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Abstract: The application range of rubber-recycled aggregate concrete (RRAC), a new type of green 
building material, is currently limited due to performance defects, including low hardness, high 
water absorption, and poor adhesion. To expand its application in reinforced concrete structures, it 
is crucial to enhance the bonding performance between RRAC and steel bars. In this study, the 
effects of adding straight steel fibres (SSFs) and ring-type steel fibres (RSFs) to RRAC were 
investigated, in order to enhance the bonding performance. To investigate the impact of steel fibres 
(SFs) on the bonding properties of RRAC and steel bars, a total of 51 specimens were subjected to 
pull-out tests to systematically examine the impact of SSF and RSF dosages on the bonding 
performance. The results demonstrated that incorporating the optimal amount of SSFs and RSFs can 
significantly improve the bond strength and bond stiffness. Moreover, the combined use of SSFs 
and RSFs yielded even better enhancement effects. The RRAC exhibited remarkable performance, 
when the total content of SFs was 1.2% and the proportion of RSFs 75%. In this case, the bond 
strength and bond stiffness were enhanced by 3.7% and 53.88%, respectively. Finally, a bond–slip 
constitutive model for RRAC and steel bar was established. The combined use of SSFs and RSFs 
minimizes the limitations of poor mechanical properties in traditional RRAC and holds significant 
value for the widespread adoption and application of RRAC. 

Keywords: bond behaviour; straight steel fibre; ring-type steel fibre; rubber; recycled  
aggregate concrete 
 

1. Introduction 
Improper management of waste rubber tires and construction waste globally has led 

to escalating environmental problems [1–6]. The construction industry is currently 
experiencing a shortage of natural resources, which highlights the importance of recycling 
waste materials for the sustainable development of the industry [7–11]. A potential 
remedy involves utilizing this waste through the substitution of rubber powders (RPs) for 
fine aggregate and recycled coarse aggregate (RCA) for coarse aggregate in concrete. This 
innovative approach results in the production of rubber-recycled aggregate concrete 
(RRAC). Numerous studies have been conducted on the performance and application of 
RRAC by researchers. The addition of suitable quantities of RPs and RCA to ordinary 
concrete can enhance its durability, impact resistance, and noise reduction capabilities to 
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a certain extent [12–15]. However, excessive amounts of RPs and RCA may lead to 
significant strength decrease in concrete [16,17]. Gholampout et al. [18] conducted an 
experiment where they added varying amounts of RPs to concrete. Their findings revealed 
that as the content of RPs increased, the compressive strength of the concrete decreased. 
Chen et al. [19] discovered that when RCA was used exclusively, the mechanical strength 
of recycled aggregate concrete (RAC) was only 77% of that of natural aggregate concrete. 
Furthermore, Zrar et al. [20] demonstrated that both the compressive strength and tensile 
strength of concrete decreased significantly with an increase in the substitution rate of RPs 
and RCA. The mechanical properties of RRAC are flawed, and with the growing use of 
waste materials in the construction industry, it is becoming challenging to promote and 
apply RRAC if its overall performance cannot be enhanced. This limitation restricts its 
potential applications. Currently, RRAC is mainly used for non-load-bearing components 
that have low mechanical strength requirements, such as roads and airport runways 
[21,22]. To broaden the application range of RRAC and increase the utilization of waste 
rubber tires and construction waste, it is crucial to find methods to enhance its mechanical 
properties. 

The incorporation of SFs in concrete has proven to be an effective method for 
enhancing its mechanical properties. SFs act as a bridge within the concrete structure, 
effectively preventing the formation of micro-cracks and reducing the occurrence of 
macro-cracks. This results in a significant improvement in the concrete’s splitting tensile 
strength, shear strength, and bending resistance [23–25]. Moreover, when adding a certain 
amount of SFs to concrete, the compressive failure mode shifted from brittleness to 
ductility, and its compressive performance was also improved [26]. Consequently, 
scholars have conducted extensive research on the use of SFs to enhance the properties of 
RRAC. Shahjalal et al. [17] demonstrated that the incorporation of SFs enhances the 
compressive strength, tensile strength, and ductility of RRAC. In a separate study, Xie et 
al. [27] investigated the impact of SFs on the fracture properties of RRAC. The findings 
indicate that the inclusion of SFs enhances the resistance to fracture toughness instability 
in RRAC. Although SFs have been proved to enhance the mechanical properties of RRAC, 
there are several shortcomings in the current research in this field. These can be 
summarized as outlined below. (1) The number of closed regions and the area of the ring 
formed by SFs in concrete have a notable impact on the mechanical properties of concrete 
[28]. However, the existing research has primarily focused on SF-enhanced RRAC with 
single closed regions, and there is a dearth of studies on the formation of SFs with multiple 
closed regions and larger ring areas. (2) The post-peak performance of straight steel fibre 
reinforced concrete (SSFRC) is determined by the ultimate tensile strength of SSFs passing 
through the failure surface [29]. However, the anchoring performance of SSFs and 
concrete is insufficient, resulting in SSFs being pulled out without yielding when the 
SSFRC is destroyed. As a result, the performance of SSFs has not been fully utilized. (3) 
SSFs only have an inhibitory effect on the cracks they pass through and have little impact 
on the cracks in their vicinity. Therefore, the enhancement effect of SSFs on concrete is 
limited. When subjected to external loads, ensuring the restraint effect on the concrete 
matrix solely through the use of SSFs can be challenging. This is particularly true for 
concrete with relatively weak mechanical properties, like RRAC. 

In order to address these issues, this study proposes the use of RSFs to enhance 
RRAC. RSFs offer several advantages over SSFs as follow. (1) RSFs form a circular occlusal 
surface in concrete, which significantly improves the anchoring effect of RSFs and 
concrete. The mechanism of RSF reinforced concrete is similar to that inducing RSFs to 
break after yielding, allowing RSFs to fully demonstrate their performance [30]. (2) RSF 
provides a wider protection range compared to SSFs. When RSFs are incorporated into 
concrete, a closed system is formed. This closed system helps restrain and protect the 
concrete matrix when it is damaged by external forces, inhibiting the development of 
concrete cracks within the closed system. Choi et al. [30] demonstrated that the flexural 
toughness of ring-type steel fibre reinforced concrete (RSFRC) was significantly improved 
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compared to traditional SSFRC, thus confirming the potential of RSFs in enhancing 
concrete performance. He et al. [31] found that incorporating an appropriate proportion 
of SSFs mixed with RSFs can greatly enhance the compressive performance of RRAC. This 
finding suggests that the combination of SSFs and RSFs could be a reliable approach to 
promoting RRAC. 

At present, reinforced concrete structure remains the most commonly employed 
structural form in building structures [32–35]. The fundamental mechanical properties of 
concrete and the bonding properties between the steel bars and concrete are crucial factors 
that determine the suitability of concrete material for widespread use in reinforced 
concrete structures [36]. However, current research only focuses on the impact of SSFs and 
RSFs on the fundamental mechanical properties of RRAC. To further enhance the 
applicability of RRAC, it is crucial to investigate and understand the effects of SSFs and 
RSFs on the bonding properties between RRAC and steel bars. In this study, RRAC was 
used as a matrix to investigate the impact of SSFs and RSFs dosages on the bonding 
performance of RRAC and steel bars; the optimal content of SSFs and RSFs were also 
determined. Additionally, a bond–slip constitutive model for RRAC and steel bars was 
developed. The findings of this study are highly significant as they contribute to the 
promotion of RRAC, which has the potential to address environmental pollution caused 
by waste rubber tires and construction waste. Furthermore, it can facilitate the green 
transformation of the construction industry. 

2. Experimental Programme 
2.1. Materials Properties 

The raw materials used in this study include cement, water, river sand, RCA, RPs, 
SSFs, and RSFs. Ordinary Portland cement (P.O 42.5) was used with an apparent density 
of 3112 kg/m3. The test water used in this experiment was ordinary tap water with a 
density of 995 kg/m3. For the fine aggregate of concrete, river sand with a maximum 
particle size of 5 mm was utilized. The density, fineness modulus, water content, and 
water absorption of this sand were 2642 kg/m3, 2.17, 0.12%, and 0.18%, respectively. 
Additionally, the particle size of RCA ranged from 5 mm to 25 mm, and its apparent 
density, water absorption, and moisture content were 2536.9 kg/m3, 2.45%, 2.10%, 
respectively. To prevent impurities on the surface of the aggregate from affecting the 
bonding performance of the interface, the aggregate was subjected to screening, cleaning, 
and drying after which it was ready for use. The gradation of the aggregate after 
mechanical screening can be seen in Figure 1. RPs, which are made from waste rubber 
tires, undergo a process of washing, drying, and mechanical crushing. The RPs have a 
particle size of 0.85 mm and an apparent density of 988 kg/m3. The SSFs and RSFs used in 
this study are illustrated in Figure 2. The ends of the SSFs were processed into end hooks 
to improve the anchoring effect between the SSFs and concrete. The material properties of 
the SSFs and RSFs are presented in Table 1. The pull-out specimens were constructed 
using HRB400 hot-rolled ribbed bars, which had a length of 420 mm and a diameter of 10 
mm. The steel bar had a yield strength of 440 MPa, a tensile strength of 550 MPa, and an 
elastic modulus of 200 GPa. 
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(a) (b) 

Figure 1. Particle size distribution of aggregates. (a) Sand, (b) RCA. 

  
(a) (b) 

Figure 2. Geometry size of SSFs and RSFs. (a) SSFs, (b) RSFs. 

Table 1. Properties of steel fibres applied in this study. 

Fibre Type Raw Material Shape Feature 
Tensile Strength fst 

(MPa) 
Apparent Density ρ 

(kg/m3) 
Elastic Modulus Es 

(GPa) 

SSFs Carbon steel 
Hooked-end 

steel fibre 1000 7436 200 

RSFs Stainless steel 
Ring-shape 
steel fibre 960 7600 193 

2.2. Mix Proportions 
A total of 17 groups of mix proportions and their compressive strength were 

designed for this study, as presented in Table 2 (more relative parameters of mechanical 
properties can be found in our previous research [31]). Three specimens were created for 
each group, resulting in a total of 51 pull-out specimens. The main parameters focused on 
the overall amount of SFs and the ratio of RSFs in relation to the total amount of SFs. The 
total amount of SFs refers to the percentage of SF volume in the volume of concrete. 
Excessive use of steel fibres can result in fibre agglomeration and a decrease in the 
workability and mechanical properties of concrete. To address these problems, four 
different levels of SF content were selected: 0%, 0.4%, 0.8%, and 1.2%. The ratio of RSFs to 
the total volume of SFs is calculated by dividing the volume of RSFs by the total volume 
of SFs, and it is also expressed as a percentage. Five different ratios were set: 0%, 25%, 50%, 
75%, and 100%. Based on our pre-experiment and taking into account the environmental 
advantages of utilizing waste rubber [31], we incorporated RPs by substituting a portion 
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of the fine aggregate with an equal volume, while the incorporation ratio was consistently 
set at 20%. Additionally, the water–cement ratio was fixed at 0.38 (as the aggregate was 
dried after drying, the moisture content of the aggregate was not taken into consideration). 
Moreover, the objective of this study was to investigate the effect of SSFs and RSFs on the 
bonding properties of RRAC and steel bars. Therefore, only the reference specimen 
“R0S0RS0” was designed, and ordinary concrete was not considered. 

Table 2. Mix proportions. 

Mix Number Cement 
(kg/m3) 

Water 
(kg/m3) 

Sand 
(kg/m3) 

RCA 
(kg/m3) 

RPs 
(kg/m3) 

RSFs 
(kg/m3) 

SSFs 
(kg/m3) 

Compressive Strength 
(MPa) 

R0S0RS0 596.20 228.30 791.33 742.87 0.00 0.00 0.00 45.73 
R20S0RS0 596.20 228.01 633.06 742.87 59.28 0.00 0.00 37.07 

R20S0.4RS0 596.20 227.88 628.84 737.92 58.88 0.00 29.74 35.89 
R20S0.4RS25 596.20 227.88 628.84 737.92 58.88 7.60 22.31 36.86 
R20S0.4RS50 596.20 227.88 628.84 737.92 58.88 15.20 14.87 40.08 
R20S0.4RS75 596.20 227.88 628.84 737.92 58.88 22.80 7.44 32.44 

R20S0.4RS100 596.20 227.88 628.84 737.92 58.88 30.40 0.00 38.30 
R20S0.8RS0 596.20 227.75 624.62 732.96 58.49 0.00 59.49 40.26 

R20S0.8RS25 596.20 227.75 624.62 732.96 58.49 15.20 44.62 43.17 
R20S0.8RS50 596.20 227.75 624.62 732.96 58.49 30.40 29.74 39.83 
R20S0.8RS75 596.20 227.75 624.62 732.96 58.49 45.60 14.87 36.18 

R20S0.8RS100 596.20 227.75 624.62 732.96 58.49 60.80 0.00 33.03 
R20S1.2RS0 596.20 227.62 620.40 728.01 58.09 0.00 89.23 41.25 

R20S1.2RS25 596.20 227.62 620.40 728.01 58.09 22.80 66.92 38.76 
R20S1.2RS50 596.20 227.62 620.40 728.01 58.09 45.60 44.62 38.67 
R20S1.2RS75 596.20 227.62 620.40 728.01 58.09 68.40 22.31 37.42 

R20S1.2RS100 596.20 227.62 620.40 728.01 58.09 91.20 0.00  
Note: in specimen “R20S0.4RS25”, “R20” refers to the replacement of fine aggregate by 20% RPs, 
“S0.4” refers to the total content of SFs being 0.4%, “RS25” refers to the RSFs ratio accounting for 
25% of the total content of SFs. 

2.3. Design and Preparation of Pull-Out Specimens 
All the specimens for the pull-out test in this study were made of concrete cubes with 

a length of 150 mm and steel bars with a length of 420 mm. The steel mould and the 
process for making pull-out specimens are shown in Figure 3. The steel mould consists of 
an upper steel mould and a lower steel mould connected by bolts. The upper steel mould 
is made up of two L-shaped steel mould plates connected by bolts. The lower steel mould 
is a steel plate with a middle opening and a steel casing with a diameter of 20 mm and a 
length of 50 mm. To prevent stress state difference between the end of the concrete and 
the steel bar during the loading process, an unbonded area with a length of 50 mm was 
set at the bottom of the concrete, specifically at the top area of the steel casing. This was 
achieved by embedding a plastic pipe cap at both the upper and lower parts of the steel 
casing. A hole was then opened in the middle of the plastic pipe cap, allowing the steel 
bar to pass through. To prevent the cement slurry from seeping during pouring, the gap 
between the plastic pipe cap and the steel casing was sealed with lime mud. The steel bar 
was then inserted into the bottom of the steel mould through the lower plastic pipe cap, 
the steel sleeve, and finally the upper plastic pipe cap. The exposed part of the upper 
plastic pipe cap serves as the bonding area for the steel bar. The length of this bonding 
area was set to 5-times the diameter of the steel bar (5d0) to maximize the bonding 
performance between the steel bar and concrete [37]. After the steel bar passes through, 
the three bolts at the lower part of the steel sleeve should be tightened to secure the steel 
bar in the centre of the steel sleeve. Following that, the upper and lower steel moulds were 
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assembled and placed on the platform with the opening of the steel mould facing 
upwards. The RRAC was then poured into the steel mould through the upper opening, 
and the concrete surface was vibrated using a plug-in vibrator to remove any large 
bubbles. After pouring for 24 h, the mould was demoulded and cured for 28 days at a 
temperature of 20 ± 3 °C and a relative humidity of >95%. Finally, a pull-out test was 
conducted. 

 
Figure 3. The steel mould and process for making pull-out specimens. 

2.4. Test Setup and Machine 
The tensile testing machine (MTS-370, USA) was utilized to conduct the pull-out test 

in this study, and the test device and machine are shown in Figure 4. The test device is 
connected using two steel frames and two screws in the centre. The lower clamp of the 
test machine clamps the steel bar of the pull-out specimen after it passes through the hole 
in the middle of the lower steel frame. To ensure that the test results were not affected by 
the uneven contact surface between the concrete and the steel plate, the bottom surface of 
the pull-out specimen was coated with gypsum and then placed on the steel frame. The 
upper steel frame has a ball hinge in the middle, and the upper pull rod of the ball hinge 
is clamped by the upper chuck of the testing machine. The purpose of the ball hinge is to 
maintain a vertical alignment between the upper and lower steel frames, preventing any 
eccentric tension on the steel bar. The displacement loading process was conducted at a 
rate of 1.2 mm/min, with the loading end positioned at the lower chuck. The tensile testing 
machine and the dynamic and static data acquisition instrument (JMTS-3841, China) were 
used to collect the pull-out force and displacement of the loading end simultaneously, at 
a sampling frequency of 2 Hz. The loading was halted either when the specimen was 
damaged or when the displacement of the loading end exceeded 25 mm (This threshold 
value is 2-times the rib spacing of the steel bars). It is to be noted that the slippage between 
the steel bar and concrete was calculated by subtracting the elongation of the steel bar 
from the displacement of the loading end of the steel bar. The displacement of the loading 
end was directly measured using a testing machine. The elongation of the steel bar was 
calculated based on Hooke’s law and then derived, as shown in Formula (1): 

𝜀𝜀 =
Δ𝐿𝐿
𝐿𝐿

=
𝜎𝜎
𝐸𝐸𝑓𝑓

=
𝐹𝐹

𝐴𝐴𝑓𝑓𝐸𝐸𝑓𝑓
 (1) 
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where the ε represents the strain of the steel bar, L denotes the length from the loading 
end of the steel bar to the midpoint of the bonding area, σ represents the stress of the steel 
bar, F represents the drawing force of the steel bar at the loading end, and Af represents 
the cross-sectional area of the steel bar. 

 
Figure 4. Test setup and machine. 

3. Results and Discussion 
3.1. Bond Interface Damage and Bond Mechanism 

The failure mode observed in all specimens was steel bar pull-out failure. As the load 
increased, the slip of the steel bar gradually increased, eventually leading to the test being 
stopped due to excessive slip causing the pull-off of the steel bar. Throughout the entire 
test process, there was no occurrence of concrete splitting or steel bar breaking, and the 
surface integrity of the specimen remained intact. The only damage observed was at the 
bonding interface between the steel bar and concrete. This failure mode can be attributed 
to the larger thickness of the concrete protective layer on the pull-out specimen, which 
enhances the resistance to the splitting of the surrounding concrete. 

Following the completion of the pull-out test, the concrete cubes of all specimens 
were divided into two pieces along the longitudinal plane of the central axis of the steel 
bar. This allowed for observation of the bonding damage at the interface between the steel 
bar and the concrete. Figure 5 illustrates the damage of the bonding interface between 
RRAC and the steel bars with various types of SFs. Notably, the damage to the bonding 
interface is consistent among all specimens. The surface of the concrete bonding interface 
appears rough, with noticeable peeling and scratched areas, as well as residual concrete 
powder. In the steel bar bonding area, the ribs of the steel bar remain intact, without any 
instances of rib breakage. The steel ribs are filled with concrete fragments, and some 
concrete fragments are adhered to the steel bars. Combined with the failure mode and the 
damage of the bonding interface, the bonding failure of the specimen is primarily 
attributed to the shear failure of the concrete in the bonding area caused by the extrusion 
between the steel ribs. Initially, the stress triggers the activation of the bonding mechanism 
between the steel bar and the concrete. During this stage, the primary bonding force at the 
bonding interface is the chemical bonding force generated by the cement gel on the surface 
of the steel bar within the concrete. As the steel bars deform and start to slip, the chemical 
bonding force is rapidly lost. At this stage, the bonding force is sustained by the friction 
between the steel bar and the concrete, as well as the mechanical bite force. As the load 
continues to increase, the concrete in front of the steel rib is crushed due to local extrusion. 
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This results in the radial component of the extrusion force from the steel rib on the 
surrounding concrete, which generates circumferential tensile stress in the concrete. When 
the annular tensile stress exceeds the ultimate tensile strength of concrete, it results in the 
formation of radial–longitudinal cracks in the concrete. However, due to the presence of 
a thick protective layer of concrete and the crack resistance provided by SFs, these cracks 
only occur in a limited area around the bonding region and do not propagate rapidly to 
the surface of the concrete, thereby preventing concrete splitting. As the slip of the steel 
bar continues to increase, the pressure on the concrete between the ribs also increases, 
eventually leading to the cutting off of the concrete between the ribs. The surface of the 
steel bar still contains partially cut concrete blocks and concrete debris, which are visibly 
peeled and scratched at the interface with the concrete. As a result, the mechanical bond 
between the steel bar and the concrete is lost, but friction between them remains, leading 
to a residual pull-out force in the specimen. During this process, some concrete fragments 
may experience radial–longitudinal cracks due to compression, which could explain the 
difficulty in observing such cracks with the naked eye at the concrete interface. In the 
whole process of bond failure, the concrete between the ribs is compressed and severed, 
which is the critical factor leading to bond failure. Hence, it can be inferred that the 
strength of RRAC plays a significant role in the bonding performance between RRAC and 
steel bars. This finding aligns with previous research conclusions on the factors 
influencing the bond strength of concrete and steel bars [38,39]. The combined use of SSFs 
and RSFs has been found to have a synergistic effect in effectively controlling internal 
cracking of concrete. Previous studies that only used one type of SFs were limited in their 
ability to prevent concrete cracking [40,41]. 

  
(a) (b) 

  
(c) (d) 

Figure 5. Bond interface damage. (a) 0% SFs, (b) 100% SSFs, (c) SSFs + RSFs (with any replacement 
ratio), (d)100% RSFs. 
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3.2. Effects of SSFs and RSFs on Bond Mechanism 
In the previous section, it was mentioned that during the pull-out test of RRAC and 

steel bars, the concrete around the bonding interface experienced compression and 
developed radial–longitudinal cracks. Both SSFs and RSFs enhance the bonding effect by 
restricting the propagation of radial–longitudinal cracks. However, the mechanism 
through which SSFs and RSFs limit the development of these fractures differs and will be 
elaborated upon in this section. 

The mechanism of SSFs and RSFs in concrete is illustrated in Figure 6. In Figure 6a, 
the meaning of each legend is presented. Figure 6b demonstrates that SSFs function 
similarly to transverse reinforcements in RRAC, enhancing the shear strength of the 
concrete. Furthermore, after RRAC is subjected to loads, SSFs play a bridging role between 
cracks. They not only alter the development path of cracks but also connect the cement 
matrix through which cracks pass. This increases the energy required for crack 
propagation, thereby delaying the progression of cracks. The presence of SSFs enhances 
the crack resistance and shear resistance of RRAC, improves its toughness, enhances the 
concrete’s ability to protect steel bars embedded in the RRAC block, and enhances the 
bonding effect between RRAC and the steel bars. On the other hand, RSFs in concrete can 
be likened to sleeves. As shown in Figure 6c,d, RSFs are overlapped and embedded within 
the concrete, creating numerous enclosed structures of varying sizes. These RSFs serve to 
effectively confine the concrete within the enclosed structures, thereby reducing the rate 
of deformation and delaying the formation of cracks. Notably, although the concrete 
within the closed structure is adequately protected, the interface between the RSFs and 
the concrete has emerged as a vulnerable layer that influences crack propagation. Figure 
6e illustrates that when SSFs and RSFs are combined with RRAC, SSFs effectively delay 
crack formation in the weak layer surrounding RSFs, while RSFs safeguard the concrete area 
that remains unaffected by SSFs. The collaborative impact of these two components proves 
more effective in inhibiting the development of concrete cracks. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

Figure 6. Effects of SSFs and RSFs on bond mechanism. (a) Legend, (b) RRAC reinforced with SSFs, 
(c) enclosure inside RSFs, (d) RRAC reinforced with RSFs, (e) RRAC reinforced with RSFs and SSFs. 

3.3. Bond Stress–Slip Curves 
This study assumes that the bond stress in the bond zone is uniformly distributed 

along the length direction. The pull-out force (F) and the displacement (s′) of the loading 
end during the test were directly measured by the testing machine. The bond stress (τ) 
and slip (s) were then obtained by converting Formulas (2) and (3), respectively. Notably, 
the calculation of s takes into account the deformation of the steel bar: 

𝜏𝜏 =
𝐹𝐹

𝜋𝜋𝑑𝑑𝑜𝑜𝑙𝑙𝑎𝑎
 (2) 
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𝑠𝑠 = 𝑠𝑠′ −
𝐿𝐿𝐹𝐹
𝐸𝐸𝑓𝑓𝐴𝐴𝑓𝑓

 (3) 

where the d0, la, Ef, and Af are the diameter, bond length, elastic modulus, and cross-
sectional area of the steel bar, respectively; L is the length from the loading end of the steel 
bar to the midpoint of the bond area. 

The bond stress–slip curves of the three specimens for each mix ratio are similar. 
Therefore, only the average bond stress–slip curves of the three specimens for each mix ratio 
are presented in Figure 7. All specimens obtained a complete bond stress–slip curve, which 
includes linear ascending segment, nonlinear ascending segment, descending segment, and 
residual segment. This indicates that the bond between steel and concrete in this study is 
fully utilized. From the initial slip between steel and concrete until about 70% of the peak 
bond stress, this stage represents the linear ascending segment of the curve. During this 
stage, there is a linear positive correlation between the bond stress and slip, and small radial-
transverse cracks start to appear at the concrete bond interface. Then, the curve enters the 
nonlinear ascending segment until the bond stress reaches its peak. During this stage, cracks 
gradually develop in the concrete and the friction coefficient between the steel bar and the 
concrete reduces due to the presence of broken concrete powder in the bonding interface. 
As a result, the slope of the curve continuously decreases until it reaches zero. Subsequently, 
there is a significant increase in the slip of the steel bar and more severe concrete damage 
between the ribs, leading to a continuous decline in bond stress. This forms a descending 
segment of the curve. Eventually, the inter-ribbed concrete is completely cut off and the 
broken concrete powder forms a new interface at the bonding interface. At this point, there 
is still some friction on the interface, which tends to stabilize. Therefore, the curve in this 
stage becomes gentler, representing the residual segment of the curve. 

In addition, the effects of RPs, SSFs, and RSFs on the bond–slip curves are shown in 
Figure 7. Specifically, Figure 7a demonstrates the impact of adding 20% RPs to the bond–
slip curve. It can be observed that the inclusion of 20% RPs leads to a significant decrease 
in the peak value of the bond stress on the curve, as well as a reduction in the slope of the 
rising section. This phenomenon can be attributed to the fact that the incorporation of RPs 
results in a decrease in the strength of concrete. RPs are hydrophobic-based materials, 
while concrete is hydrophilic-based. This difference in properties leads to poor bonding 
performance between RPs and concrete, resulting in a weak bonding interface. 
Additionally, RPs and concrete have different hardness and elastic modulus. Under load, 
stress concentration tends to occur around RPs, leading to a decrease in concrete strength. 
Figure 7b,c demonstrates the impact of different SF content on the bond stress–slip curve 
when SSFs and RSFs are added individually. When the SSF content is 0.4% and the RSF 
content is 1.2%, the peak value of the curve is comparable to that of the reference group 
(R20S0RS0). However, for other dosages, the curve tends to flatten and the peak value 
decreases to varying extents. This indicates that the distribution of SFs in concrete plays a 
crucial role in maintaining the uniformity and compactness of the internal interface of 
RRAC. Figure 7d,f illustrates the impact of the RSF dosage on the bond stress–slip curve 
at different SF content. At an SF content of 0.4%, the peak value of the curve decreases to 
varying degrees after the addition of RSFs, and the wrapping area of the curve is smaller 
compared to R20S0.4RS0. When the SF content is 0.8%, the peak value of the curve initially 
decreases, then increases, and finally decreases again with the increase in the proportion 
of RSFs. For the proportion of RSFs of 50% and 75%, the peak value of the curve is higher 
than that of specimen R20S0.8RS0. When the content of SF is 1.2%, the peak value and 
wrapping area of the curve are always greater than that of R20S1.2RS0, regardless of the 
proportion of RSFs. Moreover, as the proportion of RSFs increases, the overall curve 
initially rises and then falls. This indicates that the proportion of RSFs has a significant 
impact on the bonding effect between RRAC and steel bars, depending on the change in 
SF content. There exists an optimal SF content and RSF ratio, which provides the best 
enhancement effect on the bonding effect between RRAC and steel bars. 
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(c) (d) 

  
(e) (f) 

Figure 7. Bond stress–slip curves. (a) Effects of 20% of RPs, (b) effects of SSFs with different contents, (c) 
effects of RSFs with different contents, (d) effects of 0.4% SFs with different RSF proportions, (e) effects of 
0.8% SFs with different RSF proportions, (f) effects of 1.2% SFs with different RSF proportions. 

3.4. Bond Strength 
The bond strength of the specimen is determined by the peak value of the bond 

stress–slip curve in this study. The bond strength is calculated by taking the average value 
of the three specimens in each mix proportions, and the bond strength and their average 
values are presented in Table 3. The bond strength of specimen R20S0RS0 decreased by 
32.87% when compared to ordinary RAC without RPs. This decrease can be attributed to 
the introduction of defects in the concrete by RPs, which in turn reduces the compressive 
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strength of the concrete [38]. Consequently, the bond strength between the concrete and 
the steel bars is also reduced. Figure 8 shows the impact of the SF and RSF dosages on 
bond strength. When solely SSFs were utilized with a 0.4% content, there was a slight 
enhancement in bond strength in comparison to specimen R20S0RS0. However, as the SSF 
content increased to 0.8% and 1.2%, the bond strength decreased by 16.41% and 7.13%, 
respectively, when compared to specimen R20S0RS0. The results demonstrate that the 
addition of an optimal amount of SSFs enhances the bond strength between RRAC and 
steel bars. However, excessive incorporation of SSFs can lead to varying degrees of 
negative effects on the bond strength. This phenomenon can be attributed to the bridging 
effect of SSFs in the concrete, which restricts the formation of internal cracks. 
Consequently, SSFs contribute to crack resistance and shear resistance, ultimately 
improving the bond strength. However, when the content of SSFs is too large, the 
distribution of SSFs in concrete is not uniform, which results in a decrease in the density 
of the concrete and the formation of a weak layer. As a result, the negative effect of SSFs 
outweighs the positive effect, leading to varying degrees of decrease in bond strength of 
the specimens. When RSFs are solely used at a content of 0.4% and 0.8%, the bond strength 
is reduced by 16.93% and 18.22% respectively, compared to specimen R20S0RS0. 
However, when the RSF content is increased to 1.2%, the bond strength is increased by 
2.07%. This contrasting result of the sole use of SSFs suggests that the mechanisms of RSFs 
and SSFs differ, thus supporting the analysis presented in Section 3.2. Notably, the 
positive impact of RSFs on bond strength is only observed when a sufficient amount of 
RSFs is present to create numerous closed bodies within the concrete. Otherwise, the 
negative effect caused by the introduction of significant defects by RSFs continues to 
prevail. 

When the SF content is 0.4%, the bond strength decreases as the RSF ratio increases. 
However, when the SF content is 0.8% and 1.2%, the bond strength initially increases and 
then decreases with the increase in the ratio of RSFs. These findings suggest that when the 
amount of SFs is sufficient, the combined use of SSFs and RSFs is more effective than when 
using them individually to enhance the bond strength of the concrete. Additionally, 
incorporating too many RSFs may reduce the density of the concrete and decrease the 
bond strength due to uneven distribution. This suggests that there is an optimal ratio of 
SFs to RSFs. The maximum bond strength is achieved when the SF content is 0.8% and 
1.2%, with RSF ratios of 75% and 50%, respectively. These ratios result in a bond strength 
that is 6.55% and 5.12% higher than that of specimen R20S0RS0. Therefore, this study 
concludes that the optimal content of SSFs and RSFs to enhance bond strength 
synergistically is 0.8% of the total SF content, with RSFs accounting for 75%. 

Table 3. Bond strength results. 

Concrete Mix No. 
Bond Strength (MPa) 

Specimen 1 Specimen 2 Specimen 3 Mean 
R0S0RS0 22.15 24.67 22.10 22.97 

R20S0RS0 13.85 17.31 15.10 15.42 
R20S0.4RS0 15.57 15.76 15.36 15.56 

R20S0.4RS25 13.59 13.36 13.97 13.64 
R20S0.4RS50 12.83 13.32 14.68 13.64 
R20S0.4RS75 15.28 13.75 12.47 13.83 

R20S0.4RS100 13.24 12.46 12.73 12.81 
R20S0.8RS0 13.02 13.98 11.68 12.89 

R20S0.8RS25 13.06 11.86 12.71 12.54 
R20S0.8RS50 13.53 14.57 14.90 14.33 
R20S0.8RS75 16.51 18.38 14.41 16.43 

R20S0.8RS100 12.12 13.17 12.55 12.61 
R20S1.2RS0 12.50 14.93 15.51 14.32 
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R20S1.2RS25 13.70 15.11 16.21 15.01 
R20S1.2RS50 15.79 16.65 16.19 16.21 
R20S1.2RS75 15.42 16.81 15.75 15.99 

R20S1.2RS100 16.17 16.88 14.16 15.74 

 
Figure 8. Bond strength results. 

3.5. Bond Stiffness 
The bond stiffness is a measure of the ability to resist the initial relative slip between 

the concrete and the steel bars. In this study, the secant stiffness at 50% peak bond stress 
is defined as the bond stiffness, which is the ratio of bond stress to slip at 50% peak bond 
stress. Table 4 shows the bond stiffness of all the specimens, with the bond stiffness of each 
mix proportions being the average of the bond stiffness of the three specimens in the 
group, placed in the last column of the table. Comparing the bonding stiffness of 
specimens R0S0RS0 and R20S0RS0, it is evident that the bonding stiffness decreased by 
37.26% after adding 20% RPs to RAC. This decrease can be attributed to the increased 
likelihood of cracks forming along the interface between RPs and concrete, which 
accelerates the rate of concrete deformation. On the other hand, as SFs are incorporated, 
regardless of the SF to RSF ratio, the bond stiffness is greater than that of specimen 
R20S0RS0. Furthermore, the bond stiffness increases with higher SF content. This 
demonstrates that the inclusion of SFs can significantly enhance the bond stiffness 
between RRAC and steel bars. This improvement is due to the ability of SFs to resist crack 
development and delay the speed of concrete crushing in the concrete. 

Figure 9 illustrates the impact of the SF content and RSF ratio on bond stiffness. When 
comparing the three curves of SF content at 0.4%, 0.8%, and 1.2%, it can be observed that 
as the RSF ratio increases from 0% to 100%, the bonding stiffness slightly decreases when 
the SF content is 0.4%. Throughout this process, the bonding stiffness decreases by 5.47%. 
On the other hand, when the content of SFs is 0.8%, the bonding stiffness remains 
relatively unchanged as the proportion of RSFs increases. However, when the SF content 
is 1.2%, the bonding stiffness noticeably increases with the increase of RSF ratio. This is 
consistent with the impact of RSFs on the bond strength (mentioned in Section 3.4). It 
emphasizes that for RSFs to effectively improve bond stiffness, there needs to be a 
sufficient number of RSFs present. It is important to note that when the SF content is 1.2%, 
the RSF ratio increases from 75% to 100%, resulting in a 13.88% decrease in bonding 
stiffness. This indicates that an excessive amount of RSFs has a negative impact on bond 
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stiffness. The reason for this is that the defects introduced by RSFs alone, as well as their 
excessive use, are too large. This leads to an increase in the number of cracks in the weak layer 
of the interface between RSFs and concrete, accelerating their development. In addition to that, 
when the SF content is 1.2%, the bonding stiffness of SSFs and RSFs is considerably enhanced 
in comparison to that of SSFs or RSFs individually. This finding suggests the presence of a 
synergistic effect between SSFs and RSFs, with the combined effect of SSFs and RSFs on 
improving bond stiffness surpassing that of SSFs and RSFs individually. The synergistic effect 
of SSFs and RSFs can be attributed to the bridging effect of SSFs, which effectively delays the 
development of concrete cracks around RSFs. Additionally, the concrete area not crossed by 
SSFs is well protected due to the hooping effect of RSFs. In this study, it was found that when 
the SF content is 1.2% and the RSF ratio is 75%, the bond stiffness of the specimen is the highest, 
exhibiting a 53.88% increase compared to specimen R20S0RS0. 

The experimental results mentioned above provide evidence of a positive synergistic 
effect between SSFs and RSFs, which helps in restraining the cracking of RRAC. However, 
it is important to note that the RSFs used in this study had a smooth surface, and it is 
uncertain whether this limiting effect will continue to increase with higher substitution 
ratios of RSFs. To address this concern, introducing textures to the surface of RSFs or 
exploring the use of ring fibres made from alternative materials could potentially alleviate 
this issue. In addition, the use of RPs in RRAC results in a weak interfacial transition zone. 
However, the performance of RRAC can be enhanced by the bridge effect of SSFs. On the 
other hand, RSFs are effective in limiting the cracking of RRAC. This strengthening effect 
significantly improves the bonding between RRAC and steel bars. 

Table 4. Bond stiffness results. 

Concrete Mix No. 
Bond Stiffness (MPa/mm) 

Specimen 1 Specimen 2 Specimen 3 Mean 
R0S0RS0 10.81 10.72 8.02 9.85 
R20S0RS0 5.05 6.64 6.85 6.18 

R20S0.4RS0 7.63 7.69 7.13 7.49 
R20S0.4RS25 7.60 6.50 7.99 7.36 
R20S0.4RS50 7.27 6.84 7.80 7.30 
R20S0.4RS75 7.34 7.03 6.67 7.01 

R20S0.4RS100 6.86 7.32 7.05 7.08 
R20S0.8RS0 8.12 7.72 7.61 7.82 
R20S0.8RS25 6.68 9.48 7.69 7.95 
R20S0.8RS50 8.44 8.10 7.43 7.99 
R20S0.8RS75 7.88 7.89 8.18 7.98 

R20S0.8RS100 7.39 7.18 9.00 7.85 
R20S1.2RS0 7.90 8.58 8.05 8.18 
R20S1.2RS25 7.90 8.75 8.44 8.36 
R20S1.2RS50 8.52 9.30 8.55 8.79 
R20S1.2RS75 9.77 9.18 9.57 9.51 

R20S1.2RS100 7.45 8.68 8.44 8.19 
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Figure 9. Bond stiffness results. 

4. Bond–Slip Constitutive Model 
As stated in Section 3.3, the bond stress–slip curves of RRAC and steel bars in this study 

consist of four sections (i.e., linear ascending segment, nonlinear ascending segment, 
descending segment, and residual segment). After comparing the bond–slip constitutive 
models proposed by various researchers, the bond–slip constitutive model of this study was 
developed based on Xiong [42], Mo [43], and Guo [44]. The curve of the bond–slip 
constitutive model is illustrated in Figure 10. This curve is divided into three sections: the 
linear ascending segment from (0, 0) to (Sr, τr), the nonlinear ascending segment from (Sr, τr) 
to (Su, τu), and the descending segment after (Su, τu). The calculation model is as follows: 
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where K is the slope of the linear ascending segment, which is defined as the secant 
stiffness at 50% peak bond stress (obtained from the bond stiffness values measured in 
Section 3.5), τu is the bond stress corresponding to the peak point of the bond stress–slip 
curve, Su and τu are the bond slip during the linear ascending segment, τr is the bond stress 
corresponding to the 70% peak bond stress of the linear ascending segment of the bond 
stress–slip curve, Sr and τr are the corresponding bond slip, α is the undetermined 
coefficient of the nonlinear ascending segment (obtained from Formula (5)), β is the 
undetermined coefficient of the descending segment (obtained from the software fitting). 
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Figure 10. Bond–slip constitutive relationship model. 

The bond stiffness value obtained in Section 3.5 is used as K in this study. As the 
linear rising section and the nonlinear rising section are continuous at (Sr, τr), the value of 
α can be determined using Formula (5). Additionally, by fitting the data of the descending 
curve, the value of β can be obtained. The values of relevant parameters and undetermined 
coefficients are presented in Table 5. The fitting correlation coefficient R2 of β in each group 
was found to be greater than 0.96, and the standard error SE was less than 0.03. The 
undetermined coefficients and related parameters from Table 5 are incorporated into the 
constitutive model (4), resulting in the bond–slip constitutive model for each group. This 
model is then compared with the bond–slip curve obtained from the test, as shown in 
Figure 11. It can be observed that the model curve aligns well with the test curve, 
indicating the high accuracy of the bond–slip constitutive model proposed in this study. 
Notably, the proposed bond–slip constitutive model is specifically designed for analysing 
steel bar pull-out failure, it may not be suitable for cases where the failure mode involves 
concrete cracking or steel breaking. 

Table 5. The values of relevant parameters and undetermined coefficients. 

Concrete Mix No. K α β R2 SE 
R20S0RS0 6.18 0.5798 0.9920 0.9972 0.0024 

R20S0.4RS0 7.49 0.5650 0.9231 0.9935 0.0033 
R20S0.4RS25 7.36 0.5218 1.2194 0.9935 0.0051 
R20S0.4RS50 7.30 0.5166 1.0699 0.9947 0.0043 
R20S0.4RS75 7.01 0.5506 1.1753 0.9911 0.0058 

R20S0.4RS100 7.08 0.5243 0.8547 0.9916 0.0034 
R20S0.8RS0 7.82 0.3858 2.0587 0.9633 0.0235 

R20S0.8RS25 7.95 0.4259 1.6187 0.9833 0.0116 
R20S0.8RS50 7.99 0.6701 1.2044 0.9943 0.0042 
R20S0.8RS75 7.98 0.6772 0.9801 0.9971 0.0025 

R20S0.8RS100 7.85 0.4456 0.8229 0.9812 0.0053 
R20S1.2RS0 8.18 0.4720 1.1265 0.9796 0.0086 

R20S1.2RS25 8.36 0.4769 1.2101 0.9885 0.0064 
R20S1.2RS50 8.79 0.5664 1.0161 0.9948 0.0033 
R20S1.2RS75 9.51 0.5152 1.2332 0.9900 0.0061 

R20S1.2RS100 8.19 0.5246 0.7804 0.9782 0.0054 
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R2: coefficient of fitness; SE: standard error. 

   
(a) R20S0RS0 (b) R20S0.4RS0 (c) R20S0.4RS25 

   
(d) R20S0.4RS50 (e) R20S0.4RS75 (f) R20S0.4RS100 

   
(g) R20S0.8RS0 (h) R20S0.8RS25 (i) R20S0.8RS50 

   
(j) R20S0.8RS75 (k) R20S0.8RS100 (l) R20S1.2RS0 

   
(m) R20S1.2RS25 (n) R20S1.2RS50 (o) R20S1.2RS75 
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(p) R20S1.2RS100 

Figure 11. Comparations between the experimental curve and proposed model (the relative 
parameters are mentioned in Table 5). 

5. Conclusions 
In this study, a central pull-out test was conducted on 51 pull-out specimens to 

investigate the impact of the content of SSFs and RSFs on the bonding properties of RRAC 
and steel bars. The main conclusions can be drawn as follows: 
(1) The failure of reinforced inter-rib concrete after extrusion is crucial for the failure of 

RRAC and steel bar bonding. The combined use of SSFs and RSFs inhibits crack 
development of RRAC, delays damage to the inter-ribbed concrete matrix, and 
enhances the bonding effect between RRAC and steel bars. However, excessive SFs 
can reduce the compactness of concrete and create a weak layer at the interface 
between SFs and concrete, which negatively affects the bonding effect. In practical 
applications, it is recommended to limit the steel fibre content to below 1.2% and 
control the water–cement ratio of concrete. 

(2) After the addition of 20% RPs, the bond strength experienced a decrease of 32.87%. 
When only SSFs or RSFs were added, the bond strength showed improvement with 
the addition of 0.4% SSFs or 1.2% RSFs, while other dosages resulted in varying 
degrees of bond-strength decrease. There is a synergistic effect between SSFs and 
RSFs, and the best improvement in bond strength is achieved through their combined 
use. When the SF content is 0.8% and the RSF ratio is 75%, the bond strength reaches 
its maximum value, which is 6.55% higher than that of specimen R20S0RS0. 

(3) The bonding stiffness decreased by 37.26% after adding 20% RPs. However, the 
bonding stiffness improved when SFs were added, regardless of changes in content. 
The improvement effect becomes more apparent as the SF content increases. The 
bonding stiffness reaches its maximum at a 1.2% SF content and a 75% RSF ratio, 
which is 53.88% higher than that of the R20S0RS0 specimen. Considering both 
bonding strength and bonding stiffness, the optimal mix ratio to enhance the bonding 
effect between RRAC and steel bars is a 1.2% SF total content and a 75% RSF ratio. 

(4) The bond–slip constitutive model of RRAC and steel bars was established based on 
the characteristics of the bond stress–slip curve. The model shows excellent 
agreement with the experimental data and can accurately predict the bond stress–
slip relationship between RRAC and steel bars. 
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