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INTRODUCTION

In recent years, there has been a growing em-
phasis on expanding the use of recycled materials 
in the manufacturing of fresh concrete in order 
to minimize the environmental effects of concrete 
building (Dosho, 2007; Li, 2008). Recently, there 
has been significant interest in using coarse recy-
cled concrete aggregate as a possible replacement 
for natural coarse aggregate (NCA). RCA is pro-
duced by processing construction and demolition 
waste. Nevertheless, the use of RCA concrete in 
structural projects has been delayed mainly due 
to concerns that concrete containing RCA may 
be of worse quality compared to concrete manu-
factured with NCA (Buck AD, 1973; Trindade et 
al, 2021). Previous research on recycled concrete 
aggregate (RCA) has examined various aspects, 
including the processing of demolished concrete, 

mixture design, and the physical, mechanical, 
and durability properties of the resulting materi-
als. Comprehensive reviews of these studies were 
conducted by Nixon and Hansen (Nixon, 1978; 
Hansen, 1986). Their findings revealed that the 
mechanical performance of RCA-based concrete 
is generally lower than that of concrete made with 
natural coarse aggregates. To address these quality 
deficiencies, extensive research has been devoted 
to improving the characteristics of RAC through 
adjustments in particle gradation, enhancement 
of the interfacial transition zone, and the use of 
chemical admixtures. Recent studies consistently 
demonstrate that incorporating steel fibers as a 
reinforcing material effectively mitigates crack 
formation and propagation in concrete. Further-
more, steel fiber–reinforced recycled aggregate 
concrete (SFRAC) specimens typically exhibit a 
more ductile failure mode than RAC specimens 
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with equivalent mix proportions. The toughness, 
ductility, and splitting tensile strength of SFRAC 
have been shown to increase proportionally with 
the volume fraction of steel fibers (Vf). When the 
steel fiber content increases from 0.0% to 2.0%, 
the splitting tensile strength of SFRAC improves 
by approximately 84% (Ahmadi et al., 2017; 
Wang et al., 2019). Nevertheless, steel fibers do 
not demonstrate any substantial enhancement in 
the elastic modulus and compressive strength of 
SFRAC. Moreover, it is widely acknowledged 
that structural members constructed from SFRAC 
exhibit qualities that are equivalent to those of 
standard concrete members. Hence, the combina-
tion of RAC with fibers exhibits both technologi-
cal validity and significant environmental advan-
tages in engineering applications. Engineers in-
terested in using recycled concrete aggregate for 
structural purposes to improve the sustainability 
of concrete construction would like to understand 
how RCA concrete behaves under different con-
ditions compared to natural concrete aggregate 
and to what extent existing design codes, which 
were originally developed for NCA concrete, can 
be used to predict the strength and behavior of 
RCA concrete members in a conservative man-
ner. Bond is a crucial characteristic of reinforced 
concrete that relates to the adhesion between the 
reinforcing steel and the surrounding concrete. 
This adhesion is responsible for the transmission 
of axial force between the two materials, guaran-
teeing strain compatibility and their composite 
action. The majority of research findings on the 
bond strength of RAC (Prince and Singh, 2014; 
Prince and Singh., 2015) suggest that the bond 
strength of RAC decreased with an increase in the 
replacement of recycled aggregate. While certain 
researchers (Kim et al, 2015; Guerra et al, 2014) 
have indicated that the bond strength of recycled 
aggregate concrete is comparable or even better 
than that of conventional concrete due to the en-
hanced integrity and mechanical properties of the 
concrete mass, it is generally observed that the 
bond strength of RAC is influenced by the ratio of 
recycled aggregate replacement (R). Steel fibers 
serve as a means of confinement, improving the 
toughness and bond performance of concrete, ac-
cording to experimental results (Yazýcý and Arel, 
2013; Huang et al, 2016). The tensile strength of 
the steel fiber reinforced concrete (SFRC) speci-
men increases by 7–16% as the volume fraction 
of steel fibers increases. although there have been 
several researches on the bond behavior between 

RAC and reinforcing steel, majority of these stud-
ies have focused on pullout specimens. Howev-
er, there is a lack of examination of large-scale 
beams composed of recycled aggregate concrete. 
Losberg and Olsson (1979) determined that pull-
out tests are unsuitable for analyzing bond per-
formance due to the variation in stress states be-
tween pullout tests, which involve additional con-
finement of concrete, and actual structures where 
splitting failure typically dominates., Losberg and 
Olsson concluded that pullout tests are not appro-
priate to study bond performance. To address this 
gap in the current state of knowledge, this study 
experimentally investigates the impact of vari-
ous parameters on the relationship between bond 
stress-slip, In addition to the correlation between 
bonding stress-compressive strain in recycled ag-
gregate reinforced concrete beams. The param-
eters considered include changes in the compo-
nents of recycled aggregate concrete, specifically 
variations in recycled aggregate percentage  and 
the amount of steel fibers present. 

EXPERIMENTAL PROGRAM

Material

The coarse aggregates composed of natural 
coarse aggregates and recycled coarse aggre-
gates as shown in Figure 1. The NCA consisted 
of crushed gravel with a maximum size of 12.5 
mm. The recycled coarse aggregate was obtained 
by crushing wasted concrete using a jaw crush-
er. The original waste concrete had a compres-
sive strength within the range of 27 to 38 MPa. 
To accommodate its high-water absorption rate, 
the RA was immersed in water for a duration and 
after this dried before being cast. Table 1 pres-
ents a detailed overview of the typical physical 
and chemical characteristics of both recycled ag-
gregates (RA) and natural aggregates (NA) used 
in this study. Figure 2 illustrates the distribution 
of particle size for the recycled coarse aggregate. 
A local sand with a specific gravity of 2.62 was 
utilized as the natural fine aggregate (NFA). The 
test specimens were fabricated using Ordinary 
Portland cement type (I) that complies to the Iraqi 
standard NO.5/1984. 

Bars with a diameter of 20 mm were utilized. 
The deformed bar has a yield strength about 500 
MPa. A small, linear steel fibers were used in 
this experiment. Figure 3 and Table 2 display the 
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Figure 1. Several types of coarse aggregates that were utilized in this investigation (a) NCA, (b) RCA

Figure 2. The grading of recycled coarse aggregate

Table 1. Characteristics of coarse aggregate in terms 
of its physical and chemical qualities

Type of 
aggregate Absorption % Specific 

gravity
Sulfate 
content

NA 0.55% 2.65 0.05%

RA 3.75% 2.55 0.085%

properties of steel fibers. The impact of steel fiber 
on the characteristics of recycled aggregate con-
crete was examined and evaluated by including 
several percentages of volume fraction of steel 
fiber at 0%, 1%, 1.5%, and 2%. 

Mixture proportion

The mixtures included N-F0, which had a 
compressive strength of 30 Mpa with natural ag-
gregate R=0%, as well as R (100,75,50) % - F 
(0, 1, 1.5, 2) %. The specific compositions used 
throughout this project are outlined in Table 3. 
Given the high-water absorption, the RCAs were 
tested in their air-dried state. The doses of the 
polycarboxylate ether glinume 180 superplasticiz-
er were modified in certain situations to achieve a 
similar level of workability. Thus, the workabil-
ity of all mixtures was assessed soon after mix-
ing, following the guidelines of ASTM C-143 test 
procedure, the slump test result, which conserved 
equal to 90±10mm for all mix by adjusting the 
quantity of admixture. The replacement ratio of 
RCA (R) was set at 0%, 50%, 75%, and 100%, 
which corresponds to the mass ratio of recycled 
coarse aggregate to total coarse aggregate.

Test specimens

Control specimen tests

This study aims to get an extensive under-
standing of the bond behavior of recycled aggre-
gate concrete utilized in the examined beams. To 
achieve this, several experiments were conducted 
to experimentally examine the mechanical charac-
teristics of recycled aggregate concrete. A whole of 
84 cylindrical specimens with dimensions of 300 
mm by 150 mm and 21 prisms measuring (100 × 
100 × 400) mm (three for each mix) were created, 
cured, and subjected to tests accordance with spe-
cific guidelines for compressive strength ASTM 
C39/C39M, splitting tensile strength ASTM C496/

C496M, flexural strength ASTM C78/C78M, and 
modulus of elasticity ASTM C469/C469M, after 
28 days. In addition, the compressive strength at 
the day of the beam test. 

Beam test

The cross-sectional dimensions of the beam 
specimens are (200 × 300) mm, and their over-
all length is 2000 mm. Figure 4 depicts the 
configuration of the beam, the arrangement of 

Figure 3. Steel fibers
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the experimental setup, and reinforcement de-
tails. Two notches measuring (100 × 80) mm 
were created across the width of the beam dur-
ing the casting process. The purpose of these 
notches is for slip measurements can be taken 
by expose the tension bar. They were placed at 
the zone of maximum bending moment, which 
is located 250 mm beyond the interior surface 

of the supports at symmetrically positioned in 
beam specimens. In order to measure the slip at 
the free end, the tension bar was left exposed at 
both ends by two plastic pipes, were attached to 
the tension bar on both ends. The concrete beam 
was supported and subjected to two monotonic 
point loads provided using a hydraulic machine, 
the testing equipment was used to progressively 
increase the load at the far ends until the beam 
failed. The data logger recorded values of slip 
at the free ends and notches and the deflection 
in the mid-span, the maximum load capacity of 
the beams, the loads at which the first apparent 
cracks appeared, as well as both the concrete 
strain in the compression zone and the steel bar 
strain in the tension zone. These measurements 
were taken every second during the test. The 
transducers, including four concrete and steel 
strain gauges, load cell, as well as five linear 
differential transformers (LVDT), were used to 
measure these data. 

Table 2. Steel fiber properties
Summary of 

characteristics
Measurement of 
characteristics

Color Auric

Diameter 0.2 mm

Density 7800 kg/m3

characterization straight
length/diameter 
(aspect ratio) 60

Ultimate tensile strength >2850 MPa

length 12 mm

Table 3. Key specifications of the steel fiber used in this study

No. Mix symbol fc´
MPa

Cement
kg/m3

NFA
kg/m3

NCA
kg/m3

RCA
kg/m3

SP
l/m3

Water
l/m3

1 N-F0 30 400 704 1056 0 0 180

2 R50-F0 ** 400 704 528 528 0.7 180

3 R75-F0 ** 400 704 264 792 0.73 180

4 R100-F0 ** 400 704 0 1056 0.75 180

5 R100-F1 ** 400 704 0 1056 1 180

6 R100-F1.5 ** 400 704 0 1056 1.2 180

7 R100-F2 ** 400 704 0 1056 1.4 180

Note: *the superplasticizer dose was adjusted to maintain the workability of all combinations while keeping the 
water content constant, **to be shown later.

Figure 4. Illustrates the shape and arrangement of the beam, the experimental configuration 
and reinforcement details
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Specimen’s list

Table 4 provides comprehensive informa-
tion on all the specimens used in this experiment. 
The image provides an explanation for the serial 
numbers assigned to the specimens. For instance, 
the code B1-N-F0 denotes the first beam, made 
of normal aggregate concrete, and without steel 
fiber reinforcement.

EXPERIMENTAL RESULTS AND 
DISCUSSION

The value of bond stress is calculated using 
the following formula, assuming a uniform distri-
bution of bond stress along the anchoring length. 
In order to apply Equation 1, the steel stresses in 
the bars were measured throughout the test to the 
point of maximum bending, using both the mea-
sured strain in the steel bars (εs) and the modulus 
of elasticity of the steel bars (Es):

	

1 
 

𝜇𝜇 = 𝑓𝑓𝑠𝑠𝑑𝑑𝑏𝑏
4𝑙𝑙𝑑𝑑

  
 

	 (1)

where:	 μ – bonding stress (MPa); fs – steel rein-
forcing bars’ stress (MPa); db – the di-
ameter of the bar that has been developed 
(mm); ld – bar’s development length (mm).

Mechanical properties of RAC

The results of the compressive strength (f´c), 
splitting tensile strength (fct), flexural strength (fr), 
and modulus of elasticity (Ec) are present in Table 
5. In contrast to NAC, RAC consists of two types 
of ITZ (interfacial transition zone): the old ITZ be-
tween original aggregate and old mortar, as well as 
the new ITZ between original aggregate and new 
mortar, and between old mortar and new mortar, as 
seen in Figure 5. The modification of macroscopic 

mechanical characteristics of recycled aggregate 
concrete is deeply dependent on the composition 
of the material’s microscopic structures and the 
physical and chemical changes occurring inside 
RAC. There are mainly two mechanisms:
	• Degradation effect: The surface of recycled 

aggregate is bound to old cement mortar, re-
sulting in a weak area of mechanical proper-
ties known as the interfacial transition zone 
between the new and old cement slurry (Ve-
rian et al., 2018). Additionally, the production 
process of recycled aggregate is prone to the 
formation of numerous micro-cracks under 
external force, which ultimately leads to a 
degradation of its mechanical properties (Om-
ary et al., 2018).

	• Strengthening effect: The higher porosity of 
recycled aggregate in RAC results in increas-
ing water content and improves internal cur-
ing, which enhances the subsequent hydration 
reaction (Lei et al., 2018). Additionally, water 
can react with the remaining unhydrated ce-
ment paste that is stuck to the recycled aggre-
gates’ surface, accelerated the development 
of strength and improving the microstructural 
density (Kurad et al., 2017). Additionally, re-
cycled aggregates’ porosity allows for a stron-
ger bond with the fresh mortar and absorbing 
more water from the interfacial transition zone 
(ITZ). This procedure successfully lowers the 
local water-to-cement ratio and increases the 
stiffness of particular areas. Furthermore, re-
cycled aggregates’ angular and rough surface 
texture promotes mechanical interlocking and 
interparticle friction, which enhances overall 
strength (Walraven, 1981).

During this experiment, it was observed that 
R% (the replacement rate of recycled coarse 
aggregate) falls within the range of 0–100% 

Table 4. provides a description and detailed information on the beam specimen

Group Identification Mix R.C % Steel fiber Vf % db mm Cover mm ld mm
Reference group 

(Group 0) B1-N-F0 M1-N-F0 0 0 20 40 250

Group 1

B2-R100%-F0 M2-R100-F0 100 0 20 40 250

B3-R75%-F0 M3-R75-F0 75 0 20 40 250

B4-R50%-F0 M4-R50-F0 50 0 20 40 250

Group 2

B5-R100%-F1 M5-R100-F1 100 1 20 40 250

B6-R100%-F1.5 M6-R100-F1.5 100 1.5 20 40 250

B7-R100%-F2 M7-R100-F2 100 2 20 40 250
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(N-F0, R50-F0, R75-F0 and R100-F0), the deg-
radation impact becomes the main factor, lead-
ing to a decline in the compressive strength, 
splitting tensile strength, flexural strength, and 
modulus of elasticity of RAC about 21.90%, 
38.13%, 31.58%, and 10.79% respectively as 
the replacement rate increases 0–100%. The im-
pact used recycled coarse aggregate in concrete 

is not only reflected in the compressive strength 
value, but also in the failure modes, all samples 
exhibited a failure plane that was inclined, with 
varying angles of inclination for the macro-
cracks, which impacted by R%, as seen in Fig-
ure 6. Figure 7 and 8 display mode failure of 
specimens for splitting tensile strength and flex-
ural strength tests. 

The steel fiber served as a bridge in the for-
mation of macroscopic cracks, when steel fiber 
(SF) was added to the specimen, it not only re-
duced the expansion of primary cracks in the 
matrix during the early stage of crack develop-
ment, but also improved the mechanical prop-
erties and enhanced the ability of SF to stop 
cracks from spreading. The results from Table 
5, illustrate the impact of steel fiber ratios (Vf%) 
on mechanical properties, as well as Figures 9, 
10, and 11, show failure mode for the compres-
sive strength, splitting tensile strength, and flex-
ural strength. When the volume fraction of steel 
fibers grows from 0.0% to 2.0%, the compres-
sive strength, splitting tensile strength, flexural 
strength, and modulus of elasticity of steel fiber 
reinforced concrete (SFRAC) is approximately 

Table 5. The mechanical properties of RAC

No. Mix symbol f´c (MPa) at 28 
days

f´c (MPa) at test 
day

fct (MPa) at age 28 
days

fr (MPa) at age 28 
days

Ec (MPa) at age 
28 days

1 N-F0 30.18 34.54 4.80 5.13 26253

2 R50-F0 29.89 34.21 4.20 3.65 25449

3 R75-F0 29.21 33.43 3.55 3.04 24302

4 R100-F0 23.57 26.97 2.97 2.60 23419

5 R100-F1 31.24 33.67 4.22 3.72 26108

6 R100-F1.5 32.75 35.30 4.41 3.89 26664

7 R100-F2 33.19 35.77 4.50 3.99 26842

Figure 5. Representation of the interface transition 
zone (ITZ) in recycled aggregate concrete (RAC)

Figure 6. Cylindrical specimens after a compression test with different ratios of R%
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improved by 32.62%, 51.46%, 53.46%, and 
14.62% respectively. In addition, (as seen in 
Figures 9, 10, and 11), it has been demonstrated 
that the steel fiber reinforced recycled aggre-
gate concrete specimens often exhibit a ductile 
failure when compared to RAC specimens with 
same mixture proportions. When comparing 
Figure 7, and 8 to Figure 10, and 11, the failure 
of the cylindrical and prism specimens with steel 
fiber was not divided into parts, it was prevented 
by the interlocking mechanism of the steel fi-
bers, which acted as a medium to connect cracks 
and progress strength. Nevertheless, steel fibers 
do not demonstrate very high enhancement in 
the elastic modulus. This behavior may arise as 
a result of the test approach that was used. This 
technique determined the specimen’s modulus 
of elasticity by applying 40% of its ultimate load 

during the elastic phase prior to cracking oc-
curred. However, the steel perform successfully 
after cracks have formed. Thus, the estimation 
of the modulus of elasticity is mostly determined 
by the concrete compressive strength. Addition-
ally, the steel fiber has a greater influence on the 
tensile characteristic-dependent properties than 
on other properties. Moreover, it is widely ac-
knowledged that structural members constructed 
from SFRAC have similar qualities to those of 
standard concrete members. Consequently, the 
combination of RAC and fibers is technically 
feasible and offers significant environmental ad-
vantages in engineering applications. This study 
utilized steel fibers derived from novel steel, 
however, it is worth noting that fibers may also 
be manufactured from waste steel, so offering an 
additional means of mitigating waste concerns. 

Figure 7. The failure mode of specimens for splitting tensile strength with various ratio of R%

Figure 8. The failure mode of specimens for flexural strength with various ratio of R%

Figure 9. (a) Microstructural interaction mechanism of FRAC (Lin et al, 2023), (b) cylindrical specimens after a 
compression test with different ratios of steel fiber (Vf%)
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Bond behavior results based on beam tests

Seven large-scale reinforced concrete beams 
composed of recycled aggregates were construct-
ed for this project. Each beam was 2000 mm 
in length and had a cross-section of 200 × 300 
mm. The beams were cast, cured, and tested. The 
beams have been constructed in compliance with 

the ACI 318M-19 guidelines with the express 
purpose to undergo bond failure (anchorage loss). 
Subsequently, they were exposed to two mono-
tonic loads until they reached the point of failure. 
The relative slippage between the reinforcing steel 
bars and the recycled aggregate concrete around 
them has been measured at two specific points. 
Furthermore, measurements have been conducted 

Figure 10. The failure mode of splitting tensile strength specimens with R=100% and various ratio of Vf %

Figure 11. The failure mechanism of flexural strength specimens having R=100% and varying Vf % ratios

Table 6. The findings of the experimental beam testing

Group Beam Pu 
(kN)

Δu 
(mm)

Pcr 
(kN)

Δcr 
(mm)

fs 
(Mpa)

Maximum 
slip at free 
end (mm)

Maximum 
slip at notch 

(mm)

Maximum 
compressive 

strain

Bond 
strength 
μf (Mpa)

Failure 
mode

G0 B1-N-F0 399.94 1.922 140.01 0.0393 263.90 0.483 0.657 0.000446 5.278
Bond 

Splitting 
failure

G1

B2-R100%-F0 358.49 1.841 119.49 0.0765 241.85 0.636 1.683 0.000544 4.837
Bond 

Splitting 
failure

B3-R75%-F0 375.22 1.884 130.01 0.0263 249.50 0.582 1.399 0.000523 4.99
Bond 

Splitting 
failure

B4-R50%-F0 384.74 1.886 135.95 0.0241 251.10 0.537 0.867 0.0005 5.022
Bond 

Splitting 
failure

G2

B5-R100%-F1 405.84 1.976 157.66 0.064 340.00 0.494 1.25 0.000646 6.8
Bond 

Splitting 
failure

B6-R100%-F1.5 472.99 2.138 170.80 0.0414 367.50 0.4 1.16 0.00069 7.35
Bond 

Splitting 
failure

B7-R100%-F2 501.64 2.233 226.23 0.0186 392.00 0.303 0.827 0.000705 7.84
Bond 

Splitting 
failure
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for the concrete strain, steel strain, mid-span de-
flection, ultimate load capacity of beams (Pu), 
and load at first appearance of cracks (Pcr). Four 
LVDTs were used to measure the slipping, with 
two placed at the beam’s free ends and the other 
two at the notches. In addition, four strain gauges 
were employed to measure the compressive strain 
in the concrete (εc), and tension strain in the steel 
bars (εs), while the upward mid-span deflections 
(Δu and Δcr) were recorded using an LVDT. Ta-
ble 6 compiles the test results for all beams along 
with the effects of different factors on the main 
variables, which will be examined and discussed.

Parametric study

This study examines the impact of various pa-
rameters on the tested beams. To investigate these 
effects, The beams were categorized into two cat-
egories, along with a control beam. The param-
eters under consideration include adjustments in 
the components of recycled aggregate concrete, 
specifically changes in the percentage of recycled 
aggregate and the quantity of steel fibers used. The 
primary factors evaluated in this study included 
the maximum capacity of loading, first apparent 
crack load, upward deflection at mid span, slip-
ping at notches, free end slipping, maximum zone 
strain in tension steel bars and compression side 
strain in concrete. All the impacts of the parame-
ters are detailed below. It is important to highlight 
that in Table 6, For concrete, the majority of the 
documented values for compressive strain were 
less than 0.0039, which signifies the greatest strain 
for recycled aggregate concrete. The recorded val-
ues are inferior to the ultimate compressive strain 
of concrete, which is often not substantially influ-
enced by an elevation in the replacement level of 
coarse RCA (Suryawanshim et al, 2018). Conse-
quently, it may be stated that no beam experienced 
failure owing to concrete crushing.

Impact of recycled coarse aggregate ratio (R%)

This study aims to investigate the impact of 
varying ratios of recycled coarse aggregate on 
the relationship of bond stress-slip between re-
cycled aggregate concrete and steel reinforcing 
bars. The experiment involved analyzing the re-
sults of three beams with recycled coarse aggre-
gate ratios of 50%, 75%, and 100%, along with 
other significant factors. The beams in set num-
ber one were manufactured and tested beneath 
a two-point load. This set consists three beams 

labeled as B2-R100%-F0, B3-R75%-F0, and B4-
R50%-F0. These beams were constructed using 
mixes M2-R100-F0, M3-R75-F0, and M4-R50-
F0, with replacement ratios of 100%, 75%, and 
50% respectively. Additionally, there is a control 
(reference) beam labeled as B1-N-F0 (M1-N-F0), 
which contains no replacement of natural coarse 
aggregate (0% replacement ratio). 

The results of the analysis of these four beams 
are summarized in Table 6, while Figure 12 il-
lustrates the beams that were studied, along with 
their corresponding patterns of cracking. Accord-
ing to the crack patterns seen in Figure 12, the 
tests show that bond splitting failure caused these 
four beams to collapse. The ultimate load capac-
ity and the first cracking load exhibited reduc-
tions of 10.36% and 14.65% respectively, while 
the deflection at mid span reduced by 4.21% as 
the replacement ratio rose from 0–100%. These 
findings are illustrated in Figure 13a. When com-
paring the load-mid span deflection curve with 
the typical load-deflection curve of an RC beam 
failing in flexure (illustrated in Figure 14 (Cam-
pione et al, 2020)), it is evident that the curve is 
incomplete and consists only two stages: the un-
cracked concrete stage and the concrete cracked-
elastic stresses stage. The ultimate-strength stage 
has not yet been reached due to bond failure.

A rising replacement rate of RCA has a nega-
tive impact on the bonding strength between the 
steel bars and the recycled aggregate concrete, 
resulting in a decrease of 8.35%. As mentioned 
before, the degradation impact becomes the main 
factor results a reduction in the mechanical charac-
teristics of RAC as the replacement rate increases, 
leading to bond degradation. This has been con-
firmed by evidence from other literature sources 
(Prince and Singh, 2013; Xiao and Falkner, 2007) 
for pullout test specimens. However, it has a posi-
tive impact on the observed slipping at the free 
ends of the bars and notches. The slip at each lo-
cation rose by ratios of 156.16% and 31.67% re-
spectively as the replacement rate rose from 0% to 
100%. Figures 13b and 13c display the bond stress 
- notch and free slip curves, respectively for the 
beam specimens at varying replacement ratios of 
RCA. Each bond stress-slip curve represents the 
bond behavior at distinct phases, namely micro 
slip, internal cracking, and pullout. These curves 
were incomplete, comprising just an ascending 
part due to a splitting failure. The observed dif-
ference between the NAC and RAC beam speci-
mens is not substantial. Ultimately, the ultimate 
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compressive strain in the concrete increased as the 
replacement rate of RCA rose, with a growth rate 
of 21.97% as shown in Figure 13d. As the RCA% 
increases, the steel strain increases along the same 
linear path shown in Figure 13e for a same ap-
plied load. This is because the ultimate applied 
load decreases as the RCA% rises. Consequently, 
the average steel strain progress with respect to 
the applied load increment increases, which leads 
to failure with a smaller applied load. The ultimate 
strain in the steel bars decrease as the replacement 
rate of RCA increase, with an inclined rate of 
8.35% as shown in Figure 13e. This decrease is 
due to the increase in replacement rate of RCA, 
this leads to a decrease in bond strength and ul-
timately causes rapid bond failure. This prevents 
the progress in tension strain in the steel bars. 
However, the change in bond stress relative to 
steel strain (slope) remains constant. The variation 
in replacement rate does not impact the slope, but 
it does have an influence on the steel strain. This 
is due to the yielding of bond stress to Equation 2, 
which was derived from Equation 1 with constant 
diameter and development length. The bond stress 
is strongly and directly affected by the diameter 
and development length in accordance with this 
equation. On the other hand, the ratios of recycled 
concrete aggregate and steel fiber have an indirect 
effect on bond stress. However, they do affect the 
steel strain, which in turn affects the bond. There 
is a linear positive correlation between the bond 
stress and steel strain (the steel has not yet reached 
the yield point). Ultimately, all the ultimate values 
of steel strain in Figure 13e are shown to be lower 

than the yield steel strain which equal to 0.0025. 
This ensures that the failure is due to bond fail-
ure not the steel yielding. Figure 12 demonstrates 
that the main crack, which has the typical form 
of a bending crack near the support, this crack 
observed in NAC specimens were comparatively 
larger than those observed in RAC specimens. 
This discrepancy can be attributed to the fact that 
the fracture energy in NAC specimens is greater 
than that of those RAC.
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It is noteworthy that the main crack shifts 
from the position of maximum moment (load 
end) to the free end. This indicates that the maxi-
mum bond stress shifts towards the free end as 
bond degradation increases. This conclusion con-
forms with the findings of (Liu et al., 2020; Ma et 
al., 2017) for pullout specimens and (Zhao et al., 
2013) for beam specimens with various reason 
of bond degradation (freeze-thaw and bar corro-
sion respectively). Their findings indicated that 
the distribution curves of bond stress at various 
relative locations for the same slip demonstrated 
that the specimens’ middle section (between free 
and notch ends) displayed the maximum bond 
stress. The specimens’ middle section demon-
strates a higher degree of confinement, leading to 
improved bonding, which is a logical outcome. 
Therefore, the utilization of recycled aggregate 
concrete causes a degradation in the bond (even 
utilize traditional concrete with relatively low 
mechanical properties and low embedment length 
as reference beam), causing a shift in the location 
of maximum bond stress towards the free end. 
As a result, greater anchoring length is required 
under the same load. Furthermore, the scientists 
must fabricate additional beam specimens and af-
fixed strain gauges to the steel bars in order to 
expand upon this investigation.

Impact of the ratio of steel fibers (Vf %)

This study examines the impact of the ratio of 
steel fibers on the bonding behavior and slipping 
between steel reinforcing bars and the surround 
recycled aggregate concrete, In addition to the 
bonding stress-slip relationships. Additionally, it 
investigates the compressive strain of concrete, 
ultimate load capacity, and mid-span deflection. 
The experiment involved investigating the effects 
of different volumetric ratios of steel fibers in four 
beams. The beams were labeled as B5-R100%-F1, 

Figure 12. Examined beams from group 1, as well as 
the control beam (B1-N-F0)
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Figure 13. a comparison of correlations for beams with varying R%: (a) mid span load-deflection curve, 
(b) bonding stress–notch slipping relationship, (c) Bond stress–free end slip relationship, 

(d) bonding stress-concrete strain relationship, (e) bond stress-steel strain relationship
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B6-R100%-F1.5, and B7-R100%-F2, represent-
ing group number 2. The steel fibers volumetric 
ratios in these beams were 1%, 1.5%, and 2%, re-
spectively. The mixes used for these beams were 
M5-R100-F1, M6-R100-F1.5, and M7-R100-F2. 
Figure 15 displays the beams that were examined 
and exhibits the patterns of cracks. These cracks 
suggest that all of the beams failed due to bond 
splitting failure, anchoring loss. In addition, the 
beam B2-R100%-F0 (M2-R100-F0) utilizes a 
steel fiber volumetric ratio of 0% for comparison. 

The test outcomes for these beams, as detailed 
in Table 6, indicate that the peak load capacity and 
the load at which the first crack occurred grew by 
39.93% and 89.32% respectively, with the steel 
fibers’ volumetric ratio rising from 0% to 2%. Ad-
ditionally, the mid span deflection rose by 21.29% 
(load -mid span deflection still incomplete). This 
is illustrated in Figure 16a. The inclusion of steel 
fiber (SF) has been seen to effectively avoid im-
mediate splitting of bond beam specimens, post-
pone internal cracking of concrete, and maintain a 
high bearing capacity for fiber reinforced recycled 
aggregate concrete (FRAC) beams. During the 
experiment, the bridging action of SF may effec-
tively limit the formation of cracks in RAC and 
cause the FRAC beam specimens to collapse in 
their ductile state. The bonding strength between 
the steel bars and the recycled aggregate con-
crete exhibits a significant increase of 62.08%. 
In contrast, slipping at the free ends of the bars 
and notches decreases by 52.35% and 50.86% re-
spectively, when the steel fibers content changes 
from 0% to 2%. This is illustrated in Figure 16b 
and Figure 16c. The bond-slip (notch and free) 

curve of the bond beam specimens remains in-
complete despite the incorporation of steel fiber. 
The bond stress increases throughout the ascend-
ing stage as the Vf% increases, in comparison to 
the B2-R100%-F0 beam specimen. Moreover, it 
has been observed that the slope of the first part of 
the ascending branches is always approximately 
the same in all instances, and the relationship be-
tween bond stress and slip stays linear. The resis-
tance of the bond mostly depends on the chemical 
adhesion and friction at this stage, and the inclu-
sion of SF does not significantly affect the stiff-
ness of the bond. The ultimate compressive strain 
in concrete exhibited a proportional increase of 
29.59% when the steel fibers’ volumetric ratio be-
come from 0% to 2%, as shown in Figure 16d. A 
rise in Vf% causes the steel strain to decrease on 
the same linear path for Figure 16e for a same ap-
plied load, as the Vf % rises the average of steel 
strain progress decrease. Figure 16e demonstrates 
that the ultimate strain in steel increase when the 
steel fibers’ volumetric ratio changed from 0% to 
2% about 62.08%, as well as, illustrate the same 
observations was previously noticed and discuss 
in Figure 13e, with a notable increase in steel 
strain resulting from improvement bond behavior. 
However, from an engineering perspective, the 
Vf ≈ 1.0–1.5% represents an optimal range, offer-
ing a favorable balance between bond enhance-
ment, ductility improvement, and practical work-
ability. Any Increasing Vf beyond this range may 

Figure 14. The load-deflection curve of a reinforced 
concrete beam that fails either due to flexure or shear 

(Campione et al., 2020)

Figure 15. Examined beams from group 2, 
as well as the B2-R100%-F0
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Figure 16. A comparison of correlations for beams with varying Vf%: (a) mid span load-deflection curve, 
(b) bonding stress–notch slipping relationship, (c) bonding stress–free end slipping relationship, 

(d) bonding stress-concrete strain relationship, e) bonding stress-steel strain relationship

still improve bond performance under controlled 
laboratory conditions, but the marginal structural 
benefit may not justify the practical drawbacks 
in field applications. As demonstrated in Figure 
15, the position of the highest bond stress is still 
shifting towards the free end, even when utiliz-
ing steel fiber and its ability to enhance bond be-
havior. In order to address the deterioration of the 
bond, additional factors are required to enhance 

the bond’s behavior. The presence of steel fiber in 
the beams significantly reduces the crack width 
compared to the B2-R100%-F0 beam, due to the 
bridge mechanism provided by the steel fiber. 

The experimentally observed shift of peak 
bond stress toward the free end further indicates 
that, in RAC, anchorage length requirements may 
be underestimated if conventional uniform bond 
stress assumptions are used. This highlights the 
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need for caution and potentially longer develop-
ment lengths when high RCA contents are em-
ployed. A larger test matrix would be required 
to develop design equations or reduction factors 
suitable for direct code implementation. The 
present work should therefore be interpreted as a 
mechanistic and exploratory experimental study, 
forming a basis for future expanded research. 

Furthermore, comprehensive cyclic and fatigue 
testing is necessary to quantify degradation rates, 
stiffness reduction, and energy dissipation, and is 
recommended as a key focus for future research.

CONCLUSIONS

Based on the results of the beam tests and 
the control specimens testing, the following ob-
servations and conclusions may be concluded 
from this study. The mechanical properties are 
negatively correlated with the ratio of recycled 
concrete coarse aggregate R%. The test findings 
demonstrated a notable decline in the compres-
sive strength, splitting tensile strength, flexural 
strength, and modulus of elasticity of RAC as the 
replacement rate rose from 0% to 100%. Never-
theless, the mechanical characteristics of steel fi-
ber recycled aggregate concrete SFRAC, are pos-
itively correlated with the steel fiber. The use of 
SF can successfully prevent the formation of both 
micro and macro cracks, leading to the failure of 
the specimens in a ductile manner. Moreover, the 
steel fiber exhibits a more significant impact on 
attributes that depend on tensile characteristics 
compared to other properties.

Similar to the mechanical characteristics 
behavior of RAC, bond deterioration occurred 
as the replacement ratio increased. The bond 
strength of the RAC specimen is reduced by 
8.35% compared to traditional concrete occurred 
as the replacement ratio increased from 0–100%. 
The decrease also encompasses the maximum 
load capacity, the first cracking load, the mid span 
deflection, and ultimate steel strain. The replace-
ment ratio positively affects the slipping seen at 
both free ends and notches, as well as, compres-
sive strain in concrete.

The bonding strength between the recycled 
aggregate concrete and the steel bars demonstrates 
a notable increase of 62.08%. Additionally, the 
maximum load capacity, first crack load, upward 
deflection at mid span, compressive strain in con-
crete, and ultimate steel strain all demonstrate a 

proportional increase when the steel fibers’ volu-
metric ratio changes from 0% to 2%. On the other 
hand, the slipping at the free ends and notches ex-
periences a reduction of 50.86% and 52.35% cor-
respondingly, when the steel fibers content varies 
from 0% to 2%. Additionally, the bond failure 
mechanism of SFRAC beam specimens was duc-
tile (similar to control specimens). This was due 
to the fact that the cracks in SFRAC did not rap-
idly enlarge upon reaching the point of creaking 
strength. The observed trend may be attributed to 
the proper utilization of SF, which successfully 
stops the development and expansion of both mi-
cro and macro cracks. As a result, the steel rebar 
experiences a higher degree of confinement. 

The primary crack moves from the location of 
highest moment (load end) to the free end. This 
shows that when bond deterioration occurs, the 
maximum bond stress moves towards the free 
end. In order to explain this phenomenon, it can 
be observed that the central section located be-
tween the load end and the free end of the speci-
mens, exhibits a greater degree of bond stiffness 
when compared to the load end and free end sec-
tions. Although steel fiber is utilized to enhance 
bond behavior, the position of the highest bond 
stress still shifts closer to the free end. In order 
to fix the deterioration of the bond, additional 
components are required to enhance the bond’s 
performance like the diameter and development 
length of steel bar.
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