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Abstract: This study aims to investigate the effect of using externally bonded carbon fiber reinforced
polymer (CFRP) on the strengthening and rehabilitation of reinforced concrete (RC) T-beams rein-
forced with steel stirrups. Three configurations of CFRP were used: 45° inclined strips, horizontal
straight strips, and U-wrapped sheets. A total of 19 specimens of strengthened and preloaded RC
T-beams were experimentally tested. The experimental results were compared with the theoretical
values determined according to the ACI 440.2R—17 code. The results proved that all beams con-
taining CFRP recorded higher strength than the control sample, regardless of whether the beams
were tested for strengthening or rehabilitation purposes. The horizontal straight strips of the CFRP
schemes recorded the highest enhancement in the shear capacity, followed by the U-wrapped sheets
and inclined strips. Moreover, the ACI 440.2R—17 code overestimated the capacities of some samples.

Keywords: T-Beams; strengthening; rehabilitation; CFRP; shear strength; experimental and theoretical
studies

1. Introduction
1.1. Literature Overview

Reinforced concrete (RC) structures are used extensively due to their ease of construc-
tion and materials availability. However, the deterioration of RC structures with time is
an important dilemma to be considered in the design and the maintenance stages during
its service life. Concrete slabs and beams are usually cast simultaneously, providing small
edges at the top of beams that work with the beam compression zone. This type of beam is
called a T-beam due to its shape. The key factor is to determine whether a T-beam behaves
as a rectangular or T-section in the location of the neutral axis (NA). If the NA is in the
flange, the beam will behave as a rectangular section, while if the NA is in the web, the
beam will behave as a T-beam.

During the service life of RC beams, the beams may encounter additional loads that
were not considered in the design stage; thus, these beams might fail if their capacities are
not sufficient. As a result, the need to find efficient ways to strengthen existing RC beams
has become essential. Carbon fiber reinforced polymer (CFRP) composites proved their
efficiency in strengthening concrete elements [1]. Previous studies focused on the flexural
strengthening [2,3] and shear strengthening of RC rectangle sections [4-22], T-beams [23-32],
and prestressed beams [33] using externally bonded CFRP. The results indicated that using
CFRP in different schemes improved the shear strength, as the capacity increased with the
increase of the number of CFRP layers. Khalifa and Nanni [24] investigated the effect of
using CFRP composites on the shear capacity of RC T-beams. Wrapping configurations,
CFRP amount, orientation, and end anchorage were considered in the study. The authors
concluded that U-wraps recorded a greater contribution to the shear capacity than side
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strips. Mhanna et al. [30] examined the shear behavior of RC rectangle sections and T-
beams strengthened with CFRP wraps. Both the CFRP schemes and the beams’ geometry
were investigated. The results indicated that the greater the depth of the beam, the better
the enhancement in shear capacity. Moreover, beams with a U-wrapping scheme exhibited
sudden and brittle failure. However, U-wrapping is a feasible alternative when complete
wrapping is hard to implement. In 2020, Benzeguir Z. et al. [31] investigated the size effect
of RC T-beams strengthened with externally bonded CFRP L-shaped laminates in shear.
Three groups were considered: one control group and two groups strengthened with L-
shaped laminates with and without an anchorage system. The anchorage system consisted
of embedding the laminates into the flange. The results proved that the anchorage system
was efficient in increasing the capacity and ductility of strengthened T-beams. Moreover,
the shear capacity decreased with an increase in the size of the beam. In 2020, Chalioris
C.E. et al. [34] studied the effect of CFRP U-jacketing on the shear capacity of RC T-beams.
The CFRP sheet was placed on three sides of the beam along the entire length. Mechanical
anchorage using bolted steel laminates was also considered. The authors stated that
the CFRP U-jacketing enhanced the shear capacity of the beams; however, brittle failure
occurred due to CFRP debonding. On the other hand, the mechanical anchorage system
managed to delay the CFRP debonding.

When RC beams deteriorate, fast and easy rehabilitation methods are needed to
reduce the damage. CFRP composites have also proven their efficiency in the rehabilitation
process [35,36] because of their characteristics such as lightweight, ease of installation
in different types and schemes, and high strength. Jayaprakash et al. [36] studied the
effect of using CFRP strips, bonded externally, on the strengthening and rehabilitation
of RC T-beams. The results proved that using CFRP composites on pre-cracked T-beams
increased their shear capacity when compared with control samples without any CFRP.
Moreover, the performance of the pre-cracked beams was better than that of the originally
strengthened beams.

1.2. Paper Objectives and Significance

This study investigates the shear strengthening and rehabilitating of 19 RC T-beams.
The importance of this study is based in the fact that all the beams are designed to behave
as T-beams, i.e., NA is designed to be located at the web, and the beams are fully reinforced
to study the interaction between the internal shear stirrups and externally bonded CFRP.
Three CFRP configurations were used: 45° inclined strips, horizontal straight strips, and
U-wrapped sheets. The specimens of strengthened and preloaded RC T-beams were exper-
imentally tested. The experimental results were compared with the theoretical capacities of
all beams that were determined according to the ACI 440.2R—17 code [37].

2. Materials and Methods
2.1. Material Properties
2.1.1. Concrete and Steel
Ready mix concrete was used for casting all the beams. The cement used was Portland

Pozzolana Cement CEM II/A-P, which satisfies the requirements of JS 30—1:2007 and
EN 197—1:2005. The cement properties are listed in Table 1 below.

Table 1. Cement technical data.

Result (%) Standard Values
Requirement
Min Max Min Max
Fineness (Blaine) (cm?/g) 4500 5000
Soundness (mm) 0.5 2 10

Initial setting time (min) 130 165 60
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The coarse aggregates used were crushed limestone with a nominal maximum aggre-
gate size of 25 mm, while the fine aggregates used were silica sand with a maximum size
of 4.76 mm. All the aggregates meet the requirements of JS 96:1987.

Six (150 x 150 x 150 mm) cubes were cast, cured for 28 days, and tested to determine
the compressive strength. The average compressive strength was 22.5 MPa at 28 days of
curing. Table 2 shows the mix design used in this study.

Table 2. Concrete mix design.

Cement (kg/m®)  Water (kg/m3)  Coarse Aggregates (kg/m3)  Fine Aggregates (kg/m®)
375 180 1042.97 754.178

The steel used for all reinforcement was high yield strength deformed bars and its
properties are listed in Table 3.

Table 3. Technical information of steel.

Tested Average Yield  Tested Average Ultimate Elastic Modulus (GPa) Elongation

Stress (MPa) Stress (MPa)
550 680 200 14
2.1.2. CERP

Two types of CFRP were used in this study: MasterBrace LAM and MasterBrace
FIP. The first type is unidirectional high strength carbon fiber laminates with 2800 MPa
tensile strength and 1.4 mm thickness. The second type is unidirectional carbon sheets
with 4900 MPa tensile strength and 0.166 mm thickness. The properties of both types are
shown in Table 4.

Table 4. CFRP technical data.

Property MasterBrace LAM MasterBrace FIP
Modulus of elasticity (GPa) >210 230
Tensile strength (GPa) >2.8 49
Density (g/cm?) 1.6 1.76
Thickness (mm) 1.4 0.166

2.1.3. Epoxy Resin (Adhesive)

To ensure adequate bonding between the CFRP and concrete surface, and to avoid
any debonding that might occur during the test, a suitable adhesive for each type of
the CFRP was used, in which MasterBrace ADH 2200 was used for CFRP laminates and
MasterBrace SAT 4500 was used for CFRP sheets. Tables 5 and 6 shows the properties of
both resins, respectively.

2.2. Test Specimens
2.2.1. Specimen Details

A total of nineteen specimens of 2000 mm length were tested in this study, all having
the same cross-section of 500 mm flange width, 150 mm web width, an overall depth
of 400 mm, and a flange thickness of 50 mm. Figure 1 illustrates the cross-section and
reinforcement details of the tested beams.

All specimens were fully designed to fail in shear. The main reinforcement was
2925 mm and the shear stirrups ($10 mm) were used at a minimum spacing of 50 mm
according to the ACI 318—19 code [38]. The shear stirrups were included in the specimens to
study the effect of the interaction between stirrups and CFRP materials on the experimental
shear capacities of the tested beams. Although the stirrups were used at the minimum
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spacing; however, the main reinforcement was also used at the maximum reinforcement

ratio. Hence, a failure in shear was expected to happen.

Table 5. MasterBrace ADH 2200 properties.

Property Value
. o day 1 40 MPa
Compressive Strength at 25 °C (BS 6319 part 2) day 7 65 MPa
Flexural strength at 25 °C (ASTM C 580 part 7) day 7 20 MPa
Tensile Strength at 25 °C (BS 6319 Part 7) day 7 10 MPa
e at25°C 50
Pot life in Minutes at40 °C 30
L at25°C 8
Recoat time in Hours at 40 °C 6

Bond Strength
Setting time at 25 °C

<2 MPa (concrete failure)

12h

Meets the requirements of ASTM C881 Type 1 Grade 3 Class B & C

Table 6. MasterBrace SAT 4500 properties.

Property Value

. MasterBrace® SAT 4500 Part A Epoxy Resin
P h
roduct Chemistry MasterBrace® SAT 4500 Part B Epoxy Hardener
Color Blue
Mixed density 1.02 kg/liter
Viscosity 1500-2500 mPa-s
Compressive strength TS EN 196 (7 days) >60 MPa
Flexural strength TS EN 196 (7 days) >50 MPa

Bonding strength to concrete (7 days) >3.0 N/MPa

Pot life 30 min

Fully cured at 20 °C 7 days

L50 mm ®8@200mm
‘ U o 400
mm
350 mm D10@50mm
2025
2000 mm
150
mm
(@) (b)

2.2.2. Test Groups

Figure 1. Section details and reinforcement; (a) cross-section; (b) longitudinal section.

The 19 RC T-beams were categorized into four groups as follows:

Group (1): This group consisted of the control sample. No CFRP materials were
attached. The purpose of this beam was to compare all the other beams with it. Figure 2a
shows the control beam.

Group (2): This group consisted of six beams with 45° inclined CFRP strips attached
to the side faces of each beam. The spacing between any two consecutive CFRP strips
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Figure 2. Beams groups:
(d) U-wrap CFRP-group 4.

was 100 mm, the same as the width of each CFRP strip. Three specimens were used for
rehabilitation and the other three beams were used for strengthening. Figure 2b shows the
CFRP configuration of this group.

2000

(d)
(a) control group 1; (b) inclined 45° CFRP-group 2; (c) horizontal straight CFRP-group 3;

Group (3): This group consisted of six beams with horizontal straight CFRP strips
(0° inclination) attached to the side faces of each beam over the whole length. The spacing
between the CFRP strips was 50 mm. Three specimens were used for rehabilitation and the
other three beams were used for strengthening. Figure 2c shows the CFRP configuration of
this group.

Group (4): This group consisted of six beams with U-wrapped CFRP sheets attached
to the web face of the beams. Three specimens were used for rehabilitation and the other
three beams were used for strengthening. Figure 2d shows the CFRP configuration of
this group.

The notations of the beams consist of three parts. The first part is strengthening or
rehabilitation; S is designated for strengthening and R for rehabilitation. The second part
is for CFRP configurations; Inc is designated for inclined CFRP strips, Str for horizontal
CFRP straight strips, and Sh for CFRP U-wrapped sheets. The third part is the number of
the sample tested. For example, the beam R-5tr2 is the preloaded beam with horizontal
straight CFRP strips and the number of samples is 2. The control beam is named CB. Table 7
provides a full list of the beams and their notations.

2.3. Strengthening and Rehabilitation Process

All beams were cast using a prefabricated steel mold made from 6 mm steel sheets
with stiffeners distributed along the mold length to avoid any local buckling that might
occur during concrete pouring; thus, a smooth surface was obtained without the need
of any treatment. Figure 3 shows the steel mold and reinforcement cage. An electrical
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vibrator was used to ensure the adequate compaction of the concrete. The epoxy resin
was applied to the beam surface and the CFRP was then attached. For the strengthening
procedure, the CFRP was attached to the beams before loading, while for the rehabilitation
process, the beams were loaded up to 60% of CB ultimate load and then the CFRP materials
were attached.

Table 7. Test specimen notations.

Label Definition
CB Control sample: T-beam with no CFRP attached
S-Inc T-beam strengthened with 45° inclined CFRP attached
R-Inc T-beam preloaded with 45° inclined CFRP attached
S-Str T-beam strengthened with horizontal straight strips of CFRP attached
R-Str T-beam preloaded with horizontal straight strips of CFRP attached
S-Sh T-beam strengthened with U-wrap CFRP sheets attached
R-Sh T-beam preloaded with U-wrap CFRP sheets attached

IS TN XTI A L R II

\\\‘\\hlhﬂﬂllﬂumnuumnmmn

(b) Reinforcement cage
Figure 3. Casting of beams.

2.4. Test Setup

A one-point loading test was conducted using a 700 kN capacity MFL Priif-systeme
Universal Testing Machine. All beams were treated as simply supported beams, in which
each support was located 100 mm from each end of the beam. The load was applied in
10 kN increments until failure and was measured using a load cell. At each load increment,
the deflection was measured using a dial gauge sensor which was placed at the mid span
of the beams. Figure 4 shows the test setup.
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Jacking Load

Support

Dial Gauge

Figure 4. Test setup.

3. Theoretical Calculations

The shear strength of all beams was calculated according to ACI 440.2R—17 [37] and
ACI 318—19 [38]. The capacity calculations consisted of three parts: the contribution of
concrete, reinforcement steel, and the CFRP laminates and sheets. The ACI code defines
the theoretical shear strength as

oV, = o(vc +Ve+ ‘Iffvf) )

where O is a strength reduction factor (0.75 for shear), V), is the nominal shear strength, V.
is the nominal shear strength provided by concrete with steel flexural reinforcement, V is
the nominal shear strength provided by steel stirrups, ¥ is a strength reduction factor for
CERP (0.95 for completely wrapped members or 0.85 for three-side and two-opposite-sides
schemes), and V¢ is the nominal shear strength provided by CFRP.

The terms V. and V; were calculated according to the ACI 318—19 [38], while the
contribution of the carbon fiber was calculated according to ACI 440.2R—17 [37] based on
the following equations.

B Ao fre(sin o + cos e)d g,

3f
Afv = ZnthUf (3)

Vs 2

where Ag, is the area of FRP shear reinforcement with spacing s, fz, is the effective stress in
the FRP, « is the angle of application of the primary FRP reinforcement direction relative to
the longitudinal axis of the member, dfv is the effective depth of FRP shear reinforcement,
Sy is the center-to-center spacing of the FRP strips, 7 is the number of plies of FRP reinforce-
ment, fis the nominal thickness of one ply of FRP reinforcement, and wy is the width of
FRP reinforcing plies.

4. Results and Discussion
4.1. General Behavior and Failure Modes

All beams failed in shear. For the control beam, diagonal shear cracks started to appear
near the support at a jack load of 135 kN. Upon increasing the load, the diagonal cracks
became wider and propagated upward with an inclination of about 45°, causing the failure
of the beam.

For group 2, hair cracks appeared near the support at a jack load of 200 kN; however,
one of the diagonal cracks started propagating behind the carbon fiber until it reached the
upper face of the beam near the loading point, causing the failure (Figure 5a). It can be
seen from Figure 5b that side cover separation had occurred just before the failure at the
areas where no carbon fiber was placed near the support.
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(b) Group 2 side cover separation

(c) Group 3 shear failure

(d) Group 3 diagonal shear crack

Figure 5. Cont.
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1| TEN L

(e) Group 4 failure mode

Figure 5. Failure modes of beams.

For group 3, the same shear cracks were recorded as group 2 at a jack load of 270 kIN.
Partial debonding of the carbon fiber strips near the support area was noticed at failure;
however, no debonding was recorded during the test. Further, no side cover separation
was noticed. This might be attributed to the configuration of the carbon fiber used, as
all the beam side faces were confined longitudinally with horizontal carbon fiber strips,
while for group 2, and due to the inclination of the carbon fiber strips, a small area near the
support did not have any carbon fiber attached. Figure 5c,d illustrates the failure mode of
group 3.

Because of the full wrapping of the beams’ web in group 4, the shear cracks were hard
to notice during the test. At failure, rapture and debonding of the carbon fiber sheet had
occurred on the side face of the beam. The carbon fiber had also lost its bond with the
concrete at the bottom face with concrete cover separation near the middle third of the
span length as shown in Figure 5e.

For beams preloaded with CFRP, new cracks were seen to appear; however, the same
cracks that happened in the preloading stage continued their widening and propagation
until reaching the upper face of the beam, near the loading point, and caused failure.

4.2. Experimental Shear Capacity

The experimental shear capacity results of all the beams are summarized in Table 8.
All the beams strengthened and preloaded with CFRP in all configurations showed higher
results compared to the CB. This agrees well with the findings of Jayaprakash et al. [36].
The results indicated that for strengthened beams, horizontal straight CRP strips recorded
the highest shear capacity among all the samples with an increase of 100%, followed by
sheets and 45° inclined configurations with increases of 41% and 26%, respectively. This
might be attributed to the presence of internal steel stirrups distributed along the beam’s
length at 50 mm spacing and their interaction with the CFRP reinforcement, as this finding
is also proved by Bae et al. [26].

For the rehabilitation process, the highest increase was recorded for the horizontal
straight strips scheme with an increase of 73%, followed by the rehabilitation of beams with
sheets and 45° inclined configurations with increases of 28% and 21%, respectively. It can
be noticed that all the schemes behaved in the same pattern in both the strengthening and
rehabilitation of beams, i.e., the horizontal straight strips recorded the highest increase in
capacity, followed by sheets and then the 45° inclined strips. Figure 6 shows a comparison
between the experimental results.

It can also be noted that beams strengthened with CFRP recorded higher values than
the beams preloaded with the same CFRP scheme. This does not agree with the findings of
Jayaprakash et al. [36], where the authors indicated that, as compared to the strengthened
beams, the use of CFRP strips for the rehabilitation process recorded better results.
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Table 8. Experimental test results.

Sample Experimental Shear Capacity (kN) Increase (%)
CB 160 0%
S-Incl 195 22%
S-Inc2 207 29% 26%
S-Inc3 204 28%
R-Incl 200 25%
R-Inc2 193 21% 21%
R-Inc3 186 16%
S-5Strl 320 100%
S-Str2 317 98% 100%
S-5tr3 324 103%
R-Strl 279 74%
R-Str2 285 78% 73%
R-Str3 268 68%
S-Shl 225 41%
S-Sh2 219 37% 41%
S-Sh3 232 45%
R-Shl 205 28%
R-Sh2 199 24% 28%
R-Sh3 211 32%

;50 Experimental Load Capacity

300
250
200
150
100
50
0

Load (kN)

o
()

S-Inc

R-Inc

Q-Ctr

R-Str

R-Sh

Figure 6. Comparison between the experimental shear capacities for all beams.

4.3. Experimental Load—Deflection Behavior

The experimental load-deflection curves for all beams are shown in Figure 7.

All beams showed the same load—deflection behavior during the test. Results clearly
indicated that all beams with CFRP attached in any shape or configuration recorded lower
deflection values than CB, including the preloaded beams at any load value. However,
beams with horizontal straight CFRP recorded higher deflection values than the CB at
failure. Figure 8 illustrates the deflection of beams along the length for the first sample of

each group.

For horizontal straight strips and sheet CFRP configurations, the strengthened beams
recorded lower deflections than the preloaded ones, while for the 45° inclined scheme,
the preloaded beam recorded lower deflections up to around 20% of its capacity and then
started to record a higher deflection than the strengthened beam.
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Inclined CFRP

350
300
250
£ 200
'g Control
S 50 E T S-Incl
S-Inc2
1
oo S-Inc3
50 = « = R-Incl
= = R-Inc2
0 = . =R-Inc3
0 5 10 15
Deflection (mm)
(a)
Horizontal CFRP
350
300
250
ez_" 200
®
8 150
—
100
50
0
Deflection (mm)
(b)
U-wrap CFRP Sheet
350
300
250
Z 200
-t'é 150 Control
B e S S-Sh1l
100 S=Sh2
S-Sh3
50 — - = RSh1
— —R-Sh2
0 — - =R-Sh3
0 5 10 15
Deflection (mm)
()

Figure 7. Experimental load—deflection curves for all beams: (a) inclined—group 2; (b) horizontal
straight strips—group 2; (c¢) U-wrapped sheets—group 3.
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Deflection along the beam's length

Length (mm)
0 500 1000 1500 2000

CB 0
S-Inc —_

R-Inc E 2

S-Str - 4

- . = RStr .§ .
— —ssh B

v 8

% 10
A

12

Figure 8. Deflection along the beams’ length.

4.4. Theoretical Results

The theoretical values were calculated according to ACI 440.2R—17 [37] and ACI
318—19 [38], and the results are illustrated in Table 9.

Table 9. Comparison between experimental and theoretical shear capacity values.

Experimental Shear ~ Theoretical Shear

Sample Capacity (kN) Capacity (kN) Percent Increase (%)
CB 160 157.6 1%

S-Incl 195 231.2 —19%

S-Inc2 207 231.2 —12% —15%
S-Inc3 204 231.2 —13%

R-Inc1 200 231.2 —16%

R-Inc2 193 231.2 —20% —20%
R-Inc3 186 231.2 —24%

S-5trl 320 308.9 3%

S-5tr2 317 308.9 3% 4%
S-5tr3 324 308.9 5%

R-Strl 279 308.9 —-11%

R-Str2 285 308.9 —8% —11%
R-5tr3 268 308.9 —15%

S-Shl 225 217.5 3%

S-Sh2 219 217.5 1% 3%
S-Sh3 232 217.5 6%

R-Shl 205 217.5 —6%

R-Sh2 199 217.5 —9% —6%
R-Sh3 211 217.5 —3%

It can be seen that the CB recorded a capacity that was almost the same as its theoretical
capacity calculated according to the ACI318—19. However, not all beams with CFRP
reached their theoretically predicted capacity. To start with, the code does not differ
between the strengthening and rehabilitation of beams; however, the experimental results
are not the same. From Table 4, it can be noted that the ACI 440.2R—17 gave conservative
results for the strengthening of beams with horizontal straight strips and sheet CFRP
configurations. For other specimens, the code overestimated the theoretical capacity
by 6—20%.

This might be attributed to the definition of some variables in the code equations, such
as the depth of which the CFRP is applied over. The code defines the depth of the CFRP
as the distance from which the CFRP starts to the center of the tensile steel. For example,
the code treats the beams with horizontal CFRP strips having a ratio of (spacing/width
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of CFRP) equal to one, the same as the sheets. However, in the case of sheets, the whole
depth contains CFRP, while for the case of horizontal strips, the spacing between the strips
is not considered. This is also confirmed by Tanarslan and Altin [25], as the authors stated
that the guidelines failed to account for the (a/d) ratio and anchorage effects.

Moreover, in the experimental results, the horizontal straight strips provided the high-
est capacity, followed by the sheets and then the 45° inclined strips. However, according
to the ACI 440.2R—17, the 45° inclined strips scheme should provide capacities higher
than the sheets, which was not the actual case; thus, this is a point to be considered for
future calculations.

5. Conclusions
From this study, the following can be concluded:

e  The results clearly indicate that using externally bonded CFRP laminates and sheets
in T-beams is effective in improving the shear capacity.

e  For the strengthening and rehabilitation of RC T-beams, the failure to be expected is
either pure shear cracks propagated to the tension face of the T-beam, CFRP debonding
failure, or CFRP rapture failure associated with cover separation.

o  The shear capacity increased for the strengthened T-beams by a range of 26-100%. The
highest increase was recorded for the horizontal CFRP strips scheme.

e  The shear capacity increased for the preloaded T-beams by a range of 21-73%. The
highest increase was recorded for the horizontal CFRP strips scheme.

e  The capacities of the strengthened beams were higher than those of their corresponding
preloaded T-beams; however, there was no big difference between the experimental
results of the strengthening and rehabilitation of T-beams as long as the preloaded T-
beams were not loaded with more than 60% of their design capacity. After loading the
beams up to 60% of the ultimate load, the dial gauge returned to zero deflection and
all beams returned to their initial condition; thus, it is concluded that no significant
damage occurred.

e  For the experimental load—deflection curves, all T-beams exhibited almost linear trends
with different slopes.

e  The deflection recorded with the use of CFRP was lower than that of the control
T-beam at any load values; however, the deflection at failure was not always lower
than that of the control T-beam.

o  The ACI 440.2R—17 does not differ between the strengthening and rehabilitation of
T-beams. Moreover, not all the parameters are considered logically in the calculations;
thus, the theoretical results are not always conservative in predicting the shear capacity
and the provisions need to be revised.

e  The theoretically predicted values according to the ACI 440.2R—17 and the experi-
mental results did not have the same pattern of ordering the highest capacities.
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