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Abstract

This study investigates the retrofitting of concrete structures to restore and enhance the load capacity of deteriorated
structural members using external strengthening techniques. The novelty of the study is the use of agro-industrial
waste as a binder for fiber-reinforced polymer (FRP) sheets. Experimental testing and finite-element analysis (FEA)

are performed to evaluate the effect of glass fabric-reinforced cementitious matrix (GFRCM) on the flexural and shear
deficiencies of pre-cracked, retrofitted reinforced concrete (RC) beams. ANSYS software is used for FEA to analyze

the load—deflection behaviour of the retrofitted RC beam, facilitating a comparison with experimental results.

The results indicated significant enhancements in structural performance, with load-carrying capacity increases
between 2% and 32%, and deflection ranging from 4% to 22%. These improvements in load-carrying capacity are
attributed to the use of double layers of GFRCM, which effectively improves the load-carrying capacity and overall
performance. The FEA predictions aligned well with the experimental findings, confirming that increasing the number
of GFRCM layers significantly enhance the structural capacity of retrofitted RC beam:s.

Highlights

« GFRCM improves flexure and shear in pre-cracked RC beams.
- FE analysis predicts the load—deflection behaviour of RC beams.
- Retrofitted beams enhance load-carrying capacity and reduce beam deflection.

Keywords Deteriorated structural members, Glass fabric-reinforced cementitious matrix, Finite-element analysis,
Fiber reinforced polymer, ANSYS, Load-carrying capacity, Deflection

1 Introduction

In recent years, the demand for rehabilitating dete-
riorated concrete structures has increased significantly
(Kalyani & Pannirselvam, 2023). Fiber-reinforced poly-
mers (FRP) have been widely adopted as externally
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structural geometry (Kirthiga & Elavenil, 2022). How-
ever, FRP systems relying on epoxy resins face chal-
lenges, including poor thermal resistance, high cost,
incompatibility with moist surfaces, and limited bond-
ing with concrete substrates (Natraj et al., 2023). These
challenges can be lessened by cement-based mortars
(Kirthiga & Elavenil, 2023). Yet, the high fineness of
cement mortars can hinder fiber impregnation and bond-
ing. Replacing fiber sheets with fabric textiles enhances
the fiber—matrix interaction (ACI Committee 549.4R-13,
2013), as these fabrics consist of fiber rovings arranged
in mesh form (Koutas et al., 2019). Therefore, embedding
high-strength fabric meshes into cementitious mortars
leads to the development of fabric-reinforced cementi-
tious matrix (FRCM) systems (FRCM) (Elsanadedy et al.,
2019), which offer improved compatibility with concrete,
thermal resistance, and ease of installation (Aljazaeri &
Myers, 2016; Donnini et al., 2017; Ebead & Younis, 2019;
Yin et al., 2016). The mechanical performance of FRCM
composite is significantly influenced by the properties of
both the fabric and cement matrix (Kirthiga & Elavenil,
2024; Sagare et al., 2024).

FRCM is effective for strengthening various RC ele-
ments, such as beams, columns, slabs, and masonry
walls (Donnini et al., 2016a; Kirthiga & Elavenil, 2022).
This technique involves externally bonding unidirec-
tional sheets impregnated with cement or polymer-
based binders (Tzoura & Triantafillou, 2016). The
performance of FRCM is closely tied to the bond qual-
ity between the fabric and mortar matrix, which can be
enhanced by incorporating short fibers (Donnini et al.,
2016b; Zhang & Deng, 2022). Adding short carbon and
AR-glass fibers significantly improves tensile strength
(Barhum & Mechtcherine, 2012), while polyvinyl alco-
hol fibers shift the failure mode from fabric slippage to
rupture, enhancing the performance of GFRCM (Song
et al., 2023). Numerous studies using experimental, ana-
lytical, and numerical approaches have examined the
behavior of FRCM-retrofitted RC beams. The RC beam
retrofitted with PBO and carbon-FRCM increased its
flexural capacity to 54% and attained fabric slippage fail-
ure (D’Ambrisi & Focacci, 2011). PBO-FRCM exhibited
greater ductility than carbon—FRCM, with failure modes
influenced by the number of fabric layers (Ebead et al.,
2017). Increasing the number of layers improved the load
capacity by 77% but reduced ductility (Ombres, 2011).
Mohan et al. found that RC beams strengthened with
basalt and glass fabrics using cementitious binders out-
performed those using geopolymer mortars in flexural
strength. Beam retrofitted with four layers exhibited the
highest increase in ultimate load of about 42.06%, com-
pared to those with two and six layers (Mohan and Mad-
havi, 2024). Increasing the number of layers enhanced
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beam stiffness and altered the failure mode from con-
crete crushing to fabric slippage within the matrix (Ebead
et al, 2017; El-Maaddawy & EIl Refai, 2016; El-Sherif
et al, 2020). Aljazaeri et al. observed a 21% improve-
ment in load capacity for RC beams retrofitted with
U-wrapped glass—FRCM compared to unstrengthened
beams (Aljazaeri & Myers, 2016). The U-shaped glass
fabric configuration also led to significant increases in
both load capacity and mid-span deflection (Aljazaeri
& Myers, 2016; Zeng et al, 2017). Wakjira and Ebead
(2018) reported that the shear strengthening with car-
bon—-FRCM improved shear capacity by 43—-114%. Simi-
larly, Ramezani and Esfahani (2023) noted an increase in
shear capacity from 21.3% to 23.1% using carbon fabric,
compared to traditional FRP systems. Yang et al. reported
notable shear capacity enhancements ranging from 50.9%
to 160.6%, despite debonding failure in the strengthened
layers (Yang et al., 2020). The addition of polyvinyl alco-
hol fibers has been shown to improve the toughness and
durability of FRCM, contributing to long-term perfor-
mance (Dong et al.,, 2020; Guo et al.,, 2022). Azam et al.
reported that shear-strengthened beams reached up to
105% shear capacity, although they found little difference
between side-bonded and U-wrap configurations (Azam
et al, 2018). Tetta et al. revealed that U-wrapping outper-
formed side-bonded configuration, resulting in signifi-
cantly higher shear strength (Tetta et al., 2016).

Many researchers prefer finite-element modeling
(FEM) to study the behavior of structural components
strengthened with FRCM, since experimental testing is
time-consuming and requires extensive resources (Talaat
et al., 2022). A critical aspect of FEM analysis is accu-
rately capturing the interaction between the concrete
substrate and the external strengthening layer (Revanna
& Moy, 2023). Debonding or rupture failures generally
arise from inadequate bonding either between the con-
crete surface and the retrofitting material or within the
internal layers of the FRCM system. Cohesive contact
laws clearly define the fabric to mortar interaction (Mer-
cedes et al., 2021). Ombres and Verre (2021) modeled RC
beams retrofitted with steel-reinforced grout for both
flexure and shear strengthening. A parametric analysis
revealed the impact of a composite thickness on struc-
tural response, emphasizing the importance of phenom-
enological model in understanding damage mechanisms
(Truong et al., 2016). The matrix and concrete interface
was simulated using cohesive contact and traction sepa-
ration laws. However, the FEM under predicted the load
capacity by around 5% compared to experimental values
(Ombres & Verre, 2019). Revanna et al. modelled and val-
idated a FEM using experimental data, achieving variance
of 6.02% for ultimate load and 5.7% for deflection, then
extended it to investigate debonding behaviour possible
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preventative strategies (Revanna & Moy, 2023). Katsama-
kas et al. analyzed shear-strengthening beams and found
deviations of approximately 1% in load, 10% in displace-
ment, and 4.2% in energy absorption compared to experi-
mental results (Katsamakas et al., 2021). Basalt fabric was
used as an external jacket to strengthen the concrete cyl-
inders with engineered cementitious composites, and it
was found that the experimental results closely matched
the numerical results. Hao et al. observed that FEM
could predict maximum loads between 46% and 57%, and
cracking loads between 3% and 35% for beams retrofit-
ted with galvanized steel mesh (Hao et al., 2022). Chen
et al. confirmed close agreement between numerical and
experimental results for concrete cylinders strengthened
with basalt fabric (Chen et al., 2023). Grande and Milani
developed a numerical model to investigate the progres-
sive damage in the outer mortar layer, which affects stress
transfer between fabric and mortar. Their spring-based
model incorporated various retrofitting components with
both linear and non-linear properties (Grande & Milani,
2018). Sucharda conducted a non-linear fracture plas-
ticity model to predict failure modes and load-carrying
capacity in FRCM-retrofitted beams (Sucharda, 2020).
Mercedes et al. simulated RC beams strengthened with
different FRCM. The moment—deflection curves indi-
cated that steel fabric provided the highest strength gain
(78%), followed by PBO (6%), while basalt and carbon
fabrics exhibited inconsistent effects (Mercedes et al.,
2021). Numerous numerical studies have been con-
ducted, but a significant gap remains in accurately pre-
dicting the behaviour of RC beams, highlighting the need
for more focused research in this area.

In this study, the behavior of pre-damaged RC beams
retrofitted with AR-glass FRCM is investigated under
four-point bending until failure. The experimental find-
ings are compared with a finite-element model developed
in ANSYS, capturing the beam’s nonlinear response.
The validated model is also used to explore the effects of
debonding and evaluate performance under similar ret-
rofitting configurations.

2 Materials and Methods

2.1 Material Properties

For casting RC beams, the concrete mix consists of ordi-
nary Portland cement, river sand, and gravel with sizes
varying from 12 to 20 mm. The cement was purchased
from Chettinad Cement Co. Ltd., Chennai, India, while
the river sand and gravel were purchased from the local
vendors. A water—cement ratio of 0.35 was adopted.
The compressive strength of the concrete was measured
according to IS 516 (Part 1/Secl):2021. Three concrete
cubes measuring 150 mmXx150 mmx150 mm were
casted and tested. After 28 days of curing, the average

Page 3 of 22

compressive strength was found to be 38.25 MPa with
a coefficient of variation of 2.35%. The manufacturer
reported the yield strength of the reinforcement steel
bars to be 500 MPa.

This study uses bi-directional Alkali Resistance (AR)
glass fabric mesh as a retrofitting material due to its tem-
perature resistance in cementitious matrices. The AR-
glass fabric was sourced from Covai Seenu and Company,
in Coimbatore, Tamil Nadu, India. This fabric is made
of knitted glass with a mesh size 3X 3 mm in both direc-
tions. It has a cross-sectional area of 1.4 mm? weighs
125 g/m? and has a thickness of 0.0035 mm. A tensile
test was conducted on the single yarns to examine the
tensile properties using a 50 kN tensile testing machine
at a 0.5 mm/min speed. Figure 2 shows the tensile test-
ing of glass fabric strip and yarns in both direction. The
tensile strength of fabric strip, yarn in the warp and weft
direction were calculated as 1121 MPa, 1233 MPa, and
1120 MPa, respectively, with co.efficient of variations of
12.62%, 8.11%, and 14.28%. Figure 1 shows the image of
glass fabric sheet and Fig. 2a shows tensile test on glass
fabric strip, (b) tensile test on the yarn in the warp direc-
tion, and (c) tensile test on the yarn in the weft direction.

Sugar refineries crush sugarcane stalks to extract juice,
and the leftover residue is burned to produce bagasse
ash. Bagasse ash contains a high amount of amorphous
silica, which improves the strength property. Bagasse ash
was obtained from Kothari Sugars and chemicals Ltd. in
the Ariyalur district of Tamilnadu, India. The bagasse ash
dried in an oven for 24 h and then sieved to a particle size
of 75 pm. Silica fume is a byproduct from the silicon and
ferrosilicon industries during the smelting process of sili-
con metal or ferrosilicon alloys. Silica fume was sourced
from the Astra Chemicals, Chennai, India. Table 1
shows the physical properties of cement, silica fume, and

|
l

Fig. 1 Image of AR-glass fabric sheet
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(a)

Fig. 2 aTensile test on glass fabric strip. b Tensile test on the yarn
in the warp direction. c Tensile test on the yarn in the weft direction

(b) (©)

Table 1 Physical properties of cement, SF, SCBA and sand
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bagasse ash. The chemical compositions of raw material
are given in Table 2. The X-ray fluorescence technique
was carried out to assess the chemical composition of
material, such as cement, SF and SCBA. It was observed
that 75.98% of SCBA was made up of silica oxide, and
that its LOI is 7.8, which conforms to the criteria and can
be used as an SCM. The composition of Al,O,, Fe,05 and
CaO are found to be incredibly low. Similarly, SF also has
significant silica content of about 98.6%, which enhances
the pozzolanic property.

The binder prepared for FRCM is composed of cement,
bagasse ash, silica fume, very fine sand, polyvinyl alcohol
(PVA) fibers and additives. A fine aggregate were selected
to be smaller than 150u. The PVA fibers measures 6 mm
in length and 24 mm in diameter. Polycarboxylates ether-
based superplasticizer was used to improve the work-
ability. To identify the optimum mix proportions, mortar
cubes were tested as per IS: 14,858:2000, and these test
results were published in the study conducted by Kirth-
iga et al. (Kirthiga & Elavenil, 2023). The compressive,
flexural, and split-tensile strength were determined as
63 MPa, 10.15 MPa, and 4.2 MPa with variations of
25.39%, 18.92%, and 15.4%. Table 3 presents the optimum
mix proportions of cement binders, expressed as weight
percentage of the binder.

Physical properties OPC SF SCBA Sand X .
2.2 Beam Specification
Specific gravity 3.14 22 267 2,65 The RC beams, measuring 1500 mm in length, 100 mm
Initial setting time (min) 75 - - - in width, and 150 mm in depth are grouped into flexure-
Final setting time (min) 365 - - - and shear-deficient beams. The RC beams were intention-
Surface Area (m%/g) 3360 38641 2559 - ally pre-cracked to 50%, 75%, and 100% of their ultimate
Water absorption (%) - - - 0.1 load capacity. These damage levels were defined based
Fineness (%) 5 - - - on the percentage of the peak load recorded from an un-
Particle size - Tum - <150mm  strengthened control beam. To induce the desired dam-
age levels, each beam was loaded up to the corresponding
percentage of this ultimate load. The extent of damage
Table 2 Chemical composition of OPC, SF and SCBA
Composition (%) Sio, Fe,0; Al,0,4 Mno CaO Mgo Na,0 K,O SO, P,0; TiO,
OPC 21.12 32 52 - 654 12 0.12 0.73 23 - -
SF 986 0.037 049 - 0.17 0032 0028 037 025 0014 0.006
SCBA 75.98 2.37 3.71 0.081 4.86 2.05 0.38 2.6 - 1.91 0.3
Table 3 Mix proportion of cement binder
Cement Bagasse ash Silica fume Fine sand Water reducer PVA Water
1 0.10 0.10 0.8 0.2 0.0045 0.35
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was verified through visual observation of crack patterns
and measurement of deflection prior to the retrofitting
process. This approach ensured consistent and controlled
pre-cracking conditions for all retrofitted specimens.
Reinforcement bars with 10 mm and 12 mm were used as
main reinforcement, while a bar with 8 mm diameter was
used as transverse reinforcement. To design a deficient
beam, the area of steel in the tension zone is reduced for
flexural-deficient beams, while for shear beams, the area
of shear reinforcement is reduced, typically achieved by
increasing the spacing of the stirrups.

The control beam is reinforced with two 12 mm
diameter bars in both tension and compression zones,
and 8 mm diameter bars are used as stirrups, placed at
100 mm center-to-center (c/c) spacing. The flexural and
shear-deficient beam consists of six beams, pre-cracked
to 50%, 75%, and 100% and retrofitted with one and
two layers of GFRCM. The flexural-deficient beams are
designed with two 10 mm bars in the tension zone to
intentionally induce flexural failure. For shear-deficient
beams, the stirrups are placed at 300 mm spacing c/c to
induce shear failure. The grade of the steel used for the
reinforcement bar is Fe500. The reinforcement details,
damage level, and strengthening layers are shown in
Table 4. In this study, the notation used for the specimens
is as follows: FF represents flexural-deficient beams,
while SF denotes shear-deficient beams, the number 50,
75, and 100 indicates the damage level in percentage (%),
and 1 and 2 represents the number of strengthening lay-
ers applied.

2.3 Test Setup and Application Process of GFRCM

Figure 3a illustrates the experimental setup used for test-
ing the specimens. All beams, with an effective span of

Table 4 Reinforcement details for retrofitted beams
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1.2 m, were subjected to two-point loading applied trans-
versely at one-third of the span length from each support.
A testing machine applied a central point load, which was
distributed into two equal loads using spreader beams.
The mid-span displacement was recorded using a dial
gauge mounted at the soffit of each beam. Steel plates
were placed at the loading and support points to ensure
safe and effective load transfer. The control beam (CB)
was loaded until failure, while the other beams were
pre-loaded to different damage levels. These pre-loaded
beams were then repaired using a cement-based binder
and cured for 3 days. Afterward, they were retrofitted
with GFRCM and cured for an additional 7 days before
being reloaded to failure.

The U-shaped configuration was applied to the pre-
cracked beams using a systematic process. The U-shaped
covered the bottom soffit and both side faces of the RC
beams. This process starts with preparing the concrete
surface through scouring, sandblasting, and moistening
the substrate to enhance the bonding among the matrix
and the concrete substrate. A 2 mm thick cement binder
was then applied to the moistened concrete substrate
and then AR-glass fabric mesh was carefully embedded
into the cement binder. Finally, a second binder layer was
applied to encapsulate the fabric completely.

For the flexure-deficient beam, GFRCM was applied
over a 900 mm length at the midspan and across the
full width of 400 mm, with a 2 mm thick layer of
cementitious binder, as shown in Fig. 3b. This appli-
cation is positioned in the areas experiencing maxi-
mum bending moments to improve flexural strength
and stiffness. For the shear-deficient beam, GFRCM
was positioned near both ends of the beam supports,
specifically under the shear zones, as shown in Fig. 3c.

Group Name Model ID Damage level Strengthening layer Bottom Top Reinforcement Stirrups
(%) Reinforcement
Control CB 100 - 2-@12mm 2-@12mm @8mm@100 mm
A FF-50-1 50 1 2-@10mm 2-@12mm @8mm@100 mm
FF-50-2 2
FF-75-1 75 1 2-@10mm 2-@12mm @8mm@100 mm
FF-75-2 2
FF-100-1 100 1 2-@10mm 2-@12mm @8mm@100 mm
FF-100-2 2
B SF-50-1 50 1 2-012mm 2-012mm @8mMm@300 mm
SF-50-2 2
SF-75-1 75 1 2-012mm 2-012mm @8mMm@300 mm
SF-75-2 2
SF-100-1 100 1 2-@12mm 2-@12mm @8mm@300 mm
SF-100-2 2
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Load Cell

Strengthening layer

(C))

Load Cell

Strengthening layer

Strengthening layer

(d)

Fig. 3 aTest setup. b Flexure deficient retrofitted beam. ¢ Shear-deficient retrofitted beam

Each strengthening layer was applied over a 400 mm
length and covered the full width of 400 mm, with
2 mm thick layer of cementitious binder, as shown in
Fig. 3c.

3 Finite-Element Analysis

Finite-element analysis (FEA) analysis enables a more
efficient simulation of the non-linear behavior of RC
members with a high degree of accuracy within a
shorter duration (Hassan et al., 2017). In FEA, the
structure is depicted as an assembly of finite ele-
ments, each possessing distinct material proper-
ties, collectively influencing the determination of the
structure’s overall behavior (Mahmoud, 2016). In this
study, ANSYS 2024 R2 software is used to model the
RC-strengthened beams and compared with the exper-
imental results. Discrete reinforcement models are uti-
lized to represent the reinforcement bars embedded in
the concrete.

3.1 Modelling of Concrete, Reinforcement Bars and Steel
Plates and Its Properties

The SOLID 186 element is shown in Fig. 4a, used to
model the concrete, and effectively manage the nonlin-
ear behavior during tension and compression, includ-
ing the occurrence of crushing under compression. It is
characterized by 8 nodes, each with 3 degrees of freedom
(DOF), and its essential feature of this element lies in
its handling of nonlinear material properties. Concrete
exhibits non-linear behaviour owing to its quasi-fragil-
ity. The plasticity hardening behavior of concrete under
compression is derived from the Menetrey-Willam the-
ory and uses a non-associated flow rule of the Drucker-
Prager type. REINF 264 element is shown in Fig. 4b, is
used to determine the inherent stresses and strain for the
reinforcement steel bar and ensures their exact positions.
This component is suitable for modelling the cables,
springs, trusses, links, etc. These elements are specified
by two nodes, with the section type and the material
properties. It functions as compression—tension uniaxial
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(2)

Fig.4 a SOLID186. b REINF 264

Table 5 Concrete and steel material properties used in FE

modelling

Material Property Value

Concrete Young's modulus (MPa) 31,425
Poisson ratio 0.15
Menetrey-Willam
Uniaxial Compressive strength (MPa) 385
Uniaxial Tensile strength (MPa) 359
Biaxial Compression strength (MPa) 30
Dilatancy angle (Degree) 30
Plastic strain at uniaxial compression strength 0.001
Plastic strain at transition from Power Law 0.002
to Exponential softening
Relative stress at start of non-linear Hardening 03

Steel Young's modulus (GPa) 210
Poisson ratio 03
Yield strength (MPa) 500

elements with 3DOF that can withstand considerable
deflection under loading. Table 5 shows the concrete and
steel material properties used in FE modelling. SOLID186
elements are utilized to replicate the steel plates support-
ing the RC beam and the applied loads. This element has
20 nodes, with 3 DOF in all directions. SOLID186 is an
advanced 3D solid element with quadratic displacement
behavior. This element supports plasticity, deflection,
strain, creep, stiffening, etc. The reinforcement bars and
plates used in the FE models were designed to be flex-
ible components that exhibit linear behaviour with elastic
modulus of 210 GPa and Poisson’s ratio of 0.3. The yield
stress varies based on the element used.
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M

(b)

3.2 Cement Binder and AR-Glass Fabric: Modeling and Its
Properties

The cement binder is similarly modelled with SOLID 181
element, as shown in Fig. 5a. SHELL181, a three-dimen-
sional layered solid element, is used to model the glass
fabric added to reinforce the RC beams. Surface-to-sur-
face contact pairs were utilized at the interaction with the
concrete substrate and the GFRCM. The concrete surface
was modelled using TARGE170, and the GFRCM was
modelled using CONTA173 (Jawdhari et al., 2020), as
shown in Fig. 5b. The fabric and cement binder are stimu-
lated as a single element with multiple layers. TARGE170
has the ability to signify the 3D target surfaces for the
corresponding contact elements. CONTA173 is utilized
to denote the interaction and movement between the 3D
target surface and also with a deformable surface. Table.6
provides the properties of cement binder and glass fabric
sheet.

The interaction between hardening and damage vari-
ables governs the development of damage and the con-
crete soften behavior. These variables affect the concrete
stress—strain curve’s post-yielding region, specifically
occurring after the material has exceeded its elastic
limit. These values are usually obtained by static testing.
ANSYS used the values proposed by Zreid and Kaliske for
the compression damage evolution, hardening parameter,
and threshold value (Zreid & Kaliske, 2018). The tension
damage value was set to zero, assuming that concrete
begins to soften in tension as soon as the elastic limit is
reached (Si Larbi et al., 2013). To include the debonding
characteristics in the FE model, the interface between
the concrete and GFRCM was identified as the weakest
layer and is simulated using cohesive zone material and
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(a)

Fig.5 a SHELL181.b CONTA173

Table 6 GFRP and cement binder properties
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Associated Target

Surfaces \/\/

Contact
Elements

Surface of Solid/
Shell Elements

(b)

Material Property Value

GFRP Young's modulus (MPa) 74,000
Poisson'’s ratio 0.18
Layer Thickness (mm) 0.036
Number of layer 1,2

Cement binder Young's modulus (MPa) 25,500
Tensile strength (MPa) 22
Poisson’s ratio 0.23
Layer Thickness (mm) 2
Number of layer 1,23

contact pairs. Debonding in most studies was examined
by analyzing the shear stress-slip behaviour of the inter-
faces (Omran & El-Hacha, 2012).

3.3 Meshing and Boundary Conditions

The support and loading plates were modelled to align
perfectly with the concrete beam. The modelled beams
use a mesh with 15 mm square size elements, as speci-
fied by sensitivity study. Notably, Al-Huri et al. (2022)
and (Wei et al., 2025) both employed a 15 mm mesh size
in their simulations of strengthened or hybrid RC beams.
Their results demonstrated that this mesh size provides
a good balance between computational efficiency and
accurate prediction of structural behavior, validating
its use for modeling GFRCM-retrofitted beams in this
study. The element size is chosen to balance the precision
of results with the time required for the cost analysis.

Displacement boundary conditions are necessary to con-
strain the model and obtain a notable solution. Boundary
conditions are applied to the supports to guarantee the
model acts like the tested beam. In this study, one sup-
port will be modelled as a pin, restricting movement in
all directions, while the other support will be modelled as
a roller, allowing movement only in the Z direction. Fig-
ure 6 displays the finite-element models and meshing of
control and retrofitted beams with boundary conditions.
A static analysis with large displacement was per-
formed to identify the non-linearity. A vertical
displacement was applied to the upper plate in dis-
placement-controlled analysis to replicate the forces
observed in the experimental test. Displacement was
incrementally applied, and the processes were seg-
mented into several series of load steps. The activation
of time stepping manages the step size and ensured
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(b) Modeling of Flexural-deficient beam

200,00

(c) Modeling of Shear-deficient beam (d) Meshing of Control beam

(e) Meshing of Flexural-deficient beam (f) Meshing of Shear-deficient beam
Fig. 6 Modeling and meshing of control and retrofitted beam with GFRCM

convergence in the solution. The convergence criteria FRCM strengthening generally involves four possible
for analysis were defined by displacement and force, failure modes. One of these is concrete crushing, which
with tolerance of 0.1% and 0.5%. The interaction mod-  prevents the use of fabrics and reinforcing bars. The sec-
elling impacts the failure pattern in the strengthened ond mode is fabric rupture, which occurs when the yarn
beam. filaments reach their maximum elongation capacity. The
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third mode is steel yielding, which occurs before either
the fabrics rupture or the concrete crushes. Finally, fail-
ure may also result from debonding of the FRCM layer
from the concrete substrate.

3.4 Parametric Investigation on Strengthening of Flexural-
and Shear-Deficient Beams

The effects of strengthening deficient beams are investi-
gated using FE models. GFRCM was applied in a U-wrap
configuration to retrofit the deficient beam in both flex-
ure and shear zones. The FE modelling of the retrofit-
ted RC beam involves a layer-by-layer representation of
GFRCM. The model includes the volume of the cement
binder and the glass fabric mesh in the flexure and shear
zones. The glass fabric mesh is modelled with a thickness
of 0.036 mm, and the cement binder is modelled with a
thickness of 2 mm. Element types, material properties,
and constants are assigned accordingly. Cohesive zone
material modeling is utilized and FEA is performed to
assess the strengthening effects. Figure 7 represents the
modeling of glass fabric layers and cement binder,

4 Results and Discussion

4.1 Flexural-Deficient Beams Strengthened with GFRCM
The CB failed at a maximum load of 61.35 kN due to the
yielding of steel reinforcement and the concrete crushing
in the compression zone. All the retrofitted beams had
a substantially higher load-carrying capacity than con-
trol beam. Specimens FF-50-1, FF-75-1, and FF-100-1,

)

Fig. 7 Modelling of GFRP and Cement binder (a) single layer, (b) double layer
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retrofitted with one layer, achieved maximum load of
78.69 kN, 72.53 kN and 63.42 kN, respectively, with mid-
span deflection of 13.47 mm, 12.09 mm, and 12.54 mm.
The specimens FF-50-2, FF-75-2, and FF-100-2, retro-
fitted with two layers, attained maximum loads of 86.59
kN, 77.12 kN, and 68.37 kN with deflection of 11.41 mm,
11.3 mm, and 12.88 mm.

The load—deflection curve for a strengthened RC beam
typically shows three phases. The initial phase is elas-
tic, with minimal cracking and a linear curve response.
In the second phase, the curve becomes non-linear and
a cracks develop in both the concrete and FRCM, caus-
ing the beam to deform more quickly under load. The
final phase signifies ultimate failure, characterized by
crack propagation, which leads to an increase in deflec-
tion and a significant reduction in load-carrying capacity.
This progression highlights the beams behavior and the
effectiveness of the FRCM strengthening. After reaching
their peak load, all retrofitted beams displayed similar
behavior.

4.1.1 Comparison of FEA Result with Experiment Result

Table 7 summarizes the load-carrying capacity and
deflection of the retrofitted beams attained from numeri-
cally and experimentally. In addition, Table 7 includes
the ratio of FE to experimental load-carrying capacity
and displacements of the retrofitted beams. The FEA and
experimental results are correlated graphically in Fig. 8.
The flexural capacity of the retrofitted beam varies from

First layer of binder

Fabric Sheet

Second layer of binder

First layer of binder

Fabric sheet

Second layer of binder
Fabric Sheet

Third layer of binder
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Table 7 Load-carrying capacity and deflection of the flexural-deficient retrofitted beam
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Specimens  No.of layers FEA Experiment Pno/Pe  6,/8; Failure modes (Exp)

Max. Load P, (kN)  Deflection, Max. Load, P; (kN)  Deflection,

5, (mm) & (mm)

B - 64.565 15.14 61.2 14.12 0.95 0.93 Flexure
FF-50%-1 1 79.906 13.728 78.69 13.49 0.98 0.98 Flexure + Delamination
FF-50%-2 2 85.263 11.637 86.587 1141 1.02 0.98 Flexure + Debonding
FF-75%-1 1 72.853 12.091 72.532 12.1 1.00 1.00 Delamination
FF-75%-2 2 73.774 11.594 77.122 11.03 1.05 0.95 Delamination
FF-100%-1 1 65.964 11.94 63416 12.54 0.96 1.05 Fabric rupture
FF-100%-2 2 68.256 11.36 68.366 11.39 1.00 1.00 Fabric slippage

0.95 to 1.05 with a correlation of 0.954, while the deflec-
tion ranges from 0.93 to 1.05 with correlation of 0.882.
The load—deflection curves from both experimental and
FE analysis are closely matched, reflecting a strong agree-
ment for all beams. Sivasuriyan et al. (2024) performed
two-point loading tests on RC beams and evaluated the
results using FEA in ANSYS. The numerical analysis
closely matched the experimental outcomes in terms of
both load capacity and deflection. This strong correla-
tion validated the effectiveness of the FEA model in cap-
turing the flexural response of RC beams. The study by
Sasikumar et al. confirmed that the FE model exhibited
strong correlation with experimental results, effectively
representing the flexural performance of damaged RC
members (Sasikumar & Candassamy, 2024). This agree-
ment with experimental results boosts its reliability for
predicting the performance of retrofitted RC beams in
real-world scenarios.

4.1.2 Load-Deflection Curve

The numerical analysis predicted an ultimate load of
64.57 kN for the CB, while the experimental results
recorded a maximum load of 61.2 kN. The strengthened
beam with flexural deficiency specimens exhibited a
much higher flexural failure load compared to the control
beam. Figure 9 presents a comparison between the load—
displacement curves obtained from FE simulation and
experimental tests for the retrofitted beam. All retrofitted
beams displayed nearly identical behaviour after reach-
ing the ultimate load and showed a significant increase
in deflection under a sustained residual load. When a
load increases, the retrofitted beam reaches its cracking
point, resulting in reduced stiffness and changed to non-
linear behavior. At this phase, the concrete in tension
cracks and the load is carried by the external strength-
ening layer GFRM, indicating that the beam is approach-
ing its load capacity. After reaching the ultimate load, the
beam reaches its maximum strength. However, beyond

this point, the graph shows a reduction in load, reflect-
ing post-behaviour, indicating that the beam carrying
capacity has been reduced. This post-yielding phase
continued until fabric rupture resulted in the loss of
strengthening effect, and a failure mode was observed by
Nagajothi et al. (Nagajothi et al., 2022). The progression
on the graph provides insight into the effectiveness of the
strengthening system in enhancing the beam’s load-car-
rying capacity and ductility.

The load-carrying capacity of the specimen CB, FF-50—
1, FF-75-1, and FF-100-1 exhibited increased flexural
capacity of 5.21%, 1.52%, 0.44%, and 3.86%, respectively,
than the experimental results. Similarly, the ultimate load
capacities of FF-50-2, FF-75-2, and FF-100-2 decreased
to 1.55%, 4.54%, and 0.16%, respectively. Increasing the
number of GFRCM layers improved the shear capacity of
the retrofitted beams. The flexural capacity of the retro-
fitted beam decreased once it reached its ultimate load,
signifying that the retrofitting effect was entirely nulli-
fied. This observation was also reported by Raoof et al.
(Raoof et al., 2017).

4.1.3 Failure Modes

Figure 10 represents the failure of flexural-deficient ret-
rofitted beams with GFRCM. The CB displayed signifi-
cant flexural cracks at the mid-span and observed the
crushing of the concrete at the top surface. Beams ret-
rofitted with GFRCM demonstrated a slightly increased
failure load owing to the enlarged cross-sectional area.
The specimen pre-cracked to 50% and strengthened with
one and two layers observed the formation of flexural
cracks at the soffit of the beam with matrix debonding.
Debonding refers to the separation of the strengthen-
ing materials from the concrete substrate, often at the
interface due to weak bonding. This indicates that the
strengthening layers were unable to absorb the bending
stresses, resulting in the separation of the matrix from
the FRCM. The specimen FF-75-1 exhibited the flexural



Kirthiga and Elavenil Int J Concr Struct Mater (2025) 19:80

Page 12 of 22

B Load (kN)

90 — —— Fit Value

80

70 H

Flexural capacity by Experiment (kN)

60 —

R2 =0.954

I
70

75 80

Flexural capacity by FEA (kN)

(@)

B Deflection

Linear fit

14.0

13.0 H

12.0 H

Experimental deflection (mm)

11.0 H

13.0 13.5

FEA deflection (mm)

14.0

(b)

Fig. 8 Correlation between the experiemntal and FEA results. a Flexural capacity. b Deflection at the ultimate load

crack with matrix delamination due to an insufficient
bond between the outer matrix and glass fabric, which
was unable to resist the failure stresses. Delamination

indicates the separation between layers within the com-
posite material. This modes of failure observed by Elsan-
adedy et al. (2013), while the specimen FF-75-2 observed
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Control | FEA the delamination of FRCM. Similarly, the specimen pre-
cracked to 100% observed the fabric rupture in FF-100-
1, because the failure stresses exceeded the fabric’s tensile
strength, which led to rupture failure. Fabric slippage was
observed in specimen FF-100-2 due to inadequate bond-
ing between the fabric and matrix, causing the fabric to
slide rather than fully resist the applied stresses (Jabr
et al,, 2017). Slippage refers to the relative movement of
reinforcement inside the matrix due to poor anchorage,
which reduces effective load transfer.

Pre-cracking the beam at different levels impacts the
strength capacity and deformation properties of the
strengthened beam. The beam pre-cracked to 50% and
retrofitted with one and two layers showed an increase
in load-carrying capacity of about 23.76% and 32.06%
than CB Similar type of enhancements were observed
by Awani et al. (2016) and Elghazy et al. (2017). This
increased result proves the effective bond between the
GFRCM and concrete substrate, which remains effec-
tive even after the pre-cracking. Similarly, the beam pre-
cracked to 75% showed strength gains of approximately
12.84% and 14.26%, while the beam pre-cracked to 100%
showed an increase in load of about 2.17% and 5.72%,
indicating that severe pre-cracking greatly reduces the
i i effectiveness of retrofitting. Giese et al. (2021) observed
: that beams strengthened with a cement binder experi-
' S E enced an 18% increase in load capacity with two layers,
while three layers led to a 41.4% improvement compared
to a single layer. Taie et al. (2024) retrofitted the RC
beams with FRCM incorporating silica fume and cement
binder, which resulted in a flexural moment increase
between 23% and 37%. Moreover, the deformation of the
retrofitted beam compared with CB decreased by 9.33%
and 24.97% than CB, representing enhanced stiffness
and reduced flexibility after strengthening, especially in
beams with less pre-cracking. This highlights that retro-
fitting improves strength and reduces deformation, the
extent of pre-cracking is critical in determining the effec-
tiveness of the strengthening technique.

- — e — The finite-element analysis (FEA) results shown in
e = Fig. 10 depict a detailed visualization of stress distribu-
e ' tion in flexural-deficient RC beams strengthened with
GFRCM. The unstrengthened control beam exhibits a
high concentration of stress at the mid-span, with large
red areas at the bottom surface, reflecting typical flex-
ural behavior, where tensile stresses are concentrated at
the bottom of the beam under load. After the beam is
strengthened with GFRCM, a distinct change in the stress
distribution is observed. For the beam FF-50-1, moder-
ate stress intensities are observed, with red and orange
zones focused around the mid-span, but these are less
Fig. 10 Failures of flexural-deficient retrofitted beams distinct than those seen in the control beam. Sivasuriyan
et al. (2024) observed the similar failure zone pattern for
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strengthened RC beams. This indicates that the GFRCM
has begun to efficiently lessen the concentration of ten-
sile stress, spreading it over a larger region. In FF-50-2,
the stress distribution shows considerable improvement,
with only isolated high-stress area at the bottom, show-
ing that the GFRCM’s ability to control crack propagation
and enhance flexural strength under minimal pre-crack
conditions.

4.2 Shear-Deficient Beams Retrofitted with GFRCM

The maximum load-carrying capacity of the shear-defi-
cient retrofitted beam surpassed than CB. The specimens
SF-50-1, SF-75-1, and SF-100-1, strengthened with sin-
gle layers attained a maximum load of 61.53 kN, 56.06
kN, and 47.495 kN, respectively, with mid-span deflec-
tion of 12.5 mm, 9.84 mm, and 14.89 mm. The speci-
mens SF-50-2, SF-75-2, and SF-100-2 failed at 73.49
kN, 65.65 kN, and 54.28 kN with deflection of 9.31 mm,
10 mm, and 12.70 mm. The specimen SF-75-1 shows an
8.39% decrease in load value compared to the CB, likely
due to insufficient bonding with a concrete substrate,
which affected the retrofitting effectiveness. The speci-
men pre-cracked to 100% showed a reduction in load
by 22.39% with single wrapping, and 11.31% with dou-
ble wrapping. The reduced load values in the specimens
SF-100-1 and SF-100-2 were due to existing cracks that
weakened the RC beams, diminishing the effectiveness of
the retrofitting.

4.2.1 Comparison of FEA Result with Experiment Result

Table 8 presents the load-carrying capacity and deflec-
tion of the retrofitted beams from numerical and experi-
mental analyses. Table 8 also provides the ratio of FE to
experimental load-carrying capacity and displacements
of the retrofitted beams. The shear capacity of the retro-
fitted beam ranges from 0.90 to 1.06, with a correlation of
0.878, while the deflection varies between 0.93 and 1.08
with a correlation coefficient of 0.948, as shown in Fig. 11.
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The load—deflection curve from both experimental and
FE analysis are closely matched, reflecting a strong agree-
ment for all beams. This strong agreement highlights the
accuracy of the FE model in predicting the performance
of the retrofitted beams. This result accurately validates
the numerical analysis and represents the actual behav-
iour of retrofitted beams. Al-Salloum et al. (2012) vali-
dated that FEA provides an accurate representation of
shear behavior and failure mechanisms, with the pre-
dicted load-carrying capacities exhibiting strong agree-
ment with experimental data, falling within a range of
0.95 to 1.08. The study Tzoura and Triantafillou, (2016)
also emphasizes the application of validated numerical
modeling approaches to accurately assess the structural
performance of TRM-strengthened elements.

4.2.2 Load-Deflection Curve

Figure 12 represents the load—deflection curve for the
shear-deficient retrofitted beams obtained from experi-
ment and FEA. All retrofitted beams exhibited load—
deflection curves with tri-linear behavior, indicating that
the stiffness of the beam varies after the development of
shear cracks. Initially, the graph shows a linear increase
in stiffness with minimum deflection. As the load
increases, the curve remains nearly linear, representing a
gradual reduction in deflection. After reaching the ulti-
mate load, the deflection increases more rapidly due to
failure modes, such as the development of shear crack or
matrix debonding. Beyond the ultimate load, the graph
shows a significant drop in deformation with the debond-
ing failure of the FRCM. The control beam (CB) initially
shows linear elastic behavior and reaches a peak load of
61.2 kN, but its load-carrying capacity decreases due to
shear failure. The FEA predicts a slightly higher peak load
and more ductile behavior than experimental results.
Retrofitted specimens SF-50-1, SF-50-2 and SF-75-2
showed an increased peak load of about 61.53 kN, 73.49
kN, and 65.66 kN, respectively, and showed a decrease in

Table 8 Load-carrying capacity and deflection of the shear-deficient retrofitted beam

Specimen  No.of layers FEA Experiment Pn/Pg  6,/6¢ Failure modes (Exp)

Max. Load, P, (kN) Deflection, Max.Load, P; (kN) Deflection,

5, (mm) & (mm)

Control (CB) - 64.565 15.14 61.2 14.12 0.95 0.93 Flexure Failure
SF-50%-1 1 5941 12.185 61.533 12.5 104 103 Shear Failure
SF-50%-2 2 73.827 9.4845 73.487 9.31 1.00 0.98 Fabric Rupture + Slippage
SF-75%-1 1 55.736 99122 56.06 9.84 1.01 099  Fabric slippage + Debonding
SF-75%-2 2 62.196 9.2664 65.654 10 1.06 1.08 Shear + Fabric rupture
SF-100%-1 1 52.56 14.481 47.495 14.89 0.90 1.03 Shear + Fabric rupture
SF-100%-2 2 56.862 12613 54277 12.7 0.95 1.01 Shear Failure
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load after reaching the peak load due to shear cracks. The
FEA models correlate with the experimental results, but
predict slightly lower ultimate loads and declines in post-
peak behaviour for the specimens SF-50-1, SF-100-1,
and SF-100-2. Mercedes et al. (2021) also observed this
reduction in their investigations.

The load-carrying capacity of CB, SF-50-2, SF-100-1,
and SF-100-2 increased by 5.21%, 0.46%, 9.64%, and
4.55%, respectively, compared to experimental results.
This improvement can be attributed to enhanced rein-
forcement, better bonding, and optimized strengthening
methods. Moreover, accurate FE modelling likely con-
tributed to these observed improvements than experi-
mental results. The shear capacities of SF-50—1, SF-75-1,
and SF-75-2, are decreased by 3.57%, 0.58%, and 5.56%,
respectively, and this reduction may be due to pre-
existing damage impacting the retrofitting applications.
Moreover, the enhanced performance observed in the
results can be attributed to the precision of FEM, which
effectively simulates ideal boundary conditions and mate-
rial behavior, thereby minimizing the inconsistencies
commonly found in experimental testing.

4.2.3 Failure Modes

The retrofitted shear-deficient beam shows a visible
shear cracks, as shown in Fig. 13, and also observed the
less damage in the compressive zone. At diagonal cracks,
transverse yarns in shorter bond lengths were completely
ripped out, whereas longer bond lengths failed due to
tensile stress. The beam pre-cracked to 50% shows many
flexural cracks when compared to beam pre-cracked to
75% and 100%. The growth of shear cracks in the retrofit-
ted beam caused rupture and slippage failure, ultimately
leading to debonding failure, as reported by Ombres et al.
(Ombres, 2015). In the specimens SF-50-1, SF-75-2, and
SF-100-1, shears cracks developed in the shear area and
they were accompanied by shear rupture with matrix
debonding failures. (Guo et al. (2022) reported compara-
ble failure patterns in their study. These failures resulted
in a substantial reduction in the load-carrying capacity of
the retrofitted beams. The specimen SF-100-2 displayed
shear failure along with delamination of the GFRCM,
and also observed the concrete crushing at the loading
points with shear cracking in the matrix interfaces. Yang
et al. (2020) attributed this to insufficient adhesion with
the fabric grids and the cement matrix. The specimens
SF-50-2 and SF-75-1 showed flexural cracks, indicating
high bending stresses and observed fabric rupture and
slippage failure, reducing the effectiveness of the retro-
fitting. Alotaibi et al. (2024) mentioned that beams with
one or two layers of fabric failed due to fabric rupture,
fully utilizing the FRCM system.
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The shear capacity of the retrofitted beam, pre-cracked
to 50%, 75%, and 100% exhibited a decrease in load rang-
ing from 3.67% to 18.59% than CB. The reduction in
shear capacity is due to the weakening of the beam from
initial cracks, which reduces its cross-sectional area. This
damage disrupts the bond among the concrete substrate
with the GFRCM, and changes the load distribution,
resulting in reduced shear strength even with retrofitting.
However, the specimen SF-50%-2 showed an increase in
load of about 14.21%, indicating that the retrofitting was
effective in enhancing the strength of the specimens. The
deflection of the retrofitted specimens decreased from
4.35% to 38.79%. This variation in deflection needs to
improve the beam stiffness.

The FEA results shown in Fig. 7.9 illustrate the stress
distribution and failure zones in strengthened RC beams
with GFRCM, subjected to various pre-racking levels.
The FEA results for beam SF-50-1, a notable concentra-
tion of stress near the left support, highlighted in red col-
our, indicating the initiation of shear failure. As the level
of pre-cracking increases, as observed in SF-50-2 and
SE-75-2, the stress zones expand along the beam span,
and areas of high stress intensity appear near mid-span
and supports. The red and orange zones indicate criti-
cal stress areas that are likely associated with fabric rup-
ture and matrix debonding. In SF-100-1 and SF-100-2,
the fully pre-cracked beams, the stress intensity spreads
more extensively and becomes more severe, with larger
red zones indicating a substantial decline in the perfor-
mance of the strengthening system (Parandaman and
Jayaraman, 2014). Overall, the FEA results clearly show
that as the level of pre-cracking increases, the stress con-
centration becomes more intense and is less effectively
controlled by the FRCM, suggesting a gradual decrease in
the performance of the strengthening system.

5 Conclusion

This study demonstrates that agro-industrial waste can
serve as an effective and eco-friendly binder for FRP
systems, contributing both to structural enhancement
and sustainable construction practices. The success-
ful application confirms the potential of waste-derived
materials in advanced composite retrofitting solutions.
A finite-element simulation was developed to analyze
the performance of RC beams retrofitted in flexure and
shear-deficient. The developed simulation was compared
with test results from the experiment. Based on this
study, the following conclusions were drawn.

+ The non-linear finite-element analysis effectively pre-
dicted the load-carrying capacity and load—deflection
behaviour of the experimentally tested specimen ret-
rofitted with GFRCM.
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Fig. 13 Failures of shear-deficient retrofitted beams

+ For flexural-deficient retrofitted beams, the speci-

mens pre-cracked to 50% and retrofitted with one
and two layers showed load increase of 23% and 32%,
respectively. At 75% damage, the strength improved
by 12% and 14%, while at 100% damage, the enhance-
ments approximately 2% and 6%.

Increasing the number of GFRCM layers enhances
the flexural load-carrying capacity of the retrofitted
beams but reduces their deflection.

For shear-deficient retrofitted beams, the speci-
men pre-cracked to 50% exhibited an increased
load capacity when retrofitted with two layers, but
a decrease with only one layer. At 75% damage, the
shear load dropped by 13.7% and 3.7% for one and
two layers, respectively, while at 100% damage, the
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shear strength further declined by 18.6% and 11.9%.
This reduction is attributed to the influence of pre-
existing damage on the effectiveness of the retrofit-
ting.

+ The failure modes of flexural-deficient retrofit-
ted beams with single layer show flexural cracks
along with matrix delamination, while the two lay-
ers exhibit wider flexural cracks with fabric slippage,
concrete crushing, and fabric debonding.

+ In shear-deficient retrofitted beams, a single layer
exhibits fabric rupture with cracks extending toward
the loading points, whereas two layers result in fabric
slippage with matrix debonding.

+ The error percentage between the finite-element
analysis and the experimental results for load-carry-
ing capacity and deflection of the retrofitted beams
was within 10%.

+ The FEA using ANSYS showed a strong correlation
with the experimental results for the load—deflec-
tion curve of the retrofitted beams, with a correlation
coefficient greater than 0.85.

5.1 Future Research

Future research is essential for enhancing the under-
standing of FRCM systems, especially in the following
areas:

+ Examining the performance of AR-GFRCM under
varying environmental conditions, such as different
humidity levels and temperatures, provides crucial
insights into its durability and behavior in real-world
applications.

+ Moreover, evaluating its performance under long-
term loading scenarios is essential for understanding
its behavior over time.

+ The application of this study could be expanded to
include other structural components such as slabs,
columns, and beam—column joints that have experi-
enced deterioration

+ The proposed strengthening technique could also be
applied to damaged brick masonry, stone masonry,
and timber structures.

These research areas are essential for addressing poten-
tial limitations and ensuring the reliable application of
FRCM systems in diverse and challenging conditions.

Abbreviations

FRCM Fabric-Reinforced Cementitious Matrix

RC Reinforced Concrete

AR-GFRCM  Alkali-resistant glass fabric-reinforced cementitious matrix
PBO Polyparaphenylene Benzobisoxazole

ACl American Concrete Institute

OPC Ordinary Portland cement
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FF Flexural-deficient retrofitted beam
SF Shear-deficient retrofitted beams
CB Control beam

Py Maximum load for retrofitted beam
Pe Maximum load for control beam
FF Flexural failure

D Delamination

FR Fabric rupture

CcC Concrete crushing

FD Fabric Debonding

SF Shear failure

FS Fabric slippage
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