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A B S T R A C T

In recent years, the application of textile reinforced mortar (TRM) as an overlay has become an important
method for repairing and strengthening old masonry structures. However, the quantitative analysis and design of
TRM-strengthened reinforced concrete (RC) beams are still limited. To address this gap, a nonlinear finite
element (FE) model is proposed in this study to simulate the flexural behavior of TRM-strengthened RC beams.
The developed model is validated using experimental results and subsequently utilized for the design of TRM-
strengthened RC beams. Various TRM design parameters, including the number of textile layers, textile longi-
tudinal length, and textile mesh size, are parametrically investigated. The modelling results reveal that
increasing the number of textile layers and longitudinal length while decreasing the textile mesh size can
enhance the bending strength of TRM-strengthened RC beams. Furthermore, an analytical model is proposed to
predict the flexural strength of TRM-strengthened RC beams, facilitating rapid strength estimation of TRM-
strengthened RC beams. The predicted results demonstrate good agreement with the numerical simulation re-
sults. The established FE models can predict the bending performance of TRM-strengthened RC beams under
different reinforcement conditions, and the simulation outcomes can provide valuable guidance for their design.

1. Introduction

With the rapid economic development in China, numerous masonry
structures are facing deterioration due to factors such as ageing of ma-
terials, environmental degradation, and lack of maintenance. To ensure
their safety and extend their service life, it is necessary to repair and
strengthen these structures through reliable and proper approaches [1].
Over the past decade, extensive research has been conducted on
enhancing the flexural strength of structures using composites like fiber-
reinforced polymer (FRP) [2–4], engineered cementitious composite
[5,6], and textile reinforced mortar (TRM) [7,8], which cause minimal
invasion. Among these, TRM, as an inorganic cementitious reinforce-
ment material, has gained significant attention due to its effective, cost-
efficient properties and good compatibility with the old concrete
structure [9–12]. Additionally, incorporating various waste textile

materials, such as discarded carpets and clothing, into TRM enhances its
environmental friendliness [13–16].

TRM consists of textiles embedded in an inorganic matrix to form a
mesh structure. The matrices used in TRM are mainly high-performance
cement mortar and polymer-modified cement mortar [17–20], while the
embedded high-strength textiles are usually made from carbon, glass,
basalt, and aramid fiber [21–24]. Unlike FRP, which is installed using
epoxy adhesive [25–27], TRM is directly adhered to the soffit of beams
to integrate with concrete, serving the purpose of reinforcement or
repair. Additionally, to prevent debonding between the TRM and the
concrete surface, techniques such as replacing the matrix material,
roughening the surface, or using mechanical anchorage have been
employed [28–31].

Numerous experimental studies have investigated the strengthening
of reinforced concrete (RC) beams, slabs and columns using TRM for
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various applications, including flexural reinforcement [32–34], shear
reinforcement [35–38], seismic reinforcement [39–41], and column
restraint [42–44]. Research on the flexural strengthening of RC beams
has shown that TRM significantly improves flexural strength, reduces
deflection, and limits crack width [45,46]. Moreover, TRM reinforced
beams exhibit better ductility compared to those reinforced with FRP
[47]. Studies indicate that the failure mode of TRM-strengthened RC
beams tends to be slippage failure when reinforced with 1 or 2 layers of
fibers; however, with 3 layers, failure is primarily due to delamination
between the fiber and the cementitious matrix [48]. Furthermore, fiber
debonding is a critical consideration in TRM reinforcement of RC beams.
D’ Ambrisi et al. [49] found that the failure of TRM-strengthened sys-
tems occurred at the textile/matrix interface rather than due to concrete
debonding. Raoof et al. [50] reported that the reinforcing effect of TRM
was sensitive to the number of layers, with the effectiveness factor—the
ratio of the flexural capacity increase achieved by TRM to that achieved
by equivalent FRP—increasing from 0.47 to 0.80 as the number of TRM

layers increased from 1 to 3. Schladitz et al. [51] used TRM to reinforce a
floor slab, observing a significant increase in bearing capacity and a
reduction in deflection. These studies highlight the substantial impact of
textile parameters on the flexural performance of TRM-strengthened RC
beams. However, a systematic approach to evaluating these parameters’
effects on TRM-strengthened RC beams remains lacking.

Determining design parameters through experimental tests is time-
consuming and resource-intensive. Numerical modelling has emerged
as a promising tool for the design of TRM-strengthened RC beams.
Elsanadedy et al. [47] utilized an explicit nonlinear FE model to simu-
late the flexural performance of RC beams reinforced with different TRM
schemes. Their findings indicated that U-shaped anchorage at the end of
the TRM layer could effectively prevent or delay end debonding. Portal
et al. [52] conducted detailed modeling of carbon textile-reinforced
slabs, evaluating the influence of material characteristics and interface
bonding on flexural performance. Colombo et al. [53] established a FE
model of reinforced beams, considering material nonlinearity and geo-
metric nonlinearity, to investigate the bending behavior of sandwich
beams. The results demonstrated that the response of the overall sand-
wich layer of the reinforced beam is predominantly controlled by the
nonlinear behavior of foamed polyethylene and the bending behavior of
textile-reinforced concrete, rather than by the position of the textile in
the outer layer. Parvin and Alhusban [54] employed nonlinear FE
analysis to investigate the effects of parameters such as beam depth, load
distributions, and orientations and stacking sequences of the textile’s
mesh layers on the shear performance of TRM-strengthened RC beams.
Despite these advancements, a comprehensive investigation into the
design of TRM-strengthened RC beams based on FE methods remains
lacking.

Therefore, the aim of this study is to propose numerical modelling
methods for the computational design of TRM-strengthened RC beams.
To achieve this purpose, refined three-dimensional FE models of RC
beams strengthened with different TRM designs were developed. An
elastoplastic damage constitutive model was applied to capture the
nonlinearity of concrete and textile mortar. The FE models simulated the
failure mechanisms and characteristics of TRM-strengthened RC beams,
which were subsequently validated against experimental results. Based
on the validation, the FE model was further employed to investigate the
effects of different TRM design parameters, including the number of
textile layers, textile longitudinal length, and textile mesh size on the
flexural performance of TRM-strengthened RC beams. Moreover, an
analytical model was derived and verified using the modelling results to
enable rapid analysis of the load capacity of TRM-strengthened RC
beams. For clarity, the beams discussed hereafter are labeled as shown in
Fig. 1. For instance, T1-N3 represents an experimental RC beam rein-
forced with a three-textile-layer TRM.

2. Materials and experimental program

This section details the fabrication of unreinforced RC beams and
two types of reinforced RC beams (TRM and TRM plus integrated steel
implants) with 3 textile layers for four-point bending tests. These beams
are labeled as T0, T1-N3 and T2-N3.

2.1. Preparation of textile mesh

The textile mesh used for TRM was composed of carbon fiber bundle
and alkali-free glass fiber bundle. Each fiber bundle was made up of
several single fibers, and their physical and mechanical properties are
presented in Table 1. Fig. 2a shows the used textile mesh with a mesh
size of 12.5 mm × 12.5 mm. Carbon fiber bundles were aligned longi-
tudinally, while alkali-free glass fiber bundles were aligned transversely,
and the junctions were stitched with yarn. Epoxy resin was then applied
to the textile mesh (Fig. 2b) to enhance the integrity of the fiber bundles
and reduce uneven stress transfer between the matrix and fibers [55,56].
The tensile strength of the epoxy resin-treated fiber bundle was tested

Fig. 1. Rule for naming the different beams in this study.

Table 1
Material properties used in the finite element modeling of TRM-strengthened
beams.

Carbon fiber
Material model MAT_PIECEWISE_LINEAR_PLASTICITY

Fiber bundle bulk density (kg/m3) 1780
Fiber bundle density (tex) 801
Tensile strength (MPa) 4660
Modulus of elasticity (GPa) 231
Alkali-free glass fiber
Material model MAT_PIECEWISE_LINEAR_PLASTICITY
Fiber bundle bulk density (kg/m3) 2580
Fiber bundle density (tex) 1500
Tensile strength (MPa) 3200
Modulus of elasticity (GPa) 65
Note: tex indicates the mass (g) of 1000 m long fiber bundles. The tensile strength,
elastic modulus, and elongation are the performance values of fiber monofilaments.

Concrete
Material model MAT_CSCM_CONCRETE
Density (kg/m3) 2330
Uni-axial compressive strength (MPa) 26.9
Mortar
Material model MAT_CSCM_CONCRETE
Density (kg/m3) 1950
Uni-axial compressive strength (MPa) 53.3
Reinforcement in the tensile zone
Material model MAT_PIECEWISE_LINEAR_PLASTICITY
Diameter (mm) 12
Yield stress (MPa) 339.5
Ultimate tensile strength (MPa) 514.6
Modulus of elasticity (GPa) 200
Stirrups and reinforcement in the compression zone
Material model MAT_PIECEWISE_LINEAR_PLASTICITY
Diameter (mm) 6
Yield stress (MPa) 409.6
Ultimate tensile strength (MPa) 619.9
Modulus of elasticity (GPa) 210
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[57], as shown in Fig. 2c. It found that the ultimate tensile strength of a
single carbon fiber bundle and alkali free glass fiber bundle can reach
1428 N and 552 N, respectively.

2.2. Preparation of RC beam

Fig. 2d illustrates the process for the RC beam preparation. C25
concrete, with a compressive strength of 26.9 MPa after 28 days of
curing, was used for the beams. HRB335 steel was employed for rein-
forcement in the tensile zone, and HRB400 steel was used for stirrups
and reinforcement in the compression zone. Their mechanical properties
are detailed in Table 1. The beams measured 2300mm in length and had
a cross-section of 120 mm × 180 mm (width × depth).

2.3. Preparation of TRM reinforced RC beam

Previous tests showed that TRM-strengthened RC beams with mul-
tiple textile layers were well-bonded at both ends, but horizontal
debonding cracks occurred at the bond interface in areas with high
bending moments due to insufficient shear resistance. To prevent such
phenomena, the reinforcement section at the bottom of the RC beamwas
roughened, and three steel bars were implanted in the middle of the
span. The details are shown in Fig. 2e. The surface roughening was
carried out by using a hammer and chisel to strike the bottom surface of
the reinforced section to form random concave and convex shapes, as
shown in Fig. 2f. The sand-filling method was used to quantify the
surface roughness of the RC beams bymeasuring the average sand-filling
depth using Eq. (1) [58]. The value of Hs in this study was taken as 3.3
(±0.3) to ensure that the surface of the RC beams was not significantly
damaged.

Hs =
Vs

As
(1)

whereHs is the average sand-filling depth (mm), Vs is the volume of sand
(mm3), and As is the area of the treated concrete substrate (mm2).

After the surface roughing and implanting of steels, the reinforce-
ment section was cleaned with steel brush and blower and then wetted
with water. The TRM was then applied to the bottom of the RC beam.
The TRM matrix material was M50 high-performance mortar, with a
measured compressive strength of 53.3 MPa for a 28-day cube specimen.
As shown in Fig. 2g, the production of TRM-strengthened RC beam is as
follows: 1) a 5 mm layer of high-performance mortar was poured to the
bottom surface of the reinforcement section; 2) the textile was laid on
the mortar and a spatula was used to press the textile slightly into the
mortar; 3) a 4 mm layer of mortar was poured, and step 2 was repeated
according to the target number of layers for different samples; 4) after
the last layer of textile was laid, a final 5 mm layer of mortar was
applied.; and 5) the beams were covered with plastic sheeting for curing
until the test age.

2.4. Flexural strength testing

Four-point flexural testing was performed to evaluate the flexural
strength of TRM-strengthened RC beams. Fig. 2h shows the test in pro-
cess, and Fig. 2i illustrates the test setup. In the test, a preload of 3 kN
was first applied to eliminate any gaps between the sample and the
loading device. Subsequently, a step-loading pattern with an interval of
3 kN was adopted. Each loading level was maintained for 3–5 mins to
record test results and observe crack propagation. The load versus mid-
span displacement response curves of the TRM-strengthened RC beams
were obtained from this testing procedure.

Fig. 2. Testing and loading process: (a) Textiles; (b) Textile treated with epoxy resin; (c) Tensile test of a single fiber bundle; (d) Material and dimensions of RC beam;
(e) Details and scope of textile layering; (f) Surface roughening and steels implanting of RC beams; (g) Layering process of textile; (h) On-site testing process; and (i)
Schematic of loading device. (All units are mm).
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3. Finite element model development

This section focuses on establishing the FE model for the TRM-
strengthened RC beam. The material models used, and the simulation
settings are discussed in detail.

3.1. Material modelling

The material parameters used to build the finite element model are
summarized in Table 1. To simulate the bending failure of RC beams
during testing, the MAT_CSCM_CONCRETE material model (No. 159) in
the LS-DYNA software was employed for the high-performance mortar
in the RC beam. Fig. 3a illustrates the yield surface of the Cap model,

where the initial damage surface aligns with the yield surface, and the
viscoplastic model incorporates rate effects. The following equations
define the invariants using the deviatoric stress tensor Sij and the hy-
drostatic pressure P:

J1 = 3P (2)

Jʹ2 =
1
2
SijSij (3)

Jʹ3 =
1
2
SijSijSij (4)

where J1 = the first invariant of the stress tensor; J́2 = the second

Fig. 3. Details of FE model establishment: (a) TRM-strengthened RC beam model and Cap model; (b) RC beam matrix and TRM mesh division; (c) Division of steel
reinforcement; (d) Mesh division of textiles; (e) Mesh division of integrated steel implants; (f) The implanting methods of steel in different elements; (g) Mixed mode
traction-separation rules; (h) Schematic of three-textile-layer TRM-strengthened RC beam model; (i-k): Three FE model diagrams: S0, S1-N3, and S2-N3.
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invariant of the deviatoric stress tensor; and J́3 = the third invariant of
the deviatoric stress tensor. The yield function is constructed based on
stress invariants, and the cap hardening parameter K is introduced into
the yield surface to account for failure behavior due to triaxial
compression, as shown in Equation (5):

f(J1, J
ʹ
2, J

ʹ
3, K) = Jʹ2 − R2F2

f Fc (5)

where Ff is the shear failure surface; Fc is the hardening cap; R is the
reduction factor of three Rubin invariants. The cap hardening parameter
K is the value of the pressure invariant at the intersection of the cap and

the shear surface. The strength of concrete under tensile and low
confining pressures is simulated by shear planes. The shear surface Ff is
defined along the compression meridian, as shown in Eq. (6).

Ff (J1) = α - λexp− βJ1 + θJ1 (6)

The values of α, β, λ and θ of models were determined through fitting
strength values of plain concrete cylinders obtained with test results.
The concrete strength was determined by considering the combination
of caps and shear surfaces at different confining pressures. The cap in the
strength criterion is used to model the plastic volume change associated

Fig. 4. Comparison between experimental test and simulation results: (a-c) Load-deflection curve; (d-f) Mid-span strain curve of tensile steel; (g-i) Comparison of
failure mode between experimental test and simulation models: (g) S0; (h) S1-N3; (i) S2-N3.

Table 2
Effect of the number of textile layers.

Specimen name Number of textile layers Thickness of TRM (mm) Length of implanted steels in TRM (mm) Pu (kN) % Pu
increase ratio to S0

Δu (mm)

S0 − − − 30.15 − 64.01
S1-N1 1 10 7 33.71 11.81 20.20
S1-N2 2 15 12 39.10 29.68 25.79
S1-N3 3 18 15 44.44 47.70 28.47
S1-N4 4 20 17 49.77 65.07 29.37
S2-N1 1 10 7 32.17 6.70 32.54
S2-N2 2 15 12 36.26 20.27 33.14
S2-N3 3 18 15 45.72 51.64 28.98
S2-N4 4 20 17 48.80 61.86 28.88

Note: The textile length andmesh size for all reinforced beams are 1500 mm and 12.5 mm× 12.5 mm, respectively. The reinforcement ratio of the RC beam is 1.047 %.
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with pore collapse, even though the pores were not explicitly simulated.
The initial position of the cap determines the onset of plastic deforma-
tion under isotropic compression. The cap reflects the reinforcement
characteristics under triaxial compression, which involve volume and
strain reinforcement caused by the water purification pressure. The
plastic surface of the cap transforms into a failure surface when it cannot

move [59,60].
The RC beammodel was meshed using cube elements with a size of 5

mm, as depicted in Fig. 3b. The 2-node Hughes-Lui beam elements [61]
can simulate rectangular and circular cross sections using a set of inte-
gration points in the middle span of the beam element, which are suit-
able for simulating materials with arbitrary elastic–plastic stress–strain

Fig. 5. Influence of the number of textile layers on the flexural performance of reinforced RC beams: (a) Load-deflection curve; (b) Mid-span strain curve of tensile
steel; (b) Mid-span strain curve of tensile steel; (c) Stress cloud maps of RC beams reinforced by TRM; (d) Strain cloud maps of RC beams reinforced by TRM; (e) Stress
cloud maps of RC beams reinforced by TRM plus integrated steel implants; (f) Strain cloud maps of RC beams reinforced by TRM plus integrated steel implants.
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curves and strain rate dependence. Therefore, the longitudinal steel
bars, stirrups, fiber bundle and implanted steels were represented in the
model using 2-node Hughes-Lui beam elements with 2 × 2 Gauss
quadrature integration at the cross-section. The fiber bundle and
implanted steels in the composite textile layer were defined using the
bilinear elastic–plastic constitutive method, as depicted in Fig. 3(c-e). In
the TRM-strengthened RC beam, the composite textile layers were ar-
ranged in two orthogonal directions and embedded within the isotropic
mortar material. The beam element diameters for the carbon fiber
bundle and glass fiber bundle were determined by converting them into
equivalent circular sections based on the linear density of materials
provided in Table 1, resulting in diameters of 0.757 mm and 0.860 mm,
respectively.

3.2. Contact modelling

To establish the connection between the steel elements and the
surrounding concrete elements, the CONSTRAINED BEAM-IN-SOLID
function in LS-DYNA was utilized. This function ensures the conserva-
tion of kinetic energy in the FE calculation by binding the motion of the
beam structure to that of the Lagrangian solid or thick shell, serving as
the main surface. The motions considered include acceleration and ve-
locity. The contact between the steel bar and concrete elements is
explained using the piling concept introduced by Tschuchnigg and
Schweiger [62].

Req = max

{ ̅̅̅̅
A
π

√

,

̅̅̅̅̅̅̅̅̅̅̅̅̅
I2 + I3
A

√ }

(7)

where, Req is the equivalent diameter of the embedded steel bar; A is the
cross-sectional area of the embedded steel; and I2 and I3 are the moments
of inertia in two directions. The embedded interface elements are used to
account for relative displacements (urel) between the embedded pile and
the surrounding soil.

tskin = Tskin⋅urel (8)

tskin =

⎡

⎢
⎣

ts
tn
tt

⎤

⎥
⎦ (9)

Tskin =

⎡

⎢
⎢
⎣

Ks
0

0

0

Kn
0

0

0

Kt

⎤

⎥
⎥
⎦ (10)

urel =

⎡

⎢
⎢
⎣

ups − uss
upn − usn
upt − ust

⎤

⎥
⎥
⎦ (11)

where tskin is the skin traction along the embedded pile and the Tskin

matrix contains the stiffnesses of the embedded interface element; ts is
the axial shear stress; tn and tt are the normal stresses of embedded steel;
Ks is the stiffness of the axial interface; Kn and Kt are the stiffnesses of
normal interfaces; us and up are the displacements of virtual nodes and
embedded elements, respectively.

ts,max =
(
σʹ avg

n ⋅tanφʹ
i + cʹi

)
⋅2⋅π⋅Req (12)

σʹ avg
n =

σʹ
t + σʹ

n
2

(13)

where ts,max is the maximum shear stress of the pile; φí and ći are the
strength parameters of the pile-soil interface; σ ávg

n is the normal stress
along the pile-soil interface; σ t́ and σń are the effective stresses perpen-
dicular to the steel.

Ks = αs⋅Gavel ⋅Γs+Δs (14)

Kn = Kt = αs⋅Gav
el ⋅

2(1 − vi)
1 − 2⋅vi

Γn+Δn (15)

Kbase = αbase⋅Gav
el ⋅Req⋅Γbase (16)

where Γs is the multiplier of the shear modulus of the axial interface
stiffness; Γn is stiffness of the normal and tangential interface; Γbase is the
stiffness of base interface; Δs and Δn are the input values of Ks and Ks/Kt,
respectively; αs and αbase are dimensionless interface stiffness factors of
axial and substrate nested interface stiffness. the Gav

el is the average shear
stiffness of the allocated soil element, is used to define the embedded
interface stiffnesses. Fig. 3f illustrates the methods used for integrated
steel implants in different concrete elements. Similar approaches were
employed for the bonding between high-performance mortar and com-
posite textiles, as well as the bonding between integrated steel implants
and mortar in TRM.

The bonding between concrete and high-performance mortars was
defined by the separation CONTACTmodel, whose keyword in LS-DYNA is
CONTACT-AUTOMATIC-ONE-WAY-SURFACE-TO-SURFACE-TIEBREAK.
This contactmode adopts Dycoss discrete crackmodel of power law and B-
K damage model, which shares the same contact algorithm with ordinary
contact mode under compressive load. This contact algorithm also con-
siders both normal and shear forces at the interface. When subjected to
tensile and shear loads, the failure and separation canbedetermined by the
interfacial tensile strength criteria. The failure criterion is defined by the
bilinear traction-separation criterion combinedwith quadraticmixing and
damage variable. The mixed traction-separation rule is shown in Fig. 3g.
The material model was used together with the cohesive element formu-
lation to simulate the interface behavior. According to the failure criterion,
the limit displacement at normal and tangential directions of the interface
is the displacement when the material fails completely and the traction
force drops to 0. The relationship between energy release rate, peak trac-
tion force and, limit displacementduring interfacial fracture canbedefined
as:

GIc = T×
UND

2
(17)

GIIc = S×
UTD

2
(18)

where GIc and GIIc are the energy release rates of type I and type II
fracture, respectively; T is the peak normal traction force; S is the peak
tangential traction force; UND is the normal limit displacement; and UTD

Table 3
Effect of the length of longitudinal textile.

Specimen
name

Longitudinal length
of
textile (mm)

Pu
(kN)

% Pu
increase with respect
to S0

Δu

(mm)

S0 − 30.15 − 64.01
S1-L1300 1300 39.62 31.41 29.77
S1-L1500 1500 44.44 47.40 28.47
S1-L1700 1700 47.73 58.31 32.90
S1-L1900 1900 49.31 63.55 35.45
S2-L1300 1300 39.52 31.08 28.60
S2-L1500 1500 45.72 51.64 28.98
S2-L1700 1700 48.00 59.20 32.29
S2-L1900 1900 47.64 58.01 31.59

Note: The thickness of TRM and the length of implanted steels in TRM for all
reinforced beams are 18 mm and 15 mm, respectively. The textile layer and
mesh size for all reinforced beams are 3 and 12.5 mm × 12.5 mm, respectively,
and the reinforcement ratio of the RC beam is 1.047 %.
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is the tangential limit displacement.
In the cohesive material model, the relative displacement of the total

mixing mode δm is defined by the following equation.

δm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δ2I + δ2II
√

(19)

δII =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δ21 + δ22
√

(20)

where δI = δ3, which is the separation in the normal direction (mode I);
and δII is the separation in the tangent direction. The initial displace-
ment of the mixed mode damage is given by Eq. (21).

Fig. 6. Influence of the longitudinal length of textile on the flexural performance of TRM-strengthened RC beams: (a) Load-deflection curve; (b) Mid-span strain
curve of tensile steel; (c) Stress cloud maps of RC beams reinforced by TRM; (d) Strain cloud maps of RC beams reinforced by TRM; (e) Stress cloud maps of RC beams
reinforced by TRM plus integrated steel implants; (f) Strain cloud maps of RC beams reinforced by TRM plus integrated steel implants.

P. Cao et al. Materials & Design 244 (2024 ) 113227 

8 



δ0 = δ0I δ0II

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + β2

(δ0II)
2
+ (βδ0I )

2

√

(21)

δ0I = T/EN (22)

δ0II = F/TN (23)

where δ0 is the initial displacement when the softening occurs; δ0I and δ0II
are the initial and final separation of the damage model; EN is the
stiffness perpendicular to the surface of cohesive units; TN is the stiffness
of the cohesive unit’s surface; β= δII/δI represents the mixed mode, as
shown in Fig. 3g. The limit mixing mode displacement δF (complete
failure) can be given by the power law (XMU>0) or Benzeggagh-Kenane
law (XMU<0), as shown in Eqs (24–25), respectively [63].

δF =
2
(
1 + β2)

δ0

[(
EN
GIc

)XMU

+

(
ET × β2

GIIc

)XMU ] - 1
XMU

(24)

δF =
2

δ0
(

1
1 + β2 EN

γ + β2

1 + β2 ET
γ

)1/γ

[

GIc

+ (GIIc - GIc)

(
β2 × ET

EN + β2 × ET

)|XMU| ]

(25)

where XMU is the index of the mixed mode criterion; γ is an index in
Benzeggagh-Kenane law, which can be taken as 1.0 or 2.0.

It is worth noting that the presence of integrated steel implants
significantly enhances the strength of the interface layer between the
substrate concrete and TRM. Consequently, for the simulation, their
contact was assumed to be fully bonded.

3.3. Damage definition

The erosion occurring between RC and high-performance mortar
elements was simulated using the erosion option in LS-DYNA [47]. This
option incorporates a method that accounts for material model failure
and concrete spalling. When the erosion function is activated, the
damaged solid element can be physically separated from the rest of the
grid. Thus, whenever an element reaches its critical value, it is removed
from the calculation. However, this damage mode results in discontin-
uous deformation, leading to singularity in the grid Jacobian matrix. A
viscosity coefficient of 0.0001–0.001 is set to ensure convergence of the
calculation. In concrete and mortar failure simulation, an element is
deleted when the maximum principal strain reaches 0.05, and the
damage value reaches 1 [60].

3.4. Loading method

The loading method used in the experimental tests was a forward
monotonic grading loading mode. However, it is difficult to simulate the
softening process, swaying behaviour and structural collapse of the
beam structure during the final stage in the FE simulations using this
loading mode. An accelerated loading method based on the explicit
dynamics algorithm was employed to reproduce the above mentioned
damage process of the beam structure. This method applies the load to
the top of the beam through forced displacement. However, this loading
method may introduce inertial effects. Fortunately, this effect can be
minimized by appropriately selecting the physical time. Trial simula-
tions have shown that adopting a physical time of 1.0 s resulted in ki-
netic energy induced by inertia effects being less than 5 % of the total
energy.

3.5. Model development of the experiments

The configuration of the composite textile layer in TRM and the
schematic of three-textile-layer TRM-strengthened RC beam model are
illustrated in Fig. 3a and 3 h. Using the numerical methods described
above, three groups of FEM beam models were established corre-
sponding to the test beams (S0, S1-N3, and S2-N3), as depicted in Fig. 3(i-
k). Notably, the integrated steel implants used in the test beams was also
considered in the FE models. Taking S2-N3 as an example, the total
number of 3D elements for concrete and high-performance mortar are
397,440 and 21,600, respectively. Additionally, there are 2,720 beam
elements for longitudinal steel and 7,070 for stirrups, as well as 21 el-
ements for each layer of textile and integrated steel implants. It is
important to note that the element count mentioned above varies based
on the textile parameters and the thickness of the high-performance
mortar.

4. Finite element model validation

To validate the proposed modelling method, the corresponding FE
beam models (S0, S1-N3 and S2-N3) to the experimental ones (T0, T1-N3
and T2-N3) were constructed and simulated.

Fig. 4(a-c) illustrates the load–deflection curves for the three cases.
From Fig. 4a, it can be found that the predicted flexural failure curve for
the RC beam without TRM agrees well with the experimental curve,
demonstrating the effective prediction of bending failure for RC beams
by this model. Fig. 4b and Fig. 4c present the flexural failure curves of
the TRM-strengthened RC beams. Generally, the failure curve can be
divided into four stages: (I) un-cracking stage, (II) cracking propagation
until the peak loading stage, (III) sharp unloading stage, and (IV) steady
stage [17,31,64–66]. From Fig. 4b and Fig. 4c, it is evident that both the
experimental and simulated load–deflection curves for the TRM-
strengthened RC beams exhibit these typical four stages. The agree-
ment between the experimental and simulated curves indicates the high
reliability and accuracy of the established FE models in predicting the
bending failure of TRM-strengthened RC beams. Additionally, Fig. 4(d-f)
depict the strain-load curves for both test and modelling of the steel.
Although there is some variability in the simulated strain variation of
the reinforcement in the initial stage compared to the experimental tests,
the strain at the fracture of the steel remains nearly the same.

Furthermore, Fig. 4(g-i) shows failure samples from the experimental
and simulation results. In Fig. 4g, the failure modes of the unreinforced
beam in both experimental tests and simulation are in good agreement,
where the concrete was crushed in the compression zone after the yield
of the tensile steel. For the TRM-strengthened beams, as shown in Fig. 4h
and Fig. 4i, the failure mode in the experimental test started with
debonding and failure of the TRM, followed by failure of the beam
matrix. The simulation demonstrates the rapid tensile yield of the steel
once the textile in TRM fails. Compared to the beam without TRM, the
cracks in reinforced beams at failure were smaller and denser, indicating

Table 4
Effect of the mesh size.

Specimen
name

Mesh size
(mm)

Pu
(kN)

% Pu increase with respect
to S0

Δu

(mm)

S0 − 30.15 − 64.01
S1-M7.5 7.5 × 7.5 54.81 81.79 28.72
S1-M12.5 12.5 × 12.5 44.44 47.40 28.47
S1-M17.5 17.5 × 17. 5 44.35 48.09 38.29
S1-M22.5 22.5 × 22.5 44.21 46.63 39.51
S2-M7.5 7.5 × 7.5 54.94 82.22 28.63
S2-M12.5 12.5 × 12.5 45.72 51.64 28.98
S2-M17.5 17.5 × 17. 5 44.36 47.13 36.96
S2-M22.5 22.5 × 22.5 44.28 46.87 39.90

Note: The thickness of TRM and length of implanted steels in TRM for all rein-
forced beams are 18 mm and 15 mm, respectively. The textile layer length for all
reinforced beams is 1500 mm, and the reinforcement ratio of the RC beam is
1.047 %.

P. Cao et al. Materials & Design 244 (2024 ) 113227 

9 



that TRM reinforcement can reduce crack propagation in the beam
[31,67]. Moreover, Fig. 4h and Fig. 4i reveal that the integrated steel
implants have a slight effect on the stress distribution in reinforced RC
beams during damage, with the range of cracks mainly localized around
the positions where the steels were implanted.

The above results and analyses confirm that the FE model proposed
in this paper has high consistency and accuracy in simulating the
bending ultimate load and failure mode of beams. This model can be

used as an effective tool to predict the bending failure response of TRM-
strengthened RC beams. In section 5, the design-oriented parametric
study of TRM-strengthened RC beams based on the developed FE models
is performed.

5. Parametric study based on the developed FE model

To evaluate the influence of TRM on the flexural performance of

Fig. 7. Influences of the textile mesh size on the flexural performance of TRM-strengthened RC beams: (a) Load-deflection curve; (b) Mid-span strain curve of tensile
steel; (c) Stress cloud maps of RC beams reinforced by TRM; (d) Strain cloud maps of RC beams reinforced by TRM; (e) Stress cloud maps of RC beams reinforced by
TRM plus integrated steel implants; (f) Strain cloud maps of RC beams reinforced by TRM plus integrated steel implants.
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reinforced RC beams, a parametric study is conducted using validated FE
models. Three design parameters of TRM, namely the number of textile
layers, the longitudinal length of the textile, and mesh size, are inves-
tigated. Modelling results are presented and analyzed to assess the
design of TRM-strengthened RC beams.

5.1. Textile layer

To assess the effect of the textile layer in TRM, various beam models
with different numbers of textile layers are established. Four configu-
rations of textile layers, namely 1, 2, 3, and 4 layers, are considered
along with two reinforcement methods: TRM alone and TRM combined
with integrated steel implants. Additionally, a reference RC beam
without TRM treatment (labeled as S0) is included for comparison.
Therefore, a total of nine cases are simulated. The designations for each
model in this subsection are provided in Table 2.

Fig. 5a illustrates the predicted load versus mid-span deflection
response curves for the nine beam models, while Fig. 5b presents the
corresponding load-mid-span rebar strain curves. Fig. 5(c-f) display
stress and strain cloud maps at failure for the reinforced RC beams with
different textile layers and reinforcement methods. Furthermore,
Table 2 summarizes and compares the predicted ultimate load (Pu) and
its corresponding mid-span deflection (Δu).

From Fig. 5a, it is evident that TRM reinforcement enhances the
loading-carrying capacity, resulting in higher Pu, as anticipated. As the
number of textile layers increases, the pre-cracking stiffness, post-
cracking stiffness, and Pu of the reinforced RC beams exhibit a

significant increase. This observation is consistent with the findings
reported by Koutas et al. [35]. Moreover, Fig. 5b indicates that an in-
crease in textile layers gradually decreases the strain in the reinforce-
ment steel. This can be attributed to the greater load-sharing capacity of
TRM with an increased number of layers. However, Table 2 indicates
that TRM reduces the ductility of the beams. Compared to the control
beam (S0), TRM reinforced beams demonstrate considerably lower Δu.
Interestingly, the ductility of the RC beams reinforced with TRM slightly
improves with increasing number of textile layers, whereas the RC
beams reinforced with TRM plus integrated steel implants show a slight
decrease in ductility.

From Table 2, it can also be observed that the Pu reaches its
maximum for both beams when the textile layer number is 4 and is
improved by 65.07 % and 61.86 %, respectively, compared to the S0
group. The lower improvement in strength for S2-N4 can be attributed to
the stress concentration caused by the integrated steel implants. This is
further demonstrated by the failure modes of each group of beams in
Fig. 5(c-f). The failure mode of both groups of beams is flexural failure
when the number of textile layers is 1–3. Notably, the failure mode of S1-
N4 is shear failure at the two ends of the TRM, while S2-N4 undergoes
flexural failure due to high stress concentration in the middle section
caused by the integrated steel implants. The shear failure of S1-N4 is
mainly due to the high TRM stiffness and the premature yielding of the
stirrups. Accordingly, it is suggested that the stirrup ratio and the
number of textile layers should be rationally adjusted in TRM reinforced
RC beams to further improve the flexural performance. Furthermore, the
highest number of cracks in the RC beams is observed when the number
of textile layer is 4. This may be due to the more uniform stress distri-
bution in the beams caused by the higher stiffness of the TRM. Addi-
tionally, the integrated steel implants have no significant effect on the
number of cracks in TRM-strengthened RC beams.

5.2. Longitudinal length of textile

To evaluate the influence of TRM’s longitudinal length of textile,
various beam models with different longitudinal lengths of textile were
constructed. The four different lengths considered were 1300 mm, 1500
mm, 1700 mm, and 1900 mm. Two reinforced methods, namely TRM
and TRM plus integrated steel implants, were employed. For compari-
son, an unreinforced RC beam (labeled as S0) was also included,
resulting in nine simulated cases. The designations for eachmodel in this
subsection are provided in Table 3.

The load–deflection curves for the nine beammodels are presented in
Fig. 6a, while the corresponding mid-span rebar strain curves are shown

Fig. 8. TRM-strengthened RC beams cross-sectional force analysis and results prediction: (a) Beam section zoning and TRM-strengthened RC beam force equilib-
rium diagram.

Table 5
Comparison of flexural strength predictions from analytical model and FE
model.

Specimen name x (mm) Mu,cal (kN⋅m) Mu,FE

(kN⋅m)
Mu,cal/ Mu,FE

S1-N1 149.18 11.07 11.80 0.94
S1-N2 140.50 12.86 13.69 0.94
S1-N3 127.73 14.50 15.55 0.93
S1-N4 119.47 16.47 17.42 0.95
S1-L1300 99.33 14.01 13.87 1.01
S1-L1500 127.73 14.50 15.55 0.93
S1-L1700 139.16 15.26 16.71 0.91
S1-L1900 148.34 15.77 17.26 0.91
S1-M7.5 101.70 18.33 19.18 0.96
S1-M12.5 127.73 14.50 15.55 0.93
S1-M17.5 145.98 13.70 15.52 0.88
S1-M22.5 153.75 13.45 15.47 0.86
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in Fig. 6b. The stress and strain cloud maps at failure for reinforced RC
beams with different longitudinal lengths of textile and reinforced
methods are displayed in Fig. 6(c-f). Additionally, Table 3 summarizes
and compares the Pu and its corresponding Δu.

Similar to the textile layers, it can be found from Fig. 6a and Table 3
that regardless of the length of textile, TRM reinforcement increases the
loading-carry capacity but lower the ductility of RC beams. The strain of
the reinforcement steel is observed to increase gradually with an in-
crease in the longitudinal length of the textile for RC beams reinforced
by TRM in the tensile area, as shown in Fig. 6b. However, no such trend
is observed for RC beams reinforced by TRM plus integrated steel im-
plants. From Table 3, it can also be observed that the Pu reaches its
maximum for both beam types when the textile longitudinal length is
1900 mm, with improvement of 63.55 % and 58.01 %, respectively,
compared to the S0 group. The slightly lower improvement in S2-L1900
compared to S1-L1900 is attributed to the stress concentration effect
caused by the integrated steel implants, similar to the results observed
with varying textile layers.

It can be noticed from Fig. 6(c-f) that the failure mode of both beams
is shear failure when the textile longitudinal length is 1300 mm. For
cases with longer textile longitudinal lengths, the failure mode is flex-
ural failure. Shear failure at shorter textile lengths is primarily due to the
TRM being too short to fully sustain the tensile strain at the bottom of
the beam and the sudden change in stiffness at the TRM end position.
These factors result in large shear stress at the TRM’s end, leading to
shear failure. Conversely, when the TRM length is sufficient, it can share
most of the tensile stress at the bottom of the beam until the textile

breaks, resulting in flexural failure. Notably, integrated steel implants
reduce the number of cracks in TRM-strengthened RC beams with a
textile length of 1300 mm, but have no significant effect on beams with
other textile lengths. This phenomenon may be related to the integrated
steel implants having a more substantial effect on the stress distribution
within the TRM when the textile length is 1300 mm.

5.3. Textile mesh size

To examine the impact of the textile mesh size in TRM, beam models
with different mesh sizes were constructed. Four different mesh sizes
were considered: 7.5 mm × 7.5 mm, 12.5 mm × 12.5 mm, 17.5 mm ×

17.5 mm, and 22.5 mm × 22.5 mm. Two reinforcement methods, TRM
and TRM plus integrated steel implants, were employed. A smaller mesh
size indicates a denser mesh. Additionally, an unreinforced RC beam
(labeled as S0) was included for comparison， resulting in a total of nine
cases. The designations for each model in this subsection are provided in
Table 4.

Fig. 7a shows the load–deflection response curves for the nine beam
models. Fig. 7b presents the corresponding mid-span rebar strain curves.
The stress and strain cloud maps at failure for reinforced RC beams with
different mesh sizes and reinforcement methods are displayed in Fig. 7
(c-f). Furthermore, Table 4 summarizes and compares the Pu and its
corresponding Δu.

From Fig. 7a and Table 4, it is clear that TRM-strengthened RC beams
with different mesh sizes have higher Pu but lower ductility than the
control beam (S0). However, differing from the above findings, the Pu of

M MM
M

M

M M

M M

Fig. 9. Comparison of analytical model calculations and FE analysis results: (a) Different number of textile layers; (b) Different textile longitudinal lengths; (c)
Different textile mesh sizes. Predicted results of TRM-strengthened RC beams for different textile longitudinal lengths: (d) 1 textile layer; (e) 2 textile layers; (f) 4
textile layers. Predicted results of TRM reinforced RC beams for different textile mesh sizes: (g) 1 textile layer; (h) 2 textile layers; (i) 4 textile layers.
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the TRM-strengthened RC beams remains relatively stable while
ductility gradually increases as the mesh size exceeds 7.5 mm× 7.5 mm.
Fig. 7a also illustrates that the stiffness of the TRM-strengthened RC
beams decreases both before and after cracking as the textile mesh size
increases. Fig. 7b shows that flexural steel strain gradually increases
with the increasing mesh size, indicating a decreasing bearing capacity
of TRM. From Table 4, it can also be found that the Pu reaches its
maximum for both beams when the textile longitudinal length is 7.5 mm
× 7.5 mm, with improvements of 81.79 % and 82.22 %, respectively,
compared to the S0 group. Notably, integrated steel implants enhance
the strengthening effect of TRM-strengthened RC beams with mesh sizes
of 7.5 mm × 7.5 mm, 12.5 mm × 12.5 mm, and 22.5 mm × 22.5 mm.
This phenomenon may be related to the positioning of the textile within
the TRM.

Fig. 7(c-f) show that when the mesh sizes are 7.5 mm × 7.5 mm and
17.5 mm × 17.5 mm, the failure mode of beams is shear failure.
Moreover, the shear failure morphology indicates that the concrete rips
at the end of the TRM, followed by a shear inclined crack emerging from
within the TRM due to the stirrup yielding. This may be related to the
higher stiffness of the TRM and the positional distribution of the textile.
When the textile mesh sizes are 12.5 mm × 12.5 mm and 22.5 mm ×

22.5 mm, the failure mode shifts to flexural failure. Additionally, for a
mesh size of 22.5 mm × 22.5 mm, the presence of integrated steel im-
plants alters the bending failure mode of TRM-strengthened RC beams
from a single fracture to two symmetrical fractures (see Fig. 7(c-f)).
Furthermore, the highest number of cracks in TRM-strengthened RC
beams is observed with a mesh size of 7.5 mm × 7.5 mm. These results
indicate that the mesh size significantly affects the flexural performance,
failure mode and effect of integrated steel implants in TRM reinforced
RC beams. However, the detailed mechanism behind the mesh size effect
needs further exploration in subsequent studies.

6. Analytical model for predicting flexural strength of TRM-
strengthened RC beams

This section proposes an analytical model to calculate the flexural
strength of TRM-strengthened RC beams. The derivation of the model is
explained, and the predicted results FE modelling outcomes.

Considering that TRM-strengthened RC beams exhibit similarities
with FRP-reinforced RC beams in terms of flexural performance [17],
the flexural strength of TRM-strengthened RC beams can be predicted
using a similar analytical method. According to the Chinese standard GB
50608–2010 [68], the area division and force balance of the beam cross-
section under bending are illustrated in Fig. 8. The flexural strength can
be derived and expressed as follows:

M = fʹyA
ʹ
s(
h
2
− x1 − aʹ)+

∫ h/2− x1

x2
ωfcbxdx+fyAs(

h
2
+x1 − a)+ σfdAf(

h
2
+x1

+
t
2
)

(26)

∫ h/2− x1

x2
ωfcbdx+ fʹyA

ʹ
s = fyAs + σfdAf (27)

σfd = min
{
ffd, Efεfe,m1,Efεfe,m2

}
(28)

where M is the bending moment when the TRM-strengthened RC beam
reaches ultimate load capacity; b and h are the width and height of the
beam section; t is the thickness of the TRM, which in this study is taken
as 5 mm, 10 mm, 18 mm and 20 mm respectively depending on the
number of textile layers; x is the height of the concrete in the
compression zone when the TRM-strengthened RC beam reaches ulti-
mate load; x1 is the distance from the neutral axis to the center of the
beam when the TRM-strengthened RC beam reaches ultimate load; x2 is

the distance from the yield surface to the neutral axis when the TRM-
strengthened RC beam reaches ultimate load, and in this paragraph it
is assumed that concrete is not loaded; a and aʹ are the distances from the
centre of the section of the tensile and compressive bars to the top and
bottom edges of the concrete respectively; As and Aʹ

s are the cross-
sectional areas of the tensile and compressive bars respectively; fc is
the design value of the axial compressive strength of the concrete; fy and
f’y are the design values of the tensile and compressive strengths of the
tensile and compressive bars, respectively; σfd, Af, Ef and ffd are the
stress, cross-sectional area, modulus of elasticity and ultimate tensile
strength of the equivalent carbon fiber bundle respectively；εfe,m1 and
εfe,m2 are the effective strains of the FRP when the compression zone of
concrete reaches the ultimate compressive strain or FRP de-bond from
the concrete substrate, respectively. The equivalent force reduction
factor ω can be calculated using Eq. (29) and Af is calculated from Eq.
(30) depending on the type of textile arrangement.

ω =

⎧
⎪⎪⎪⎨
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0.5+ 0.5
εfe,m2

εfc,m1

(
εfe,m1 > εfc,m2

)

0.5+ 0.5
ffd/Ef

εfc,m1

(
Efεfe,m1 > ffd

) (29)

Af =
nmπr2

4
(30)

where n is the number of textile layers, m is the number of equivalent
carbon fiber bundles in a layer and r is the equivalent carbon fiber
bundle diameter (here taken as 0.757 mm). It should be particularly
noted that in the above Eqs. (26–30) calculations, the equivalent form
center of the textile is taken to be at the center of the TRM.

The ultimate flexural strength of TRM-strengthened RC beams was
predicted using Eqs. (25–29). The predicted results were compared with
the FE analysis results, as shown in Table 5 and Fig. 9(a-c). The calcu-
lated flexural strength of TRM-strengthened RC beams using the
analytical model closely matches the FE analysis results, with an error of
less than 15 %. Fig. 9a shows that ultimate flexural strength increases
with the number of textile layers, and the neutral axis consistently shifts
downward, indicating increased stiffness in the beam’s lower part.
Fig. 9b reveals that as textile length increases, ultimate flexural strength
also increases, with an upward shift in the neutral axis, indicating
improved ductility. However, when the mesh size exceeds 17.5 mm ×

17.5 mm, ultimate flexural strength stabilizes while the neutral axis
position continues to rise (Fig. 9c). The predicted results for larger mesh
sizes show significant deviations from the FE analysis results, suggesting
that while larger mesh sizes do not impact ultimate load capacity, they
significantly influence ductility. Further investigation is needed to un-
derstand these variations. Overall, the proposed analytical model
effectively predicts the ultimate flexural strength of TRM-strengthened
RC beams under different textile parameters, as confirmed by the con-
sistency with FE analysis results.

The analytical model was also used to predict the Mu and x for TRC-
strengthened RC beams without integrated steel implants, considering
the textile layers of 1, 2 and 4. The results are presented in Fig. 9(d-i).
Here the textile longitudinal length and mesh size parameters of TRM-
strengthened RC beams are same as above mentioned study. It can be
observed that the trends of Mu and x of TRM-strengthened RC beams
with the three textile layers agree with the above calculated results,
confirming the model’s reliability under different textile parameters.

7. Findings and conclusions

In this study, a numerical model of TRM-strengthened RC beams was
proposed and validated. The developed FE model was extended to
facilitate the numerical design of TRM-strengthened RC beams by
assessing various parameters, including the number of textile layers,
textile length, and textile mesh size. Additionally, an analytical model
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was derived to enable rapid prediction of the flexural strength of TRM-
strengthened RC beams. Based on the obtained results, the following
findings can be summarized:

1. The established FE model effectively simulated the flexural behavior
and failure mode of TRM-strengthened RC beams, demonstrating
good agreement with experimental results.

2. Compared to RC beams, TRM-strengthened RC beams, including
those with integrated steel implants, exhibited higher flexural
strength and lower ductility.

3. Increasing the number of textile layers significantly enhanced the
pre-cracking stiffness, post-cracking stiffness, and flexural capacity
of TRM-strengthened RC beams, while ductility decreased gradually.
The integrated steel implants slightly reduced the improvement in
ultimate bearing capacity of TRM-strengthened RC beams compared
to beams without integrated steel implants, except for 3 textile
layers.

4. The longitudinal length of the textile had a positive effect on the
ultimate flexural strength and ductility of TRM-strengthened RC
beams. Thus, appropriate textile length can be selected based on the
desired load capacity and ductility requirements

5. The flexural load capacity of TRM-strengthened RC beams showed
minimal change when the textile mesh size exceeded 17.5 mm ×

17.5 mm, while the ductility gradually increased. Consequently, it is
recommended to use a textile mesh size of 17.5 mm × 17.5 mm in
practical engineering applications.

6. The proposed analytical models reasonably predicted the flexural
strength of TRM-strengthened RC beams, with prediction accuracies
all above 0.85

However, since the members of the FE model developed in this study
were in perfect contact with each other, this prevented the premature
failure phenomenon that might occur in the test from appearing in the
simulation results. In future studies, the contact between textile and
mortar as well as between TRM and RC beams in the FE model will be
adjusted to better reproduce the premature failure phenomenon.
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strengthened with TRM composite based on basalt, carbon and steel textiles:
Experimental and analytical study, Case Stud. Constr. Mater. 16 (2022) e00906.

[65] M. Halvaei, M. Jamshidi, M. Latifi, M. Ejtemaei, Experimental investigation and
modelling of flexural properties of carbon textile reinforced concrete, Constr.
Build. Mater. 262 (2020) 120877.

[66] H. Kim, Y. You, G. Ryu, Flexural Strengthening of RC Slabs with Lap-Spliced
Carbon Textile Grids and Cementitious Grout, Materials 15 (8) (2022) 2849.

[67] Y.X. Du, X. Shao, S.H. Chu, F. Zhou, R.K.L. Su, Strengthening of preloaded RC
beams using prestressed carbon textile reinforced mortar plates, Structures 30
(2021) 735–744.

[68] GB 50608-2010. Technical code for infrastructure application of FRP composites.
Beijing: China Planning Press; 2011 (in Chinses).

P. Cao et al. Materials & Design 244 (2024 ) 113227 

15 

http://refhub.elsevier.com/S0264-1275(24)00602-6/h0145
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0145
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0145
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0150
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0150
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0155
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0155
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0155
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0160
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0160
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0160
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0165
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0165
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0165
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0170
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0170
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0170
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0175
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0175
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0175
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0180
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0180
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0180
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0185
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0185
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0185
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0190
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0190
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0190
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0195
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0195
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0195
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0200
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0200
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0200
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0205
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0205
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0205
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0210
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0210
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0210
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0215
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0215
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0215
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0220
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0220
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0220
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0220
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0225
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0225
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0225
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0230
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0230
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0230
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0235
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0235
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0235
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0240
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0240
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0240
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0245
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0245
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0250
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0250
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0250
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0255
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0255
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0255
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0260
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0260
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0260
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0265
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0265
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0265
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0270
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0270
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0270
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0275
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0275
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0280
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0280
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0280
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0290
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0290
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0290
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0295
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0295
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0295
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0300
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0300
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0300
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0305
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0305
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0310
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0310
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0310
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0315
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0315
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0315
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0320
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0320
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0320
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0325
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0325
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0325
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0330
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0330
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0335
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0335
http://refhub.elsevier.com/S0264-1275(24)00602-6/h0335

	Numerical modelling of flexural performance of textile reinforced mortar strengthened concrete beams
	1 Introduction
	2 Materials and experimental program
	2.1 Preparation of textile mesh
	2.2 Preparation of RC beam
	2.3 Preparation of TRM reinforced RC beam
	2.4 Flexural strength testing

	3 Finite element model development
	3.1 Material modelling
	3.2 Contact modelling
	3.3 Damage definition
	3.4 Loading method
	3.5 Model development of the experiments

	4 Finite element model validation
	5 Parametric study based on the developed FE model
	5.1 Textile layer
	5.2 Longitudinal length of textile
	5.3 Textile mesh size

	6 Analytical model for predicting flexural strength of TRM-strengthened RC beams
	7 Findings and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


