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Abstract: This study concentrates on FEA modelling of concrete beam strengthened with externally bonded CFRP
lates under bending by using Traction Separation Law (TSL) as constitutive law to require maximum cohesive stress
and fracture energy values. The FEA models were developed following experimental work reported by Al-Rousan
et al. [23] and Ding et al. [22]. Combination of two numerical techniques were adopted, i.e., Extended Finite Element
Method (XFEM) and Cohesive Zone Method (CZM) assigned within cracked beam region and adhesive layer
respectively. The consistence of FEA beam deformations to capture debonding failure as seen during experimental
observations and load-displacement was evaluated accordingly. Additionally, combination of XFEM-CZM
techniques provides good strength predictions with experimental dataset. It is clearly shown that the failure mode
exhibited are determined by testing method, CFRP width and CFRP length. CFRP sheets provides a significant
contribution to concrete ductility, which is noticeable in longest CFRP sheet. All testing series were examined, the
discrepancies of less than 25% were found. Note that current approach used calibrated fracture energy values from
similar concrete grade and CFRP plates, however better prediction can be produced if fracture energy values were
independently determined from experimental set-up.
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1. Introduction

Application of composite materials to repair and strengthen concrete structures has been considered as an effective,
convenient and practical solution. Fiber reinforced polymer (FRP) composite system are adopted due to excellent
mechanical properties, fatigue resistance, manufacturing flexibility and available in variety forms [1]. Numerous studies
were reported to strengthening techniques of concrete beam such as externally-bonded [2], near surface mounted [3],
composite fiber reinforced polymer [4] and etc. Regards to externally-bonded, three schemes types were most commonly
used such as bottom side [5], side-bonded [6] and U-wrap [7]. Three prominent failure modes were observed. i.e., FRP
rupture, shear failure and debonding dependent upon several factors such as FRP length, beam size and presence of notch.
Additionally, NCHRP-549 [8] classified two shear failure types consists of web-shear crack and flexure-shear crack as
beam loaded under four-points bending. Similar findings were seen in three-points bending with stiff and strong FRP
system to resist the initial flexural crack but eventually exhibited shear failure mode [9]. Nevertheless, according to FIB
[10] the failure prone to occur between concrete beam and externally-bonded FRPs with presence of slip to exhibit
cohesive failures of localized delamination.
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Carbon fiber reinforced polymer (CFRP) is the most widely used FRP types in external strengthening work due to
high elastic modulus, superior strength and excellent elongation at break. Ali et al. [11] investigated reinforced concrete
beam strengthened with CFRP and GFRP and found that strengthening by CFRP is favorable compared to GFRP sheet.
Moreover, Mostofinejad & Moghaddas [12] investigated reinforced concrete beam with two strengthening approaches
by conventional externally-bonded reinforcement and externally bonded reinforcement on grooves. It found that former
approach improves the load capacity to 27% while latter approach increased to 39%. More recently, De Domenico et al.
[13] tested two different systems of notched concrete beam of CFRP strengthening and fiber reinforced cementitious
matrix (FRCM) with poly-benzoxole (PBO) grid on under different elevated temperatures. It was found that CFRP
strengthened beam at 50°C curing condition showed 30% peak load reduction as compared to control specimens.
Nevertheless, all strengthened concrete beam specimens with CFRP exhibited debonding failure modes which is more
progressive and favorable among structures engineers in externally-bonded strengthening.

Traditional FEA modelling simulated crack propagations and requires very fine mesh ahead of the crack tip due to
the presence of stress singularity. Traction-separation relationship is derived from state-of-the-art fracture mechanics
fundamental can be incorporated as constitutive model within FEA modelling framework to require only maximum
cohesive stress, o, (here refers as unnotched concrete strength) and fracture energy value, G.. Hence, this material model
is driven by energetic approach to eliminate the requirement of mesh refinement ahead of the crack tip. Available
modelling techniques can be adopted such as are extended finite element method (XFEM), cohesive zone model (CZM)
and virtual crack closure technique (VCCT) embedded within ABAQUS CAE 2021. Yee & Ahmad [14] developed FEA
models by implementing XFEM frameworks of single lap kenaf fiber composite hybrid joint under quasi-static loading.
The result demonstrated good agreement between experimental datasets and FEA modelling with discrepancy of less
than 5%. Subsequently, Nunes et al. [15] incorporates CZM technique under mixed modes failure based on experimental
observations and chosen mixed-mode criteria for adhesives was successfully validated. Additionally, Orifici & Krueger
[16] conducted benchmarking works by implementing VCCT on end-notched flexure specimen. It was found that VCCT
able to replicate delamination growth under static loading. The study conducted by [17] applied combination techniques
of XFEM-CZM and XFEM-VCCT to simulate double cantilever composite beam (DCB) of delamination propagation
under quasi-static loading and found that CZM-XFEM method is the most applicable delamination modelling technique.
Tafazzolimoghaddam [18] expands fatigue delamination modelling using XFEM-CZM under high cycle loading and
revealed that CZM-based fatigue model does not predict uniform degradation rate along CZM failure path.

This paper aims to provide FEA benchmarking work of experimental programme reported in Al-Rousan et al. [23]
and Ding et al. [22] of unnotched and notched beam externally-strengthened with CFRP plates respectively. Two
prominent failure modes were reported, i.e., shear failure and delamination and the models are developed following the
failure mode exhibited using ABAQUS CAE 2021. A physically-based traction-separation law (TSL) relationship by
incorporating combined XFEM-CZM is used for delamination failure. Additionally, shear failure mode only adopted
XFEM within cracked regions as no FRP fracture was seen experimentally.

2.1 Traction Separation Law as Constitutive Model

The traction-separation law (TSL) was proposed by Camanho et al. [19] within ABAQUS CAE to investigate
fracture and failure behavior of materials under mixed-mode criterion. TSL defines the functional form of applied traction
in dependence on separation distance. As an element are separates, a quantity of energy equal to the critical fracture
energy of material is released. The constitutive model of TSL describes displacement jump (J) and traction (7) as an
interface to simulate crack nucleation, initiation and propagation. The cohesive element recovers linear behavior to a
triangular law employed within FEA software until the tensile separation reached maximum traction opening once
damage has taken place within respective failed cohesive element as given in Fig. 1(a). In mixed-mode failure criterion
(Fig.1(b)), cohesive separation is dominated by the displacement jump normal to interface as Mode I dominated but
cohesive separation is controlled by shear displacement in the Mode II dominated applies. Regards to separation mode,
TSL requires three parameters, i.e., initial stiffness, K,, maximum traction, o, and fracture energy, G. [17]. Two
modelling techniques, i.e., extended finite element method (XFEM), cohesive zone model (CZM) can be adopted in
conjunction of TSL model and described in the following sections.

2.2 Extended Finite Element Method (XFEM)

In order to model stationary discontinuities like a crack with conventional FEM, the mesh must adhere to the
geometric discontinuities. Therefore, to fully capture to singular asymptotic fields, extensive mesh refinement is required
at the vicinity of the crack tip. It is significantly challenging to model a developing fracture as the mesh has to be updated
constantly to fit the discontinuity geometry as the crack propagated. The theoretical underpinning XFEM is to address
discontinuous issues like fractures by introducing the local enrichment function into the element displacement term of
conventional FEM. The equation of displacement function () around the crack tip is expressed in Eq. (1). The study
conducted by Karimi & Rouzegar [20] describes four functions of elastic solution to assume as a function of asymptotic
crack tip using polar local coordinate as given in Eq. (2). Additionally, the discontinuity of displacement for failed nodes
associated to crack can be enriched by using Heaviside function in Eq. (3).
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where N;(x) is node i shape function matrix, N is element node number, u; is the finite element displacement vector, H(x)
is Heaviside function to represent discontinues jump, F, is an asymptotic crack tip function, a value is varied from 1-4,
and b; are standard Node i degree of freedom.
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where e, describe as unit normal vector, x is Gaussian integral vector displacement, x* is the nearest displacement vector
from x on the crack boundary.

As can be seen from Fig. 2, related finite element mesh of 2D crack body consisting of crack line as dash line.
Additionally, finite element mesh is represented by solid line and node is depicted as black circular dot. The first crack
within XFEM is surrounded by two nodes of the rectangular blue shape named Heaviside enrichment node (set J).
Another node type is crack tip node (set K) and represented as red circular node. The XFEM formulation concept is
similar with conventional FEM based on Galerkin’s formulation.
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Fig. 2 - Two-dimensional finite element mesh
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2.3 Cohesive Zone Model (CZM)

The cohesive zone model (CZM) is a fracture mechanic model in which crack formation is viewed as a progressive
process and crack surface separation occurs across a prolonged crack tip or cohesive zone which is resisted by cohesive
traction. According to Rarani & Sayedain [17] description of cohesive stress from applied traction is given in Fig. 3,
followed by linear softening upon fracture initiation and expressed as scalar damage variable, D and later increased
monotonically as damage occurs. If damage values are specified, then stress values are reduced accordingly. The linear
traction-separation behavior intersection occurs with slope of (/-D)K,. The softening response of cohesive element are
represented by using normal and shear components from elastic traction-separation as given in Eq. (4).

(1-Dy 1% 1% >0 4
_ _ _ 0 _(1_ 0
— 0 9 <0 ,tmf(l D).t“, :mf(l D).z{ “4)
n n

CZM is widely reported to simulate delamination in composite materials where it is prominently induced by cracking
within laminates matrix. Thus, the cohesive strength represented as maximum matrix stress, 6, within cohesive layer to
reach matrix strength. The crack appears once adhesion force (to represent applied traction) has reached maximum matrix
stress, followed by crack propagations due to extended two separated faces. The body structure is still intact state in low
loading condition and progressively increased as cohesive element is failed gradually. The function response between
two separated interface is calculated based on crack initiation criterion and tabulated in Table 1 extracted from Zhang et

al. [21].
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Fig. 3 - Bilinear traction separation response of CZM

Table 1 - Damage initiation criterion of CZM
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3. Finite Element Modelling

ABAQUS CAE 2021 allows modelling of fracture and failure of structures body without the requirement for
remeshing. XFEM technique is used to analyze fracture initiation and propagation along arbitrary solution dependent
path. Here, combination of CZM and XFEM techniques is used to predict the 2D crack propagation Nevertheless, FEA
models using constitutive model requires few material properties datasets and if possible, these values are calibrated prior
to FEA analysis [16].

3.1 Testing Series Investigated

Benchmarking works were carried out following two experimental programme reported by Ding et al. [22] and Al-
Rousan et al. [23] tested under three-points bending of initial crack of notched concrete beam and four points bending of
un-notched beam, both studies are strengthened with CFRP sheet. Testing series of both works has various CFRP length
bonded on tension concrete beam face as given in Table 2. Ding et al. [22] introduced sharp notch at the mid-span of
concrete specimen with a constant notch height, ap of 20 mm and notch opening width a; of 3 mm with beam size of
500%100%100 mm?. On the contrary, Al-Rousan et al. [23] conducted un-notched concrete beam of similar beam size.
Fig. 4 and Fig. 5 showed detail schematic testing specimen used in Ding et al. [22] and Al-Rousan et al. [23], respectively.
The CFRP thickness used in both Ding et al. [22] and Al-Rousan et al. [23] is specified as 0.111 mm and 0.166 mm,
respectively which is externally bonded using epoxy resin.

Table 2 - Testing designations as a function of CFRP sizes used in both benchmarking studies

Ding et al. [22] Al-Rousan et. al. [23]
. . CFRP length CFRP width . . CFRP length CFRP width
Designation Designation
(mm) (mm) (mm) (mm)
20-000 No CFRP (control) - G1-F0-0-N  No CFRP (control) -
20-100 100 100 G1-F0-10-N 100 50
20-150 150 100 G1-F0-15-N 150 50
20-200 200 100 G1-F0-20-N 200 50
20-300 300 100 G1-F0-25-N 250 50
20-350 350 100
AP f
&7
N
QY !
S i
g /)—,?"T——****/;L
gL
g s ag =20mm E//
' a, =3mm
SOI 200 4-{;-._1
l Length, I=500 l Length, =500 !
\ \] N \]
7 &
X N
(:;\" | Q“\‘- |
% L _lermp= 150 mm1_ % L"Cﬁg{f 200 mm_
; // //(:/ D 45 ,///// : // //(/\/‘ ’ //////
é’: 0 ag=20mm £// é’: A4 = 20mm g//
( ’ =3, ' =3
e 200 ’ %}}_@ " £ 2] T HT& " o
1 Length, I=500 1 Length, =500
Qﬁ/
A ‘
& |
I e m— e I —
< P A 5~ 2
3 e r :/// i . ///// i /////
g S 9 ap=20mm ﬁ// ay=20mm £//
v i a, =3mm i a; =3mm
e 200 _'T_J _'TJ 20
l Length, I=500 Length, =500

Fig. 4 - Detail schematic test for Ding et al. [22] (all units in mm)

262



Maulana et al., Int. Journal of Integrated Engineering Vol. 14 No. 5 (2022) p. 258-271

|

A |
=
S I
% )—/-v\\ —————————
< P
- / b

Sy v e
2 o -
___I 25 100 | 100 | 160
I I I
I

Length, [=350

S & 4

8
J:I: J(ERL ]_70f_nm_ ______
- -"\f‘ = <1
%. yz // // / Zz .
Q - e QS Adh
25 100 | 100 | 160 | 25 25 100 | 100 | 100 | 25
H‘| I 1 T ! |* A‘| I T 1 ! f
l Length, [=350 ! l Length, =350 !

100

_—— — — — — — — — @

Depth, d

08 100

I Length, =350

Fig. 5 - Detail schematic test for Al-Rousan et al. [23] (all units in mm)

3.2 Material Properties

As previously mentioned, the FEA Modelling were developed using combination of XFEM and CZM techniques to
incorporate TSL model and requires material properties datasets. Nevertheless, material properties both for Ding et al.
[22] (notched) and Al-Rousan et al. [23] (unnotched) were calibrated from other studies which tabulated in Table 3. The
material properties were given from (after Ding et al. [22], Mahmoud [24], Mohammadi & Wan [25], Darwin et al. [26],

Al-Rousan et al. [23], Rodrigues et al. [27], Mahjoub et al. [28], Kasper et al. [29], and Wang & Wu [30].

Table 3 - Material properties required in FEA Modelling

Material properties CFRP sheet Adhesive Concrete
prop Unnotched Notched Unnotched Notched Unnotched Notched
, Ex 165° 230° 3.18° 9.6° 32.892 33.10¢
Young’s modulus, £ b
(GPa) E, 17.9
a Ez 17.9b
Vi 0.22°
Poisson’s ratio, v Vyz 0.222 0.34¢ 0.30* 0.28*
Vo 0.30°
b
Shear modulus, G G ! 1'7913
(GPa) Gz 11.79
Gy: 6.88°
Unnotched strength, o9 35000 4.5959¢ 12.94¢ 5.150 2.97¢
(MPa) . . . .
Shear strength, z, . .
(MPa) 5.13 14
Fracture energy, G, Gic 0.2¢ 0.41h q .
(N/mm) Gue 0.366¢ 119 0.127 0.147
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3.3 Pre-processing Stages

Two-dimensional model of concrete beam strengthened with FRP sheets under flexural conditions were developed,
following experimental set-up conducted. All models comprised of five parts, i.e., concrete beam, FRP, adhesive, punch
and support. Fig. 6 shown assembled parts to reproduce the concrete beam tested under four-points bending test. Surface
contact interaction between punch and supports (as rigid part) and concrete beam surface as master and slave interaction
respectively. This model labelled master surface as red color while slave surfaces are given as purple. Assigning proper
frictions behavior between master and slave surfaces to allow stress transfer between adjacent parts. The friction
coefficient used in this model was set as small value of 0.001 and small sliding was chosen to allow infinitely small node
movement.

Sufficient mesh refinements were used in order to prevent from mesh-dependent and performed in sensitivity study
work. Constitutive model employed in the current work requires unnotched strength, o, and fracture energy, G. of cracked
material within adhesive layer (MAXS damage criterion). Both punches were assigned as a control point by coupling and
displacement were applied downward to denote applied load. Additionally, both supports were set as pined and roller at
the left and right supports respectively.

Punch Punch )

Fig. 6 - Assembling of composite beam in ABAQUS CAE

4. Sensitivity Study

Sensitivity study was performed to assure the strength predictions work is independent of damage stabilization coefficient
and mesh refinements, given in the following sub-sections.

4.1 Damage Stabilization Coefficient

Softening in the material model requires damage evolution behavior to demonstrate convergence issues. Viscous
regularization is used within ABAQUS CAE to give steady response during damage evolutions. The tangent stiffness
matrix is positive in sufficiently small time-steps and viscosity coefficient incorporated MAXPS Damage criterion to
ease convergence. This study investigates damage stabilization coefficient increments from 1x10! to 1x10-1° and strength
prediction obtained are shown in Fig. 7 for notched concrete beam specimens following Ding et al. [22]. It was found
that small damage stabilization coefficient leading to difficulties in convergence solutions. On the other hand, large
damage stabilization coefficient leading to excessive and non-physical strength prediction output. Small damage
stabilization coefficient is associated to convergence difficulties but usually promotes reliable predictions. As seen in
Fig. 7, damage tolerance of 1x10~ was sufficient as it started to show plateau and no difference of strength prediction
output as lower values of damage coefficients is used. Similar study is also performed in un-notched beam series from
Al-Rousan et al. [23] and not repeated here.

4.2 Mesh Sensitivity

An analytical studies carried out by Munjiza & John [31] states that finite element size was close to the fracture tip
requires much smaller size than the plastic zone length to achieve accurate result in 2-D fracture simulation. Meanwhile,
also their study also revealed theoretical estimation of the plastic zone length (A) which expressed in Eq. (5). Beside
mesh size, mesh orientation takes crucial part in mesh sensitivity analysis. The 2-D model used in this study is free-mesh
to allow crack propagates through quadrilateral element boundaries. It is emphasized that unstructured meshes might
lessen global mesh dependency, but fracture path is still dependent upon local mesh orientation. The study conducted by
Tijssens et al. [32] have shown that cohesive zone model shows mesh dependency of fracture pattern in structured meshes,
which means the fractures tend to propagate along dominant direction of element alignment.

This study investigates several mesh densities to ensure strength prediction is independent upon mesh refinement.
The global mesh size studied are in the range between 10 to 0.5 (indicates coarser to more fine mesh sizes). In the shell-
based formulation, within this study is modelled using four-nodded shell elements (ABAQUS designation as CPE4R).
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From FEA fundamental, finer mesh yields highly accurate results but may take more computational effort [33]. On the
contrary, FE models with larger mesh may leads to less accurate result but faster computational time. Additionally, finer
mesh size increase the model stiffness and prone to reduce displacement and stress exhibition [34]. As shown in Table 4
and Table 5, ultimate load at failure were independence of global mesh size as constitutive model incorporated is driven
by energetic approach.
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Fig. 7 - Damage stabilization coefficients used for in notched beam (after Ding et al. [22])
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Fig. 8 - Mesh refinement study of unnotched beam (after Al-Rousan et. al [23])

Table 4 - Detail meshing within ABAQUS for notched beam

Part Global mesh No of elements No of nodes Puir (KN) Ouit (Mm)
10 2118 2216 22.27 0.42
8 2598 2708 22.34 0.38
6 3398 3528 22.73 0.27
Beam 4 5078 5250 22.28 0.21
2 10118 10416 22.28 0.18
1 20038 20584 22.84 0.18
0.5 39878 40920 22.47 0.18
CFRP 0.5 699 1054 -
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Table 5 - Detail meshing within ABAQUS for unnotched beam

Part Global mesh No of elements No of nodes Puit (KN) Ouit (Mm)
10 11100 11312 24.61 0.34
8 11300 11514 24.63 0.28
6 11700 11918 24.76 0.22
Beam 4 12500 12726 24.92 0.19
2 15000 15251 25.08 0.18
1 20100 20402 25.17 0.18
0.5 30000 30401 25.14 0.18
CFRP 0.5 600 804 -

5. Results and Discussion

This section describes post-processing outputs and the comparison with the experimental dataset. From respective
experimental observation, all unnotched beam specimens (from Al-Rousan et.al. [23]) showed delamination failures in
all CFRP length series. On the contrary, in notched beam series demonstrates two prominent failure modes (i.e.,
delamination and shear failure) dependence upon CFRP length. All tested beam designations were modelled according
to failure mode reported. These finding are presented in the following section by describing damage plot, FEA
consistency with experimental observations and validation to experimental datasets.

5.1 Damage Plot under Delamination Mode

A typical load-displacement profile from initial loading until fully failed of concrete specimen failed delamination
mode is represented by model designation of 20-350 for notched beam as depicted in Fig 9. Associated damage plot of
labelled key-points is given subsequently in Fig. 10. As load from punch is applied, the stress is gradually increased
linearly until it reached point A. Here, the cracked concrete beam has propagated until certain length and simultaneously,
CFRP plates also experience applied stress due to bending. Prior to point B adhesive have not yet deformed but promotes
to cracked beam propagation. As it reached point B, adhesive has started to lose its loading capacity by showing element
deletion within cohesive element from mid-spa and propagates to CFRP edge. Point C is showing the CFRP ductility for
beam strengthening until sudden failure as labeled at point D.

[#%]
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T [ Concrete crack propagate [ |Stress within CFRP sheet
A I:|Delam ination

_i B
L Vs

[}
O

%)
=}
'

Flexural Load Capacity (kN)
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(=]

(=]
wn -!_\
o

0 025 05 075 1 1.25 1.5 1.75 2

Displacement (mm)

Fig. 9 - Load-displacement profile of concrete beam specimens failed in delamination mode
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Fig. 10 - Schematic damage plot under delamination failure mode

5.2 Damage Plot under Shear Failure Mode

In shear failure mode, the crack was initiated from CFRP edge within concrete beam. As the concrete has reached
maximum principle tensile stress, crack is exhibited within concrete beam. A typical load-displacement profile with shear
failure mode is shown in Fig. 11 from notched concrete beam designation 20-100. Consequently, Fig. 12 depicted damage
plot of each labelled key-points from load-displacement profile given in Fig. 11. Prior to point A, beam have not yet
developed any crack and crack initiation is exhibited at point A. Crack is continues to propagate at approximately half
beam depth to give ultimate load at failure at point B. Then, point C showed fully developed crack and concrete beam
has completely lose its loading capacity. It can be seen that under shear failure, the crack propagates to under punch
point which agrees to experimental observation reported in [8].
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I:|Concrete crack propagate

= =
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Fig. 11 - Load-displacement profile of concrete beam specimens failed in shear mode
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Fig. 12 - Schematic damage plot under shear failure mode

5.3 Damage Consistency with Experimental Investigation

Fig. 13 shows the comparison of experimental observation with FEA deformation of all concrete beams to
consistence with failure modes and associated damage pattern. The initial flexural fracture was discovered to originate at
the tension concrete face at the beam mid-span and followed by CFRP plate delamination (or CFRP debonding). On the
contrary, shear failure demonstrated initial crack from CFRP plate edge as described in previous section. Experimental
observations revealed that the shear failure mode was seen in notched beam with CFRP length of less than 200 mm and
longer CFRP sheets (= 300 mm length) demonstrated delamination failures. Overall, the modelling graphical outputs of
all tested concrete specimens showed good consistencies with reported experimental observations.

Experiment failure FEA Modelling failure
20-000 = Control beam

s, Mises
(Avg: 75%}

PRI —

+9.1678-01
+8.333e-01
+7.5008-01
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2

Fig. 13 - Damage consistency between FEA modelling and experimental observations in notched beam (after
Ding et al. [22])

5.4 Validation with Experimental Output

As shown in Table 6 and Table 7, the experimental and numerical modelling discrepancy were in good agreements.
Eq. (6) is the expression used to calculate the FEA modelling discrepancies. Bear in mind that the material properties
utilized in traction separation relationship are not measured but it is calibrated from similar concrete grades and CFRP
plates from other literatures (original authors has not measured fracture energy values but only unnotched (un-
strengthened) strength of concrete beams are available). It is much expected that better prediction can be obtained if
fracture energy values are independently measured from experimental works.

—-p
L ex ¢, FEA
Error (%) = —— i;" - % 100 (6)

X, exp

Table 6 - Load discrepancy between experimental and FEA Modelling for notched beam

Ultimate Load Ultimate Load FEA
Designation Experimental, Pui, exp Modelling, Pur, Fe4 Discrepancy (%) Failure Modes
(kN) (kN)

20-000 6.99 7.75 11% Brittle fracture
20-100 11.69 11.69 0% Shear failure
20-150 19.00 18.27 4% Shear failure
20-200 19.28 22.13 15% Shear failure
20-300 20.33 22.27 10% Delamination
20-350 21.11 22.26 5% Delamination

Table 7 - Load discrepancy between experimental and FEA Modelling for unnotched beam

Designation Expeli“litliln(::::zl?;j:(kN) Ilg/}:)ltl;:e?lti(:l;‘)}i‘i 5(11:\% Discrepancy (%) Failure Modes
G1-F0-0-N 18.47 17.09 7% Brittle fracture
G1-F0-10-N 19.73 24.35 23% Delamination
G1-F0-15-N 20.43 24.28 19% Delamination
G1-F0-20-N 21.42 24.28 13% Delamination
G1-F0-25-N 22.23 24.26 9% Delamination

6. Conclusions

2D FEA models of externally-bonded FRP plates on concrete beams to explicitly incorporates surface interactions,
frictional load transfer and beam deformations. Combination of XFEM and CZM techniques in conjunction with traction-
separation law has been incorporated to model delamination and shear failure modes in strengthened concrete beam using
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externally bonded CFRP sheets. Two benchmarking works were successfully developed and validated against
experimental datasets and consistence with experimental observations. Sensitivity studies has been performed to assure
the strength predictions are independent from mesh refinement and damage stabilization coefficients. From experimental
datasets and FEA modelling output, the average discrepancy for notched beam and unnotched beam series are given as
7% and 14.5 % respectively, considered as in good agreements. Bear in mind that the fracture energy values used is
calibrated from similar concrete grades and epoxy resin from other literatures. It is much expected that better strength
prediction can be obtained if the fracture energy is independently measured from experimental set-up. Also, the
applicability for similar testing models requires larger testing series to provide more unified approach.
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