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Abstract

This paper presents an experimental and numerical investigation of continuous reinforced
concrete (RC) beams made of self-compacting concrete (SCC) strengthened with fiber-
reinforced polymer (FRP) bars using the Near-Surface Mounted (NSM) method. While
the majority of previous studies have focused on simply supported beams, this work
examines two-span continuous beams, which are more representative of real structural
behavior. Four SCC beams were tested under static loading to evaluate the influence of
the FRP reinforcement position on flexural capacity and deformational characteristics. The
beams were strengthened using glass FRP (GFRP) bars embedded in epoxy adhesive within
pre-cut grooves in the concrete cover. Experimental results showed that FRP reinforcement
significantly increased the ultimate load capacity, while excessive reinforcement reduced
ductility, leading to a more brittle failure mode. A three-dimensional finite element model
was developed in Abaqus/Standard using the Concrete Damage Plasticity (CDP) model
to simulate the nonlinear behavior of concrete and the bond–slip interaction at the epoxy–
concrete interface. The numerical predictions closely matched the experimental load–
deflection responses, with a maximum deviation of less than 3%. The validated model
provides a reliable tool for parametric analysis and can serve as a reference for optimizing
the design of continuous SCC beams strengthened by the NSM FRP method.

Keywords: self-compacting concrete (SCC); continuous beams; near-surface mounted
(NSM) method; finite element analysis (FEA); concrete damage plasticity (CDP)

1. Introduction
The use of self-compacting concrete (SCC) in structural members has become increas-

ingly prevalent in various construction applications [1]. The concept of SCC originated in
Japan through the research of Okamura et al. [2,3]. SCC is a high-performance concrete
that can flow and consolidate under its own weight without external vibration, owing
to the presence of chemical admixtures that enhance viscosity and stability. The main
advantages of SCC, besides reducing labor and noise, include improved filling ability
and superior compaction in elements with dense reinforcement or complex formwork,
minimizing segregation and voids.

Structural strengthening has attracted significant attention due to the deterioration of
existing infrastructure and the need to satisfy modern design requirements [4]. Corrosion of
reinforcing steel is a major issue in reinforced concrete (RC) structures exposed to aggressive
environments, leading to reduced service life and impaired load-bearing capacity [5].
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Strengthening is also required for damaged structures after earthquakes or accidental
loads, or when changes in design codes or functional use demand increased capacity.
Given the current state of concrete infrastructure globally, the research interest in effective
strengthening techniques remains high.

Apart from modifying the cross-sectional dimensions, the load-bearing capacity of RC
members can be improved by applying external reinforcement. In recent decades, fiber-
reinforced polymer (FRP) composites have become the preferred choice for retrofitting,
replacing traditional steel-based systems due to their excellent mechanical and durability
properties [6]. FRP materials consist of high-strength fibers embedded in a polymer matrix,
commonly classified as AFRP (Aramid FRP), CFRP (Carbon FRP), or GFRP (Glass FRP), de-
pending on the fiber type [7]. The main advantages of FRP are their high strength-to-weight
ratio, corrosion resistance, and ease of installation [8], while the disadvantages include
higher cost, linear elastic behavior, and poor fire resistance [7]. FRP is now widely used in
strengthening columns, beams, slabs, and hybrid structural systems [9]. Comprehensive
recent reviews summarize the flexural behavior, design considerations, and long-term
performance of FRP-reinforced concrete beams, providing updated guidelines for practical
applications [10].

Two main methods are employed for flexural strengthening of RC beams with
FRP materials:

1. The Externally Bonded (EB) method, where FRP laminates are glued to the tension
face of the beam—simple and cost-effective;

2. The Near-Surface Mounted (NSM) method, where bars or strips are embedded in
grooves within the concrete cover—offering improved performance.

Hybrid systems combining both methods (CEBNSM) have also been proposed to
maximize their respective advantages. Several comprehensive reviews have examined
the performance of hybrid EB/NSM systems, confirming their superior flexural efficiency
and improved interfacial behavior compared with individual methods [11,12]. Additional
studies have shown that the flexural capacity of RC beams can also be enhanced using FRP
grid–PCM composite strengthening systems [13].

Most experimental and numerical investigations on FRP-strengthened RC beams have
been conducted on members made of conventional vibrated concrete (VC). Comprehensive
reviews summarize the flexural behavior, design methodologies, and long-term perfor-
mance of FRP-strengthened VC beams [10]. In contrast, studies focusing specifically on
SCC beams remain comparatively limited, despite their increasing use in practice.

Several researchers have demonstrated that SCC beams exhibit flexural performance
comparable to, or slightly superior to, VC beams when strengthened with FRP systems.
Mabrouk and Rasha [14] and Yaw et al. [15] reported good agreement between experimental
and numerical results for SCC beams, with deviations generally below 10%. Khatab
et al. [16] experimentally investigated continuous SCC deep beams, highlighting the need
for additional studies addressing flexural behavior and strengthening strategies specific
to SCC.

The majority of existing studies focus on simply supported beams, although many
real RC structures—such as bridges and frames—are inherently continuous. Akbarzadeh
et al. [17] emphasized that the response of continuous beams strengthened with FRP re-
mains insufficiently investigated. Experimental evidence indicates that the effectiveness of
FRP strengthening in continuous beams strongly depends on reinforcement configuration,
particularly in negative moment regions above intermediate supports [18–24].

https://doi.org/10.3390/eng7010037

https://doi.org/10.3390/eng7010037


Eng 2026, 7, 37 3 of 27

Experimental studies on continuous beams strengthened using CFRP or GFRP lami-
nates and NSM systems have consistently reported significant increases in load capacity
and improved ductility [19–23,25]. Recent parametric investigations further highlighted the
influence of FRP layout, anchorage, and bond length on the flexural response of continuous
beams strengthened with NSM FRP bars [26,27].

Numerical modeling using finite element analysis (FEA), most commonly imple-
mented in Abaqus, has become a powerful tool for simulating the behavior of FRP-
strengthened RC members. Previous studies successfully modeled static and fatigue behav-
ior [24,28], viscoelastic stress transfer at the FRP–concrete interface [29], and prestressed RC
beams strengthened with NSM CFRP rods [30], and conducted detailed parametric numeri-
cal analyses [31]. Other investigations extended numerical approaches to high-performance
fiber-reinforced cementitious composites (HPFRCC) and innovative NSM joint configura-
tions, validated through combined experimental and numerical programs [32–34]. Recent
research also includes the monitoring of damage in NSM CFRP/GFRP-strengthened RC
beams using free vibration-based techniques [35].

More recently, attention has shifted toward hybrid confinement and cyclic loading
behavior, reflecting realistic service and seismic conditions. In this context, the recent
study by Chen et al. [36] on the performance and modeling of FRP–steel dually confined
reinforced concrete under cyclic axial loading provides valuable insights into confinement
mechanisms and advanced constitutive modeling strategies, which are directly relevant
for improving numerical simulations of FRP-strengthened RC systems under complex
loading conditions.

Despite the growing body of research, there remains a lack of studies addressing
the flexural behavior of continuous SCC beams strengthened with the NSM FRP method.
Therefore, this study aims to investigate the performance of such beams through a com-
bined experimental and numerical approach. Four two-span continuous SCC beams with
identical geometry and reinforcement were tested, varying only the position of the GFRP
strengthening. The finite element model developed in Abaqus/Standard was validated
against experimental results to assess the influence of FRP layout on load capacity and
deformation behavior.

The results provide a better understanding of the flexural response of continuous
SCC beams and offer guidance for the practical application of FRP strengthening in
real structures.

2. Experimental Investigation
2.1. Mechanical Properties of Materials
2.1.1. Mechanical Properties of SCC Concrete

The experimental program on self-compacting concrete (SCC) encompassed the eval-
uation of both fresh and hardened concrete properties. Although the primary focus of
this study is on the mechanical behavior of hardened concrete, the principal character-
istics of the fresh mixture are briefly presented to provide a complete overview of the
investigated material.

The designed SCC mixture was composed of 320 kg/m3 of cement and 100 kg/m3 of
limestone filler, with natural aggregates divided into three fractions: 0–4 mm (807.5 kg/m3),
4–8 mm (380 kg/m3), and 8–16 mm (553 kg/m3). The water content of 210 kg/m3 cor-
responded to a water-to-cement ratio of approximately 0.49. A polycarboxylate-based
superplasticizer (MC Power Flow 1102, MC-Bauchemie Müller GmbH & Co. KG, Bottrop,
Germany), with a density of 1.06 kg/dm3, was incorporated at a dosage of 0.5% relative to
the total mass of cementitious materials.
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The fresh SCC exhibited a density of approximately 2305 kg/m3, a slump-flow diame-
ter of 605 mm, and a T500 flow time of 4.8 s. Based on the classification criteria specified
in EFNARC [37] and EN 206-9:2010 [38], the mixture was categorized as SF1 in terms of
flowability and VS2 in terms of viscosity, confirming adequate filling ability and segregation
resistance for SCC applications.

The mechanical properties of hardened concrete were determined on fifteen 150 mm
cubes and six 150 mm diameter cylinders of 300 mm length specimens cast simultaneously
with the beam elements.

The following parameters were obtained: compressive strength after 2, 7, 14, and
28 days (fc,2, fc,7, fc,14, fc,28) and on the day of testing (fc,test), as well as the modulus of
elasticity after 28 days (Ec,28) and on the day of testing (Ec,test). For each compressive
strength age, three cube specimens were tested, resulting in a total of fifteen cubes, while
six cylinder specimens were used for the determination of the modulus of elasticity at
28 days and at the testing age. All tests were conducted in accordance with EN 206-1 [39]
and EC2 [40] standards. The mean values and corresponding standard deviations (σ) of
the results are summarized in Table 1. It is worth mentioning that the tensile strength of
concrete was not tested due to the limitations and complexity associated with conducting
direct tensile tests on concrete specimens; instead, in the numerical model, the tensile
strength of concrete was indirectly derived from the compressive strength using available
validated empirical expressions.

Table 1. The test results obtained on hardened concrete.

Compressive Strength (MPa) Modulus of Elasticity (GPa)

fc,2 fc,7 fc,14 fc,28 fc,test Ec,28 Ec,test

12.06 18.15 24.93 28.82 33.82 24.20 25.35

σ * 0.63 0.92 1.15 1.24 1.52 1.15 1.25
* σ—standard deviation.

2.1.2. Mechanical Properties of Steel and FRP Reinforcement

The mechanical properties of steel reinforcement were taken from the manufacturer’s
technical documentation, while those of FRP bars were determined experimentally at the
Faculty of Mechanical Engineering, University of Nis [41]. The tests were conducted in
accordance with ACI standards [42].

Table 2 provides a summary of the main mechanical properties of the steel and GFRP
bars. The steel reinforcement (B500B) showed the expected yield strength, while the GFRP
bars exhibited a linear elastic behavior up to failure, as typical for FRP composites.

Table 2. Mechanical properties of steel and GFRP reinforcement.

Reinforcement Steel GFRP Bar

Dimension (mm) Ø8—longitudinal
Ø6—stirups Ø10

Modulus of Elasticity (GPa) 200.0 47.0
Ultimate Strain (ε × 10−6) – 15,630.0

Yield Strength (MPa) 500 –
Tensile Strength (MPa) – 735
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2.1.3. Mechanical Properties of Epoxy Adhesive

The epoxy adhesive used for embedding the GFRP bars was a two-component struc-
tural resin, and for the epoxy adhesive–concrete connection, the two-component thixotropic
primer was used. In the absence of test data, the mechanical properties were selected from
the manufacturer’s technical data sheets [34,43], and the values used in this study are given
in Table 3 [44].

Table 3. Mechanical properties of epoxy adhesive and/or primer (suppliers’ data).

Modulus of
Elasticity

Compressive
Strength

Tensile
Strength

Bond Shear
Strength

4000 MPa 70 MPa 30 MPa 6 MPa

2.2. Test Specimens

Four continuous beams were made of SCC concrete in accordance with the program of
experimental testing. The beams have the same percentage of longitudinal and transverse
reinforcements shown in Figure 1. The tested beams have a rectangular cross section,
having dimensions b/h = 120/200 mm, a total length of 3200 mm, a beam span of 1500 mm,
and reinforced with B500B reinforcement, with Ø8 bars used as longitudinal reinforcement
and Ø6 bars used as stirrups.

Figure 1. Reinforcing of the tested beams.

2.3. Strengthening Method and Variants of Strengthening

The strengthening of RC beams was performed using the Near-Surface Mounted
(NSM) technique, following the recommendations found in the literature [19]. The proce-
dure consisted of the following steps:

• Cutting grooves in the concrete cover with a diamond saw (25 × 25 mm) in beams
reinforced with GFRP bars;

• Cleaning the grooves and applying a primer;
• Filling the grooves halfway with epoxy adhesive and placing the GFRP bars;
• Completing the filling with epoxy so that the final beam surface remained visually

identical to that of the unstrengthened control beam.

The strengthening configurations are illustrated in Figure 2. In beam G1, GFRP
reinforcement was installed only above the middle support; in beam G2, it was placed in
the tension zone of both spans; while beam G3 was strengthened both above the support
and in the span zones.
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Figure 2. Variants of strengthening of tested beams.

2.4. Testing Procedure

The testing of the beam girders was carried out in the mechatronics laboratory using
the measuring equipment of the structural testing laboratory of the Faculty of Mechanical
Engineering and the Faculty of Civil Engineering, both of the University of Nis. The beams
were loaded using a hydraulic actuator through a steel spreader beam that transferred two
concentrated forces to the specimen (Figure 3).

 
Figure 3. Testing setup.

The applied load was measured using an HBM (Hottinger Baldwin Messtechnik
GmbH, Darmstadt, Germany) U2A load cell, while deflections were continuously recorded
by linear variable displacement transducers (LVDTs) positioned at the mid-span section
of each beam. The data acquisition during testing was performed using MGC-plus and
SPIDER8 systems (HBM, Darmstadt, Germany), which converted mechanical quantities
into electrical signals recorded and processed using the Catman 5.1 software package
(HBM, Darmstadt, Germany). The loading was applied incrementally under displacement
control until failure. In addition, strain gauges were installed on the longitudinal steel
reinforcement, on the GFRP bars, and on the concrete surface in selected cross-sections
to monitor strain development. In the present paper, the mid-span deflection data, as
well as strains in tensioned steel reinforcement, GFRP bars and compressed concrete, are
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analyzed and discussed, as they are directly relevant for validating the numerical model
and assessing flexural behavior.

A detailed description of the experimental setup, loading arrangement, and measure-
ment instrumentation—including the complete layout and sensor positions—is available in
the authors’ previous publication [45]. Only the key aspects required to understand the
testing procedure are summarized herein.

2.5. Results of Experimental Testing

The behavior of the tested beams can best be seen in the diagram of the dependence
between the load and the deflections of the section in the middle of the span, shown in
Figure 4.

 

Figure 4. Mid-span deflection for tested beams.

The behavior of the beams is almost identical at the beginning of the test, with slight
differences in the load at which the first cracks appear. After that, the strengthened beams
show greater stiffness, which indicates a decrease in ductility, but their behavior is still
nonlinear.

With the occurrence of yielding of the tensioned steel reinforcement in the most loaded
section, the behavior changes further, and the load required for yielding is shown in
Figure 5.

 
Figure 5. Yielding load of the tested beams.
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The deflections of the cross-section at mid-span at the moment of yielding in the
tensioned steel reinforcement are shown in Figure 6.

 
Figure 6. Mid-span deflections of the tested beams at yielding load.

Already at this stage, a difference in the behavior of the tested beams is clearly notice-
able, both in terms of load-bearing capacity and deformation behavior.

The ultimate load-carrying capacities of the tested beams, presented in Figure 7, clearly
illustrate the increase in strength achieved through the applied strengthening techniques.

 
Figure 7. Ultimate load of the tested beams.

The types of beam failure observed in the beams are as follows:

• Control beam: formation of plastic hinges due to yielding of the steel reinforcement;
• G1 beam: plastic hinge formation in the span sections followed by concrete crushing

above the middle support, without FRP debonding;
• G2 beam: plastic hinge formation above the middle support, followed by concrete

cover separation near the level of tensile steel reinforcement;
• G3 beam: simultaneous FRP debonding and concrete cover separation, result-

ing in sudden failure and significant damage under a much higher load than the
control beam.
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The corresponding mid-span deflections at failure are presented in Figure 8. Compared
to the control beam, G1 and G2 exhibited larger ultimate deflections, while G3 showed
reduced deformability and sudden failure. The ductility index, defined as the ratio of
deflection at failure to deflection at steel yielding, is illustrated in Figure 9 and confirms the
limited ductility of beam G3.

 
Figure 8. Maximum deflections at mid-span of the tested beams.

 
Figure 9. Ductility index of the tested beams.

3. Numerical Study
3.1. Finite Element Model

Following the experimental investigation, a detailed three-dimensional finite element
(FE) model was developed in Abaqus/Standard to simulate the flexural behavior of the
tested reinforced concrete (RC) beams strengthened with Near-Surface Mounted (NSM)
fiber-reinforced polymer (FRP) bars. The modeling strategy, material definitions, and
boundary conditions are described in the subsequent sections.

The FE models were developed to reflect the geometry of the beams tested in the
laboratory (see Figures 1 and 2). Due to the double symmetry, only one quarter of the
beams were modeled in order to reduce the computational time. The configuration of beam
G3, including the boundary and symmetry conditions applied in the planes normal to the x-
and z-axes, is illustrated in Figure 10a, while Figure 10b presents the layout of the internal
reinforcement and the GFRP bars. The other beam models follow a similar configuration,
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with minor modifications in the epoxy and GFRP components depending on the RC beam
reinforcement cases.

  
(a) (b) 

  
(c) (d) 

Figure 10. FE model G3: (a) beam geometry and boundary conditions; (b) geometry of reinforcement
and GFRP bars; (c) details of roller support; (d) details of simple support.

In the experimental setup, the middle support was a simple support, while the end
supports were roller supports. Although these supports were not modeled in full detail,
appropriate boundary conditions were applied in the numerical simulations. Specifically,
at a distance of 100 mm from the beam end, which coincides with the centerline of the
roller support, the displacements in the y direction at the bottom nodes were constrained,
allowing translation in the beam axis direction (Figure 10c). In the middle section the
displacements in the y direction were constrained to a length of 100 mm, which corresponds
to the support width (50 mm due to symmetry). This, together with the boundary conditions
on the symmetry planes (constrained translations in x and z directions), represents simple
support (Figure 10d). During the experimental tests, loads were applied using steel bearing
plates positioned at one-half points along the spans. In the numerical models, this setup
was simplified by applying surface pressure directly to the top face of the concrete beams,
omitting the steel plates (Figure 10a).

3.2. Material Models

The concrete was modeled using a concrete damage plasticity (CDP) material model.
The stress–strain diagram (σc–εc) of concrete under compression was experimentally ob-
tained on a cylindrical specimen at the time of beam testing (Figure 11a). The linear
elastic behavior of concrete under compression was modeled with modulus of elasticity
E = 25.35 GPa (Table 1) and Poisson’s ratio ν = 0.20 up to the compressive stress approx-
imately corresponding to the 40% of compressive strength, which is in accordance with
the standard [40]. After that point, nonlinear behavior was modeled according to the
experimentally obtained stress–strain diagram.
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(a) (b) 

Figure 11. Concrete stress–strain diagrams: (a) under compression; (b) under tension.

The tensile behavior of the concrete (represented by the σt–εt curve) was described
using the equation provided in [46]:

σt = ft

(
εcr

εt

)0.40
, (1)

where ft denotes the tensile strength of the concrete, while εcr represents the strain corre-
sponding to that tensile strength.

In the absence of experimental data, the concrete’s tensile strength (ft) was determined
based on the expression suggested in [47], which relates it to the compressive strength of
concrete (fc) at the time of beam testing (reference compressive strength obtained as the
difference between the compressive strength mean value and the standard deviation, see
Table 1):

ft = 0.8
(

fc

10

)2/3
= 1.748 MPa. (2)

The strain corresponding to the concrete’s tensile strength was calculated as εcr =
0.00006896. This value marks the limit of the elastic response of the examined concrete in
tension. Based on the adopted model, the stress–strain relationship under tensile loading is
illustrated in Figure 11b.

The Concrete Damaged Plasticity (CDP) model characterizes the inelastic behavior
of concrete by accounting for degradation under both compressive and tensile stresses.
This modeling approach is considered suitable for simulating quasi-brittle materials, as
supported by various studies [48–54]. To implement the CDP model, several material pa-
rameters must be specified. These parameters are selected based on established guidelines
from the referenced literature [48–54] as follows: dilation angle ψ = 35◦, flow potential
eccentricity є = 0.1, ratio of the biaxial compressive and uniaxial compressive yield stress
σb0/σc0 = 1.16, ratio of the second stress invariant on the tensile meridian to that on the
compressive meridian at initial yield K = 0.666, and viscosity parameter µ = 0.0001.

When concrete undergoes unloading after entering the strain-softening region of the
stress–strain response, either in compression or tension, its stiffness is no longer fully
recovered. This indicates a reduction in the material’s elastic stiffness due to accumulated
damage. Within the CDP framework, this stiffness degradation is represented by scaling
down the initial elastic modulus [55] using a factor of 1 − dc for compressive behavior
and 1 − dt for tensile behavior [48]. The damage variables dc (for compression) and dt (for
tension) are defined according to the following equations [48]:

dc = 1 − σc

fc
; dt = 1 − σt

ft
. (3)
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The damage variables are expressed in terms of inelastic strain for compression (εc
in)

and cracking strain for tension (εt
cr). The inelastic strain under compression and the

cracking strain under tension are defined as the difference between the total strain and the
elastic strain associated with the undamaged material response. Using these strain measures
as input, the software computes the corresponding plastic strains in both compressive and
tensile regimes, following the procedures outlined in [48]. To capture total material failure,
the sudden loss of material stiffness, which leads to a rapid increase in damage parameters,
is considered. This approach follows calibration and sensitivity analysis for compression,
as well as previous recommendations for tension, and is applied upon reaching the ultimate
strain: εcu = 0.0035 in compression (experimentally obtained) and εtu = 0.0035 in tension,
according to the recommendation that cracks open at a strain 50 times greater than the
tensile strength strain [51].

There are several approaches for epoxy material modeling, such as the elastoplas-
tic model [56,57] and the viscoelastic model for the study of the long-term behavior of
strengthened RC beams [29]. Furthermore, some researchers used the same finite element
type for epoxy and concrete to simulate tensile splitting cracks of epoxy [58]. Considering
the observation of a small-width crack on the epoxy during the experimental testing of the
beams, the same constitutive model applied for concrete, the CDP model, was used for
the epoxy’s material properties. The modeling approach described earlier in this section
was likewise followed for the epoxy, with the distinction that its elastic modulus was taken
as Ee = 4000 MPa, compressive strength fce = 70 MPa, and tensile strength fte = 30 MPa
(Table 3) [44]. It should be noted that experimental data for stress–strain relationships for
epoxy were not available; therefore, after the calibration of the model, the diagram for
compression is defined according to the equation recommended for concrete [40]:

σce =
kη− η2

1 + (k − 2)η
fce; η =

εce

εc1e
; k = 1.05Ece

εc1e

fce
(4)

where strain at the maximal stress (εc1e) is 0.0205.
The ultimate strain under compression is adopted as 0.025 and under tension 0.01. The

corresponding stress–strain relationships in compression and tension for epoxy material
are illustrated in Figure 12.

  
(a) (b) 

Figure 12. Epoxy stress–strain diagrams: (a) under compression; (b) under tension.

The main steel reinforcement was of grade B500B with the elastic modulus E = 200 GPa
and Poisson’s ratio ν = 0.30. The multilinear isotropic hardening model was implemented
(Figure 13a), where the data were adopted according to the available experimental re-
sults [59]. The stirrups were of steel grade GA240/360 and a bilinear kinematic hardening
model was implemented (Figure 13b) using the elastic modulus E = 200 GPa, Poisson’s
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ratio ν = 0.3, the engineering yield strength fy = 240 MPa, and the tangent modulus ap-
proximately Et = 7000 MPa. The GFRP bars were represented as linearly elastic materials,
characterized by a modulus of elasticity E = 47 GPa (Table 2) and Poisson’s ratio ν = 0.26.

  
(a) (b) 

Figure 13. Stress–strain diagrams: (a) main reinforcement; (b) stirrups.

3.3. Interaction Model

The interaction between the epoxy layer and the concrete substrate was simulated
using cohesive contact elements [58]. The maximum allowable normal stress at the contact
interface was defined as 70 MPa, while the maximum shear stress was limited to 6 MPa
(Table 3) [44]. The damage progression was characterized through a fracture energy value
of 6.12 MPa, consistent with verified and widely accepted models [58,60]. Figure 14a
illustrates the interaction surfaces of the epoxy and concrete for the G3 model. Considering
that the slippage of steel and GFRP bars was not observed during the experiments, and
in accordance with the recommendations of other researchers [30,34,57], the interfaces
between the concrete and steel reinforcement, as well as between the epoxy and the GFRP
bars, were modeled as perfectly bonded (no slip), utilizing the software’s embedded region
feature (Figure 14b).

  
(a) (b) 

Figure 14. Interactions definition: (a) concrete–epoxy; (b) concrete/epoxy–reinforcement/GFRP.

3.4. Finite Element Mesh

The RC beam and the epoxy layer were discretized using solid hexahedral finite
elements with three translational degrees of freedom per node (C3D8R in the software) [48].
To mitigate the “shear locking” effect, reduced integration was applied during the stiffness
matrix formulation [48,61]. The steel reinforcement and GFRP bars were modeled with
two-node truss elements possessing only axial stiffness (T3D2 type) [48]. Cross-sectional
areas were assigned based on the diameters of the longitudinal reinforcement, stirrups, and
GFRP bars.
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A mesh convergence analysis has been conducted for the control beam in order to
check mesh sensitivity and to determine the optimal FE mesh size. In this analysis, four
FE sizes have been varied, namely 10, 15, 20, and 30 mm. For a comparative analysis, the
value of vertical displacement in the beam mid-span at a load of 60 kN, which is in the
post-crack phase of the beam, as well as the value of force at the vertical displacement
of 10 mm, which is in the reinforcement post-yield phase, have been selected. It has
been concluded (Figure 15) that the results differ by less than 2% for different mesh sizes;
therefore, mesh convergency was achieved. For further research, the global mesh size in
all analyzed models was 15 mm, as the optimal form from the aspects of computational
resources and accuracy of results. For strengthened beam models, the epoxy layer was
meshed using elements with a 12.5 mm size, due to its relatively small thickness and the
expected high stress gradients within that region. The number of finite elements and nodes
for the analyzed models is provided in Table 4. The final finite element mesh for the G3
model is depicted in Figure 16 as a representative example.

  
(a) (b) 

Figure 15. Mesh convergence analysis for model of the control beam: (a) mid-span deflection at load
of 60 kN; (b) load at mid-span deflection of 10 mm.

Table 4. Number of finite elements and nodes for the analyzed models.

Model Number of Elements Number of Nodes

Control 5936 (C3D8R), 465 (T3D2) 8509
G1 6212 (C3D8R), 512 (T3D2) 9170
G2 6432 (C3D8R), 558 (T3D2) 9741
G3 6708 (C3D8R), 605 (T3D2) 10,402

  
(a) (b) 

Figure 16. Finite element mesh of the model G3: (a) beam and epoxy; (b) reinforcement and GFRP.
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3.5. Numerical Results and Discussion

The accuracy of the numerical model was verified by comparing the experimen-
tally obtained and numerically simulated force–deflection curves for all analyzed cases
(Figure 17a–d). The comparison revealed a very close correlation between the two sets of
results in all three phases of the load–deflection response—namely, in the elastic range, in
the phase following initial cracking up to the yielding of the steel reinforcement, and in the
phase after reinforcement yielding up to the point of failure. This confirms the validity of
the developed model.

  
(a) (b) 

  
(c) (d) 

Figure 17. Force–deflection diagrams: (a) control; (b) G1; (c) G2; (d) G3.

The validation of the numerical models was also performed by comparing the load
and mid-span deflection values at beam failure (Table 5). Considering that the maximal
difference between experimental and numerical results is less than 3%, it can be considered
that the numerical models are fully reliable.

Table 5. Comparison of experimental and numerical ultimate load and mid-span deflection.

Control G1 G2 G3

Deflection
[mm]

Force
[kN]

Deflection
[mm]

Force
[kN]

Deflection
[mm]

Force
[kN]

Deflection
[mm]

Force
[kN]

Experiment 21.35 99.45 25.33 122.19 32.48 147.66 19.37 166.65

FEM 20.81 99.70 25.12 122.49 31.74 148.93 19.76 166.89

Difference [%] 2.59 0.25 0.84 0.24 2.33 0.85 1.97 0.14
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The mechanism of structural failure was examined through crack propagation, con-
crete crushing, and the transfer of shear stresses (bond stresses) at the epoxy–concrete
interface. In the CDP model, the development of cracks was defined by the tensile damage
parameter, and the damage at ultimate strain of the analyzed materials was adopted as the
crack opening.

The results indicate that in the unstrengthened beam without GFRP, the dominant
crack developed in the mid-span section from the bottom zone up to the upper zone
(Figure 18) where concrete crushing appears (Figure 19). These results indicate the develop-
ment of a plastic hinge in the mid-span section, which occurs after the plastic hinge forms
at the mid-support section, and represents beam failure. Considering this, the numerical
results show strong agreement with the experimental results (Figure 20).

 
Figure 18. Damage parameter in tension at the control beam failure.

 
Figure 19. Damage parameter in compression at the control beam failure.
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(a) (b) 

Figure 20. Experimental control beam failure: (a) mid-support section; (b) mid-span section.

In the case of model G1, the strengthened beam with the GFRP bar in the mid-support
top zone, the plastic hinge formation at the mid-span and mid-support sections occurs
almost simultaneously. At the mid-support section, the crack system develops, while at
the mid-span section, dominant cracks occur (Figure 21), which are followed by concrete
crushing in the compressed zone (Figure 22). The shear strength at the epoxy–concrete
interface in the top zone of the mid-support section has not been reached at beam failure
(Figure 23). Taking this into account, the numerical results are in close agreement with the
experimental findings (Figure 24).

 
Figure 21. Damage parameter in tension at the beam G1 failure.
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Figure 22. Damage parameter in compression at the beam G1 failure.

 

Figure 23. Shear stress at the concrete–epoxy interface at the G1 beam failure.

  
(a) (b) 

Figure 24. Experimental G1 beam failure: (a) mid-support section; (b) mid-span section.

In model G2, the strengthened beam with the GFRP bar in the mid-span bottom zone
first displays plastic hinge formation at the mid-support section due to the crack system
and concrete crushing (Figures 25 and 26). After that, crack formation on the sides of the
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load application zone appear, which, together with concrete crushing (Figures 25 and 26)
and the shear strength being reached at the epoxy–concrete interface in the mid-span
section (indicating debonding) (Figure 27), lead to plastic hinge formation and beam failure.
A comparison of the numerical and experimental results (Figure 28) indicates that the
numerical model provides an excellent representation of the beam’s actual behavior.

 
Figure 25. Damage parameter in tension at the beam G2 failure.

 
Figure 26. Damage parameter in compression at the G2 beam failure.

For model G3, the dominant crack appeared near the mid-span section, extending
toward the end support (Figure 29), after the plastic hinge formation at the mid-support
section. The crack extends all the way to the top zone, where concrete crushing occurs
(Figure 30). At the same time, the shear stress at the epoxy–concrete interface in the zone of
the mid-span section reached its maximum value, leading to slippage and debonding of the
epoxy from the concrete (Figure 31). By comparing the numerical and experimental results
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(Figure 32), it can be concluded that the numerical model describes the actual behavior of
the beam very well.

 

Figure 27. Shear stress at the concrete–epoxy interface at the G2 beam failure.

  
(a) (b) 

Figure 28. Experimental G2 beam failure: (a) mid-support section; (b) mid-span section.

 
Figure 29. Damage parameter in tension at the beam G3 failure.
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Figure 30. Damage parameter in compression at the G3 beam failure.

 
Figure 31. Shear stress at the concrete–epoxy interface at the G3 beam failure.

  
(a) (b) 

Figure 32. Experimental G3 beam failure: (a) mid-support section; (b) mid-span section.
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The final validation of the numerical model was performed by comparing the load vs.
strain diagrams. Namely, during the experiment, the strains in the tensioned reinforcement,
compressed edge of concrete, as well as GFRP bars, were recorded in Section I and Section II
of the beam (Figure 2). It is worth mentioning that strain gauges on the reinforcement were
damaged during the experiment; therefore, it was not possible to fully record the data. The
comparison of the load-strain diagrams is presented in Figures 33–35. It can be concluded
that there were some slight discrepancies between the numerical and experimental results
regarding the analyzed strains in the elastic, post-cracking, and post-yielding phases. How-
ever, given the strongly nonlinear nature of the problem and its dependence on multiple
physical and mechanical parameters, the observed level of agreement can be regarded as
acceptable, thereby supporting the full reliability and validity of the numerical model.

 
(a) (b) 

Figure 33. Force–strain in tensioned reinforcement diagrams: (a) Section I; (b) Section II.

  
(a) (b) 

Figure 34. Force–strain in compressed edge of concrete diagrams: (a) Section I; (b) Section II.

  
(a) (b) 

Figure 35. Force–strain in GFRP bars diagrams: (a) Section I; (b) Section II.
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4. Discussion
The experimental and numerical results demonstrate that the placement and amount

of GFRP reinforcement significantly influence both the ultimate load and ductility of SCC
continuous beams. Among the tested configurations, beam G2, reinforced in the tension
zones of both spans, exhibited the most favorable balance between strength and deforma-
bility. Similar observations were reported in recent experimental studies investigating the
influence of different FRP strengthening patterns on the flexural response of continuous
beams [62]. In contrast, beam G3, strengthened in both the top and bottom zones, achieved
the highest ultimate load but failed abruptly due to simultaneous epoxy–concrete debond-
ing and protective layer detachment, highlighting that excessive reinforcement can lead
to brittle failure. Beam G1, with reinforcement only above the middle support, showed
localized concrete crushing without debonding, indicating efficient stress transfer between
GFRP bars and surrounding concrete. In addition to global load–deflection behavior, the
numerical model was further validated at the strain level by comparing the evolution of
strains in steel reinforcement, concrete, and GFRP bars, confirming that the model reli-
ably captures internal force redistribution and stiffness degradation mechanisms, despite
unavoidable experimental limitations.

These findings illustrate the critical role of reinforcement layout in controlling struc-
tural performance. Even low FRP reinforcement ratios can substantially enhance flexural
capacity, while inappropriate placement or excessive reinforcement may compromise
ductility. The validated numerical model accurately captures the nonlinear behavior of
the beams, including crack formation, concrete crushing, and bond–slip interaction at
the epoxy–concrete interface, with maximum deviations in ultimate load and mid-span
deflection below 3%. This confirms the model’s suitability for parametric studies and
optimization of NSM strengthening interventions.

From a practical perspective, the results indicate that careful design of NSM strengthen-
ing is essential to achieve the desired balance between strength and ductility. Strengthening
in the tension zones provides an effective compromise, while combined top and bottom
reinforcement should be applied with caution to avoid brittle failure. The numerical model
developed in this study offers a reliable tool to guide designers in selecting appropriate
reinforcement ratios, bar lengths, and placement for continuous SCC beams. Future work
should focus on systematic parametric analyses, including long-term behavior, cyclic load-
ing, and environmental effects, to develop comprehensive guidelines for the safe and
efficient application of NSM FRP strengthening.

These findings are consistent with previous studies [19–24,28,29,63,64], which also
reported the importance of bond behavior and reinforcement layout in NSM-strengthened
members, as well as the beneficial effect of hybrid CFRP–GFRP systems in improving flexu-
ral performance and the influence of service temperature on the end-debonding behavior of
NSM CFRP-strengthened beams. The present work, however, extends the existing knowl-
edge by addressing SCC continuous beams rather than conventional RC simply supported
specimens, providing a more realistic representation of actual structural systems.

5. Conclusions
Based on the experimental and numerical investigation of SCC continuous beams

strengthened with GFRP bars using the NSM method, the following conclusions can
be drawn:

1. Effectiveness of strengthening: Even a relatively small amount of GFRP reinforce-
ment considerably increased the flexural load capacity of the beams compared to the
control specimen.
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2. Influence on ductility: While NSM strengthening enhances stiffness and strength, it
also tends to reduce ductility. The beam with combined top and bottom reinforcement
(G3) reached the highest load capacity but exhibited brittle and sudden failure.

3. Failure mechanisms:

• The control beam failed through steel yielding and concrete crushing at mid-
span.

• The G1 beam failed by crushing of concrete above the middle support.
• The G2 beam failed due to partial separation of the concrete cover near the

tensile reinforcement level.
• The G3 beam failed by debonding of the epoxy layer along with the concrete

protective layer.

4. Numerical validation: The finite element models developed in Abaqus/Standard ac-
curately reproduced the experimental responses, including stiffness, crack formation,
ultimate capacity, and strains, confirming the suitability of the modeling approach for
further parametric studies.

5. Practical implications:

• The NSM technique is effective but requires careful design to avoid over-
reinforcement and premature debonding.

• Strengthening in the tension zones (as in beam G2) provides the best compro-
mise between load capacity and ductility.

• The method’s complexity and limitations near supports should be considered
when applying it in real structures.

• Due to the limited number of tested beams, a comprehensive statistical anal-
ysis could not be performed for all parameters. Nevertheless, the presented
experimental and numerical results provide a solid basis for further validation
and parametric studies, enabling the reliable use of the developed numerical
model for designing NSM FRP strengthening of continuous SCC beams.

6. Future work: Further studies should focus on parametric numerical analyses to
optimize NSM strengthening configurations. Variables such as FRP bar length, cross-
sectional area, and placement can be systematically modified to determine the min-
imum reinforcement required to achieve the desired flexural performance. This
approach would enable designers to efficiently tailor strengthening interventions for
continuous SCC beams while ensuring safety and serviceability criteria. Additionally,
long-term behavior, cyclic loading, and environmental effects (temperature, moisture,
freeze–thaw) should be investigated to provide comprehensive design guidelines.
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