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Abstract - The diameter of the bar is a fundamental factor influencing bond behavior, and it continues to be a subject of interest due to
conflicting opinions regarding its impact on bond behavior in pull-out tests. This study aimed to assess the impact of ribbed steel bar
(B500B) and seven-wire strand (grade 1860) diameters on bond behavior, employing both numerical and analytical methods. Utilizing
ATENA 3D software, finite element (FE) models were constructed, and a variety of formulae were applied for analytical computations.
The FE models were validated by comparing them with existing experimental and analytical results. The materials employed included
reinforcement bars with diameters ranging from 8 to 17.8 mm and lightweight aggregate concrete with a compressive strength of 41.65
MPa. The FE results revealed a slight decrease in bond strength with an increase in bar diameter. This decrease can be attributed to the
larger contact area resulting from the increased bar diameter, which surpasses the effect of force and leads to a reduction in bond strength.
Furthermore, the bond strength between the ribbed steel bar and concrete was approximately twice that of the seven-wire strand when
embedded in concrete.
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1. Introduction

Concrete is a widely used material in construction, playing a vital role in the development of infrastructure in many
countries [1]. In reinforced concrete structures, failure typically occurs due to a weakening of the bond between the materials.
Composite action between concrete and embedded reinforcement is ensured by the bond developing on the interface during
the hardening process of concrete. The pull-out test is commonly employed for measuring local bond strength and offering
insights into the bond behavior between concrete and reinforcing bars [2]. The bond is characterized by the local bond stress—
slip relationship influenced by various factors such as characteristics of the reinforcing unit (such as bar, multiwire strand,
tendon), properties of the concrete, length, and diameter of the embedded bar, environmental exposure, and cyclic loading
[3].

The bar diameter is still a factor of interest due to differing opinions on its effect on bond behavior during the pull-out
test [4]. Certain studies have proposed a positive link between bar diameter and bond strength [5—7], while others have
indicated a negative association [8—10], and still, some have found no significant correlation at all [11-13]. Yoo and Shin
[14] investigated deformed steel rebar bond performance in ultra-high-strength concrete (12.7, 15.9, and 19.1 mm diameters).
They observed a slight decrease in average bond strength with increasing bar diameter (Figure 1). This reduction in bond
strength is linked to nonuniform bond stress distribution in high-strength concrete, influenced by the enhanced bearing
capacity of concrete keys, contrasting with uniform distribution in normal strength concrete. Burdzinski et al. [11]
emphasized the crucial role of bar diameter in determining concrete block dimensions and bond behavior in the pull-out test.
For bond lengths within five times the bar diameter, uniform distribution of bond stress on the lateral surface leads to similar
maximum bond stress values across various diameters, influencing grouping by diameter. Tavares et al. [15] observed a
direct correlation between ribbed steel bar diameter and bond strength, attributing the increased strength to a larger concrete
contact area, enhanced sliding resistance, and elevated stress levels causing cracking at the peak load.
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Figure 1: Effect of bar diameter on bond performance of ultra-high strength concrete according to Yoo and Shin [14].

The literature currently lacks sufficient experimental data regarding the bond characteristics of steel prestressing strands
despite their extensive use in the prefabrication industry. Characterizing bond behavior in pre-tensioning anchorage involves
distinguishing prestress transfer in the transmission length from anchoring the tendon tensile force during external loads in
the flexural bond length [16]. In the transmission length, a scenario referred to as "push-in" unfolds, marked by longitudinal
shortening and transverse expansion upon prestress release. Conversely, in the flexural bond length, the "pull-out" situation
occurs, where tendons contract and pull due to increasing bending stress in the bending crack.

Lightweight concrete (LWC) has many benefits for reinforced concrete structures, such as reduced density leading to
improved design efficiency, easier handling and transport, and lower design loads [17]. However, various attributes of LWC,
such as the bond behavior of used reinforcing, have not been described thoroughly. Abed et al. [18] simulated pull-out tests
using ATENA 3D software to compare the bond behavior of ribbed steel bars and seven-wire strands in LWC. Their
conclusion aligns with Gulyas et al. [19] and fib Bulletin 51 [20], stating that seven-wire strands exhibit approximately 60%
lower bond strength in concrete compared to ribbed steel bars. Kovacs et al. [3] compared the bond behavior of steel bars in
LWC with expanded clay aggregate to normal weight concrete using standard pull-out tests. Results indicated similar bond
strength for both concretes, with higher standard deviation in pull-out tests compared to compression and splitting tensile
strength tests. Additionally, the characteristic bond strength—slip curve shape and failure mode were similar for LWC and
normal weight concrete.

Numerical modeling has made considerable progress in this area. Furthermore, numerical modeling is often
implemented in design because experiments can be challenging, costly, and time-consuming [21]. In addition, model
predictions closely align with experimental testing [22—25]. FE modeling of the interface between concrete and reinforcement
is still not widely found in the literature. Current numerical models of concrete and steel reinforcement rarely consider bond,
and analytical procedures consider bond in a simple way. There are typically two basic ways of modeling a bar or anchor
being pulled out from concrete: the first involves a one-dimensional bar with a bond, while the second involves volume and
three-dimensional (3D) interface elements [26]. To gain a more comprehensive comprehension of the bonding mechanism,
the impact of various factors on the bond, and to provide a complete explanation of the failure mode, numerous researchers
have employed finite element (FE) software [27-30] like ABAQUS [31], ANSYS [32], and ATENA [33]. Abed et al. [25]
simulated pull-out tests using ATENA 3D software, defining a bond stress-slip curve based on experiments for the specific
concrete and reinforcing bar materials. The numerical results closely matched the experimental data, capturing real behavior.
Nardin et al. [34] simulated steel-concrete interface behavior with ANSYS and ABAQUS, focusing on 10 mm deformed
bars and 30 MPa concrete. Their numerical study utilized non-linear material behavior for concrete and reinforcing bars,
incorporating a model for their interaction. Results revealed that ABAQUS excelled in representing the ultimate load, while
ANSYS captured the general behavior of the pre-peak branch more effectively.

Numerous researchers have highlighted the complexity and challenges associated with numerically modeling the bond,
presenting a significant contact problem [34]. Ongoing debates within the literature surround the influence of bar diameter
on bond behavior in pull-out tests. This study aims to enhance numerical modeling techniques, striving for improved accuracy
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in FE models representing the concrete-reinforcement interface. The overarching goal is to unravel the intricacies of bond
behavior between concrete and steel reinforcement, identifying crucial parameters and establishing interface element
characteristics based on the Coulomb—Mohr criterion. As a result, the objective is to develop a comprehensive FE model
capable of effectively simulating pull-out tests for various types and diameters of reinforcing bars.

2. Methodology

In this study, a combination of numerical modeling and analytical calculations was employed to enhance the
understanding of bond behavior between reinforcement and concrete. The investigation covered diverse types of steel bars,
such as ribbed steel bars and seven-wire strands, with diameters ranging from 8 mm to 17.8 mm. The analysis incorporated
insights from a referenced experimental test [3] and a formula code [20]. ATENA [33], specifically designed for concrete,
facilitated easier use due to reliable default values. This was accomplished by developing FE models for the pull-out test,
which involves determining the interface parameters and proposing an empirical expression for the friction and cohesion
coefficients. The research was focused on examining the influence of bar diameter on bond strength, utilizing FE models
with different reinforcement diameters and conducting analytical calculations with multiple (fib MC2010 [12], Harajli et al.
[35], AS 3600 [36], Orangun et al. [9], and Darwin et al. [37]).

2.1. Model of Contact (Interface) Elements

The 3D isoparametric gap element approach, implemented in ATENA 3D (referred to as the CCIsoGap element [33]),
utilizes the Mohr-Coulomb friction law with an ellipsoidal tension cut-off. Figure 2 illustrates the general configuration of a
quadrilateral element. This formulation employs quadrilateral or triangular plane elements on each contact surface, connected
by unidirectional springs in all degrees of freedom. Interpolation techniques between the surface nodes' displacements
determine relative displacements, which are then linked to traction forces (F,. and F;) and the opening force (F,;) through
relevant constitutive relationships outlined in Equation 1. The matrix of coefficients includes K,,- and K, corresponding to
traction stiffness coefficients in the local directions r and s, respectively, while K represents the normal stiffness coefficient
in the local direction w. The relative displacements (A, A, and A,,)) denote displacements between nodal pairs according to
their respective directions. Contact elements within numerical models were employed to replicate the interplay between
normal and tangential stresses on the compression side. This interaction was characterized by the initial Mohr-Coulomb
surface, as expressed in Equation 2. For each stress component acting on the interface, trial stress was applied to the initial
surface of the sliding opening interaction. Upon surpassing the transverse strength of the interface, the interaction surface
transitioned to a residual failure surface, indicating dry friction. On the tension side, the strength curve conformed to an
ellipsoidal shape until reaching the maximum value of tensile strength. After this threshold, a complete loss of the normal
capacity of the interface ensued, resulting in the dislocation of the opposing surfaces. This methodology facilitated the
longitudinal translation of the bar, inducing radial deformation, which, in turn, generated confining stresses through the
interplay between shear and normal stresses at the bonded interface.

FE1 (K. O 07 7A,
Fl=]0 K, 0]. Asl (1)
F, 0 0 K,,lla,

T =c+ o.tan(u) (2)
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Figure 2: Interface CCIsoGap element [33].

2.2. Computational Modeling of Pull-out Test

The pull-out test was simulated using ATENA 3D software. The test was performed in accordance with the RILEM
recommendation for steel reinforcement [38,39], as shown in Figure 3. A cubic specimen measuring 15 cm was prepared,
wherein the reinforcement was embedded inside the cube. The embedment length was five times the diameter of the
reinforcement. The simulations focused on two types of reinforcement: ribbed steel bars and seven-wire strands. To
accomplish this, the parameters of the 3D interface material were determined based on a combination of previously reported
experimental results for the ribbed steel bar specimen and the formula provided by fib Bulletin 51 [20] for the seven-wire
strand specimen, represented by Equation 3.

Tmax,strand = f,c (3)

Load —/\ Supported surface

Unbonded length

Bonded length= 59

150 mm

Figure 3: Schematic of the pull-out test specimen.

The specimen with a ribbed steel bar, detailed in the previous reference [3], had LWC with an average compressive
strength of 41.65 MPa and an average tensile strength of 2.58 MPa. Additionally, the concrete exhibited an elastic modulus
0f20.211 GPa and a density of 1744 kg/m?>. The chosen ribbed steel bar was of B500B type, with an § mm diameter, a cross-
sectional area of 50.27 mm?, a yield strength of 500 MPa, and an elastic modulus of 210 GPa. For the specimen with the
seven-wire strand, a 12.7 mm diameter was selected, with a grade of 1860 MPa. The strand was an uncoated low-relaxation
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strand with a nominal cross-sectional area of 97.65 mm?, and its elastic modulus was 196.5 GPa. The software specified the
materials for both the concrete and reinforcement. The solid elements representing the reinforcement utilized the material
model with the code CC3DBiLinearSteelVonMises, incorporating the Von Mises Plasticity Model. As for the concrete cube,
the material model with the code CC3DNonLinCementitious2 was employed, as indicated in the ATENA Manual. [33]. To
determine the parameters of the 3D interface, a thorough investigation is required to select values that describe the mechanical
interaction between the bar and concrete. The stiffness coefficients (K;,,, and K;;) correspond to the stiffness in the normal
direction (K, ) and the transverse directions (K- and K;), as illustrated in Figure 4. Here, ( £) and ( G) represent the minimal
elastic modulus and shear modulus, respectively, of the surrounding material, and (9 is the width of the interface zone. The
outermost limit on the tension side of the failure surface curve is denoted by the tensile strength (f;), while the tangential
strength at the initiation of slipping motion is defined as cohesion (¢). The inclination of the failure surface upon surpassing
the cohesive strength of the interface is determined by the friction coefficient (¢t). To ensure positive definiteness even after
the interface stiffness was depleted, two additional stiffness values were determined: the minimum normal stiffness, Ky, min,
and the minimum tangential stiffness, K¢t pin, specified in the program input. The tension and cohesion softening behaviors
proposed by Bruehwiler and Wittman [40], are depicted in Figure 5.

- Define material for concrete
- Define material for reinforcement
- Define material for interface:
Ky = E; t=5mm Using failure Determining bond
! . criterion ofa strength for each p and
kee = {—'; G = '— modified coulomb compare it with values
¢ 2(1+v) material (for pure determined from Get pand ¢ values for
Knn tension) experiment for ribbed ribbed steel bar and
Knnmin = 70— ' bar and from fib seven-wire strand
1000 fle
e=—> Bulletin 51 for strand
P L 2+ 14 pu2) (u: Experimental value
tmin = 7000 between O to 1)
c=?
u=7
Figure 4: Stage of determining the parameters of the interface between the reinforcement and concrete.
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Figure 5: Tension and cohesion softening functions for the interface, with G, representing the fracture energy of concrete and f;
representing the concrete tensile strength.

To establish the material properties of the 3D interface, various considerations were taken, encompassing the properties
of both the concrete and the reinforcement, along with the frictional coefficients (1 and ¢) governing their interaction. Given
the presence of two unknown parameters (¢ and c¢), cohesion could be derived from the known concrete compressive strength
and the friction coefficient, and the latter was an experimental parameter ranging from O to 1 (refer to Figure 4). Subsequently,
the bond strength could be determined for each value of 4 Through a comparison of the obtained bond strength from the
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experimental test [3] and Bulletin 51 formula [20], the appropriate value of x could identified. Noteworthy is the variation
in interface characteristics under the same concrete properties, depending on whether a ribbed steel bar or a seven-wire strand
is used as reinforcement. This distinction results in different values of 1 and ¢ (where ccan be calculated based on x). Thus,
cis influenced by both the concrete compressive strength (f'.) and the friction coefficient (x), with f’. being associated with
the concrete properties and u being specific to the type of reinforcement utilized.

Utilizing symmetry, only one-quarter of the specimen section was considered, with enforced boundary lateral
restraints on the planes of symmetry. Additionally, vertical support was provided for the top surface of the concrete cube.
Various mesh sizes were assessed, including maximum dimensions of 5 mm, 4 mm, and 3 mm. The ATENA 3D software,
designed for brick-type meshing only for macro-elements with six boundary surfaces, led to the utilization of tetrahedral FE
meshing within the solid element of the steel bar due to its irregular shapes. Tetrahedral FE meshing was applied within the
adjacent concrete macro-element containing the bar, while the rest of the concrete body was divided into two macro-elements
with six surfaces, modeled using brick finite elements (refer to Figure 6). The concrete zone was assumed to be approximately
double the size of the bar. By using tetrahedral FE meshing within the bar and the adjacent concrete macro-element, the bar
shared joint locations with the concrete surface. The analysis employed the Standard Newton-Raphson iteration method with
displacement load, using an increment of 0.01 mm until specimen failure, with the load applied at the top surface of the
reinforcement.
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3. Results
3.1. Validation of FE Model

The analysis indicated a consistently small mean relative difference, below 1%, among 5 mm, 4 mm, and 3 mm mesh
sizes, suggesting that a 3 mm mesh size was adequate and suitable for the model. Hence, based on this observation and
following the approach of Tsiotsias et al. [29], a maximum mesh size of 3 mm was selected. The bond strength for each
value is illustrated in Figure 7 for both ribbed steel bar and seven-wire strand. The bond strengths from experimental data
[3] and the fib Bulletin 51 formula [20] are already established for both types of reinforcement. By determining the
appropriate u value for each type of reinforcement, namely ribbed steel bars and seven-wire strands, the corresponding ¢
value could be identified. The presented values for 4 and ¢ in concrete with a compressive strength of 41.65 MPa are (u
= 0.4, c=14.1 MPa) for the ribbed steel bar, and (¢ = 1, ¢ = 8.63 MPa) for the seven-wire strand. Consequently, all parameters
of the 3D interface between the reinforcement and concrete are now known.
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Figure 7: Bond strength obtained numerically for each xz and cvalues.

3.2. Influence of Steel Diameter on the Bond Strength

In order to examine the impact of reinforcement diameter on bond strength in LWC, the FE model was developed using
various reinforcement diameters. Ribbed steel bars with diameters of 8, 10, 12.7, 15.2, and 17.8 mm were employed. For the
seven-wire strand, diameters of 12.7, 15.2, and 17.8 mm were utilized. It is evident that the diameter of the reinforcement
had an influence on the bond strength, observing a decrease in bond strength as the reinforcement diameter increases (see
Figure 8 (a)) as observed by numerous researchers [8—10,36,37,41]. The bond strength (7,4 ), as demonstrated in Equation
4, is indirectly determined by dividing the developed force carried by the bar (F) by the lateral contact area of the embedment
length (I,). Figure 8 (b) reveals the impact of reinforcement diameter on the pull-out force, indicating that the force increases
with larger bar diameters. However, it is important to note that the increase in bar diameter results in a greater contact area,
surpassing the effect of force and leading to a reduction in bond strength. Furthermore, Figure 9 showcases the bond stress—
slip curve of the FE model, fib MC1990 [42], and fib MC2010 [12] for a seven-wire strand with a diameter of 15.2 mm.
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Figure 8: (a) Bond strengths, and (b) Maximum forces of each FE Model.
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Figure 9: Bond stress—slip relationship of the FE model, fib MC1990, and fib MC2010 for a seven-wire strand with @= 15.2 mm.

The numerical results of the bond strength for ribbed steel bars with varying diameters were juxtaposed with the
bond strength calculated using different formulae codes, as detailed in Table 1. The formulae, such as fib MC2010 [12]
and Harajli et al. [35], considered solely the concrete compressive strength as a significant parameter affecting the bond
strength between concrete and steel bars. On the other hand, AS 3600 [36], Orangun et al. [9], and Darwin et al. [37]
incorporated the effects of bar diameter, bar cover with the concrete surface, and concrete compressive strength in their
formulations. Figure 10 illustrates that the numerical results aligned well with the formulae codes of fib MC2010 [12]
and Harajli et al. [35]. Additionally, it was observed that the formulae codes of AS 3600 [33], Orangun et al. [9], and
Darwin et al. [37] tended to overestimate the influence of the steel bar diameter.

Table 1: Parametric analysis of maximum bond stress.

Source Equation (SI Units)
fib MC2010 [12] 2.5V f",
Harajli et al. [35] 2.57\f';
c
AS 3600 [36] 0.265 (d—c + 0.5) NI
b
18 ; 0.5
Orangun et al. [9] E +0.776 x f c
12.72
Darwin et al. [37] T + 1.2 % f’CO'S

- : f'c: Mean value of concrete compressive strength, d;,: Steel diameter, [,: Embedded length, c.: Bar cover thickness
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4. Conclusion

Numerical modeling is often preferred when conducting experiments becomes challenging, either due to impracticality,
high costs, or time constraints. The investigation aimed to numerically examine the impact of reinforcement diameter,
ranging from 8 to 17.8 mm, on bond behavior in the pull-out test. Models for the concrete and reinforcement bars utilized
3D elements, with the interface between the two materials simulated through 3D isoparametric gap elements featuring a
pressure-sensitive Mohr-Coulomb frictional interface. The determination of interface parameters involved referencing
standardized pull-out test results from previous reports and applying the formula presented in fib Bulletin 51 [20]. The
characteristics of the concrete, encompassing tensile strength, elastic modulus, shear modulus, and fracture energy, along
with the type of steel bar and its surface condition, served as the basis for determining the main parameters of the interface
model. The analysis yielded the following significant discoveries: There exists a divergence of opinions concerning the
impact of bar diameter on bond behavior in the pull-out test; however, the FE results indicate a slight reduction in bond
strength with an increase in bar diameter. Moreover, the influence on slip values is not notably pronounced for various
reinforcement diameters. In addition, the FE findings suggest that the bond strength between the ribbed steel bar and concrete
is roughly double that of the seven-wire strand when embedded in concrete. This contrasts with the information provided in
fib Bulletin 51 [20], where the bond strength between the seven-wire strand and concrete is reported to be less than 60% of
that of the ribbed steel bar.
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