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Abstract: Nowadays, the increasing necessity of consolidating and renewing buildings represents a
big challenge for engineers. Structural consolidation using composite materials glued on the damaged
surface using high-performance adhesives could be a viable technical solution. In this context, this
article’s aim is twofold. First, it presents the experimental results of the investigations performed
on three types of reinforced concrete (RC) beams—without consolidation (G1), consolidated with
carbon fibre-reinforced polymer (CFRP) lamella of SikaCarboDur (G2), and consolidated with CFRP
fabrics (G3)—to determine their behavior under different loads. Second, a numerical study was
performed using Finite Element Analysis (FEA) to compare and confirm the experimental results
(stress, displacement). The numerical simulation shows that the stress in the areas covered by wraps
is approximately 20% lower than in those without wraps.

Keywords: concrete beam; consolidation; CFRP; strengthening; FEA

1. Introduction

Fiber-reinforced plastic (FRP) products were first used to reinforce concrete struc-
tures in the mid-1950s [1]. Urs Meier and his colleagues developed and applied CFRP
in the construction industry. In their lamellar form, CFRPs were first operated in 1991
to renovate the Ibach Bridge (Lucerne) [2]. In 1999, a carbon fiber polymer lamellar ma-
terial was developed by EMPA and marketed by SIKA. Since then, these materials have
been utilized to consolidate or rehabilitate hundreds of buildings, bridges, or structural
elements [3–9]. Therefore, many standards and regulations have been implemented world-
wide for applying and using FRP composite materials [10–17].

Many studies have explored CFRP’s behavior and practical applications for repairing
concrete construction elements subject to mechanical wear or deterioration due to long-term
exploitation.

The first group of approaches contains the experimental research of the CFRP-RC
beams in different scenarios [18,19]. Other studies have provided combined experimental
and numerical analyses [20–23]. For example, Zhong et al. [20] studied crack propagation
in RC structures using a three-phase concrete model. Arduini and Nanni [21] analyzed
the behavior of pre-cracked RC beams strengthened with CFRP sheets. It was shown
that strengthening was significant, but the effect on different monitored variables was
insignificant. The crack propagation in concrete on pre-cracked beams under various
loading rates was performed by Bu et al. [22] using the digital image correlation method.

Another article category focuses on forecasting the deflection of RC beams [24–26] or
building analytical models for RC beams [27–29]. A model for the crack propagation at the
CFRP–concrete interface under fatigue loading is presented in [30].

Only a few articles contain simulations of RC beams reinforced with CFRP, among
which we mention those of Uz et al. [31] with Abacus, Al-Jasmi et al. [32], and Carvalho
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Silva [33] with Ansys. The studies in [34,35] provide a state-of-the-art review of the behavior
and strength of FRP-strengthened RC structures.

Monitoring the beams’ behavior under different loadings and investigating damage
using non-destructive evaluation techniques (NDTs) is a critical study topic [36–41]. NDTs
were categorized into five groups [41]: (1) visual inspection [41]; (2) acoustic wave-based
techniques [36], like acoustic emission (AE) [36,42], impact-echo [36,41,42], ultrasonic
testing [40], and acoustic-laser techniques [42]; (3) optical techniques like infrared ther-
mography, digital shearography [43] and terahertz testing; (4) imaging-based techniques
like microwave NDTs [44], (5) electromagnetic methods like magnetic resonance [45], and
electro-mechanical impedance [37]. Data fusion [38] is also utilized because it combines
data from different sources.

NDTs can scatter the material’s microstructure fracture energy, which is important for
understanding the crack path during the damage distribution in the fracture’s surface [46].
AE techniques can detect the sudden energy release associated with crack formation or
growth [47]. The acoustic emission moment tensor analysis can identify the crack type, its
orientation, and kinematics. A detailed presentation of NDTs may be found in [48–50], and
reviews of different applications in [41,51].

Using composite materials in the construction field over the last decade has also led to
the development of theories that explain the composite’s mechanical behavior and adopt
finite element software for their analysis. In the international context of reducing waste
and using cleaner technologies, this study aims to analyze the application of CFRP-type
composite materials on RC structural elements. Therefore, the main objective of this study
is to test the hypothesis that reinforcing concrete beams with CFRP increases the elements’
strength and shape stability.

With respect to the existing literature, the novelty of our approach consists of numerical
simulation, with SolidWorks, of the mechanical behavior of the reinforced beams with
CFRP lamella and wraps. Computation of the stress intensity in the regions covered by
the CFRP wraps and without wraps was performed. The results show that the stress in
the zones protected with CFRP wraps is lower than in the unprotected ones. Therefore,
the covered areas are less susceptible to the cracks’ apparition and propagation. The same
conclusion was drawn after visual observation of the cracks on the beams during the
experimental study.

2. Materials and Methods
2.1. Experiments

The experimental program consisted of stressing three steel RC beams with a concen-
trated force (P) applied in their middle. The beams had a cross-section of 15 cm × 20 cm
and a length of 100 cm. The hydraulic machine used in the experiments was composed of
two supporting steel rollers and an upper roller supported by a transverse articulated arm.
The rollers had a circular cross-section with a diameter of 20 mm and 10 mm longer than
the width of the test specimen.The loading was progressively increased from zero until
the beam failure, with a variation rate of 5 kN/s. The experimental setup is presented in
Figure 1 [52]. Fabrication, surface treatments, and testing were performed under ambient
laboratory conditions (20 ◦C and normal relative humidity) [53–56].

The experiments were conducted according to the EN 12390-5:2019 standard Test on
hardened concrete. Part 5: Flexural strength of specimens [57]. The purpose of the experiments
includes [52]:

• Tracking the final displacement value for each type of beam tested.
• Building of characteristic unitary force–displacement diagrams.
• Determining the bearing capacity changes of beams provided with CFRP fabrics or

lamella.

The concrete used for the beam fabrication was of heavy type, ordinary class, C16/20,
according to NE-012/1-2010 [58]. The calculation of the recipe according to which the
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concrete was prepared complies with the provisions of SR EN 206-1:2002 [59]. For 1 m3, the
following quantities were utilized:

• Dry aggregate 0–4 mm—770 kg (46%);
• Dry aggregate 4–8 mm—335 kg (20%)
• Dry aggregate 8–16 mm—570 kg (34%);
• Cement type CEM II/A-S 42, 5R—355 kg;
• Water—230 kg;
• Additive type BV3M—2.84 L.
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Figure 1. The experimental setup and a sample before starting the experiment [52].

C16/20 Concrete Design Properties according to EN1992-1-1: characteristic cylin-
der compressive strength, fck = 16 MPa and characteristic cube compressive strength,
fck,cube = 20 MPa. The strength classes of EN1992-1-1 are based on the characteristic strength
classes determined at 28 days.

The aggregates were weighed dry to calculate the recipe using standardized methods.
The corrections of the granularity curve of the total aggregate and apparent concrete density
were carried out. The beams were cast in optimal conditions in special formwork, removed
from the formwork after 24 h, and kept in a humid environment for 28 days after casting.

The steel reinforcement scheme is presented in Figure 2 and consists in:

• Two OB 37 (S235) steel bars, with a diameter of 6 mm, on the upper part;
• Two OB 37 (S235) steel bars, with a diameter of 6 mm, and the lower part;
• 23 transverse stirrups OB 37 (S235) steel bars.
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Technical details of concrete steel OB37 with a smooth profile are the following,
according to Romanian STAS 438-1:2012:
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• Symbolization: O—steel; B—concrete; number 37—ultimate tensile strength (370 MPa).
• Steel chemical composition: C—0.230%; Mn—0.750%; P—0.045%, S—0.045%,

Si—0.400%; Ni—0.300%; Cr—0.300%; Cu—0.500%.
• Mechanical properties: yield strength—min. 235 MPa and tensile load—min. 360 MPa;

elongation (A)—min. 25%.

The CFRP materials utilized are (1) SikaWrap-230C [60], together with SikaDur-330 epoxy
resins [61], and (2) SikaCarboDur S blades [62], together with SikaDur-30 adhesive [63]. The
mechanical characteristics of the CFRP are presented in Table 1.

Table 1. Mechanical characteristics of the materials.

CFRP Tensile Strength
(MPa)

Elasticity
Module (MPa)

Thickness
(mm)

Elongation
(%)

SikaWrap-230C 3200 220,000 0.129 1.56
SikaCarboDur S 512 2800 160,000 1.2 1.69

Note that on a properly prepared concrete surface, the adhesion force is greater than
the concrete’s yield strength, 4 N/mm2, and the modulus of elasticity is 12,800 N/mm2.

The research was developed in two directions to emphasize the effect of using CFRP
for RC beams. The first studied the decrease of the stress intensity in concrete beams
subjected to flexural stress. The second aimed to determine restoration solutions for the
load-bearing capacity of non-critical damaged beams using composite materials bonded
to them. This paper presents the results of the first research direction, which are the basis
of the numerical analysis developed as a solution for similar future studies that can be
performed without experimental tests.

Three beams of the same size and steel reinforcing were tested for flexural stress:

• A standard beam, G1 (Figure 3), which is the reference beam.
• A beam G2, which is a G1 beam provided with one CFRP lamella of SikaCarboDur

type S 512, with dimensions 800 mm × 50 mm × 1.2 mm. The lamella is glued to the
bottom of the beams with SikaDur-30 adhesive, as in Figure 4(left).

• A beam G3, which is a G1 beam provided with “U”-shaped CFRP fabrics made of
SikaWrap-230C and glued with SikaDur-330. The fabrics are 150 mm wide and cover
the beam’s bottom and sides, slightly overlapping its top. The distance between fabrics
is 100 mm, as in Figure 5.

The loading force at which the first cracks appeared, the maximum breaking force
at which the beam or the composite material yielded, and the maximum deflection at the
moment of beam failure were measured during the laboratory tests. The device with which
the tests were carried out recorded the P forces’ values. A special magnifying glass was
used to measure the cracks and openings. The deflection was measured using a device
with an analog comparator (0.01 mm resolution) placed between the test beam and the
testing machine support plate.

The test was developed for static load analysis. A specific extended study will be
performed for the dynamic analysis.
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2.2. Simulation

In most cases, concrete-based structures are designed using specialized construction
software. The rules and regulations based on experimental research and practice, like EN
1992-1-1: 2004 Eurocode 2: Design of the concrete structures [64], form the background
of such an approach. When performing research, employing FEA is the only solution to
accurately predict the structure’s response to thermal or mechanical stresses. Therefore, the
second part of the article presents the simulation for the beams G1–G3 using SolidWorks
Simulation 2022 software [65]. The results should reflect the differences in the mechanical
properties of the analyzed beams, G1, G2, and G3, and validate the experiments in some
representative stages.

Another simulation was performed for a beam named G3cw to determine whether
the simulation could assist in designing CFRP-CR beams (as in the experiments described
in Section 2.2). G3cw was designed based on G3 using the same type of wraps, replacing
the four meshes (Figure 5) with three, one in the center and the other two symmetrically at
a 100 mm distance.

Using SolidWorks is appropriate because the study aims to determine the influence
of the CFRP reinforcement on concrete resistance and stability without considering the
cracks. For this aim, we studied the following parameters: stress intensity, displacement,
and Factor of Safety. The SolidWorks Simulation software has no Cracks Plot module
implemented, so the concrete crack initiation and propagation simulation is impossible.
Despite this drawback, the simulation can be performed to compute the stress, deflection,
Factor of Safety, reaction forces, etc. for the linear-elastic concrete behavior. These results
will be presented in the following sections.

According to the material resistance theories, this study’s proper method for the
Factor of Safety (FOS) calculus is the Mohr–Coulomb theory, also known as the Internal
Friction theory. This failure criterion is used for brittle materials with different tensile and
compressive properties, such as concrete or CFRP materials, which do not have a specific
yield point. Consequently, using the yield strength to define the limit stress for this criterion
is not recommended.

The Mohr–Coulomb theory predicts failure when combining the maximum tensile
principal stress and the minimum compressive principal stress exceed their respective
stress limits. This criterion is implemented in SolidWorks Simulation software and was
used in this research for the FOS Plots [66].
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For the Stress Plots (the display of the computed stress), SolidWorks uses the following
methods: 1st, 2nd, or 3rd Principal Stress (P1, P2 or P3), von Misses Stress, Stress Intensity
(P1–P3) (Tresca) and Triaxial Stress (P1 + P2 + P3), where P1, P2, and P3 represent the stress
calculated for the principal axes. This article applied the Stress Intensity plot instead of the
von Misses Stress plot because it is more appropriate for brittle materials.

The maximum shear stress theory shows that a material failure occurs when the
absolute maximum shear stress has a value that causes the material to yield in a simple
tension test [67]. This criterion satisfactorily covers all materials used in the experiments:
concrete, steel, and CFRP, including the bonding adhesive.

Usually, simulation validation is performed by comparison with the experimental re-
sults and is well applied to ductile materials. The simulation and experiments on structures
with combined materials—ductile and brittle—are the most difficult to perform and, conse-
quently, to validate. Our search through the scientific literature found no recommended
methodology to validate the simulation, no matter what software was used. Therefore,
all the input data (model dimensions, materials’ characteristics, constraints, loadings, and
component interaction) were double-checked in the preprocessing stage. Finally, setting
the appropriate FEA solver, computational parameters, and failure criterion based on the
software error handling capabilities will ensure computational accuracy.

3. Results and Discussion
3.1. Experimental Results

The characteristic force–displacement diagram for the tested beams is presented in
Figure 6.
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Figure 6. The characteristic force–displacement diagrams for G1, G2, and G3.

The following aspects result from studying and comparing the specific characteristic
force–displacement diagrams obtained for each beam type.

• The diagrams are trilinear, highlighting the three working stages of RC elements. The
limit of the working stage I corresponds to the situation when the loads are low. The
entire RC section is active and behaves like a linear elastic material. The unit effort
value corresponds to 40–50% of the yield strength value.

• Continuing loading after the first cracks’ apparition suddenly increases the unit efforts
in the compressed concrete and tensioned reinforcement.

• In the normal sections, the resistance limit state corresponds to the stage II limit and
approximately 80% of the breaking moment.

• Increasing the loading increases the specific deformations and unitary efforts. Finally,
the second stage’s limit is reached when a material (steel reinforcement, concrete, or



Sustainability 2024, 16, 2614 7 of 20

carbon material) reaches the ultimate specific deformations, triggering the breaking
process and passing to the third stage.

• In the third stage of work, the beams fail due to the crushing of the compressed
concrete and the irreversible span of the cracks in the beam’s stretching area.

Figure 6 shows the effect of applying CFRP on the beams’ surface. The resistance of
the consolidated beams G2 and G3 is significantly higher compared to the reference beam
G1. When studying the characteristics of the two materials (fabrics and lamella), one would
expect a better resistance by applying the last one. The experiment demonstrates that the
obtained results are similar for lamella and fabrics from the viewpoint of deflection and
maximum force applied. What makes the difference between the consolidation solution
is the behavior and failure way of the consolidated element. The G2-type beam yielded
suddenly and without warning following the detachment of the lamella. The G3-type beam
behaved similarly to the reference beam, the deformations being proportional to the load,
and the failure moment was predictable.

The results concord with the theory that indicates that during the first stage, the
deflection increases until vertical cracks open in the cross-section tensioned part; then, in
stage 2, it increases until the yielding strength of the tensioned reinforcement is reached.
In the last stage, the yielding reinforcement strength is reached, and the tensile force is
intercepted by CFRP [68]. Moreover, ‘the stress-strain curve for concrete is approximately
linearly elastic up to the maximum tensile strength in tension. After this point, the concrete cracks
and the strength decreases gradually’ [69,70].

Figure 7 displays images taken with the beams and the apparatus used during the
experiments (the apparition of the cracks in G1 and G2). Table 2 contains the force values
at the apparition of the first cracks (P) and at breaking (F), as well as the corresponding
beam deflection. More pictures taken during the experiments are shown in [52,54–56].
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Table 2. The force at the apparition of the first cracks, the breaking force, and the beams’ deflections.

Beam Type Force at the Apparition of
First Cracks (P) Breaking Force (F) Beam Deflection

G1 23.5 kN 39.0 kN 7.5 mm
G2 28.5 kN 54.5 kN 5.0 mm
G3 40.0 kN 51.0 kN 5.0 mm

From Table 2, it is easy to observe how the different arrangements of CFRP materials
influence the beam’s behavior under load. For example, when the lamella was glued on
the beam’s bottom, the load of the G2 increased by 21% at the crack’s initiation compared
to the reference beam, G1. The application of CFRP led to better behavior under load.
At the same applied force, unconsolidated beams showed cracks, but the cracks were
not visible on the consolidated beams. Moreover, the consolidated beams did not have a
noticeable deflection.

Applying composite materials reduced the consolidated element deflection under the
load and the steel bars’ specific deformations. The final value of the concentrated force also
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increased. The unconsolidated beam G1 yielded under a force of 39 kN. After applying
lamellas (G2), the breaking force increased by 40%. For the fabrics oriented parallel to the
force (G3), it increased by 30%. The elastic behavior of the CFRP glued to the beams led to a
high degree of elastic behavior of the beams in the second work stage. In some cases, even
in the third work stage, a certain degree of elastic behavior was manifested because the
remaining deformations (cracks) had values between L/600 and L/750. Table 3 contains
information about the cracks’ span.

Table 3. Cracks span for G1, G2, and G3.

Beam Type G1 G2 G3

Cracks span (mm) 5.5 2 5

At the end of the tests, the beams reinforced with fabrics showed cracks only in the
central part and areas where CFRP was not applied. When the composite material was
detached from the beam’s surface, the fabrics came off with the concrete, and no damage to
the concrete under the fabrics was noted (Figure 8) [55].
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from the beam’s surface.

More investigations must be performed with different positions of the wraps. More-
over, if wraps entirely cover the surface, other methods should be used to observe crack
initiation and propagation.

Interestingly, however, the recorded values of the breaking force for G2 and G3 were
almost equal. In the experiment, better values could be obtained for the beams reinforced
with carbon lamellas if their detachment from the concrete surface would be avoided by
anchoring them at the beam’s ends. In all cases, the lamella detached from the concrete
surface before reaching the maximum bearing capacity, leading to the sudden destruction of
the entire element. The failure mode by breaking or detaching the carbon lamellae is unique
and characteristic of RC elements or strengthened with such materials. This is due to the
appearance of some crack planes inside the concrete element, the weak transverse strength,
and the brittle behavior. The element failure suddenly occurs, almost without warning
(as in the G2 case). From breaking or detaching the CFRP lamella, the concrete element
deforms quickly, cracks appear and progress rapidly, and the entire element fails. When
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fabrics cannot be applied, carbon blades can also be arranged, but they should be very well
anchored or fastened with screws at the beam’s ends to avoid their sudden detachment.

3.2. Numerical Study Using Finite Element Analysis

Numerical simulation has three steps:

• Preprocessing: the model is built with Computer-Aided Design (CAD) software (https://
www.autodesk.com.hk/solutions/cad-design#:~:text=Computer-aided%20design%20
(CAD),done%20using%20pencil%20and%20paper, accessed on 2 February 2024),

• Solving the finite element model: meshing the model, defining the constraints and
loads, setting the boundary conditions, and solving the system of equations,

• Post-processing: plotting the desired results and performing the analysis of the results.

Computer Aided Engineering (CAE) software is necessary for the second and third
steps. SolidWorks software integrates CAD and CAE modules, an important advantage in
simulation research.

Figure 9 contains the representation of the beam numerical model in two phases.
Figure 9 Left presents the model configuration, and Figure 9 Right includes the simulation
setup. In the model configuration, the red cylinder is the cylinder on which the loading
force is applied. The other two blue cylinders are intended to support the beam, the left one
being fixed and the right mobile. The concrete beam in this figure is in the ‘transparency
on’ mode that makes the interior steel bars visible.
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Figure 9. Numerical model: model configuration (left) and simulation setup (right).

In the simulation setup, Figure 9(right), the magenta arrows represent the loading
force (replacing the red cylinder from Figure 9(left)), the left green arrows represent the
fixed supporting points (three directions locked), and the right green arrows the slipping
supporting points (the vertical direction locked). The red arrow represents the gravity force
given by the mass of the simulated beam. The contact between the cylinder and the beam
creates a 15 mm wide footprint in the case of the force cylinder and a 10 mm wide footprint
in the case of the supporting ones.

The simulation model respects the dimensions of the tested beams. In the flexural load
cases, the transverse elements from steel reinforcement beams have a very low influence
due to the force direction and setup condition (horizontal beam position, vertical force).
If those elements are ignored, the computation effort will dramatically decrease without
affecting the results. The simplified model contains only the main bars.

The material’s characteristics for the beam’s reinforcing elements have been defined in
the software for each designed part according to the values presented in Table 1. As the
materials are considered brittle, the yield strength value is unavailable.

https://www.autodesk.com.hk/solutions/cad-design#:~:text=Computer-aided%20design%20(CAD),done%20using%20pencil%20and%20paper
https://www.autodesk.com.hk/solutions/cad-design#:~:text=Computer-aided%20design%20(CAD),done%20using%20pencil%20and%20paper
https://www.autodesk.com.hk/solutions/cad-design#:~:text=Computer-aided%20design%20(CAD),done%20using%20pencil%20and%20paper
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The discretization of the solid must be performed after building the model. The mesh is
created using the ‘mesh control tool’ implemented in the software, which provides options
to set the mesh parameters. The first step in the mesh generation starts with the default
element size (which is set by the software according to the model). If the generation is not
performed, the mesh parameters are set iteratively until all elements are entirely discretized.
This model mesh succeeded with standard mesh for the element size = 10.87 mm and the
ratio = 1.5 (ratio of the element size in one layer to the element size in the preceding layer),
as shown in Figure 10.
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The component interaction settings given for global interaction (all parts) are:

• Interaction type: bonded (this covers the weld and glue bound). The assembly compo-
nents are meshed independently.

• Gap range for bonding: 0 mm.
• Bounding formulation: surface to surface (this option is more accurate but slower than

node to surface).

This study was run using the FFEPlus solver, which employs advanced matrix reorder-
ing techniques to make it more efficient for large problems. The thermal influence was not
considered, and the reference temperature at zero strain is 25 ◦C.

The presented stress values refer to the mesh elements instead of the mesh nodes as a
better way to analyze the stress field.

In the simulations, the beams were statically stressed in two cases. A load of 23.5 kN
(the force at which the first cracks appeared in G1) and 37.5 kN were applied in the first
and second cases, respectively. The last value was chosen to be lower than the breaking
force of G1 (39 kN).

The mechanical properties, maximum shear stress (Tresca) (MPa) displayed as inten-
sity, and displacement (mm) were graphical and numerically plotted in both cases. The
graphs obtained for the load of 23.5 kN are only presented, while those for 37.5 kN are
similar because the simulations were performed in the same modeling conditions.
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3.2.1. Simulation of the Beam G1 under the Load of 23.5 kN

Figure 11(left) presents the deformed shape of G1 together with the Stress Intensity plot.
The highest stress, represented by red, appears in the contact areas of the three working
cylinders (two at the bottom for support and one at the top for pressing).
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Figure 11. Deformed plot (left) and mid-section representation (right) of the stress intensity of G1 at
23.5 kN load.

The maximum stress intensity representation scale has been set to 10 MPa to bet-
ter represent the high-stressed areas in color. The maximum stress value is 41.3 MPa,
corresponding to the top reinforcement steel bars, as shown in Figure 11(right).

The red zones in the place of the top and bottom-right cylinders are shifted to the
right, confirming that the beam slides slightly to the right on the rolling support during
mechanical stress. In the graphical representation, the software keeps the application points
for forces and supports in the same position and changes the beam’s position according to
the deformation intensity. The left support does not move because it is declared a fixed
point. This situation appears in all other simulations.

The zone of interest for the present analysis is the middle point at the bottom of the
beam, where the concrete elongation reaches its maximum value. The calculated stress at
this point is 4.7 MPa. The existence of the red-colored zones on the top of the concrete was
expected and confirms the high contact pressure between the force cylinder and the concrete
surface. The highest displacement value is 0.25 mm (Figure 12(left)) on the beam top, where
the concrete local deformations appear due to the contact pressure forces. Figure 12(right)
presents the Factor of Safety (FOS) plot generated only for concrete.
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The failure criterion was changed to Mohr–Coulomb Stress, a better choice for brittle
materials like concrete and stones. The minimum FOS = 0.74 < 1, which confirms the crack
initiation state, as in the experimental tests.

3.2.2. Simulation of the Beam G2 under the Load of 23.5 kN

The beam G2 is reinforced on the bottom face with a lamella Sika Carbodur S, type
512. Figure 13(left) shows the beam from the down-left to the top-right view. The lamella is
almost entirely red because the stress intensity exceeded 10 MPa (the graphical set limit).
Its body records a maximum stress intensity of 43.2 MPa.

Sustainability 2024, 16, x FOR PEER REVIEW 12 of 20 
 

  
Figure 12. Deformed shape of the resultant displacement (URES) of G1 at 23.5 kN load (left). The 
FOS plot for the concrete on G1 at 23.5 kN load (right). 

3.2.2. Simulation of the Beam G2 under the Load of 23.5 kN 
The beam G2 is reinforced on the bottom face with a lamella Sika Carbodur S, type 

512. Figure 13(left) shows the beam from the down-left to the top-right view. The lamella 
is almost entirely red because the stress intensity exceeded 10 MPa (the graphical set 
limit). Its body records a maximum stress intensity of 43.2 MPa. 

 

 
Figure 13. Deformed plot (left) and mid-section representation (right) of the stress intensity of G2 
at 23.5 kN load. 

The lamella takes over part of the mechanical load to the concrete beam benefit. 
Consequently, the concrete stress decreases from 4.7 MPa (Figure 11(right)) to 4.6 MPa 
(Figure 13(right)). The resultant displacement URES slightly decreases from 0.25 mm 
(Figure 12(left) to 0.24 mm (Figure 14(left), and the FOS slightly increases from 0.74 
(Figure 12(right)) to 0.79 (Figure 14(right)). The FOS values increase from the outside to 
the center of the beam, where the elongation and compression are equal. 

Figure 13. Deformed plot (left) and mid-section representation (right) of the stress intensity of G2 at
23.5 kN load.

The lamella takes over part of the mechanical load to the concrete beam benefit.
Consequently, the concrete stress decreases from 4.7 MPa (Figure 11(right)) to 4.6 MPa
(Figure 13(right)). The resultant displacement URES slightly decreases from 0.25 mm
(Figure 12(left) to 0.24 mm (Figure 14(left), and the FOS slightly increases from 0.74
(Figure 12(right)) to 0.79 (Figure 14(right)). The FOS values increase from the outside
to the center of the beam, where the elongation and compression are equal.
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3.2.3. Simulation of the Beam G3 under the Load of 23.5 kN

The G3 beam is coated with SikaWrap 230C mesh in four areas. The width of each
coat is 150 mm, and the distance between wraps is 100 mm, according to Figure 5.

Figure 15(left) shows the stress intensity distribution on the beam and CFRP reinforce-
ment elements. Figure 15(right) shows no modification of the stress intensity at the beam
base with respect to G1 at the same place, the beam’s center (Figure 11(right)).
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A stress reduction in G3 was not noticed compared to G1. So, the wrap presence did not
reduce the stress, but considering the displacement reduction from 0.25 mm (Figure 12(left))
to 0.23 mm (Figure 16(left)), the beam body stability increased. The experiments conducted
on G3 confirmed this finding; fewer visible cracks were observed in G3 compared to G1.
From the viewpoint of FOS (Figure 16(right)), G3 is more susceptible to cracks than G1 in
the uncovered zones with CFRP due to the concentrated stress at the wrap’s boundary. We
assume that microcracks exist but are not dangerous in this loading case.
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3.2.4. Simulation of the Beam G3cw under the Load of 23.5 kN

The beam G3cw does not correspond to the experimental beams. The wrap arrange-
ment, with a mesh at the middle, should increase the beam strength and reduce the crack
initiation because the central wrap corresponds to the position of the maximum bending
moment. Similar to the G3, the stress intensity distribution, the resultant displacement
URES, and FOS graphs were plotted in Figures 17 and 18.
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Comparison of G3 with G3cw shows that the stress intensity on the lower point of the
beam and the resultant displacement URES remained the same (Figures 16 and 18). It can
be concluded that different disposals of the wraps produce similar results.

3.2.5. Cumulative Results of the Simulations and Discussions

Similar experiments have been performed replacing 23.5 kN with 37.5 kN.
Tables 4 and 5 contain the comparison of the obtained results during the simulations
for both loading cases.
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Table 4. The results for the load of 23.5 kN in the lower mid-beam.

Values from Simulation Reinforcement Effect (Reduction)

Mechanical properties G1 G2 G3 G3cw G2 vs. G1 G3 vs. G1 G3cw vs. G1
Stress intensity (MPa) 4.70 4.60 3.80 3.80 2.1% 0.0% 19.1%
Displacement—URES (mm) 0.25 0.24 0.23 0.23 4.0% 8.0% 8.0%

Table 5. The results for the load of 37.5 kN in the lower mid-beam.

Values from Simulations Reinforcement Effect (Reduction)

Mechanical properties G1 G2 G3 G3cw G2 vs. G1 G3 vs. G1 G3cw vs. G1
Stress intensity (MPa) 7.50 7.30 7.50 6.00 2.7% 0.0% 20.0%
Displacement—URES (mm) 0.40 0.38 0.36 0.37 5.0% 7.5% 9.0%

The simulation at 23.5 kN corresponds to the experimental results because the same
deflection (0.25 mm) was obtained for the G1 beam. The calculated stress at this deflection
does not damage the concrete beam. At higher stress values, the simulation cannot be
compared with the experiments due to the cracks apparition, which cannot be simulated
with SolidWorks. The only values that can be compared are the deflections until the
cracks initiate.

The numerical results show a significant increase in strength for the beams G2 re-
inforced with CFRP materials. The G3 beam has a fiber coat instead of the lamella, and
no stress intensity reduction was recorded while the deflection URES decreased. It is the
consequence of the fiber reinforcement position. The CFRP reinforcing diminishes the
URES in simulation and implicitly reduces the cracks in the experimental model, increasing
the applied force. As the simulations cannot show the cracks that most influence concrete
failure, the braking force cannot be determined this way. That is why the simulations
have been performed at the same load, and stress intensity and displacement URES were
compared. Analyzing the results of the G3cw simulation, we notice only changes in the
deflection. This result gives an idea about the effect of the wraps bonded to the concrete
beam. The concrete crack initiation is delayed, and its expansion is partially limited when
using wraps. As a response to the applied force, the stress intensity remains at the same
value. It can be considered that the beam becomes harder (surface stability) but not stronger
(stiffness increases).

When we compare the simulation with the experiments, we get the same results for
G2. However, the results differ for G3. The reason can be the wraps’ setup, which makes
identifying crack initiation and propagation in the experiments difficult.

To confirm the effect of the wrap, two supplementary stress intensity plots are provided
for G3 and G3cw at 100 mm from the center of the beam (Figure 19).

The results from Table 6 show that the stress in the zones protected with CFRP wraps
is lower than in the unprotected ones. For G3, the stress intensity is 4.7 MPa (in the unpro-
tected zone), 20% higher than the 3.8 MPa found for G3cw (protected zone). Analogous,
for G3, the stress intensity is 3.2 MPa (in a protected zone), 24% lower than 4.2 MPa found
for G3cw (unprotected zone). Therefore, the covered areas are less susceptible to the cracks’
apparition and propagation. The same conclusion was drawn after visual observation of
the cracks on the beams during the experimental study.

Table 6. Comparison of Stress Intensity (MPa) of G3 and G3cw beams.

Location G3 G3cw

The beam center 4.7 3.8
100 mm from the beam center 3.2 4.2
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Studying the concrete structures’ behavior under mechanical stress using FEA is
not easy because all brittle materials (like concrete) suffer cracks that must be simulated.
Another issue arises when different materials are used in the same simulation model. The
materials with non-linear behavior must be defined in the software material library based
on their stress–strain curve. If the software deals simultaneously with materials with linear
and non-linear behavior, choosing the computational method and failure criterion may
be difficult for designers. Finally, discretization is difficult when the simulation model
comprises elements with tiny dimensions (as glue layers) and big-size ones.

The search of the scientific literature emphasized only a few articles that compare the
experimental results on fiber-RC beams with the simulated ones, which might be due to the
simulation complexity, even when using dedicated FEA software. Dedicated software may
give an appropriate result that is close to the real behavior of a material or structure. Simulia
Abacus or Ansys can provide a high degree of dispersion of results. Our investigations
did not return CFRP RC analyses using SolidWorks. From this point of view, this study
provides new insights into the topic. Despite its shortcomings, the large utilization of
SolidWorks in structural design and ease of use are advantages that should be considered.

Moreover, comparing the FEA software results with those obtained from experimental
tests validates computational methods based on the Finite Element Method. Once the
numerical method is defined, new studies can be developed without experimental testing.

The experimental results concord with those of other studies, indicating an increased
beam resistance when using lamella or wraps (especially wraps) to consolidate the damaged
structures. It was shown that utilizing CFRP materials improves the concrete compressive
strength and ultimate strain [34]. The CFRP RC beams have a higher deflection and
load-carrying capacity and increased corrosion resistance than those without cover, which
augments the structures’ durability [71–73].

From a practical viewpoint, CFRP can be utilized to confine concrete by retrofitting RC
beams or columns with a jacket or using concrete tubes filled with carbon fiber polymers for
new infrastructure projects. Their low weight is another advantage of CFRP use, together
with the reductions of energy and material consumption that increases the structure’s
life in the actual sustainability effort. Still, CFRP composites can exhibit brittle behavior
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and limited fire resistance. The sudden detaching of CPRP lamella and the peeling out of
the wraps (when glued on the beam surface) are some of the significant challenges to be
addressed [19].

4. Conclusions

The main aim of this study was to compare the experimental results of the flexural
behavior of CFRP beams with the simulated ones in three scenarios. Whereas many studies
emphasized the advantages of reinforcing the beams using CFRP, only a few provided
simulation results of the reinforced beams in different scenarios, and none used SolidWorks
as a tool.

The simulations show a similar capacity of beam reinforcement with CFRP materials
to that obtained in the experimental tests at 23.5 kN loading force. Therefore, simulations
are safer from the viewpoint of the beam’s final strength capacity and can be used in
preliminary design if the computed stress values for concrete do not exceed 50% of the
admissible value. The cracks apparition will change the beam behavior at higher stress,
and the simulations will no longer be helpful.

Important aspects that will be further investigated are the optimum position of the
CFRP reinforcement with respect to the loading cases and the clarification of the cracks’
apparition in different scenarios. Although the CFRPs are mainly applied on the surfaces
of the beams by gluing, mechanical or thermal methods should also employed for this aim.
Therefore, different solutions for obtaining the reinforced beams’ best mechanical behavior
will also be investigated.
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Nomenclature

AE Acoustic emission
CAE Computer-Aided Engineering. It encompasses some of the computer software.

CAE refers to any computer software that aids in engineering, analysis, and
manufacturing tasks.

CAD Computer-Aided Design
CFRP Carbon fibre-reinforced polymers
FOS Factor of Safety
fck Characteristic cylinder compressive strength, 16 MPa
fck, cube Characteristic cube compressive strength, 20 MPa
FRP Fibre-reinforced polymers
NDTs Non-destructive evaluation techniques
RC Reinforced concrete
URES Resultant displacement
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