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Abstract: Concrete corbels are short
cantilevers subjected to monotonic and
repeated loads. Repeated loads generally
negatively affect the concrete structural
members' strength as they decrease the
resistance to external loads. To increase these
loads, strengthening with carbon fiber
reinforced polymer (CFRP) strips as an
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 Behavior and strength of corbels subjected to monotonic
and repeated loads.

« Strengthening with CFRP strips as an externally bounded
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corbel dimensions and main and secondary
reinforcement. Nine were strengthened with
CFRP strips using different patterns, while the
others were left un-strengthened as control
corbels. The results showed that both repeated
loads' types, i.e., constant and incremental,
affected the ultimate load capacity of corbels.
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Compared to monotonic loading, a reduction
occurred in ultimate load and ultimate
deflection for corbels subjected to five repeated
loading cycles. For corbels strengthened by
externally bounded CFRP strips under any
applied loads, the ultimate load significantly
increased, while the ultimate deflection
decreased compared to un-strengthened at the
same applied load. All corbels failed by de-
bonding the CFRP strips.
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1. INTRODUCTION

In the ACI 318M [1] code, concrete corbels (or
brackets) are defined as short cantilevers with a
shear span to an effective depth (a/d) ratio less
than unity. Because of this small ratio, the
corbel's strength is mainly governed by shear,
which tends to operate as deep beams or simple
trusses rather than flexural members designed
for shear. According to a study by Kriz and
Raths [2], reinforced concrete corbels' most
frequent failure modes can be summarized as
flexural tension, flexure compression, diagonal
splitting, sliding shear, bearing, and horizontal
tension failure. In previous years, Fiber
Reinforced Polymer (FRP) composite materials
as externally bonded reinforcement for
structural strengthening and rehabilitation of
damaged or deteriorating members increased
worldwide [3]. FRP is a composite material of
discourteous fibers embedded in a polymeric
matrix that makes several products, such as
bars, structural sections, plates, and sheets [4].
This strengthening method has several
advantages over conventional methods, such as
low specific weight, low thermal expansion
coefficient, and ease of handling and
application [5]. FRP also has excellent fatigue
properties; it is generally non-magnetic,
corrosion-resistance, and chemically resistant.
FRP has higher tensile strength and modulus of
elasticity than concrete [6]. Also, this technique
has disadvantages, such as FRP is a brittle
material that cannot be applied to wet surfaces
and has poor behavior at high temperatures [7,
8]. Furthermore, the costs are relatively high.
CFRP strengthening material is almost the best
because carbon fibers outperform glass and

aramid fibers in Young's modulus, long-term
behavior, fatigue behavior, and alkaline
resistance [5]. Recent studies on reinforced
concrete corbels are limited to the case of
increasing loads monotonically; they do not
answer any questions on the corbel's behavior
under repeated loads. In practice, a structure
can be subjected to repeated proportional or
non-proportional high-intensity loading in
several cases. Specimens with a high live load to
dead load ratio, earthquake loading, and
hurricane effects are examples of these. These
types of loading cause higher strain and shear
distress at critical sections. In seismic regions,
using pre-cast concrete includes the
development of a suitable connector between
the pre-cast members [9-11]. Such connections
between members must exhibit strength,
ductility, and energy dissipation. Mohamad-Ali
and Attiya [12] cast and tested thirty reinforced
concrete corbels divided into four groups. Two
groups were strengthened with horizontal
externally bonded CFRP strips, and the other
was strengthened with inclined externally
bonded CFRP strips, using one, two, three, or
four layers of CFRP strips. The results showed
that compared to the control corbel ultimate
load, specimens strengthened by inclined strips
showed a (44.5 to 60) % increase, while
specimens strengthened by horizontal strips
showed a (14.7 to 31.2) % increase. CFRP strips
also delayed the first cracks' appearance, with
an increase in cracking load of (51.43) % for
inclined techniques and (18.75) % for
horizontal techniques. Shadhan and Kadhim
[13] tested sixteen reinforced concrete double
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corbels to investigate the effect of using
composite materials CFRP as strengthening or
repairing material for reinforced concrete
corbels and its effect on load-carrying capacity
and behavior of corbels. Eleven of these corbels
were strengthened by various schemes of CFRP
strips, and three were repaired with damage
ratios of (0, 35, and 70) %. The results showed
an increase in ultimate load with a percentage
reaching (43) % and an increase in cracking
load to about (46) % for inclined full wrapping.
CFRP strips were an effective technique for
strengthening reinforced concrete corbels in
this situation. Sayhood et al. [14] used twenty
double-sided reinforced concrete corbels for
their tests. Six of them were subjected to
monotonic loads, and fourteen were subjected
to non-reversed repeated loads to see if the
external strengthening with CFRP strips could
enhance the load-carrying capability of
specimens. The results showed that
strengthening delayed the first crack,
increasing the cracking and failure loads and
the ultimate deflection. In addition, the inclined
strengthening roughly showed the best results
and was economically recommended.
Abdulrahman et al. [15] cast and tested
seventeen double-corbels under vertical load to
investigate the behavior and strength of high-
strength  reinforced  concrete  corbels
strengthened with various strengthening
techniques, including externally bonded CFRP
fabric sheets and plates with various patterns,
internal strengthening with geogrids, near
surface mounted (NSM)-CFRP bars, internal
CFRP bars reinforcement, and steel fiber
addition. The experimental program was
divided into two parts. The first included three
pilot specimens tested to see how the shear
span to effective depth (a/d) ratio affected the
specimen strength. The second included
fourteen strengthened reinforced concrete
corbels using various strengthening techniques
to see their efficiency in improving specimen
strength. The results showed that all types of
strengthening techniques increased the corbel's
ultimate strength while decreasing the shear
span to an effective depth (a/d) ratio, besides
considerably improving load-carrying capacity.
The diagonal splitting failure was the failure
mode for all corbels.

2.PROBLEM STATEMENT

Although some studies of corbels have focused
separately on strengthening it with externally
bounded technique and separately on
subjecting it to monotonic and repeated loads,
none of them have simultaneously investigated
the strengthening by externally bounded CFRP
strips subjected to monotonic and repeated
(constant and incremental) loads in corbels.
Therefore, this study will investigate that.

3.MATERIALS AND SPECIMEN

PROPORTIONS

The following is a summary of the materials

used and their properties:

- Cement: Ordinary Portland cement (Type I)
that meets the IQS No.5 requirements [16].

- Fine Aggregate: River sand with a
maximum size of (4.75) mm and fineness
modulus (F.M=2.62) that meets the IQS
NO.45 requirements [17].

- Coarse Aggregate: River gravel with a
maximum size of (12.5) mm with a rounded
partial shape that meets the IQS No.45
requirements [17].

Table 1 shows the mix proportions (by weight)

used in this work according to ACI 211.1 [18].

Table 1 Mix Proportions (by Weight).

Material W/C W C F. A CA
Proportion
(kg/m3) 0.454 172 379 797 910

- Strengthening Material: Carbon Fiber
Reinforced Polymers CFRP Strips (Sika
Wrap®-300 C). A woven black unidirectional
carbon fiber fabric was used for the structural
external strengthening of corbels in this
work.

- Adhesive Material: Epoxy (Sikadur®-
330) consisted of two components;
compound A (white color) and compound B
(light grey color), recommended by CFRP
specification for bonding CFRP strips with a
thickness of (0.167) mm to the concrete
surface.

- Steel Reinforcement: Deformed steel bars
were used with a diameter of (12) mm for
column reinforcement, main (tension)
reinforcement, and crossbar for corbels, and
(6) mm as tie bars for column and secondary
(shear) reinforcement for corbels that meet
the ASTM A615 requirements [19].

The column's dimensions were (200x600x150)

mm, supporting two corbels on opposite sides

of (250x250%150) mm. The shape, dimensions,

reinforcement of the corbel specimen, the
details of the welded crossbar, the loading
technique, and the test setup are shown in Figs.

1and 2.

Applied Load

so12 -
o12 I
o6 [ Corbel

BT T L]
- F—— See Detail -A-
. 150
Bearing Plate b e
Cytindrical Support =

250 " 200 N 250

All dimensions above are in (mm)
4031 20mm (main cohumn reinforcement)
5@6mm @ 130mm c/c (closed horizontal ties)
3@12mm (main corbel reinforcement)
2612mm (anchorage reinforcement)

2@6mm @ 2/3 d (closed horizontal stirrups)
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Fig. 1 Shape, Dimensions, Reinforcement of
Corbel Specimen, and Details of the Welded
Crossbar.

Apptied Load

8tiff Steel Plate

hY
! \ | " Corbel

Beasing B 150
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Cytindsical Support
a a
250 " N 230

C: Compression Strut
T: Tension Tie
#: Node

200

Fig. 2 Loading Technique and the Test Setup.

4.EXPERIMENTAL PROGRAM
The effect of four main parameters has been
investigated in this work:
1) Type of  Strengthening
(Horizontal and Inclined).
2) The Number of Horizontal Patterns (One
and Two).
3) Type of Applied Loads (Monotonic and
Repeated).
4) Type of Repeated Loads (Constant and
Incremental).
The experimental program included the casting
and testing of twelve double-concrete corbels to
investigate the behavior and strength of the
corbels subjected to monotonic and repeated
loads, nine of them were strengthened with
CFRP strips using different patterns, while the
others were left un-strengthened as control
corbels. All specimens have been kept constant
for corbel and column dimensions besides the
main and secondary reinforcement. The details
of corbels used in this work and their variables
and strengthening are shown in Tables 2 and 3,
respectively.

Patterns

Table 2 Details of Concrete Corbels and their Variables.

Corbel Bonding Bonding Number  Applied Loads Load Variables

Designation Technique Orientation  of Strips

CCM control corbel (un-strengthened) monotonic ultimate load

CCRc control corbel (un-strengthened) repeated-constant 60 % of the ultimate load at 5 cycles

o -

CCRi control corbel (un-strengthened) .repeated— 20, 40, 60, and 80 % of the ultimate
incremental load at 5 cycles

CWH1M fully wrapped  horizontal one monotonic ultimate load

CWHIi1Re fully wrapped  horizontal one repeated-constant 60 % of the ultimate load at 5 cycles

CWHIRi fully wrapped  horizontal one .repeated- 20, 40, 60, and 80 % of the ultimate
incremental load at 5 cycles

CWHz2M fully wrapped  horizontal two monotonic ultimate load

CWH2Rc fully wrapped  horizontal two repeated-constant 60 % of the ultimate load at 5 cycles

CWH2Ri fully wrapped  horizontal two .repeated— 20, 40, 60, and 80 % of the ultimate
incremental load at 5 cycles

CWIM fully wrapped  inclined one monotonic ultimate load

CWIRe fully wrapped  inclined one repeated-constant 60 % of the ultimate load at 5 cycles

CWIRi fully wrapped  inclined one .repeated- 20, 40, 60, and 80 % of the ultimate
incremental load at 5 cycles

Table 3 Details of Concrete Corbels and their Strengthening.

Corbel designation Front view

Side view

Top view

v

CCM

CCRc

CCRi N |_|/I\

CWH1M

CWHi1Re

CWH1Ri

L T T 1
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5.STRENGTHENING DETAILS

The strengthening details include the following:

- The CFRP Strips were cut into the

required dimensions with a width of (50)

mm and different lengths. In one of the

specimens, one strip was placed in a box

shape to make a horizontal strengthening;

in a second specimen, two strips were

placed in a box shape to make two

horizontal strengthening (40) mm

between them. In a third specimen, one

strip was placed in a V shape to make an

inclined strengthening at an angle of (45°)

perpendicular to the shear cracks expected

for the inclined shear forces to ensure the

corbel's strengthening against these
forces.

- The Epoxy (made up of two components)

was mixed in a 4:1 weight ratio for about

(2) minutes to obtain a uniform gray color.

6. TESTING PROCEDURE
The testing procedure by Hydraulic Universal
Testing Machine (SANS) is as follows:

1) All corbels (on the machine) were in an
inverted position and simply supported on
both ends using a stiff steel frame.

2) To avoid concrete local failure, two steel
bearing plates were used at the supports
and one plate at the loading point.

3) The loading system contains a hydraulic
jack that applies a load to the top column
and divides it into two equal vertical loads
at the supports applied to the corbels.

4) At testing, the load was gradually increased
and recorded with deflection, first crack,
and other cracks propagation up to failure:

a) For monotonic load, four corbels were
loaded up to failure in one cycle.

b) For repeated-constant load, four corbels
were subjected to five cycles of loading.
Each load value was equal to (60) % of
the ultimate load of the corresponding
corbels that tested monotonically, and

then those specimens were loaded up to
failure, as shown in Fig. 3.

Py

60% Py <<

A
Fig. 3 Repeated-Constant Load Protocol.

c¢) For repeated-incremental load, four
corbels were subjected to five cycles of
loading. The load value of each was
equal to (20, 40, 60, and 80) % of the
ultimate load of the corresponding
corbels that tested monotonically, and
then those specimens were loaded up to
failure, as shown in Fig. 4.

Py PN
80% Py . -

60% Py

40% Py <A

20% Py <

A
Fig. 4 Repeated-Incremental Load Protocol.

5) The applied load was measured using a
load cell placed on the column's top face,
and the deflection was measured using a
longitudinal variable deformation
transformation (LVDT) attached to the
bottom face of the column. The data from
the test was collected using a data logger,
i.e., load and deflection.
Figs. 5 (a, b, ¢, d) show the testing procedures
in the laboratory.
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(a) Load Cell.

e ELARY =
(b) Simply Support.

I
(d) Corbel Specimen in
an Inverted Position.

(c) LVDT.

Fig. 5 Testing of Specimens.

7. MECHANICAL PROPERTIES OF
CONCRETE

Table 4 shows the results of the control
specimens' mechanical properties, which were
tested at the same age as corbel testing. The
control specimens' mechanical properties
included testing of three cubes (100x100x100)
mm in determining the compressive strength
(few) according to BS 1881-116 [20] and one
cylinder (150x300) mm to determine the
splitting tensile strength (f;) according to ASTM
C496 [21], where each value in this table
represents the average values of specimens'
results.

Table 4 Mechanical Properties of Concrete.

monotonic and repeated loads at all stages of
loading up to failure. Those relationships were
dependent on the strengthening and loading
types. Generally, each load-deflection curve
starts as a linear form (elastic behavior) with a
constant slope. Then the curve's slope begins to
change, which denotes the appearance of the
first crack in the corbel. After the first crack
appearance, the load-deflection curve takes a
nonlinear form and starts to take a curvature
path which means there is an increase in
ductility. The load-deflection relationships for
control corbels that were un-strengthened and
subjected to monotonic and repeated loading
(CCM, CCRec, and CCRi specimens) are shown
in Fig. 6. The load-deflection relationships for

Cubic C i Splitting Tensil .

S;-elegﬂ(:mpresswe sfr;nglzﬁ nste corbels that were strengthened with CFRP
(fou) (MPa) (f) (MPa) strips and subjected to monotonic and repeated
37.04 4.09 loading (CWH1iM, CWHiRe, CWHI1Ri,

8.LOAD-DEFLECTION RELATIONSHIP
Figs. 6-9 show the load versus deflection
relationships for all tested specimens under

CWH2M, CWH2Rc¢, CWH2Ri, CWIM, CWIRc,
and CWIRi specimens) are shown in Figs. 7-9.

260 260
240 240
220 220
200 200
180 180
= 160 — . = 160 //‘
< 140 / = 140 /
T 120 7 T 120 /
= 100 = 100 A
80 / 80 /
60 e 60 a7
w0l L~ 2 /S AL
20 / 20
4
0 T T T T T T T T T T T | 0 T T T T T T d
0 1 2 3 4 5 6 7 8 9 10 11 12 0 1 2 3 1 5 6 7
Deflection (mm) Deflection (mm)
(@) (b)
260
240
220
200
180
= 160
< 140 ’
R 120 0
= 100
20 A
60 A
40 V94
% Z%
0 - T T T T T 1
0 1 2 3 4 5 6 7
Deflection (mm)

()
Fig. 6 Load-Deflection Relationship for Specimens (a) CCM, (b) CCRc, and (c) CCRi.
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Fig. 7 Load-Deflection Relationship for Specimens (a) CWH1M, (b) CWH1Rc, and (¢) CWH1Ri.
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Fig. 9 Load-Deflection Relationship for Specimens (a) CWIM, (b) CWIRc, and (c) CWIRIi.

9.EFFECT OF PARAMETERS

9.1.Effect of Loading Type

The effect of loading type, i.e., monotonic,
repeated-constant, and repeated-incremental,
on the ultimate load capacity is shown in

Corbels subjected to monotonic loading are
considered a reference for similar corbels
subjected to repeated loading (as a percent of
their monotonic load corbels).

Tables.

Table 5 Effect of Loading Type.
Corbel Pu Increasing of Pu Increasing of Py Increasing of Pu Au Mode
Designation (kN) (%) (%) (%) (mm)
CCM 186 - 8.35 D.S
CWH1M 244 31.18 4.87 D.S
CWHz2M 253 36.02 3.25 D.S
CWIM 258 38.71 2.7 D.S
CCRe 170 - 2.83 D.S
CWH1Rc 223 31.18 4.31 D.S
CWH2Rc 231 35.88 3.68 D.S
CWIRc 235 38.24 2.41 D.S
CCRi 164 - 2.9 D.S
CWHI1Ri 215 31.10 2.28 D.S
CWH2Ri 238 45.12 2.55 D.S
CWIRi 224 36.59 3.17 D.S

* Py refers to ultimate load, Au refers to deflection at ultimate load, and D.S refers to diagonal splitting failure.

The following can be observed from Table 5:

1)

2)

When the loading type was monotonic,
the increase in the ultimate loads for
CWH1M, CWH2M, and CWIM
specimens were about 31.18, 36.02, and
38.71 %, respectively, compared to the
control corbel (CCM specimen).

When the loading type was repeated-
constant, the increase in the ultimate
loads for CWH1Rc, CWH2Rc, and CWIRc
specimens were about 31.18, 35.88, and
38.24 %, respectively, compared to the
control corbel (CCRc specimen).

3) When the loading type was repeated-
incremental, the increase in the
ultimate loads for CWHi1Ri, CWH2Rj,
and CWIRIi specimens were about 31.10,
45.12, and 36.59 %, respectively,
compared to the control corbel (CCRi
specimen).

Generally,

The ultimate loads of corbels subjected to
repeated loading were lower than those of
identical corbels subjected to monotonic
loading.

The ultimate loads of corbels subjected to
repeated-incremental loading were lower
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than those of identical corbels subjected to
repeated-constant loading. Except for the
CWH2Ri specimen, it was higher than the
CWH2Rc specimen in the ultimate load.
Due to the loading-unloading processes that
caused stress fluctuation, deformation
accumulation, and more damage in concrete,
applying five cycles of repeated loads to corbel

Table 6 Effect of Strengthening Type.

specimens decreased the ultimate load and

ultimate deflection compared to similar
specimens under monotonic loads.

9.2.Effect of Strengthening Type

The effect of strengthening type, i.e.,

horizontal-one strip, horizontal-two strips, and
inclined strip, on the ultimate load capacity is
shown in Table 6.

Corbel Increasing of Increasing of Increasing of

designation PulN) (%) Pu (%) Pu (%) R o
CCM 186 - 8.35 D.S
CCRc 170 - 2.83 D.S
CCRi 164 - 2.9 D.S
CWH1M 244 31.18 - 4.87 D.S
CWH1Rc 223 31.18 - 4.31 D.S
CWH1Ri 215 31.10 - 2.28 D.S
CWH2M 253 36.02 3.69 - 3.25 D.S
CWH2Rc 231 35.88 3.59 - 3.68 D.S
CWH2Ri 238 45.12 10.70 - 2.55 D.S
CWIM 258 38.71 5.74 1.98 2.7 D.S
CWIRce 235 38.24 5.38 1.73 2.41 D.S
CWIRIi 224 36.59 4.19 -5.88 3.17 D.S

* Py refers to ultimate load, Au refers to deflection at ultimate load, and D.S refers to diagonal splitting failure.

The following can be observed from Table 6:

1) When the strengthening type was
horizontal-one strip, horizontal-two
strips, and inclined strip.

a) The increase in ultimate loads for
CWH1M, CWHiRe, and CWHiRi
specimens were about 31.18, 31.18, and
31.10 %, respectively, compared to the
control corbels (CCM, CCRc, and CCRi
specimens).

b) The increase in ultimate loads for
CWH2M, CWH2Re, and CWH2Ri
specimens were about 36.02, 35.88,
and 45.12 %, respectively, compared to
the control corbels (CCM, CCRc, and
CCRi specimens).

¢) The increase in ultimate loads for
CWIM, CWIRc, and CWIRi specimens
were about 38.71, 38.24, and 36.59 %,
respectively, compared to the control

corbels (CCM, CCRe, and CCRi
specimens).
2) When the strengthening type was

horizontal-two strips and inclined

strip.

a) The increase in ultimate loads for
CWH2M, CWH2Re, and CWH2Ri
specimens were about 3.69, 3.59, and
10.70 %, respectively, compared to
CWH1M, CWHiRe, and CWHIiRi
specimens.

b) The increase in ultimate loads for
CWIM, CWIRc, and CWIRi specimens
were about 5.74, 5.38, and 4.19 %,
respectively, compared to CWH1M,
CWH1Rc, and CWH1Ri specimens.

3) When the strengthening type was an
inclined strip.

a) The increase in ultimate loads for
CWIM and CWIRc specimens were

about 1.98 and 1.73 %, respectively,
compared to CWH2M and CWH2Rc
specimens.

b) The decrease in ultimate load for the
CWIRI specimen was about (5.88) %
compared to the CWH2Ri specimen,
demonstrating that strengthening
using horizontal-two strips was more
effective from the inclined strip for this
specimen.

Generally,

- The ultimate loads of corbels strengthened
by an inclined strip were higher than those
of identical corbels strengthened by a
horizontal strip. Except for the CWIRi
specimen, it was lower than the CWH2Ri
specimen in the ultimate load.

- The ultimate loads of corbels strengthened
by horizontal-two strips were higher than
those of identical corbels strengthened by
horizontal-one strip.

Due to the CFRP strips' participation in
resisting the diagonal stresses that often control
the failure, using CFRP strengthening resulted
in reducing the deflection values to a certain
level by increasing the load capacity and
resistance to deformation. This increase in load
capacity could be due to the increased stiffness
and crack restriction caused by using CFRP
strips as an external strengthening material and
immersing it in epoxy.

10.STIFFNESS (K)

According to ASTM C1018 [22], stiffness is the
load required to produce unit deformation in
the member; it can be calculated by dividing
(45) % of the ultimate load of any member by
the corresponding deflection. Table 7 shows the
stiffness of corbel specimens that were tested.
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Table 7 Stiffness (K).

Corbel Designation Pu (KN) 45 % Pu (KN) A at 45 % Pu (imm) Stiffness (kN/ mm)
CCM 186 84 2.26 37.17
CCRc 170 77 1.96 39.29
CCRi 164 74 2.67 27.72
CWH1M 244 110 2.23 49.33
CWHi1Rce 223 100 2.5 40
CWHI1Ri 215 97 1.85 52.43
CWH2M 253 114 1.12 101.79
CWH2Rc 231 104 2.85 36.49
CWHZ2Ri 238 107 1.7 62.94
CWIM 258 116 1.23 94.31
CWIRc 235 106 1.19 89.08
CWIRi 224 101 1.44 70.14

* Un-strengthened corbels considered reference specimens (CCM, CCRc, and CCRi) for different types of loading.

The following can be observed from Table 7:

1) At most, the stiffness of corbels subjected
to repeated loading was lower than that of
corbels subjected to monotonic loading
because the repeated loading decreased
the ultimate load and ultimate deflection,
resulting in a lower stiffness. The lowest
corbel's stiffness was for the CCRi
specimen, which was un-strengthened and
subjected  to repeated-incremental
loading.

2) At most, the stiffness of corbels
strengthened with CFRP strips was higher
than that of un-strengthened -corbels

because using CFRP strips increased the
ultimate load and decreased the ultimate
deflection, resulting in a higher stiffness.
The highest corbel's stiffness was for the
CWH2M specimen, which  was
strengthened by horizontal-two strips and
subjected to monotonic loading.

11.FAILURE MODE

The specimens considered control corbels, i.e.,
CCM, CCRc, and CCRi, had diagonal cracks that
widened and propagated upward with
increasing loading. Therefore, the failure
modes appeared as a diagonal splitting, as
shown in Fig. 10.

Fig. 10 Failure Mode for Specimens (a) CCM, (b) CCRc, and (c) CCRi.

For specimens that were strengthened with
externally bounded CFRP strips tested under
monotonic and repeated loading, i.e., CWH1M,
CWHi1Re, CWH1Ri, CWH2M, CWHz2Rc,
CWH2Ri, CWIM, CWIRc, and CWIRi, had a
mix of diagonal and vertical cracks, as follow:

- These cracks widened and caused de-
bonding of the lower CFRP strip at the left
support region for CWH1M, CWH1Rc, and
CWHI1Ri specimens.

- These cracks widened and caused de-
bonding of the two CFRP strips at the left
support region for CWH2M and CWH2Rc
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specimens and at the right support region inclined CFRP strip at the left support region
for the CWH2Ri specimen. for CWIRc and CWIRI specimens.

- These cracks widened and caused de- Therefore, the failure modes appeared as a
bonding of the inclined CFRP strip at the diagonal splitting, as shown in Figs. 11-13, with
right support region for the CWIM specimen CFRP de-bonding from the concrete surface at
and caused de-bonding with rupture of the the cracks' regjoq.

Fig. 12 Failure Mode for Specimens (a) CWH2M, (b) CWH2Rc, and (¢) CWH2Ri.
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2)

3)

4)

5)
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Fig. 13 Failure Mode for Specimens (a) CWIM, (b) CWIRc, and (¢) CWIRIi.

12.CONCLUSION
The following conclusions are obtained from
the experimental results of the tested corbels:

Corbels subjected to repeated loading
failed in a more ductile manner than
those subjected to monotonic loading.
Both types of repeated loads, i.e.,
constant and incremental, affected the
ultimate load capacity of corbels, where a
reduction occurred in ultimate load and
ultimate deflection for corbels subjected
to five cycles of repeated loading
compared to those subjected to
monotonic loading.

The  repeated-incremental loading
significantly affected the reduction in
ultimate load and ultimate deflection of
corbels compared to those subjected to
repeated-constant loading.

For corbels strengthened by externally
bounded CFRP strips under any type of
applied loads, the wultimate load
significantly  increased, while the
ultimate deflection decreased compared
to those un-strengthened at the same
applied load.

The location, orientation, and number of
CFRP strips were essential in enhancing
the stiffness, cracking and ultimate loads,
and their corresponding deflections.
Therefore, it was found that the
strengthening pattern by inclined
wrapped as V shape showed better results

6)

7)

8)

9)

for the specimen than strengthened by
horizontal fully wrapped as box shape
and un-strengthened at all.

For the strengthening effect, when the
number of horizontal strips increased
from one to two strips, the ultimate loads
increased by (35.88-45.12) % compared
to those un-strengthened. When the
orientation of strips changed from
horizontal to inclined strips, the ultimate
loads increased by (36.59-38.71) %
compared to those un-strengthened.

The strengthening effect in horizontal
strips significantly depended on the
CFRP strips' location. CFRP strips
applied in the tension zone of the corbel
specimen were affected more than those
applied near or in the compression zone.
As a result, applying the first strip
increased the ultimate load capacity by
(31.10-31.18) %; however, applying the
second strip increased the ultimate load
capacity by (35.88-45.12) %.

The de-bonding of the CFRP strips was
sudden and had a brittle nature. So, the
only warning of the de-bonding was a few
sounds that indicated high forces in the
CFRP strips. Therefore, using CFRP
strips reduced the corbels' ductility.

The repeated loading negatively affected
the corbels' stiffness, while CFRP
strengthening improved the stiffness of
tested corbels.
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