in [19]. ACI 549.4R-20 [53] characterises FRCM with bilinear
tensile behaviour, considering only the second linear branch for analysis and design. In
contrast, ACI 440.2R-17 [17], FIB Bulletin 14 [18], and CECS 146-2003 [19] model FRP using
a linear elastic stress–strain relationship up to failure.

In terms of bending capacity calculation, all codes follow the plane section assump-
tion and force equilibrium principles, with varying details. ACI 549.4R-20 [53] and ACI
440.2R-17 [17] address the typical balanced failure mode where steel yields before concrete
crushing. FIB Bulletin 14 [18] establishes equations for two failure modes, concrete crushing
following steel yielding or FRP rupture after steel yielding, with explicit definitions for
the compression zone depth. CECS 146-2003 (2007) [19] covers three failure modes: bal-
anced reinforcement, over-reinforcement with FRP reinforcement, and over-reinforcement
governed by steel. Table 5 presents the formulas, with detailed calculations provided
in [57].
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Table 5. Bending moment calculation formulas.

Design Code Equations

ACI 549.4R-20 [53] Mu1 = Φm

[
As fs

(
d − β1c

2

)
+ A′

s f ′s
(

β1c
2 − a′

)
+ A f f f e

(
d f −

β1c
2

)]
ACI 440.2R-17 [17] Mu2 = As fs

(
d − β1c

2

)
+ ψ f A f

(
d f −

β1c
2

)
FIB Bulletin 14 [18] Mu3 = As1 fyd(d − δGx) + A f E f ε f (h − δGx) + As2Esεs2(δGx − d2)

CECS 146-2003 (2007) [19]

ξc f bh < x < ξbh0 :

Mu4 ≤ fcb′f x
(
h0 − x

2
)
+ f ′y A′

s(h0 − a′) + σf ,md A f

(
h f e − h0

)
x ≤ ξcfbh: Mu4 ≤ fcbx

(
h0 − x

2
)
+ f ′y A′

s(h0 − a′) + Ec f εc f Ac f (h − h0)

x < 2a: Mu4 ≤ fy As(h0 − a′) + Ec f

[
εc f

]
Ac f (h − a′)

6.2. Theoretical Bending Moment

Table 6 and Figure 14a present a comparative analysis between theoretical and sim-
ulated bending moments. It can be found that the bending moments obtained from
FEA (MuFEA) are greater than those calculated using the design formulas from ACI
549.4R-20 [53] (Mu1), ACI 440.2R-17 [17] (Mu2), FIB Bulletin 14 [18] (Mu3), and CECS
146-2003 (2007) [19] (Mu4). As shown in Figure 14b, the mean values of the MuFEA/Mu1,
the MuFEA/Mu2, the MuFEA/Mu3, and the MuFEA/Mu4 ratios are 1.49, 1.27, 1.22, and 1.32,
respectively, and the corresponding COVs are 5.80%, 8.80%, 9.80%, and 8.80%, respec-
tively. It can be concluded that the bending capacities calculated by ACI 549.4R-20 [53]
are more conservative than those obtained from ACI 440.2R-17 [17], FIB Bulletin 14 [18],
and CECS 146-2003 (2007) [19]. The differences between FRP design codes are mainly due
to subtle variations in calculating the compression zone height. The conservatism in ACI
549.4R-20 [53] may be attributed to its use of the elastic modulus after FRCM cracking,
which is much smaller than the elastic modulus before FRCM cracking. In contrast, design
guidelines for FRP systems fully account for the strength contribution of CF, as they use the
elastic modulus of CF, which is significantly higher than the post-cracking elastic modulus
of CFRCM.

Moreover, inspection of the subgroup results in Table 6 reveals a clear trend associated
with the number of strengthening layers. As the CFRCM layer increases from L1 to L3–L4,
the theoretical bending moments predicted by all design codes become progressively closer
to the simulated (or experimental) values. This behaviour indicates that the additional
layers in the L3–L4 configurations are not fully utilised in the actual structural response,
leading to a reduced discrepancy between the code predictions. This observation is con-
sistent with the strengthening saturation and limited layer activation identified earlier
in Section 5.2.
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Table 6. Bending moment comparison.

Specimen
Pu or
Pu,FEA
(kN)

Corrosion
Rate (%)

Mu or
Mu,FEA
(kN·m)

ACI 549.4R-13 [53] ACI 440.2R-08 [17] FIB Bulletin 14 [18] CECS 146-2003 (2007) [19]

Mu1
(kN·m) Mu/Mu1

Mu2
(kN·m) Mu/Mu2

Mu3
(kN·m) Mu/Mu3 Mu4 (kN·m) Mu/Mu4

S-B-L1 193.72 0.00 38.74 26.35 1.47 28.62 1.35 29.40 1.32 27.55 1.41

S-B-L1-d12-η1 186.75 5.00 37.35 25.19 1.48 27.47 1.36 28.28 1.32 26.32 1.42

S-B-L1-d12-η2 182.55 10.00 36.51 23.94 1.52 26.23 1.39 27.03 1.35 25.08 1.46

S-B-L1-d12-η3 176.54 15.00 35.31 22.78 1.55 25.10 1.41 25.92 1.36 23.85 1.48

S-B-L1-d12-η4 169.44 20.00 33.89 21.53 1.57 23.86 1.42 24.68 1.37 22.61 1.50

S-B-L1-d12-η5 159.26 25.00 31.85 20.37 1.56 22.73 1.40 23.59 1.35 21.38 1.49

S-B-L2 204.02 0.00 40.80 27.96 1.46 31.64 1.29 32.88 1.24 30.52 1.34

S-B-L2-d12-η1 210.85 5.00 42.17 26.84 1.57 30.57 1.38 31.86 1.32 29.29 1.44

S-B-L2-d12-η2 204.61 10.00 40.92 25.61 1.60 29.34 1.39 30.64 1.34 28.05 1.46

S-B-L2-d12-η3 181.74 15.00 36.35 24.50 1.48 28.29 1.28 29.64 1.23 26.82 1.36

S-B-L2-d12-η4 173.32 20.00 34.66 23.28 1.49 27.08 1.28 28.44 1.22 25.58 1.35

S-B-L2-d12-η5 153.23 25.00 30.65 22.18 1.38 26.05 1.18 27.48 1.12 24.35 1.26

S-B-L3-d12-η0 229.50 0.00 45.90 29.00 1.58 34.53 1.33 36.20 1.27 33.49 1.37

S-B-L3-d12-η1 226.84 5.00 45.37 27.92 1.63 33.51 1.35 35.26 1.29 32.26 1.41

S-B-L3-d12-η2 207.70 10.00 41.54 26.70 1.56 32.31 1.29 34.06 1.22 31.02 1.34

S-B-L3-d12-η3 183.71 15.00 36.74 25.62 1.43 31.32 1.17 33.17 1.11 29.79 1.23

S-B-L3-d12-η4 178.06 20.00 35.61 24.41 1.46 30.14 1.18 32.00 1.11 28.56 1.25

S-B-L3-d12-η5 166.79 25.00 33.36 23.35 1.43 29.18 1.14 31.15 1.07 27.32 1.22

S-B-L4 251.60 0.00 50.32 29.82 1.69 37.29 1.35 39.36 1.28 36.46 1.38

S-B-L4-d12-η1 226.31 5.00 45.26 28.76 1.57 36.33 1.25 38.51 1.18 35.23 1.28

S-B-L4-d12-η2 208.37 10.00 41.67 27.55 1.51 35.14 1.19 37.33 1.12 33.99 1.23

S-B-L4-d12-η3 190.81 15.00 38.16 26.50 1.44 34.21 1.12 36.52 1.04 32.76 1.16

S-B-L4-d12-η4 184.93 20.00 36.99 25.30 1.46 33.05 1.12 35.38 1.05 31.53 1.17

S-B-L4-d12-η5 167.77 25.00 33.55 24.27 1.38 32.16 1.04 34.63 0.97 30.29 1.11

S-B-L1-d14-η0 217.37 0.00 43.47 29.62 1.47 31.83 1.37 32.58 1.33 31.01 1.40

S-B-L1-d14-η1 211.02 5.00 42.20 28.75 1.47 30.96 1.36 31.70 1.33 30.17 1.40

S-B-L1-d14-η2 200.33 10.00 40.07 26.88 1.49 29.11 1.38 29.87 1.34 28.20 1.42

S-B-L1-d14-η3 192.65 15.00 38.53 25.56 1.51 27.80 1.39 28.59 1.35 26.79 1.44

S-B-L1-d14-η4 180.27 20.00 36.05 24.23 1.49 26.50 1.36 27.31 1.32 25.38 1.42

S-B-L1-d14-η5 169.78 25.00 33.96 22.82 1.49 25.10 1.35 25.91 1.31 23.97 1.42

S-B-L2-d14-η0 231.84 0.00 46.37 31.10 1.49 34.68 1.34 35.82 1.29 33.98 1.36

S-B-L2-d14-η1 229.54 5.00 45.91 30.24 1.52 33.81 1.36 34.94 1.31 33.14 1.39

S-B-L2-d14-η2 217.29 10.00 43.46 28.42 1.53 32.04 1.36 33.23 1.31 31.17 1.39

S-B-L2-d14-η3 188.96 15.00 37.79 27.15 1.39 30.81 1.23 32.05 1.18 29.76 1.27

S-B-L2-d14-η4 182.42 20.00 36.48 25.89 1.41 29.59 1.23 30.89 1.18 28.35 1.29

S-B-L2-d14-η5 168.10 25.00 33.62 24.50 1.37 28.22 1.19 29.53 1.14 26.95 1.25

S-B-L3-d14-η0 250.40 0.00 50.08 32.07 1.56 37.41 1.34 38.92 1.29 36.95 1.36

S-B-L3-d14-η1 247.09 5.00 49.42 31.21 1.58 36.54 1.35 38.04 1.30 36.11 1.37

S-B-L3-d14-η2 228.90 10.00 45.78 29.43 1.56 34.84 1.31 36.43 1.26 34.14 1.34

S-B-L3-d14-η3 194.12 15.00 38.82 28.20 1.38 33.68 1.15 35.36 1.10 32.73 1.19

S-B-L3-d14-η4 189.89 20.00 37.98 26.96 1.41 32.53 1.17 34.30 1.11 31.32 1.21

S-B-L3-d14-η5 182.45 25.00 36.49 26.96 1.35 32.53 1.12 34.30 1.06 31.32 1.16

S-B-L4-d14-η0 269.28 0.00 53.86 32.83 1.64 40.03 1.35 41.89 1.29 39.93 1.35

S-B-L4-d14-η1 250.30 5.00 50.06 31.97 1.57 39.17 1.28 41.02 1.22 39.08 1.28

S-B-L4-d14-η2 224.51 10.00 44.90 30.22 1.49 37.54 1.20 39.51 1.14 37.11 1.21

S-B-L4-d14-η3 187.81 15.00 37.56 29.01 1.29 36.43 1.03 38.51 0.98 35.70 1.05

S-B-L4-d14-η4 184.15 20.00 36.83 27.81 1.32 35.34 1.04 37.55 0.98 34.29 1.07

S-B-L4-d14-η5 187.85 25.00 37.57 27.81 1.35 35.34 1.06 37.55 1.00 34.29 1.10

Mean — — — — 1.49 — 1.27 — 1.22 — 1.32

COV — — — — 5.90% — 8.80% — 9.80% — 8.80%
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7. Conclusions
In this study, we investigated the flexural performance of RC beams strengthened

with the CFRCM system through finite element modelling. FEA was first conducted on
the five RC beams to validate failure modes, load–displacement curves, ultimate loads,
and bending capacities during loading. Subsequently, a parametric study involving
56 FEMs was carried out to evaluate the effect of CFRCM layers, rebar corrosion rate,
and longitudinal reinforcement ratio. The influence of these parameters on ultimate load
and failure modes was systemically examined, and the distinction in failure modes and
ductility was analysed through crack patterns. Finally, the bending capacities predicted by
current standards for the FRCM and FRP system were compared based on experimental
and numerical results. The main conclusions are as follows:

• The CFRCM strengthening system applied in sagging-moment regions effectively
improves the flexural performance of RC beams. The developed FEMs successfully
reproduced the load–displacement responses, ultimate capacities, and failure modes,
demonstrating its reliability for evaluating CFRCM-strengthened members. Extension
of the present experimental and numerical framework to continuous RC beams, par-
ticularly in hogging-moment regions, as well as to members subjected to combined
flexure–shear actions, represents a logical direction for future research.

• The number of CFRCM layers significantly influences flexural performance. A two-
layer configuration provides an efficient and balanced strengthening effect, whereas
additional layers yield diminishing returns due to saturation, particularly under high
corrosion levels or with larger reinforcement ratios.

• The corrosion rate of steel rebar is the decisive factor for strengthening effectiveness.
Full recovery of the original load capacity is only achievable when corrosion remains
below a critical threshold of 15%; beyond this level, the baseline capacity cannot be
restored. It should be noted that the corrosion levels considered herein represent
equivalent uniform corrosion states calibrated from laboratory data.

• Corrosion rate and CFRCM layers jointly govern the failure mode. At a corrosion level
of 15%, specimens strengthened with three or four CFRCM layers (L3-L4) exhibited
insufficient shear resistance and developed an increased number of flexural-shear cracks.

• For practical design, a two-layer CFRCM scheme is recommended for corrosion levels
up to 15%, as it offers an optimal balance between capacity recovery, crack control,
and failure mode safety.

• Among the evaluated design guidelines, ACI 549.4R-20 provides the most conservative
bending capacity predictions due to its reliance on the post-cracking stiffness of FRCM,
whereas FRP-based codes (ACI 440.2R-17, FIB Bulletin 14, CECS 146-2003) yield less
conservative and more realistic estimates.

• The study aims to extend validated experimental trends, not replace experimental
work. Future work will include targeted experimental programmes focusing on high
corrosion levels and CFRCM termination behaviour.
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