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Corbels are usually used in precast concrete structures for beam–column connections and are common in industrial structures to
support crane girders and may be required in new alteration works. To overcome the difficulty of casting columns with corbels,
especially in precast concrete industry, columns are sometimes cast without their corbels, and then corbels are cast in a following
step. Sometimes, new corbels get added to existing columns to support new crane girders. Thus, two-step corbels may be installed
using different techniques depending on several criteria, and several factors affect their behavior, some of which mainly the
interface conditions are experimentally investigated. One control specimen with a monolithic corbel and five two-step corbel
specimens were tested. The mean roughness depth of the column–corbel interface varied between 4 and 8mm. Moreover, using
adhesive components on the hardened column–corbel interface was investigated. Besides, steel reinforcement implantation was
attempted and studied for corbels with or without horizontal stirrups. For the tested cases, results show that two-step corbels can be
a good replacement to monolithic corbels and can achieve up to 92% of the monolithic corbels capacity. Increasing the mean
roughness interface depth between corbels and column slightly increased the two-step corbel capacity and improved its behavior.
Using adhesive epoxy to the column–corbel interface can achieve the behavior and ultimate load capacity of two-step corbel with
mean roughness depth of 4mm. Implanting corbels’ reinforcement is not recommended unless specific precautions and measures
are assured and the embedment depth should be calculated and implemented to accommodate all expected failure mechanisms.

1. Introduction

Reinforced concrete (RC) corbels are common in concrete
construction and are often used in precast structures and
industrial buildings with overhead crane girders [1]. It is
typically a short structural member that cantilevers out
from a wall or a column to support a load [2]. According
to some codes, the shear span-to-depth ratio of corbel is less
than unity [2, 3]. Several definitions of corbels, short canti-
levers, and ledge beams are available in literature [2, 4].
Experiments on concrete corbels were carried out previously
by researchers to study their structural performance [5–12].

Corbels are monolithic in most of the previous studies,
that is, when corbel and column are cast together in one step
and all of the longitudinal and transverse reinforcement was
previously installed in the form before concrete casting. Sev-
eral researchers [13–19] used other types of corbels such as
column insert, hidden corbel, and two-step corbel. Column

insert type is when a steel section (e.g., square hollow section,
rolled channel, or a narrow plate) is inserted in the column to
act as a corbel [13]. Hidden corbel is when an insert plate is
cast into the column and a steel corbel gets attached to it
either by welding or bolts later [14, 15]. In two-step corbel
systems, corbels can be cast in a following step or time to
column casting [16]. Transfer of forces between surfaces can
be by means of grouted joints, shear keys, anchors mechani-
cal connectors, steel reinforcement, reinforcing topping, or a
combination [2]. Two-step corbels are used for several rea-
sons, including decreasing the high production cost of pre-
cast columns with corbels and time. Regarding longitudinal
steel reinforcement and horizontal stirrups, they may be bent
inside the form work, then after removing columns from the
form work, steel reinforcement can be inserted in the corbel
forms. Other studies [17–19] inserted fully anchored
threaded couplers in the columns, and the second-step corbel
reinforcement was connected to such couplers. In some cases
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when there is a need to install a new corbel to an existing
column, the new corbel’s longitudinal and transverse rein-
forcement is implanted by drilling and epoxying the rein-
forcement bars with specific embedment depth. The
recommended embedment depth usually follows the epoxy
manufacturer manuals, however, provided that these recom-
mended embedment lengths must accommodate for all pos-
sible failure mechanisms and not just the pullout strength.
Thus, further studies may be highly required, and the current
research in an attempt is such direction.

In a two-step corbel, column–corbel-hardened interface
should be treated with care in order to provide efficient shear
friction capacity that can transfer the loading from the corbel
to the column without failing. In designing for shear strength
of concrete corbels, many existing design codes such as ACI
[2] and Egyptian code [3] use mainly the “shear-friction
theory” and/or the “strut-and-tie method” to predict shear
strength. According to the shear friction concept, the shear
strength of corbels is influenced by the coefficient of shear
friction (µ), which ranges generally from 0.5 to 1.4 [2, 3]
depending on the interface condition of existing RC mem-
bers with the new concrete layer and the connection between
precast members with cast-in-place parts and the used code.
In the shear friction method, it is sometimes assumed [2]
that all the shear resistance is due to the friction between the
crack surfaces, and, hence, “artificial” high values of the fric-
tion coefficients may be required in the shear friction
equations, so that the calculated shear strength will be in
reasonable agreement with test results [2]. ECP [3] assumes
that the shear concrete resistance is ignored, and the entire
shear force is transferred by steel reinforcement crossing the
interface. Such reinforcement is supposed to have adequate
bond and embedment length to yield [2, 3].

Abundant studies have been conducted to explore the
shear performance of RC corbels [20–23]. The bond strength
of the interface is controlled by several parameters such as
the substrate roughness degree, curing conditions, material
strength and stiffness of both concrete layers, and the
implanted steel reinforcement crossing the interface and its
anchorage [17, 24–27]. The concerns related to such issue are
not only related to static loading, but also the dynamic loads
and several precasting conditions can critically generate
adverse and noncontributable stresses on such RC ele-
ment [28–30].

Although several researches have carried out to investi-
gate shear in concrete corbels, very limited studies focused
on exploring the impact of several parameters on the
column–corbel interface surface in particular with the case
of two-step corbels considering separation mode. An experi-
mental investigation has been carried out to explore the per-
formance of the column–corbel interface surface. The
selected factors to be exploited were: varying the mean sur-
face roughness depths using epoxy adhesive along with the
presence of steel reinforcement. Test results are analyzed and
discussed in terms of load–deflection response, cracking and
ultimate load capacity, steel load–strain developments, crack
pattern, and failure mode for the all tested corbels.

2. Experimental Program

An experimental study was carried out to study the behavior
of RC two-step concrete corbels subjected to vertical mono-
tonic loads. Six RC specimens (M1, M2, M3, M4, M5, and
M6) were tested up to failure. The height of the square col-
umn was 800mm with a side length of 200mm supporting
two corbels in opposite directions, as shown in Figure 1. The
width, depth, and length of each corbel were 200, 300, and
300mm, respectively. Figure 1 shows the dimensions and
loading for all the corbels and columns. Specimen M1 was
taken as the control specimen, where both column and cor-
bels were cast monolithically at the same time. Specimens
M1, M2, M3, and M4 had the same dimensions and rein-
forcement and varied only in the interface surface condition.
Specimen M2 was prepared in two steps. In the first-step
column, concrete only was cast and corbel reinforcement
was already installed inside the form, then the interface
between the column and corbels was roughened by using a
power impact driller/hammer to achieve a chosen mean
roughness depth of 4mm, and corbel steel reinforcement
was prepared, as shown in Figure 2(a). In the second step,
concrete for the corbels was cast after 7 days of casting the
concrete column. Specimen M3 was cast in the same steps as
specimen M2, but only differed in the mean depth of rough-
ness of the column interface surface, which was made equal
to 8mm, as shown in Figure 2(b). It can be mentioned that
interface roughness of specimens has been captured with
similar previous recommendation [18, 31]. Specimen M4
was prepared in the same way as specimen M2 but epoxy-
based adhesive was applied between the concrete columns
without applying any surface roughening, as shown in
Figure 3. For specimen M5, the column’s concrete was cast
in the first step without installing any of the corbel reinforce-
ment, then corbel reinforcement and horizontal corbel stir-
rups were implanted using adhesive epoxy, following some
recommended steps of the used implanting adhesive (e.g.,
embedment length= 8 times the bar diameter), as shown
in Figure 4. In specimen M6, similar procedures such as
those for specimen M5 were applied but only the main
reinforcement was implanted, as shown in Figure 5. For
specimens M5 and M6, the interface between the corbel
and column was painted using adhesive epoxy-based
component.

For all test specimens, upper and lower main steel in the
corbels, vertical stirrups, horizontal stirrups (except M6), and
column reinforcement were all kept constant. In addition, the
web reinforcement was closed stirrups. For specimens M1,
M2, M3, and M4, the main longitudinal reinforcements
were extended to the full length of the specimen and through
the depth to provide sufficient anchorage, as shown in
Figure 1. The clear concrete cover was 25mm. The concrete
compressive strength ( fcu) was selected from three concrete
cubes with dimensions of 150mm× 150mm× 150mm
respecting to the Egyptian code specification [3]. Table 1
presents fcu values and geometry details of the tested
specimens.
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FIGURE 1: Reinforcement and geometric details of the tested corbel with respect to ECP [3] (units in mm).
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FIGURE 2: Interface roughness of tested specimens: (a) M2 and (b) M3.
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3. Material Properties

The normal strength concrete used in the present tests con-
sisted of Ordinary Portland Cement, natural siliceous sand,
crushed limestone with 12.7mm maximum nominal size,
and water. The mix proportions of cement, natural siliceous
sand, and crushed limestone by weight were 1 : 1.6 : 2.6. The
water-to-cementitious materials (w/c) ratio was 0.44. Con-
crete cubes (150mm) were tested after 28 days, and the
average compressive cube strength value was 32MPa. Two
kinds of steel reinforcement were used. Deformed bars of
16mm diameter were used as tension reinforcement in cor-
bels and as compressive reinforcement in columns, whereas
plain bars of 8mm diameter were used for vertical and hori-
zontal stirrups for both corbels and columns. The material
properties of steel bars were measured from tensile tests, and
it was found that the yield stress of the 16 and 8mm diameter
bars was measured as 360 and 280MPa, respectively, whereas
the tensile strength was measured as 560 and 450MPa,

respectively. An epoxy-based component adhesive, commer-
cially named X-Roc Epoxy Bond, was used as the bonding
material at the interface of the corbel and column connec-
tions. This material was used for bonding between old hard-
ened concrete cast earlier and the newly cast concrete. Several
considerations were involved in applying adhesives effec-
tively, including careful surface preparation such as removing
the cement paste, grinding the surface by using a disk sander,
removing the dust generated by surface grinding using an air
blower, and careful curing, as these are critical for bond per-
formance. The two components (white and black paste) of
this epoxy material were mixed 5 : 1 by weight, according to
manufacturer’s recommendations.

4. Experimental Setup

The specimens were tested after 28 days of concrete casting.
Two days prior to testing, the corbels were painted white to
help in identifying the cracks during tests. A universal testing

FIGURE 3: Interface between corbel and column painted using adhesive epoxy-based component in specimen M4 (photo rotated 90° for
clarification).

ðaÞ ðbÞ
FIGURE 4: Main steel and stirrups implanted into the column tested specimen M5 (photo rotated 90° for clarification).

ðaÞ ðbÞ
FIGURE 5: Main steel implanted into the column of tested specimen M6 (photo rotated 90° for clarification).
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machine with a capacity of 3,000 kN was used for testing the
specimens. The test setup of a typical specimen is shown in
Figure 6. The specimen was leveled on two hinged supports,
and hydraulic jack was employed to loding corbels at shear
span of 200mm producing shear span-to-depth ratio (a/d)
equal to 0.74 (less than 1.00) considering the code recom-
mendation [3]. The specimens were tested in an inverted
position; the vertical load was applied to the column, while
the hydraulic jack transferred the load to the corbels through
hinges, as shown in Figures 6 and 7. Each corbel was loaded
on a 200mm× 120mm× 10mm steel plate. Four linear var-
iable differential transformers (LVDTs) were placed to mea-
sure the deflection, whereas four strain gauges were used to
measure the strain distributions of the main steel reinforce-
ment bars. The positions of strain gauges in the tested speci-
mens are shown in Figure 7. The load was increased by an
increment of 25 kN, and the duration of each increment was
about 5min. At each loading increment, deflection and steel
strains were recorded, and crack pattern was indicated until
failure took place.

5. Results and Discussion

5.1. Failure Modes and Crack Patterns. Corbels may fail in
several ways, including shearing along the interface between
the column and the corbel, crushing or splitting of the com-
pression strut, yielding of the tension tie, besides other kinds
of failure (not in the cases studied), including localized bear-
ing or shearing failure under the loading plates. Figure 8
shows the failure modes and crack patterns of the tested
specimens. Failure of specimens M1, M2, M3, and M4 was
by crushing of diagonal compression strut accompanied by
splitting cracks. Using two-step corbels with previously
installed reinforcement in the columns (M2 to M4) did not
change the failure pattern for (a/d) equal to 0.74, and no
slippage at the column–corbel interface was observed during
loading. Specimens M5 and M6 failed by early pullout failure
and slippage of the implanted reinforcement, causing prema-
ture failure.

For the control specimen M1, a diagonal hair crack
appeared at the shear zone at a load of 125 kN (about 29%
of Pu= 437 kN, where Pu is the recorded test failure load). In
addition, at a load of 250 kN (about 57% of Pu), a vertical flexural
crack appeared at the column face (interface surface between
column and corbel). As the load was increased, the width of
the diagonal crack gradually increased and extended downward
to the loading point and upward to the column–corbel interface.
Flexure crack depth extends vertically to only 17% of corbel
depth at failure. Before the failure of specimen M1, additional
diagonal cracks parallel to the main diagonal crack appeared
at the tensile side just after main reinforcement yielding
(Py= 400kN). The corbel at both sides showed nearly the
same behavior until just before failure. Failure occurred at one
side at a load of Pu= 437kN, as shown in Figure 8(a). The failure
can be classified as crushing of the compression strut (shear
failure). For specimen M2, as shown in Figure 8(b), a diagonal
hair crack appeared at the shear zone at a load of 75 kN (about
20% of Pu=375kN), whereas at a load of 200kN (about 53% of
Pu), a vertical flexural crack appeared at the column face (inter-
face surface between column and corbel). As the load was
increased, a similar behavior to that of specimen M1 was
observed and failure was the same as M1 and can be classified
as a shear failure. For specimen M3, as shown in Figure 8(c), a

TABLE 1: Summary of geometry and interface surface conditions of the tested specimens.

Specimen ID
Dimensions of the section of corbel

(b× h) (mm)
fcu (MPa) Interface surface condition

M1

200× 300 32

Control, monolithically

M2
Contact surface mean roughness

depth= 4mm

M3
Contact surface mean roughness

depth= 8mm

M4
Using epoxy adhesive without surface

roughness

M5
Implanted main steel reinforcement and

vertical stirrups
M6 Implanted main steel reinforcement only

Note. b, width of corbel; h, height of corbel.

Universal testing machine

LVDT

Tested corbel

LVDT

FIGURE 6: Typical test setup of tested specimens.
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diagonal hair-like crack appeared at the shear zone at a load of
100kN (about 25% ofPu=400kN). The vertical flexural crack at
the column face appeared at a load of 300kN (about 75% of Pu),
and the failure of the specimen occurred at a load of Pu of
400kN. Failure of specimenM3was the same as the other speci-
mensM1 andM2 and can be classified as a shear failure. Failure
of M4, as shown in Figure 8(d), was the same as the other three
specimens (M1, M2, and M3), i.e., shear failure. The diagonal
hair crack at specimenM4 appeared at the shear zone at a load of
100kN (about 27% of Pu= 375kN).

For specimens M5 and M6, as shown in Figures 8(d) and
8(f), respectively, no diagonal cracks appeared until failure
(which was premature), as shown in Figure 8. A vertical
crack appeared at the interface between the corbel and col-
umn at a load of 75 kN (about 75% of specimen premature
failure load; Pu= 100 kN). Additional vertical cracks
occurred at failure due to premature tension breakout failure
of concrete surrounding the implanted bars at a load of
100 kN. The failure occurred by slippage of both the main
steel and horizontal stirrups (in M5) and the main steel (in
M6) from the column, causing separation of the corbel from
the column due to insufficient anchorage length of the
implanted steel reinforcement. The failure is classified as
premature anchorage failure (breakout failure in tension).

5.2. Load–Strain Distributions. Figure 9 shows the recorded
load–strain distributions of the tested specimens. For speci-
mens M1 and M2, the maximum strain at ultimate load (Pu)
was close to 0.003 (i.e., about 1.25 of εyield). For specimenM3,
the yield of longitudinal tension steel occurred at a load of
370 kN (92.5% Pu). The reinforcement tensile strain at Pu
was 0.0028. However, no yield was recorded for both hori-
zontal and vertical stirrups. At Pu, the strain in horizontal
stirrups (strain gauge no. 4) was 0.00125 (89% εyield), while in

vertical stirrups (strain gauge no. 3) at Pu, it was only 0.0005
(36% of εyield). For specimen M4, the yield of the longitudinal
steel occurred at a load of 365 kN (97% Pu). The reinforce-
ment tensile strain at Pu was 0.0027. Both horizontal and
vertical stirrups did not reach yielding similar to M3. At
Pu, the strain in horizontal stirrups (strain gauge no. 4)
was only 0.00125 (89% εyield). For specimens M5 and M6,
premature anchorage failure took place and, hence, naturally
no yield occurred in tensile steel, as shown in Figures 8(e)
and 8(f ).

Hence, for the previous studied cases, two-step corbels
with adequate steel anchorage (M2, M3, and M4) and mono-
lithic corbel (M1) tend to fail due to diagonal compression
strut failure and splitting just after the main longitudinal
tensile reinforcement reaching its yield. The insufficient
length of steel bars resulted in slippage premature failure
which is not recommended for such cases; however, these
bars presented yield stage followed by pulling out.

5.3. First Flexural Load, Diagonal Cracking Load, Yielding
Load, and Ultimate Load. Table 2 shows first flexural crack-
ing load, diagonal cracking load, yielding load, and ultimate
load of the tested specimens. For the tested specimens
(M2–M4), two-step corbels showed that it can be a good
replacement to monolithic corbels. They could not achieve
their full capacity but achieved from 86% to 91.5% of mono-
lithic corbel (M1) ultimate load. Generally, two-step corbels
(M2–M4) experienced earlier cracking than monolithic cor-
bels (i.e., M1). Two-step corbels (M2–M4) had slightly lower
ultimate strength than the monolithic corbel (M1) regardless
of the mean roughness depth or the used adhesion elements
at the column–corbel interface. Using the recommended
embedment depth of implanted reinforcement (eight times
the bar diameter) (as applied in M5 and M6) was not
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FIGURE 7: Positions of strain gauges in the tested specimens: (a) M1 and M2; (b) M3, M4, and M5; (c) M6.
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adequate nor enough to provide against inadequate breakout
strength of the concrete surrounding the implanted bars (and,
hence, for the implanted reinforcement to develop its yield
strength and be effective); besides, it was not enough for the
corbel shear strength to be achieved. Thus, premature anchorage
failure occurred in specimens M5 and M6. Increasing the mean
roughness depth (M2 and M3) increased the ultimate corbel
strength. Also, using adhesive elements at column–corbel inter-
face (M4) gave almost the same ultimate corbel strength of
specimen M2 with mean roughness depth of 4mm.

5.4. Load–Deflection Curves. Figure 10 shows the
load–deflection relationship of the tested specimens. Extra
deformation and some interface deformation occurred in the
two-step corbels. Thus, the two-step corbels stiffness, as nat-
urally expected, was less than that of the monolithic corbel
(M1). Failure (M1–M4) occurred after main reinforcement
yielding and at almost the same corbel deflection. Using

adhesive at column–corbel interface (M4) caused an average
behavior between corbel M2 with mean roughness depth of
4mm and corbel M3 with mean roughness depth of 8mm.

5.5. General Discussion. For shear friction calculations, some
codes, e.g., ECP [3] assume that concrete shear resistance is
to be ignored and all shear to be transferred by steel rein-
forcement. For shear friction equations, the shear friction
coefficient, u:

(1) According to ECP [3]: u= 1.2 (monolithic construc-
tion), u= 0.80 (roughness depth about 6mm), and
u= 0.50 (roughness thickness<6mm or steel ele-
ments attached to concrete surface).

(2) According to ACI [2] for normal strength concrete:
u= 1.4 (monolithic construction), u= 1.0 (concrete
placed against hardened concrete roughened to a full
amplitude of ∼6mm), u= 0.60 (concrete placed

ðaÞ ðbÞ

ðcÞ ðdÞ

ðeÞ ðfÞ
FIGURE 8: Failure modes of the tested specimens (note tested in inverted position).
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against hardened concrete not intentionally rough-
ened), and u= 0.70 (steel elements and with shear
transferred across the contact surface by welded
deformed bars).

The slight differences in test results for the ultimate load
show that:

(1) Specimen M2 with 4mm mean surface roughness
depth, achieved 85% of Pu of M1.

(2) Specimen M3 with 8mm mean roughness depth
achieved 92% of Pu of M1.

(3) Specimen M4 with epoxy adhesive without surface
roughness achieved 85% of Pu of M1.

For the previous tested specimens, the differences in Pu
for M1–M4 are not significant, indicating that the change in
the mean roughness depth of the interface was not that effec-
tive, and the variation from 4 to 8mm between M2 and M3
gave only a mere 7% increase in load capacity.
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FIGURE 9: Strain distributions of the tested specimens: (a) M1; (b) M2; (c) M3; (d) M4; (e) M5; (f ) M6.
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There are differences in the values of shear friction coef-
ficients within codes and high scatter, and if code values were
theoretically applied, then:

(1) According to ECP [3]: The ultimate load of specimen
M1 should have been much higher (1.5 times) than
that of specimen M2 and higher (2.4 times) than that
of specimen M3.

(2) According to ACI [2]: The ultimate load of specimen
M1 should have been the same or 1.4 times higher
than that of specimen M3 and higher (more than two
times) than that of specimen M2.

However, specimens M1, M2, and M3 experimentally
showed only slight differences in results, which are not in
accordance with theoretical ECP or ACI stipulations. Speci-
mens M2 and M3 (with roughness depth 4 and 8mm)
should have had higher differences in results, according to
both ECP [3] and ACI [2]; however, this was not the case.
Unless the stipulated limiting value for surface roughness

depth of 6mm in some codes [2, 3] is totally approximate.
However, this is not new or strange and as previously stated
[2] “artificial” high values of the friction coefficient are
adopted in the shear friction equations. The estimation of
the coefficient of friction and roughness depth seems not that
sensitive to changes around the stipulated value of 6mm.
Besides, may be the tested specimens geometry with surface
roughness depth 4 and 8mm is too close to the stipulated
approximate limit of the 6mm value or other factors includ-
ing the accuracy of measuring and estimating surface rough-
ness, etc. However, on top of such factors may be the size
effect. Besides, as it can be easily noted, the shear friction
coefficients are different between codes and even within
codes themselves.

Premature failures of specimens M5 and M6 confirm the
need for adequate embedment length/anchorage for steel
reinforcement crossing the shear plane on both sides of the
shear plane to prelude premature slippage or breakout in
tension and to ensure developing their yield strength. Hence,
implanting corbels’ reinforcement is not recommended

TABLE 2: Observed cracking and ultimate loads of the tested specimens.

Specimen ID
Cracking load (kN)

Yielding
load (kN) Ultimate

load Pu(kN)
Pcr1
Pu

Pcr2
Pu

Py
Pu

Pu
Pu;M1

Mode of
failureFlexural

crack (Pcr1)
Diagonal
crack (Pcr2)

Py;1 Py;2

M1 250 125 400 — 437 0.57 0.29 0.92 1 CCS
M2 200 75 325 – 375 0.53 0.20 0.87 0.86 CCS
M3 300 100 370 NY 400 0.75 0.25 0.85 0.92 CCS
M4 200 100 365 NY 375 0.53 0.27 0.97 0.86 CCS
M5 75 — NY NY 100PR 0.75 — — 0.23PR Premature breakout
M6 75 — NY NY 100PR 0.75 — — 0.23PR Premature breakout

Note. NY, steel not yielded; Py,1, load at main steel; Py,2, load at transverse steel; CCS, crushing of compression strut (shear failure); breakout failure in tension
(anchorage failure); PR, premature failure.
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FIGURE 10: Load–deflection curves of tested specimens.
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unless specific precautions and measures are assured and the
embedment depth should be calculated and implemented to
accommodate for all expected failure mechanisms.

6. Conclusions

This paper presents experimental work on RC two-step and
monolithic corbels with some different conditions of the
column–corbel interface. In the tested specimens, concrete
was cast either monolithically or by casting concrete against
hardened concrete with different degrees of roughened sur-
face area between the column and corbels. The effect of the
addition of adhesive epoxy to the contact surface, as well as
the effects of implanted main corbels steel reinforcement in
the column with or without horizontal stirrups, was investi-
gated. For the studied limited cases, the following can be
noted:

(1) Two-step corbels (M2–M4) can be a good replace-
ment to monolithic corbels and can achieve up to
92% of monolithic corbels capacity with a slight
reduction in corbel stiffness.

(2) For (a/d) equal to 0.74, using two-step corbels with
previously installed reinforcement in the columns
(M2–M4), it did not change the failure mechanism
of monolithic corbels (M1). Both of the two corbel
types failed due to crushing of diagonal compression
strut.

(3) For (a/d) equal to 0.74, monolithic and two-step cor-
bels (M1–M4) tend to fail just after yielding of their
main reinforcement.

(4) The roughness of the interface surface between the
corbel and column (M2–M4) had only a slight effect
on the ultimate capacity of the tested specimen when
compared to monolithic corbel (M1). The ultimate
load of M2 and M3, with mean surface roughness
depth of 4 and 8mm, respectively, was 14% and 8%
lower than that of specimen M1. Increasing the mean
roughness depth between corbels and column (com-
paring M2–M4) only slightly increased the two-step
corbel capacity.

(5) Using adhesive epoxy to the column–corbel interface
in the two-step corbel with mean roughness depth of
4mm (M4) could achieve the behavior and values
near the ultimate load capacity of monolithic corbel
(M1) with only a reduction of about 14%.

(6) Using the recommended embedment depth of the
implanting epoxy (M5 and M6) was not enough to
provide adequate breakout strength of the implanted
reinforcement bars crossing the interface causing
premature failure of the corbel. Thus, implanting
corbels reinforcement is not recommended unless
specific precautions and measures are assured and
the embedment depth should be calculated and
implemented to accommodate for all expected failure
mechanisms, including premature slippage (breakout
in tension) and to ensure that the reinforcement
crossing the interface develops yield.
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