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Owing to their high corrosion resistance, aluminium alloy (AA) plates bonded with magnesium phosphate cement (MPC) are
considered as a viable candidate for reinforcing inshore infrastructures that are subject to severe environmental conditions and
vapor atmospheres. Therefore, the aim of this study is the evaluation of the flexural behaviour of simple beams that are
strengthened using this technique. Six unbonded posttensioned concrete (UPC) beams with different reinforcement ratios are
damaged by static loads and then repaired and strengthened using AA plates. The failures under two-point loading are then
investigated. Thereafter, a simplified method is proposed for the evaluation of the flexural strength of a UPC beam strengthened by
an AA plate with MPC. The flexural strengths of the six specimens increase by an average of 14%, and the displacement ductility
factor decreases by an average of 34.14%. Moreover, the increase and decrease ratios are proportional and inversely proportional
to the comprehensive reinforcement index, respectively. The influences of the three main factors on the flexural strength of the AA
plate are determined: the increase in the stress of the unbonded tendons, stress at the midspan and slippage at the ends of the AA
plate, and increase ratio of the flexural strength. It shows that the AA plates bonded with MPC can be used successfully in

concrete strengthening.

1. Introduction

Concrete structures are generally subject to significant ex-
ternal stimuli such as shock, vibration, and overload, which
result in local damages to buildings during flexural or
shearing processes. A common countermeasure involves the
external bonding of these concrete structures with com-
posite materials, thin steel plates, or other reinforcements.

Numerous experiments and analyses have verified the
effectiveness of thin steel plates and fibre-reinforced
polymer (FRP) sheets in the mechanical strengthening of
concrete structures. Consequently, reinforcements using
bonded thin steel plates and FRP sheets have been ex-
tensively implemented in various infrastructures [1-5].
However, given that steel is susceptible to corrosion in wet

or vapor atmospheres, the bonding strengths at the in-
terfaces of steel plates and concrete may be degraded, thus
weakening the strengthening effect. Compared with steel
and FRPs, the aluminium alloy (AA) plate is preferable due
to its lower weight than steel, with a similar tensile strength
and ductility, in addition to a higher ductility than FRP,
similar flexural strength, and comparable corrosion re-
sistance. Therefore, the AA plate is considered as an ex-
cellent material for external bonding and strengthening.
Moreover, it is limited by the use of epoxy as the adhesive,
which is disadvantageous due to its low temperature and
aging resistance, in addition to its pungent odour and
toxicity. Hence, magnesium phosphate cement is prefer-
able as a potential replacement of epoxy as the main ad-
hesive for structural strengthening in the high-temperature
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environment due to its high strength, low shrinkage, high-
temperature resistance, and nontoxicity.

Externally bonded AA plates have been used for the
strengthening of the flexural and shear capacities of rein-
forced concrete (RC) beams, which exhibit a higher ductility
than those strengthened with externally bonded FRP sheets
[6]. Moreover, they are underutilized due to debonding, as
reported in studies on the application of externally bonded
steel plates and FRP sheets. Accordingly, a near-surface
mounted reinforcement technique was proposed, which is
advantageous due to its effective enhancement of the stiff-
ness and ultimate flexural capacity of beams, in addition to
the utilization of the strength of the AA plate. However, it is
disadvantageous due to the significantly lower ductility of
beams when compared with those reinforced using the
external bonding technique [7]. The relationship between
the bonding and slippage of AA plates and concrete can be
determined based on the FRP theory [8]. Three failure
modes of the NSM AA plate reinforced concrete (RC) beams
have been reported, which include concrete interfacial
debonding, bending shear destruction, and AA plate de-
struction [9]. In a previous study, the bonding performance
between an AA plate and concrete was investigated by
considering the effects of the bond length and width of the
AA plate [10]. Moreover, AA plates have been employed for
the external strengthening of RC beams under shear, and the
shear strength was approximately predicted by codes de-
veloped for the FRP of the ACI440, FIB14, TR55, and
SMCEFT standards [11]. A finite element model was devel-
oped and verified for the investigation of the behaviour and
prediction of the performance of RC beams externally
strengthened under shear using AA plates [12]. In previous
studies, epoxy was used as the adhesive for the bonding of
AA plates, and no studies have been conducted on the in-
organic adhesive, with reference to the literature. In par-
ticular, MPC has been verified as a potential alternative
adhesive for concrete structural strengthening under severe
environmental conditions [13, 14].

In this study, an AA plate bonded with MPC was
employed for the strengthening of (unbonded posttensioned
concrete) UPC beams, followed by complete failure under
static loads. The main focus was on the cracking, deflection,
ultimate flexural strength, and ductility of the strengthened
beams. The ultimate flexural strengths of the UPC beams
strengthened with AA plates were then calculated based on
the experimental results and a theoretical analysis.

2. Materials and Methods

2.1. Materials. A total of six damaged UPC beams were
repaired and strengthened, and their dimensions, rein-
forcement details, and cross-section details are shown in
Figure 1. The unbonded tendon arrangement is shown in
Figure 2. All these beams had the same length of 6000 mm
and different reinforcement ratios. The mechanical prop-
erties of the non-prestressed reinforcement are shown in
Table 1.

The reinforcement index of the non-prestressed rein-
forcements was f; = f,A/f.bh,, that of the unbonded tendons
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was f3, = 0peAp/fcbhy, that of the AA plate was 8, = 0,A,/f.bh,
that of the compression reinforcement was f; = f; A\ /f.bh,,
and the compositive reinforcement index was
Bo=PBs+ By +Pa _P<. Moreover, b is the width of each UPC
beam; hg, hy, and h, are the distances between non-pre-
stressed reinforcement, unbonded prestressed tendons, AA
plate, and the edge of the compression zone of the beam,
respectively, and f;, 0y, 0,, and f,/ are the yield strengths of
the non-prestressed reinforcement, unbonded prestressed
tendons, AA plate, and compression reinforcement,
respectively.

All six UPC beams were damaged by static loads, fol-
lowed by the crushing of the concrete in the compression
zone. All the damaged beams exhibited relatively small
residual deformation, and most of the cracks were closured.
Table 2 presents the results of the first failures of the six
beams.

2.2. Reinforcement of Test Beams. The damaged concrete in
the compression zone of the beams was replaced with
grouting material, followed by the bonding of the AA plates
(width of 20 mm wide and thickness of 3 mm) to the bottom
of the beam with MPC. The resistance moment diagram of
the strengthened beam was obtained to determine the
section with the full utilization of strength, and its distance
to the end of the AA plate was set greater than or equal to the
minimum extension length I,,, as determined by the fol-
lowing equation:

1, 25 4 200, (1)
fbd

where f, is the tensile strength of the AA plate; ¢, is the
thickness of the AA plate; and f,4 is the bond strength
between the AA plate and concrete interface, which was
35.8 MPa [15].

Based on equation (1), the bond length of the AA plate in
the experiment was set as 4000 mm and the AA plates were
bonded to the bottom of the beams.

Stainless steel bolts with diameters of 10 mm were an-
chored into predrilled holes with depths of 50 mm and
diameters of 14 mm to bear the bonding shear force in the
case of adhesive layer failure and to exert uniform pressure
on the AA plate for the enhancement of the bonding.
Moreover, they were set with spacings of 300 mm (see
Figure 3), and the overall structure of the strengthened beam
is shown in Figure 4.

2.3. Mechanical Properties of Materials. Grade C40 concrete
was used to cast the UPC beams. In addition, P.O. 42.5
Portland cement and F Class fly ash were used as binders,
with a water-binder ratio (w/b) of 0.3. Sand particles were
used in Zone II as the fine aggregate, and crushed rocks were
used as the coarse aggregate. The proportions of the concrete
mix are shown in Table 3. The axially compressive strength
of the concrete was 45 MPa, and the elastic modulus of the
concrete was 33600 MPa.



Mathematical Problems in Engineering 3
23 30 I 2 "
(=3 (=1 (=)
S S I g
[ . e
1 2
30 | | 1 |20 200
100 2000 1000 1-1 2-2
' 3000 1
(a)
23 30
H | 1 | 2 =+
- —
1 2 200 200
. | ER
100 2000 1000 1-1 2-2
' 3000 i
(b)
FIGURE 1: Design detail of test beams (mm). (a) AL beams. (b) AS beams.
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FIGURE 2: Arrangement of unbonded tendons (mm). (a) AL beams. (b) AS beams.
TaBLE 1: Parameters of test beams.
No. Beam width (mm) Beam depth (mm) Diameter of reinforcements Bo By Ba
ALl 200 400 12 0.128 0.090 0.027
AL2 200 400 18 0.170 0.090 0.069
AL3 200 400 25 0.245 0.090 0.144
AS1 200 300 12 0.159 0.107 0.037
AS2 200 300 18 0.233 0.123 0.095
AS3 200 300 22 0.265 0.123 0.127
TaBLE 2: First failures of test beams.
No. Ultimate flexural capacity (N/mm?) Height of crushed zone of concrete (mm) Ultimate deflection of midspan (mm)
ALl 180 50 139
AL2 204 50 90
AL3 200 40 67
AS1 84 50 120
AS2 104 50 106
AS3 118 70 90

Grade 1860 steel strands with diameters of 17.8 mm were
used as unbonded tendons, with a tensile strength of
1915 MPa and a nominal yield strength of 1732 MPa. Steel
bars with diameters of § mm, 12 mm, 22 mm, and 25mm
were used as the reinforcements, and their mechanical
properties are shown in Table 4.

Tensile tests were conducted on the 5083 AA plates using
an electronic universal test machine with 30kN (see Fig-
ure 5). The test results revealed that the AA plates exhibited a
yield strength of 112 MPa, ultimate strength of 210 MPa,
elastic modulus of 27800 MPa, and ultimate elongation of
27%.



Specification ~ Ultimate strength (MPa)  Yield strength (MPa)
C8 575 402
C12 575 402
C22 629 405
C25 672 489

Figure 6 shows the stress-strain curve of AA plates, which
was in accordance with Hooke’s law and approximately linear
before yielding and nonlinear after yielding. Figure 7 presents
the relationship between the actual tensile test data and the
fitted curve. Equations (2) and (3) express the fitted stress-
strain relationship before and after yielding, and equation (3)
yielded a correlation coefficient as high as 0.9966:
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FIGURE 3: Position of the AA plate and bolts (mm).
FIGURE 4: Overall appearance of strengthened beams.
TaBLE 3: Proportions of the concrete mix (kg/m?).
Composition material Binds Fine aggregate Coarse aggregate Water Concrete admixture
Type of material P.O 42.5 Portland cement F fly ash Sand particles in zone II ~ Crushed rock — HEF-3
Mixed quantity 400 50 660 1085 170 153
Mixing ratio 1 1.47 2.41 0.38 0.034
TABLE 4: Mechanical properties of non-prestressed reinforcements. 0, =27700¢,,0, < 112MPa, (2)

0, = —40833¢,4 + 31433¢,3 — 9691¢,2 + 1493¢,, 112MPa
<0,<210MPa.

(3)

MPC was continuously improved, and it exhibited su-
perior mechanical properties to that of Portland cement,
which included a higher early strength, more rapid setting,
smaller shrinkage, higher corrosion, and temperature re-
sistance, and it improved bonding ability with concrete. In
this study, MPC was prepared by mixing ammonium
dihydrogen phosphate (NH,H,PO,), magnesium oxide
(MgO), setting retarder (borax, Na,B,0,-10H,0), and water
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FIGURE 6: Stress-strain curve of AA plate.

(H,O) in a weight ratio of 26:51:4:19, respectively. The
compressive and flexural strengths of the obtained MPC
were 23.5 MPa and 7.5 MPa, respectively.

2.4. Experimental Programme. Two-point loads were applied
at one-third of the span of the simple supported beams (see
Figure 8). A force sensor with 30 t was installed under the end
anchorage of the UPC beam for the measurement of the
increase in the stress increment of the unbonded tendons.
Three displacement sensors were placed under two loading
points and the midspan of the beam for the measurement of
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FIGURE 7: The relationship between the test result and the fitting
result in the plasticity stage.

deflection, two sensors were installed at the end of the AA
plate for the measurement of the relative slippage between the
AA plate and the beam, and two additional sensors were
installed above the supports for the measurement of the
settlement of the supports. The beams numbered AL were
subject to loads of 5kN at each level, whereas the beams
numbered AS were subject to loads of 3kN at each level.

3. Results

3.1. Crack Development. The number of cracks in each beam
increased gradually prior to the yielding of the non-pre-
stressed reinforcement. Moreover, most of the cracks were
generated during the initial failure, with their main distri-
bution in the vicinity of two loading points and the bending
section. After the yielding of the non-prestressed rein-
forcements, the widths and extension lengths of the cracks
gradually increased. When the load approached the ultimate
level, the widths and extension lengths of the cracks rapidly
increased at the failure position where the cracks due to the
initial failure were propagated at the highest rate. With the
exception of several cracks in the bending section of the AL2
beam, the number of cracks in all the other beams decreased
when compared with that at the initial failure. Therefore, it
can be inferred that the AA plate exhibited an inhibitory
effect on the number of cracks. The development and dis-
tribution of cracks are shown in Figure 9.

3.2. Beam Deflection. The ultimate deflection of each beam
was less than that at the initial failure, which indicates that
the deformation of the UPC beam was mitigated using this
technique. In the experiment, strengthened beams were
damaged and repaired, which impacted the beam stiffnesses;
thus, the variations in stiffness of the strengthened beams
were not significant, as shown in Figure 10.

As can be seen from Figure 10, the cross-sectional area
and the comprehensive reinforcement index of the beams
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FiGure 9: The crack distributions at failure. (a) ALI, (b) AL2, (c) AL3, (d) AS1, (e) AS2, and (f) AS3.

are the two critical factors that influence the deflection. With
the application of the same load, the deflection in the
midspan of the AL beams with large cross-sectional areas
was less than that of the AS beams with small cross-sectional
areas. Moreover, the deflection of three beams with the same
cross-sectional areas subject to the same load was inversely
proportional to the comprehensive reinforcement index.

3.3. Strain and Slippage of AA Plate

3.3.1. Strain of AA Plate. The strains of the AA plate at two
loading points and the midspan were systematically mea-
sured (see Figure 11).

As shown in Figure 11, the strains at three measuring
points of each beam were similar at the initial stage of
loading. When the non-prestressed reinforcement yielded,
the strain rate at the midspan was accelerated. According to
the stress-strain curve of the AA plate, the yield strain was
determined as 4043 x 10~*. When the strengthened beams
were subject to failure, yielding occurred in the entire AA
plates at the positions of the AL1 and AS1 beams, in addition
to the midspan and loading point near the failure positions
of the AL2 and AS3 beams. The AA plates of the AL3 beam
approached yielding; however, no yielding was achieved. In
the case of the AS2 beam, only the AA plate at the midspan
yielded. This indicates that the tensile strength of the AA
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FiGure 11: Load strain of the AA plate. (a) ALL, (b) AL2, (c) AL3, (d) ASI, (e) AS2, and (f) AS3.

plates in the bending section were fully utilized under the
ultimate load, which indicates that the influence of the AA
plate slippage on the flexural capacity with respect to
strengthening was negligible.

3.3.2. Slippage of the AA Plate. The displacement sensors
installed at the end of the AA plate measured the variation of
the relative slippage between the AA plate and the beam
during the loading process (see Figure 12).

The load-slip curves of each beam exhibited linear
characteristics at the initial stage of loading, with a relatively
moderate gradient. With the load increments, abrupt change
emerged in the load interval of 30-60 kN, beyond which the
curves were linear with a significantly larger gradient. The
interface between the AA plate and the beam was subjected
to complex forces under the joint action of MPC and bolts.
However, no further research was implemented on the
slippage at this interface, given that the slippage of the AA
plate did not have an influence on the full utilization of the
beam strength.

3.4. Stress of Unbonded Tendons. The relationships between
the stress increments of the unbonded tendons and loads of
each beam are shown in Figure 13.

The AL beams had large cross-sectional areas, the stress
increased nonlinearly in accordance with the load, and the
bending degree of the nonlinear curve was proportional to
the comprehensive reinforcement index. The stress of the
unbonded tendons increased gradually prior to crack
propagation, rapidly after crack propagation, and more
rapidly after yielding. In comparison, there was an ap-
proximately linear relationship between the load and stress
increment in the AS beams with small cross-sectional
areas, and the bending degree of the curve was propor-
tional to the comprehensive reinforcement index.

Therefore, it can be concluded that the stress increment of
unbonded tendons should be more sensitive to crack
propagation and yielding in accordance with an increase in
the cross-sectional area of the beam. Moreover, the sen-
sitivity was found to be proportional to the comprehensive
reinforcement index.

3.5. Failure Modes. The failure of the beams can be attrib-
uted to concrete crushing in the compression zone. Under
the ultimate flexural strength, the non-prestressed rein-
forcements and AA plates yielded and the strengthened
beams exhibited balanced failure. The AA plate was found to
yield earlier based on a comparison of the strain between the
AA plate and the non-prestressed reinforcement.

4. Discussion

4.1. Stress Increment of Unbonded Tendons. As demonstrated
above, the slippage of the AA plate was negligible in the
loading process, which indicates that it should be coordi-
nated with the beam in the loading process. Hence, the
internal force distribution within the cross section under the
ultimate capacity can be illustrated as shown in Figure 14.

According to Figure 14, the equilibrium equation can be
expressed as follows:

febx = f LA +(0, + A0y, )A, +0,A, - A, (4)

where f_ is the compressive strength of the concrete; x is the
depth of the compression zone; f, is the tensile strength of
the non-prestressed reinforcement; oy, is the initial stress of
the unbonded tendons; Acy, is the stress increment of the
unbonded tendons; o, is the tensile strength of the AA
plates; fy is the tensile strength of the compressive rein-
forcements; and A, A,, A,, and Aj are the areas of the non-
prestressed reinforcement, unbonded tendons, AA plates,
and compressive reinforcements, respectively.
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The following expression was then obtained: According to Figure 14, the equation can be expressed as
Ac. A Ac. A follows:
= - B)h PP = Boh a—
X (ﬁs+ﬁp+ﬁa ﬁs) p+ fcb ﬁ() p+ fcb
(5)
M = f,A (h,~0.5x) +(ape +480,,)A,(h, - O.Sx) +0,A,(h —0.5x) + ), AL (0.5x — ay). (6)
Consequently, 1 2M 1-—
d Y Ao, = <— 1- 5+ u + ﬁo)ope, (8)
2[M~ f A, (0, + A0y, )ALk, — 0, A+ fLALL By \' fcbh, 10h, B,

f IyA; -f yAs _(‘7 pe T AUpu)Ap — 0,4, where B, and f, are independent variables, and
(7) \/ 1- (2M/f Cbh;) + (B,/10h,) has the compressive strength

Substituting equation (7) into equation (9), the stress ~ of the concrete and the reinforcement index of AA plate as
increment of unbonded tendons Agy, in the limiting state ~ parameters. Hence, suitable parameters #; and 7, were re-
was determined. Given that h, = h,, at the midspan, which quired for substitution.
was approximately 0.08k,, the influence of 3; was negli- Ao = 1 1-5
gible. Therefore, the equation can be simplified as follows: Opu = ”IE + B, 12 )9pe: (©)
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The above equation can be rewritten as follows:

Ao 1- 1
G_W_ ﬁﬂo =Mp 1o
p P
The experimental data were fitted, thus resulting in
71 =-0.9788 and 1, = 1.7416, with a correlation coeflicient of
0.9063, as shown in Figure 15.
Substituting #; and #, into equation (10), the stress
increment of the unbonded tendons was obtained as

follows:
0.9788 1-p
Ao, = (—
i Bo  Pp

The equation of the ultimate stress of the unbonded
tendons of the UPC beam strengthened with the AA plate
can then be expressed as follows:

o

4.2. Flexure Strength. Bending and shear failures may occur
in UPC beams under the ultimate flexural strength. In this
study, all the six beams were subjected to bending failure,
and they conformed to the failure mode of ideally reinforced
beams. According to Figure 14, the equilibrium equation can
be expressed as follows:

(10)
pe

1

+

0, 1.7416)%. (11)

0.9788
By

1-p
By

T pu :(2.7416— + (12)

febx = f LA +(0, + A0y, )A, +0,A, - fLAL  (13)

The height of the compression zone x can be obtained by
the following transformation:
fyA+(0p + A0y, )A, + 0,4, — f,AL
fb

For equilibrium, the ultimate flexural strength can be
expressed as follows:

x = (14)

M, = af bx(hy - 0.5x) + f, A (hg — a;) + oA, (a, +0.5,),
(15)

where a;=a,, in the middle span. The flexural strengths of
the UPC beams strengthened with AA plates can be de-
termined based on equations (11)-(15). A comparison of the
flexural capacities before and after strengthening is shown in
Table 5. The flexural strength was improved after the beam
was strengthened with AA plates.

As can be seen from Table 5, the flexural strength of all
the other five beams increased, with the exception of AL1. In
particular, the average increase ratio was 14%, and the in-
crease ratio of each beam was proportional to the rein-
forcement ratio of the non-prestressed reinforcement.
Improper construction during the replacement of the
damaged concrete may be the main limitation to the im-
provement of the flexural capacity of the ALl beam.
Therefore, it can be concluded that the strengthening
technique using the AA plates can effectively improve the
flexural capacity of UPC beams.

4.3. Ductility. In this study, the coefficient of displacement
ductility was used as an index for the investigation of the
ductility of the strengthened beams. To compare the dis-
placement ductility before and after strengthening, the
displacement ductility coefficients were compared with
those of the strengthened beams at the initial damage stage,
as shown in Table 6. In particular, the displacement ductility
factor m is the ratio of the yielding deflection of the midspan
Au, which is the ratio of the deflection upon the yielding of
the non-prestressed reinforcements to the ultimate deflec-
tion of the midspan Ay.

Based on a comparison of the data before and after
strengthening, the yielding deflection Au, ultimate deflection
of the midspan Ay, and displacement ductility factor of the
specimens decreased. The average decrease ratio of the
displacement ductility factor was 34.14%. Regularity was
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TaBLE 5: Error of the equation and increase of the flexural strength.

No. Calculated value of m, (MPa)

Experimental value of m, (MPa)

Error (%)  Degree of bearing capacity increase (%)

ALl 164.65 165.89
AL2 206.74 212.80
AL3 279.84 247.55
AS1 107.46 102.55
AS2 146.88 135.31
AS3 161.64 135.94

-0.75 -7.84
-2.93 4.31

11.54 23.78
4.57 22.08
7.88 30.11
15.90 15.20

TaBLE 6: Comparison of displacement ductility of specimens.

After strengthening First failure

No. Bo Au(mm) Ay (mm) p Au(mm) Ay (mm) u'

ALl 0.13 83 139 1.67 24 141 5.88
AL2 0.17 52 90 1.73 46 141 3.07
AL3 0.24 39 67 1.72 46 86 1.87
AS1 0.16 87 106 1.22 43 154 3.58
AS2 0.23 74 120 1.62 64 116 1.81
AS3 0.26 70 90 1.29 53 72 1.36

observed between the coefficient of displacement ductility
and the comprehensive reinforcement index of the beams
before strengthening; however, such regularity was not
observed after strengthening, which can be attributed to the
displacement of the damaged concrete by the beam and the
variations in stress of the unbonded prestressed reinforce-
ment and non-prestressed reinforcement. Moreover, further
research is required for clarification.

5. Conclusion

The aim of this study was the prediction of the flexural
behaviour of UPC beams strengthened using an AA plate
based on a series of tests conducted on the strengthened
UPC beams. The conclusions can be summarized as follows:

(1) AA plate bonded by MPC improved the flexural
capacity and decreased the ductility of the UPC
beams. The flexural strength and displacement
ductility factor of the six specimens increased and
decreased by an average of 14% and 34.14%,
respectively.

(2) The use of MPC in the bonding of the AA plate for
beam strengthening resulted in minimal slippage,
which did not impact the full utilization of the
strength of the AA plate.

(3) The constitutive AA5083 relationship model was
presented, which can serve as a basis for further
research.

(4) The flexural strengths of the UPC beams strengthened
with the AA plate bonded by MPC were characterized
based on the equation for the stress increment of
unbonded tendons in the limiting state, which in-
volved the reinforcement index of prestressed tendons
and comprehensive reinforcement index.

(5) The result of this investigation validates the viability
of using AA plates as an alternative to the prevailing

FRP laminates and steel plates as externally bonded
flexural strengthening material.

(6) Further experimental studies will be required to
confirm the effectiveness of using bonded AA plates
in corrosive environment.
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