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The use of efficient and environmentally friendly materials is a priority in the construction industry. In this study,
the behavior of reinforced concrete corbels made of recycled concrete aggregate (RCA) was investigated. Twenty
models were created and categorized into five Groups to examine various factors influencing the characteristics
of the corbels. These factors included the replacement ratio of natural coarse aggregate with varying proportions
of RCA, with a replacement ratio of 0 % designed for the reference mixture; the other mixtures had replacement
ratios of 20 %,40 %, and 60 %. Additionally, the study assesses the amount of main and secondary reinforcement,
the shear span-effective depth ratio (a/d), and compressive strength. The influence of these variables on ultimate
load capacity, load-deflection curves, crack pattern, initial stiffness, and energy dissipation was investigated. The
results indicated that the use of recycled concrete aggregate did not significantly affect the pattern of cracks, type
of failure, and energy dissipation capabilities. At the same time, it had a modest impact on the ultimate load
capacity, with a decrease of 4.4 %, 8.6 %, and 16 % at a replacement ratio of 20 %,40 %, and 60 %, respectively.
Correspondingly, deflection increased from 3.63 mm to 4.27, 4.92, and 5.61 mm at the same replacement ratio.
Furthermore, it was also noted that increasing replacement ratios resulted in a slight decrease in initial stiffness.
The ultimate load capacity of the corbels was predicted using the theoretical equations proposed by the pro-
visions of the ACI 318 code and the equations proposed by previous literature. The results indicated that using
the equations proposed by Hwang et al. and Chetchotisak et al. provided more accurate estimates compared to
the other models, yielding a coefficient of variations (COVs) of 4.8 and 5.1 %, respectively. In contrast, the values
derived from the code equations were significantly more conservative.

1. Introduction has been conducted across various domains within structural engi-

neering [5-15].

The use of recycled aggregate in the production of concrete struc-
tures is attaining high research attention in the present time since it
contributes in maintaining natural resources on one hand, and reduces
the environmental attack of the process of demolishing structures on the
other hand. The dark side of the issue is that the use of recycled
aggregate often results in concrete of lower strength and elastic prop-
erties than concrete using aggregate from natural sources. This is why
many research efforts were spent to evaluate the strength and behavior
of structural components made of concrete incorporating recycled
aggregate [1-4]. In the present work, the use of recycled aggregate as a
partial replacement of the natural aggregate in reinforced concrete
corbels subjected to vertical load is examined concerning their deflec-
tion and crack and failure loads. The utilization of recycled aggregates,
encompassing both coarse and fine aggregate types, has been the subject
of significant research in recent years. Investigation into these materials
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Corbels can be thought of as short cantilevers projected from col-
umns or walls and subjected to vertical and horizontal forces from
beams resting on them [16]. They are commonly used in workshops with
crane girders and other pre-cast reinforced concrete buildings. These
elements generally have shear span-depth ratios of less than unity [17];
thus, the classical flexural theory cannot be used to determine their
strength. This is because the three-dimensional state of stress in the re-
gion between the applied load and the reaction at the support, which
makes the assumption of plane section before bending remains plane
after bending is no longer valid. So many attempts were made to predict
the shear strength of the reinforced concrete corbels by using experi-
mental and analytical studies [18-25]. Among those studies, Campione
(2009) [26] studied the flexural behavior of ordinary and
fiber-reinforced concrete corbels under vertical and horizontal loads,
proposing a strut-and- tie-based analytical model. Key parameters
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(a) Bending

(b) Concrete crushing on strut

(c) Shear at the interface between
corbel and column

F F

(d) Losses of anchorage of main
tie reinforcement

(e) Horizontal load

(f) Concrete crushing under
bearing pad

Fig. 1. Modes of failure for corbels adapted from Shakir [42].

included concrete type, the ratio and arrangement of main and sec-
ondary reinforcement, and steel fiber ratio. Failure was ductile with low
reinforcement and brittle with high reinforcement. In his other paper,
Campione (2009) [27] proposed a strut and tie analogy to determine the
flexural strength of R.C. corbels, incorporating the use of steel fibers
under the action of vertical loading. Abdul-Razzak and Mohammed Ali
(2011) [28] developed a constitutive material model for high-strength
steel fiber-reinforced concrete using SPSS statistical software, which
was subsequently applied it the finite element analysis of concrete cor-
bels. The model incorporated plane stress conditions and
strain-hardening plasticity. In their other work [29], the same authors
considered the effect of cracks on the strength of nonlinear models of R.
C. corbels. Abdel Hafez et al. (2012) [30] experimentally investigated
the shear behavior of high-strength concrete corbels, examining steel
fiber content, concrete strength, span/depth ratio, and the properties of
main and horizontal reinforcement. Steel fibers enhanced the initial
stiffness, shear strength, and ductility, with similar improvements
observed from increased main reinforcement ratios.

Salman et al. (2014) [31] studied the effect of steel fiber, compres-
sive strength, and shear span/depth (a/d) ratio on self-compacting
concrete corbels. Higher (a/d) ratios increased deflection under the
same load and reduced cracking and ultimate loads, with greater
nonlinearity in the load-deflection response. All the ten specimens failed
via diagonal splitting.

There were many works dealing with strengthening the R.C. corbels
with carbon fiber-reinforced polymer (CFRP). Ivanova et al. (2015) [32]
conducted an experimental program to investigate the effect of the
various patterns of CFRP strips. Assih et al. (2015) [33] examine through
experimental and theoretical studies the recovered strength of damaged
R.C. corbels after rehabilitation using CFRP. Sayhood et al. (2016) [34]
and Yassin (2016) [35] experimentally explore the improvement that
CFRP can provide to the strength of corbels subjected to monotonic

loading. Ivanova and Assih (2016) [36] investigated the behavior of
corbels strengthened by CFRP stripes under the action of static and fa-
tigue loading. Al-Kamaki et al. (2018) [37] tested twelve corbel speci-
mens to explore the effect of secondary steel reinforcement and the
addition of CFRP sheets on their behavior. They found that adding
reinforcement in the mid-height of corbels and CFRP sheets, especially
inclined with 45°, both increase the ultimate strength by up to 27 %.

Satish et al. (2017) [38] studied self-compacted concrete with
recycled aggregate, finding reduced flowability above a 40 % replace-
ment ratio and decreased strength starting at 20 % replacement ratio.
Sulaiman and Khudair (2019) [39] conducted an experimental study to
investigate the effect of partial replacement of natural aggregate by
recycled one on self-compacting concrete. They found that for a
replacement ratio of 25, 50, and 75 %, the strength reductions were
about 2.2, 7.4, and 12.3 %, respectively. They also found that the
replacement ratio inversely affects both the crack load and mix work-
ability. In their second work, Sulaiman and Khudair (2020) [40] studied
the effect of replacement ratio, h/H ratio, and area of horizontal rein-
forcement on self-compacting concrete corbels. They found brittle fail-
ure in corbels without horizontal reinforcement and a 56.5 % higher
failure load in rectangular brackets (h/H = 1.0) compared to the trap-
ezoidal shape of (h/H = 0.25). Hamoodi et al. (2021) [41] investigated
the impact of recycled aggregate on deflection, cracking, and failure
loads in reinforced concrete corbels, finding that higher replacement
ratios and shear-to-depth (a/d) ratios reduce crack and failure loads.

It was reported that there are six common failure modes of R. C.
corbels: which are flexure, crushing of concrete on struct, vertical shear
failure at column face, slipping of main reinforcement, lateral failure
due to horizontal load, and local bearing failure at the interface with the
beam [42]. These modes of failure are illustrated in Fig. 1.
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Table 1
Chemical and physical properties of cement.
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Table 2
The sieve analysis and physical properties of fine aggregate.

Chemical properties

Sieve Size (mm) Passing (%) ASTM C33-23 [44]

Components Test result Limits of ASTM
Contents (%) C150-19 [43]

CaO 63.11 —

SiO, 20.5 —

Al,O4 5.11 —

Fe,03 4.1 —

MgO 2.46 6.0 (max)

SO3 2.26 —

Loss on Ignition (L.O.I) 2.19 3.0 (max)

Na,O 0.29 —

K,0 0.62 —

Insoluble residue 0.51 0.75 (max)

Potential compounds

C3S 51.9 —

C2s8 17.8 —

C3A 2.52 3.0 (max)

C4AF 13.2 25.0 (max)

Physical properties

Specific surface area (Blaine 310 Not <280
method) (m?/kg)

Setting time (Vicat method) (min)

Initial setting time 140 >45

Final setting time 295 <375

Compressive strength (MPa)

3 days 17.2 >12

7 days 23.8 >19

Specific gravity (g/cm®) 3.15 —

Color Light grey —

1.1. Research significance

This study examines the feasibility of employing RCA as a sustainable
partial substitute for natural coarse aggregate in concrete production,
with the objective of addressing the increasing accumulation of con-
struction and demolition waste. Through the incorporation of RCA, the
research seeks to alleviate environmental challenges, decrease reliance
on diminishing natural aggregate resources, and foster sustainable
construction particles. The investigation emphasizes the mechanical
properties and durability of RCA-integrated concrete to identify optimal
replacement ratios that achieve a balance between structural perfor-
mance and sustainability, thereby providing valuable insights for future
application within the construction industry. At the same time, limited
data exists regarding the behavior of corbels made using RCA as coarse
aggregate. To bridge this gap, the current work focuses on exploring the
impact of using recycled concrete aggregate as a partial replacement for
natural coarse aggregate at replacement ratios of 0 %, 20 %, 40 %, and
60 % on various properties of reinforced concrete corbels under axial
load. These properties include ultimate load-carrying capacity (ULC),
load-deflection response, initial cracking, diagonal cracking, failure
modes, initial stiffness, and energy dissipation capacity. Additionally,
the study compares the experimental ultimate load-carrying capacity
with ACI 318 provisions and findings from previous literature.

2. Experimental work
2.1. Material characteristics

2.1.1. Cement

The cement utilized in this study is ordinary Portland cement (Type
I), Al-Mabrouka type, produced locally in Basra Governorate and con-
forming to ASTM C150-19 [43] specifications. The chemical and
physical properties are presented in Table 1.

2.1.2. Fine aggregate
The natural fine aggregate used in this study is available locally in
the Al-Zubair region of Basra Governorate. It was tested according to the

9.5 100 100
4.75 98 95-100
2.36 91 80-100
1.18 73 50-85
0.6 39 25-60
0.3 11 5-30
0.15 0 0-10
Physical properties
Specific gravity 2.56 —
Bulk density (kg/m®) 1680 —
Sulfate content (SO3) % 0.31 —
Absorption % 1.1 —
Fineness modulus 2.85 —
Maximum particle size (mm) 5 —
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2
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Fig. 2. Grading curves for Coarse and fine aggregates.

Fig. 3. Appearance of coarse aggregates: (a) NCA and (b) RCA.

ASTM C33-23 [44] standard specification, and the gradation of the fine
aggregate is within the limits of this specification. Table 2 presents the
gradation and the physical properties of fine aggregate, and the grading
curves of the fine aggregate can be seen in Fig. 2.

2.1.3. Coarse aggregate

In this study, two types of coarse aggregate were employed: natural
coarse aggregate (NCA) and recycled coarse aggregate (RCA). The nat-
ural coarse aggregate employed in this study was sourced from the
Safwan region in Basra Governorate. The recycled coarse aggregate was
obtained from crushing old concrete cubes and cylinders, which were
available in the laboratory and had been there for more than two years.
The compressive strength of these cubes and cylinders ranged between
(25-40) MPa. Subsequently, the cubes and cylinders were subjected to
crushing using a rock crusher machine, transforming the material into
granules. The granules retained on a 4.75 mm sieve were then collected.
Fig. 3 illustrates the appearance of NCA and RCA.
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Table 3
The sieve analysis and physical properties of coarse aggregate.
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Table 5
Mix description.

Sieve Size (mm) Passing (%) ASTM C33-23 [44]

NCA RCA

25 100 100 100

19 95 98 90-100
9.5 38 47 20-55
4.75 5 7 0-10
2.36 0 2 0-5
Physical properties

Specific gravity, Bulk oven- dry 2.61 2.38

Bulk specific gravity (SSD) 2.64 2.43 -
Loose bulk density (kg/m®) 1520 1328 —
Water Absorption % 0.7 3.81 —
Maximum particle size (mm) 19 19 —

The bulk density was calculated according to ASTM C29/C29 M
[45], while the water absorption and specific gravity of the coarse
aggregate were calculated according to ASTM C127-15 [46]. The
gradation of natural and recycled aggregate meets the requirements of
ASTM C33-23 [44]. It can be observed that the gradation for both types
is within the limits of this standard. Table 3 presents the gradation and
physical properties of both types, while Fig. 2 shows the gradation
curves for natural and recycled coarse aggregate that was used in this
work.

2.1.4. Admixture

In this study, a superplasticizer designated as Glunium 54 was
employed at a ratio of (0.5 — 1.75) L/100 kg of binder material, in
accordance with the manufacture specifications. This superplasticizer
complies with the ASTM C494/C494M-19 [47] specifications. It was
employed exclusively in high-strength class mixtures.

2.1.5. Steel bars

In this work, conventional steel bars of grade 60 with varying di-
ameters were used. The mechanical specifications of the reinforcing
steel are summarized in Table 4. These specifications meet the re-
quirements of ASTM A615-24 [48].

2.1.6. Concrete mixes

The mix designs were prepared in accordance with the specifications
outlined in ACI 211.1 [49]. In this study, two types of concrete mixtures
were employed: one with normal compressive strength and the other
with high compressive strength.

To achieve normal compressive strength, four concrete mixtures
were utilized. The first mixture incorporated natural coarse aggregate,
while the remaining mixtures incorporated natural coarse aggregate
that was partially replaced with recycled coarse aggregate at ratios of 20
%, 40 %, and 60 %. For the high compressive strength, a single mixture
was employed in which the natural aggregate was partially replaced
with 40 % recycled aggregate. The description and details of the mixes
are presented in Tables 5 and 6, respectively.

Following the completion of the concrete mixing process, the slump
of concrete was measured in accordance with the provisions of ASTM
C143/C143M-20 [50]. Furthermore, to evaluate the compressive
strength of each mixture, three cylindrical specimens measuring 300
mm in height and 150 mm in diameter were cast and tested according to
ASTM (C39/C39M-21 [51]. Additionally, three cubic specimens

Table 4
Properties of reinforcing bars.

Mix I.D. Mix description

NCS 0 Normal Concrete Strength without Recycled Concrete Aggregate.
NCS 20 Normal Concrete Strength with 20 % Recycled Concrete Aggregate.
NCS 40 Normal Concrete Strength with 40 % Recycled Concrete Aggregate.
NCS 60 Normal Concrete Strength with 60 % Recycled Concrete Aggregate.
HCS 40 High Concrete Strength with 40 % Recycle Concrete Aggregate.

measuring 150 * 150 *150 mm were prepared and cast, according to BS
EN 12,230-19 [52].

Furthermore, to evaluate splitting tensile strength, three cylindrical
specimens of the same dimensions were cast and tested according to the
ASTM C496-17 [53]. All specimens were demolded after 24 h and
subsequently cured until testing at 28 days.

After 24 h, the cast corbels were demolded. Subsequently, they were
covered with polyethylene sheets for 48 h to prevent moisture loss.
Then, the specimens were stored and treated with water until they were
examined.

2.2. RC corbel specimens

The experimental program conducted in this study involved twenty
corbels. All dimensions of corbels were 200 mm in width, a total depth of
260 mm, and an effective depth of 230 mm. Corbels with aspect ratios a/
d = 0.4 and 0.6 had a length of 250 mm, while those with a/d ratios of
0.8 and 1.0 were 340 mm in length. The columns for all corbels
measured 200 * 200 * 510 mm and were reinforced with four bars with a
diameter of 12 mm at the corners and ties of 10 mm diameter at equal
distances of 110 mm from center to center. The details of the corbels
utilized in this study are presented in Fig. 4 and Table 7. Additionally,
details of the preparation of the corbel mold, arrangement of steel
reinforcement, and casting of the specimens are displayed in Fig. 5.

The twenty specimens were divided into five Groups, each Group
containing four corbels, according to the variables studied in this
research as follows:

Group A: Investigated the effect of various ratios of recycled aggre-
gate in the concrete mixtures. The replacement ratio (by weight) was
taken as 0, 20, 40, and 60 % of natural coarse aggregate.

Groups B and C: Studied the influence of various ratios of secondary
Ay, and main steel reinforcement Ag, respectively.

Groups D and E: examined different ratios of a/d with ratios of 0.4,
0.6, 0.8, and 1 for normal and high compressive strength, respectively.

2.3. Corbels design and test setup

To test the corbel samples, they were placed in an inverted position
to apply the load to the upper end of the column, which was covered
with a steel plate with dimensions of (200x200x40) mm to distribute
the load uniformly on the specimens. The specimens were supported
symmetrically at the outer edges on steel supports. The location of these
supports is variable, depending on the shear span distance (a). These
supports comprise bearing plates with dimensions of (400 * 70 * 30)
mm, which are in direct contact with the horizontal surface of the cor-
bels. The loads were applied to the specimens using the universal
loading machine UTM with a capacity of 2000 kN, as illustrated in Fig. 6.

The load was transferred to the data acquisition system by installing

Nominal diameter (mm) Measured diameter (mm) Surface texture Area (mm?) fy (MPa) fu (MPa) Elongation (%)
8 8 deformed 50.24 485 651 12.9
10 10 deformed 78.5 451 598 12.2
12 12 deformed 113 472 632 11.9
16 16 deformed 201 467 612 11.7
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Table 6

Concrete mix proportions (kg/m3).
MixLD.  RCA replacement ratio Cement (kg/ Water Sand (kg/ Natural coarse aggregate (kg/ Recycled coarse aggregate (kg/ S.P.

(%) m?) (Liter) m?) m®) m®) (Liter)
NCS 0 0 430 195 690 1090 0 0
NCS 20 20 430 195 690 872 218 0
NCS 40 40 430 195 690 654 436 0
NCS 60 60 430 195 690 436 654 0
HCS 40 40 520 190 800 540 360 5.2
Vu Vu Vu Vu
700 880
[ 50 200 250 340 200 340

#10 mm @ 110mm c/c

[

2Vu 2Vu

4812 mm Asc 910 mm @ 110mm c/c 402zmm  —Age

- il R —
L

200
L 250 1L 200 | 250 _1 340 | 200 | 340
700 880
(a) (b)
Fig. 4. Corbels details: (a) for a/d = 0.4 and 0.6, and (b) for a/d = 0.8 and 1.0, all dimensions in mm.
Table 7
Details of corbel specimens.

Group Corbel designation Type of Concrete a/d Main reinforcement (Asc) Horizontal stirrups (Ap)

A CAl - 0 R- Control NCS 0 0.4 3-¢12mm 2-08 mm
CA2-20R NCS 20 0.4 3-@12mm 2-@8mm
CA3-40R NCS 40 0.4 3-@12mm 2-@38mm
CA4-60R NCS 60 0.4 3-¢12mm 2-@8mm

B CB1 - 40 R Control NCS 40 0.4 3-@12mm —
CB2-40R NCS 40 0.4 3-@12mm 2-0 8mm
CB3 40 R NCS 40 0.4 3-¢12mm 3-0 8mm
CB4 40 R NCS 40 0.4 3-@12mm 4-0 8mm

C CC1 - 40 R Control NCS 40 0.4 3-010mm 2-@8mm
CC2-40R NCS 40 0.4 3-@ 12mm 2-@8mm
CC340R NCS 40 0.4 2-@316mm 2-@38mm
CC440R NCS 40 0.4 4-@12mm 2-@8mm

D CD1 - 40 R - Control NCS 40 0.4 3-¢12mm 2-@8mm
CD2-40R NCS 40 0.6 3-012mm 2-@8mm
CD3 40 R NCS 40 0.8 3-@12mm 2-@38mm
CD4 40 R NCS 40 1.0 3-¢12mm 2-@8mm

E CE1 - 40 R - Control HCS 40 0.4 3-¢12mm 2-@8mm
CE2-40R HCS 40 0.6 3-@12mm 2-@38mm
CE3 40 R HCS 40 0.8 3-¢12mm 2-@8mm
CE4 40 R HCS 40 1.0 3-¢12mm 2-@8mm
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(b)

Fig. 5. Preparation of corbels (a) formwork and reinforcement arrangement; and (b) casted specimens.

Reaction

Fig. 6. Test setup.

a load cell below the hydraulic jack and above the column. To measure
the vertical displacement, a linear variable displacement transducer
(LVDT) was used in the center of the column from the bottom, enabling
the direct recording of the load increase and the corresponding

Applied Load

Reaction

displacement in the data logger.
The design of the corbels was based on the American Concrete
Institute (ACI) 2019 [54] standards and included the following consid-

erations :

(a) the dimensions were established in accordance with
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Table 9
Experimental results of the ultimate load capacity.

Table 8
Results of fresh and hardened concrete mixtures.
Mix RA Slump Compressive Compressive Splitting
1.D. replacement (mm) strength (f,) strength (f ) tensile
ratio (%) (MPa) (MPa) strength
At 28 days (MPa)
NCS 0 96 37.6 32.8 3.35
0
NCS 20 94 36.2 31.1 3.22
20
NCS 40 93 34.8 29.4 3.11
40
NCS 60 92 32.4 28.2 3.03
60
HCS 40 100 51.7 46.7 3.91
40

Section 16.5.2.4 of the ACI 2019 standard; (b) the reinforcement
arrangement followed the specifications in Section 23.5.1 to 23.5.5 of
the ACI 2019 standard, with additional guidance from Figures R16.5.1.b
and R23.5.1; and (c) the shear span -to- effective depth ratio (a/d) was
calculated using the provisions in Section 16.5.1.1 of the ACI 2019
standard.

3. Results and discussion
3.1. Properties of fresh and hardened concrete mixtures

3.1.1. Slump

The results of the properties of fresh and hardened concrete for all
mixtures are presented in Table 8. As can be observed from the data
presented in the table, the slump measurements for all mixtures
exhibited a notable degree of similarity, and this is consistent with the
findings of [55,56]. This is due to the fact that both types of aggregates
are in a dry saturated surface state (SSD). Consequently, the
water-to-cement ratio did not consider the water absorbed by the satu-
rated aggregate. This is to ensure that there is approximately the same
amount of remaining water, which is sufficient to ensure the hydration
of the cement particles in the concrete mixture. This approach has been
adopted by several previous works [14,41,57-59].

3.1.2. Compressive strength

The compressive strength of the specimens was evaluated on the
same day as the corbel test at 28 days. The results of the compressive
strength test are presented in Table 8. The results given in Table 8
indicate that an observed decrease in compressive strength was associ-
ated with an increase in the replacement ratio of the recycled aggregate,
this result was also identified by [60-69]. The amount of the decrease
was 5.2, 10.4, and 14.0 % for the replacement ratios of 20, 40, and 60 %,
respectively in the normal compressive strength category. Consequently,
the reduction in compressive strength of 10.4 % observed for the 40 %
replacement ratio of natural aggregate with recycled aggregate is rela-
tively minor in comparison to the 60 % replacement ratio, where the
reduction was 14.0 %.

One significant drawback of RCA is the presence of microcracks
formed during the crushing process, which converts concrete block into
coarse aggregate particles [70-72], to thoroughly assess the effect of
RCA under high-strength conditions, the study incorporated both
high-compressive -strength and normal - strength concrete samples.
This dual approach allowed for the elevation of RCA impact on the
performance of reinforced concrete corbels across a spectrum of
compressive strength a more comprehensive understanding of RCA
behavior under varying conditions, thereby expanding knowledge on its
use in structural applications

3.1.3. Splitting tensile strength
To evaluate the splitting strength of recycled concrete, the test was

Group  Corbel designation Type of Concrete  P,(kN) Change in P, (%)
A CA1 - 0 R- Control NCS 0 712 -
CA2-20R NCS 20 681 —4.4*
CA3-40R NCS 40 651 -8.6
CA4-60 R NCS 60 598 —-16.0
B CB1 - 40 R Control NCS 40 412 -
CB2-40R NCS 40 531 28.9
CB3 40 R NCS 40 655 59.0
CB4 40 R NCS 40 695 68.7
C CC1 - 40 R Control NCS 40 583 -
CC2-40R NCS 40 661 13.4
CC3 40 R NCS 40 702 20.4
CC4 40 R NCS 40 771 32.2
D CD1 - 40 R - Control ~ NCS 40 647 -
CD2-40R NCS 40 511 -21.0
CD3 40 R NCS 40 413 —-36.2
CD4 40 R NCS 40 343 —47.0
E CE1 - 40 R - Control ~ HCS 40 786 -
CE2-40R HCS 40 681 —-13.4
CE3 40 R HCS 40 532 -32.3
CE4 40 R HCS 40 443 —43.6

Note: * Minus sign refers to the decreasing percentage.

800

'2\700—

i \0

600

500 -

Ultimate load capacity (k

300

0 20 40 60
RCA %

Fig. 7. Effect of various ratios of RCA on ultimate load capacity for Group A.

performed on concrete cylinders tested on the same day as the corbel test
at 28 days. The test results are presented in Table 8. The data presented
in the table demonstrates that an increase in the replacement ratio re-
sults in a slight decrease in splitting strength, particularly at low levels
20 and 40 % of the replacement ratio. This result is consistent with
previous research [68,69,73-75].

This indicates that recycled concrete has a lower splitting strength
than conventional concrete; however, it has sufficient structural integ-
rity to be used in concrete structures [69].

3.1.4. Ultimate load capacity of corbels

The ultimate load capacity (P,) of the corbels was recorded and
presented in Table 9. As illustrated in Table 9, the ultimate load capacity
of Group A declines as the replacement ratio of recycled aggregate in-
creases. The reduction rates were 4.4, 8.6, and 16 % for replacement
ratios of 20,40 and 60 %, respectively, as displayed in Fig. 7. This finding
has been identified by other researchers [62,76-78].

The reduced ultimate load capacity (P,) of reinforced concrete cor-
bels incorporating high percentages of recycled concrete materials is
attributed to several factors: (a) the weaker Interfacial Transition Zone
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Table 10
Characteristics of the load-displacement relationship.
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Group Corbel designation Pu(kN) Ay (mm) Change in A, (%) Per-fiex (KN) Per.diag. (KN) Failure modes**
A CA1 - 0 R- Control 712 3.63 - 142 364 SF
CA2-20R 681 4.27 17.6 124 302 SF
CA3-40R 651 4.92 35.5 105 266 SF
CA4-60R 598 5.61 54.5 92 223 SF
B CB1 - 40 R Control 412 6.35 - 61 143 SF
CB2-40R 531 5.26 —17.2* 95 207 SF
CB340 R 655 4.88 -23.1 108 296 SF
CB4 40 R 695 3.83 —39.7 152 342 SF
C CC1 - 40 R Control 583 5.32 - 83 205 SF
CC2-40R 661 4.87 -85 104 312 SF
CC340R 702 3.77 -29.1 122 359 SF
CC440R 771 3.32 —37.6 159 411 SF
D CD1 - 40 R - Control 647 4.63 - 112 279 SF
CD2-40R 511 5.36 15.8 83 215 SF
CD3 40 R 413 6.21 34.1 72 141 DS
CD4 40 R 343 8.73 88.6 55 98 DS
E CE1 - 40 R - Control 786 2.95 - 168 425 SF
CE2-40R 681 3.26 10.5 135 328 SF
CE3 40 R 532 3.84 30.2 98 208 DS
CE4 40 R 443 4.35 47.5 79 123 DS

Note: * Minus sign refers to the decreasing percentage; ** Failure modes, SF is Shear Failure, and DS is Diagonal Shear Failure.

(ITZ) between recycled aggregate and residual mortar diminishes bond
strength [79-81]; (b) the lower compressive strength of recycled con-
crete aggregate (RCA), especially at high replacement ratios, directly
impacts load-carrying capacity as compressive strength is essential for
structural performance [82,83]; (c) microcracks formed during the
crushing of old concrete further weaken the material under applied
loads [71,84]; (d) increased porosity and water absorption due to
retained old mortar reduce the overall strength and durability of the
concrete [84-86]; (e) the weaker matrix and interfacial zones in recy-
cled aggregate concrete, which reduce the bond strength between steel
reinforcement and surrounding concrete, impairing the composite ac-
tion necessary for effective structural performance [87-89]; and ()
variability in the quality of recycled aggregates, often due to diverse
sources, leads to inconsistencies in the mechanical properties of the
concrete, exacerbating its limitations [90,91].

The 8.6 % decrease in ultimate load capacity observed at a 40 %
replacement ratio is relatively minor, especially considering the signif-
icant amount of concrete waste recycled to produce reinforced concrete
corbels. The findings identified a 40 % replacement ratio as an optimal
compromise, maximalizing the use of recycled concrete aggregate (RCA)
while thoroughly assessing its impact on the structure performance of
reinforced concrete. The study concluded that incorporating RCA at this
level had minimal effect on the overall structural behavior if reinforced
concrete corbels. This slight reduction in performance is considered
acceptable given the substantial environmental advantages, such as
sustainable concrete waste management and the promotion of eco-
friendly construction practices. Furthermore, the essential engineering
properties required for reinforced concrete corbels were adequately
preserved.

In Group B, it was observed that an increase in the secondary rein-
forcement ratio from 0 % to 0.437, 0.655, and 0.874 % led to a corre-
sponding increase in the ultimate load capacity of 28.9, 59.0, and 68.7
%, respectively. Similarly, in Group C, an increase in the main rein-
forcement ratio from 0.512 to 0.737, 0.874, and 0.983 % resulted in a
notable enhancement in the ultimate load capacity of 13.4, 20.4, and
32.2 %, respectively. It was observed that the ultimate load capacity
decreased as the a/d ratio increased. The amount of decrease was 21.0,
36.2, and 47.0 % for Group D, while for Group E, the reductions were
13.4, 32.3, and 43.6 % as the a/d ratio increased from 0.4 to 0.6, 0.8,
and 1.0, respectively. These results are displayed in Table 9. This is
consistent with the findings from other researchers who have employed
natural aggregate to investigate the properties of corbels [92-97].

Hence, it can be concluded that the utilization of 40 % recycled

concrete waste had a marginal impact on the general behavior of the
corbel, especially when compared to the quantity of waste that can be
discarded in order to achieve environmentally friendly concrete.

3.2. Load-deflection response

The load-deflection curves are presented in Fig. 8 and Table 10. Fig. 8
(a) illustrates the impact of the RCA replacement ratio on deflection. As
is evident from the figure, an increase in the replacement ratio is
accompanied by an increase in the deflection. These results are consis-
tent with those previously documented by other researchers [77,
98-101]. As presented in Table 10, the deflection (4,) reached 3.63 mm
at the ultimate load capacity for corbels with 0 % RCA, while the
deflection increased to 4.27 mm (17.6 %), 4.92 mm (35.5) and 5.61 mm
(54.5 %) at the replacement ratio of 20, 40, and 60 %, respectively. This
increase in deflection is attributable to the reduction in stiffness asso-
ciated with the increase in the replacement ratio.

Figs. 8(b) and 8(c), illustrate the load-deflection curve for various
ratios of secondary and main reinforcement, respectively. It was
observed that the deflection decreased with an increase in both the
secondary and main reinforcement ratio. The enhancement percentages
were 17.2, 23.1, and 39.7 %, as the secondary reinforcement ratio
increased from 0 % to 0.437, 0.655, and 0.874 % respectively. In
contrast, the enhancements were 8.5, 29.1, and 37.6 % when the main
reinforcement ratio increased from 0.512 to 0.737, 0.874, and 0.983,
respectively. The influence of secondary and main reinforcement on the
load-deflection curve was apparent. Therefore, the quantities of both
secondary and main reinforcement were established in accordance with
the ACI Code [54], paragraphs 16.5.5.1 and 16.5.5.2. The quantity of
main reinforcement (As.) shall be at least the greatest of (a) through (c):

(@) Af+An
(b) 2/ 3)’Avf+An
(© 0.04(f, /f,)(byd)

While the quantity of secondary reinforcement must be not less than
the following value:

Ap=0.5(Asc-Ap)

Where :

Ay : area of reinforcement resisting design moment, mm?,

Ays: area of shear-friction reinforcement, mm?.

A, : area of reinforcement in resisting factored restraint horizontal
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Fig. 9. Crack patterns at failure of tested corbels.

force Ny, mm?2.

A, : area of primary tension reinforcement, mm?.

Ap : total area of shear reinforcement parallel to primary tension
reinforcement, mm?.

Figs. 8(d) and 8(e) illustrate the effect of increasing the a/d ratio for
the normal strength class of Group D and the high strength class of
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Group E, respectively. It was observed that the maximum deflection
increased with increasing a/d ratio for both Groups. The amount of in-
crease was 15.8, 34.1, and 88.6 % for Group D, while it was 10.5, 30.2,
and 47.5 % for Group E when the a/d ratio increased from 0.4 to 0.6, 0.8.
1.0 respectively. In addition, it is noted that the amount of increase in
deflection was less at high compressive strength. Thus, when the
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Fig. 10. Method used to calculate initial stiffness and energy dissipation
capabilities.

compressive strength increased from 29.4 MPa (NSC40) to 46.7 MPa
(HSC40), the deflection improved by 36.3 %, with the replacement ratio
and the a/d ratio remaining constant at 40 % and 0.4, respectively.

3.3. Cracking patterns and failure modes

Fig. 9 presents the crack pattern observed at the failure of the tested
corbels. It was observed that all specimens exhibited the same response
until the point of failure. In the initial stages of loading, approximately
(12-17) % of the ultimate load capacity, cracks began to appear. These
were flexural cracks (Pcrfiex) that extended from the column-corbels
face, and as loading increased, the crack grew vertically at a slow rate.
As the loads approached approximately (30-40) % of the ultimate load
capacity, diagonal cracks (Pr-diag.) began to appear near the load plates;
these cracks subsequently widened and continued to grow in width.
Furthermore, it was observed that the load tends to transfer directly to
the column support, resulting in the formation of diagonal cracks. Thus
principle is consistent with the elastic flow of forces [97].

It can be observed that the crack load in the samples with a/d = 0.4
and 0.6 was greater than that of the samples with a/d = 0.8 and 1.0.
Additionally, the formation of flexural cracks was observed to be more
delayed in the samples with a/d = 0.4 and 0.6 in comparison to the
samples with a/d = 0.8 and 1.0. For specimens with a/d = 0.6, 0.8, and

Table 11
Results of Initial stiffness and Energy dissipation capacity of corbels.
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1.0, the appearance of flexural and diagonal cracks is accelerated as a/
d increases. This is due to the increase in tensile tie stresses when the
shear span increases, which leads to the formation of cracks. [97].

As illustrated in Fig. 9, the failure pattern observed in corbels con-
taining recycled aggregate is similar to that observed in corbels with
natural aggregate. This finding has been identified by other researchers
[60,62,73,101,102]; the observed differences were limited to the initial
and the diagonal crack load; furthermore, specimens containing recy-
cled aggregate exhibited accelerated initial and diagonal cracks forma-
tion, as illustrated in Table 10, which displays the flexural or (initial)
crack loads (Pcr.fex.), diagonal crack load (Pcr-dqig ), and the failure mode.

Hence it can concluded that the incorporation of RCA significantly
influences the cracking behavior of reinforced concrete corbels in
several ways: (a) corbels containing RCA tend to crack at lower loads
due to weaker Interfacial Transition Zone (ITZ) and the reduced tensile
strength of recycled aggregate [78]; (b) crack in these corbels propagate
more rapidly and are often wider, which is attributed to the higher
porosity and microcrack density of the recycled aggregate [103]; (c)
post-crack ductility is reduced compared to corbels made with natural
aggregates, thereby limiting their ability to redistribute stresses effec-
tively [76]; and (d) the combination of ductility and increased brittle-
ness diminishes their capacity to resist extreme loads, such as those
indicated seismic activity, rendering corbels containing RCA less suit-
able for critical applications without appropriate reinforcement and
design measures [76]. Nevertheless, with suitable design strategies,
material enhancements, and optimal replacement ratios (e.g., 20 %—40
%), the adverse effects of RCA can be mitigated, highlighting its po-
tential as sustainable materials for appropriate construction
applications.

3.4. Initial stiffness and energy dissipation capacity

The initial stiffness of the tested specimens is represented by the
slope of the linear segment in the initial region of the load-displacement
graphs. While the energy dissipation capabilities are represented by the
area under the load-displacement curve up to the point of collapse,
which is defined as the point at which the load decreases by 15 % after
reaching the ultimate load, as illustrated in Fig. 10. This method for
calculating initial stiffness and energy dissipation capabilities was
adopted from the work of [104-106].

Table 11 presents the initial stiffness values and energy dissipation

Group  Corbel designation Type of Initial stiffness (kN/ Change in Initial stiffness Energy dissipation capacity (kN- Change in Energy dissipation
Concrete mm) (%) mm) (%)

A CALl - 0 R- Control NCS 0 288.2 - 3112 -
CA2-20R NCS 20 237.0 -17.8* 3185 2.3
CA3-40R NCS 40 180.8 -37.3 2973 —4.5
CA4-60R NCS 60 145.2 —49.6 2989 —4.0

B CB1 - 40 R Control NCS 40 125.2 - 2172 -
CB2-40R NCS 40 150.4 20.1 2662 22.6
CB3 40 R NCS 40 175.2 39.9 2929 34.9
CB4 40 R NCS 40 241.5 92.9 2937 35.2

C CC1 - 40 R Control ~ NCS 40 145.6 - 2719 -
CC2-40R NCS 40 179.9 23.5 2980 9.6
CC340R NCS 40 238.4 63.7 3067 12.8
CC440R NCS 40 3279 125.1 3538 30.1

D CD1 -40R - NCS 40 186.9 - 2946 -
Control
CD2-40R NCS 40 157.1 -15.9 2471 —16.1
CD3 40 R NCS 40 111.3 —40.5 2384 -19.1
CD4 40 R NCS 40 73.0 —61.0 2207 —25.1

E CE1-40R-Control HCSO0 392.2 - 3681 -
CE2-40R HCS 40 280.1 —28.6 3131 -14.9
CE3 40 R HCS 40 227.4 —42.0 2807 -23.7
CE4 40 R HCS 40 189.4 —51.7 2291 —37.8

Note: * Minus sign refers to the decreasing percentage.
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Table 12
Comparison of experimental and theoretical ultimate load capacity values.

Group  Corbel Py ACI Hwang Russo Chetchotisak Li Py P, /P P, Py P, /P P, /P

designation (kN) SF STM et al. et al. et al. (kN) et al. /Psk ST™ /Phwang /PRusso Chetchotisak Li (%)
kN) (kN) (kN) (kN) (kN) (%) (%) (%) (%) (%)

A CA1-0R- 712 545.0 519.1 627.2 674.3 582.3 602.3 1.31 1.37 1.14 1.06 1.22 1.18
Control
CA2-20R 681 532.5 519.1 619.4 656.1 569.2 577.5 1.28 1.31 1.10 1.04 1.20 1.18
CA3-40R 651 520.0 519.1 606.0 637.2 555.8 552.4 1.25 1.25 1.07 1.02 1.17 1.18
CA4-60R 598 511.2 518.9 586.3 623.5 546.1 534.5 1.17 1.15 1.02 0.96 1.10 1.12

B CB1-40R - 412 448.0 432.8 369.5 458.7 384.3 331.4 0.92 0.95 1.11 0.90 1.07 1.24
Control
CB2-40R 531 520.0 432.8 467.3 548.4 469.6 398.0 1.02 1.23 1.14 0.97 1.13 1.33
CB340R 655 520.0 519.1 606.0 638.1 555.8 552.4 1.26 1.26 1.08 1.03 1.18 1.19
CB4 40 R 695 520.0 519.1 606.0 727.8 640.2 552.4 1.34 1.34 1.15 0.95 1.09 1.26

C CCl1-40R 583 515.6 351.1 524.9 586.8 506.4 476.8 1.13 1.66 1.11 0.99 1.15 1.22
Control
CC2-40R 661 520.0 519.1 606.0 637.2 555.8 624.5 1.27 1.27 1.09 1.04 1.19 1.06
CC340R 702 520.0 541.0 649.3 663.9 581.3 670.4 1.35 1.30 1.08 1.06 1.21 1.05
CC440R 771 520.0 541.0 680.4 682.8 600.5 703.4 1.48 1.43 1.13 1.13 1.28 1.10

D CD1-40R- 647 520.0 519.1 606.0 637.2 555.8 624.5 1.24 1.25 1.07 1.02 1.16 1.04
Control
CD2-40R 511 496.1 381.1 426.6 543.9 448.9 443.9 1.03 1.34 1.20 0.94 1.14 1.15
CD3 40 R 413 372.1 301.0 348.4 472.4 376.9 350.7 1.11 1.37 1.19 0.87 1.10 1.18
CD4 40 R 343 297.7 248.8 311.0 415.0 323.5 296.9 1.15 1.38 1.10 0.83 1.06 1.16

E CE1-40R- 786 647.3 519.1 676.5 796.3 679.8 749.9 1.21 1.51 1.16 0.99 1.16 1.05
Control
CE2-40R 681 509.9 381.1 547.1 687.1 554.5 536.7 1.34 1.79 1.24 0.99 1.23 1.27
CE340R 532 382.4 301.0 472.8 600.9 467.4 423.4 1.39 1.77 1.13 0.89 1.14 1.26
CE4 40 R 443 306.0 248.8 422.9 530.1 402.0 358.4 1.45 1.78 1.05 0.84 1.10 1.24
Mean 1.2 1.4 1.1 1.0 1.2 1.2
Standard deviation (SD) 0.1 0.2 0.1 0.1 0.1 0.1
Coefficient of variations (COVs) % 11.7 15.8 4.8 8.1 5.1 7.2

capacities. As can be observed from this table, initial stiffness decreases
as the replacement ratio increases, as is evident in Group A. This is due to
a decrease in compressive strength as the replacement ratio increases,
with a reduction of 17.8, 37.3, and 49.6 % at 20, 40, and 60 %
replacement ratios, respectively.

An improvement in initial stiffness was observed with an increased
ratio of secondary and main reinforcement, as demonstrated in Groups B
and C. Conversely, a decrease in initial stiffness was evident with an
increased ratio of (a/d), as demonstrated in Groups D and E. Regarding
energy dissipation capabilities, the degree of change was minimal, and
no discernible variation was observed as a result of changes in
replacement ratios. Consequently, the utilization of recycled aggregates
does not influence the energy dissipation estimates. These findings are
consistent with those reported by [102].

The minimal change in energy dissipation observed at low to mod-
erate replacement ratio of recycled concrete aggregate (RCA) is attrib-
uted to several factors: (a) concrete with RCA retains comparable
compressive strength and elastic modulus to natural aggregate concrete
(NCA), ensuring similar energy dissipations [107,108]; (b) micro-cracks
in RCA improve frictional damping during cyclic loading, counteracting
any potential reductions [71,109]; (c) energy dissipation is predomi-
nantly governed by the steel reinforcement, which remain unaffected by
RCA replacement [58,73]; and (d) at low to moderate RCA ratios, the
behavior of the concrete is largely influence by the natural aggregates,
minimizing the impact of RCA.

4. Comparing experimental results with theoretical equations

Numerous models have been proposed to estimate the ultimate load
capacity (ULC) of reinforced concrete corbels made of normal and high-
strength concrete. These models include the American code ACI - 2019,
as well as empirical equations proposed by various researchers to esti-
mate the strength of corbels. To evaluate these mathematical equations
and apply them to corbels made from recycled concrete, this study will
discuss the experimental results obtained herein in comparison with the
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results derived from the empirical equation provided by standard codes
and those reported in the existing literature as follows:

1. American Standard Code ACI 318 - 2019 [54]

This standard employs two methods to estimate the ultimate load
capacity (ULC) of corbels. The first method is the Shear Friction
Method (SF), detailed in Chapter 16, while the second method is the
Strut-and-Tie Method (STM), described in Chapter 23 of ACI
318-2019 [54].

2. Hwang et al. 2017 [110,111]

Hwang et al. developed a method known as the Softened
Strut-and-Tie Model (SSTM), which was utilized to estimate the ul-
timate load capacity (ULC) of the RC corbels.

3. Russo et al. 2006 [112]

In 2006, Russo et al. introduced a mathematical model for esti-
mating the ULC of RC corbels.

. Chetchotisak et al. (2022) [113]

In 2022, Chetchotisak et al. (2022) developed a model known as
the Modified Interactive Strut-and-Tie model (MISTM (to estimate
the ultimate load capacity ULC of corbels. This method is based on
two distinct mechanisms: the diagonal strut mechanism and the truss
mechanism [113].

5. Li et al. (2023) [114]

Lee et al. (2023) introduced a modified model known as Modified
Strut-and-Tie Model (MSSTM) to estimate the ultimate load capacity
ULC of corbels. This model is based on the horizontal and diagonal
mechanisms of reinforced concrete corbels with and without
strengthened steel fibers [114].

Table 12 presents a comparison of the experimental results with the
values calculated using theoretical equations. As illustrated in the pro-
vided table, the prediction of ultimate load capacity using methods
(SSTM) developed by Hwang et al. 2017 and (MISTM) proposed by
Chetchotisak et al. (2022) show the best convergence between the
experimental results and those estimated using the equations, with the
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coefficient of variations (COVs) of 4.8 and 5.1 %, respectively. This is
further depicted in the Table 12 and the Figs. 11(a) and 11(b).

Furthermore, the models employed by (MSSTM) developed by Lee
et al. (2023) and the model proposed by Russo 2006 yielded satisfactory
results, with COV of 7.3 and 8.1 %, respectively, as shown in Figs. 11(c)
and 11(d). In contrast, the results obtained from the American code ACI
318 [54]) utilizing SF and STM methods provided conservative esti-
mates with COVs of 11.8 and 15.8 %, respectively, as shown in Figs. 11
(e) and 11(f). Notably, the SF method produced more accurate results
than the STM method because the SF method is more common for
models with a/d > 1 [97].

As previously demonstrated, increasing the replacement ratio of
recycled aggregate had a minimal impact on compressive strength. The
mathematical equations mentioned incorporated compressive strength
as a significant factor in their derivation, given that recycled aggregate
has a negligible influence on compressive strength. Consequently, these
equations can be utilized to estimate the (ULC) of concrete corbels made
from recycled concrete. The values obtained using the mathematical
equations suggested in the literature were found to be very close to the
experimental results.

It is clear from the above that the method proposed by Hwang et al.
(2017) demonstrated greater accuracy compared to other approaches
due to its distinct representation of the disturbed (D-region), which
addresses shear strength in discontinuity region failing under diagonal
compression. It accounted for material properties and boundary condi-
tions consistent with experimental models. The model, based on a
softened strut-and tie framework, simplified computational by analyzing
the effects of key variables on the strength of d-region members. Termed
the “geometric approximation model” it aligns well with the softened
strut-and-tie model while offering comparable accuracy with signifi-
cantly reduced computational effort. Validation through 449 tests of
various structural elements such as deep beams, corbels, squat walls,
and beam-column joints confirm its reliability and efficiency.

Theoretical equations that align well with experimental results play a
fundamental role in developing global design code equations by
providing reliable and robust models for practical applications. Their
accuracy ensures consistency and resilience, enabling wide applicability
across diverse scenarios. By bridging theoretical predictions with real-
world conditions through experimental validation, these equations
became strong candidates for adoption in global design codes.
Furthermore, their integration enhances predictive accuracy, reduces
error, and minimizes on costly and time-intensive experimental testing.

5. Summary and conclusion

In this study, the behavior of reinforced concrete corbels made with
recycled coarse aggregate was experimentally investigated. Twenty
specimens were constructed and examined, divided into five Groups
depending on the variable type.

The ultimate load capacity, load-deflection curves, crack pattern,
initial stiffness, and energy dissipation capacity were investigated. The
experimental load capacity was compared with ACI provisions and
previous literature. The important results obtained are as follows:

1. Increasing The RCA replacement ratio reduced compressive strength
by 5.2 %,10.4 %, and 14.0 % for replacement ratios of 20 %,40 %,
and 60 %, respectively, and slightly decreased splitting tensile
strength. However, the slump remained unaffected due to the SSD
conditions of aggregate.

2. The ultimate load capacity of corbels decreased with higher RCA
replacement ratios (reductions of 4.4 %, 8.6 %, and 16 % for 20 %,40
%, and 60 %, respectively) but improved significantly with increase
with increases in secondary and maim reinforcement steel ratios.

3. High RCA replacement ratios and large shear span-effective depth
ratios increase the load-deflection response, while increased sec-
ondary and main reinforcement ratios reduced it. Hight-compressive
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strength specimens exhibited less pronounced load-deflection
responses.

4. Crack patterns and failure modes in RCA corbels resembled those of
natural aggregate corbels. Initial stiffness slightly decreased with
higher RCA replacement ratios but improved with increased rein-
forcement ratios. Energy dissipation capabilities showed minimal
change with varying RCA ratios.

5. Predicting the ultimate load capacity using the SSTM model devel-
oped by Hwang et al. (2017) and the MISTM method proposed by
Chetchotisak et al. (2022) exhibited the closest alignment with
experimental results. In contrast, the results derived from the ACI
code were more conservative.

The present study focuses on examining the impact of recycled
concrete aggregate (RCA) on various properties of RC corbels. Future
research should expand this exploration to include the effects of higher
replacement ratios, long-term durability, and performance under dy-
namic loading conditions. Investigating these aspects will provide a
deeper understanding of RCA behavior and enhance confidence in its
application in concrete structures.
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