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Article Info  Abstract 

Article History:  The bond strength between steel reinforcement and concrete is one of the most 
important physical properties that determine the performance of reinforced 
concrete. This research aims to study the bond behavior between reinforcing bars 
and recycled aggregate concrete reinforced with basalt fibers and containing 
recycled concrete aggregate. An experimental study was conducted on fifteen 
samples using a push-out test to investigate the bond strength for several 
variables. Seven variables were studied in this study: the natural aggregate 
replacement ratio, compressive strength of the concrete, basalt fibers content, 
thickness of concrete cover, embedded length of bar, diameter of the reinforcing 
steel, and the yield strength of reinforcement. The results showed a 20% decrease 
in bond strength at 100% aggregate replacement compared with conventional 
concrete. Bond strength improved with increasing compressive strength and 
thickness of concrete cover by 35% and 49%, respectively, when compressive 
strength increased from 25 to 45 MPa and concrete cover from 67 to 117 mm. 
Bonding behavior also improved significantly when the yield stress was increased 
from 420 to 650 MPa, with an improvement ratio of 32%. Regarding the bar 
diameter and embedded length, it was observed that increasing the diameter from 
16 to 25 mm and increasing the embedded length from 7d to 12db mm resulted in 
a clear decrease in bonding strength, reaching 36% and 40% respectively. Adding 
basalt fibers in low percentage content, not exceeding 1%, does not significantly 
affect bond strength or failure mode. However, increasing the fiber content to 1.5% 
increased bond strength by approximately 15% compared to 1%. 
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1. Introduction 

Reinforced concrete is one of the most widely used construction materials in the world throughout 
history due to its structural properties and high resistance to various applied loads and stresses [1-
3]. One of the most important factors affecting the overall performance of reinforced concrete 
structures is the integration between the concrete and reinforcing steel to ensure the effective 
transfer of various loads and stresses [4]. With increasing urbanization, rising demand for building 
materials, and a growing focus on environmental considerations, developing sustainable concrete 
materials with suitable structural performance has become one of the most significant challenges 
facing the construction sector [5]. Bonding between reinforcing steel and concrete is one of the 
most important factors controlling the performance and efficiency of reinforced concrete elements. 
It ensures the transfer of forces and stresses between them and achieves their combined function 
and behavior. Bond strength and behavior are affected by several factors, such as the strength of 
the concrete, the diameter and surface texture of the reinforcing bar, the embedded, the type of 
aggregate used, and the characteristics of the interfacial transition zone between the concrete paste 
and the steel. Therefore, the bond behavior between these two materials receives considerable 
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attention in academic studies related to improving the structural performance of concrete 
structures [6,7]. In line with the global trend towards sustainability and reducing construction-
related environmental pollution, the use of recycled aggregates derived from demolition waste has 
emerged as a fractional or complete substitution for traditional aggregates used in concrete. This 
is due to the achievement of both environmental and economic goals, such as mitigating the 
depletion of virgin resources and decreasing the amount of construction waste and carbon 
emissions. On the other hand, the use of this type of aggregate may affect some of the mechanical 
properties of concrete, such as its bond behavior, due to differences in the physical properties of 
recycled aggregates, such as their higher water absorption rate compared to traditional aggregates. 
Therefore, further studies are necessary to evaluate its effect on the performance of reinforced 
concrete [8,9]. On the other hand, basalt fibers are considered a fine-grained reinforcing material 
with satisfactory mechanical properties, including high tensile strength, efficient abrasion 
resistance, and compatibility with sustainability requirements. Numerous studies have shown that 
adding basalt fibers to concrete mixes can improve crack resistance, increase ductility, and 
positively develop the bond behavior between concrete and reinforcing steel by enhancing the 
homogeneity of the cement paste and delaying the development of micro-cracks [10,11,12].  

Some studies have been conducted that focus on the bonding behavior between concrete and steel, 
such as [13], which concluded that when short embedded lengths of rebars are used (less than or 
equal to 5 times the bar diameter), the ultimate bond stresses are very close for different diameters 
of bars when the same failure pattern occurs. Likewise, [14] study concluded that increasing the 
rebar diameter leads to a decrease in bond strength, ranging from 10-40% depending on the 
surface type. Regarding the concrete cover, the study concluded that the minimum recommended 
amount is three times the rebar diameter to avoid splitting failure, and that increasing the cover to 
more than seven times the diameter does not provide a significant improvement in bond strength, 
also [15] concluded that rebars with diameter of 10–12 mm achieved a bond strength of 
approximately 15–35% higher than larger diameters (20–25 mm). Regarding basalt fiber 
reinforcement, according to [16] an improvement in the bond strength between concrete and 
reinforcing steel was observed, ranging from 5–20%. Other studies [16,17] showed that the 
compressive strength of concrete is the most influential factor on bond strength (30–50%), while 
the effect of the concrete cover-to-rebar diameter ratio may represent about 20–40% of the factors 
affecting the failure mode. On the other hand, the results of [18] indicated that the use of recycled 
aggregate may lead to a decrease in cohesion strength of approximately 10–25% when replaced at 
100%, without relying on compressive strength, while [19] noted that the reduction reached 35% 
at the same replacement ratio. Although previous studies have been conducted on recycled 
aggregates and basalt fibers separately, as mentioned above, research’s investigating their 
combined effect on the bond strength remains limited. Therefore, this research aims to evaluate 
and study the effect of this combination, with its various variables, on the bond behavior and 
sustainable reinforced concrete performance. 

2. Experimental Program  

2.1. Materials   

In this study, concrete mixes were prepared using Portland cement grade R42.5, tested according 
to Iraqi Standard Specification No. 5 of 2019 [20]. Fine aggregate conforming to Zone 2 and natural 
coarse aggregate with a size range of 5–20 mm was used. Both types of aggregate were tested 
according to Iraqi Standard Specification No. 45 of 1984 [21].  

Table 1. Physical characteristics of aggregate used 

Physical properties 
Natural fine 

aggregate 
Natural coarse 

aggregate 
Coarse recycled 

aggregate 
Particle’s gradation  Zone 2 5-20mm 5-20mm 

Water absorption (%) 2.05 1.05 4.41 
Bulk density (kg/m3) 1588 1615 1375 

Specific density 2.61 2.63 2.52 
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Twenty-four hours after casting, the specimens were demolded and then placed in a water curing 
tank at a temperature of 23 ± 2 °C according to [25] for 28 days. All material tests were conducted 
in the laboratories of the University of Technology, Iraq. Table 1 shows the main physical properties 
of the aggregates used in the study. Basalt fibers with physical properties presented in Table 2 and 
demonstrated in Fig.1 were used. 

Table 2. Physical characteristics of basalt fiber used 

Testing item Result 
Filament diameter (µm) 17.7 

Moisture content (%) 0.12 
Tensile strength (MPa) 4000 

Density (kg/m3) 2700 
Chopped length (mm) 6 

Appearance quality (visual) Normal 
 

 

Fig. 1. Basalt fiber used 

 

2.2 Mix Design Proportions, Casting, And Curing 

This section presents the mix proportions for concrete mix containing natural aggregate (NAC) 
[22,23] with compressive strength of 25 MPa and recycled concrete aggregate (RAC) with varying 
replacement ratios (50% and 100%) for the target compressive strengths of 25, 35, and 45MPa 
[24]. It should be noted that the recycled aggregate was in fully saturated surface-dry state when 
used. The absolute volume method was used for NAC mixes, and the equivalent mix proportion 
method was used for RAC mixes. Table 3 shows the mix proportions for all concrete mixes to 
achieve the required compressive strength for each variable. After casting process, after24 hrs. 
from casting, the specimens were de-molded., then they placed in a water tank at a temperature of 
23±2C° according to [25] for 28 days for testing. 

Table 3. Mix design proportions 

 

2.3 Specimen Details 

In order to verify the behavior and performance of the bond between the rebars and the basalt fiber 
reinforced concrete containing concrete recycled aggregate, a reference cylindrical model with 

Target compressive 
strength f`c (MPa) 

Type of 
aggregate used  

Cement 
(kg/m3) 

Fine aggregate 
(kg/m3) 

Coarse aggregate 
(kg/m3) 

w/c 
ratio  

25 NAC 365 760 1060 0.5 
25 RAC 50% 375 760 1060 0.51 
25 RAC 100% 385 755 1060 0.55 
35 RAC 100% 420 710 1015 0.41 
45 RAC 100% 510 630 920 0.39 
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dimensions of 150*300 mm was adopted, with a deformed reinforcing bar embedded in the center 
of the specimen at a certain anchorage length and along its axial length to ensure proper completion 
of the push-out test to ensure symmetrical load transfer during the test. A steel plate was placed 
under the specimen containing a circular hole with a diameter equal to the diameter of the rebar in 
order to allow it to pass through, taking into account debonding the steel rebar from the top and 
bottom using PVC pipe, because the zones close to the top and bottom surfaces are disturbed and 
do not usually represent the actual behavior and indication of the bond between the steel and 
concrete. Fig. 2 below illustrates the details of the studied specimen. 

 
Fig. 2. Tested specimen details 

2.4 Parametric study  

To achieve the study's objectives and to investigate and evaluate the effect of various variables on 
the bonding behavior between steel and concrete containing recycled aggregates and reinforced 
with basalt fibers, the experimental program of the study was conducted using six main groups of 
models in addition to a reference model. Each group studied and focused on the effect of a single 
variable, while all other variables remained constant according to the values of the reference model 
variables. This ensured that the influence of each variable was studied individually, isolated from 
the others, and its contribution to the bonding behavior and performance accurately and 
independently determined. 

The first group (Group A) investigated the influence of replacing traditional aggregate by concrete 
recycled aggregate at 50% and 100% replacement ratios, while the second group (Group B) 
focused on the effect of specimen’s compressive strength (f`c=35, 45 MPa, respectively) noting that 
the actual compressive strengths were 25.25, 35.42, and 45.61 MPa, respectively. The third group 
(Group C) evaluated the effect of the percentage of basalt fibers added to the concrete mix on bond 
strength. In addition, another group (Group D) assessed the effect of the concrete cover thickness 
surrounding the reinforcing bar, using values of 92 and 117 mm, these concrete cover values were 
achieved using PVC pipe molds of the required diameters. The effect of anchorage or embedded 
length was investigated throughout group E by studying different embedded lengths (10 db and 12 
db). Meanwhile, two reinforcement diameter bars values (20 and 25mm) were studied in the sixth 
group (Group F) to evaluate the contribution of the bar diameter to bond strength. Finally, the last 
group (group G) focused on analyzing the effect of the steel yield stress. of steel. Table 4 indicates 
all the details related to the variables studied. 
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Table 4. Parametric study details 

Group No. 
Specimen 

Symbol 

Agg. 
Replaceme

nt ratio 
(%) 

Compressive 
strength f`c 

(MPa) 

Basalt 
fiber 

content 
(%) 

Concrete 
Cover 
(mm) 

Embedde
d length 

Rebar 
Size 

(mm) 

Yield 
stress of 

rebar 
(MPa) 

references Bo1-Re 100% 100 25 1 67 7d 16 420 
Group A 

 
Bo2-Re50% 50 25 1 67 7d 16 420 
Bo3-Re 0% 0 25 1 67 7d 16 420 

Group B Bo4-Co 35 100 35 1 67 7d 16 420 
Bo5-Co 45 100 45 1 67 7d 16 420 

Group C Bo6-BF 0.5 100 25 0.5 67 7d 16 420 
Bo7-BF 1.5 100 25 1.5 67 7d 16 420 

Group D Bo8-CC 92 100 25 1 92 7d 16 420 
Bo9-CC 117 100 25 1 117 7d 16 420 

Group E Bo10-El 10d 100 25 1 67 10d 16 420 
Bo11-El 12d 100 25 1 67 12d 16 420 

Group F Bo12- RS 20 100 25 1 67 7d 20 420 
Bo13- RS 25 100 25 1 67 7d 25 420 

Group G Bo14-YS 350 100 25 1 67 7d 16 350 
Bo15-YS 650 100 25 1 67 7d 16 650 

 

2.5 Test Setup and Procedure 

After clarifying and presenting the details of the studied variable and models, this section will 
explain the mechanism and method of testing the specimens. The push-out test carried out for 
investigating the bonding strength behavior of all studied models. The test was performed using a 
universal compression testing machine with 120kN maximum capacity. The specimens were 
placed in the machine on a steel plate containing a hole to allow the bar to pass through during slip. 
The load was applied gradually to the protruding part of the bar from the top using a displacement 
controller with a displacement of 0.1 mm per minute. At the end of the test, the vertical slip values 
of the rebar corresponding to each applied load were recorded. See Fig. 3. 

  

Fig. 3. Test setup 

3. Results and Discussion  

This section presents the results obtained from a experimental program implemented to assess the 
bond behavior and performance between rebars steel and concrete containing recycled aggregates 
and reinforced with basalt fibers. The results were analyzed separately to determine the effect of 
the aforementioned variables on the slip and bond strength and behavior, the various failure 
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mechanisms associated with different specimens, and to assess the extent to which each variable 
contributed to improving or deteriorating bond performance. The results obtained were expressed 
in terms of the ultimate bond stress, which can be calculated using the equation: 

𝜏𝑢𝑙𝑡 =
𝑃𝑢𝑙𝑡

𝜋 ∗ 𝐷 ∗ 𝑙𝑑
 (1) 

Where; Pult: the ultimate load, D: rebar diameter, ld: the embedded length of rebar into specimen. 

3.1 Effect of Different Variables on Bond Strength 

After testing all the studied specimens, the results were as presented in Table 5. After reviewing 
and analyzing the results, a deterioration in bond strength up to 20% was observed when the 
natural aggregate was replaced with 100% recycled concrete aggregate. This decrease is attributed 
to the high-water absorption capacity of of recycled aggregate due to the presence of cement 
mortar on its surface. Consequently, porous voids form, affecting the interfacial transition zone 
between reinforcement and concrete, thus reducing strength and mechanical interference 
rounding the rebar. When investigating the effect of concrete compressive strength f`c on bond 
strength, an increase in bond strength of 18% and 34% was recorded when the compressive 
strength was increased to 35 and 45 MPa, respectively. This is due to the development and increase 
in concrete density around the rebar zone. Furthermore, the increased compressive strength 
delays the appearance of hairline cracks, thus providing higher bond strength before failure. The 
basalt fiber content also had a positive effect, as the improvement in bond strength reached 5% 
with an increase in the basalt content of 1% and 15% with a content of 1.5%. The addition of fibers 
improves bonding characteristics as a result of their role in limiting the growth and rapid spread 
of fine hairline cracks surrounding the bar, which enhances the cohesion of the concrete and 
develops the level of lateral restraint surrounding the bar, which led to increase stress transfer and 
thus enhance bond strength. 
Table 5. Results of experimental work 

Group No. 
Specimen 

Symbol 
Ultimate Bond 

stress 𝜏𝑢𝑙𝑡  (MPa) 
Slip at ultimate 

bond stress (mm) 

references Bo1-Re 100% 6.97 1.35 
Group A 

 
Bo2-Re50% 8.05 1.31 
Bo3-Re 0% 8.71 1.26 

Group B 
Bo4-Co 35 8.25 1.39 
Bo5-Co 45 9.36 1.23 

Group C 
Bo6-BF 0.5 6.62 1.50 
Bo7-BF 1.5 8.01 1.40 

Group D 
Bo8-CC 92 9.06 1.28 

Bo9-CC 117 10.38 1.20 

Group E 
Bo10-El 10d 5.22 1.24 
Bo11-El 12d 4.25 1.49 

Group F 
Bo12- RS 20 5.58 1.27 
Bo13- RS 25 4.46 1.65 

Group G 
Bo14-YS 350 5.43 1.28 
Bo15-YS 650 9.20 1.25 

 

Turning to the group D, it was noticed that when the section thickness of concrete cover increased 
from 67 to 92 mm, the bond strength increased significantly by approximately 30%. This increase 
was due to the improvement of confinement and lateral restriction of the rebar, and consequently, 
the increased mechanical interaction with the concrete. However, when the cover was increased to 
117 mm (with the same percentage increase from 67mm to 92mm), the bond strength increased 
by a smaller percentage, which was 15% compared to the specimen of 92 mm cover. This indicates 
that the rate of bond strength enhancement decreases with increasing the cover. This is because 
the concrete confinement becomes sufficient at a certain cover to limit splitting cracks. Therefore, 
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any additional increase in the cover does not lead to an equivalent increase in bond. Regarding the 
effect of embedded length and bar diameter, a decrease in bond strength was observed with 
increasing these parameters, this reduction is primarily attributed to the non-uniform distribution 
of stresses along the anchorage length; most of the stress is concentrated near the point of load 
application and gradually decreases with distance, meaning the length is not utilized in a linear 
manner. 

Finally, when evaluating the role of the rebar's yield stress on bond properties, the results showed 
a direct relationship between yield stress and bond strength. Increasing the yield stress from 420 
to 650 MPa improved the bond by 32%, as it increased the rebar's ability to transmit greater forces 
between the rebar and the concrete before plastic deformation began and the rebar ceased to 
transmit forces. Conversely, reducing the yield stress to 350 MPa where a reduction of 22% in bond 
strength noticed. All the aforementioned results were obtained under static loading conditions; the 
results are expected to change, and the bond behavior may manifest differently under dynamic 
loads, this could be investigated in future studies. 

4. Relationship Between Bond Stress-Slip  

After presenting the results and the relationship between the values of the variables, and in order 
to clarify the relationship between the bond stress and the corresponding slip value at an angle 
from the start of loading to failure, the curves shown in Figure 4 were drawn for each variable. 
From the figures above, it was observed that the relationship between bond stress and slip in all 
specimens mainly passes through three stages: In the first stage, the relationship is predominantly 
linear, as the bond between the two types of concrete (NAC and RAC) and the reinforcing rebar is 
primarily a result of chemical adhesion between the two materials at the beginning of loading. Upon 
turning to the second stage, and under higher load levels, the relationship begins to become 
nonlinear, reaching its maximum stress τult, due to the clear contribution of mechanical interaction 
between the concrete and the steel. 
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Fig. 4. Bond stress- corresponding slip relationship 

At this stage, the various variables studied begin to play a more significant and pronounced role in 
the behavior and relationship between slip and bond stress. Finally, after the ultimate bond stress, 
the final stage of the curve appears: the softening stage. In this stage, the bond stress deteriorates, 
where its levels decrease while slippage increases significantly, leading to final failure. 

5. Failure Modes of Specimens  

As mentioned in the previous section, initial bonding results from friction and chemical adhesion 
between the bar and the cementitious material. With increasing load, the nonlinear relationship 
begins, and the bar slips further through the specimen. Actual bonding then develops, relying on 
mechanical interaction and interlocking between the steel bar and the concrete. This is 
accompanied by the appearance of radial tensile cracks around the bar, reaching to the softening 
phase and failure. For all studied specimens, two types of failure were generally observed. The first 
is splitting failure. This type of failure occurs when radial tensile stresses are large and dominant, 
resulting in longitudinal cracks on the concrete surface, eventually leading to splitting of the 
concrete cover. This type of failure is somewhat sudden. This type of failure was observed in higher 
compressive strength specimens, particularly at 45 MPa, where the increased compressive 
strength allows the concrete to transfer forces and stresses with steel bar, resulting in stresses 
sufficient to cause cracking and splitting. This type of failure was also more pronounced at higher 
reinforcement diameters, longer embedded lengths, and with greater yield stresses, as these 
provide effective stress transfer and a higher potential for crack formation. Another type of failure 
is "push-out" failure, which generally occurs in a more ductile manner, causing the rebar to push 
through the bottom of the specimen before splitting occurs. This type of failure has been observed 
in specimens that don’t provide a high degree of mechanical interaction with the steel. The most 
tested specimens exhibiting this type of failure are those with a high concrete cover (92-117 mm), 
where the increased thickness offers better resistance to cracking and splitting, as the thick 
concrete prevents crack propagation. This type of failure has also been observed with increased 
basalt fiber content, especially at 1.5%, where the fibers bridge cracks and delay their propagation. 
This was also observed in specimens with a lower yield strength of 350 MPa, where less force is 
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transferred to the concrete before yielding. Generally, splitting failure occurs when the load 
transfer between the concrete and steel is so sufficient that the resulting stresses exceed the 
concrete's capacity to resist splitting tensile cracks. Conversely, push-out failure occurs when the 
concrete surrounding the rebar resists these stresses until the bond between the concrete and the 
rebar deteriorates due to increased slippage and rebar penetration. Figure 5 and table 6 below 
illustrates the mode of failure for all studied specimens. 

     

Bo1-Re 100% Bo2-Re50% Bo3-Re 0% Bo4-Co 35 Bo5-Co 45 

     
Bo6-BF 0.5 Bo7-BF 1.5 Bo8-CC 92 Bo9-CC 117 Bo10-El 10d 

     

Bo11-El 12d Bo12- RS 20 Bo13- RS 25 Bo14-YS 350 Bo15-YS 650 

Fig. 5. Failure modes of all tested specimens 

Table 6. Summary of failure modes of specimens. 

Group No. Specimen Symbol Failure mode  

references Bo1-Re 100% Splitting failure 
Group A 

 
Bo2-Re50% Splitting failure 
Bo3-Re 0% Splitting failure 

Group B 
Bo4-Co 35 Splitting failure 
Bo5-Co 45 Splitting failure  

Group C 
Bo6-BF 0.5 Splitting failure 
Bo7-BF 1.5 Push- out failure 

Group D 
Bo8-CC 92 Push- out failure 

Bo9-CC 117 Push- out failure 

Group E 
Bo10-El 10d Splitting failure 
Bo11-El 12d Splitting failure 

Group F 
Bo12- RS 20 Splitting failure 
Bo13- RS 25 Splitting failure 

Group G 
Bo14-YS 350 Push- out failure 
Bo15-YS 650 Splitting failure 
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6. Conclusions 

After discussing the results related to all the specimens studied and investigate the various failure 
modes, these outcomes can be concluded from this work: 

• The bonding strength of basalt fiber-reinforced recycled aggregate concrete decreases 
notably  when 100% of the natural aggregate NAC is replaced with recycled concrete 
aggregate RAC.  

• As with natural concrete aggregate, the bond stress-slip behavior of basalt fiber-reinforced 
recycled concrete aggregate is similar and its bond strength can be improved by increasing 
compressive strength, proportion of basalt fibers, thickness of the concrete cover, and also 
increasing the yield strength of the rebar, while it decreases with increasing the diameter and 
embedded length of the rebar. 

• Increasing the basalt fiber content from 0.5% to 1% slightly improved the bond performance, 
whereas, slightly improved bonding performance was recorded, while increasing the basalt 
fiber content by the same percentage from 1% to 1.5% resulted in a more significant 
enhancement. 

• Low basalt content (0.5%, 1%) did not affect the failure pattern, where splitting failure 
generally dominated. Conversely, when the content increased to 1.5%, the failure 
significantly turned to push-out failure with higher ductility. 

• The mode of failure of basalt fiber-reinforced RAC is similar to that of NAC, splitting failure is 
common in most variables, where radial tensile stresses cause failure earlier than 
interlocking failure and steel slippage in concrete, except in cases where the concrete cover 
is thick, which can limit cracking, or where the yield stresses of the rebar are low, and high 
basalt fiber content in which case push-out failure is the most pronounced. 

• In general, it has been demonstrated that mixtures containing recycled concrete aggregate 
RAC reinforcing with basalt fibers can achieve a balance between bond strength, structural 
performance requirements, and environmental sustainability. The fibers notably mitigated 
the negative effects associated with replacing conventional aggregate, thereby enabling the 
use of such mixtures when appropriate aggregate replacement ratios and fiber contents are 
employed. 
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