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Abstract

Textile reinforced mortar (TRM) systems have emerged as an effective alterna-

tive to conventional FRP strengthening solutions due to their compatibility

with concrete substrates and favorable performance under adverse environ-

mental conditions. Experimental data on the combined effects of strip width,

bond length, and concrete compressive strength on TRM–concrete bond behav-

ior, however, remain limited. In this study, an experimental program compris-

ing 12 specimens was conducted to investigate the bond–slip response of TRM

systems bonded to concrete substrates with two compressive strength classes

(15 and 30 MPa), two strip widths (50 and 100 mm), and three bond lengths

(150, 300, and 450 mm). The results show that increasing the TRM strip width

from 50 to 100 mm significantly enhanced the maximum load capacity by up

to 61% in 15 MPa concrete and up to 50% in 30 MPa concrete, depending on

the bond length. Increasing the concrete compressive strength from 15 to

30 MPa resulted in maximum load increases of up to 32%, accompanied by a

pronounced improvement in stiffness, which increased by over 100% for speci-

mens with 100 mm strip width and 300 mm bond length. Energy absorption

capacity was strongly influenced by both strip width and concrete strength. For

specimens with 100 mm strip width and 300 mm bond length, increasing the

concrete strength from 15 to 30 MPa led to a 61% increase in energy dissipa-

tion, indicating improved damage control at the TRM–concrete interface.

While increasing the bond length significantly improved load capacity and

energy dissipation, diminishing gains were observed beyond a bond length of

300 mm, suggesting the presence of an effective bond length for TRM systems.
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Based on the experimental findings, empirical regression models were devel-

oped to describe the bond–slip behavior and to define the parameters required

for cohesive zone modeling of the TRM–concrete interface. The presented

results provide quantitative insights that can support experimental interpreta-

tion and numerical modeling of TRM-strengthened reinforced concrete

elements.
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1 | INTRODUCTION

The strengthening of existing building stock has become
a major research focus in recent years. Fiber-reinforced
polymer (FRP) systems have been widely used for this
purpose due to their high strength-to-weight ratio, corro-
sion resistance, and ease of installation. However, the use
of epoxy adhesives in FRP systems presents several
disadvantages,1 including poor fire resistance,2 incompat-
ibility with wet substrates,3 difficulties in layer replace-
ment, environmental and disposal concerns, limited
vapor permeability, and high cost.4 To overcome these
limitations, inorganic mortar matrices have been intro-
duced, giving rise to Textile Reinforced Mortar (TRM)
systems. In these systems, open-weave textiles are
employed to enhance fiber–matrix interaction, as fine-
grained mortars do not fully impregnate continuous fiber
sheets. These systems are referred to as TRM or textile
reinforced concrete (TRC) in the literature, and as fabric-
reinforced cementitious matrix (FRCM) in the
United States.1

TRM is a composite strengthening material formed by
embedding high-strength fiber textiles in an open mesh
configuration into cement-based or hydraulic lime-based
inorganic mortar. These systems are cost-effective,
worker-friendly, fire-resistant, compatible with existing
concrete and masonry substrates, and applicable even in
damp environments and at low temperatures. Conse-
quently, TRM has emerged as an advantageous external
strengthening method, especially in historical masonry
structures or environments with fire risks, where epoxy-
based FRP systems have limitations. Recent studies have
significantly explored the use of TRM systems in
strengthening reinforced concrete (RC) structures.
Research efforts have focused on improving the flexural
behavior of RC elements,5–10 enhancing shear capacity,11–19

increasing the axial load capacity and seismic performance
of RC columns through confinement.3,20–27 However, stud-
ies investigating the bond and bond–slip behavior between

TRM composites and concrete surfaces remain relatively
limited.28 A detailed investigation of the interfacial bond
between TRM systems and concrete substrates is crucial
since such research helps elucidate the complex mecha-
nisms involved in load transfer from textile reinforcement
to mortar and ultimately to the concrete substrate. More-
over, comprehensive investigations in this field are funda-
mental for developing design models to be used in
strengthening applications.

The effectiveness of TRM systems bonded to concrete
surfaces with mortar largely depends on the interfacial
bond behavior. To ensure successful load transfer after
strengthening, the bond strength between TRM and con-
crete substrates is critical. The mortar layer facilitates
stress transfer between the concrete surface and textile
reinforcement. Under tensile forces, shear stresses
develop at the interface, and the composite works
together cohesively up to a certain load level. Typically,
at low load levels, the TRM–concrete interface remains
slip-free (full adhesion), and the load-carrying system
exhibits high initial stiffness.28 With increasing load, ini-
tial cracks form within the mortar, initiating a nonlinear
phase marked by reduced stiffness in the bond curve.28

Prior to reaching ultimate capacity, multiple cracking
occurs throughout the mortar, distributing stresses along
the textile reinforcement. Subsequently, the bond mecha-
nism exhibits sudden or gradual stress reduction, depend-
ing on the failure modes.

Two primary types of debonding modes at the TRM–
concrete interface have been reported in the literature:
(a) slippage of textile fibers within the mortar (matrix
slippage), and (b) separation of the TRM layer from the
concrete substrate (interface debonding).5 In the first
case, fiber bundles constituting the textile reinforcement
begin to slip out of the mortar due to friction, resulting in
a gradual reduction in load-carrying capacity without
dropping to zero completely. Friction and mechanical
interlocking between fibers and mortar provide residual
strength, preventing abrupt brittle failure. Indeed, TRM
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systems with a single layer or a low reinforcement ratio
typically exhibit this type of ductile bond-slip behavior
with residual capacity. In the second case, the adhesion
between the mortar layer and the concrete substrate fails
suddenly, causing complete separation of the TRM coat-
ing from the concrete, typically occurring at peak load
and resulting in an immediate and sharp drop in load-
carrying capacity. In multi-layered or high-strength mor-
tar TRM applications, interface stresses are higher, and
brittle failure may occur as separation from the concrete
substrate or peeling of the concrete cover, resembling the
typical concrete cover separation mode observed in
epoxy-bonded FRP systems. However, fiber slippage
within mortar is more common in TRM systems, provid-
ing more ductile adhesion behavior compared to FRP.
Additionally, due to the inorganic composition of TRM, it
outperforms FRP in adhesion performance under
extreme conditions such as high temperatures, where
cement-based TRM systems retain bonding capability,
unlike epoxy binders that soften and lose strength.1 How-
ever, it has also been noted in some studies that early
slippage at the fiber–matrix interface in TRM systems
prevents fibers from reaching their ultimate tensile
strength, thus theoretically resulting in slightly lower
ultimate load-carrying capacities compared to FRP sys-
tems with equivalent reinforcement ratios. Overall, sev-
eral variables affect the debonding mode (number of
textile layers, fiber type, mortar properties, surface prepa-
ration, etc.), and their effects are summarized below
based on findings from the literature.

The bond behavior of TRM and FRCM systems on
concrete has been extensively investigated, emphasizing
the influence of bond length, number of layers, fiber type,
matrix properties, surface preparation, and anchorage on
interfacial performance. Raoof et al.28 found that bond
lengths beyond 200–300 mm provide limited strength
gains, additional TRM layers increase adhesion nonli-
nearly and modify failure modes, and both epoxy-coated
textiles and end anchorage enhance load capacity.
D'Ambrisi et al.29 similarly reported that PBO-FRCM sys-
tems debond after significant fiber–matrix slippage, iden-
tifying an effective anchorage length of approximately
250–300 mm for single-layer applications, supporting the
development of local bond–slip relationships. D'Antino
et al.30 highlighted the critical role of fiber type and
matrix interaction, observing that carbon and glass fibers
fail mainly by slippage while steel fibers separate
completely, with carbon fiber bonding improving with
matrix strength and glass fibers exhibiting a telescopic
mechanism during damage progression. More recently,
Zhang et al.31 demonstrated that adding short fibers to
carbon TRM systems significantly enhances bond

strength, crack control, and load-carrying capacity, with
textile geometry, layer number, and impregnation
methods further affecting interface behavior, leading to a
comprehensive bond–slip model for short-
fiber-reinforced TRM systems. Collectively, these studies
underscore the fundamental roles of bond length, fiber–
matrix interaction, and material configuration in optimiz-
ing TRM and FRCM strengthening performance.

Single-lap shear tests conducted by Ombres32 revealed
that adhesion between PBO fiber-based FRCM systems
and concrete primarily deteriorated at the fiber–matrix
interface, influenced by factors like bond length, textile
layers, and environmental conditions such as high tem-
peratures. Similarly, D'Antino et al.33 reported that con-
crete surface preparation and strength significantly
influence fiber–matrix interface debonding in FRCM
composites, emphasizing the necessity of adequate sur-
face preparation and matrix shrinkage control to prevent
sudden, brittle failures. Awani et al.34 compared mortar-
based FRCM systems with epoxy-based systems through
double shear tests, indicating that fabric slippage from
the matrix was the dominant failure mode in mortar-
based samples, resulting in lower bond stresses compared
to epoxy systems. Tran et al.35 found through single ten-
sile tests that the effective bond length in PBO–FRCM
systems is significantly longer than in traditional FRP
systems, primarily due to widespread microcracking in
cementitious matrices, enlarging the load transfer zone.
Sneed et al.36 demonstrated via single-lap shear tests that
bond strength in FRCM composites is unaffected by
width, unlike FRP systems, and damage propagates dif-
ferently along fiber–matrix interfaces on both sides of tex-
tile reinforcement.

Following the devastating earthquakes in Türkiye on
February 6, 2023,37 numerous studies have been con-
ducted to assess the structural damage observed in RC
buildings.38–43 Several of these investigations also pro-
pose various strengthening strategies to mitigate future
seismic vulnerabilities. In parallel, recent research has
emphasized the complexity of the bond behavior between
TRM and concrete, highlighting the necessity for detailed
investigations to develop reliable strengthening design
models. However, studies addressing key parameters,
such as TRM strip width and the influence of varying
concrete compressive strengths, remain scarce. The pre-
sent study aims to fill these critical gaps by systematically
examining the effects of different bond lengths (150, 300,
and 450 mm), strip widths (50 and 100 mm), and low-
to-normal concrete strength classes. The findings provide
essential insights for refining existing design guidelines
and enhancing the effectiveness of TRM-based strength-
ening solutions in earthquake-prone regions.
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2 | EXPERIMENTAL STUDY

The experimental program presented in this study is
based on a set of 12 TRM-to-concrete specimens previ-
ously tested and reported in Çalışkan et al.,44 which
focused on the effect of fan-type mechanical anchors. In
the present study, only the unanchored specimens from
that experimental matrix are considered, and their
detailed geometrical and material properties, as well as
individual test results, were previously published. To
avoid redundancy, only key parameters are summarized
herein, while a comprehensive description of specimen
fabrication, instrumentation, and boundary conditions
can be found in the referenced publication.

2.1 | Details of specimens

In this experimental study, a total of 12 specimens were
prepared to investigate the bond behavior of TRM strips
with concrete surfaces. The study specifically examined
the variables of TRM strip width, bond length, and con-
crete compressive strength. Specimens were produced
using two different concrete strength classes: low-
strength concrete (15 MPa) and normal-strength concrete
(30 MPa). For each concrete strength class, TRM strip
widths were set at 50 and 100 mm, while the bond
lengths for attaching the strips to concrete surfaces were
selected as 150, 300, and 450 mm, respectively. This
enabled a comprehensive evaluation of various parame-
ters. The naming of specimens, along with detailed infor-
mation on concrete strengths, TRM strip widths, and
bond lengths, is clearly presented in Table 1.

Additionally, schematic representations illustrating the
geometric characteristics, dimensions, and general layout
details of the specimens are provided in Figure 1. The pri-
mary aim of examining these combined parameters—
bond lengths, strip widths, and concrete strength—is to
achieve a clearer understanding of the adhesion mecha-
nisms at the TRM–concrete interface.

The parameters investigated in this study were
selected based on existing gaps in the literature and sig-
nificant findings highlighted in previous research. The
choice of bond lengths (150, 300, and 450 mm) was
inspired by previous studies emphasizing the critical
nature of effective bond length and load transfer mecha-
nisms in TRM systems.35 The strip width parameter
emerged as a topic frequently overlooked and not thor-
oughly investigated in earlier studies. There is a notable
gap in the literature, particularly regarding the influence
of strip width on bond stress distribution and load-
carrying capacity.36 Concrete compressive strength was
chosen based on findings by D'Antino et al.,30 which
emphasized the influence of concrete surface preparation
and concrete strength on the bond behavior of TRM sys-
tems. Consequently, two classes—low (15 MPa) and nor-
mal (30 MPa)—were selected to comparatively
investigate the impact of weak and moderate-strength
concrete substrates on the bond mechanism.

2.2 | Prefabrication of specimens

The production of experimental specimens was carried
out in three main stages: preparation of concrete speci-
mens, bonding of TRM strips onto concrete surfaces, and

TABLE 1 Properties of specimens.

Spec. # Name Compressive strength of concrete (MPa)

Textile reinforced mortar strip

Width (mm) Bonding length (mm)

1 C15-W50-L150 15 50 150

2 C15-W50-L300 300

3 C15-W50-L450 450

4 C15-W100-L150 100 150

5 C15-W100-L300 300

6 C15-W100-L450 450

7 C30-W50-L150 30 50 150

8 C30-W50-L300 300

9 C30-W50-L450 450

10 C30-W100-L150 100 150

11 C30-W100-L300 300

12 C30-W100-L450 450

4 MERCIMEK ET AL.
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surface preparation for digital image correlation (DIC)
analysis.

In the first stage, wooden molds were meticulously
prepared to ensure accurate geometry and dimensions of

the experimental specimens (Figure 2). The smoothness
and robustness of these molds are crucial for the dimen-
sional consistency of the specimens. After mold prepara-
tion, fresh concrete mixed according to the designed

150

50

600

250

300

450

600

250

150

100

100

100

300

450

50

50

FIGURE 1 Geometric details of specimens.

FIGURE 2 Production of concrete for test specimens.
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strength was poured into the molds. Following casting,
the concrete surfaces were carefully smoothed to provide
a uniform and homogeneous bonding surface for the
strips. Additionally, specially designed steel rings were
embedded in the concrete to facilitate transportation and
lifting. The smoothness and surface quality of the con-
crete were given careful attention, as they directly influ-
ence the bond performance between the TRM and
concrete (Figure 2).

After completing an adequate curing period for the
concrete specimens, the second stage involved surface
preparation for bonding the TRM strips. Initially, con-
crete surfaces were mechanically ground and roughened,
providing the necessary adhesion area for stronger

bonding of the TRM strips to the concrete (Figure 3).
Concrete surface preparation was carried out using
mechanical grinding with a rotating disc rather than
sandblasting or shot blasting techniques. Mechanical sur-
face grinding using a rotating disc was selected instead of
sandblasting or shot blasting, as it provides a more homo-
geneous and controllable concrete surface. In contrast,
sandblasting and shot blasting may induce irregular voids
and weak zones due to aggregate pull-out, microcracking,
and the formation of a locally weakened surface layer,
particularly in normal- and low-strength concretes. Fur-
thermore, mechanical grinding can be applied more eas-
ily under laboratory conditions, does not require
specialized equipment, and ensures a high level of

FIGURE 3 Bonding procedure of TRM strip to concrete surface.

6 MERCIMEK ET AL.
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repeatability, which is essential for achieving consistent
and comparable bond test results. Following surface
grinding, dust and particles generated on the concrete
surfaces were cleaned using compressed air, ensuring the
bonding area was free from any adhesion-reducing con-
taminants. Carbon-based textile reinforcements were
carefully cut according to the designed dimensions. Fol-
lowing the cutting of the carbon textiles, the carbon tex-
tile mesh strips were coated with mortar. In order to
delay debonding of the carbon textiles from the concrete
surface, a high-performance fiber-reinforced repair mor-
tar was used instead of conventional plaster mortars. As
recommended by the manufacturer, the 25-kg bag of dry
mix was gradually poured into a container containing 4 L
of water and mixed mechanically until a homogeneous
mortar was obtained. The prepared mortar was then uni-
formly applied to the carbon textile strips, and the surface
was finished using a wet sponge to achieve a smooth
layer. Owing to the 25 � 25 mm openings in the carbon
textile mesh, the mortar could easily penetrate and
adhere to both the upper and lower faces of the strips,
thereby ensuring effective bonding between the strips

and the concrete specimens. To allow the applied mortar
to gain sufficient strength and to complete the strength-
ening process, the mortar-coated regions were cured by
water spraying for 7 days, followed by storage under labo-
ratory conditions for an additional 21 days, completing a
total curing period of 28 days (Figure 3).

In the final stage, the DIC technique was employed to
accurately and precisely measure the bond mechanism
on the adhered TRM strips. Proper surface preparation of
the TRM strips was critically important for the effective-
ness of the DIC analysis. For this purpose, the upper sur-
faces of the TRM strips were ground again to create
smooth and homogeneous surfaces suitable for point
cloud data acquisition using the DIC method (Figure 4).
Subsequently, the perimeters of the strips were protected
by taping to ensure clear and error-free image acquisi-
tion, followed by a painting procedure. This provided a
uniform texture with sufficient contrast on the surface,
enhancing the accuracy of the image correlation. These
preparations enabled high-precision measurement of
deformation and slip amounts occurring on the specimen
surfaces during testing (Figure 4).

FIGURE 4 Preparations for DIC.
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2.3 | Materials

In this study, carbon-based textile reinforcement along
with special fiber-reinforced high-performance mortar
was used for strengthening concrete surfaces (Table 2).
Detailed technical specifications, mechanical perfor-
mances, and reasons for selecting these materials and
concrete are presented below.

2.3.1 | Concrete

The concrete specimens were produced using ready-
mixed concrete with nominal strength classes of C15 and
C30, supplied by a certified batching plant. Since ready-
mixed concrete was used, the exact mix proportions were
determined by the producer and were not designed
within the scope of this study.

In order to verify the mechanical properties of the
concrete, standard cube specimens were collected from
each mixer truck and tested in compression in accor-
dance with relevant standards.45 The test results con-
firmed that the measured compressive strengths were
consistent with the target strength classes, thereby vali-
dating the use of C15 and C30 concrete in the experimen-
tal program.

2.3.2 | Carbon textile

The carbon-based textile reinforcement selected for
strengthening in this experimental study is Carbon-350,
manufactured from high-strength and high-rigidity car-
bon fibers. This material provides superior mechanical

performance. With an area weight of 350 g/m2, it ensures
ease of application and minimal additional load on the
structure. The tensile strength of the carbon textile was
measured as 255 kN/m, providing the high strength nec-
essary for structural strengthening applications. The
thickness of 1.43 mm ensures no functional impairment
upon application to concrete surfaces, while its modulus
of elasticity was determined as 235 GPa. This high modu-
lus significantly enhances the load-carrying capacity of
the strengthening system and reduces deformation by
limiting crack formation. Its rupture elongation of 1.7%
offers the advantage of ductile behavior rather than brit-
tle, preventing sudden failure and enhancing structural
safety.

2.3.3 | Special fiber-reinforced repair mortar

Special fiber-reinforced high-performance repair
mortar was used to effectively bond TRM systems to con-
crete surfaces and ensure sufficient mechanical perfor-
mance. This mortar, enhanced by special fibers, prevents
crack formation and significantly increases strength.
According to data provided by the manufacturer, the
mortar exhibits a flexural strength exceeding 8 MPa after
28 days, which is critical for resisting tensile stresses
induced by applied loads.

The adhesion strength between the mortar and con-
crete surface was measured at over 2 MPa, ensuring effec-
tive and continuous load transfer through integration
with the concrete substrate. Additionally, the mortar's
high adhesion strength prevents debonding and separa-
tion from the concrete surface throughout the service life
of the strengthening system.

The compressive strength of the mortar is notably
high even at early ages, exceeding 30 MPa within 1 day,
thus facilitating rapid site application. Its compressive
strength surpasses 50 MPa at 7 days and achieves a final
strength above 60 MPa at 28 days. This superior compres-
sive strength significantly enhances the load-carrying
capacity and overall durability of the strengthened con-
crete elements, positively impacting the long-term perfor-
mance of the structure.

The outstanding mechanical and physical properties
of the carbon textile reinforcement and special fiber-
reinforced repair mortar directly enhance the perfor-
mance of the TRM strengthening system. Specifically,
these materials significantly improve the reliability of
bond mechanisms with concrete surfaces, load-carrying
capacities, and long-term durability. Consequently, the
selection of materials was conducted comprehensively
and meticulously, aligning with the experimental objec-
tives of the study.

TABLE 2 Mechanical properties of materials.a

Technical specifications of carbon textile material

Fiber type Carbon-350

Tensile strength (kN/m) 255

Weight (g/m2) 350

Thickness (mm) 1.43

Elastic modulus (GPa) 235

Failure strain (%) 1.7

Technical specifications of special fiber added mortar

Flexural strength (MPa) 28 days: >8.0 N/mm2

Bonding strength (MPa) >2 N/mm2

Compressive strength (MPa) 1 days: >30 N/mm2

7 days: >50 N/mm2

28 days: >60 N/mm2

aProperties were obtained from the manufacturer.
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2.4 | Test setup and instrumentations

Within the scope of this study, a specially designed exper-
imental setup was employed to thoroughly investigate
the bond–slip behavior between TRM strips and concrete
surfaces (Figure 5). The test system was developed based
on existing literature and the authors' previous experi-
ences, ensuring accurate and reliable measurement
results.

In the experimental setup, axial loading was applied
using a hydraulic jack with a capacity of 500 kN. The
applied load was continuously monitored using a cali-
brated load cell with a maximum capacity of 400 kN.
Although the maximum capacity of the load cell
(400 kN) and the hydraulic jack (500 kN) are significantly
higher than the applied loads, which were limited to
16 kN, the load cell was calibrated in accordance with
international standards and possesses a suitable accuracy
class. Considering the accuracy and resolution of the
measurement system, the potential measurement error at
low load levels is negligible and does not affect the valid-
ity of the experimental results.

To measure the relative slip occurring in the bonding
region between the TRM strip and the concrete substrate,
a high-precision linear variable differential transformer
(LVDT) with a 100 mm measurement range was utilized.
The positioning of the LVDT was meticulously designed

to measure only the slip at the concrete–TRM interface
and exclude any deformation occurring within the TRM
strip itself.

The LVDT was securely fixed to the experimental
setup using a magnetic base mounted on a rigid support.
Its measuring tip was placed in constant contact with a
steel attachment fixed to the TRM strip. Thus, the move-
ment of the TRM strip and the relative slip at the inter-
face with the concrete surface could be monitored with
high precision during loading. Throughout all experi-
ments, the loading procedure was adjusted such that each
test was completed within approximately 1–3 min, ensur-
ing consistent quasi-static loading among all specimens.
Although earthquake loading is inherently dynamic, the
present experimental approach focuses on the quasi-static
response to evaluate structural capacity, stiffness degra-
dation, and failure mechanisms. Quasi-static tests are
commonly employed in seismic research to characterize
the envelope response and damage evolution of structural
elements without the influence of inertial and strain-rate
effects. Accordingly, the experimental results are inter-
preted in the context of seismic performance assessment
rather than direct simulation of dynamic earthquake
excitation.

All measurements obtained during the experiment
were recorded in real-time through a digital data acquisi-
tion system, enabling instantaneous monitoring of load–

FIGURE 5 Experimental setup.44
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slip curves throughout the tests. A three-dimensional
schematic drawing clearly illustrating the roles of all
components of the experimental setup and their interre-
lationships is presented in Figure 5. Also, the real image
of the testing setup is presented in Figure 6. This provides
a comprehensive understanding of the details of the
experimental arrangement, placement, and functions of
the measurement systems.

2.5 | DIC system

DIC is an advanced optical measurement technique that
allows contactless measurement of strain and displace-
ment behaviors in materials under load. This method
employs sophisticated algorithms to analyze sequential
surface images captured before and during deformation,
identifying surface deformations at the pixel level. For
analysis, specimen surfaces were typically prepared by cre-
ating a random speckle pattern using spray paint, ensuring
unique and distinctive features necessary for precise track-
ing of pixel movements during image analysis (Figure 7).

During experiments, high-resolution digital cameras
captured specimen surface images at regular time intervals.
These images were analyzed using specialized software to
calculate displacements and deformations at various points
on the material from pixel movements on the surface. The
DIC technique offers significant advantages such as high
precision in detecting micro-scale deformations, compre-
hensive surface-wide measurements, and the absence of
physical contact with the specimen during measurement.

In this study, the DIC method was utilized to investigate
strain distributions on the surfaces of TRM strips bonded to

concrete and detailed slip behaviors in the bond region.
Images of specimen surfaces were captured every 5 s during
the tests using a Canon EOS 700D digital camera positioned
perpendicularly to the specimen surfaces. Consistent and
homogeneous lighting throughout the experiments was pro-
vided by three circular LED light sources with a color tem-
perature of 3000 K, ensuring stable image quality and
clarity. The schematic arrangement designed for measuring
strain and slip behaviors on specimens using the DIC sys-
tem is clearly illustrated in Figure 7.

Image analysis was conducted using the open-source
Ncorr software,46 operating within MATLAB.47 Ncorr
software compares the initial and post-deformation states
of materials within user-defined regions of interest (ROI)
and calculates surface deformations using advanced algo-
rithms. Consequently, data on deformation and displace-
ment behaviors were obtained both numerically and
graphically, facilitating a detailed evaluation of strain dis-
tributions and local deformations under load.

Critical parameters for ensuring accuracy and consis-
tency in the DIC analysis were carefully determined. The
subset radius was selected between 10 and 12 pixels
based on image pixel resolution. Additionally, the maxi-
mum number of iterations during analysis was consis-
tently fixed at 100 for all specimens. This standardized
approach guaranteed reliability and comparability of
experimental results.

3 | EXPERIMENTAL RESULTS

In this section, experimental results conducted to evalu-
ate the bond performance between TRM strips and

FIGURE 6 The real

configuration of the test setup.
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concrete surfaces are comprehensively analyzed and dis-
cussed. Load–displacement curves are presented in
Figure 8. Structural performance indices such as maxi-
mum load-carrying capacity, displacement at maximum
load, stiffness, and energy dissipation capacity were calcu-
lated using the approaches illustrated in Figure 9. In the
load–displacement graphs, the maximum load value is
denoted as Lmax, and the corresponding displacement at
this load is recorded as Dmax. The ratio of Lmax/Dmax repre-
sents stiffness. The area under the load–displacement
curve is calculated as the energy dissipation capacity. The
experimental parameters included concrete compressive
strength (15 and 30 MPa), strip width (50 and 100 mm),
and bond length (150, 300, and 450 mm). The results
obtained from the experiments, including maximum load
(kN), displacement at maximum load (mm), stiffness
(kN/mm), maximum displacement (mm), and energy dis-
sipation (kN�mm), are summarized in Table 3. The experi-
mental outcomes are discussed in detail below, taking into
consideration the experimental variables.

3.1 | Max. load capacity and effect of
strip length

According to the experimental findings, the maximum
load capacity increased with the bond length of the TRM

strips (Figure 10). For instance, in specimens with low-
strength concrete (15 MPa) and 50 mm wide TRM strips,
increasing the bond length from 150 to 300 mm resulted
in approximately a 78% increase in maximum load capac-
ity (from 4.06 to 7.23 kN). Further increasing the bond
length to 450 mm led to an even greater capacity, reach-
ing a maximum load of 8.11 kN. Similarly, for 100 mm
wide strips, extending the bond length from 150 to
450 mm increased the maximum load capacity by
approximately 71%, from 6.53 to 11.17 kN. These results
indicate a significant yet nonlinear increase in load
capacity with increasing bond length, with a notably
reduced rate of increase beyond the 300 mm bond length.

Moreover, when the concrete strength was increased
to 30 MPa, the maximum load-carrying capacity notably
improved at every bond length. For instance, the maxi-
mum load for 100 mm wide TRM strips increased from
6.53 to 7.30 kN at a 150 mm bond length and from 9.51
to 12.28 kN at a 300 mm bond length. At a bond length
of 450 mm, the maximum load capacity rose from 11.17
to 14.78 kN, clearly highlighting the impact of concrete
strength on bond performance.

3.2 | Effect of strip width

One of the critical parameters examined in this study, the
TRM strip width, significantly impacted the behavior of
the bond mechanism. The increase in strip width
emerged as an influential factor affecting both load-
carrying capacity and deformation distribution at the
TRM–concrete interface. Although this parameter has
typically been either minimally investigated or neglected
in the existing literature, the results obtained from this
study indicate that the effectiveness of strip width may be
much higher than previously assumed.

In low-strength concrete specimens (15 MPa), increas-
ing the strip width from 50 to 100 mm at a bond length of
150 mm resulted in an approximately 61% increase in
maximum load capacity, rising from 4.06 to 6.53 kN. This
trend remained consistent for other bond lengths, with
load increases of 32% (from 7.23 to 9.51 kN) at a bond
length of 300 mm and 38% (from 8.11 to 11.17 kN) at a
bond length of 450 mm. This observation suggests that
wider TRM strips increase the contact area with the con-
crete surface, allowing stress at the interface to be more
evenly distributed over a larger area. Consequently, reduc-
ing local stress concentrations enhances interface bond
strength and the system's overall load-carrying capacity.

In normal-strength concrete specimens (30 MPa), the
effect of strip width became even more pronounced. At a
bond length of 150 mm, increasing the strip width from
50 to 100 mm increased the maximum load capacity by

FIGURE 7 Digital image correlation system.44
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approximately 38%, from 5.28 to 7.30 kN. This increase
was more significant at longer bond lengths: about 50%
at 300 mm bond length (from 8.16 to 12.28 kN) and 48%
at 450 mm bond length (from 10.01 to 14.78 kN). These
results indicate that wider strips effectively utilize the
concrete surface, maximizing load transfer capacity, par-
ticularly when concrete strength is higher.

Increasing strip width positively affected other
essential parameters such as energy dissipation and
stiffness. Especially regarding energy dissipation,
wider strips significantly enhanced the ductility and
deformation capacity under load by absorbing more
energy. This improvement provides notable advan-
tages in strengthening reinforced concrete structures

FIGURE 8 Load–displacement curves of specimens with C15–C30 concrete grade.

12 MERCIMEK ET AL.
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subjected to repetitive and dynamic loads, such as
earthquakes.

In contrast, Sneed et al.35 previously reported that
strip width had limited impact on bond strength in
FRCM-type systems. However, the findings of this study
partially challenge that view, emphasizing that strip
width may indeed be a significantly more critical parame-
ter in TRM systems. These differences could result from
various factors, including textile material type, matrix
properties, and concrete surface characteristics. Thus,
considering the differing findings in existing literature,
additional experimental research exploring the influence
of strip width under various conditions is necessary.

3.3 | Effect of concrete strength

A detailed evaluation of the experimental findings has
demonstrated that concrete compressive strength signifi-
cantly and critically affects the bond performance at the

TRM–concrete interface. Concrete strength emerges as a
direct and meaningful parameter when examining the
adhesion capacity of TRM systems, maximum load-
carrying ability, stiffness, and energy dissipation.

Increasing concrete compressive strength from 15 to
30 MPa led to notable improvements in maximum load-
carrying capacity. For example, in specimens with a strip
width of 50 mm and a bond length of 150 mm, an increase
in concrete strength resulted in approximately a 30% rise
in maximum load capacity, from 4.06 to 5.28 kN. As the
bond length increased, the positive effect of concrete
strength became even more pronounced, with load capac-
ity increases of 13% at 300 mm (from 7.23 to 8.16 kN) and
23% at 450 mm (from 8.11 to 10.01 kN). For wider strips
(100 mm), the effect of concrete strength on load capacity
was even stronger, showing increases ranging between
29% and 32%, especially at bond lengths of 300 and
450 mm. This indicates that higher-strength concrete pro-
vides a stronger bonding surface, improving stress distribu-
tion at the interface and enhancing the load transfer
capability from the TRM system to the concrete surface.

The impact of increased concrete strength on stiffness
values is also significant. Higher concrete strengths sub-
stantially enhanced the stiffness of the TRM–concrete
system, reducing deformation under load. For instance,
in specimens with a width of 100 mm and a bond length
of 300 mm, increasing concrete strength from 15 to
30 MPa approximately doubled stiffness values, rising
from 0.70 to 1.42 kN/mm. This suggests that high-
strength concrete surfaces allow smaller deformations
under load, resulting in more stable and controlled load
transfer within the system.

Analyzing the effects of concrete strength on energy
dissipation revealed that higher-strength concrete

TABLE 3 Experimental results.

Spec.
# Name

Max
load (kN)

Disp. at max
load (mm)

Stiffness
(kN/mm)

Max.
Disp. (mm)

Energy
(kN�mm)

1 C15-W50-L150 4.06 7.07 0.57 35.03 63.08

2 C15-W50-L300 7.23 10.32 0.70 20.00 74.58

3 C15-W50-L450 8.11 15.70 0.52 19.82 91.04

4 C15-W100-L150 6.53 11.51 0.57 12.35 38.31

5 C15-W100-L300 9.51 13.54 0.70 31.13 105.74

6 C15-W100-L450 11.17 16.97 0.66 35.98 180.61

7 C30-W50-L150 5.28 6.36 0.83 31.50 72.63

8 C30-W50-L300 8.16 8.90 0.92 54.86 91.99

9 C30-W50-L450 10.01 14.44 0.69 17.49 82.48

10 C30-W100-L150 7.30 9.78 0.75 18.87 64.31

11 C30-W100-L300 12.28 8.65 1.42 27.05 170.67

12 C30-W100-L450 14.78 13.31 1.11 43.24 131.91

Displacement K 

Energy dissipa�on 
capacity 

Dmax Dfailure

Lmax

Load 

FIGURE 9 Example of performance index calculations.
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specimens have superior energy absorption capacities.
The reason for increased energy absorption is the delayed
onset and controlled progression of micro-cracking at the
interface region. In particular, for specimens with a width
of 100 mm and a bond length of 300 mm, increasing con-
crete strength from 15 to 30 MPa resulted in a dramatic
61% increase in energy dissipation, from 105.74 to
170.67 kN�mm. This highlights that high-strength con-
crete surfaces not only facilitate effective load transfer
but also absorb greater deformation energy under load,
preventing sudden and brittle failures.

Comparison of these results with existing literature con-
firms the critical role of concrete strength in TRM system
performance. D'Antino et al.32 previously emphasized the
direct influence of concrete surface preparation and con-
crete strength on the adhesion behavior of composite mate-
rials, and this study validates the positive contributions of
increasing concrete strength to interface performance.
Lower bond performance observed in low-strength con-
cretes underscores the importance of surface enhancement
and additional preparation procedures before strengthening
weak concrete surfaces. Additionally, this highlights the
need to consider alternative solutions in designs, such as
wider strips or different anchorage methods, when applying
TRM systems to weak concrete substrates.

3.4 | Evaluations about stiffness and
energy

In addition to maximum load and displacement behaviors,
stiffness and energy dissipation properties of TRM–
concrete interface systems were comprehensively evalu-
ated in this study. Evaluating these parameters is essential
for understanding the structural performance and behav-
ior of TRM strengthening systems. Stiffness is defined as

the slope of the linear region in the load–deformation
curve, whereas energy dissipation is represented by the
area under the load–deformation curve. These two param-
eters are considered critical indicators, especially regarding
the strength, deformation capacity, and post-damage per-
formance of strengthened reinforced concrete structures.

Experimental results revealed a direct correlation
between stiffness and parameters such as TRM strip width,
bond length, and concrete strength. Generally, increases
in concrete strength and strip width significantly improved
stiffness. For example, increasing concrete strength from
15 to 30 MPa for specimens with 50 mm strip width and
300 mm bond length resulted in approximately a 31%
increase in stiffness, from 0.70 to 0.92 kN/mm. For speci-
mens with 100 mm strip width at the same bond length,
this increase in concrete strength resulted in a dramatic
doubling of stiffness, approximately a 103% increase, from
0.70 to 1.42 kN/mm. These findings clearly indicate that
higher-strength concrete surfaces create a stronger and
stiffer connection with TRM strips, resulting in a more
rigid system with reduced deformation.

It was observed that as strip width increased, stress
distribution within the bond area became more homoge-
neous, enhancing overall system stiffness. Particularly,
for concrete strength of 30 MPa and bond length of
300 mm, increasing the strip width from 50 to 100 mm
increased stiffness by 54%, from 0.92 to 1.42 kN/mm. This
demonstrates that wider strips exhibit more stable behav-
ior under load, limiting deformations and positively
influencing structural performance.

On the other hand, analyzing the effect of bond
length on stiffness revealed a relative decrease in stiffness
at longer bond lengths. This occurs because deformation
spreads over a larger area in longer bond lengths, leading
to some loss in stiffness. However, given the correspond-
ing increase in load capacity, this stiffness reduction does

FIGURE 10 Effect of strip length on

max. load capacity.
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not negatively impact structural performance; instead, it
contributes to more ductile behavior.

Energy dissipation was assessed as a critical parame-
ter for understanding the ductility and damage resistance
of the bond mechanism. Overall, energy dissipation nota-
bly increased with bond length, strip width, and concrete
strength. Increased energy dissipation means materials
can absorb more deformation energy under load, thereby
avoiding brittle failures.

For instance, for low-strength concrete (15 MPa),
energy dissipation for specimens with 100 mm width and
150 mm bond length was 38.31 kN�mm, increasing
nearly fivefold to 180.61 kN�mm when bond length was
extended to 450 mm. When concrete strength increased
(30 MPa), for the same strip width and a bond length of
300 mm, energy dissipation rose by 61%, from 105.74 to
170.67 kN�mm. This indicates that higher-strength con-
crete surfaces better control stresses and deformations in
the bond region, delaying crack progression and allowing
the system to absorb more energy.

3.5 | General evaluations and
discussions

The results obtained from this experimental study pro-
vide critical insights into the bond behavior of TRM strips

to concrete surfaces. Compared to the existing literature,
the findings both confirm some significant previous
results and reveal effects of parameters that have either
been minimally investigated or not addressed at all.

Firstly, a notable increase in maximum load capacity
was observed with an increase in bond length, aligning
with similar results reported by D'Antino et al.33 and
Tran et al.35 However, it was observed that extending the
bond length beyond a certain threshold (e.g., beyond
300 mm) led to limited additional gains in load capacity.
This finding supports the concept of an effective bond
length for TRM strips and highlights the necessity of
determining critical threshold values in design.

Another notable point is the relationship between
maximum displacement values and energy dissipation.
Generally, maximum displacements tend to be higher in
longer bond lengths and wider strips, directly contribut-
ing to increased energy dissipation. Particularly, speci-
mens with 30 MPa concrete strength showed higher
maximum displacements and consequently higher energy
dissipation, clearly emphasizing the importance of con-
crete strength and TRM geometry on energy absorption
capacity.

The impact of strip width on bond performance is one
of the most original findings of this study. The experi-
ments demonstrated that increasing the TRM strip width
significantly enhanced load-carrying capacity, particularly

FIGURE 11 Strain distribution on x-axis with original legend (Ɛxx).
44
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at larger bond lengths. This indicates that the often-
neglected strip width parameter is, in fact, an essential
design parameter and must be considered carefully in
strengthening applications.

Increasing concrete compressive strength notably
improved bond performance, leading to significant
enhancements in parameters such as maximum load
capacity, stiffness, and energy dissipation. The low bond
performance observed in lower-strength concrete high-
lights the necessity for surface enhancement prior to
strengthening applications and suggests that concrete
strength should be a central consideration when deter-
mining strengthening strategies for existing concrete
structures.

Evaluating stiffness and energy dissipation results
provides significant insights into the structural perfor-
mance of the TRM–concrete system. The observed
increase in stiffness, particularly with higher concrete
strength and wider TRM strips, offers advantages in
reducing deformations induced by applied loads. This
positively impacts the service life and serviceability limit
states of strengthened structures. Additionally, substan-
tial increases in energy dissipation demonstrate that
extending TRM bond length and increasing strip width
significantly enhance system ductility and energy absorp-
tion capacity. These findings indicate that TRM–
strengthened concrete structures may exhibit consider-
able performance advantages under dynamic loading
conditions such as earthquakes.

The outcomes of this study hold considerable impor-
tance for improving existing TRM design models. Specifi-
cally, effectively utilizing parameters such as bond length
and strip width can refine and economize design stan-
dards. The insufficient representation of these parameters
in current design guidelines prevents optimal use of TRM
systems, leading to increased strengthening costs and
potential underperformance concerning desired
objectives.

Future research should explore additional parame-
ters, including various types of TRM (e.g., glass and
basalt fiber TRM), different mortar types, diverse con-
crete classes, and surface treatments. Moreover, investi-
gating loading rates and environmental conditions (such
as high temperatures, moisture, and freeze–thaw cycles)
on bond behavior warrants separate attention. Evaluating
bond strength under prolonged loading and fatigue
effects is also crucial for assessing the long-term perfor-
mance of TRM systems.

In conclusion, the findings obtained provide critical
insights into key design parameters for more effective
and economical use of TRM systems in strengthening
projects, contributing original and valuable perspectives
to existing literature. Future studies that expand on these

results with more comprehensive analyses are expected
to further enhance the application of TRM systems in
reinforcing concrete structures.

3.6 | Results of DIC measurements

The strain distributions (Ɛxx) on the surfaces of the test
specimens were analyzed in two distinct ways. Initially,
strain distributions were determined individually for each
specimen using their original legends. Subsequently,
strain distributions were re-assessed for all specimens
based on a common legend. Strain distributions accord-
ing to both original and common legends are presented
in Figures 11 and 12, respectively. Additionally, damage
distributions observed on specimens' post-experiment are
depicted in Figure 13. The impacts of concrete grade
(C15–C30), TRM strip width (50–100 mm), and TRM
strip length (150–300–450 mm) on the results obtained
from DIC analysis were compared. According to the DIC
results, areas of maximum strain concentration varied
depending on concrete grade, TRM strip width, and
length, typically concentrating near the edge closest to
the hydraulic loading system, while significantly lower
strain variations were observed at the center and at the
farthest edges from the loading point. The following con-
clusions were derived regarding strain values:

• Examining strain values with respect to concrete grade
(C15, C30), maximum strain values were recorded for
specimens numbered 1, 3, and 6 (C15 concrete), and
specimens numbered 8, 10, and 11 (C30 concrete). It
was concluded that the average strain values obtained
from C30 concrete specimens were higher than those
from C15 concrete specimens.

• Investigating the influence of TRM strip width (50–
100 mm) on strain values, maximum strains were
recorded in specimens numbered 1, 3, 7, and 8 with
50 mm TRM strip widths, and in specimens numbered
6, 10, and 11 with 100 mm TRM strip widths. How-
ever, the average strain value for specimens with
50 mm TRM strips was slightly higher compared to
those with 100 mm TRM strips.

• When examining strain values based on TRM strip
length (150–300–450 mm), maximum strains were
noted in specimens numbered 7 and 10 with 150 mm
strip lengths, specimens numbered 8 and 11 with
300 mm strip lengths, and specimens numbered 3 and
6 with 450 mm strip lengths. It was determined that
the average strain values increased with the length of
the TRM strips, with specimens featuring 450 mm strip
lengths exhibiting higher average strains compared to
those with 300 and 150 mm lengths.

16 MERCIMEK ET AL.
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4 | PROPOSED MODELS

Accurately defining the interaction between the TRM
and the concrete substrate is of critical importance in the
numerical analysis of TRM-strengthened reinforced con-
crete elements. In the ABAQUS finite element software,
surface-based cohesive zone models (CZM) are com-
monly employed, utilizing the traction–separation law
illustrated in Figure 14. To implement this type of

surface-based cohesive zone model at the interface, three
fundamental parameters are typically required: the maxi-
mum shear stress, the stiffness, or the displacement at
maximum load, and the fracture energy, which corre-
sponds to the area under the shear stress–displacement
curve. Using these three parameters, the backbone curve
of the interface behavior can be effectively represented.

In order to characterize the interface behavior within
the scope of the present experimental study, a linear/

FIGURE 12 Stress distribution on x-axis with common legend (Ɛxx).
44

FIGURE 13 Failure modes of the specimens.44
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nonlinear regression analysis was conducted in Microsoft
Excel based on the experimental findings. It should be
noted that the following equations are empirical

relationships derived from a limited experimental data-
base and are not intended to represent generalized pre-
dictive models. It should be emphasized that the
proposed regression equations are not intended to func-
tion as standalone design or reference equations, but
rather as auxiliary formulations to define the cohesive
zone model parameters within the numerical framework
of the present study. As a result of this regression study,
four equations were proposed to describe the bond–slip
behavior at the TRM–concrete interface for the investi-
gated parameter range, considering the compressive
strength of the concrete, TRM strip width, and TRM
bonding length as independent variables. The maximum
load corresponding to the debonding of the strips from
the surface can be estimated using Equation (1). The dis-
placement value at the maximum load or maximum
shear stress can be calculated using Equation (2). Fur-
thermore, the maximum interface shear stress to be used
in both the backbone curve and the CZM model can be
determined using Equation (3). Finally, the total area
under the stress–displacement curve, representing the

FIGURE 14 Traction–separation curves for the cohesive zone

model.

FIGURE 15 Accuracy of prediction models based on experimental data (max load, displacement at max load, stress, energy).

18 MERCIMEK ET AL.

 17517648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.70552 by T

urkey C
ochrane E

vidence A
id, W

iley O
nline L

ibrary on [18/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



fracture energy, is computed using Equation (4), noting
that further experimental testing with a larger number of
specimens and detailed statistical analysis would be
required to develop more robust and widely applicable
predictive models.

Fmax kNð Þ¼�4:003þ0:124 �Cþ0:0624 �W þ0:0174 �L
ð1Þ

Δmax�load mmð Þ¼ 5:629�0:152 �Cþ0:0366 �W þ0:0214 �L
ð2Þ

τmax MPað Þ¼ 0:718þ0:00593 �C�0:00284 �W �0:00065 �L
ð3Þ

Gtotal�energy N=mmð Þ¼ 9:823þ0:0541 �C�0:0464 �W
� 0:00857 �L

ð4Þ

The predictive performance of the four regression
equations proposed through the regression analysis is
illustrated in the graphs provided in Figure 15, where the
calculated determination coefficients (R2) for each model
are also indicated. Table 4 presents the p-values of the
independent variables used in the regression models
developed for estimating the maximum load, displace-
ment at maximum load, bond stress, and energy absorp-
tion capacity. The p-value is a statistical measure that
indicates whether an independent variable has a signifi-
cant effect on the regression model; typically, a value of
p < 0.05 implies that the variable contributes signifi-
cantly to the model. According to the results, all input
variables concrete compressive strength (C), TRM strip
width (W), and bonding length (L) were found to be sta-
tistically significant (p < 0.05) in the Maximum Load and
Bond Stress models. This suggests that these three param-
eters have a strong influence on the corresponding model
outputs. In the Displacement at Maximum Load model,
bonding length emerged as a highly significant parameter
(p = 0.0005), while strip width was marginally significant
(p = 0.0838), and concrete grade was also statistically sig-
nificant (p = 0.0393). On the other hand, in the Energy
model, only the strip width was found to be significant

(p = 0.0369), whereas the contributions of concrete grade
and bonding length were not statistically meaningful.
These findings indicate that while some parameters con-
sistently and strongly influence structural performance,
others may exhibit limited or response-dependent effects.

Figure 16 presents the backbone curves generated
using the proposed bond-slip equations for both C15 and
C30 concrete grades. Each curve follows a simplified tri-
angular shape defined by the predicted bond stress and
the displacement at maximum load. To ensure that the
model reflects the actual energy dissipation, the maxi-
mum displacement was not taken directly from the
experiments. Instead, it was calculated so that the area
under the triangle equals the total energy predicted by
the regression model. This way, a more consistent and
physically meaningful representation of the interface
behavior was achieved.

5 | NUMERICAL ANALYSIS

In the numerical analysis part of the study, the experi-
mental work conducted by Tetta et al.48 was taken as a
basis in order to validate the proposed numerical model-
ing approach and to establish a direct link with experi-
mentally observed TRM-to-concrete bond behavior. The
study by Tetta et al. was selected due to its strong rele-
vance to the present work, as it investigates TRM-
to-concrete interfaces without mechanical anchorage
under comparable material configurations and loading
conditions. Accordingly, the geometric dimensions,
material properties, longitudinal and transverse rein-
forcement layout, and TRM strengthening details of the
RC beam specimens were modeled exactly as in the
original experimental program using the Abaqus finite
element analysis software.49 Abaqus is a strong solver
known for its extensive material library as well as analy-
sis characteristics and its ability to provide reliable
results under various loading conditions. For this rea-
son, it is frequently used by researchers to validate
experimental results and obtain the behavior of test
specimens in the computer environment.50–52 In addi-
tion, the software offers various solution technologies to
perform linear and non-linear analyses with several
modules that can work together.

TABLE 4 Summary of p-values for

model predictors.
Model Intercept C (concrete) W (strip width) L (bonding length)

Max load 0.0163 0.0077 0.0004 0.0000

Displacement 0.0411 0.0393 0.0838 0.0005

Stress 0.0000 0.0003 0.0000 0.0000

Energy 0.0028 0.4070 0.0369 0.0535
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The finite element models of the specimens were con-
stituted in the first step of the numerical analysis. Three-
dimensional 8-node linear brick, hexahedron element
type (C3D8R) elements were used to model three-
dimensional models of the concrete beams and TRM
strips in the software. On the other hand, two-node beam
elements (B31) were utilized in modeling the

longitudinal and transverse steel reinforcement. To pro-
vide the interaction between the concrete and the rein-
forcement, the embedded region constraint property of
Abaqus is used. These element types are exhibited in
Figure 17.

The geometric dimensions and the reinforcement
configuration of the specimens were taken to be the same

FIGURE 16 Backbone curves based on proposed bond-slip equations for C15 and C30 concrete.
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as the experimental study. RC beams having
102 � 203 mm section sizes with 26 mm concrete cover
were intentionally designed to exhibit shear deficiency
within one of the two shear spans to replicate the tradi-
tional detailing practices. Specifically, the critical shorter
shear span, measuring 460 mm in length, was considered
without any stirrups. In contrast, the longer shear span
was reinforced with 8 mm diameter stirrups 75 mm
apart. Besides, two 16 mm-diameter longitudinal steel
bars were placed in the tension zone, and two 10 mm-
diameter bars were placed in the compression zone of the
rectangular sectioned RC beams. The reinforcement
details of the specimens are presented in Figure 18.

TRM strengthening was applied at the critical shear
span of the RC beams to improve their shear resistance
in the experimental program.48 In addition, the number
of layers and configuration of TRM strips are the other
investigated parameters. The specimens were strength-
ened by three different configurations such as side-
bonded, u-wrapped, and fully wrapped TRM strips.
Besides, 1–3 TRM layers were applied on the RC beams
in the strengthening procedure, allowing for a consistent
comparison between experimental observations and
numerical predictions. Properties of the specimens due to
TRM strengthening are detailed in Table 5.

All of the specimens with different strengthening con-
figurations were modeled in the software. Afterwards,
material properties of concrete obtained in the experi-
mental study were defined via concrete damage plasticity
(CDP) model existing in the material library of the soft-
ware. CDP model which is a continuum, plasticity-based,
damage material model enables users to model the com-
plex behavior of concrete both in compression and ten-
sion parts. As compression strength values of the
specimens are 21.6, 22.6 and 23.8 MPa in the experimen-
tal study, three concrete models are defined in the
software.

The uniaxial compressive and tensile behaviors of
concrete are represented using the CDP model. In

uniaxial compression, the response follows a linear path
up to the initial yield stress (σc0). Beyond this point, the
behavior transitions into a nonlinear regime character-
ized by stress hardening, followed by strain softening
beyond the ultimate compressive strength (σcu), within
the plastic deformation zone. In the uniaxial tension
region, the material exhibits a linear elastic response up
to the tensile failure stress (σt0), which marks the initia-
tion of microcracking in the concrete matrix. Beyond this
stress level, a strain-softening behavior governs the

FIGURE 17 The element types.

FIGURE 18 Reinforcement details.

TABLE 5 Properties of the specimens.

Specimen TRM configuration Number of layers

S1 Side-bonded 1

S2 Side-bonded 2

S3 Side-bonded 3

S4 U-wrapped 1

S5 U-wrapped 2

S6 U-wrapped 3

S7 Fully-wrapped 1

S8 Fully-wrapped 2

MERCIMEK ET AL. 21
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response, reflecting the progressive development of
micro-cracks. The stress–strain relationships for both
compression and tension are illustrated in Figure 19.

In the CDP model, two damage variables, denoted as
dt and dc, are employed to represent the degradation of
elastic stiffness under tensile and compressive loading,
respectively. These variables range from 0 to 1, where a
value of 0 indicates an undamaged state and a value of
1 corresponds to complete loss of load-carrying capacity.
The stress–strain responses under tension and compres-
sion are formulated using these damage parameters. In
the corresponding equations, E0 denotes the initial elastic
modulus of the material, while ~εplt , and ~εplc , represent the
equivalent plastic strains in tension and compression,
respectively.

σt ¼ 1�dtð ÞE0 εt�~εplt

� �
ð5Þ

σc ¼ 1�dcð ÞE0 εc�~εplc
� � ð6Þ

For a clearer representation of the damage variables,
Equations (5) and (6) can be reformulated as shown
below. The equivalent plastic strains, ~εplt ¼ bt~εckt and
~εplc ¼ bc~εckc , appear in Equations (7) and (8). The parame-
ters bt and bc are recommended as 0.1 and 0.7, respec-
tively, based on the findings of Birtel and Mark.53

Additional plasticity parameters in the CDP model include
the dilation angle (ψ), flow potential eccentricity (e), the
ratio of initial equibiaxial compressive yield stress to initial
uniaxial compressive yield stress σbo=σcoð Þ, the coefficient
defining the shape of the deviatoric cross-section (K), and
the viscosity parameter (μ). These parameters are essen-
tial for defining the yield surface, the flow potential, and
the viscous behavior of concrete.

dt¼ 1� σt=E0

~εplt
1
bt
�1

� �
þσt=E0

ð7Þ

dc ¼ 1� σc=E0

~εplc
1
bc
�1

� �
þσc=E0

ð8Þ

FIGURE 19 Stress–strain curves of concrete.

TABLE 6 Material characteristics of concrete.

Property Values for S1, S7, S8 Values for S2, S3, S6 Values for S4, S5

Poisson's ratio 0.20

Density (kg/m3) 2400

Modulus of elasticity (MPa) 21843.6 22343.5 22929.1

Compressive strength (MPa) 21.6 22.6 23.8

Tensile strength (MPa) 2.89 2.96 3.04

ψ 30

e 0.10

σb0=σc0 1.16

Kc 0.6667

μ 0.0001
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The compressive behavior of unconfined concrete
was defined using the stress–strain relationship proposed
by Mander et al.54 In this model, the ultimate

compressive strain of concrete εcuð Þ was assumed to be
0.003. For the tensile behavior, the ultimate tensile strain
εtuð Þ was defined as εtu ¼ 10εcr where εcr denotes the
strain corresponding to the peak tensile strength. The
tensile response was idealized as linearly increasing up to
εcrð Þ, followed by a linear softening phase extending
to εtuð Þ.

The elastic modulus of concrete Ecð Þ was calculated
based on its compressive strength f cð Þ using Equation (9).
Similarly, the tensile strength of concrete f tð Þ was esti-
mated by Equation (10), as proposed by Obeidat et al.55

and Li et al.56 The values of Poisson's ratio and density
were taken as 0.2 and 2400 kg/m3, respectively. The
material properties of concrete, including the plasticity
parameters used for numerical modeling, are summa-
rized in Table 6.

Ec ¼ 4700
ffiffiffiffi
f c

p
ð9Þ

f t ¼ 0:623
ffiffiffiffi
f c

p
ð10Þ

The material properties of the steel reinforcement
and loading plate were also defined within the numerical
model. The interaction between the concrete and the
steel reinforcement was ensured using the embedded

TABLE 7 Material characteristics of steel.

Property Value

Poisson's ratio 0.30

Density (kg/m3) 7850

Young's modulus (MPa) 200,000

Shear modulus (MPa) 76923.08

Bulk modulus (MPa) 166666.67

TABLE 8 Number of nodes and elements.

Specimen Number of nodes Number of elements

S1 26,452 17,091

S2 26,717 17,432

S3 27,518 18,303

S4 26,836 17,367

S5 27,641 17,714

S6 28,470 18,069

S7 27,321 17,723

S8 27,949 18,548

TABLE 9 Comparison of experimental and numerical results.

Specimen

Ultimate load capacity Displacement at ultimate load

Experimental Numerical Ratio Experimental Numerical Ratio

S1 56.6 62.4 0.91 2.2 2.7 0.81

S2 88.7 93.6 0.95 4.7 5.4 0.87

S3 108.9 103.2 1.06 5 5.8 0.86

S4 78.2 75.3 1.04 3 3.6 0.83

S5 120.2 129.5 0.93 5.4 6.2 0.87

S6 131.1 144.6 0.91 5.5 5.9 0.93

S7 111.2 120.3 0.92 6 7.1 0.85

S8 152.8 165.2 0.92 6.1 7.5 0.81

Average 0.95 0.86

FIGURE 20 Specimen-7 after mesh

design.
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region constraint feature available in Abaqus, thereby
ensuring perfect bond between the two materials. The
steel reinforcement was modeled as an elastoplastic
material without hardening, whereas a linear elastic
material model was employed for both the loading plate

and the impact hammer. In the experimental study, the
yield strength of the 10- and 16-mm diameter longitudi-
nal bars were determined as 547 and 552 MPa, respec-
tively while the strength of the 8-mm diameter bars used
for stirrups was 568 MPa. In addition, the values of

FIGURE 21 Load–
displacement curves.
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FIGURE 22 Crack formations.
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Poisson's ratio, Young's modulus, bulk modulus, and
shear modulus for the steel material are presented in
Table 7.

TRM strips with different configurations were applied
in the related directions as strengthening materials on
RC beams. To ensure an ideal bond without any separa-
tion between the TRM strips and the specimens, a perfect
interface condition was assumed in the numerical model.
In the case of three-layer TRM configurations, each TRM
layer was modeled explicitly, and a perfect bond assump-
tion was adopted between adjacent TRM layers. Accord-
ingly, no relative slip or separation was allowed between
the TRM layers, representing the monolithic behavior of
the composite system observed in the experimental tests.

The proposed material model in Figure 14 was
adopted in the numerical analysis via the cohesive zone
model (CZM) feature of the software. Accordingly, the
TRM strips were modeled as elastic materials using fully
integrated elements. The characteristics of the TRM strips
were taken from the experimental study assigned to the
respective sections. The tensile strength and the elastic
modulus were taken as 3800 MPa and 225 GPa, respec-
tively. Besides, the thickness of mortar was taken as
2 mm. Textile meshes were embedded in the TRM strips
in the finite element models. The cohesive traction–
separation law shown in Figure 14 was employed exclu-
sively to simulate the bond behavior at the TRM–
concrete interface. Additionally, surface-based tie con-
straints were employed to define the interaction between
the inner surface of the TRM strips and the concrete sur-
face of the strengthened RC beams. In this constraint def-
inition, the concrete surface was designated as the master
surface, while the inner surface of the TRM strip was
assigned as the slave surface.

Finite element models were separated into smaller
parts to obtain more accurate results. For this purpose, a
mesh convergence study was performed for Specimen
1 to decide the optimum finite element size. The numeri-
cal analysis was repeated for different values between
10 and 40 mm. No remarkable changes were obtained for
the values smaller than 25 mm. However, it was found
that further decreases in the mesh size extended solution
time. So, the finite element size was decided as 25 mm
for all specimens. Based on the determined mesh size
values, the number of elements and nodes for all compo-
nents was obtained. The values are given for each speci-
men in Table 8. Besides, the finite element model of
Specimen 7 is shown before and after the mesh design in
Figure 20.

Time interval (Δt) is another significant parameter in
numerical analysis. This value is considered as 0.01 s
in the software. Afterwards, RC beams were subjected to
three-point bending due to the changes in TRM

configurations. Numerical analysis was performed to the
failure damage situation. So, load and displacement
values were obtained for each specimen in the end. The
values are comparatively presented in Table 9. In addi-
tion, load–midpoint displacement curves were also deter-
mined after numerical analysis in the software. These
curves are exhibited in Figure 21. When the relationship
between experimental and numerical values is evaluated,
it is seen that a strong relationship is established between
both results. So, it is thought that the proposed numerical
model could be useful in the verification of experimental
results in future studies.

In the last step of the numerical analysis, crack distri-
butions were obtained from the software under three-
point bending. For this purpose, the damage function of
the software was utilized. Damage distributions of the
specimens are presented in Figure 22. It is seen that frac-
tures are generally accumulated around the loading point
and expand to the supports. Besides, the effect of
strengthening on crack formations is observed due to the
varied configurations and layers of TRM strips. Similar to
the experimental study, as the number of strengthened
sides and the number of layers to which TRM strengthen-
ing was applied in the specimens increased, a decrease in
the damage distributions was observed.

6 | CONCLUSIONS

This comprehensive experimental investigation focused
on assessing the bond–slip behavior between TRM com-
posites and concrete substrates, highlighting several key
parameters: concrete compressive strength, TRM strip
width, and bonding length that significantly influence
structural performance. Based on the results obtained
from 12 designed specimens, the following conclusions
can be drawn:

• Increasing the bonding length significantly enhanced
the maximum load-carrying capacity of the TRM–
concrete interface. However, the effectiveness of
increased bonding length became limited beyond
300 mm, indicating an effective anchorage length
threshold.

• The increase in TRM strip width from 50 to 100 mm
notably improved both the load-carrying capacity and
energy absorption capability. The wider strips facili-
tated better distribution of stresses along the interface,
reducing localized stress concentrations.

• Increasing concrete compressive strength from 15 to
30 MPa substantially improved bond performance,
stiffness, and energy absorption capacity. Higher-
strength concrete substrates provided a more robust

26 MERCIMEK ET AL.
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bonding interface, enabling more effective load trans-
fer and increased resilience against deformation and
sudden failures.

• Increasing the TRM strip width and bonded length
consistently improved structural performance,
although the effect of bonded length showed signs of
plateauing beyond 300 mm. Higher concrete compres-
sive strength also contributed to improved bond perfor-
mance, particularly when combined with wide strips.

• Digital Image Correlation analyses effectively demon-
strated localized strain distributions, highlighting the
critical zones prone to interface failure. Specimens
with higher concrete grades exhibited greater average
strain values, while increased strip width slightly
reduced localized strain concentrations. Longer strips
uniformly distributed strain over a broader region,
improving overall structural ductility and energy dissi-
pation characteristics.

• Regression analyses facilitated the development of
robust predictive equations for key interface parame-
ters: maximum load, displacement at maximum load,
bond stress, and energy absorption. These predictive
models, incorporating concrete compressive strength,
TRM strip width, and bonding length, showed high
accuracy and statistical significance, providing valu-
able tools for engineers to optimize and accurately
model TRM-strengthened concrete structures in
numerical analyses.

The experimental investigation is limited to 12 single-lap
bond specimens covering a specific range of parameters,
including two concrete strength classes, two strip widths, and
three bond lengths, and focuses on a single TRM system with
unanchored configurations under quasi-static loading.
Accordingly, the observed trends represent the monotonic
bond–slip response and do not explicitly account for cyclic
loading, rate effects, environmental conditions, or alternative
textile–mortar systems. The regression-based equations pro-
posed in this study were calibrated using the present experi-
mental dataset and employed to define interface parameters
within the numerical framework; additional experimental
data would be beneficial to further assess their robustness
and extend their applicability.

Further research should expand to include additional
parameters such as different textile materials (e.g., glass,
basalt), varying mortar compositions, diverse environ-
mental conditions, usage anchor, and long-term load
effects. Understanding the impact of these additional fac-
tors would further refine the design guidelines for TRM
systems, enhancing their practical applicability and struc-
tural reliability.

In conclusion, this study significantly advances the
understanding of the complex interaction between TRM

composites and concrete substrates, fills critical gaps in
existing literature, and provides essential insights and
analytical tools for the optimized design and application
of TRM strengthening techniques in concrete structures.
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38. Tan M, Avşar Ö, Yıldızhan F, Atmaca N. Effect of infill walls
on the seismic performance of a severely damaged substandard
RC building during the February 6, 2023, Kahramanmaras
earthquake sequence. Eng Fail Anal. 2025;169:109117.
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quakes on 6 February 2023. Eng Fail Anal. 2024;156:107799.
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