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PREFACE

This project titled: “Repair and Strengthening of Reinforced Concrete Beams using CFRP
Laminates” is aimed at providing experimental verification and recommendations for
implementation of a new technology, in which thin fiber reinforced plastic laminates
are glued-on the surface of concrete beams in order to strengthen them.

The primary objectives of the project were:

To ascertain the applicability of Carbon Fiber Reinforced Plastic (CFRP) glued-on
plates for repair and strengthening of concrete beams;

To synthesize existing knowledge and develop procedures for implementation in
the field; '

To adapt this technique to the specific conditions encountered in the state of
Michigan.

The project conststed of 8 tasks as follows:

A report containing a literature review and a comprehensive synthesis of the latest
state of knowledge on the glued -on FRP technique (Task 1);

Laboratory testing and verification of the selected CFRP glued-on technique
according to the proposed experimental program: bending (Task 2), shear (Task 3),
freezethaw (Task 4), temperature and high cyclic amplitude load (Task 5);

An interim and final report summarizing the experimental results (Task 6). The
interim report will cover the bending and freeze-thaw tests;

A summary of field specifications and “how to” details for implementation in field
applications;

Guidelines for design based on the experience developed from the experimental
work (Task 7);

Field monitoring of application of the technique to one bridge selected by MDOT
(Task 8a); A

Bridge testing before and after application of the glued-on plate (Task 8b to be
conducted by professor A. Nowak, U of M)

This report summarizes the experimental program of beams strengthened for
bending as per Task 2.



ABSTRACT

Repair and strengthening techniques using glued-on carbon fiber reinforced plastic (CFRP)
plates (also called sheets, tow-sheets, and thin laminates) form the basis of a new
technology being increasingly used for bridges and highway superstructures.

The study described in this report is part of a larger investigation on the use of carbon
fiber reinforced plastic (CFRP) sheets for repair and strengthening of reinforced and
prestressed concrete beams. Its primary objectives are: 1) to ascertain the applicability of
CFRP glued-on plates for repair and strengthening of concrete beams, 2) to synthesize
existing knowledge, 3) to identify optimum parameters for successful implementation, 4) to
develop procedures for implementation in the field, and 5) to adapt the techmique to the
specific conditions encountered in the state of Michigan.

The experimental program includes four main parts: 1) tests of RC beams strengthened in
bending; 2) tests of RC beams strengthened in shear; 3) freeze-thaw tests of strengthened
beams followed by their test in bending; and 4) tests in bending and shear of strengthened
beams under low temperature (-29° C) and high amplitude cyclic loading.

The part of the investigation dealing with reinforced concrete beams strengthened in
bending is described in this report, where the results are also analyzed, compared, and
discussed. The experimental program comprised fourteen reinforced concrete T-beams. The
test parameters included two levels of steel reinforcement ratio before strengthening, and up
to four strengthening levels. Two commercially available strengthening systems were tested,
the Sika CFRP plate system (CarboDur), and the Tonen CFRP sheet system. Other selective
parameters investigated included two different concrete covers; two conditions of cover
preparation, three different end anchorage systems of the glued-on sheets, and pre-loading
pre-yielding of the beam prior to s.trengthcning. Conclusions are drawn and some
recommendations for design are suggested.

Since the plate glued-on technique applies to plain, reinforced and prestressed concrete
structures, as well as steel and timber structures, the experience gained during this project
and the technology transfer developed should have a much wider impact and should

influence a wide range of future applications.



1. GENERAL

Technique of external epoxy-bonded steel plates have been used successfully to
increase the strength of girders in existing bridges and buildings. High strength
Fiber Reinforced Polymer (FRP) composites are used as an extension of the steel
plating method, offering the advantages of composite materials such as non-
corrosion, light weight, and unlimited delivery length, thus eliminating the need for
joints. FRP sheets or plates may be needed to improve the maximum load capacity
and reduce the vertical deflection at service of bridge structures. Also, their use
tends to limit the width of cracks and improve their distribution in concrete beams.

The study described in this report is part of a larger investigation on the use
of carbon fiber reinforced plastic (CFRP) sheets for repair and strengthening of
reinforced concrete beams. Its primary objectives are: 1) to ascertain the
applicability of CFRP glued-on plates for repair and strengthening of concrete
beams, 2) to synthesize existing knowledge and develop procedures for
implementation in the field, and 3) to adapt the technique to the specific conditions
encountered in the state of Michigan.

The experimental program includes: 1) tests of reinforced concrete ([RC)
beam strengthened in bending; 2) tests of RC beams strengthened in shear; 3)
freeze-thaw tests of strengthened beams followed by their test in bending; and 4)
tests in bending and shear of strengthened beams under low temperature (-29 C)
and high amplitude cyclic loading.

The part of the investigation dealing with reinforced concrete beams
strengthened in bending is described in this report, where the results are also

analyzed, compared, and discussed.
2. EXPERIMENTAL PROGRAM

The experimental program for bending tests comprised fourteen reinforced
concrete T beams. The loading arrangement and cross sectional dimensions are
shown in Figure 1. All beams were 300 mm deep and 3.0 m long. In most cases,

concrete cover for reinforcing steel was kept at 50 mm. To investigate the flexural



behavior, a four-point bending test set-up was used. For bending, the CFRP sheet
or plate ran along the bottom of a beam extreme tensile fiber as shown in Figure 1.
Normally, at its two ends, a 100 mm wide U-shaped anchorage sheet with fibers
normal to the axis of the beam was wrapped around in order to provide additional
anchorage and minimize the chances of peeling from the ends of CFRP sheets.
Before application of the glued-on CFRP sheets or plate, all beams were pre-cracked
by pre-loading to about 60% of their ultimate design load, 50 kN and 89 kN for the

beams with the steel reinforcement ratios 0.27pmax and 0.54pmax, respectively. This

is to simulate actual condition of cracked reinforced concrete beams at the time the

strengthening system is applied.
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Throughout the experimental study, particular effort was placed at observing
the type of failure and understanding its mechanisms. Also, the applied load,
corresponding deflection, as well as the strains of reinforcing bars and CFRP sheet

or plate were measured.
2.1 Test Parameters

A number of test parameters were initially proposed by the research team and
further refined after discussion with the Technical Advisory Group of the project.
These parameters and related experimental variables for the bending tests are
summarized in Table 1 and illustrated in Figure 2.

The deciston was made to consider two different reinforcement ratios
corresponding approximately to one third and two thirds the maximum
reinforcement ratio (Pmax) Tecommended by the AASHTO Code, sixteenth edition.
Computations of reinforcement ratios and selection of reinforcing bars were carried
out on the basis that the concrete compressive strength, obtained from cylinder
tests, would be 35 MPa. Other parameters were then selected as shown in Table
la. However, the beams were prepared in factory in a precast concrete plant and
were steam cured; although the specified compressive strength of concrete was 35
MPa, the actual compressive strength at time of testing averaged about 56 MPa.
Thus back-calculation was carried out to lead to the actual test parameters
described in Tables la and 1b (see Appendix A for detailed calculations). These
parameters should be considered the real parameters of the test program. In
addition, the actual value for yield strength of the reinforcing bars was also used for
this back calculation.

The test parameters included the existing steel reinforcement ratio before
strengthening, and the strengthening level. For each steel reinforcement ratio, a
control beam was tested and compared with CFRP glued-on beams having different

strengthening levels. Beams No. 1 and No. 5 were control beams with steel

reinforcement ratios of 0.27pmax and 0.54pmax. The maximum steel reinforcement

ratio, pmax, was defined as per the AASHTO Code to represenf 75% of the balanced



ratio. The strengthening level (i.e., the number of CFRP sheets, if more than one)
was determined assuming that (except for beam 8-1) the total reinforcement of
steel and CFRP will lead to a moment resistance not exceeding the moment
corresponding to the maximum reinforcement ratio allowed for the beam by
AASHTO or ACI, assuming beams with reinforcing bars only.

Two strengthening systems were tested: 1) the Sika CFRP plate system
(CarboDut), and 2) the Tonen CFRP sheet system. The characteristics of these two
systems are described in Section 2.2.2. The Tonen system was used throughout
except for two beams, Beams No. 8 and 8-1. For Beam No. 8, the glued-on Sika
CFRP plate had a width of 40 mm, which is equivalent in tensile strength to 2 layers
of Tonen CFRP sheets (Forca Tow sheet). Following testing, Beam No. 8 was in
very good shape even after the interfacial shear failure of concrete. There was no
spalling of concrete cover even though the reinforcing bars had yielded and the 40
mm wide CFRP plate was completely delaminated. Beam No. 8 was later re-used as
Beam No. 8-1, this time with a CFRP plate 100 mm wide to study different bond
widths and strengthening levels.

For one selected set of parameters, two different concrete covers and cover
conditions were investigatéd to study the influence of concrete cover on
strengthening effect and mode of ‘failure. Beam No. 12 had only a 25 mm concrete
cover compared to the normal clear cover of 50 mm of the other beams. Beam No.
9 also had an initial 25 mm clear concrete cover to which additional 25 mm repair
mortar cover (Sika Top 122 Plus) was added to simulate damaged concrete in real
beams.

To evaluate different anchorage systems, three different anchorage
conditions were provided. Beam No. 10 had extended end anchorage which means
that the glued-on CFRP sheets were extended up to about 50 mm from the
supports, without adding the U-shaped wrapped-around end anchorage.

Beam No. 14 had neither a wrapped end anchorage nor an extended end
anchorage. All other beams strengthened with Tonen sheets had, at both ends, a
100 mm wide U-shaped wrapped-around end anchorage perpendicular to the
longitudinal CFRP sheets. The beam with strengthened with the Sika system (8,8-1)

did not have a wrapped end anchorage.



Beam No. 11 was pre-loaded beyond yielding of steel reinforcing bars, to
about 180 kN, to investigate the influence of loading history before the application
of CFRP plate. The permanent deflection and maximum crack width at unloading
in the pre-cracked beam were 25 mm and 0.9 mm, respectively. '

For all beams except for Beam No. 13, the concrete surface to be glued on
was prepared, for better bond, by grinding with a disk grinder according to the
recommendations of the supplier of the strengthening system used. For Beam No.
13, the surface of concrete was simply cleaned with a vacuum cleaner and wiped

with a clean cloth to remove any dust.

2.2 Preparation of Test Beams

2.2.1 Concrete

The test beams were supplied by a precast concrete manufacturer, according to the
design specifications. Portland cement Type-III cement, natural sand, and crushed
himestone aggregates with a maximum size of 12.5 mm were used for the concrete.
The mix proportions of the concrete as provided by the supplier are presented in

Table 2.
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Table 2 Mix proportions of concrete.

Materials Weight Ratio to Batch weight
Cement Kg-f/m?

Type-III cement 1 418
Water 0.38 160
Sand (25) _ 1.50 626
Coarse aggregate (26-A) 2.54 1062
Plasticizer (400N) 0.13 54

Alr entrainér (AE-90) 0.035 15

The properties of the fresh concrete mixture were as follows;

- Air content : 6 %

- Slump: 100 mm

- Concrete unit weight: 22.3 kN/m3

Table 3 Compressive strength of concrete and age of test beams.

Batch No. Age of Compressive strength | Test beam Age of test
concrete, day of concrete, MPa No. beam, days
1 0.75% 32.1 8, (8-1) 86, (129)
85 b6.7 13 84
2 0.75* 30.8 6 29
29 54.4 14 80
3 0.75* 28.3 5 77
83 54.0 10 78
4 0.75* 28.0 7 28
29 55.1 11 141
5 3 43.9 3 74
81 58.8 4 73
6 0,75* 25.8 1 64
78 51.9 2 65
7 0.756* 34.3 9 125
77 55.5 12 77

* Steam cured concrete cylinders tested at 18 hours.

Note: Number of cylinders = 7 batches x 4 ea. = 28; 2 beams/batch = 14 beams.




Since the beams were steam cured, their average compressive strength
obtained from two cylinder tests was measured at 18 hours (except for beam 5) and
is given in Table 3. Also given in Table 3, is the average two-cylinders compressive
strength of the concrete matrix at about the same time of testing for each beam.
Difference in time is considered not significant. On the average, the compressive

strength was about 55.2 Mpa.

2.2.2 CFRP Sheets

For strengthening of the test beams, the Forca Tow Sheet (Tonen CFRP sheet)
supplied by Master Builders as part of the MBrace systém (MB CF 130) and the
CarboDur plate (Sika CFRP plate) with the corresponding epoxy adhesive (MBrace
Saturant for the MBrace system and Sikadur 30 for the Sika system)} of the same
system were used. The properties of the materials in the two systems are
summarized in Téble 4. Values were provided by the manufacturers. According to
the manufacturer, the tensile stress-strain curve of the CFRP sheet or plate is

linear elastic up to failure.

2.2.3 Reinforcing Bars
The steel reinforcing bars used had a diameter of No. 10, No. 13, and No. 16 and

were of Grade 400 corresponding to a minimum yield strength of 410 MPa with a
tensile modulus of 200 GPa. Table 5 presents the actual yield strengths and elastic
moduli obtained from direct tension tests carried out in this study on samples of

bars.

2.2.4 Fabrication of Test Beams

All beams were fabricated in a precast concrete plant and delivered to the test
laboratory with a number of additional cylinders for testing the concrete
compressive strength. All test beams had four longitudinal reinforcing bars, placed
In two rows, two in the lower row at a center distance of 60 mm from the bottom

fiber of concrete, and two in the upper row with a center to center distance of 38
mm from the lower row. For each beam, two strain gages were attached on the

10



lower two reinforcing bars by the research team before assembling the
reinforcement cage. All beams had 50 mm deep clear concrete cover from the

bottom fiber except for Beam No. 12, which had 25 mm deep clear concrete cover.

Table 5 Yield strength and elastic modulus of reinforcing bars as tested.

Reinforcing bar Yield stress Elastic modulus
MPa GPa
#10-1 516 196
No. 10 #10-2 492 201
#10-3 507 201
Average 505 199
#13-1 427 172
No. 13 #13-2 431 187
#13-3 424 -
Average 427 175
#16-1 452 190
No. 16 #16-2 450 201
#16-3 454 184
Average 452 192

11
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To ensure flexural failure, sufficient stirrups designed according to AASHTO code
were provided for all beams. Two-leg stifrups (closed with extended ends) made of
10 mm reinforcing bar were placed at a spacing of 100 mm and 200 mm within the
shear span and constant moment span of the test beam, respectively. Figure 3

shows the casting of concrete of the test beams.

Figure 3 Casting of concrete of test beams.
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2.2.5 Preparation of Concrete Surface for Bond

For the preparation of concrete surface to be glued on, two methods, steel brushing
and disk grinding, were initially proposed to the supplier of the strengthening
system. Of the two methods, the disk grinding method was recommended by the
system supplier, after visual check of the surface substrate. The concrete surface
was ground enough to remove laitance and show the open texture of the
aggregates. After grinding, the dust was removed by brushing and vacuum
cleaning the surface. Generally, the surface to be coated with the epoxy resin was
even (level) without any roughness or formwork marks larger than 1.0 mm. To
evaluate a different surface condition, the bottom surface of Beam No. 13 was

simply wiped with a clean cloth and vacuumed without any disk grinding.

2.2.6_Gluing CERP Sheet or Plate

The Forca Tow (Tonen) sheets and CarboDur (Sika) plates were cut to proper
lengths using a sharp blade and a disk cutter, respectively. The CFRP sheet or plate
was wiped with a clean cloth before starting application, in order to remove soiling
as well as carbon dust.

The adhesives components were mixed according to the technical data sheet
provided by the system supplier. Tonen epoxy resin was so sticky that mixing by
hand was not easy. After first opening of the bucket, Tonen epoxy resin was so
hardened from the surface that uniform mixing was very difficult because of
hardened lumps and high viscosity. Sika epoxy was mixed in uniform consistency
without any difficulties. It was like cement mortar with very low viscosity.

For the Tonen strengthening system, the primer and epoxy adhesive were
‘applied using a roller similarly to the commercial specifications. The application of
the adhesive using a roller, to form a layer of uniform thickness, was not easy
because of its high viscosity. To press the CFRP sheet into the adhesive, a non-stick
paper was placed between the CFRP sheet and the roller, and a harder roller was
utilized. Figure 4 shows the gluing of the Tonen CFRP sheet on the soffit of a

beam.

14



For the Sika strengthening system, a trowel was used to apply the epoxy
adhesive to the surface of beam soffit and CFRP plate. To press CFRP plate into the

epoxy adhesive, a hard roller was used forcing out the adhesive from the plate sides.

Figure 4 GIuing of CFRP sheet on the soffit of a beam.
2.3 Data Acquisition and Test Procedure

Figure 5 shows the instrumentation layout for the bending tests. A computer based
data acquisition system (Megadack System) was used to measure load and
deflection as well as strains of the steel reinforcing bars and the CFRP sheet or
plate.

Each test beém was loaded monotonically ﬁp to failure using displacement
control at a loading rate of 0.13 mm per second by the Instron loading machine
having a capacity of 450 kN. Each beam was pre-loaded to about 8.9 kN before
testing to remove any residual lstress and deformation in the test beam and stabilize
the instrumentation. At every 8.9 kN interval, loading was temporarily stopped to
mark cracks. The following data was obtained every second by the data acquisition
system: (1) load and deflection from the Instron loading machine, (2) strains of the
reinforcing bars at midspan, (3) strains of the CFRP sheet or plate at the middle and
both ends of span, and (4) deflections from the LVDTs at mid span.

15



P

1 Strain gages on concrete

2 Strain gages on re-bars

I 150 mm
"" 4 Strain gages on FRP sheet
200 mm

2 LVDTs for deflection
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In their failure modes, Beam No. 2 failed by the tensile failure of CFRP sheet
and Beams No. 3, and No. 4 failed by interfacial shear failure of the concrete
(delamination) just above the epoxy adhesive. On the cher hand, the control beam,
Beam No. 1, failed by compression failure of the concrete in the top flange long
after yielding of the steel reinforcing bars, which is a typical failure mode in
conventional under-reinforced concrete beams. The CFRP sheets in the
strengthened beams inhibited the growth of large cracks, which had occurred in the
control beam, by leading to a better crack distribution with smaller crack widths and
spacing. This can help to protect reinforcement from further corrosion.

In Beam No. 2, which failed by the tensile failure of CFRP sheet, the glued
CFRP sheet was ruptured piece by piece (strip by strip) continuously over the
length. Figure 6 shows the tensile failure of CFRP sheet observed in Beam No.2.
In this failure mode, unlike the beams that failed by interfacial shear failure of
concrete, there were no pieces of concrete cover spalled off from the beam. In
other cases, interfacial shear failure of concrete is more likely to occur between the

surface of concrete and the CFRP laminates.

Figure 6 Tensile failure of CFRP sheet in Beam No. 2

18



In Beams No. 8 and No. 4 which failed by interfacial shear failure, the glued-
on CFRP sheet was delaminated along the interface between the surface of
concrete and CFRP sheet as shown in Figure 7. The epoxy adhesive on the CFRP
sheet tore out the concrete just above the interface. The delamination seems to
have started at a crack below the loading point where bending moment was
maximum and suddenly propagated to the end of the CFRP sheet. Figures 8 and 9
prove that the delamination did not start from the end of the CFRP sheet, because
the strains of the CFRP sheet at their ends only slightly decreased when the applied
load suddenly dropped from its maximum vaiue at onset of delamination. On the
other hand, the strains in the middle of the CFRP sheet significantly decreased at
onset delamination. Additional supporting evidence for this argument is that the U-
shaped wrapped end anchorage in Beam No. 7 did not significantly improve the
ultimate load capacity in comparison to that of Beam No. 14, which had no
anchorage. When the delamination occurred on one side of the beam, the impact
energy released from the tensioned CFRP sheet tore out the concrete cover already
cracked vertically by flexure along the longitudinal reinforcing bars in the constant

bending moment zone (Figure 7).

Figure 7 Interfacial shear failure of concrete in Beam No. 3.

19



40

30

20

Load(kip)

IlllIIIllIIllllI\lIIl'l

CFRP(end) CFRF’(m%ddIe)
Concrete | y Re-bar

50

40

Load(kip)

0 0.5 1 1.
Strain(%)

Figure 8 Load-strain curves of Beam No. 8.
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Figure 10 compares the load-deflection curves of the control beam and the
strengthened beams with different strengthening level (i.e., one, two, and three
layers of CFRP sheets). As shown in the figure, the ultimate load considerably
increased with an increase in strengthening level, while the ultimate deflection
significantly decreased. Discussion about these increases in strength and decreases

in deflection is covered in Section 3.1.3 Strengthening Level with the series of

beams having a maximum reinforcement ratio of 0.54pmax. The strengthened

beams were stiffer than the control beam before and after reinforcement vielding.
The control beam, Beam No. 1, was very ductile as expected in reinforced concrete

beams with low reinforcement ratio.

Deflection {cm)

0 2 4 6 8 10 12 14 16
N T 1 T . ] E IR [ Ll i L] 1 T L] T ' L] T { ¥ [] 1 i 1] T i I L] 1 4 E 1] 1 L] 200
40 L .
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Figure 10 Load-defiection curves of beams with reinforcement ratio, 0.27Pmax, for
different strengthening levels.

Figures 11 and 12 show respectively the curves for beam load and beam
deflection versus the strain in the tensile reinforcing bar, at different strengthening

levels. All load-strain responses of reinforcing bars were roughly bi-linear with a
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yield strain of about 0.3%, which was slightly larger than the 0.24% expected yield
strain. In the elastic range before yielding, the reinforcing bars in the beams
strengthened using CFRP sheets had less strain. In other words, the reinforcing
bars were less stressed at a given deflection. From Figure 12, it can be observed
that the deflection of the control beam linearly increases as the strain of the
reinforcing bar increases. However, the deflection of the beams strengthened with

CFRP sheets increased linearly only prior to reinforcement yielding.
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Figure 11 Load-strain curves of reinforcing bar.
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Figure 12 Deflection-strain curves of reinforcing bar.
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Figure 14 Deflection-strain curves of concrete in top ﬂaﬁge.

Figu}‘es 13 and 14 show the load-strain and deflection-strain curves of the
concrete top flange. Load-strain and deflection- strain curves were roughly bi-
linear and linear, respectively. In the control beam, the concrete in the top flange
failed by compression at a compression strain of about 0.26%. In Beam No. 3 and
No. 4, the compression strains of concrete in the top flange wereA about 0.11 % and

0.14 % at failure by delamination of CFRP sheet, respectively. As can be seen in
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Figure 13 Load-strain curves of concrete in top flange.
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Figure 13, the slope of load-strain curves increased with an increase of
strengthening level. However, the deflection-strain relationship  showed httle
difference 1n their slopes.

Figures 15 and 16 show the load-strain and deflection-strain curves of the
CFRP glued-on sheets. As shown in Figure 15, the strain (or stress) in the CFRP
sheet in Beam No. 3 and 4 was lost very rapidly following delamination of the sheet.
In Beam No. 2, the CFRP sheet ruptured at about 1.45% strain, which was close to
the specified failure strain of 1.5%. The deflection-strain relationship was linear up
to failure with httle difference in slope for different strengthening ratios. This
observation implies that the strengthening effect 1s proportional to the
strengthening level (.e., the number of CFRP sheets). This interpretation is also
confirmed by the ultimate load-strengthening level curves described in Section 3.1.3

:Strengthening Level.
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Figure 15 Load-strain curves of CFRP sheet.
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Figure 16 Deflection-strain curves of CFRP sheet.

3.1.2 Reinforcement Ratio 0.540max

To study the influence of existing steel reinforcement ratio and strengthening level,

the second series of beams with a maximum steel reinforcement ratio, 0.54pmax, was

tested. Beams No. 6 and No. 7 were strengthened using CFRP sheets , having a
tensile strength of 3,480 MPa and a tensile modulus of 228 GPa. One layer of the
CFRP sheet provided maximum tensile load of 574 N/mm width.

Upon testing, Beams No. 6 and 7 failed by interfacial shear failure of
concrete (delamination) similarly to Beams No. 3 and No. 4. of the first series of
tests. Control beam, Beam No. 5, failed by compre_ssion failure of the concrete m
top flange after yielding of the reinforcement, as expected.

In Beam. No. 6 strengthened with one layer of CFRP, only one small strip of

‘the CFRP sheet (about one fifth of it) ruptured at the ultimate state and, shortly
thereafter, the remaining part of the CFRP sheet delaminated with only two pieces
of concrete spalled off from the concrete cover as shown in Figure 17. This
combination of tensile rupture and delamination of CFRP sheet indicates that the
CFRP sheet almost reached its failure stress (or strain) in tension, implying that it

was fully effective in terms of strengthening. This conclusion was confirmed later
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from analysis of the load-strain curves of CFRP sheet. -The measured strain at the
ultimate load was about 1.4%, which is slightly less than the specified strain of 1.5%
(Figure 21).

Figure 18 compares the load-deflection response curves of the control beam
and the beams strengthened with one and two layers of CFRP sheets. Figures 19 to
22 show the corresponding load-strain and deflection-strain curves of the

reinforcing bar and the CFRP sheets. The analysis of these results is very similar to

that carried out for the beams with a maximum steel reinforcement ratio, 0.27Pmax,

even though their numerical values are different.

Figure 17 Tensile rupture and delamination of CFRP sheet in Beam No. 6.
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Figure 18 Load-deflection curves of beams with reinforcement ratio, 0.54Pmax, at
two strengthening levels.
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Figure 19 Load-strain of reinforcing bar of beams with reinforcement ratio,
0.54pmax, at two strengthening levels.
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Figure 20 Deflection-strain curves of reinforcing bar of beams with reinforcement
ratio, 0.54pPmax, at two strengthening levels.
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Figure 21 Load-strain curves of CFRP sheet of beams with reinforcement ratio,
0.54pmax, at two strengthening levels.

28



— T3 {{
- 1 Layer {No.6}

3 ~ 8
= -
- 1% 5
= e
g 2 g
g 2
= &)
8 1% ¢

&
4] a
4
-2
D I 1 1 5 0
0 0.5 1 1.5 2

Strain (%)

Figure 22 Deflection-strain curves of FRP sheet of beams with reinforcement ratio,
0.54Pmax, at two strengthening levels.

3.1.3_Influence of Strengthening Level

In the experimental study of the parameters, steel reinforcement ratio and
strengthening level, several findings were observed. Some numerical results are
given in Table 7. .

1. For a given reinforcement ratio, the ultimate load capacity increases with
the strengthening level, or the number of CFRP sheets (Figure 23).

2. The increment in ultimate load increase obtained by strengthening was
almost proportional to the strengthening level or number of CFRP sheets
(Figure 24). However, this direct relationship should be further
confirmed experimentally in beams with higher strengthening levels and
higher reinforcement ratios.

3. The almost equal slopes of the two lines shown in Figure 24 suggest that
the increment of ultimate load achieved by strengthening is not
significantly affected by the reinforcement ratio. However, the lower
the reinforcement ratio, the higher the strengthening effect in terms of

percent increase in ultimate load capacity (Figure 25).



4. The ultimate deflection of strengthened beams decreased as the
stréngthening level increased (F igure 26), that is a lower ductility is
obtained. This is one of the disadvantages of beams strengthened using
CFRP sheets. However, the strengthened beams had, after failure or
delamination of the CFRP sheets, 2 minimum loading capacity and
ductility which were almost same as those of the control beam, in spite of
the fact that the concrete cover in the constant moment zone was
severely damaged (see Section 8.7 Residual Strength of Beam after
Failure).

5. The total tensile force contributed by the CFRP sheets at failure,
increased linearly with the strengthening level (or number of sheets
used) (Figure 27).

In Figure 27, the total tensile force was calculated from the following
equation;

T=AM/ (h - b /2)

where AM is the difference in moment capacity (observed
experimentally) between the strengthened beam and the control beam,
taken at the failure deﬂectioﬁ of the strengthened beam, h is the total
depth of the beam and his the depth of the flange of the T section used.
Note that (h - h;/2) represents, as a first approximation, the lever arm
from the centroid of the strengthening sheets to the centroid of the
compression force in the concrete. In Figure 27, a value of calculated T is
also shown; it is based on equilibrium and strain compatibility of the
section at the observed ultimate load of the beam. The two values are

comparable and provide some confidence in the calculations.
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Table 7 Summary of test results of Beams with different strengthening levels.

Beam No. 1 2 3 4 5 6 7
Reinforcement 0.27Pmax|0.27Pmax | 0.27Pmax [0-27Pmax |0.54Pmax | 0.54Pmaxt 0.54Pmax
ratio
No. of CFRP sheet 0 1 2 4 0 1 2
layer
Type of failure? -8y T.F. IS.F ISF| SY ISF| ISF
Ultimate load, 114.8 | 135.0 140.4 [160.7 188.0 209.9 | 222.0

kN
Ultimate deflection, .

mm 16.4 8.3 5.6 4.9 8.8 7.7 5.2
Yielding load,

kN &9 102 116 133 180 191 207
Increment of
wltimate load, kN 8] 20.2 25.6 459 0 21.9 34.0
Increment of
vielding load, kN 0 13.3 26.7 44.5 0 11.1 26.7
Inerement of
ultimate load?, kN 0 34.7 44.9 66.3 0 23.1 36.5
Measured CFRP _ _
tensile stress, MPa 3285 2074 1544 3049 1654
Measured CFRP _ _
tensile force, kN 55.2 69.4 103.6 40).9 55.6
Calculated CFRP _ _
tensile force, kN 56.9 73.4 108.5 37.8 59.6
Measured shear _ 0.76 0.96 1.43 _ 0.57 0.80
stress of concrete

(MPa)
Calculated shear _ 0.79 1.02 1.50 _ 0.52 0.82
stress of concrete
(MPa)

1: S.Y: Steel Yielding; T.F. = Tensile failure of CFRP sheet
L.S.F: Interfacial Shear Failure of concrete (delamination failure)
2: Increment of the ultimate load at the same deflection of failed beam, see sketch

below.

Load

Failed beam

Y

Increment of
ultimate load”

Control beam

Deflection
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6. It seems that the contribution of the shear resistance of concrete to the
strength of the interface, linearly increases with the strengthening level
(Figure 28). In Figure 28, the interface shear stress of concrete was
calculated based on the assumption of equal shear stress along the shear
span.

The shear stress at the interface between the CFRP sheets and the
concrete at failure of the beam (by delamination) was calculated from the
tensile force T (described above in 5.) assuming horizontal shear stresses

are equally. distributed over the shear span. This leads to the equation:
' t =T/(WL)

Where W is the width of the CFRP sheet or contact area, and L, is the
distance from the loading point (maximum moment point) to the end of
the CFRP sheet. Here also the second value of shear “calculated” and
shown in Figure 28 corresponds to the value of T obtained from analysis

of the section at ultimate moment capacity as described in 5.
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3.2 Influence of Strengthening System

To compare the two strengthening systems tested, the results of Beams No. 8 and
No. 8-1 are compared with those of Beam No. 7. Beams No. 8 and No. 8-1 were
strengthened using CarboDur (Sika) CFRP plate having a tensile strength of 2,400
MPa and a tensile modulus of 150 GPa, while Beam No. 7 was strengthened with
Forca Tow sheet (Tonen), having a tensile strength of 3,480 MPa and a tensile
modulus of 228 GPa. One layer of Sika CFRP plate and Tonen CFRP sheet, 100 mm
wide, provided a tensile strength of 2,868 N/mm width and 574 N/mm width,
respectively. The 40 mm wide Sika CFRP plate used in Beam No. 8 was equivalent
to two layers of 100 mm wide Tonen CFRP sheets in terms of failure strength.

All three beams failed by interfacial shear failure in the concrete
(delamination) just above the epoxy adhesive. Unlike Beam No.7, Beam No. 8 had
no pieces of concrete cover spalled off (Figure 29). This fact can be attributed to the
smaller bond width of 40 mm of the Sika plate. Beam No. 8 was in very good shape
even after delamination of the CFRP plate, and was later re-used as Beam No. 8-1.
strengthened with 100 mm wide Sika plate thus the strengthening level of Beam
No. 8-1 was about 2.5 times that of Beam No. 8. Upon testing, Beam No. 8-1 was
severely damaged by the delamination failure as shown in Figure 30, where large
chunks of concrete cover spalled off.

Figure 31 compares the load-deflection curves of the three strengthened
beams, using Sika and Tonen systems, with the control beam. It can be observed
that the load-deflection response of Beam No. 8 using the Sika system was almost
the same as Beam No. 7 with the Tonen system; the difference in the tensile
modulus of the two systems (the modulus of Sika CFRP plate was about two thirds
that of Tonen CFRP sheet) had little influence on the elastic portion of the curve.
The ultimate load and deflection of the beam with the Sika system were
respectively about 4% and 11% less than those of the beam with the Tonen system.
Beam No. 8-1 with the 100 mm Sika plate showed a very stiff load-deflection
response because of its high strengthening level. The ultimate strength of Beam
No. 8-1 was higher while its ultimate deflection was smaller than those of Beams
No.7 and No. 8 (Figure 31).

Figures 32 to 37 show the load-strain and deflection-strain curves of
respectively the reinforcing bar, concrete in top flange, and the CFRP laminate at
the mid span section. These figures are provided as additional information. For
instance, it can be observed that the strain in the Sika CFRP plate in Beam No. 8
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was almost the same as that of the Tonen CFRP sheet in Beam No. 7 (Figures 36
and 37).

Figure 30 Interfacial shear failure of concrete in Beam No.8-1

37



Deflection (em)

0 2 4 6 8 10 12 14
80 :l T T ] T I 3 l i T T ] T 1 T i T T ) I T T T I‘l ) E] E T ]: 350
70 - Sika{w=101.6 mm) (No.8-1) 1 s00
60 L Sika(w=38.1 mm) (No.8) ]
C Tonen(2 layers) (No.7) - 250
~ 50 F 3
= - Control Beam (No.5) 3
%) - ¥ (No-5) 4 200 g
o 40 | ] 3
8 - J 150 3
H30 E e
20 E 4 100
10 b 3 50
0 :....|.,..:,..,|....;.,.,1....:0
0 1 2 3 4 5 6
Deflection (in}

Figure 31 Load-deflection curves for different strengthening systems.
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Figure 32 Load-strain curves of reinforcing bar.
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Figure 34 Load-strain curves of concrete.
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Figure 36 Load-strain curves of CFRP sheet.
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Figure 37 Deflection-strain curves of CFRP sheet.

3.3 Influence of Concrete Cover

To investigate the effect of concrete cover, Beams No. 12 and No. 9 were
tested and compared to Beam No. 7. Beams No. 12 and No. 7 had 25 mm and 50
mm net concrete cover depth, respectively. Beam No. 9 had 25 mm existing
concrete cover as cast, and 25 mm additional cover added with epoxy mortar to
simulate a repair. All beams had the same effective depth from the top concrete
fiber to the longitudinal steel reinforcement and the same reinforcement ratio,
54Pmay. .

Beam No. 12 with 25 mm deep cover and Beam No. 7 with 50 mm deep cover
failed by interfacial shear failure of concrete (delamination). Beam No. 9 with
repaired concrete cover, failed by interfacial bond failure between the repair mortar
and the existing conerete (Figure 38)

The load-deflection curves of the three beams are compared in Figure 39.
Surprisingly, it is observed that the concrete cover considerably affected the

ultimate deflection of the strengthened beam. Beam No. 12 with 25 mm cover had
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about 356% larger ultimate deflection than Beam No. 7 with 50 mm cover. Yet they
both had about the same strength.

Figure 38 Interfacial bond failure of CFRP sheet in Beam No. 9.
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Figure 839 Load-deflection curves of beams with different concrete cover.
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Compared to Beams No. 7 and 12, Beam No. 9 showed a more ductile behavior. Its
ultimate deflection, 83 mm, was about 60% larger than that of Beam No. 7. The
reason for this increase is believed to be due to the gradual debonding of the
interface between the repair mortar and existing concrete. However, the increase
in load due to strengthening, 20.2 kN, was about 35% less than that of Beam. No. 7.

3.4 Influence of End Anchorage

To evaluate the effect of different anchorage systems, Beams No. 10 and No.
14 were tested and compared with Beam No. 7. For Beam No. 10, CFRP sheet was
extended and glued up to the support without having a wrapped end U-shaped
anchorage. Beam No. 14 had neither a wrapped end anchorage nor an extended

end anchorage. Beam No. 7 had a 100 mm wide wrapped end anchorage.

Figure 40 Interfacial shear failure of concrete in Beam No. 10.

All three beams failed by interfacial shear failure of concrete (delamination)
regardless of their type of anchorage. In all three beams, delamination damaged
the concrete cover in the constant moment zone (Figures 40 and 41). Beam No. 14
had one piece of concrete cover torn off at the end of the CFRP sheet.

The load-deflection curves of the three beams are compared in Figure 42.
For all practical purposes, all three beams had the same ultimate load and the same

ultimate deflection, regardless of their anchorage system.
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Figure 41 Interfacial shear failure of concrete in Beam No. 14.
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Figure 42 Load-deflection curves of beams with different anchorage.



This may suggest that in spite of stress concentration effects at the ends of the
glued-on sheets, the failure crack may have started elsewhere along the beam, very
likely at the site of an existing flexural crack, near the point of maximum load. So
improving the end anchorage beyond what is strictly needed as development length,

does not seem necessary.
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Figure 43 Load-deflection curves of beams with different surface preparation.
3.5 Influence of Surface Preparation

To evaluate the importance of surface preparation, Beam. No. 13 was
prepared without grinding the surface of concrete to be glued-on. The concrete
surface was simply vacuum cleaned and wiped off with clean cloth. The load-
deflection response curve of Beam No. 13 is compared in Figure 43 with that of
Beam No. 7 which was prepared with a ground surface. No notable difference can
be observed. Both beams failed by interfacial shear fajlure of the concrete
(delamination). In fact, Beam No. 13 without ground surface, showed a slightly
higher strength and deflection. This test result may imply that a well cleaned
surface of concrete is enough to develop a good bond strength with epoxy adhesive.
However, this conclusion should be experimentally confirmed by additional tests,
because the concrete used in this test was new, and its surface was no subjected to

any prior environmental deterioration.
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Figure 44 Inter-laminar shear failure of Beam No. 11.
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Figure 45 Load-deflection curves of beams with different loading history.
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3.6 Influence of Loading History

To investigate the effect of loading history, before the application of CFRP sheets,
on the flexural behavior of strengthened beams, Beam No. 11 was pre-loaded to
about 180 kN, a load clearly beyond the yielding of the steel reinforcing bars
(Figures. 44 and 45). The permanent deflection and maximum crack width in the
pre-cracked beam at unloading, were about 24 mm and 0.9 mm, respectively. After
unloading, two layers of Tonen CFRP sheets were glued to the beam, following
exactly the same procedure as for previous beams. The reason for pre-loading and
pre-cracking was to simulate a severely damaged beam in real situation.

Unlike other beams, the pre-loaded beam, Beam No. 11 failed by inter-
laminar shear failure within the first layer of the glued on CFRP sheet (Figure 44).
This failure mode is thought to be due to the imperfect penetration of epoxy into the
fibers of the first layer, and is independent of the pre-loading condition. At the time
of gluing the CFRP sheet, the epoxy resin was six-month old (after the bucket was
first opened). The resin was quite thick and very difficult to mix because of
hardened lumps and high viscosity. However, in spite of that, the ultimate load of
Beam No. 11 was about the same as that of Beam No.7. Also, its concrete cover in
the constant moment zone, separated from the reinforcing bars like the beams that
failed by interfacial shear failure of concrete. These two observations suggest that
the inter-laminar shear failure in the CFRP sheet occurred just before the
interfacial shear of concrete was reached.

Figure 45 shows that the load-deflection curve of Beam No. 11 is close to
being bilinear while that of Beam No. 7 is curvilinear. This is because Beam No. 11
was pre-loaded and pre-cracked beyond yielding, prior to application of the CFRP
sheet. Note that after inter-laminar shear failure, Beam No. 11 achieved the same
loading.capacity as the control beam, that is until the beam failed by compression
failure of concrete in the top flange.

From these test results, it can be concluded that pre-loading and pre-
cracking beyond reinforcement yielding have no serious influence on strengthening
effect. Therefore, the CFRP glued-on sheet strengthening technique can be applied

for flexural strengthening even to severely damaged beams.
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3.7 Residual Strength of Beam after Failure

After failing by interfacial shear failure of concrete, and in order to check the
residual strength, Beam No. 13 was unloaded and reloaded without any repair until
the beam failed by compression failure of concrete. As shown in Figure 46, Beam
No. 13 was severely damaged by delamination failure. The concrete cover in the
constant moment zone was completely separated, and the two reinforcing bars in
the lower layer were exposed to air. The bars had already yielded at time of
delamination failure.

Figure 47 shows that Beam No. 13 attained the same ultimate load as the
control beam even after severe damage by delamination. This fact is due to the two
reinforcing bars in the lower layer which resisted the applied load because they had
good bond in the shear span, even though they had lost bond in the constant
moment zone. This result can be used as to provide a minimum safety level for
strengthened beams, after failure of their CFRP sheet or plate.

Figure 46 Condition of Beam No. 13 failed by delamination before re-testing.
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Figure 47 Load-deflection curves of Beam No. 183.
4. CONCLUSIONS

This investigation dealt with the flexural behavior of reinforced concrete beams
strengthened using glued-on carbon fiber reinforced plastic (CFRP) sheets or plates.
Based on the observation and analysis of the experimental test results the following

conclusions can be drawn.

1)  The strengthening technique using externally bonded CFRP sheets or plates
can significantly improve the ultimate loading capacity of reinforced concrete
beams; however, their ultimate deflection is reduced. On the other hand,
the strengthened beams had, after failure or delamination of the CFRP
sheets, a minimum loading capacity and ductility which were almost same as

those of the control beam.
2)  Strengthening with CFRP sheets can inhibit the growth of large cracks by

helping distribute a large number of smaller cracks; it also protect the steel

reinforcement from further corrosion.
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3)

4)

5)

6)

7)

8)

In general, normally strengthened beams fail by interfacial shear failure
(delamination) within the concrete, instead of by tensile failure of the CFRP

sheet or plate.

In normally strengthened beams, the increment in ultimate load obtained by
strengthening was almost proportional to the strengthening level or number
of CFRP sheets. However, this direct relationship should be further
confirmed experimentally in beams with higher strengthening levels and

higher reinforcement ratios.

For a given reinforcement ratio, the ultimate load capacity increases with the
strengthening level, or the number of CFRP sheets. However, the steel
reinforcement ratio of the reinforced concrete beam to be strengthened,
does not seem to have a significant effect on the increment of load at
ultimate achieved by strengthening. This implies that the lower the
reinforcement ratio, the higher the strengthening effect in terms of percent

Increase in ultimate load capacity.

The ultimate deflection of strengthened beams decreased in comparison to
the control beam as the strengthening level increased, thus leading to a
lower ductility. This is one of the disadvantages of beams strengthened
using CFRP sheets. However, the strengthened beams had, after failure or
delamination of the CFRP sheets, a minimum loading capacity and ductility

which were almost same as those of the control beam.

Beams using the strengthening system 'with CFRP plate (Sika system)
showed the same load versus deflection response as beams using the
strengthening system with CFRP sheet (Tonen system), even though the
tensile modulus of the CFRP plate was two thirds that of the CFRP sheet. In
this investigation where non-trained students were involved, it was found
that the system using CFRP plate is easier and more convenient for flexural
strengthening than that using the CFRP sheet.

The strengthened beam with a smaller concrete cover had slightly higher

ultimate load and considerably larger ultimate deflection than the control

beam with normal concrete cover.
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9)

10)

11)

12)

13)

14)

The beam strengthened after having a repaired concrete cover failed by
gradual interlaminar debonding at the interface between existing concrete
and repair mortar; it led to a ductile behavior, but did not achieve an

adequate level of strengthening,

Using a U-shaped end anchorage of the CFRP sheet did not help attain
higher ultimate loads or deflections, in comparison to having no anchorage.
However, extending the sheet up to the supports led to slightly higher
ultimate load and deflection. Therefore, the extended end anchorage system ~

is recommended because it is easier to apply.

Preparing the concrete surface by grinding prior to the application of CFRP
sheets was not more effective than simply vacuum cleaning and wiping the
surface. However this conclusion should be further confirmed in real beams

with deteriorated concrete surfaces.

Pre-loading and pre-cracking a beam beyond reinforcement yielding had no
serious influence on the strengthening effect. Therefore, the CFRP glued-

on strengthening technique can be applied even to severely damaged beams.

The beam that failed by CFRP sheet delamination and was damaged due to
severe concrete cover spalling had, upon reloading, the same ultimate load
and deflection as the control beam, even though the damage was severe.
This fact can insure some minimum safety level for beams strengthened
using CFRP sheets, should failure by delamination or tension of the sheet

occur.

Based on the Limited number of tests carried out, it seems that the
contribution of the shear resistance of concrete to the strength of the
interface linearly increases with the strengthening level. For this conclusion,
the interface shear stress of concrete was calculated based on the

assumption of equal shear stress along the shear span.
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6. APPENDIX A

Moment Capacity Calculations

B
300mm
50 a
A s=2#10
#10 Stirrups, $=100 mm
for shear span 250 | 300 mm
mm
40 mm I
50 <=
mm_]r v
CFRP Piate

VAN (@)
1 |00 mm
200 mm ’ '
- 910 mm 810 mm 910 mm

- Distance from centroid of steel to top layer of concrete

For beam No.1-4:

d1=(12-2-4/8*1/2)*25.4 = 248 mm, d2=(12-2-4/8*1/2-1.5)*25.4 = 210 mm
de = (9.75%0.2%2+8.25%0.11*2)/0.62%25.4 = 235 mm

For beam No. 5-14:

d1=(12-2-5/8%1/2)*25.4 = 246 mm, d2=(12-2-5/8%1/2-15)*25.4 = 208 mm
de = (d1+d2)/2 = 227 mm

- Concrete compressive strength = 55.2 MPa , p1 = 0.65
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- Steel yield strength:
For bars #10 &#13, f; = (73*0.11+62%0.2)/0.31%6.895 = 455 MPa
For #16 bar, fy = 455 MPa

- Asbalance

T-section behavior: As balance = Concrete force due to equilibrium(Cc) /£y

For de = 227 mm, cd (neutral axis) for balance condition = 134 mm> flange height
(hf =51 mm). Find Cc for T-section:

Ce = (b-bw)*hf*0.85*F¢c + 0.85*Fc*bw*B1*Cd

Cc=900 kN

As balance = 900,000/455 = 1977 mm? , Asmax = 0.75 As balance = 1483 mm? |

For de = 235 mm, cd (neutral axis) for balance condition = 139 mm> flange height
(51 mm). Find Cc for T-section:

Cc = (b-bw)*hf*0.85*f ¢ + 0.85*Fc*bw*p1*Cd

Cc =914 kN

As balance = 914,000/455 = 2000 mm? , Asmax = 0.75 As balance = 1506 mm?

Take ASmax = 1490 mm?
- Mmax

Mumax = Asmax*fy*(de-a/2), where a=Asma*fy/(0.85%Fc*bf) if a>hf T-section behawvior.
This equation can not be applied.

For de =227 mm, a = 47 mm < 51 mm, Rectangular (R) beam behavior,
Mmax =138 kN-m
For de =235 mm, a =47 mm < 51 mm, R-behavior, Mmax =143 kN-m

- Mn

Mn = As*fy*(de-a/2), where a=As*fy/(0.85*Fc*bf) if a>hf T-section behavior. This

equation can not be applied.

For As = 400 mm?, de'= 235 mm, a=13 mm <51 mm, R-behavior! M,=42kN-m
For As =800 mm?, de = 227 mm, a = 25 mm < 51 mm, R-behavior! Ms=78 kN-m
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- Mas, Mrrp

For beam No. 1-4:

1layer CFRP

Tas = 0.62%66%4.448 = 182 kN

Trrp = 3.28%4%4.448 = 58.836 kN

Trotes = 240.55 kN

a = Twa / (0.85*Fc*bf) = 16.8 mm

Mas = Tas*(de-af2) = 41.09 kN-m
Merp = Trre*(h-a/2) = 17.30 kEN-m

M (as + FrRP) = Mas + Mrrp = 58.39 kN-m

2 lavers CERP

Tas = 0.62*66%4.448 = 182 kN

Trrp = 3.28*8%4 448 = 116.7 kN

Trotar = 298.73 kN

a = Traal / (0.85*Fc*bf) = 20.8 mm

Mas = Tas*(de-a/2) = 40.73 kN-m
Mrrp = Trre*(h-a/2) = 34.35 kN-m

M (as+FrPy = Mas + Mrrp = 75.08 kN-m

4 layers CFRP

Tas = 0.62*66*4.448 =182 kN

Trep = 3.28%16%4.448 = 233.43 kN
Trotal = 415.44 kN

8 = Terat/ (0.85*Fc*bf) = 29 mm

Mas = Tas*(de-a/2) = 40 kN-m

Mrre = Terp*(h-a/2) = 67.77 kN-m

M (as+Fre) = Mas + Mrrre = 107.77 kN-m

For beam No. 5-14:

1 laver CFRP

Tas = 1.24%66%*4.448 = 364 kN
Terp = 3.28%4%4.448 = 58.36 kN
Tiow = 128.74 kN



a = Trotar / (0.85%Fc*bf) = 29.5 mm
Mas = Tas*(de-a/2) = 77.30 kN-m
Mrre = Trre*(h-a/2) = 16.93 kN-m

M (as+ ey = Mas + Mrre = 94.24 kN-m

2 layers CFRP

Tas = 1.24%66%4.448 = 364 kIN

Trre = 3.28%4%4.448 = 116.7 kN

Trotar = 480.74 kN

a = Teotat / (0.85*Fc*bf) = 33.5 mm

Mas = Tas*(de-a/2) = 76.59 kN-m

Mrrp = Trre*(h-a/2) = 33.62 kN-m

M (as +FrP) = Mas + Mrrp = 110.18 kN-m

25 mm cover &2 CFRP lavers

Mas = Tas*(de-a/2) = 76.59 kN-m

Merrp = Trre*(h-25-2/2) = 30.65 kN-m
M (s + FrP) = Mas + Mrrp = 107.21 kEN-m

Sika. b= 38 mm

Tas = 364 kN

Trrp = 109.15 kN

Tiotal = 473.18 kN

a = Trotat / (0.85%Fc*bf) = 33 mm

Mas = Tas*(de-a/2) = 76.65 kN-m

Merrp = Trre*(h-a/2) = 831.47 kN-m

M (as + Frp) = Mac + Mrre = 108.12 kN-m

Sika. b=102 mm

Tas = 364 kN

Trrp = 291.08 kN

Tiotal = 655.10 kKN

8 = Tiwotat / (0.85*Fc*bf) = 45.7 mm

Mas = Tas*(de-a/2) = 74.06 kN-m

Mrrp = Trre*(h-a/2) = 82.06 kN-m

M (as + FRE; = Mas + Mrrr = 156.13 kN-m
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