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Abstract.

In this study, high strength aluminum alloys (AA) plates are proposed as a new construction material for

strengthening reinforced concrete (RC) beams. The purpose of this investigation is to evaluate AA plate’s suitability as externally
bonded reinforcing (EBR) materials for retrofitting shear deficient beams. A total of twenty RC beams designed to fail in shear
were strengthened with different spacing and orientations. The specimens were loaded with four-points loading till failure. The
considered outcome parameters included load carrying capacity, deflection, strain in plates, and failure modes. The results of all
tested beams showed an increase up to 37% in the load carrying capacity and also an increase in deflection compared to the
control un-strengthened beams. This demonstrated the potential of adopting AA plates as EBR material. Finally, the shear
contribution from the AA plates was predicted using the models available in the ACI440-08, TR55 and FIB14 design code for
fiber reinforced polymer (FRP) plates. The predicted results were compared to experimental testing data with the ratio of the
experimentally measured ultimate load to predicted load, range on the average, between 93% and 97%.
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1. Introduction

Shear failure in reinforced concrete (RC) beams is a
catastrophic type of failure that usually happens suddenly
without any warnings and for that reason it is highly
recommended to ensure flexure strength governs in
concrete beams rather than shear (Jumaat et al. 2011). Shear
Deficiencies occur for several reasons, including
insufficient shear reinforcement, reduction in steel rebar
area because of corrosion, service load increase, or
construction defects (Mesbah and Benzaid 2017, Zhichao
and Hsu 2005, Adhikary and Mutsuyoshi 2005, Hawileh et
al. 2018, Khalifa and Nanni 2000, Triantafillou 1998, Al-
Sulaimani et al. 1994, Téljsten and Elfgren 2000, Chajes et
al. 1995). Externally bonded reinforcement (EBR), if
applied properly, provides an excellent solution in
upgrading the shear capacity of structural elements. The
most common techniques available for shear and flexural
strengthening of RC structures are bonding with steel
plates, FRP laminates or their hybrid combinations
(Chakrabortty and Khennane 2014, Sumathi and Vignesh
2017, Hawileh et al. 2014). These techniques have proven
to be effective in many studies and applications when
bonded externally as studied by several investigators
(Hosseinpour and Abbasnia 2014, Hosseinpour and
Abdelnaby 2015, Razavi et al. 2015, Esfandiari and
Esfandiari 2016, Abdel-Kareem 2014, Metwally 2014, Wang

*xCorresponding author, Professor
E-mail: rhaweeleh@aus.edu

Copyright © 2019 Techno-Press, Ltd.
http://www.techno-press.org/?journal=acc&subpage=7

and Su 2013, Ali et al. 2014, Abdul Samad et al. 2017, Wu
et al. 2012, Akroush et al. 2017, Aykac et al. 2013, Foster et
al. 2017, Baghi and Barros 2016, Hawileh et al. 2014,
Hawileh et al. 2015). On the other hand, few shortcomings
for the same techniques have been reported such as the low
corrosion resistance and the heavy weight of the steel plates
(Kissell and Ferry 1995, Abu-Obeidah et al. 2015) and the
lower thermal resistance and brittle behavior of the FRP
laminates (Hameed et al. 2018, Wu et al. 2012, Azam and
Soudki 2014). It is important to investigate new techniques
in strengthening RC structural components that could
extend the service life of the structure. Aluminum alloy
plates have high potential in serving as externally bonded
strengthened materials for both shear and flexure that could
overcome the reported shortcomings of FRP and steel if
applied properly.

Aluminum as a metal is considered to have the required
mechanical properties to function as a major structural
member in any system (Xing and Osman 2016, Szumigata
and Polus 2015). Some of the unique structural properties of
AA plates are being isotropic, ductile, high thermal
resistance, high corrosion resistance, and its high strength to
weight ratio. In addition, Researchers discussed some of the
AA types that have great potential to be used as externally
bonded reinforcement for concrete structures such as
aluminum alloy series 5000, 6000, and 7000 (Abdalla et al.
2016, Dursun and Soutis 2014). These alloys are usually
utilized in ship buildings, pressure vessels, aerospace
industries and some structural components for their high
tensile strength. Moreover, aluminum galvanic corrosion is
not an issue that could affect the durability of the
strengthening system or the composite, since this corrosion
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Fig. 1 Beam detailing and cross-section (all dimensions are in mm)

type only happens when soluble calcium chloride is present
in the concrete along with the aluminum is in direct contact
as discussed intensively in many studies (Jana and Tepke
2010, Editorial Report 1965, McGeary 1966, Linberg
1960). For this study, a layer of epoxy/resin is applied
between the concrete and the AA plates, which eliminates
the galvanic corrosion risk.

The literature review has revealed that strengthening
with AA plates is a promising technique for RC members
that should be further investigated. For instance, Rasheed et
al. (2017) strengthened ten flexural deficient concrete
beams with 2 and 3 mm AA plates and the results presented
showed that the beams’ flexural capacity was improved up
to 40% compared to the control un-strengthened specimen.
In addition to that, the current authors, in previous papers
studied the behavior of AA shear strengthened beams
experimentally and analytically (Abdalla et al. 2011, Abu-
Obeidah et al. 2012). Abdalla et al. (2016) in a previous
pilot study tested five shear deficient RC beams that were
externally strengthened in shear with AA plates. They
observed that the capacity of the strengthened specimens
has increased between 24-89% compared to the un-
strengthened beam. The shear capacity of the strengthened
beams was also predicted using the ACI440, FIB14, TR55,
and SMCFT design guidelines with the later one giving the
most accurate predictions. For the same specimens, 3D
nonlinear finite element (FE) models were also developed
to capture and predict the response of such strengthened
beams and close agreement between the predicted and
measured results was found at most of the stages of loading
(Abu-Obeidah 2012).

In addition to the applications in flexural and shear
strengthening, the AA plate’s bond-slip properties to
concrete was recently investigated (Abdalla et al. 2017,
Mirghani et al. 2017). The authors tested the bond stress-
slip behavior of AA plates bonded to concrete surface with
different AA surface roughness. This phenomenon directly
correlates to the plate effectiveness when utilized for

strengthening. Twelve specimens with six different surface
roughness were instrumented and tested under single shear
and the results showed that the bond stress, loading
capacity, and failure modes vary with the variation of the
surface roughness or the bonded length or both. The shear
capacity and maximum bond stress increased by 143.6 and
342.6%, respectively, for randomly grinded surface
compared with those of normal surface for a bonded length
of 75% of the plate. The work on this topic is still limited
and for that, this study aims to further investigate the
effectiveness and feasibility of using externally bonded AA
plates in strengthening eighteen shear deficient RC beams.
In particular the objectives are to: (1) investigate the effect
of externally bonded AA reinforcement ratio, spacing and
orientation on the load-carrying capacity, failure mode, and
deflection and (2) predict the AA shear contribution by the
different formulas developed for FRP in several codes and
compare it with the obtained experimental results.

2. Test program

The testing program focused on investigating the shear
performance of simply supported RC beams externally
strengthened with AA plates. A total of twenty shear-
deficient RC beams were tested under four point loading.
Two un-strengthened beams served as control beams and
eighteen beams were strengthened with AA plates. All
beams were strengthened with 3 mm thick AA plates on one
side of the beam’s specimen that was not reinforced in shear
by stirrups. The experimental variables included the total
plates length bonded on each side, spacing, and orientations
of the plates.

2.1 Strengthened speicmen details

A total of twenty rectangular reinforced concrete beams
were fabricated to be strengthened with stirrups in one side
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Fig. 2 Test matrix showing shear reinforcement scheme and spacing of AA plates

(#8 mm @ 50 mm) and shear deficient on the other side (no
stirrups), which restricts the AA plate’s application to be on
one side only as shown in Fig. 1. In flexure, the beams were
reinforced with 3#19 mm bars in the tension zone located at
a depth of 209 mm from the beam’s top surface. Two beams
were tested as reference specimens (no AA plates) and
eighteen were externally strengthened with AA plates as
shown in Fig. 2. All AA plates utilized have slenderness
(width/thickness) of 16.67. Also, all beams are 1840 mm
long by 150 mm wide by 250 mm deep with a span length
of 1690 mm. The shear span zone, which is 660 mm, begins
from the loading point and ends at the supporting point as
shown in Fig. 1.

Fig. 2 shows the detailed strengthening system adopted
in this study. The beam designation for each strengthened
beam is AAZST, where AA for Aluminum Alloy, Z for the
orientation angle measured from the longitudinal axis of the
beam, S for spacing with the digit 1, 2 or 3 to indicate
different spacing, and N for the spacing configuration
number of AA plates used to strengthen the beam. As
presented in Fig. 2, the specimens are designated as follow:

a) AA90S1 and AA90S2 designate beams strengthened

with 90° plates spaced at 100 and 65 mm center-to-

center (cc), respectively.

b) AA45S1 and AA45S2 designate beams strengthened

with 45° plates spaced at 150 and 75 mm, respectively.

¢) AA30S1 and AA30S2 designate beams strengthened
with 30° plates spaced at 150 and 75 mm, respectively.

d) AA0S1, AA0S2 and AAO0S3 designate beams

strengthened with 180° AA plates that are spaced at 25

mm for AAOS2 and 10 mm for AAQS3.

With the Exception of AAOS specimens, all specimens
were externally strengthened with 50x200x3 mm thick AA
plates with different orientations and horizontal spacing as
presented in Fig. 2. AA0S1, AA0S2 and AAO0S3 were
strengthened with 50x1000x3 mm at different vertical
spacing and quantities. For more consistent results, two
specimens were tested from each category of beams and the
average of the test results was adopted. The strengthening
procedure of the tested beams included surface preparation
by randomly grinding the shear face of the concrete beam
and the AA plates to create a rough surface and ensure
maximum bond stress. Then, epoxy resins are applied on
both surfaces and the plates are bonded to the concrete
surfaces.

2.2 Material properties

2.2.1 Concrete and steel reinforcement

The average compressive stress of the concrete used to
cast all the specimens was 37.2 MPa. Concrete cylinders are
made on site with the beams and were tested on the same
testing day for each beam specimen. For the steel
reinforcement, three 300 mm bars were tested at a rate of 10
mm/min with a gage length of 200 mm. The average yield
strength and modulus of elasticity was 590.4 MPa and
199.9 GPa, respectively.

2.2.2 Aluminum Alloy (AA) plate

Marine grade Aluminum Alloy (AA) 5083-H111 is the
type of AA plate utilized in this study. The chemical
composition of the AA alloy is summarized in Table 1. This
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Table 1 Chemical composition, physical and mechanical
properties of 5083-H111 aluminum alloy (Aalco Metals
Limited 2017)

Chemical Properties Physical and Mechanical

Properties
Chemical element % Present Property Value

Aluminum, Al 93.9% Density 2.65 g/cm3

Chromium, Cr  0.05-0.25%  Melting Point 570 °C
Copper, Cu 0.10% ETherm.a' 25x10° /K

Xpansion
Modulus of
0,
Iron, Fe 0.40% Elasticity 72 GPa
. Thermal
- 0,
Magnesium, Mg  4.0-4.9% Conductivity 121 W/m.I:
Electrical 0.058x10°
- 0,

Manganese, Mn  0.40-1.00% Resistivity om
Other (each) 0.0-0.05% Density 2.65 g/cm3
Other (total) 0.0-0.15% Proof Stress 125 Min MPa

Silicon, Si 0.0-0.40% Tensile Strength  275-350 MPa
Titanium, Ti 0.05-0250  Clongation 23%
A50 mm
Zinc, Zn 0.108% Shear Strength 175 MPa
- - Hardness Brinee 75 HB
mm =50mm ~ \
i Y -

AR ! = 3mm

cumm i _

(£ 12.5mm - "By

(a) Coupon specimen details
Fig. 3 Coupon tests of AA specimens

alloy is usually used in highly stressed welded assemblies,
dump truck boxes, vehicle bodies, rail cars, shipbuilding,
storage tanks, pressure, and cryogenic vessels (Aalco
Metals Limited 2017). The tensile strength, yield strength
and modulus of elasticity of AA plates are 288.6 MPa,
148.8 MPa, and 70.3 GPa respectively.

To verify the AA mechanical properties, three identical
specimens have been shaped, cut and prepared according to
the ASTM-B557M specification to perform coupon testing
as shown in Fig. 3. As presented, each coupon has a total
length of 200 mm, width of 20 mm and gauge length of 50
mm. Fig. 3 (b) and (c) show the specimens before and after
the tensile testing. It should be noted that all coupon
specimens failed within the gage length, as expected and
presented in Fig. 3(c).

The obtained stress-strain curves from the tensile test
results are presented in Fig. 4 and Table 2. The average
values for the yield strength, ultimate tensile stress and
modulus of elasticity are 148 MPa, 305.25 MPa and 71
GPa, respectively. The percentage difference in the
mechanical properties measured in the laboratory is within

Strain (mm/mm)

Fig. 4 Sample coupon results for AA5083-H111

Table 2 Aluminum properties

f, (MPa)  f,(MPa)  Elongation (%)
S1 135 302.2 35.3
S2 214.03 293.74 29.2
S3 131 308.29 32.2
Average 160.01 301.41 32.23
Specifications 148 288.60 20.9
Percent Difference (%)  8.11 4.44 54.23

10% difference when compared to the manufacturer’s
certificate. On the other hand, the percentage difference in
the elongation reached 54.23% which could indicates that
the manufacturer’s certificates are slightly conservative.

2.2.3 Epoxy adhesives

Sikadur-30LP was the epoxy utilized to bond the AA
plates to the shear span of RC beam specimens. It is a
Structural  two-component adhesive, based on a
combination of epoxy resins and especially designed for use
at higher temperatures between +25°C and +55°C. After
properly mixing the 2-components properly, the epoxy
should be applied within 30 to 60 minutes, which is the pot
life. The minimum expected compressive, flexural, and
shear strength of the epoxy adhesive at +25°C are 85, 25,
and 17 MPa, respectively as reported by the manufacturer.

2.3 Material properties

All the beams were tested under four point bending and
loaded monotonically using a digitally controlled
INSTRON 8806 Universal Testing Machine (UTM) that has
a capacity of 2500 kN, at a rate of 10 kN/min until failure.
In order to capture the AA plates strain during testing, strain
gauges were installed on some of the plates that are
expected to capture the highest stress according to their
location with respect to the shear crack. There are some
cases where the crack propagates around the plates instead
of penetration through it which presented in low strain
measurements as shown in Fig. 5. Two sizes of strain
gauges, 5 and 10 mm were installed at the same plate
orientation degree which is also presented in Fig. 5.

3. Results and discussion
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Fig. 5 Strain gauges installed on AA plates

Table 3 Summary of test results

% increase  poflections Ductility
Py Puag OFPy Index

overCB oy ou  Of of/ou o oy

CB1 119.40 118.40 - 511 5.11 5.11 1.00 1.00
CB2 117.40 - 3.83 6.51 7.01 1.08 1.83
AA90S1-1 139.53 129.47 18 5.74 574 575 1.00 1.00
AA90S1-2 119.40 1.0 546 5.46 6.78 1.24 1.24
AA90S2-1 126.48 137.06 7.0 6.96 6.96 6.96 1.00 1.00
AA90S2-2 147.63 25 6.16 7.82 9.09 1.16 1.48
AA30S1-1 143.48 140.06 21 590 7.70 7.80 1.01 1.32
AA30S1-2 136.63 15 4,70 8.20 9.70 1.18 2.06
AA30S2-1 126.48 124.78 7.0 480 4.80 5.40 1.13 1.13
AA30S2-2 123.08 6.0 419 5.00 552 1.01 1.32
AA45S1-1 129.45 146.12 9.0 6.10 6.10 6.80 1.11 1.11
AA45S1-2 162.79 37 6.29 8.23 9.57 1.16 1.52
AA45S2-1 145.17 151,50 23 5.67 7.96 10.02 1.26 1.77
AA45S2-2 157.83 33 6.69 6.69 7.20 1.08 1.08
AA0S1-1 132.19 130.04 12 482 747 8.04 108 1.67
AA0S1-2 127.89 8.0 6.65 6.65 6.85 1.03 1.03
AA0S2-1 140.47 148.74 19 596 5.96 6.54 1.10 1.10
AA0S2-2 157.00 33 771 7.71 826 1.07 1.07
AA0S3-1 160.74 159,51 36 548 7.76 8.43 1.09 154
AAQ0S3-2 158.27 34 6.76 6.76 6.95 1.03 1.03

The results for each specimen in terms of the ultimate
carrying capacity (P,), deflections at the flexural
reinforcement yield point (d,), at the ultimate capacity point
(6,) and at the failure point of the specimens (J;) which
correlates to 80% of the ultimate load are all provided and
summarized in Table 3. In addition, two ductility indices for
each specimen are calculated as an indication of the AA
plate’s effectiveness in improving the composite beam
deflection. The ratio of the deflection at failure to the
deflection at ultimate (J¢ d,) in the first ductility index and
the ratio of the deflection at failure to the deflection at yield
(ov/0,) is the second one. Although the indices showed
minor improvement in the ductility in most specimens, it is
still an important outcome in evaluating the proposed
material and technique. Generally, the AA plates
significantly increased the ultimate load-carrying capacity
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Fig. 6 Load-deflection response for (a) S1 and (b) S2
specimens

of the RC beams up to 37% over the control (un-
strengthened) beam. The deflection at ultimate load in the
strengthened specimens reached up to 8.23 mm, compared
with a deflection of 5.81 mm in the control beam,
representing a maximum increase of 41.6%. The structural
behavior of the beams is discussed in terms of load
deflection response and failure modes in the following
subsections.

3.1 Load-deflection and strain response curves

As presented in Figs. 6-10, the resulted load-deflection
and load-plate strain response curves of the strengthened
beams are almost bilinear, indicating the brittle nature of
most shear failures. Fig. 6 shows the effect of the
strengthening material orientation (AAO0, AA45, AA90,
AA30) on the load-deflection response of beams
strengthened with AA plates, compared with the control
beam. Two control beams (CB1, CB2) were tested and
failed in shear with a capacity of 117 kN and 119 kN,
respectively.

As shown in Fig. 6, the beams that were strengthened
with 0°, 90°, 30°, and 45° plates failed at ultimate maximum
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Fig. 7 Load deflection and strain results for AA90 beams (a)
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loads of 132.2, 139.5, 143.5, and 162.8 kN, respectively for
S1 specimens which correlates with an increase in the
ultimate load by 12, 18, 21, and 37%. For S2 beams, the 0°,
90° 30° and 45° specimens failed at maximum ultimate
loads of 157, 147.6, 126.7, and 157.8 kN, respectively for
S2 specimens which correlates with a percentage increase
by 33, 25, 7, and 33%. Based on these results, the beam
strengthened with 45° plates (AA45S1-2) experienced the
highest improvements in load (37% increase) and deflection
at ultimate compared to the control beam. For the same
specimen (AA45S1-2), the deflection at ultimate load
reached up to 8.23 mm, representing an increase of 41%
compared with the CB average deflection (5.81 mm). For
the other S1 and S2 specimens, the deflection increased up
to 32.7%, 34.6% and 41.1% for AAO, AA90 and the AA30
specimens, respectively compared to the control beam
average deflection. As observed, the increase in the plate’s
quantity did not correlate consistently with the specimens
shear capacity increase and this will be explained further in
the following sections.

Figs. 7-10 presents the load-deflection response of the
strengthened beams with the same orientation angle at
different spacing and quantities. As shown in Fig. 7,
AA90S1 specimens achieved an increase in the capacity up
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(b)
Fig. 8 Load deflection and strain results for AA30 beams (a)
Load deflection response for AA30S1 and AA30S2 beams

(b) AA plate Strain results for AA30S1 and AA30S2
specimen

to 18% compared to the control beam with no significant
change in deflection. However, the shear capacity increased
up to 25% when the beams were strengthened with 2 meters
(6.5 ft) of AA plates in AA90S2 specimens with an increase
in the deflection up to 34.6%. The maximum strain
measured by the strain gauges placed at two of the middle
AA plates of AA90S2-1 reached around 0.0004, as shown
in Fig. 7(b), which is less than 0.005, the average yield
strain for the AA plate (5083-111). On the other hand, the
load-deflection response for AA30 beams were unexpected
since AA30S1 (21% increase in P,, 60% in deflection)
specimens achieved higher capacity than AA30S2 (8%
increase) as shown in Fig. 8(a). The plates in AA30S2 did
not provide the support expected to upgrade the capacity
which was verified by the low strain measurements
achieved and presented in Fig. 8(b). The angle and length of
the plates in these specimens did not provide enough
development bonded length around the crack to support,
upgrade and reinforce the beam. Full depth long plates
would provide the maximum bonded length and higher
shear reinforcements for the deficient beams.

As stated earlier and presented in Fig. 9(a), AA45S
specimens achieved the highest increase in the shear
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30

capacity (37%) and deflection (41.65%), compared to the
control beam. The effectiveness of the 45° plates has been
also confirmed with the high strain measurements that were
observed on these plates at failure. Similarly to AA30
specimens, the reduction in the plates’ spacing (increase in
quantity) did not correlate consistently with the increase in
the specimens shear capacity which is directly because of
the lack of the full depth plates. For AAQS specimens, the
load-deflection and load-plate strain response of the
strengthened beams with different plates quantities are
presented in Fig. 10. As shown, the AAOS beams that were
strengthened with S1, S2 and S3 amount of plates failed at
ultimate maximum loads of 132.2, 157, and 160.74 kN,
respectively which correlates with an increase in the
ultimate load by 12, 33, and 36%. Moreover, the deflection
for AA0S1, AAO0S2 and AAO0S3 was increased by 28.6%,
32.7% and 33.6%, respectively. The AAQS ultimate load
showed consistent results with the specimens shear capacity
increase when S1 and S2 is compared. However, there was
no significant change in the capacity between AA0S2 and
AAQS3 specimens.

3.2 Failure modes

180

1
—.—CB H
=+— AA0S2-1 Loy
150 || = — AA0S2-2 v \ I
------ AA0S1-1 X
4- - AA0S1-2 :\,I
¥F— AA0S3-1 il
120 === AA0S3-2 o
z
£ -~
g % <
5
60 '~
30
0
0 2 4 6 8 10
Deflection (mm)
180 I T
150 —
= 120 — m
=
k=
@
S
5 90 - —
2
s
3
60
30 . . —+—AA0S1-1-SG [/
‘ -— AA0S1-2-SG
, ; —==— AA0S3-2-SG
0 | i I
0 0.0004  0.0008 0.0012  0.0016 0.002

Strain (mm/mm)

Fig. 10 Load deflection and strain results for AAOS beams
(a) Load deflection response for AAOS beams (b) AA plate
Strain results for AAOS

All AA strengthened beams failed by a diagonal tension
failure crack as presented in Fig. 11. The cracking initiated
with the appearance of flexural cracks. As the load
increased, a single inclined crack appeared in the shear
span, which progressed toward the load point and support
region, leading to a diagonal tension failure.

Fig. 11 (b) and (c) presents AA45 specimens before and
after failure. Fig. 11 (d) and (e) presents the shear crack
progression for AA90 specimens. The crack progressed
through the plates and caused partial-debonding for the
plates located close to the crack for AA90S1 beams and
full-debonding for the same plates in AA90S2 specimens.
Similarly, AA30S1 failure crack path went through the
plates without causing any partial or full-debonding and the
load carrying capacity increased by 25%. However,
AA30S2 specimen’s crack progressed around the plates, as
presented in Fig. 11 (f) and (g). This could have been
avoided and the plates would have been more effective if
they were provided in longer strips and were bonded at the
full depth of the section for all AA strengthened specimens.

AAOQS specimen’s failure cracks are presented in Fig. 11
(h) through (j). These specimens had the shear crack
progressed through the plates which caused partial and full-
debonding for most of them. The diagonal shear crack was
delayed and contained which resulted in 36% increase in
the ultimate capacity. Although the failure patterns for
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(a) Control beam

(b) AA45S1 Specimen before and after failure

« .

(c) AA45S2 Specimen before and after failure
s

(j) AAOS3 Specimen before and after;failure
Fig. 3 Failure modes for AA strengthened beams



Shear strengthening of deficient concrete beams with marine grade aluminium alloy plates 257

AA0S1, S2 and S3 were consistent, the improvements in
the ultimate capacity were as consistent. When two meters
of plates were used instead of one, the percentage upgrade
in the capacity increased from 12 to 34%. However, when
three meters were utilized, there was no significant change
in the ultimate load compared to the specimens with two
meters. Similarly to the AAOS results, using one meter of
45° plates in AA45S1 beams was effective enough to
increase the capacity up to 37%, which was not
significantly differently from specimens with two meters of
bonded AA plates.

4. Shear strength predictions for AA strengthened
beams

In recent years, many studies investigated shear
deficient RC beams strengthened with FRP experimentally
and analytically and many of these investigations have led
to several design models models (Carolin and Taljsten
2005, Islam et al. 2005, Khalifa et al. 1998, Carolin and
Téljsten 2005, Chaallal et al. 1998, Chajes et al. 1995, Chen
and Teng 2003, Triantafillou and Antonopoulos 2000, Chen
et al. 2017). Some of the proposed models have been
adopted in design guidelines like ACI-440.2R (2008), TR55
(2000) and FIB (2001). Most of these design models
assumes that the shear capacity of the FRP shear-
strengthened beams (V,) is a summation of the concrete
shear contributions (V.), stirrups contributions (Vs) and the
externally bonded FRP sheets or plates contributions (Vy),
based on simple superposition (i.e., V=V +VstVy).

Using the equations adopted by the American concrete
institute committee ACI 440 the international federation for
structural concrete and the concrete society in the UK codes
developed for FRP external reinforcement, the shear
capacity of AA shear-strengthened beams will be calculated
and compared to the experimental results. These equations
will be used as a benchmark to evaluate the capacity of such
beams and modifications will be recommended for better
results.

4.1 American concrete institute committee, ACI
440.2R

ACI 440.2R-08 is the American guide for the design and
construction of externally bonded FRP systems for
strengthening concrete structures. The following Egs. (1)-
(10), which is developed for RC beams strengthened with
FRP, has been used to predict the shear strength of the AA
strengthened RC beams. These equations are derived based
on an assumed crack pattern (Khalifa et al. 1998). In the
calculations, safety factors will be assumed to be 1.0 in the
design equations to predict the nominal shear capacity of
strengthened specimens.

Vn :Vc +Vs + ‘-PVf (1)
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4.2 International federations of structural concrete

According to FIB14, the following design Egs. (11)-(14)
are recommended to calculate the FRP contribution to the
shear capacity of RC beams. These equations are based on
the model of Triantafillou and Antonopoulos (2000).

Vrd =Ved Vi Vg (12)
where
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4.3 The concrete society in the UK

TR55 is the design guidance for strengthening concrete
structures using fiber composite materials in UK. The
following Egs. (15)-(23) is used to predict the shear strength
of RC beams externally strengthened with FRP sheets and
plates according to the TR55 design guidelines. The model
has been developed in accordance with Eurocode (BS EN
1992-1-1) terms and concept, and states that the shear
capacity of any concrete beam strengthened in shear with
FRPs shall be determined as follows

VRe =VRe TVRI * VRt (15)

where
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Table 4 Measured and predicted ultimate loads for all specimens

ACI 440 FIB 14 TRS55

Specimen* (glxe; ;Lil’kelg) Precék&/;f_l) Pexp/Ppre M('OA\A)F)’E Pl’e?l.(('\lN)o 9 Pexp/Ppre M('OA\A)F)’E Pl’e(ﬁl\(l?);.S) Pexp/Ppre M(/;SE
AA90S1 -1 139.53 117.97 118 15.45 126.00 111 9.70 94.58 1.48 32.21
AA90S1 - 2 119.40 117.97 101 1.20 126.00 0.95 5.52 94.58 1.26 20.79
AAQ90S2 - 1 126.48 163.49 0.77  29.26 156.20 0.81 23.50 217.65 0.58 72.08
AA90S2 - 2 147.63 163.49 0.90 10.74 156.20 0.95 5.81 217.65 0.68  47.43
AA30S1 - 1 143.48 118.09 122 17.70 132.74 1.08 7.48 110.89 129 2272
AA30S1 -2 136.63 118.09 116 1357 132.74 1.03 2.85 110.89 1.23 18.84
AA30S2 -1 126.48 183.95 0.69 45.44 179.33 0.71 41.78 208.47 0.61 64.83
AA30S2 - 2 123.08 183.95 0.67  49.46 179.33 0.69 45.70 208.47 0.59 69.38
AA45S1 - 1 129.45 120.41 1.08 6.98 135.37 0.96 4.58 112.75 1.15 12.90
AA45S1 - 2 162.79 120.41 135 26.03 135.37 1.20 16.84 112.75 1.44 30.74
AA45S2 - 1 145.17 188.60 0.77  29.92 183.60 0.79 26.47 213.78 0.68 47.26
AA45S2 - 2 157.83 188.60 0.84 19.50 183.60 0.86 16.33  213.78 0.74 3545

Average 097 2210 093 17.21 097 3955

* duplicate experimental specimens are designated as Exp-1 and Exp-2 in Fig.12
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4.4 Summary of the predicted results

Table 4 and Fig. 12 present the results of the statistical
measurements of the predictions of the ACI, TR55, and
FIB14 codes. As stated earlier, these three design models
assume that the shear capacity of the shear-strengthened
beams (V,) is a summation of the concrete shear
contributions (V), stirrups contributions (V) and the
externally bonded FRP contributions (V) based on simple
superposition (i.e., V=V .+V+Vy). However, the three
components (V.+V+Vg) might not achieve their ultimate

100

50 -+

Ultimate Load Capacity (kN)

AA90 AA45 AA90S1 AA90S2 AA45S1 AA45S52 AA30S1 AA30S2
MExp-1 SExp-2 BACI440 EFIB14 WTRSS
Fig. 12 Measured and predicted ultimate loads

values simultaneously and an interaction may exist among
them during the failure process which will results in a shear
strength less than the summation of the three components
(Khalifa et al. 1998, Chaallal et al. 1998).

As observed in Table 4, the Mean Absolute Percent
Error (MAPE) of the prediction by each of the four codes is
relatively comparable with maximum MAPE of 69.38%
depicted by TR55 prediction for specimen AA30S2-2. The
average of MAPE for all code predictions ranges between
17.21% and 39.55%. The results clearly shows that AC1440
and FIB14 predictions have comparable accuracy, with the
FIB14 appear to be the most accurate and TR55 is the least
accurate in predicting the shear strength of the tested beams.
The normalized mean square error (NMSE) for ACI440,
FIB14 and TR55 are 7.07, 4.87 and 20.17, respectively
which further confirms the accuracy of FIB14 predictions.
The recommended additional reduction factor (W) in the
ACI equation was assumed to be 1.0 since the values
suggested in the code are based on a reliability analysis of
FRP data. Similarly in TR55 predictions, the partial safety
factor (y=yy) was not applied since the suggested values
are based on the FRP laminates mechanical of properties
and method of manufacturing. For the FIB14 predictions, a
material safety factor of 1.5 was applied for the concrete,
since the bond failure occurred in the concrete.
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Further investigation is required for the AA plate’s
contribution in the shear capacity of the RC beams. There
are many shortcomings in the models presented in the
current codes for FRP that contributed in the high
percentage difference between the code and the
experimental values for the AA strengthened beams. For
example, ACI 440.2R-08 equations fails to accurately
predict the shear capacity of the FRP strengthened beams
when the thickness of the FRP laminates is high, which
includes the AA plate’s thickness presented in the current
study. The design guidelines are based on Triantafillou’s
statement that contribution to shear strength will increase
with low values of axial stiffness (ASTMB557M). In
addition, The ACI method for the analysis of shear and
diagonal tension in beams is empirical and lacks the proper
model for the behavior of beams subjected to shear
combined with bending (Chen et al. 2017, Dhahir 2018).

5. Conclusions

The paper focused on the investigating of the AA plates
in strengthening reinforced concrete (RC) beams in shear.
The AA plates were bonded to eighteen RC beam
specimens via epoxy adhesives with different orientations
and spacing. The following conclusions can be drawn from
the analysis of experimental and analytical results:

e Aluminum alloy plates can be used to externally
strengthen reinforced concrete beams in shear. Based on
the results of this investigation, the increase in shear
capacity reached up to 37%. Therefore, using aluminum
alloy plates is a highly effective technique in increasing
the beam shear capacity.
 The spacing and orientation of AA plates, as external
strengthening material, has a major effect on the load-
carrying capacity of the strengthened RC beams. As
observed, the 45° AA plate orientation contributed in
upgrading the ultimate load and deflection of the
concrete beams.

« The full potential of the AA plates in strengthening RC

beams should be further investigated using full depth

plates. This will assure maximum bond length around
the cracks and delay its propagation which expected to
result in higher beam’s capacity, deflection and ductility.
 The design codes developed for FRP (ACI440, FIB14
and TR55) composites can predict, to some degree of
accuracy, the shear capacity of RC beams strengthened
with externally bonded AA plates. However, more
specialized models need to be developed for AA
strengthened beams that take into consideration the
properties of the AA plates applied. This requires further
data and experimental studies that to investigate the
effect of several variables on the shear strength of
reinforced concrete beams externally strengthened with

AA plates.

* The results of this investigation validates the viability

of using AA plates as an alternative to the prevailing

FRP laminates and steel plates as an externally bonded

shear strengthening material.

» The effect of the AA plates’ length and thickness in

improving the beams capacity and ductility should be

further investigated to find the optimum plates
dimensions for the most effective strengthening system.
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cC

Notations

area of FRP shear reinforcement with spacing s,
(mm?)

A area of FRP shear reinforcement

minimum width of cross section over the effective

depth
b web width or diameter of circular section, (mm) —
W FIB14
by width of the strips of the bonded reinforcment (mm)
d effective depth of cross section (mm)
q effective depth of the FRP shear reinforcement,
Y (mm)
e *effective strain level in FRP reinforcement attained

at failure, (mm/mm)

Eq  design Elastic modulus of FRP (GPa)

elastic modulus of FRP in the principle fiber
orientation

E; tensile modulus of elasticity of FRP plates, (MPa)

fou cube strength of concrete (MPa)

effective stress in the FRP; stress level attained at
section failure, (MPa)

k reduction factor (k=0.8)

L. active bond length of FRP laminates, (mm)

n number of plies of FRP reinforcement

spacing between the strips of the bodned reiforcment
St

(mm)
¢ nominal thickness of one ply of FRP reinforcment,
T (mm)
t thickness of bonded reinforcement (mm)

Vre  concrete contribution to shear capacity

Ve concrete contribution to shear capacity

V++  FRP contribution to shear capacity

Vig  FRP contribution to shear capacity

Ve nominal shear strength provided by concrete (N)

Vi nominal shear strength provided by FRP plates (N)
nominal shear strength provided by shear
reinforcement (N)

wg  effective width of the FRP

Wi width of FRP reinforcing plies, (mm)

Wi width of the strips of the bonded reinforcment (mm)
yw=yp partial safety factor (if failure involves fracture)

yme  partail saftey factor for FRP

Vi additional FRP strength-reduction factor

ultimate rupture strain of FRP reinforcement,
(mm/mm)

iy design ultimate failure strain in FRP

eue  design value of the effective FRP strain

. . 2t; sina
FRP reinforcement ratio equal to ————
W

continuously bonded shear reinforcement or

pr 2t \( by
ol for FRP reinforcement in the form of
W f

strips
th sina

FRP reinforcement ratio equal to for

pi w
continuously bonded shear reinforcement or
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2t \(b
(bmf/j(sf:] for FRP reinforcement in the form of

strips
angle between principal fibre orientation and
h longitudinal axis of member
u angle between principal fibre orientation and
longitudinal axis of member
0 angle of diagonal crack with respect to the member

axis, assumed equal to 45°





