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Partially Bonded Reinforced Concrete Beams with Different

Anchorage Methods
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Carbon fiber-reinforced polymer (CFRP) is a widely used mate-
rial for reinforced concrete (RC) beam strengthening. Because of
exposure to severe environments and improper construction, CFRP
sheets may separate from the bottom of RC beams. To analyze
the influence of this type of interfacial defect on the mechanical
properties of RC beams quantitatively and provide a reference for
the rehabilitation of structures, this paper investigates the flexural
properties of RC beams strengthened with partially bonded CFRP
by experiments and analytical studies. To measure the degree of
unbonded CFRP, a new parameter called the unbonded ratio was
established, which is defined as the ratio of unbonded length to the
total length of strengthening CFRP in the tension zone. Twenty-six
RC beams were fabricated and tested in the present study, and the
experimental variables were the unbonded ratio, thickness of the
CFRP sheet, and anchorage method (vertical U-jacket, inclined
U-jacket, and mechanical plate). The cracking load, ultimate load,
load-midspan deflection curve, ductility, crack pattern, and failure
modes of these specimens are discussed. Also, the coupling effect
of the unbonded CFRP and anchorage method on the flexural
performance of strengthened beams was investigated. Test results
indicated that the ultimate load decreased with the increase of
the unbonded ratio before the unbonded ratio reached its critical
value. It was also found that the mechanical-plate anchorage and
inclined U-jackets were superior to traditional vertical U-jackets
in terms of load-carrying capacity and flexural stiffness and post-
poned the debonding of CFRP. Finally, a theoretical model for the
ultimate load of RC beams strengthened with inclined U-jackets
was proposed, which showed a good agreement with the test results.

Keywords: anchorage; concrete beam; flexural performance; partially
bonded carbon fiber-reinforced polymer (CFRP); unbonded ratio.

INTRODUCTION

Attributed to the advantages of high strength, low weight,
and excellent corrosion resistance, carbon fiber-reinforced
polymer (CFRP) is getting more and more attention from
researchers, engineers, and project managers. Regarding
the external reinforcement by CFRP, researchers have
studied the influence of distinct experimental variables on
CFRP-strengthened structures, such as the position of CFRP
reinforcement, the thickness of the CFRP sheet, and the shape
of CFRP reinforcement forms (U-shaped bonding, spaced
strip bonding, or the combination of different bonding tech-
niques).' These studies showed that the application of CFRP
reinforcement could postpone the cracking' and enhance the
structural performance of reinforced concrete (RC) beams.*

When the CFRP sheet is employed to enhance the bending
strength of the RC beam, researchers often assume that the
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perfect bonding can be achieved by using adhesive resins
and various anchorages.®” However, due to exposure to
severe environments and improper construction methods,
the CFRP sheet often separates from an RC beam in its
service life, leading to interfacial defects and a change in
load-carrying capacity. In this case, the beam strengthened
with fully bonded CFRP is converted into a beam strength-
ened with partially bonded CFRP. Because the delamination
between CFRP sheets and the surface of RC beams is diffi-
cult to detect, it is necessary to consider the post-debonding
load-carrying capacity of the member before strengthening
construction to ensure safety during the service life.
Currently, there are few quantitative studies on the mechan-
ical properties of RC beams strengthened with partially
bonded CFRP, and researchers’ opinions are divided. Zhou
et al.® argued that partial debonding of CFRP at the pure
bending zone will reduce the ultimate load slightly, while
debonding at the shear-bending zone will reduce the ulti-
mate load significantly. However, other researchers’ '
treated partially bonded CFRP as a novel reinforcement
system for RC beams. Burgoyne’ proposed that it was
not necessary for FRP to be fully bonded to concrete and
suggested an unbonded system for FRP-strengthened beams.
Lees and Burgoyne!'®!! investigated the mechanical proper-
ties of beams with partially bonded composite reinforce-
ment and concluded that the ultimate load of the partially
bonded beams was equivalent to that of fully bonded beams.
Chahrour and Soudki'? and Choi et al.'* conducted bending
tests on partially bonded CFRP-strengthened RC beams
and deduced the analytical expressions for the yield load
and ultimate load-carrying capacity through the moment-
curvature relationship. In addition, researchers!*!® observed
in their experiments and finite element analyses that partially
bonded CFRP leads to increased load-carrying capacity and
ductility. Therefore, there are no widely accepted conclu-
sions on how CFRP debonding affects the mechanical
properties of RC beams. Perhaps because of the existence
of controversy, current codes have a low acceptance of this
new reinforcement system and most of them do not address
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Table 1—Mixture proportions and compressive strength of concrete

Fine aggregate,

Grade Cement, kg/m® (Ib/yd®) kg/m? (Ib/yd®)

Coarse aggregate,

Compressive strength at

kg/m? (Ib/yd®) Water, kg/m? (Ib/yd®) 28 days, MPa (ksi)

C40 450 (759) 636 (1073)

995 (1679) 210 (354) 45.39 (6.58)

the intentionally partially bonded FRP. Instead, they always
treat the delamination of FRP as a kind of defect."”

Also, studies on the effect of anchorage methods on the
mechanical properties of RC beams in the case of partially
bonded CFRP have not been reported yet. Anchorages
are frequently applied to RC beams strengthened with
CFRP sheets. The application of anchorages is intended
to prevent CFRP from debonding from the surface of the
beam or to delay the delamination and increase the load-
carrying capacity. CFRP U-jackets are one of the most wide-
spread anchorage methods that can offer resistance against
plate-end debonding. Mechanical plates with bolts are also
widely used to improve the load-carrying capacity.?’ In addi-
tion to the traditional anchorage methods, researchers also
focused on innovative anchorage methods in recent years,
such as FRP bar and FRP U-jacket composite anchorages,?!
anchored holes,?? fiber anchor spikes,”> mechanical end
anchorages,”* warp and woof straps,”® and inclined FRP
U-jackets,*** most of which improved the load-carrying
capacity or serviceability of strengthened structures. Also,
by using new grooving techniques for CFRP sheets such as
externally bonded reinforcement on grooves (EBROG) and
externally bonded reinforcement in grooves (EBRIG), the
debonding between the CFRP sheet and concrete substrate
can also be delayed,?’* with higher load-carrying capacity
than reference beams. However, inconvenient construc-
tion and high costs hinder the wide application of these
anchorage or grooving methods. Furthermore, studies*20-2¢
assumed that CFRP sheets were perfectly bonded to the RC
beams and did not take the debonding between CFRP and
the concrete substrate into account.

To investigate the combined effects of partially bonded
CFRP and anchorage methods on the mechanical properties
of RC beams strengthened with CFRP, this study investi-
gated the flexural behavior of RC beams with partially
bonded CFRP and three different anchorage methods—
that is, vertical U-jacket, mechanical plate, and inclined
U-jacket. To measure the degree of unbonded CFRP, a new
parameter called the unbonded ratio is proposed, which is
defined as the ratio of unbonded length to the total length of
strengthening CFRP in the tension zone and denoted as &.
The ultimate load, cracking load, flexural stiffness, ductility,
crack pattern, and failure mode were studied and analyzed.
In the end, a theoretical model to evaluate the ultimate load
of RC beams with U-jacket anchorages was proposed. The
results of the proposed model showed good agreement with
the collected test results in the literature.

RESEARCH SIGNIFICANCE
Existing research on RC beams strengthened with
partially bonded CFRP does not take various anchorage
methods into account. The present study aims to investi-
gate the collaborative performance of the partially bonded
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CFRP sheet and different anchorage methods and proposes a
theoretical model to evaluate the ultimate load of RC beams
with U-jacket anchorages. The research achievements of the
present study will help to select a suitable anchorage method,
estimate the influence of CFRP debonding, and determine
whether further repairs are needed.

EXPERIMENTAL PROCEDURE

Materials

The concrete mixture proportions were adopted from a
previous study.** The components of the mixture were ordi-
nary portland cement, river sand, and 5 to 10 mm (0.2 to
0.4 in.) well-graded coarse aggregate. The mixture propor-
tions and 28-day compressive strength are shown in Table 1.
The specimen size for the compressive strength test was
150 x 150 x 150 mm (5.9 x 5.9 x 5.9 in.) according to GB/T
50081-2019.3* The one-layer CFRP sheet had a thickness
of 0.167 mm (0.0065 in.), tensile strength of 3400 MPa
(493 ksi), elastic modulus of 244 GPa (35,390 ksi), and
ultimate strain of 0.014, in which the mechanical properties
were obtained from tests according to GB/T 3354-1999.%
The nominal yield strength of longitudinal steel bars and
stirrups were 400 and 300 MPa (58 and 44 ksi), respec-
tively, and the test yield strength of longitudinal bars was
467 MPa (68 ksi), according to GB/T 228.1-2010.3¢ The
elastic modulus of steel reinforcement was assumed to be
200 GPa (29,000 ksi).

Specimens

A total of 26 RC beams—including six fully bonded
CFRP-strengthened beams, 18 partially bonded CFRP-
strengthened beams, and two beams without external
CFRP—were fabricated in this experiment. Three anchorage
methods were selected for this paper, namely CFRP vertical
U-jackets, mechanical plates, and CFRP inclined U-jackets
as suggested by Fu et al.#2¢

The dimensions of the specimens were 1000 x 80 x 120 mm
(39.4 x 3.1 x 4.7 in.) and the length of the CFRP sheet was
800 mm (31.5 in.). The details of the specimens are shown
in Table 2. The unbonded ratio, which is denoted as &, is
defined as the ratio of unbonded length to the total length of
CFRP sheet—that is, x/Lyin Fig. 1. “WB,” “FB,” and “PB”
indicate specimens without bonded CFRP, with fully bonded
CFRP, and with partially bonded CFRP, respectively. The
number after “PB” indicates the percentage form of the
unbonded ratio; for example, “010” stands for & = 10% = 0.1.
The number after the hyphen is the number of CFRP layers.
The last letters “V,” “I,” and “M” indicate vertical U-jacket,
inclined U-jacket, and mechanical plate, respectively.

The details of the reinforcement cages are shown in Fig. 2.
Reinforcement cages were placed in wooden molds, then
concrete was placed into the formwork and cured for at least
28 days before the beam bending test.
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Before attaching the CFRP sheets to the bottom of the
beams, the surface of the concrete beam was ground with an
angle grinder, followed by a secondary cleaning with sand-
paper. Polyethylene terephthalate (PET) was used to keep
concrete separate from the CFRP in the unbonded area. This
procedure was intended to simulate the interfacial defect of
the CFRP bonding.

Table 2—Details of specimens

Thickness of Unbonded
Anchorage | CFRP | CFRP sheet, | Unbonded | length,
Specimen | method | layers mm ratio mm
WBI1 — — — — —
WB2 — — — — —
FB-1V VU 1 0.167 0 0
FB-11 U 1 0.167 0 0
FB-IM MP 1 0.167 0 0
FB-2V VU 2 0.334 0 0
FB-21 U 2 0.334 0 0
FB-2M MP 2 0.334 0 0
PB010-1V VU 1 0.167 0.1 80
PBO010-11 U 1 0.167 0.1 80
PB010-1M MP 1 0.167 0.1 80
PB010-2V VU 2 0.334 0.1 80
PB010-21 U 2 0.334 0.1 80
PB010-2M MP 2 0.334 0.1 80
PB020-1V A48 1 0.167 0.2 160
PB020-11 U 1 0.167 0.2 160
PB020-1M MP 1 0.167 0.2 160
PB020-2V VU 2 0.334 0.2 160
PB020-21 U 2 0.334 0.2 160
PB020-2M MP 2 0.334 0.2 160
PB030-1V VU 1 0.167 0.3 240
PB030-11 U 1 0.167 0.3 240
PB030-1M MP 1 0.167 0.3 240
PB030-2V VU 2 0.334 0.3 240
PB030-21 U 2 0.334 0.3 240
PB030-2M MP 2 0.334 0.3 240

Note: VU is vertical U-jacket; IU is inclined U-jacket; and MP is mechanical plate. 1
mm = 0.039 in.

_7ilA

As previously mentioned, in the present study, three
anchorage methods were considered—namely, vertical
U-jackets, inclined U-jackets, and mechanical plates. The
details of the three anchorage methods are shown in Fig. 3. It
should be noted that the widths of each anchorage are equal,
as are the distances between anchorage edges and the ends
of the CFRP sheet.

Four-point bending test

After 7 days of curing of epoxy resin, the four-point
bending test was conducted on a 5000 kN (1124.04 kip)
hydraulic testing machine. The schematic diagram of the
beam test setup is shown in Fig. 4. Figure 5 displays the
experimental setup prior to loading for the typical strength-
ened beam specimens implemented with the three anchorage
methods (vertical U-jacket, inclined U-jacket, and mechan-
ical plate). The loading speed was 0.2 mm/min (0.008 in./
min). A 200 kN (44.96 kip) load cell was used to measure the
loading force. Three displacement sensors were applied to
measure the deflection of the beam, one of which was used
to measure the midspan deflection, and the other two were
applied to measure support deflections.

During the test process, loading was sustained at every
5 kN (1.12 kip), the crack initiation and propagation were
marked on one side of the beam, and the crack width was
measured with a device that measures the crack width and
the microcosmic defects on the concrete surface.

EXPERIMENTAL RESULTS AND ANALYSIS
Failure modes

The test results, including cracking load, ultimate load,
failure mode, and damage of jacket anchorage, are summa-
rized in Table 3 for reference. Four typical failure modes were
observed during the test: concrete crushing, CFRP rupture,
plate-end debonding, and intermediate crack debonding.

Concrete crushing—Concrete crushing is the typical
failure mode of RC beams without externally bonded CFRP,
as shown in Fig. 6(a). After yielding of the tensile reinforce-
ment, the depth of the compression zone decreased with
increasing applied load, and the concrete in the compres-
sion zone at the midspan was eventually crushed. The CFRP
sheet might also separate from the bottom of the beam at the
time of failure.

CFRP rupture—Figure 6(b) shows a typical CFRP rupture
failure. The overall debonding of the CFRP was delayed due
to the horizontal restraining force provided by the mechan-
ical plate. As a result, the CFRP sheet could reach its ultimate
strain and then ruptured with a loud sound. It is noteworthy

fa|

. | é

N E >

7
Epoxy resin
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Unbonded area

Fig. I—Concrete beam with partially bonded CFRP.
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Fig. 2—Reinforcement of test beams. (Note: Units in mm; 1 mm = 0.039 in.)

% Table 3—Experimental results
Jacket
S Cracking Ultimate Failure anchorage
qJﬂﬂml mmml_ Specimen load P.,, kN | load P,, kN mode damage
50| | 700 | |50 WBI 23 29.7 cc N/A
t o WB2 25 27.7 cc N/A
mll]ml mllmn FB-1V 42 027 IC R
FB-1I" — 51.6 IC N
(a) Vertical U-jacket FB-1M 5.6 495 CCHIC N/A
\??‘\ FB-2V 6.1 445 PE N
FB-21 6.3 56.9 IC R
g’% % FB-2M 6.2 57.8 IC N/A
50| | 700 | |50 PB010-1V 4.0 44.4 IC N
T T PB010-11 3.9 476 IC D
PB010-1M 4.4 49.0 IC N/A
% & PB010-2V 6.1 44.2 PE D
(b) Inclined U-jacket PB010-21 5.7 50.5 IC N
60 PB010-2M 6.3 543 IC N/A
PB020-1V 3.7 44.6 IC R
PB020-11 4.7 49.6 CCHIC N
= = PB020-1M 43 47.9 CR N/A
50 700 50 PB020-2V 6.2 473 PE N
P9 [ PB020-21 5.9 54.0 IC R
PB020-2M 53 60.4 CCHIC N/A
— _— PB030-1V 45 448 IC N
(¢) Mechanical plate PB030-11 4.0 488 CCHC N
Fig. 3—Schematic diagrams of anchorage methods. (Note: PB030-1M 4.2 444 IC N/A
Units in mm,; I mm = 0.039 in.) PB030-2V 6.5 44.8 PE N
that only half of the CFRP sheet broke with a smooth cross PB030-21 5.6 2.4 IC D
section, while the other half remained almost intact. The PB030-2M 6.2 63.5 IC N/A

reason for this may be due to the uneven stress distribution
inside the CFRP sheet.

Plate-end debonding—Figure 6(c) exhibits a typical
plate-end debonding failure. It can be seen that local stress
concentration at the end of the CFRP sheet induced wide
shear cracks on the two-layer specimens with vertical
U-jackets. With the increase in applied load, the cracks near
the inner side of the U-jacket developed rapidly, and small
and dense cracks appeared around it. At the time of failure,
a bulk of concrete between two major shear cracks was torn
off from the bottom of the beam at the end of the CFRP sheet.

64

"The cracking load of FB-11 is not accessible due to misoperation, which applied
impact load on the specimen during the test.

Note: CC is concrete crushing; IC is intermediate crack debonding; PE is plate-end
debonding; CR is CFRP rupture; R is U-jacket rupture; D is U-jacket debonding; N is
no damage; and N/A is not applicable. 1 kN = 0.225 kip.

Intermediate crack (IC) debonding—IC debonding was
the main failure mode of the test, which is shown in Fig. 6(d).
After yielding of the tensile reinforcement, the CFRP sheet
at the bottom of the beam made tearing sounds occasionally.
Then, the tearing sound was heard continuously for a few
seconds before the CFRP separated from the beam. After
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Fig. 4—Schematic diagram of beam test setup. (Note: Units in mm; 1 mm = 0.039 in.)

(c) Mechanical plate (FB-2M)

Fig. 5—Beam test setup prior to loading.

that, the debonding of the CFRP occurred near the midspan
of the specimen with a loud noise. The CFRP sheet was
observed to be split into several thin strips due to the sudden
release of great energy during the debonding process. The
main body of the beam was still able to carry the applied
load after debonding and finally failed by crushing of the
concrete. According to Teng and Chen,’” IC debonding is
induced by local interfacial stress near the cracks. Because
there is a singularity and concentration in the stress distri-
bution at the unbonded boundary, IC tends to occur from
cracks near the unbonded boundary.

Depending on the pattern of the CFRP U-jacket at the
time of failure, IC debonding could be subdivided into three
classes: CFRP jacket rupture, CFRP jacket debonding, and

ACI Structural Journal/January 2024

debonding without additional damage to the jacket. The
corresponding specimens are listed in Table 3.

Damage to the CFRP jacket was induced by the released
energy caused during the debonding of the CFRP sheet at the
bottom of the beam, and the specific damage form depended
on the shear strength of the concrete-epoxy resin interfacial
adhesive layer, the tensile strength of CFRP, and the magni-
tude of the energy. When the shear strength of the concrete-
epoxy resin interfacial adhesive layer was sufficient to resist
released energy, but the tensile strength of CFRP was not
sufficient, the CFRP jacket rupture would occur, as shown
in Fig. 7(a). If the aforementioned condition was reversed,
then CFRP jacket debonding would occur, as demonstrated
in Fig. 7(b). If each strength was sufficient to withstand
the released energy, then the anchorage would remain
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(c) Plate end debonding (FB-2V)

Fig. 6—Failure modes.

(a) Rupture of CFRP U-jacket (PB020-2I)

Fig. 7—Damage of CFRP U-jacket.

undamaged. This brittle damage does not occur when using
mechanical plates because the concrete-epoxy resin layer
was not applied. This is one advantage of the mechanical
plates over the CFRP U-jacket anchorage methods.

Crack patterns and propagation

The propagation of cracks was marked and recorded
during the test. It should be noted that the initial crack was
formed on FB-11I, on which the impact load was applied
due to mishandling. The recorded crack width of FB-11 was
measured during the second loading process.

The load-maximum crack width curves (P-w,, curves) of
the specimens with the same unbonded ratios are shown in
Fig. 8. It can be seen that when the same anchoring method is
used, the cracks in the two-layer specimens are smaller than
those in the one-layer specimens, regardless of the unbonded
ratios. In addition, the anchorage method did not exhibit a
significant effect on the crack width of the specimens.

The relationships between P and w,, under the condition
of the same anchorage method are shown in Fig. 9. In the
case of using vertical U-jackets and mechanical plates, the
FB specimens had the smallest w,, regardless of the thick-
ness of the CFRP. For specimens using inclined U-jackets,

66

ACAY E AN

N

(d) Intermediate crack debonding (PB020-2M)

(b) Debonding of CFRP U-jacket (PB010-2I)

PBO030-11 had the smallest w,, among the one-layer speci-
mens, while FB-11 and PB010-2I had the smallest w,, in the
early and late stages of the loading process, respectively. In
general, fully bonded CFRP sheets were most effective in
restraining crack propagation.

It should be noted that the crack width w.. mentioned here
refers to the width of the flexural or flexural-shear crack
between two anchorages. The crack patterns of the PBO10
specimens are shown in Fig. 10 as typical, and other speci-
mens are similar to these.

Cracking load and ultimate load

Experimental results of cracking load are shown in Table 3
and Fig. 11(a).

It can be indicated that the cracking load was not signifi-
cantly affected by the anchorage method and the unbonded
ratio & Prior to the cracking in the tensile region of the
concrete beam, the deformation of the concrete surface and
CFRP sheets was highly concentrated in the vicinity of the
midspan, and anchorage had not worked effectively yet.

It is further exhibited in Fig. 11(a) that the number of
CFRP layers was the only variable that had a significant
effect on the cracking load. The average cracking loads of
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Fig. 9—Load-maximum crack width curves (same anchorage method). (Note: 1 kN = 0.225 kip; 1 mm = 0.039 in.)

zero (WB specimens), one, and two CFRP layer(s) were
2.4,4.3, and 6.0 kN (0.52, 0.97, and 1.35 kip), respectively.
Hence, the cracking loads of beam specimens increased with
the number of CFRP layers.
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Experimental results of ultimate loads are shown in
Table 3 and Fig. 11(b).

First, the effect of the unbonded ratio & on the ultimate
load P, was considered. In the 11, 21, and 1M series, the
maximum P, occurred on the FB specimen in series 11, 21,
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and 1M. However, in series 1V, 2V, and 2M, the maximum
P, occurred on PB030-1V, PB020-2V, and PB030-2M,
respectively, which were 15.0, 17.6, and 19.7% higher than
those of the FB specimens.

It can be seen that P, decreased as & increased from 0 to
0.1, except for series 1V. Figure 11(b) also shows that P,
increased when & increased from 0.1 to 0.2, except for series
IM. Note that the length of the pure bending zone L,, and
length of the CFRP sheet L, were 160 and 800 mm (6.3 and
31.5 in.), respectively, while the abnormal improvement of
P, occurred when & = L,,/Ly = 0.2. Therefore, § = L,,/Ly is
defined as the critical unbonded ratio and is denoted as &, It
can be concluded that P, decreases with & until & reaches &,
and increases with & as & approaches &,,.
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When & increased from 0.2 to 0.3, P, increased for the four
series 11, 1M, 2V, and 21 and decreased for the two series 1V
and 2M. Therefore, no general conclusion can be determined
for P, when & exceeds &,

Meanwhile, P, of the two-layer CFRP specimens were
higher than those ofthe one-layer CFRP specimens. However,
P, of the 2V series were not significantly higher than those
of the 1V series. Different from vertical U-jackets, P, of the
21 and 2M series were significantly higher than those of the
corresponding one-layer series. Besides, both the inclined
U-jacket and mechanical-plate specimens had higher P, than
the vertical U-jacket specimens. Because IC debonding is
induced by local interfacial stress near the cracks according
to Teng and Chen,?” appropriate horizontal forces can post-
pone the occurrence of IC debonding by mitigating the local
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Fig. 12—Load-midspan deflection curves (same unbonded ratio). (Note: 1 kN = 0.225 kip; 1 mm = 0.039 in.)

interfacial stress. Inclined U-jackets and mechanical plates
could provide horizontal force through decomposition of the
oblique force and friction, respectively, resulting in higher
&/ (debonding strain of CFRP) and thus higher P,. Also, if
the increased amount of ¢ is assumed to be independent of
tr (thickness of CFRP), then P, significantly increases with
tr because P, is positively correlated with g4 In addition,
P, of the 2M series were higher than those of the 2I series,
suggesting that the mechanical plates could postpone the
occurrence of IC debonding more effectively than inclined
U-jackets. The abnormal increase in P, at &, can also be
explained by the theory by Teng and Chen. The increase in
individual & tends to decrease P,. However, crack widths are
larger at midspan in general, and the local interfacial stresses
are also larger. The increase in & leads to the possibility that
the bonded part avoids large cracks, thereby delaying the
onset of IC debonding and increasing the P,. These two
effects together determine the P,. For £ = 0.1, the bonded
area might not have avoided large cracks, which led to lower
P,. For =&, = 0.2, the unbonded area was large enough so
that the large cracks would not appear in the bonded area.
Therefore, the combined effects result in higher P,. Finally,
for £ = 0.3, there was no significant reduction in crack width
at the bonded area, so the effect from the reduction in the
unbonded ratio dominated again, leading to a lower P,.

Load-midspan deflection curves
The load-midspan deflection curves (P-0 curves) under the
condition of the same unbonded ratio are shown in Fig. 12.
For the FB series, it is indicated from Fig. 12(a) that the
stiffness of the two-layer specimens was higher than that of
one-layer specimens in the early stages of loading. The stiff-
ness was similar among specimens with the same number
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of CFRP layers. The stiffness of all specimens decreased
with increasing load, and the one-layer specimens decreased
more rapidly than the two-layer specimens, which resulted
in lower P, for FB-11 than for FB-2I and FB-2M. Also, as the
load increased, the longitudinal reinforcement yielded and
the stiffness of FB-1I increased relative to other specimens,
which was close to that of FB-2I and FB-2M, while the stiff-
ness of FB-2V decreased relative to other specimens. Thus,
the stiffness of FB-11I eventually exceeded that of FB-2V.

For the PBO10 series, it is indicated from Fig. 12(b) that
PBO010-1I had the highest stiffness among the one-layer
specimens, while PB-2V had the lowest stiffness among the
two-layer specimens, which was similar to the FB series.

For the PB020 series, it is shown in Fig. 12(c) that the
stiffness of PB020-11 was close to that of the two-layer spec-
imens in the early stages of loading. As the reinforcement
yielded, the stiffness of PB020-11 decreased and tended to
approach the stiffness of the other two one-layer specimens.
The stiffness of the two-layer specimens was almost equal
because the curves of the different specimens were almost
coincident.

It is shown in Fig. 12(d) that the P-d curves of the PB030
series are significantly distinct from those of the other
series. First, two specimens with mechanical plates, namely
PB030-1M and PB030-2M, exhibited a significant rela-
tive decrease and increase in stiffness among the one-layer
specimens and two-layer specimens, respectively. Second,
the stiffness of the vertical U-jacket and inclined U-jacket
specimens did not show significant differences in the PB030
series, while the stiffness of the inclined U-jacket specimens
was higher than that of the vertical U-jacket specimens in
the other series.
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Fig. 13—Load-midspan deflection curves (same anchorage method). (Note: 1 kN = 0.225 kip; 1 mm = 0.039 in.)

Based on the previous analysis, it can be inferred that the
inclined U-jacket could significantly improve the stiffness
of the RC beam with the best performance. The stiffness of
specimens with mechanical plates was higher than that of
specimens with vertical U-jackets.

Relations of P and 6 under the condition of the same
anchorage methods are shown in Fig. 13. It is indicated from
Fig. 13 that £ had little effect on the stiffness of specimens. In
general, the stiffness of the two-layer specimens was higher
than that of the one-layer specimens. Besides, the number
of CFRP layers and the anchorage method had coupled
effects in enhancing the stiffness. The difference in stiffness
between the two- and one-layer specimens using mechanical
plates was higher than that of the specimens using the two
U-jacket anchorage methods. It showed that the mechanical
plates performed much better with the thicker CFRP based
on experimental results of ultimate load and stiffness.

Ductility

In general, the ductility of concrete beams can be assessed
by the displacement ductility index, which is calculated by
dividing the ultimate displacement J, by the yield displace-
ment §,—namely, np = §,/5,. Because the specimens in
the present study were RC beams strengthened with CFRP
sheets, 6, derived from the yielding of reinforcement could
not express the ductility of the whole member. Park?®
suggested that d, for concrete structures could be chosen
as the intersection of the straight line y = P, with the line
determined by the original point and 0.75P, point on the P-3
curve. §, is chosen as the midspan displacement at the time
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of failure of the specimen. The definitions of 5, and 8, are
illustrated in Fig. 14(a).

The calculated np and all related data are listed in Table 4,
and the relationship between the displacement ductility
index and unbonded ratio is shown in Fig. 14(b).

As shown in Fig. 12, the P-6 curves of the specimens
strengthened with CFRP sheets do not have significant yield
platforms due to CFRP debonding, which is a type of brittle
failure. Therefore, the ductility of these specimens is very
low. Figure 14(b) indicates that the ductility of the one-layer
specimens decreased significantly with the increase in the
unbonded ratio &. For the two-layer specimens, the ductility
of the 2V series did not change significantly with increasing
&, while the ductility of the 2I and 2M series increased first,
then decreased, and finally increased as & increased from 0
to 0.3. Meanwhile, it is also exhibited in Fig. 14(b) that the
ductility of PB030-21 and PB030-2M were approximately
equal to those of FB-2I and FB-2M, respectively.

Under the conditions of the same anchorage method and
unbonded ratio, Fig. 14(b) shows that the one-layer spec-
imens exhibited higher ductility than the two-layer spec-
imens. This can be explained by the fact that CFRP is a
linear-elastic material and does not contribute much ductility
to the strengthened beam, which is mainly provided by the
steel reinforcement. For this reason, the higher strengthening
ratio of CFRP reduced the ductility of the beams.

With the same CFRP thickness and unbonded ratio,
overall, the highest ductility was observed for the vertical
U-jacket specimens, while the lowest ductility was observed
for the inclined U-jacket specimens. This result is in good
agreement with the study by Fu et al.* However, it was found
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Table 4—Displacement ductility indexes
of specimens

Specimen P,, kN dy, mm 5,, mm o
FB-1V 36.7 6.20 10.81 1.74
FB-11 43.8 6.70 11.77 1.76
FB-1M 41.8 8.68 15.00 1.73
FB-2V 39.6 5.73 9.61 1.68
FB-21 49.5 6.50 9.30 1.43
FB-2M 51.0 7.21 10.84 1.50

PB010-1V 37.7 6.60 11.72 1.78

PBO10-11 40.9 7.03 10.81 1.54

PB010-1M 41.8 8.04 14.10 1.75
PB010-2V 40.6 5.08 8.18 1.61
PB010-2I 44.9 5.64 8.26 1.46
PB010-2M 47.8 6.52 10.37 1.59
PB020-1V 38.4 6.97 11.19 1.61
PB020-11 41.5 7.67 11.08 1.44
PB020-1M 40.9 8.34 12.95 1.55
PB020-2V 40.6 5.50 8.64 1.57
PB020-2I 473 6.69 8.80 1.32
PB020-2M 52.6 7.51 9.96 1.33
PB030-1V 38.5 6.54 10.56 1.61
PB030-11 424 7.87 10.21 1.30
PB030-1M 38.8 8.07 12.01 1.49
PB030-2V 40.3 5.08 7.91 1.56
PB030-2I 46.2 7.19 10.48 1.46
PB030-2M 54.1 7.59 11.65 1.53

Note: 1 kN = 0.225 kip; 1 mm = 0.039 in.

that the high ductility of specimens with vertical U-jackets
was obtained at the expense of early yielding, and its overall
deformation capacity was inferior to specimens with either
mechanical plates or inclined U-jackets. It is indicated that §,
of specimens with vertical U-jackets were smaller than those
of specimens with inclined U-jackets and mechanical plates,
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as shown in Fig. 15(a), and §, of specimens with vertical
U-jackets were similar to those of specimens with inclined
U-jackets and smaller than those of specimens with mechan-
ical plates, as shown in Fig. 15(b). Because 8, serves as the
denominator in the definition of 1, it shows a greater influ-
ence on 1p than §,. Therefore, the specimens with vertical
U-jackets had the highest calculated ductility at the cost of
early yielding.

THEORETICAL EVALUATION OF ULTIMATE LOAD

Based on existing analytic research!>*° and experimental
research,* a new theoretical model for evaluating the ulti-
mate load of RC beams strengthened with fully or partially
bonded CFRP and U-jacket anchorage (the influence of
debonding is not considered in the proposed theoretical
model) that fail due to CFRP IC debonding is proposed.

Chahrour and Soudki!? suggested that for RC beams
strengthened with bonded CFRP, the applied load can be
calculated by Eq. (1)

e.E.bc?
M = =5+ Af(h;— ) + AEeh—c) (1)
where
2(Adf, + Ay
¢ ;,L,Ecb @

In fact, from Eq. (1) and (2), the ultimate load of the
specimens cannot be obtained directly because of the two
unknown quantities, €. and €. For given €. and ¢, Eq. (1)
and (2) yield the corresponding load of the specimen. In
the original research by Chahrour and Soudki,'? €. and &
were obtained through tests. However, to assess the beams
in practice, it is necessary to make reasonable assumptions
about these two values. In the case of evaluating the ultimate
load, it can be assumed that concrete in the compression
zone reaches its compressive strength, that is, €.£. = f.. For
&5 Li and Wu* recommended a theoretical model to calcu-
late the debonding strain of CFRP due to IC debonding
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B
= (042 60425 +0. (}0.3
& = JEi, (0.427f. 0.5881.™) A3)
where ¢ is the debonding strain of CFRP; £, is the elastic
modulus of CFRP (MPa); #is the thickness of the CFRP sheet
(mm); f. is the cylinder compressive strength of concrete
(MPa); and B,, = +/(2 = b/b)/(1 + b/b), where byand b are
the width of the attached CFRP and beam, respectively.

To consider the effect of inclined U-jackets, it is assumed
in this paper that the inclined U-jackets improve the perfor-
mance of the beam by exerting an action on the bottom of the
beam. Therefore, in Eq. (1) and (2), additional terms need to
be added to represent the influence of inclined U-jackets, as
follows

cbe?
M = f 3C + A‘f;(hV — C) + AjEjS/d(h — C[) +
24,E€4(h — c;)cos@ 4)
Z(Aé]; + A/E/S/d + 2AjEf8ijOS(P)

where g, is the strain of the CFRP U-jacket at debonding;
and ¢ is the angle between the inclined U-jacket and hori-
zontal plane: for vertical U-jacket specimens, ¢ =90 degrees.

Based on the experimental investigation by Fu et al.,*
it is assumed that g;; = 0.2¢,. The experimental results of
U-jacket specimens in this study and collected from existing
literature,*** as well as corresponding calculated results, are
listed in Table 5. It can be seen that P, /P, . has a mean of
0.99, standard deviation of 0.09, and coefficient of varia-
tion of 0.09, which indicates a good agreement between the
proposed model and the experimental results.

CONCLUSIONS
This paper investigated the flexural properties of reinforced
concrete (RC) beams strengthened with partially bonded
carbon fiber-reinforced polymer (CFRP). A new parameter
called the unbonded ratio was introduced to measure the
degree of unbonded CFRP, which is defined as the ratio of
unbonded length to the total length of the CFRP sheet. The
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combined effects of partially bonded CFRP (unbonded ratio)
and anchorage methods on the mechanical properties of RC
beams strengthened with CFRP are investigated. Based on
the experimental investigation and analysis of experimental
results, the following conclusions can be drawn:

1. The results of the analysis indicate that the mechanical-
plate anchorage-strengthened RC beam specimens show the
highest ultimate load, followed by the inclined U-jacket and
then the vertical U-jacket. Ultimate load decreased when
the unbonded ratio increased in the pure bending zone and
increased when the unbonded ratio approached the critical
unbonded ratio.

2. It also shows that the cracking load was not affected by
the unbonded ratio and the anchorage method, but increased
significantly with the increasing number of CFRP layers.

3. The flexural stiffness of CFRP-strengthened RC beams
was significantly influenced by the anchorage method.
Inclined U-jacket anchorages increased stiffness the most
effectively among the three anchorage methods, and the
stiffness of specimens with mechanical plates was higher
than that with vertical U-jackets.

4. It shows that the ductility of the test beams decreased
with the increase in the number of CFRP layers and was
significantly influenced by the anchorage method. The
ductility of the specimens with vertical U-jackets was higher
than that of specimens with mechanical plates, and the latter
was higher than that of specimens with inclined U-jackets.
However, specimens with vertical U-jackets yielded prema-
turely and had less overall capacity of deformation than
specimens with mechanical-plate anchorage.

5. It exhibits that the crack width was not significantly
affected by the unbonded ratio and anchorage method,
but the crack propagation was restrained effectively by
increasing the CFRP layers. All specimens showed similar
crack patterns, except the two-layer specimens with vertical
U-jackets, which had major shear cracks near supports.

6. A theoretical model for the ultimate load of RC beams
strengthened with inclined U-jackets was proposed. The
ratio of calculated to experimental result has a mean of
0.99, standard deviation of 0.09, and coefficient of variation
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Table 5—Ultimate loads of U-jacket specimens:
values and comparison

Study Specimen P, kKN | P, kN PP,
FB-1V 427 39.5 0.93
FB-11 51.6 44.1 0.85
FB-2V 445 46.1 1.04
FB-2I 56.9 50.5 0.89
PB010-1V 44.4 40.8 0.92
PBO10-11 47.6 454 0.95
PB010-2V 442 474 1.07
Present PB010-21 50.5 51.8 1.03
study PB020-1V 44.6 40.8 0.91
PB020-11 49.6 45.4 0.92
PB020-2V 473 47.4 1.00
PB020-21 54.0 51.8 0.96
PB030-1V 448 40.8 0.91
PB030-11 48.8 454 0.93
PB030-2V 448 474 1.06
PB030-21 524 51.8 0.99
[45W100H350 | 1229 | 134.1 1.09
[45WI50H350 | 1407 | 1433 1.02
[45W200H350 | 1503 | 152.6 1.02
Fuetal | I45W400H350 | 1592 | 188.8 1.19
[45WI50H141 | 1333 | 1433 1.08
VOOWI50H350 | 95.5 115.3 121
[135WI50H350 | 92.5 86.7 0.94
1U45W50L1 2501 | 2672 1.07
1U45W100L1 | 289.6 | 283.4 0.98
Aljj‘f{oani 1U45WIS0L1 | 3161 | 299.3 0.95
1U45W200L1 | 337.5 | 315.1 0.93
1U45W300L1 | 360.0 | 346.0 0.96
Mean 0.99
S.D. 0.08
C.V. 0.08

Note: S.D. is standard deviation; C.V. is coefficient of variation. 1 kN = 0.225 kip.

of 0.09, which indicates a good agreement between the
proposed model and the tests.
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NOTATION
Ap Aj, Ay = cross-section area of CFRP sheet, CFRP U-jacket (one side),
and longitudinal steel bars, respectively

b, by = width of beam and CFRP sheet, respectively

e = location of neutral axis without and with inclined U-jacket,
respectively

E. Ef = elastic modulus of concrete and CFRP, respectively

Jorfy = compressive strength of concrete and yield strength of longi-
tudinal steel bars, respectively

h, hy = height of beam and location of longitudinal steel bars,
respectively

Ly Ly = length of attached CFRP sheet and pure bending zone,
respectively

M, M; = bending moment without and with inclined U-jacket,
respectively

P, P., P, = applied load, cracking load, and ultimate load, respectively

P,., P,. = experimental and calculated ultimate load, respectively

Wer = crack width

X = unbonded length

3,9,,8, = displacement, yield displacement, and ultimate displacement
at midspan, respectively

€, & = strain of concrete in compression face and attached CFRP,
respectively

€u> Ed = debonding strain of attached CFRP sheet and strain of
U-jacket when IC debonding failure occurs, respectively

Mo = displacement ductility index

o) = angle between inclined U-jacket and horizontal plane

& = x/L;, unbonded ratio

Eer = L,/Ly, critical unbonded ratio
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