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This paper reports 3D nonlinear finite element (FE) models of reinforced concrete (RC) beams externally
strengthened with mechanically fastened (MF) and externally bonded (EB) aluminum alloy (AA) plates.
The measured and observed parameters of each specimen were obtained from an experiment conducted
by the authors of this study. Each FE model adopted accurate material constitutive laws and appropriate
element definitions to approximate the mechanical behavior observed during testing. A total of ten mod-
els were constructed based on the diameter, embedment depth, and arrangement of the expansion
anchor bolt (EAB) as well as the presence or absence of epoxy. Results like the load-carrying capacity
of the tested specimens as well as the failure modes like end-plate debonding (ED), local-plate debonding
(LD), and plate rupture (PR) were accurately predicted. Additionally, Stress and strain contour plots were
generated to investigate the FE models’ mechanical behaviors. Finally, a parametric study was conducted
to illustrate the effects of the flexural steel reinforcement ratio and AA plate grades on the models’ struc-
tural response. It was concluded that the FE models could serve as a valid predictive platform for simu-
lating the flexural behavior of RC beams strengthened with MF and EB AA plates.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The incorporation of externally bonded reinforcement (EBR) in
the form of composite sheets and plates has proven to be an effec-
tive approach in upgrading the capacity of reinforced concrete (RC)
members [1-5]. Recent studies have focused on strengthening RC
beams using externally bonded (EB) fiber-reinforced polymer
(FRP) [6-8], aluminum alloy (AA) plates [9-15], and steel-wire
mesh [16,17]. However, the anchorage techniques implemented
in these EB composite systems suffer from drawbacks such as pre-
mature failures, skilled workmanship, cost, and time [18,19].
Therefore, researchers have adopted different anchorage tech-
niques such as FRP wraps [13,20,21], FRP splay anchors [22], and
mechanical fasteners [19,23-27] to mitigate these issues and pro-
long the member’s loading life.

External strengthening using mechanical fastened FRP (MF-FRP)
systems, in particular, has been a topic under scrutiny in recent
years. The rigid mechanical interlock between the anchors and
concrete holes induces an effective composite action between the
structural member and composite material, thereby allowing the
RC section to utilize a larger fraction of the composite’s mechanical
properties than a typical EB-FRP system. For instance, El Maad-
dawy and Soudki conducted a comparative study on implementing
MF-FRP systems versus EB-FRP systems in flexurally strengthening
of RC slabs using bonded and un-bonded FRP sheets [24]. The test
results showed that the MF-FRP slab with bonded FRP sheets
exhibited the largest strength gain and ductility when compared
to the other strengthening schemes. Furthermore, the failure
modes of all the MF-FRP slabs, with or without adhesives, were
shifted from FRP delamination to concrete crushing, indicating a
pure flexural failure. Thus, the existence of mechanical fasteners,
despite the presence or absence of adhesives, restored the flexural
behavior of the newly upgraded and strengthened RC slabs.

Although FRP composite sheets and plates serve as viable can-
didates in EBR applications, their susceptibility to brittle rupture
failures and lack in ductility encouraged researchers to search for
other novel composites that could overcome these drawbacks. In
a recent study conducted by Rasheed et al. [13], high strength AA
plates were used as EBR with FRP wraps EB at the ends of the plates
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and at the ends and at the beams’ mid-spans. The aim of this study
was to investigate the viability of using AA plates in flexural
strengthening applications. As a result, all of the strengthened RC
beams achieved approximately the same strength gains as each
other, whereas their ductility varied depending on the FRP-wrap
configuration used. For instance, the specimens with FRP wraps
at the plates’ ends demonstrated approximately 80% of the ductil-
ity exhibited by the un-strengthened RC beam, whereas the speci-
men with FRP wraps at the ends and mid-span of the plates have
superseded that of the un-strengthened RC beam. Unfortunately,
premature failure modes were reported for all the strengthened
FRP wrapped specimens such that local-plate debonding (LD) fail-
ures were observed. This indicated that the implementation of AA
plates, with a more effective anchorage system, would mitigate
any type of debonding and allow the AA plated RC sections to resist
larger deformations.

In previous studies [26,27], the authors of this study have inves-
tigated the effects of using mechanically fastened (MF) and exter-
nally bonded (EB) AA plates on the flexural strength, stiffness, and
ductility of RC beams. A total of sixteen flexure-deficient RC beams
were prepared where fifteen of these specimens were strength-
ened using AA plates, and varied based on the type of anchorage
system used. Mainly, these variations were centered on the spacing
and layout of mechanical fasteners while alternating the usage of
an adhesive on the plated region. As a result, almost 86% of the
beams that were MF and/or EB with AA plates failed by plate rup-
ture (PR); indicating that the specimens fully utilized the mechan-
ical properties of the AA plates. In addition, the authors have
reported the ductility gain associated with the delay in premature
failure and concluded that using MF at the plates’ ends corre-
sponded to the most optimum MF layout for both strength
enhancement and ductility.

Over the recent years, finite element (FE) modeling has aided
researchers and civil engineers in studying the nonlinear response
of externally strengthened RC members using FRP composites [28-
30]. Its accuracy and precision helped numerically simulate the
flexural behavior of FRP-strengthened members by verifying pre-
dictions like maximum attained loads, deflections at ultimate
loads, load–deflection response plots, and failure modes against
those of the experiment [30]. These validated FE models could then
be used to study the stress and strain propagations throughout the
models during all stages of loading without the expense of physi-
cally measuring them during a test. In addition, some researchers
take advantage of the FE environment to perform parametric stud-
ies and identify the effect of each parameter on the response of the
model by illustrating these conclusions via graphical representa-
tions (i.e., contour plots).

Furthermore, experimental data obtained from published arti-
cles were used to develop FE models that simulate RC beams
strengthened with AA plates, and study the effect of different plat-
ing schemes and mechanical properties on the response of each
retrofitted mode [14,15]. This motivated the authors of this study
to develop FE models of MF AA plated (MF-AAP) specimens col-
lected from a recent experimental investigation [26,27]. In addi-
tion, scarce published articles related to FE modeling of MF
composite systems in strengthened RC members exist in the liter-
ature [31,32]. Therefore, the authors of this paper attempt to rein-
force this gap in the literature, and develop FE models simulating
the flexural behavior of MF-AAP specimens tested in a previous
study using the commercial FE software, ANSYS 19 [33].

The objective of the present study is to utilize three-
dimensional nonlinear FE modeling to predict the flexural behavior
of RC beams that were externally strengthened using expansion
anchor bolts (EAB) with bonded or un-bonded AA plates, and sim-
ulate the fracturing behavior of the AA plates in each strengthened
specimen. The geometric and mechanical properties of the FE mod-
2

els were collected from a previous experimental study conducted
by the authors of this paper [26,27]. The developed FE models
employed constitutive material laws that simulate concrete in
compression and tension, steel yielding, AA plate yielding and rup-
ture, and adhesive delamination between the AA plate and con-
crete soffit. FE model validation was carried out by comparing
predictions like the maximum attained loads, deflection at ulti-
mate load, load–deflection response plots, load–strain response
plots, and failure modes of each model to those observed in the
experiment. A brief overview of the model behavior was covered
by generating stress and strain contour plots for the elements in
selected FE model. Based on the good agreement between the pre-
dictions and experiment, an extensive parametric study was car-
ried out to investigate the effect of increasing the bottom steel
reinforcement diameters and AA plate grades on the structural
response of the models. To the authors’ top knowledge, the litera-
ture is lacking adequate information on the effect of the steel rein-
forcement ratio and AA plate grades on the flexural performance of
strengthened RC beams with AA plates. Accordingly, the outcomes
of the parametric study conducted in this paper would enable
researchers/engineers to understand the underlying relationships
between both the bottom steel ratio and AA plate grades, respec-
tively, with their structural response.
2. Summary of experimental program

The FE model development reported herein was based on an
experimental investigation conducted by the authors of this paper
[26,27]. The evaluated flexural response of RC beams strengthened
with mechanical fasteners and bonded/un-bonded AA plates were
collected for FE model verification purposes. All the tested speci-
mens were subjected to a monotonically increasing four point
bending up until failure of the specimens was evident through
physical and measured observations. The RC beams were designed
to fail in flexure as per the international design codes and stan-
dards, ACI 318–19 guidelines [34]. The test matrix consisted of six-
teen RC beams, where one RC beam was left un-strengthened to
serve as the control beam, one RC beam was EB with an AA plate,
and the remaining fourteen RC beams were externally strength-
ened with MF with or without EB AA plates. Each RC beammember
consisted of 125 mm � 240 mm � 1840 mm in width, length and
height, respectively. The flexural reinforcement consisted of two /
10 mm bars in the bottom (area = 157 mm2) and two /8 mm bars
in the top (area = 100.48 mm2), and the shear reinforcement con-
sisted of /8 mm vertical stirrups spaced at 100 mm center-to-
center. Fig. 1 shows the dimensions, reinforcement details, and
loading schemes for each tested specimen [26] Table 1.

The externally strengthened RC specimens were varied based
on the diameter, embedment depth, and spacing of the mechanical
fasteners while alternating the application of adhesive bonding.
During strengthening, the mechanical fasteners and adhesive used
were expansion anchor bolts (EAB) and epoxy, respectively. Two
types of EAB were used: HST3-M10 and HST3-M12, where they
varied based on the size of the diameter and embedment depth.
A brief outline of the test matrix is presented in Error! Reference
source not found. in which the varying parameters like the type
of anchorage, EAB details, and EAB layout are simplified in the
schematics shown in Fig. 2. The prefixes ‘‘B”, ‘‘BE”, ‘‘M10L”,
‘‘M10H”, ‘‘M12L”, ‘‘M12H”, ‘‘M10E”, and ‘‘M12E” in the specimen
designation refer to ‘‘beam without epoxy”, ‘‘beam with epoxy”,
‘‘low number of HST3-M10 EAB”, ‘‘high number of HST3-M10 EAB”,
‘‘low number of HST3-M12 EAB”, ‘‘high number of HST3-M12 EAB”,
‘‘HST3-M10 EAB on the edges”, and ‘‘HST3-M12 EAB on the edges”,
respectively. For example, BEM10H refers to a beam strengthened
with AA plates using epoxy and a high number of HST3-M10 EAB. It



Table 1
Test matrix and FE model designation [27].

Specimen Designation FE Model Designation Anchorage EAB details EAB layout

Epoxy EAB Spacing (mm) Diameter (mm) Embedment Depth (mm) Series Edge

CB CB-FE – – – – – – –
CBE CBE-FE

p
– – – – – –

BEM10H BEM10H-FE
p p

100 10 65
p

–
BEM10L BEM10L-FE

p p
200 10 65

p
–

BEM12H BEM12H-FE
p p

100 12 80
p

–
BEM12L BEM12L-FE

p p
200 12 80

p
–

BM10H BM10H-FE –
p

100 10 65
p

–
BM12H BM12H-FE –

p
100 12 80

p
–

BEM10E BEM10E-FE
p p

100 10 65 –
p

BEM12E BEM12E-FE
p p

100 12 80 –
p

Fig. 2. MF-AAP specimen details [27].

Fig. 1. RC beam details and load setup [27].
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Table 2
EAB mechanical and geometric properties [27].

EAB Detailsa HST3 M10 � 90 HST3 M12 � 105

futa (MPa) 800 800
Ase,V (mm2) 58 84.3
do (mm) 10 12

a : futa: tensile strength; Ase,V = area of EAB sleeve; do = diameter of EAB.
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is worth mentioning that the experimental program consisted of
replicas for all of the specimens except CB, CBE, BEM10E, and
BEM12E. A detailed overview of the experimental program and test
parameters is reported in [26].

Fig. 2 shows the different anchorage approaches adopted during
the strengthening preparations in [26], where Fig. 2(a) describes
specimens BEM10L/H and BEM12L/H, and Fig. 2(b) describes spec-
imens BEM10E and BEM12E. The EAB consist of expansion sleeves
at their ends to promote rigid interlocks between the EAB and
inner concrete aggregates. This mechanism prevents premature
failures like EAB-pullout or EAB-pryout and was accounted for dur-
ing the model development. Table 2 presents the EAB mechanical
and geometric properties that were used during this study. It is
worth mentioning that the installation of bolts was conducted such
that the bolts did not interfere with the internal steel reinforce-
ment to prevent galvanic corrosion [26,27].

3. FE model description

This section describes the element definition, material proper-
ties, and modeling techniques followed herein. Fig. 3(a) shows
the side view of a typical developed FE model, where two planes
of symmetry where identified; at the mid-span of the model and
at the center of the cross section, as shown in Fig. 3(b). Restraining
Fig. 3. Typical FE m
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at both planes of symmetry reduces the number of elements and
equations needed to converge to the solution, which greatly sim-
plifies the computation and significantly reduces the analysis time
[28].
3.1. Element definitions

The elements for each tested specimen were defined separately
using the FE element database stored inside the ANSYS environ-
ment [33]. Each element was selected based on the mechanical
characteristics exhibited by the material during testing. For
instance, concrete was modeled using SOLID65 elements, since it
crushes in compression and cracks in tension [33]. The SOLID65
elements also have the capabilities of visually demonstrating the
cracking-patterns at each load-step [33]. The internal steel rein-
forcing bars were all treated as truss elements that resist compres-
sive and tensile stresses. Therefore, LINK180 3D spar elements
were used to capture this uniaxial compression-tension behavior
[33]. The AA plate, loading and supporting plates, and EAB were
modeled using SOLID185 elements [33], since similar techniques
were observed in other studies involving RC beams strengthened
with AA plates [11,14]. Finally, epoxy was modeled using
INTER205 elements to help simulate the delamination between
the AA plate and concrete surface during the load steps [33]. Sev-
eral published FE-related articles have successfully implemented
delamination simulations using INTER205 elements [11,14,15].
The MF-AAP specimens with un-bonded AA plates, BM10H and
BM12H, were modeled using TARGE170 and CONTA174 elements
[33]. The CONTA174 elements are responsible for simulating both
contact and sliding interactions between the TARGE170 elements
[33]. This target-contact interface was defined using a pair-base
contact argument in which both elements were assumed to behave
odel schematic.



Fig. 5. Bi-linear stress–strain curve of AA plate.

O.R. Abuodeh, R.A. Hawileh and J.A. Abdalla Computers and Structures 253 (2021) 106573
in a flexbile-flexible interaction with a coefficient of friction value
of 0.3 [33].

3.2. Material constitutive laws

The material properties employed within the elements assisted
the FE models in exhibiting their nonlinear behavior during load-
ing. Idealized stress–strain curves obtained from unique constitu-
tive laws were used when defining the material properties. Fig. 4
shows the idealized stress–strain curves employed for the concrete
elements, where Fig. 4(a) defines the concrete in compression and
Fig. 4(b) represents the concrete during tension. The concrete com-
pressive response curve was modeled using the following relation-
ship developed by Hognestad et al. [35]:

f c ¼
f 0cc � 2�ec

eco � ec
eco

� �2
� �

; for 0 6 ec 6 eco

f 0cc � 0:15�f 0cc
ecu�ecoð Þ � ec � ecoð Þ ; for eco 6 ec 6 ecu

8><
>: ð1Þ

where fc = concrete compressive stress, f’cc = concrete cylinder
compressive strength taken as 36 MPa [26], ec = concrete strain,

eco = concrete strain corresponding to f’cc eco ¼ 2f 0cc
Ec

� �
, ecu = strain

at concrete crushing taken as 0.0038, and Ec = Young’s modulus

of elasticity taken as Ec ¼ 4700
ffiffiffiffiffiffiffi
f 0cc

q
[34]. The concrete Poisson’s

ratio was assumed to be ms = 0.2. Furthermore, the concrete tensile
response was modeled using an elastic linear line up to tensile rup-

ture of f t ¼ 0:62
ffiffiffiffiffiffiffi
f 0cc

q
[36]. Afterwards, the tensile strength exhib-

ited a 40% drop in capacity (0.6ft) followed by an inversely linear
line that reaches a tensile stress of 0 MPa at 6et, where et is the con-
crete tensile strain corresponding to ft.

The yield strength values of the internal steel reinforcement for
both the longitudinal and transverse steel bars were reported as
550 MPa [26]. These values were used in the stress–strain response
curves of steel by assuming a perfectly elastic plastic behavior. Sev-
eral numerical studies involving FE model development of retro-
fitted RC members have used this assumption [11,28,29].
Moreover, the Young’s modulus of elasticity was input as
Es = 200 GPa and the Poisson’s ratio was input as ms = 0.3. Since
some of the MF-AAP specimens failed in plate rupture (PR), the
stress–strain response of the AA plates was modeled using a bi-
linear relationship. Fig. 5 presents the idealized stress–strain curve
that was input for the AA plate elements, where the curve starts
with a linear elastic increase up to the measured yield strength,
150 MPa [26], followed by another linear increase up to the mea-
sured ultimate tensile strength, 300 MPa [26]. This assumption will
help capture the load step corresponding to PF failure; indicating
(a) Compressive stress-strain curve. 

f’cc = 36 MPa 

εco
εcu

ft =

Fig. 4. Idealized stress–strain curves em
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whether the FE model simulated the fracturing behavior of the
tested specimen. The Young’s modulus of elasticity and Poisson’s
ratio of the AA plate elements were input as Es = 70 GPa and
ms = 0.33 [26].

The epoxy adhesive’s mechanical properties were reported as
80 MPa, 40 MPa, 8000 MPa, 4000 MPa and 30MPa for the compres-
sive strength, flexural strength, modulus of elasticity under com-
pression, modulus of elasticity in flexural, and tensile strength
[26]. Furthermore, the process of delamination was simulated
using a bond stress-slip model that accounts for the mechanical
and geometric properties of the concrete, steel reinforcement,
and composite material used during the test. In this paper, the
bond-slip model developed by Lu et al. [37], shown in equation
(2), was adopted to generate the curve shown in Fig. 6. The model
assumes an increasing segment up to an ultimate shear stress
(smax) corresponding to a slip (so), followed by an exponential
decay until the failure slip (sf). The failure slip was assumed to
equal four times so(4so), similar to previous studies [30,31,38].
The bond-slip parameters smax and so were evaluated using Equa-
tions (3) – (7) proposed by Lu et al. [37].

s ¼
smax �

ffiffiffi
s
so

q
; for s 6 so

smax � e�a s
so
�1ð Þ; for s > so

8<
: ð2Þ

where

smax ¼ 1:5 � b � f t ð3Þ

so ¼ 0:0195 � bw
2 � f t ð4Þ
(b) Tensile stress-strain curve.

 3.72 MPa

εt

ployed for the concrete elements.



τmax

so sf

Fig. 6. Shear stress-slip model for INTER205 elements.

Fig. 7. EAB elements for MF-AAP specimens.

Fig. 8. CONTA174 and TARGE170 element assignments.
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a ¼ 1
Gf

smaxso
� 2

3

ð5Þ

Gf ¼ 0:308 � b2
w � f t ð6Þ

bw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:25� bf

bc

1:25þ bf
bc

vuut ð7Þ

where s = slip between the concrete soffit and AA plate, bw =-
width ratio factor, a = factor depends on interfacial rupture energy,
bond strength, and slip at peak, Gf = interfacial rupture energy, bf =-
width of AA plate, and bc = width of concrete section.

3.3. Modeling techniques

All elements were discretized such that the nodes between each
unique element coincide with each another. This granted ideal load
transfer across the nodes and greatly reduced computation com-
plexity. The specimens that were EB with AA plates were meshed
using the cohesive zone material (CZM) model. The CZM model is
a function of the traction and the slip between the strengthening
material and its host, such that the bond stress-slip curve gener-
ated in the previous section was incorporated to induce fracture
mechanisms within the INTER205 elements. The thickness of
epoxy was assumed to equal 1 mm, similar to previous studies.

Furthermore, the volume of EAB in the models that were MF
with bonded/un-bonded AA plates were assumed to be uniform
cylinders, where the expansion sleeve part was merged with the
surface of the concrete. This simulated the rigid interlock between
the EAB and concrete. Moreover, the 3 mm segment of the EAB that
goes through the AA plate was also merged to the plate elements to
simulate the bolting mechanism. The symmetry planes in the lon-
gitudinal and transverse directions were situated at the center of
the EAB direction. Therefore, the EAB at mid-span of the models
were constructed as quarter cylinders and the EAB away from
the mid-span of the models were constructed as semi-cylinders,
as shown in Fig. 7.

The contact between the AA plate and concrete surface in spec-
imens BM10H and BM12H was modeled using contact-target ele-
ments, as shown in Fig. 8. This was assumed throughout the
entire plate such that the shear strength induced by the friction
between the surfaces of the AA plate and concrete were accounted
for during the analysis. On the other hand, the contact between the
AA plate and concrete in the MF specimens with bonded AA plates
was modeled using INTER205 elements, where the INTER205 ele-
ments were not modeled throughout the length of the plate. This
6

is because the CZM command is unable to be executed when there
are elements other than the INTER205 elements. Therefore, a
20 mm horizontal gap was left such that the EAB were able to be
merged within the concrete and AA plate while not interfering
with the CZM command assigned within the INTER205 shell ele-
ments, as shown in Fig. 9, where Fig. 9(a) shows the FE models
of specimens MF across the AA plates and Fig. 9(b) shows the FE
models of the specimens MF at the edges of the AA plates.
3.4. Convergence criterion

During displacement controlled loading, ANSYS automatically
treats each user–defined displacement as a unit–step to evaluate
the nodal stresses and strains within the element. The numerical
solver used to help the model achieve convergence was the New-
ton–Raphson method where, the solver iteratively reduces the
time-step (displacement) until a solution is found. Afterwards, it
iterates to the next step such that the numerical solver begins eval-
uating the problem until convergence is achieved. However, ANSYS
requires a user-defined convergence tolerance to abide by. Typi-
cally, this value would range between 0.05 and 0.2 [11]. Therefore,
in this study, the force convergence tolerance limit value was taken
as 0.1.



(a) Epoxy for specimens BEM10H/L and BEM12H/L. 

(b)  Epoxy for specimens BEM10E and BEM12E. 

Fig. 9. Contact simulation for MF-AAP specimens with epoxy.

Fig. 10. Mesh sensitivity analysis for model CB-FE.
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3.5. Failure criteria

The analysis of each model was stopped based on the type of
failure exhibited. In this study, the failure modes demonstrated
during testing were: concrete crushing (CC), plate rupture (PR),
end-debonding (ED), and intermediate-crack debonding (IC). These
failure modes can be numerically distinguished by monitoring the
stress and strain propagation of each element. During the tests, all
of the beams exhibited crushing prior to their unique failure
modes. This helped define a criterion for which the analysis should
terminate until crushing and one of the three latter imposed failure
modes. These failure modes were defined as:

1. Flexural failure (FF), which is when steel yielding occurs fol-
lowed by concrete crushing. Crushing of concrete was defined
once the third principal strain in the top compression elements
at mid-span of the FE model exceeds �0.003 (negative and pos-
itive signs indicate compressive and tensile stresses/strains).

2. Plate rupture (PR), which is defined when the first principal
strain of the AA plate exceeds + 0.22, which is the ultimate
strain of the AA plate during the experiment conducted by
authors of this study [26,27]. It is worth mentioning that steel
yielding followed by concrete crushing also occurred for speci-
mens that were MF.

3. End-plate debonding (EPD), which is defined as the shear stress
at the ends of the plates that exceeds 5.90 MPa, as per smax

demonstrated in Fig. 6. This particular failure mode occurred
for the specimen that was EB with an AA plate prior to EPD,
where steel yielding followed by concrete crushing occurred.
Table 3
Number and size of concrete elements during analysis.

No. Model Designation Mesh Size (mm � mm � mm)

1 CBcourse 20 � 20 � 20
2 CBfine 10 � 5 � 5
3 CBoptimum 10 � 10 � 5

7

4. Local-plate debonding (LPD), which is similar to failure criteria
(3) but at mid-span of the plate. Similarly, steel yielding fol-
lowed by concrete crushing was demonstrated prior to LPD.

The models that exhibited failure modes (3) and (4) were not
fully analyzed due to rigid body motion of the plate. This poses a
programmatic problem for ANSYS in which insufficient number
of constraints is unable to prevent rigid body motion. Therefore,
the results of these models were extracted at the final load incre-
ment, before terminating the analysis.
4. Results and discussion

4.1. Mesh sensitivity analysis

The FE model’s discretization was carried out by constructing
three models simulating specimen CB (CB-FE) with different ele-
ment mesh sizes. These models were designated CBcourse, CBfine,
and CBoptimum in which each model was analyzed during a certain
time period, to obtain an efficient model in terms of both accuracy
and computation expense. Table 3 shows the three models that
were used during this approach, where the mesh size of each ele-
ment, number of concrete elements, and time of analysis was tab-
ulated. It is worth mentioning that the mesh size selection was
based on nodal intersections throughout each model such that
ideal stress transfer is induced between the elements. The number
of concrete elements were demonstrated to understand the size of
the problem being solved. As a result, CBcourse took the least time,
1749 sec, due to the least number of equations (elements) solved,
whereas CBfine took the longest time, 3835 sec. The accuracy was
assessed by plotting load versus mid-span deflection curves of
the three models against that of the tested specimen (CB), as
shown in Fig. 10. It was observed that the curve in model CBcourse

strongly deviated away from that of specimen CB, while models
CBfine and CBoptimum have demonstrated negligible difference.
Therefore, CBoptimum was selected as the final model since it con-
tains a lower number of equations than that of CBfine and a better
correlation than that of CBcourse.
Number of Concrete Elements Computation Time (sec)

1656 1749
52,992 3835
26,496 2443
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4.2. Model validation

The predictions made in each model were extracted and com-
pared to the measurements taken during the test. This step was
to ensure the model is simulating the nonlinear behavior of the
tested specimens to present practical strain and stress contour
plots along the models, without physically measuring them. In
addition, model validation assisted the authors of this paper in tak-
ing a step forward and performing parametric studies that could
serve as a guide for structural engineers in design situations.
Details regarding this approach will be covered in the following
sections.

4.2.1. Failure modes and cracking patterns
The tested specimens all failed by crushing of concrete and

yielding of steel [26,27]. However, plate rupture (PR), end-plate
debonding (EPD), and local-plate debonding (LPD) were observed
Fig. 11. Failure modes and cracking patter
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for different anchorage systems. For example, specimen CBE
demonstrated EPD followed by a drop in its loading capacity at
low deflections, whereas specimens BEM10E and BEM12E demon-
strated LPD after resisting significant deflections during the test.
The remaining specimens that consisted of linear EAB layout failed
in PF at the location of the EAB. Clear flexural cracks were observed
for all of the specimens except specimen CBE due to premature
failure at a lower deformation. Model CB-FE was able to exhibit
flexural crack and concrete crushing similar to that of specimen
CB, as shown in Fig. 11(a), and models CBE-FE, BEM10E-FE, and
BEM12E-FE were able to simulate the nonlinear failure modes like
EPD and LPD, as shown in Fig. 11(b)–(d). These failure modes
involved rigid body motion; thus, the models were unable to con-
tinue analyzing and viewed the scaled full distance traveled by the
plate (i.e. the solution diverged). The predictions made by these
models were extracted at the final load step, where this served
as the first step in validating the predictions in the following
ns of selected specimens and models.
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sections. It is worth mentioning that the specimens that consisted
of a linear EAB layout were verified in terms of strain predictions
discussed in the following section.

4.2.2. Load-strain response curves
Fig. 12 shows the load–strain response plots obtained from the

FE models and tested specimens. It can be observed that good
agreement exists between the predicted and experimental curves.
Moreover, all of the models numerically simulated concrete crush-
ing and steel yielding at peak loads. Models BM10H-FE, BM12H-FE,
BEM10H-FE, BEM12H-FE, BEM10L-FE, and BEM12L-FE have
numerically predicted AA plate rupture at strain predictions of
0.22. Therefore, other predictions made by these models were
extracted until the load step where AA plate rupture was evident.
This is not observed during the test since the strain gauges mal-
functioned slightly after plate yielding due to excessive deforma-
tion in both the plate and strain gauge instruments [26]. It is
worth mentioning that the scale of the plots was maintained
between �0.005–+0.015 such that the large strain predictions in
(a)Curves for CB and CB-FE. 

(c) Curves for BM10H and BM10H-FE.

(e) Curves for BEM10H and BEM10H-FE.

Fig. 12. Load versus mid-span strain betw
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the AA plate do not hide the concrete and steel strain curves in
the Fig. 12.

Furthermore, the MF-FE models were capable of predicting lar-
ger aluminum strain values than model CBE-FE, indicating larger
deformations and increased curvature. The increased curvature
allows the sections to resist larger tensile and compressive stresses
in the longitudinal steel reinforcement and top concrete compres-
sion fibers. These MF models exhibited larger strength and ductil-
ity, as shown in Fig. 12(b)–(j).

4.2.3. Load-deflection response curves
Fig. 13 shows the load versus mid-span deflection curves of the

models analyzed with respect to the tested specimens in [26]. It is
clearly indicated that good agreement exists between the pre-
dicted and experimental load versus mid-span deflection curves.
These curves were generated up until the program terminated,
due to EPD/LPD of the plate, or until PF as shown Fig. 12(b)–(h).
This comparison provided a final verification of the models such
that they were able to simulate the non-linear load–deflection
(b)Curves for CBE and CBE-FE. 

(d) Curves for BM12H and BM12H-FE.

(f) Curves for BEM12H and BEM12H-FE.

een FE models and tested specimens.



(g) Curves for BEM10L and BEM10L-FE. (h) Curves for BEM12L and BEM12L-FE.

(i) Curves for BEM10E and BEM10E-FE. (j) Curves for BEM12E and BEM12E-FE.

Fig. 12 (continued)
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response demonstrated by the strengthened specimens during
testing. The FE models were successful in predicting the strength
gain achieved in specimens that were strengthened using AA plates
without any significant reduction in ductility.

The presence of EAB in both the models and tested specimens
helped in exhibiting larger ductility than those that were strength-
ened using only EB AA plates without EAB (CBE and CBE-FE). It was
observed that larger sized EAB increased the ultimate load-
carrying capacity of BM12H-FE when compared to BM10H-FE, as
shown in Fig. 13(b), where BM12H-FE behaved similar to the mod-
els that were strengthened using MF and EB AA plates. Therefore,
using larger EAB without any epoxy had the same strength gain
as those strengthened with MF and EB AA plates.

Furthermore, the EAB layout influenced the ductility of the
models where using EAB as end-anchors allowed the section to uti-
lize a larger segment of the AA plate when compared to the linear
EAB layout. By using larger EAB at the ends of the plates, BEM12E-
FE demonstrated the most efficient load versus deflection curves
whereby both the strength and ductility exceed that of the un-
strengthened specimen. These findings can guide retrofit engineers
in the design for supplementing flexural members with both
strength and ductility gains. It is worth mentioning that the initial
stiffness exhibited by the FE models relative to that of the tested
specimens was due to the plate slip that would occur in the exper-
iment. As a result, the load–displacement curve would soften at a
higher rate than those of the model.
4.2.4. Summary and comparison of results
Table 4 presents a brief summary of the predicted and exper-

imental results. It was observed that all FE models were able to
predict the peak load and corresponding deflection with absolute
percentage errors less than 7%. Model CB-FE recorded a maxi-
mum deviation of 6.23% in peak load prediction from that of
10
the experiment, whereas model BEM10E-FE recorded a maxi-
mum deviation of 6.71% in deflection at peak load from that of
the experiment. Moreover, all FE models were successful in cap-
turing the failure modes observed from the specimens during
testing. By implementing this robust model validation approach,
the authors of this paper can trust these models such that the
model behavior, in terms of stress and strain propagations
throughout the model, could be studied while conducting an
extensive parametric study on the different properties of an
AA-strengthened RC member.
5. Model behavior

5.1. Plate contribution

Fig. 14 shows the first principal strain contour plots along the
plates’ directions for models BEM12H-FE, BEM12L-FE, and
BEM12E-FE. These models were selected to investigate the effect
of the EAB layout used on the strain distribution in the plates. It
was observed that models BEM12H-FE and BEM12L-FE demon-
strated PF failures at mid-span of the beam perpendicular to the
bolt, as shown in Fig. 14(a) and (b), by reaching the previously
imposed ultimate strain value of 0.22. In addition, strain concen-
trations were located at the EAB within the vicinity of the loading
plates, which indicated poor contribution of the entire plate length
at peak load. This also affected the ductility of the specimens since
a relatively small plate length was resisting the bending stresses;
leading to PF. However, model BEM12E-FE mitigated these draw-
backs by utilizing the un-anchored length of the AA plate within
the vicinity of the loading plates. Thus, demonstrating strain distri-
bution along a larger length of the plate, as shown in Fig. 14(c). It is
worth mentioning that LPD occurred before PF, therefore, the plate
did not initiate any fracturing behavior. Larger plate contribution



(a) Specimens CB and CBE. 

(b) Specimens BM10H and BM12H.

(c) Specimens BEM10H and BEM12H.

Fig. 13. Load versus mid-span deflection curves for FE models versus tested specimens.
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indicated more strain distribution thereby allowing the beam to
resist larger deformations and demonstrated significant ductility
gains compared to the other models.

5.2. Local behavior

The local behavior of the anchors was also investigated in the
context of strain distribution in both � and y directions as well
as the concrete crack within their vicinity. For brevity, model
BEM12E-FE was selected since it exhibited substantial strength
gains and ductility during testing [26,27]. Fig. 15 shows the strain
contour plots in the � (longitudinal) and y (vertical) directions. It
can be observed that the anchors experience greater strain magni-
tudes in the bottommore than the top, which is expected since the
AA plate is situated in the bottom region of the anchors. Moreover,
these magnitudes continue to increase as the anchors are placed
closer to the vicinity of loading, as shown in Fig. 15(a), where the
11
maximum strain magnitude was observed to be 0.0250. Therefore,
when implanting/designing such strengthening configurations, it is
important to be cognizant of the locations of these anchors to pre-
vent significant stress concentrations that could otherwise result in
local bearing or anchor shearing failures.

The strain contour in the y direction was also extracted, as
shown in Fig. 15(b), where the strain magnitudes were higher in
the top of the anchors than the bottom, unlike what was observed
in Fig. 15(a). However, these values were way lower than those
observed in Fig. 15(a) where the maximum tensile strain magni-
tude was 0.00350, smaller by a factor of ~ 10. In addition, the
anchor exhibits a maximum compression at the extreme bottom;
indicating that they are behaving like fixed beam elements where
the point at which the AA plate is bearing against causes the EAB
region at fixture to pull out. This mechanism results in tensile
strain at the region of fixture and compression due to AA plate
bearing. Similar to the plot in Fig. 15(a), these stresses increase



Fig. 13 (continued)
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as the anchors get closer to the vicinity of loading, as shown in
Fig. 15(b).

Furthermore, concrete crack distribution at the bottom view of
model BEM12E-FE was extracted to investigate the effect of imple-
menting anchors on concrete crack propagation, as shown in
Fig. 16. It is worth mentioning that the red and blue colored dots
represent the first and second cracks, respectively, where the first
crack results from concrete reaching its tensile strength at a given
loading and the second crack results in the first cracks widening
due to increased loading. It can be observed that most of model
BEM12E-FE is covered with red dots at the extreme bottom fibers
since the concrete elements have reached their tensile strength at
maximum loading. However, at the locations of the anchors, green
colored dots are also visible which indicate that concrete crack
widen within the vicinity of the anchors. Similar observations were
reported during the experiment [26,27].

6. Anchorage contribution

Fig. 15 shows the shear stress distribution along the X-Z plane
between the soffit of the concrete beam and top of the AA plate.
For brevity, only models BM10H-FE, BEM10H-FE, and BEM10L-FE
were selected since these models capture the underlying differ-
ences in the anchorage systems. Model BM10H-FE demonstrated
the largest shear stress concentrations at the end-EAB compared
to the rest of the selected models, as shown in Fig. 15. This indi-
cated that the absence of epoxy forced the EAB to engage in main-
taining the plate from exhibiting EPD and increasing its
susceptibility to EAB-shearing in strengthening applications
involving stronger composite material (i.e., Carbon FRP compos-
ites). However, models BEM10H-FE and BEM10L-FE demonstrated
12
uniform shear stress distribution between the EAB and epoxy ele-
ments, as shown in Fig. 15(b) and (c), indicating increase engage-
ment of the anchorage system prior to failure.

7. Parametric study

7.1. FE model matrix

The validated FE models were extended to conduct a parametric
study to investigate the effect of varying the steel bar diameter on
three selected FE models (CB-FE, CBE-FE, and BEM12E-FE) and
increasing the AA plate grades on two selected FE models (CBE-
FE and BEM12E-FE) on the strength and ductility of the strength-
ened models. The purpose of selecting model CB-FE was to provide
a benchmark for the strength gain and ductility of models CBE-FE
and BEM12E-FE. Table 5 presents the test matrix used during the
parametric study where the prefixes ‘‘XX-FE”, ‘‘XXmm”, and
‘‘AAXXXX” refer to the FE model, steel bar diameter, and AA plate
grade used, respectively, and ϼs refers to the ratio of bottom longi-
tudinal reinforcement. The steel bars’ diameters varied between 10
and 16 mm and the aluminum grades used were AA5083, AA6061,
and AA7075 where their grades were obtained from Max Steels
[39], as shown in Table 5, with an elastic modulus of 70 GPa for
all AA plate grades. For example, BEM12E-FE-12 mm refers to
model BEM12E-FE reinforced with 12 mm steel bars and CBE-FE-
AA6061 refers to model CBE-FE externally strengthened with an
AA6061 plate. It is worth mentioning that a design check was car-
ried out for models CB-FE-10 mm, CB-FE-12 mm, CB-FE-14 mm,
and CB-FE-16 mm to maintain flexural deficiency in all of the
un-strengthened models, as per the design criteria imposed by
ACI 318–19 guidelines [34].



Table 4
Comparison between the FE predicted and selected experimental results.

Specimen FE Model Peak Load (kN) |% Error| Maximum Deflection
(mm)

|% Error| Failure Modesa

Experimental FE Experimental FE Experimental FE

CB CB-FE 64.2 60.2 6.23 17.4 17 2.3 SY, CC SY, CC
CBE CBE-FE 84.4 84 0.47 14.3 13.8 3.5 SY, CC, EPD SY, CC, EPD
BEM10H BEM10H-FE 83.5 80.9 3.11 15.5 15.1 2.58 SY, CC, PR SY, CC, PR
BEM10L BEM10L-FE 82.9 82.7 0.24 16.5 16 3.03 SY, CC, PR SY, CC, PR
BM10H BM10H-FE 76.9 72.8 5.33 17.1 16.2 5.26 SY, CC, PR SY, CC, PR
BEM10E BEM10E-FE 82.6 83.8 1.45 14.9 13.9 6.71 SY, CC, LPD SY, CC, LPD
BEM12H BEM12H-FE 84.2 82.2 2.38 18.7 17.7 5.35 SY, CC, PR SY, CC, PR
BEM12L BEM12L-FE 82.2 82.6 0.49 16.3 15.6 4.29 SY, CC, PR SY, CC, PR
BM12H BM12H-FE 83.6 79.6 4.78 19.9 19.9 0 SY, CC, PR SY, CC, PR
BEM12E BEM12E-FE 86.1 88.9 3.25 21 19.7 6.19 SY, CC, LPD SY, CC, LPD

a : SY = steel yielding; CC = concrete crushing; EPD = end-plate debonding; PF = plate rupture; LPD = local-plate debonding.

Fig. 14. First principal strain contour plots for selected FE models.
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7.2. Effect of steel bar diameter on load–deflection response curves

Fig. 16 shows the load versus mid-span deflection curves for the
models with different steel bar diameters. Model CB-FE responded
13
positively with strength gains when the diameters of the steel bars
increased, however, this allowed the model to fail at lower defor-
mations due to significant crushing of concrete. This was also
reported in a numerical study conducted by Hawileh et al. [29],
where an increase in the steel bars’ diameter increases the load-
carrying capacity of the beam while reducing its ductility. In addi-
tion, all of the un-strengthened FE models demonstrated steel
yielding (SY) followed by concrete crushing (CC)—according to
the failure criteria defined previously in this paper.

On the other hand, model CBE-FE responded negatively in terms
of both strength gain and ductility, as shown in Fig. 16(b), due to
EPD. It was observed that the increase in the steel bar diameter
accelerated EPD failure modes at earlier stages of loading; thereby
reducing the strength gain and ductility of the models. For exam-
ple, models CBE-FE-10 mm and CBE-FE-12 mm exhibited + 38.6%
and + 13.2% strength gains compared to models CB-FE-10 mm
and CB-FE-12 mm, whereas models CBE-FE-14 mm and CBE-FE-
16 mm exhibited �5.30% and �19.6% strength decay compared
to models CB-FE-14 mm and CB-FE-16 mm. As mentioned earlier,
the reduction in strength gain was also accompanied with a reduc-
tion in ductility, where models CBE-FE-10 mm, CBE-FE-12 mm,
CBE-FE-14 mm, and CBE-FE-16 mm exhibited –22.8%, �45.9%,
�43.5%, and �41.3% percentage ductility decay, respectively. This
is clearly demonstrated when observing the curves for models with
large steel bar diameters like CBE-FE-14 mm and CBE-FE-16 mm in
which only a linear increase is shown as opposed to the curves of
models CB-FE-14 mm and CB-FE-16 mm, shown in Fig. 16(a), in
which the curves plateau indicating a larger utilization of steel.
The failure modes experienced by each model was SY followed
by CC and EPD in models CBE-FE-10 mm and CBE-FE-12 mm, CC
followed by EPD occurred in model CBE-FE-14 mm, and only EPD
occurred in model CBE-FE-16 mm.

Fig. 16(c) shows that the implementation of EAB as end-anchors
with epoxy allowed most of the models (BEM12E-FE-10 mm,
BEM12E-FE-12 mm, and BEM12E-FE-14 mm) to maintain bi-
linear behavior in load-carrying capacity similar to those in
Fig. 16(a). For example, models BEM12E-FE-10 mm, BEM12E-FE-
12 mm, and BEM12E-FE-14 mm exhibited + 47.7%, +17.9%,
and + 6.58% strength gains, respectively, whereas model
BEM12E-FE-16 mm showed negligible strength gain. In addition,
percentage deflection gain was observed for models BEM12E-FE-
10 mm and BEM12E-FE-12 mm in which these models exhib-
ited + 16.4% and + 10.9% deflection gain, whereas models
BEM12E-FE-14 mm and BEM12E-FE-16 mm exhibited �6.60%
and �12.0% deflection decay. Although the strength and ductility
of the strengthened specimens are being reduced, the EAB in form
of end-anchors minimized these drawbacks. The failure modes
exhibited were SY followed by CC and LPD for models BEM12E-
FE-10mm, BEM12E-FE-12 mm, and BEM12E-FE-14mm and CC fol-
lowed by LPD for model BEM12E-FE-16 mm.



Fig. 15. Local Strain Behavior of Model BEM12E-FE.

Fig. 16. Crack pattern of bottom view in model BEM12E-FE.
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7.3. Effect of AA plate grade on load–deflection response curves

Fig. 17 shows the load versus mid-span deflection curves for
externally strengthened FE models (CBE-FE and BEM12E-FE) with
different AA plate grades. CB-FE-10 mm served as the control
model for evaluating the strength gains and ductility gain/decay
for the models in Fig. 17. In general, all of the models demonstrated
an increase in strength and a decrease in ductility when larger AA
plate grades were used. For example, models CBE-FE-AA5083, CBE-
FE-AA6061, and CBE-FE-AA7075 exhibited + 38.6%, +50.1%,
and + 55.3% strength gains, respectively, and –22.8%, �51.1%, and
�54.5% ductility decay, respectively. The ductility is inadequate
for the models with larger AA plate grades due to EPD at early
stages of loading. In Fig. 17(a), the CBE-FE models were terminated
due to EPD failure in which SY followed by CC and EPD occurred in
14
models CBE-FE-AA5083 and CBE-FE-AA6061, whereas only EPD
occurred in model CBE-FE-AA7075.

On the other hand, the models in Fig. 17(b) exhibited larger
strength gains and ductility when compared to the models in
Fig. 17 (a). For example, models BEM12E-FE-AA5083, BEM12E-
FE-AA6061, and BEM12E-FE-AA7075 exhibited + 47.7%, +54.4%,
and + 69.3% strength gains, respectively, and + 16.4%, �3.76%,
and �19.9% ductility gain/decay, respectively. Therefore, the
implementation of EAB as end-anchors allowed the models to fully
utilize the AA plates such that the models were capable of resisting
loads at higher deformations that those in Fig. 17(a). Unlike the
increase in the diameter of the steel bars, the increase in the AA
plate grade had a positive impact on the strength gain in the model
BEM12E-FE.

7.4. Summary and discussion of results

A brief summary of the results discussed in the previous sec-
tions is shown in Table 6. It can be concluded that the reduction
in strength gain and ductility due to the increase in steel bar diam-
eter was minimized when EAB was used as end-anchors in RC
beams strengthened with AA plates. Moreover, larger AA plate
grades performed better in the model with EAB as end-anchors
(BEM12E-FE) than the model strengthened with EB AA plates
(CBE-FE). Fig. 18 summarized the findings of this parametric study
where model BEM12E-FE outperformed model CBE-FE despite the



Table 5
Test matrix used in parametric study.

Model Designation Geometric Details (mm) Reinforcement D

Depth (mm) Width (mm) Bar diameter (m

CB-FE-10 mm 240 125 10
CB-FE-12 mm 240 125 12
CB-FE-14 mm 240 125 14
CB-FE-16 mm 240 125 16
CBE-FE-10 mm 240 125 10
CBE-FE-12 mm 240 125 12
CBE-FE-14 mm 240 125 14
CBE-FE-16 mm 240 125 16
BEM12E-FE-10 mm 240 125 10
BEM12E-FE-12 mm 240 125 12
BEM12E-FE-14 mm 240 125 14
BEM12E-FE-16 mm 240 125 16
CBE-FE-AA5083 240 125 10
CBE-FE-AA6061 240 125 10
CBE-FE-AA7075 240 125 10
BEM12E-FE-AA5083 240 125 10
BEM12E-FE-AA6061 240 125 10
BEM12E-FE-AA7075 240 125 10

Fig. 17. Shear stress contour plots in the X-Z plane for selected FE models.
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drawbacks associated with the increase in steel bar diameters or
aluminum grades.Fig. 19.Fig. 20.

8. Summary and conclusion

This study focused on numerically modeling results of previous
tests, carried out by the authors, to numerically investigate the
effect of using mechanically fastened (MF) and externally bonded
(EB) aluminum alloy (AA) plates on the flexural enhancement of
RC beams. Detailed comparisons of load versus displacement
curves, load versus strain curves, and failure modes were carried
out against those observed during the test. This helped in validat-
ing the models and enabling the authors to further assess stress
and strain propagations along the elements without the expense
of conducting additional tests. Finally, a parametric study was car-
ried out to study the effect of varying the steel bar diameters and
AA plate grades on the flexural response of the models. The follow-
ing conclusions can be drawn from this study.

1. Accurate material and element definitions allowed the FE
models to simulate the flexural response observed in the
experiment by means of reproducing relatively similar load
versus displacement curves, load versus strain curves, and
failure modes like end-plate debonding (EPD), local-plate
debonding (LPD), and plate rupture (PR). As a result, the
maximum deviation of the peak loads and deflection values
were 6.23 and 6.12%, respectively, compared to those
obtained from the experiment.

2. The inclusion of an interfacial bond stress-slip model
between the AA plate and concrete elements during loading
caused a rigid body motion to occur in the AA elements such
that debonding was observed. This forced the analysis to ter-
minate in a similar manner to what was observed in the
tests.

3. The first principal strain contour plots revealed that a linear
EAB layout can cause strain concentrations at the locations
of the bolts where the maximum strain achieved was at
the beam’s mid-span, thus, indicating a PF failure.
etails AA Plate Details

m) ϼs (%) Thickness (mm) Width (mm) Grade (MPa)

0.299 3 50 150
0.431 3 50 150
0.586 3 50 150
0.766 3 50 150
0.299 3 50 150
0.431 3 50 150
0.586 3 50 150
0.766 3 50 150
0.299 3 50 150
0.431 3 50 150
0.586 3 50 150
0.766 3 50 150
0.299 3 50 150
0.299 3 50 275
0.299 3 50 503
0.299 3 50 150
0.299 3 50 275
0.299 3 50 503



Table 6
Summary of results.

Model Designation Peak Load (kN) Ultimate Deflection (mm) Strength Gain/Decay (%) Deflection Gain/Decay (%) Failure modes

CB-FE-10 mm 60.2 17.0 – – SY, CC
CB-FE-12 mm 83.1 14.3 – – SY, CC
CB-FE-14 mm 109.2 11.7 – – SY, CC
CB-FE-16 mm 137.3 10.3 – – SY, CC
CBE-FE-10 mm 83.5 13.1 38.6 –22.8 SY, CC, EPD
CBE-FE-12 mm 98.3 7.7 18.2 �45.9 SY, CC, EPD
CBE-FE-14 mm 103.5 6.6 �5.3 �43.5 CC, EPD
CBE-FE-16 mm 110.3 6.1 �19.6 �41.3 EPD
BEM12E-FE-10 mm 89.0 19.8 47.7 16.4 SY, CC, LPD
BEM12E-FE-12 mm 98.0 15.9 17.9 10.9 SY, CC, LPD
BEM12E-FE-14 mm 116.4 10.9 6.58 �6.60 SY, CC, LPD
BEM12E-FE-16 mm 137.0 9.1 �0.21 �12.0 CC, LPD
CBE-FE-AA5083 83.5 13.1 38.6 –22.8 SY, CC, EPD
CBE-FE-AA6061 90.4 8.3 50.1 �51.1 SY, CC, EPD
CBE-FE-AA7075 93.5 7.7 55.3 �54.5 EPD
BEM12E-FE-AA5083 89.0 19.8 47.7 16.4 SY, CC, LPD
BEM12E-FE-AA6061 93 16.4 54.4 �3.76 SY, CC, LPD
BEM12E-FE-AA7075 102 13.6 69.3 �19.9 SY, CC, LPD

Fig. 18. Load versus mid-span deflection curves for models reinforced with different steel bar diameters.
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4. During loading, strain propagations in the
longitudinal � direction were observed to be maximum
at the bottom of the EAB where the AA plate is located
at, while the strain propagation in the vertical y direction
was maximum at the top of the EAB within the concrete
elements.
16
5. The EAB demonstrated beam-like behavior such that the
anchor exhibited maximum compression and tensile strains
at the bottom and top, respectively, of the anchors. This indi-
cated that the anchors are behaving like fixed beam elements
where the point at which the AA plate is bearing against
causes the EAB region at fixture to pull out; resulting in ten-
sion at the top of the EAB and compression at the bottom.



Fig. 20. Summary of relationships deduced during the parametric study.

Fig. 19. Load versus mid-span deflection curve for models with different aluminum grades.
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6. Concrete cracks at the soffit of the beam tend to widen at the
vicinity of anchors during maximum loading.

7. The model consisting of EAB as end-anchors demonstrated
large strain distributions along the un-anchored length of
the AA plate in which the segment within the vicinity of
the loading plates was significantly utilized at ultimate load-
ing conditions.

8. Using epoxy with EAB helped in enhancing the anchorage
system such that the shear stress concentrations at the plane
within the epoxy elements were re-distributed between the
EAB and epoxy elements. On the other hand, the models
17
strengthened with only MF AA elements experienced shear
stress concentrations on the location of the bolts at the ends
of the plates. Therefore, RC beams strengthened with larger
grades will require more EAB with epoxy to avoid shearing
of the EAB at ultimate loading conditions.

9. The strength gain and ductility of the models with increas-
ing steel bar diameters varied depending on the failure
modes exhibited. The models strengthened with EB AA
plates demonstrated significant reduction in both the
strength gain and ductility during loading, whereas the
model strengthened with EAB as end-anchors and EB AA
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plates showed less reduction in strength gain and ductil-
ity. Hence, shifting or postponing premature failure modes
helped minimize the drawbacks demonstrated by a typi-
cally strengthened FE model with larger steel bar
diameters.

10. The strength gain and ductility exhibited by the models with
higher aluminum grades also varied depending on the fail-
ure mode observed. The model strengthened with EB AA
plates demonstrated strength enhancements with poor duc-
tility, whereas the models that were strengthened with EAB
as end-anchors and EB AA plates demonstrated significant
strength enhancements and ductility.

The FE models validated in the present study can serve as a reli-
able platform for researchers and engineers to simulate the nonlin-
ear flexural behavior of RC elements strengthened with MF and/or
EB AA plates. Moreover, the generated diagrams could assist
researchers/engineers in determining a more efficient section
when designing such retrofitted specimens. Future works to
expand this study can be conducted by employing these FE models
to perform more tests and investigate the effects of different
parameters on their structural performance. The authors recom-
mend testing parameters like varying the number, spacing, and
grade of the EAB while adding or removing epoxy, and monitoring
their effects on the flexural capacity, ductility, and failure mode of
the FE models.
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