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Abstract

New experimental data on the bond forces (bond stresses) between sickle-shaped ribbed steel reinforcement of class AS00C and normal-weight
concrete of various strength classes have been obtained. Pull-out tests of 16 mm diameter steel bars embedded in concrete prisms 5d (80 mm)
high were conducted using a hydraulic tensile testing machine. An improved calculation methodology is proposed to ensure a reliable bond
between AS500C steel reinforcement and normal-weight concrete of varying strength levels. It was established that an increase in concrete strength
leads to a proportional increase in the bond capacity of sickle-shaped reinforcement. A linear relationship between the maximum tangential bond
stresses and concrete strength was identified, demonstrating good agreement with the experimental results.

The proposed linear dependence can be applied in the design of reinforced concrete structures for calculating the ultimate bond strength between
sickle-shaped steel reinforcement and normal-weight concrete of various strength classes.
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1. Introduction

A wide range of materials is used in the construction of buildings and structures for various purposes (Dvorkin et al., (2021);
Kos et al., (2022). These materials are very often applied in the assembly of load-bearing structures (Babych et al., (2019); Gomon
et al., (2019); Kovalchuk et al., (2022); Bosak et al., (2021)), including concrete and reinforced concrete elements (Korniychuk et
al., (2024); Filipchuk et al., (2024); Babych and Andriichuk, (2017); Drobyshynets et al., (2024); Parneta et al., (2024); Dovbenko
et al., (2024)). The improvement of reinforced concrete structures depends on the development of a theory that adequately reflects
the actual structural behaviour during service conditions (Konkol et al., (2019); Rybak et al., (2025); Sobczak-Piastka et al., (2020)).
One of the key issues in this context is the determination of the bond between reinforcement and concrete, which plays a crucial
role in ensuring the strength, stiffness, and crack resistance of reinforced concrete elements (Chapiuk et al., (2025); Babich et al.,
(2019); Filipchuk et al., (2023); Chapiuk et al., (2023)). Considerable progress has been made in studying the interaction between
concrete and steel reinforcement, which is essential for both reinforced concrete theory and engineering practice.
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However, a sufficiently substantiated and comprehensive theory of concrete-reinforcement bond has not yet been fully
developed, especially considering the diversity of reinforcement types. Bond deterioration caused by external loading and other
factors leads to changes in the structural behaviour of reinforced concrete elements. With increasing load levels and progressive
bond degradation, continuous qualitative changes occur in the stress-strain state of the element.

Sickle-shaped ribbed reinforcement has been manufactured and used for more than two decades; however, existing studies on
the bond behaviour of A500C reinforcement (DSTU 3760:2019; Eurocode 2:2004) with concretes of different strength classes
remain insufficient for the accurate and efficient calculation of its anchorage length. This type of reinforcement is recommended
for use in both non-prestressed and prestressed concrete structures.

Bond strength increases with an increase in the specified concrete strength class, a decrease in the water-cement ratio, and an
increase in concrete age. In cases of insufficient anchorage at the ends of reinforcing bars, welded transverse bars or anchor plates
are applied. When a reinforcing bar is pushed into concrete, the bond strength is higher than in pull-out tests, which is explained
by the resistance of the surrounding concrete to the transverse expansion of the compressed bar.

The objective of this study is to analyze experimental data on the influence of concrete strength on the bond behaviour of A500C
reinforcement and to establish the corresponding relationship under single short-term and repeated loading conditions.

Nomenclature

\feube cubic strength of concrete

forism prismatic strength of concrete

Cu temporary tensile strength of rods

E; initial modulus of elasticity of reinforcement
Ay area of rods

Ou slip (displacement) of the free end of the rod relative to the end of the prisms
Tsom stress in the rod at 6,=0.2 mm

00,2 0.2% proof stress of reinforcement

O stress in the rod (beginning of slippage)

Tum tangential stresses

2. Methods of experimental research

The research task was addressed using concrete prisms with a square cross-section, having a side length of 150 mm and a height
of 5d, where d = 16 mm is the bar diameter (i.e., 80 mm). The reinforcing bars were positioned in the concrete prisms so that their
longitudinal axes coincided, while the protruding parts of the bars allowed fixing one end in the grips of the hydraulic tensile testing
machine and measuring, at the other (free) end, the displacement relative to the end face of the concrete prism (Fig. 1a). The
mechanical properties of 16 mm diameter A500C steel reinforcing bars were determined by uniaxial tensile tests performed on a
hydraulic testing machine in accordance with the standard procedure (Table 1). The load was applied to the bar in increments of
1.0 kN. During loading, the displacement of the free end of the bar relative to the prism face was measured using a dial gauge
indicator with a resolution of 0.001 mm, while the bar deformation relative to the concrete prism was measured using a
Huggenberger mechanical extensometer with a 20 mm gauge length and a resolution of 0.001 mm (Fig. 1b).

Fig. 1. General view of specimen testing in the hydraulic tensile machine (a) and measurement of reinforcement displacement using a dial gauge and bar
deformation using a Huggenberger extensometer (b).

According to BS 4449:1997, the bond limit state between reinforcement and concrete is defined as the condition at which the
slip of the free end of the reinforcing bar relative to the prism face reaches 8, = 0.2 mm. Therefore, this value of 3, corresponds to
the reinforcement stress .
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Table 1. Mechanical properties of 16 mm diameter A500C steel reinforcing bars

Diameter, Cross-sectional 0.2% Droof stress ono. MPa Modulus of Ultimate tensile
mm area, mm? <7op R elasticity E,, MPa strength 5, MPa

16 201.5 498 200000 675

The mechanical properties of concretes of different strength classes were determined by testing 150 mm concrete cubes and
150 x 150 x 600 mm prisms, which were cast simultaneously with the main specimens (Table 2). The concrete properties are
reported at the age corresponding to the start of testing of the main specimens (55-72 days).

Table 2. Mechanical properties of concrete

Concrete  Cubic compressive strength ~ Prismatic compressive Initial modulus of elasticity, Ej, , MPa
class feuves MPa strength f,im, MPa

C12/15 17.8 12.6 210000

C16/20 23.5 16.5 220000

C20/25 31.1 21.7 230000

C25/30 39.5 27.5 260000

3. Results and discussion

For each concrete strength class (C12/15, C16/20, C20/25, and C25/30), seven twin specimens were tested (Fig. 2). Three
specimens from each group were subjected to single monotonic loading up to failure in order to determine the ultimate bond
capacity between reinforcement and concrete. In addition, the bond behaviour of @16 mm sickle-shaped AS00C reinforcement
embedded in concretes of different strength classes was investigated under repeated loading. For this purpose, four specimens of
each concrete class were subjected to 10 cycles of repeated loading up to 0.6 of the ultimate load, corresponding to service load
conditions. During the 11th cycle, the specimens were intentionally loaded to failure. The experimental results indicated sufficient
uniformity in concrete properties within each twin-specimen group.

Fig. 2. General view of the specimens.

Figure 3 presents the slip diagrams o for specimens P-12/15k-1,2,3. In the specimen notation, the first numbers indicate the
design concrete strength class, while the subsequent number denotes the specimen number. The letter “k” indicates specimens
subjected to monotonic loading up to failure, whereas the letter “p” denotes specimens tested under repeated loading conditions.
For specimens P-12/15k-1,2,3, the slip value 3, = 0.2 mm was reached at reinforcement stresses of 650 = 74.5, 72.3, and 69.5 MPa,
respectively, with an average value of 65om = 72.1 MPa. The standard deviation of stresses relative to the mean value was 2.5 MPa,
corresponding to a coefficient of variation v = 0.0346. These statistical indicators confirm the high homogeneity of this group of
specimens. For the remaining specimen groups, the coefficient of variation ranged within v = 0.0295-0.0843; therefore, further
analysis was performed using average values for each group.

In all specimens, slip initiated at approximately the same stress level in the reinforcement; at o5 = 9.95 MPa, the slip was
6 =0.001 mm. Subsequently, the magnitude of bar slip was significantly influenced by concrete strength. Thus, at 6 = 69.5 MPa,
the slip values in specimens P-12/15k, P-16/20k, P-20/25k, and P-25/30k were 6 =0.126, 0.034, 0.016, and 0.011 mm, respectively.

The bond limit state, corresponding to 6 = 6,= 0.2 mm, occurred at reinforcement stresses of o; = 65 = 72.1, 87.2, 132.6, and
160.1 MPa for specimens P-12/15k, P-16/20k, P-20/25k, and P-25/30k, respectively. It should be noted that specimens P-25/30k
did not fail immediately after reaching &, = 0.2 mm, but continued to resist reinforcement pull-out up to 6 = 0.28 mm, after which
longitudinal splitting of the prisms along the reinforcing bars occurred. In this case, the reinforcement stress was o5 = 74.6 MPa.
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With increasing concrete strength, the difference between 6, = 0.2 mm and the slip value immediately proceeding complete prism
failure decreases, and for specimens P-25/30k, this difference was practically negligible (Fig. 4).
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Fig. 3. Variation of bar slip & during loading of specimens P-12/15k-1,2,3 (o, — reinforcement stress)
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Fig. 4. Relationship between bar slip 6 and reinforcement stress o,: 1 — specimens P-12/15k; 2 — P-16/20k; 3 — P-20/25k; 4 — P-25/30k.

During the first loading cycle of specimens P-12/15p, the average displacement of the reinforcement relative to concrete at the
maximum repeated load level (c; = 39.8 MPa) was 0.011 mm, while the residual slip after unloading amounted to 0.003 mm.
During the second loading and unloading cycle, the maximum slip was 0.012 mm. Residual deformations increased to 0.004 mm
after unloading of the seventh cycle. After the eighth cycle, deformations stabilized at 0.014 mm (total) and 0.004 mm (residual).
During the 11th cycle, a slip of 0.2 mm was reached at 6yom = 73.6 MPa, and specimen failure occurred at os = 74.6 MPa (Fig. 5).

For specimens P-16/20p, the average displacement of the free end of the reinforcement relative to the prism face at the maximum
repeated load level (o5 = 52.2 MPa) during the first cycle was 0.015 mm, while the residual slip amounted to 0.003 mm. From the
second to the seventh cycle, both total and residual slips increased by approximately 0.001 mm per cycle, reaching 0.023 mm and
0.008 mm, respectively, at the seventh cycle (Fig. 5). From this cycle onward, slip stabilization occurred. A slip of 0.2 mm was
reached during the 11th cycle at 65m = 89.5 MPa, while specimen failure occurred at 6, = 91.2 MPa.
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Fig. 5. Variation of bar slip & versus reinforcement stress o, in specimen P-12/15p: 1 — first cycle; 2 — eleventh cycle (cycles 2-8 omitted).
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Specimens P-20/25p were subjected to ten loading cycles up to a maximum stress of o5 = 79.6 MPa. After the first cycle, the
total displacement of reinforcement relative to concrete was 0.018 mm, with a residual slip of 0.006 mm (Fig. 6). During the second
cycle, the maximum slip reached 0.020 mm, and the residual slip was 0.007 mm. Deformations increased slightly with each
subsequent cycle, without full stabilization. After the tenth cycle, the total and residual slips were 0.031 mm and 0.013 mm,
respectively. During the 11th cycle, a slip of 0.2 mm occurred at 6som = 132.8 MPa, at which load the specimen failed.
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Fig. 6. Variation of bar slip 8 versus reinforcement stress o, in specimen P-20/25p: 1 — first cycle; 2 — eleventh cycle (cycles 2—7 omitted)

For specimens P-25/30p, during the first cycle, the displacement of reinforcement relative to concrete at the maximum repeated
stress level (os = 94.5 MPa) was 0.011 mm, with a residual slip of 0.002 mm. During the second cycle, the maximum and residual
slips were 0.012 mm and 0.003 mm, respectively. Stabilization of total and residual deformations occurred during the third cycle,
reaching 0.013 mm and 0.003 mm, respectively. During the 11th cycle, a slip of 0.2 mm was reached at 65om = 146.7 MPa.

After repeated loading up to 0.6 of the ultimate load, deformation stabilization occurred between the fourth and sixth cycles,
while total slips did not exceed 0.03 mm, corresponding to approximately 15% of the ultimate slip value of 0.2 mm. The maximum
stresses recorded during the 11th cycle were consistent with those obtained under single short-term loading.

Based on the experimental results, the average maximum tangential bond stresses T.m were calculated for each group of
specimens, assuming a uniform distribution along the embedded length of the bar, according to Eq. (1).

Tum = sO_As/(T[dlan)- (1)
Statistical analysis of the obtained results indicates that, for 16 mm diameter reinforcing bars, a linear relationship may be
adopted between the maximum tangential bond stresses Tum and the prismatic compressive strength of concrete f,.ism (Fig. 7a),
expressed by Eq. (2).
Tym = 0.3 - fprism. 2)
The coefficient of determination for this approximation is R? = 0.952, indicating good agreement with the experimental data.

A linear relationship was also observed between the reinforcement stresses os and the prismatic compressive strength of
concrete fpism (Fig. 7b), with a coefficient of determination R* = 0.975.
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Fig. 7. Dependence of the average ultimate tangential bond stresses Tun (a) and reinforcement stresses o (b) on concrete strength £,

4. Conclusions

As a result of pull-out tests of 16 mm diameter steel reinforcing bars from concrete prisms using a hydraulic tensile testing
machine, new experimental data on the bond behaviour of sickle-shaped AS00C reinforcement depending on the strength of
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normal-weight concrete were obtained. It was established that an increase in concrete strength is accompanied by a proportional
increase in the bond capacity between sickle-shaped reinforcement and concrete. A linear relationship between the maximum
tangential bond stresses and concrete strength was identified, demonstrating good agreement with the experimental results. The
proposed linear relationship may be applied in the design of reinforced concrete structures to calculate the ultimate bond strength
of sickle-shaped steel reinforcement embedded in normal-weight concretes of various strength classes.
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