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This paper presents a comprehensive critical analysis of existing approaches to modeling the bond between reinforcement
and concrete, which is a fundamental factor in ensuring the reliability and durability of reinforced concrete structures. The
relevance of this research is amplified in the context of the current challenges posed by the full-scale war in Ukraine, which
demands accurate prediction of the behavior of protective structures under dynamic, impact, and blast loadings.

The key research areas have been systematized and analyzed: experimental methods, analytical models, and numerical
simulations. The limitations of classical experimental methods, such as pull-out tests and beam-end tests, are reviewed, and the
advantages of modern monitoring technologies are highlighted. These include distributed fiber optic sensing (DFOS) for quasi-
continuous measurement of reinforcement strains and digital image correlation (DIC) for analyzing crack kinematics, both of
which provide detailed data on local bond behavior.

A critical review of analytical bond-slip models is conducted, ranging from semi-empirical relationships like the BPE model
to more theoretically grounded approaches based on the thick-walled cylinder theory and the fictitious crack model. It is
demonstrated that due to their dependence on specific experimental conditions and significant data scatter, these models often
lack universal applicability.

Particular attention is given to the classification and analysis of numerical models based on their level of detail.
Macroscopic models, from simplified (SDOF, perfect bond model) to advanced approaches (layered section model with
equivalent stiffness, models based on systems of differential equations), are evaluated in terms of computational efficiency and
accuracy in accounting for the slip effect. Mesoscopic approaches that model reinforcement and concrete as separate bodies are
discussed in detail, including models with spring and cohesive zone elements (CZM), frictional-cohesive zone models (FCZM),
contact algorithms (1D Slide Line), and lattice models. The advantages and disadvantages of each method, from physical
justification to computational complexity, are highlighted. Furthermore, the prospects of applying machine learning methods
(e.g., NARX, SSA-ELM) for the rapid and accurate prediction of failure modes and bond-slip relationships are considered.

The paper concludes that accounting for the bond-slip effect is critically important for the adequate modeling of the
behavior of reinforced concrete structures, especially after the reinforcement reaches its yield point. The choice of a model
should be based on a balance between the required accuracy and available resources. Finally, promising directions for future
research are formulated, aimed at creating universal and computationally efficient numerical models.

Keywords: reinforced concrete, bond-slip model, finite-element simulation, 3D cohesive zone model, Pull-out test, Beam-
end test, deep learning method.

Introduction. Reinforced concrete structures are currently among the most common building
structures, widely used in the construction of buildings and structures for various purposes, roads, and
bridges due to their high mechanical properties and durability [1-3]. The key prerequisite for their
reliable and effective operation is the joint work between concrete and reinforcement, which is ensured
by a bond at the interface between them [I1, 2, 4]. It is the bonding mechanism that allows two
dissimilar materials to work as a single monolithic body, which is fundamental to ensuring the
mechanical properties of reinforced concrete structures [2, 4-6].

The connection at the “reinforcement-concrete” interface ensures such important aspects of
structural behavior as crack formation and opening [7, 8], tension stiffening [9, 10], deformability, and
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load-bearing capacity [2, 11]. In the context of full-scale war in Ukraine, where there is a constant
threat of shelling, terrorist acts and sabotage, explosions and impact loads, the reliability of reinforced
concrete structures is critical for the preservation of human lives and infrastructure [12, 13]. Accurate
prediction of the behavior of civil defense structures and military facilities under explosive loads is
impossible without a deep understanding of the bonding mechanism, especially at high deformation
rates [12, 14, 53]. Disruption or degradation of bonding, manifested in the form of bond slip, can lead
to excessive crack opening, reduced stiffness, and load-bearing capacity, which jeopardizes the safety
and serviceability of the structure [1, 10, 15]. This mechanism becomes particularly critical under
dynamic and cyclic loads, as well as under the influence of aggressive environmental factors such as
corrosion, high temperatures, and freeze-thaw cycles [10, 16].

Despite decades of research, the development of a general universal theory of bond that would
meet the needs of design engineers remains an unresolved task [17]. This is due to the extreme
complexity of the mechanism, which depends on a large number of factors, including the properties of
concrete and reinforcement, the geometry of the specimens, the loading conditions, and the influence
of the external environment. Existing analytical and numerical models often have limited scope or are
too complex to be implemented in engineering practice [10]. In this regard, a critical analysis of
existing approaches to bonding modeling, their systematization, and the identification of gaps is a
relevant scientific task of considerable theoretical and engineering value.

Analysis of publications. The problem of modeling the bond between reinforcement and concrete
has been the subject of numerous studies, which can be classified into several main areas: experimental
studies, development of analytical models, and creation of numerical models.

Experimental studies are the basis for understanding the mechanisms of bond and verifying models
[9, 17]. The most common methods are pull-out tests and beam-end tests [5, 10]. Pull-out tests, due to
their simplicity and cost-effectiveness, are widely used to study local bond behavior [3]. However, this
method has disadvantages: the stress state of concrete (compression) does not correspond to the actual
operating conditions in bending elements (tension), which can lead to overestimated stiffness and bond
strength [3, 9]. For more realistic modeling of operating conditions, modified schemes have been
developed, such as beam-end tests, anchor beam tests, and butt-joint beam tests [1, 10, 19, 20]. Special
attention should be paid to studies of the behavior of a bond under dynamic loads, which show that
high loading rates can significantly increase the strength and stiffness of a bond [2, 5]. These data are
critical for adequate modeling of the response of structures to impact and explosive effects [12, 14]. To
obtain more detailed data on local bonding behavior, modern experimental campaigns increasingly use
advanced monitoring methods, such as distributed fiber optic sensors (DFOS) for quasi-continuous
measurement of deformations along reinforcement and digital image correlation (DIC) for analyzing
the kinematics of cracks on the concrete surface [19, 21]. Despite improvements, differences in testing
methods and conditions lead to a significant spread of experimental data, which complicates the
development of universal models [10, 17].

Analytical models are usually semi-theoretical and semi-empirical, since mathematical
dependencies are calibrated based on experimental data. Historically, the first models were obtained
through regression analysis of data [10, 22]. Among theoretical approaches, the thick-walled cylinder
model, which considers the concrete around the reinforcement as a cylinder under internal pressure, is
quite common [10, 16]. To account for concrete cracking, this model is often combined with the
fictitious crack model [16, 23, 24]. As a result, a large number of “stress-slip” dependencies have been
proposed, which are approximated by polynomial, power, exponential, logarithmic functions, or
piecewise models, such as the well-known BPE (Bertero-Popov-Eligehausen) model, which is
included in the CEB-FIP standards [3, 5]. However, due to their dependence on experimental
conditions, these models are not universally applicable [10].

Numerical models allow for detailed analysis of the complex phenomena accompanying bond
failure. Depending on the level of detail, they are divided into macro-, meso-, and microscopic models
[9, 14].

Macroscopic models consider reinforced concrete as a homogenized material [14]. In the simplest
case, the hypothesis of ideal bond is assumed, which ignores slippage and can lead to inaccurate
results, especially under dynamic loads [11, 12, 25]. More sophisticated macromodels, such as the
layered section approach, take into account the effect of slippage indirectly through a change in
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bending stiffness [12]. There are also models that explicitly introduce the dependence of adhesion into
the system of differential equilibrium equations [26].

Mesoscopic models simulate reinforcement and concrete as separate bodies, and their interaction is
described using special interface elements [9, 16, 28]. These can be bond-link elements or cohesive
zone models (CZM), which describe the formation and development of damage at the contact
boundary [12, 14]. Improved friction-cohesion models (FCZM) additionally take into account friction
on damaged areas. Contact algorithms available in commercial programs such as LS-DYNA are also
used [11, 14, 24].

Microscopic models treat concrete as a multiphase material, modeling the cement matrix and
aggregate separately. Such models allow the fundamental mechanisms of failure to be investigated, but
are extremely resource-intensive [29, 30].

In recent years, artificial intelligence and machine learning (ML) methods have been used to
predict bonding behavior, allowing for the creation of fast and accurate predictive models based on
large databases [14, 31].

Despite significant progress, existing studies have a number of limitations: the combined effect of
various factors has not been sufficiently studied, most of the proposed models are not universal, and
detailed numerical modeling remains computationally expensive [10]. This highlights the need for
systematic analysis and comparison of existing approaches.

Purpose of the paper. The purpose of this work is to critically analyze, systematize, and compare
existing analytical and numerical models describing the bond between reinforcement and concrete in
order to identify their advantages, disadvantages, areas of rational application, and promising
directions for further research.

Research results. As it is known, the bond between reinforcement and concrete is determined by
three main components [10] (Fig. 1):

- chemical adhesion (appears in the initial stages of loading, but quickly disappears when the
slightest displacement occurs due to slippage of the reinforcement);

- friction (occurs due to concrete shrinkage, which creates a tight surface around the reinforcement,
as well as due to micro-irregularities) [32];

- mechanical interlocking (the main mechanism for periodic profile reinforcement (with ribs),
which ensures the transfer of significant forces) [5].

== Forccs act on concrete

. 2 9-} Forces act on reinforcement

Fig. 1. Scheme of force factors, the combined action of which characterizes the phenomenon of reinforcement bonding with
concrete: 1 — forces of resistance to bending and shearing due to the presence of reinforcement protrusions; 2 — friction forces; 3
— forces of adhesive interaction

Numerous factors affect the strength of the bond, including: the type and strength of concrete, the
thickness of the protective cover, the diameter and geometry of the reinforcement ribs, the elasticity
modules of concrete and reinforcement, the presence of transverse reinforcement (clamps), the type of
stress-strain state, as well as the type and rate of loading [1, 13, 26].

Due to the large number of factors that influence the nature of the interaction between
reinforcement and concrete under load and stress, various scientists have developed a large number of
bond models of varying computational complexity. These models reflect the behavior of reinforcement
with concrete only under the conditions of specific experiments, which may differ significantly from
each other, both in methodology and in the results obtained, and, unfortunately, cannot be used as a
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generalized bonding model [17]. Mathematical models are usually combined with experimental data,
which are used to adjust the parameters in these models, resulting in the transformation of analytical
models into semi-theoretical and semi-empirical ones [10].

The most common experimental methods for studying bonding are Pull-out tests [1, 10, 34] and
Beam-end tests [14, 35] (Fig. 2). Over time, new schemes have emerged and been refined, such as
eccentric Pull-out, anchor beam tests, and beam tests with butt joints [9, 10]. Pull-out tests are one of
the simplest and most inexpensive methods for studying the local behavior of a bond [3].

(@) (b)

Fig. 2. Schemes of experimental studies of reinforcement bonding with concrete with compressive stress trajectories [6]:
(a) — RILEM [34] pull-out test method; (b) — ASTM [35] beam-end test method

According to the method of mathematical modeling of the bond between reinforcement and
concrete in reinforced concrete structures, bond models can be divided into analytical and numerical
models.

The most common method of modeling the bond between reinforcement and concrete, both in
analytical and numerical models, is the “laws” or relationships between the bond stress 7;,,, on the slip
of the reinforcement s along the contact are with concrete (bond-slip relationships). They are key in
modeling this process, as they describe the mechanism of force transfer at the contact area between
two materials [3]. These relationships are most often developed and calibrated based on the results of
pull-out tests [6].

When pulling a reinforcing bar out of a concrete block, a characteristic feature of the bond stress
diagram is that it varies along the length of contact between the reinforcement and the concrete
depending on the position of the cross-section in the experimental specimen (Fig. 3). This complicates
the modeling of the dependence of bond stresses on the mutual displacements of the reinforcement
relative to the concrete using a single continuous function.
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Fig. 3. Variation of bond stresses along the length when pulling a reinforcing bar out of concrete

Bond-slip relationships and analytical models. One of the most well-known relationships
between “bond stress” and “slip” is the BPE (Bertero-Popov-Eligekhausen) model (Fig. 4 (a)) and
its modifications in fib Model Code 2010 [3, 16].
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Fig. 4. Some of the most common dependencies between “bond stress” and “slip”:
(a) — BPE tpong — s model; (b) — Kholmiansky’s normal law and its elastic-plastic approximation [36]

The model is a piecewise-defined function that contains four sections and describes different stages
of bond behavior depending on the slip value (1). The ascending branch of this model is characterized
by a nonlinear increase in bond stresses to peak values 7,5, after which a plateau zone with a constant
stress value 7., occurs in the slip value range from s, to s,. After the horizontal section, the model
assumes a linear decrease in bond stress to residual stresses z;, which are taken to be 0.4 7,,,x. Residual
stresses remain constant at high slip values s > s3

T (5/51) 5 0555

T

max
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sy, Sz, 83 — characteristic slip values that define the limits of each stage. For conditions of good
adhesion and sufficient compression, s; = 1.0 mm, s, = 2.0 mm, and s; is equal to the distance between
the ribs of the reinforcement.

One of the modifications of model (1) is the relationship defined in [37], which takes into account
the nonlinear behavior of materials on the descending branch:

a
Tinax (s/smax) , S Smax >

o= . @)
Tmax (s/smax) s s>smax'

Equally well known are M.M. Kholmiansky’s “normal law” of reinforcement-concrete bonding (3)
and its elastic-plastic approximation [36]. (Fig. 4 (b))

T=B'ln(1+a-S)., 3)
I+o-S

The parameters B and a can be determined based on the results of experimental studies.

In models based on the thick-walled cylinder theory (Fig.5), the concrete surrounding the
reinforcement is modeled as a thick-walled cylinder subjected to internal pressure from the
reinforcement ribs [12, 16, 38]. The application of elasticity theory solutions for thick-walled cylinders
[23] allows for the analytical determination of stresses and deformations in concrete that lead to
splitting failure. To account for concrete cracking, a fictitious crack model is used, which takes into
account the softening of concrete after it reaches its tensile strength limit. Radial stresses o, at the
contact boundary are related to bond stress z through equilibrium conditions on the surface of the
reinforcement ribs, and slip s is related to radial deformations through the geometry of the ribs
(modeled as a truncated cone).

A distinctive feature of these models is that they require accurate determination of the mechanical
properties of concrete, in particular its behavior after cracking. The characteristic assumption of
uniform pressure and axisymmetry is a simplification of the real three-dimensional stress picture [1].
Analytical solutions for such models can be complex, so simplified formulas obtained by regression
analysis are often used [23].
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Fig. 5. Model based on the thick-walled cylinder theory [1]: (a) — Tepfers’ thick-walled cylinder bond model [38]; (b) — Radial
and tangential force distribution acting on a differential element inside the cylinder

Modified analytical models of “bond stress” — “slip” for various load conditions are also being
actively developed and used. For example, the Long et al. model [4] for static and dynamic loads,
which is essentially a simplified version of the
BPE model (Fig. 6) and is more convenient for
engineering calculations and takes into account
the influence of loading speed on bond stress —
Tu |—— Dynamic loading see formulas (4-6).

E Expression for the ascending branch:
A ay t=1,(S/5,)", 0<S<S,. (4)

T

The same, but for the descending branch:
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s >S5  where 7, and S, are the maximum shear stress
Fig. 6. The zhong— s model for different types ofloads by Longet  and corresponding displacement; a is a
al. [4] nonlinearity parameter that depends on the
loading rate v:
a=0.007xIn(v)+0.116 ; 6)

S — parameter describing the rate of decline (suggested value is -0.43); k. = 7, / 7, — relative residual
friction coefficient.

The Biscaia & Carmo model [39] is single-functional and offers a single continuous function (7) to
describe all three stages of the bond diagram (elastic work stage, softening stage, and residual friction
stage at the contact between reinforcement and concrete), which makes it convenient for use in
numerical models (Fig. 7)

D) ey et ™
Tb,max I+e @(s=s)

Parameters a, b, s, are calibrated according to experimental data and determine the shape of the
curve. The main parameters of the model are: maximum bond Stress j max, @ = Tpr /Tp max — the ratio of
residual stress to maximum stress.

The model by X. Lv et al. [40] based on micromechanics considers the contact zone as a parallel
system of microelements (spring, friction element, and switcher). In particular, elastic deformation,
adhesion failure, and crack formation are characterized by an elastic element, while friction and sliding
between reinforcement and concrete are represented by a friction element. In addition, to control the
operating sequence of the two elements based on a number of physical properties of the contact
surface, a switching element was used, which opened at the stage of elastic deformation and remained
closed after the destruction of the spring element. This approach allows for a physical justification of
macroscopic behavior (Fig. 8).
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Puc. 7. Bond-slip model by Biscaia & Carmo [39] with T,/ T5max = 0.1 and s, = 5 mm under influence of:
(a) — parameter a; and (b) —parameter b
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The key idea of the model is to take into account the stochastic nature of the destruction of friction
bonds at the micro level, with the assumption that the destruction threshold of spring elements is a
random variable that defines by the Weibull distribution.

L
Status1 |
Elastic deformation stage G |
Before debonding | | G4
|
|
4 s
|
The switch element |
s closed T |
l}é I
|
Status2 —> .
1elastic deformation stage |
After debonding
BG4| !
1
The fracture of] »
Spring element A %

Fig. 8. Scheme of two stages of microelements operation under load in the model X. Lv et al. [40]
Formula (8) for determining the average bond stresses of this model:
Sq
T, =(1_ﬁ).G.s0.e—(so /a)+ﬂ'Gje_(x /")dx=1'0, (8)
0

where G is the initial bond stiffness, £ is the friction coefficient, and parameters ¢ and m are
determined from the conditions of reaching peak strength 7, and zero slope of the curve at this point.

There are many other bond relationships between reinforcement and concrete that have been
proposed by various scientists, such as power, polynomial, exponential, fractional, and others [17].

Due to the complexity of the bond mechanism, differences in the properties of sample materials,
and experimental testing methods, there are significant discrepancies in the characteristics of the
proposed ‘bond-slip’ relationships [10, 16]. Thus, the work of Benin A.V. et al. presents a diagram
comparing various bond-slip relationships (Fig. 9), which demonstrates how different analytical
models (polynomial, power, logarithmic, spline functions, etc.) give significantly different curves even
when their parameters are selected to coincide at the maximum point. This visual comparison clearly
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primarily for conventional heavy concrete
and  reinforcement  with sufficient
Fig. 9 Diagram of comparative analysis of the different bond-slip compression in experimental samples, in

relationships: 1 — BPE relationship zpond — 5; 2 — modified BPE . . _ .
relationship [37]; 3 — normal law of Kholmiansky’s M. [40]; 4 — which failure occurs due to pull out failure

modification of the normal law by Shima H. [40]; 5 — [5]. For cases Of_ splitting failure Of concrete,
approximation of the bond relationship of Balazs G. [42] the model requires parameter adjustments,

especially for the descending branch, which
becomes nonlinear. The model does not always accurately reflect the behavior of modern ultra-high
performance concretes, such as UHPC, as it may underestimate the strength of the bond [32].

Models based on thick-walled cylinder theory provide a deeper physical understanding of the
mechanism of splitting failure, but require accurate input data and are often difficult to apply directly
in engineering calculations.

Modern single-function and micromechanical models offer a more accurate and physically
adequate description of behavior, which is promising for numerical modeling but requires careful
calibration of parameters based on experimental data.

Each model has its advantages and disadvantages, and the choice of a specific model depends on
the task at hand: whether it is a practical engineering calculation or a detailed scientific study of failure
mechanisms.

Numerical models. Finite element method (FEM) numerical modeling is a powerful tool for
analyzing the complex behavior of reinforced concrete (RC) structures, in particular the bond-slip
mechanism between reinforcement and concrete. With the development of computing technology and
software, a number of approaches have been developed that can be classified according to the level of
detail and the method of accounting for interaction at the contact boundary [4, 12]. According to
various sources, there are macroscopic, mesoscopic, and microscopic models, each of which has its
own scope of application, advantages, and disadvantages [9, 14].

Macroscopic models (Structural Element Scale). At the macro level, reinforced concrete
elements are modeled using one-dimensional (beam) or two-dimensional (shell) finite elements [9, 12,
43]. In such models, the interaction between reinforcement and concrete is usually taken into account
indirectly, through modified material properties or specialized element formulations.

Mooenw Perfect Bond model. This is the simplest approach, where the hypothesis of perfect
bonding is assumed, i.e., no slippage between the reinforcement and concrete [2, 11]. This assumption
greatly simplifies calculations, but can lead to an overestimation of the stiffness and load-bearing
capacity of the structure, especially under dynamic or cyclic loads, where the displacement of the
reinforcement relative to the concrete plays a significant role [12, 14].

Single degree of freedom (SDOF) model. This simplified model is popular in engineering practice
because it is easy to use, especially for dynamic load calculations such as explosions or impacts, but it
has limitations in accurately modeling the nonlinear behavior of reinforced concrete beams. It uses
many approximations and cannot accurately account for the nonlinearity that arises from concrete
cracking and reinforcement yielding. The model may be ineffective for beams with large deformations
caused by reinforcement yielding [12].

Slip of reinforcement relative concrete, s, mm
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Model based on a system of differential equations (improved macroscopic model). This approach
explicitly takes into account the “bond-slip” effect at the structural element level [44]. The interaction
between reinforcement and concrete is described by a system of equilibrium differential equations (9),
into which the adhesion relationship is directly introduced, in particular, the bilinear “stress-slip”
diagram [26]. The model considers a reinforced concrete element as a single rod and describes its
behavior through generalized parameters (force, displacement) (Fig. 10), which is characteristic of the
macroscopic level. Unlike classical beam models, this approach rejects the ideal coupling hypothesis
and allows for a more accurate simulation of the nonlinear nature of the connection crossing the crack,
while maintaining computational efficiency.
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Fig. 10. Calculation scheme of a model element for modeling the behavior of links crossing the crack [26]
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Fiber Model and Layered Section Approach. These approaches allow for the nonlinear behavior of
materials by dividing the cross-section of an element into separate “fibers” or layers [12]. Classic
implementations of these models are based on the hypothesis of ideal bond and cannot take into
account the effect of slippage and the associated rotation in fixed-end sections (fixed-end rotation).
However, there are also improved versions that attempt to implement this effect.

Improved model of a layered cross-section with equivalent stiffness. To account for the effect of
slippage, which is dominant after the yield of the reinforcement, some models propose to change the
bending stiffness (EI) of the elements within the length of the plastic hinge [12]. The equivalent
bending stiffness is calculated based on the condition of deformation compatibility, taking into account
the rotation in the support section caused by the slippage of the reinforcement. This approach allows
the bond-slip effect in beam elements to be taken into account without significantly complicating the
calculation scheme.

Mesoscopic models (Bar Scale). At this level, reinforcement and concrete are modeled as separate
bodies, and their interaction at the contact boundary is described using special interface elements or
contact algorithms [9, 11, 27, 29]. These models provide high accuracy but are more resource-consuming.

Models with interface elements (Bond-Link / Bond-Zone Elements).

Spring elements (Spring Elements). The interaction is modeled using a set of nonlinear springs
connecting the reinforcement and concrete nodes [4, 12, 14, 45]. The stiffness of these springs is
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determined based on an experimentally obtained “bond-slip” diagram. This method allows nonlinearity
and damage at the contact area to be explicitly taken into account [4] (Fig. 11).
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Fig. 11. Macroscopic MCE 3D model of a concrete block fragment with reinforcement working in pull-out and description of the
main parameters of the model [9]

Zero-thickness cohesive elements (Cohesive Zone Models, CZM). This approach uses special zero-
thickness elements placed at the “reinforcement-concrete” contact boundary [4, 12, 27]. The behavior
of these elements is described by the traction-separation law, which takes into account the appearance
and growth of damage [4]. Bilinear cohesive models are common due to their simplicity and fewer
parameters. Thus, the «bond-slip» curve obtained from the results of calculations using the modified
Tvergaard cohesion zone model [46, 47], accurately reproduces the initial stiffness and peak strength
of the bond and successfully models nonlinear softening (stress reduction after the peak) because it
takes into account damage at the contact boundary (Fig. 12 (a)). However, this model is not capable of
reproducing residual stress, as it does not take into account the friction effect that occurs after the
destruction of the adhesive bond.

) 2 5 ----Experimental[51]
a9 P
?j- 15 ----Experimental [51] 5 15
5= . —Numerical Coulomb eg . ——Numerical FCZM[27]
Sa 1 *ss—Numerical CZM [46,47] 82
a2 TSl S os
c 05 | \  TvSeeeeo___ 3 :
T N . e
(]
> 0 0

0 0.001 0.002 0.003 0 0.001 0.002 0.003

Free end displacement (m) Free end displacement (m)
(@) (b)

Fig. 12. “Mean bond stress”-“displacement” curves obtained using numerical models [27, 46, 47] and based on the results of
Anwar Hossai's experiment [51]: (a) — results of numerical modeling using the CZM model [46, 47]; (b) — results of numerical
modeling using the FCZM model [27]

Frictional Cohesive Zone Models (FCZM). This is an improved version of CZM, which combines
damage and friction in a single thermodynamically consistent basis [27]. The zone of interaction
between reinforcement and concrete is considered as a combination of an undamaged part (described
by the cohesive model [46]) and a damaged part (described by Coulomb's friction law) (Fig. 13).

Such models are universal and capable of reproducing the behavior of both smooth and ribbed
reinforcement [18, 27].
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Fig. 13. Fragment of the FEM model of the concrete part of the experimental specimen, showing the total length of the
reinforcement embedment, as well as the average size of the element sides, which models the contact between the reinforcement
and concrete and the external tetrahedral elements of concrete in the FCZM model [27]

Models based on contact algorithms.

One-dimensional slide line contact model (1D Slide Line Contact Model). This approach, available
in programs such as ANSYS LS-DYNA, simulates the sliding of reinforcement nodes along a line of
concrete nodes (Fig. 14). The interaction is implemented through imaginary springs. The model is
described by three parameters: the shear modulus of adhesion, the maximum elastic slip, and the
damage curve exponent coefficient. This method is effective for modeling dynamic problems such as
explosions or impacts [14].

Fictitious, Sti%/bar Slave nodes ]
2 = z ol

spring
aster node

Concrete [bricks e

Fig. 14. Sketch of an imaginary spring between the master and slave nodes in a one-dimensional sliding element model [14]

Ring element Rebar Concrete Damage Plasticity (CDP) model. This is a
common material model in ABAQUS that accounts for
concrete failure due to tension and compression [12, 29, 48].
Although the model itself does not describe adhesion (Fig.
15), it is often used in combination with cohesive or contact
elements for comprehensive analysis [29].

Discrete models

Lattice models. In these models, concrete, reinforcement,
and their interaction are modeled as a set of beam elements
(Fig. 16). The interaction between reinforcement and
concrete is modeled using special interface elements, whose
properties are determined based on analytical bond-slip
models and stochastic analysis of grid randomness [51].
0 These models accurately reproduce the cone-shaped stress
Fig. 15. Nature of sample destruction when transfer mechanism in concrete and can predict spalling

simulating a p“““’”t[;egs]t usinga CDPmodel - fai]yre without directly specifying its criteria [30].

Crack

Concrete

Damage
(Tension)
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Fig. 16. 2D image of a lattice grid in a lattice model for reinforced concrete [30]

Machine learning (ML) models. In recent years, machine learning methods such as neural
networks have been used to predict bond-slip behavior [4, 12].

Dynamic neural network NARX (Nonlinear Autoregressive with Exogenous Inputs). This
recurrent neural network can be trained on data obtained from MCE simulations or experiments to
quickly predict “bond-slip” relationships under both static and dynamic loads. The model uses
previous values of input and output sequences to predict the current output value.

Instead of conducting hundreds of expensive experiments, the authors first created and verified an
accurate FEM model based on cohesive elements [4]. Then, using this FEM model, they conducted
parametric studies by varying the diameter of the reinforcement, the anchorage length, and the loading
rate, and generated 42 data sets. The resulting data (bond-slip curves) are used as a training set for the
NARX network. The input data is time and slip magnitude, and the output is bond stress. After training,
the NARX model demonstrated extremely high accuracy. The Pearson correlation coefficient (R)
between the MCE and NARX predictions reached 0.97. This means that the neural network can replace
resource-intensive MCE modeling with virtually no loss of accuracy, but with a huge gain in speed.

SSA-ELM (Sparrow Search Algorithm - Extreme Learning Machine) model. In source [2], Al is
used to solve another important problem — predicting the mode of bond failure: pull-out or splitting.
This is a typical classification problem in machine learning [9]. The authors propose a model based on
Extreme Learning Machine (ELM), optimized using the Sparrow Search Algorithm (SSA). ELM is a
type of single-layer neural network that is characterized by a very high learning rate, since the weights
and thresholds of the hidden layer are generated randomly and do not require iterative tuning. The SSA
algorithm is used to optimize these random parameters in order to improve the accuracy and stability
of the ELM model [31].

A database of 399 pull-out test results was compiled from 15 published scientific papers. The
database included 16 geometric and material parameters of the samples, as well as the recorded failure
mode [4]. It was found that the ratio of the protective layer thickness to the reinforcement diameter
(c/d) is the most important factor affecting the failure mode. Concrete strength, anchorage length, and
the presence of transverse reinforcement were also found to be significant [31].

The SSA-ELM model was trained on the selected data. Its accuracy was compared with nine other
popular classification algorithms (logistic regression, k-nearest neighbors, decision tree, support vector
method, backpropagation neural network, etc.). As a result, the SSA-ELM model showed the best
results, achieving a prediction accuracy of 95.8% on the test data set [31]. This is significantly higher
than other ML algorithms considered and confirms that this approach can be a reliable tool for
engineers in assessing the safety and design of reinforced concrete structures [9].

Thus, it can be argued that the application of Al and ML in bonding modeling is a very promising
direction. It allows the creation of fast, accurate, and versatile predictive models that can complement
or even replace traditional approaches in certain tasks [4, 9]. The main advantages are the ability to
process large data sets to identify complex relationships and a significant reduction in computational
costs compared to MCE.

Microscopic models. Unlike macro- and mesoscopic models, where concrete is considered a
homogeneous material, microscopic models are the most detailed and physically sound, as they model
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concrete as a multiphase material [27]. This approach aims to investigate the fundamental mechanisms
of failure that occur at the level of individual concrete components and at their contact boundaries.

A key feature of microscopic models is that they explicitly model individual phases of concrete,
such as the cement matrix and coarse aggregate. This allows us to study how microcracks form and
propagate in the transition zone between the aggregate and the matrix, which is one of the weakest
links in the concrete structure [49].

At this level of detail, it becomes possible to directly study the three main components that form
bond: chemical adhesion, friction, and mechanical interlocking [5].

Due to the extremely high computational costs and complexity of determining material parameters
at this level, microscopic models are not used to analyze full-scale structures [11]. Their main area of
application is fundamental scientific research aimed at a deeper understanding of the physics of failure
at the “reinforcement-concrete” interface [27, 49], studying the effect of concrete structure
heterogeneity on bond characteristics [50], and justifying and calibrating parameters for less detailed
but more practical mesoscopic models.

In this analytical review and analysis of numerical models, the main focus was on research devoted to
the development of practically applicable mesoscopic and macroscopic models for the analysis of
elements and structures as a whole. Mesoscopic models that simulate the geometry of reinforcement ribs
but consider concrete as a homogeneous material already provide a sufficient level of accuracy for many

engineering and scientific tasks and are a compromise between accuracy and computational costs.
The results of a comparative analysis of the numerical models considered are presented in Table 1.

Table 1
Comparative analysis of the numerical models reviewed
o Scope of .
Model type Description o . Advantages Disadvantages
application
1 2 3 4 5
Macroscopic models
hypothesis of complete preliminary calculations, does not accurately account
Perfect yp ot comp analysis of structures simplicity, low for stiffness and deformation,
. compatibility of . . .
bonding deformations where bond-slip is not computational costs. may overestimate load-
dominant bearing capacity
practical engineering
SDOF a simplified model with one | calculations, preliminary casy o use cannot accurately simulate

degree of freedom

assessment of dynamic
reactions

nonlinear behavior

Model based . . reinforced concrete approach than other
of four differential o boundary value problem,
on a system of ey - elements, where it is macro models. It S
. . equilibrium equations, . which is more complex than
differential . . necessary to accurately | explicitly accounts for
. where the coupling law is . . standard beam models;
equations C account for the nonlinear coupling at the
. explicitly introduced. S - . accuracy depends on the
(improved redistribution of forces equation level while

macro model)

takes into account the bond-
slip effect through a system

Operates with generalized
parameters at the element
level

nonlinear analysis of

and deformations due to
reinforcement slippage

a more fundamental

maintaining
computational efficiency

requires solving a nonlinear

adequacy of the adopted
coupling law

Layered cross-
section with

takes into account bond slip
due to changes in bending

analysis of beams under
explosive and impact

allows the bond-slip
effect to be implemented
in beam models,

it is an approximate method,
the accuracy of which
depends on the correct

equivalent stiffness EI in the plastic | loads, where rotation in improving accuracy |determination of the length of]
stiffness hinge zone supports is important compared to classical the plastic hinge and the
models equivalent stiffness
Mesoscopic models
. nonlinear springs between detal} ed no nl.m.e ar allows you to explicitly the complexity of
Spring . analysis of individual . ” .7 .. . .
reinforcement and concrete . specify any “bond-slip” | determining spring stiffness
elements elements, especially

nodes

under cyclic loads

relationship

can be computationally costly
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1 2 3 4 5

physically based, taking

analysis of initiation and | into account the energy of

Cohesion sensitive to cohesion law

zero-thickness elements | propagation of damage at the destruction;
models . . parameters (strength, fracture
with the law of contact boundary; FCZM are universal for . .
(CZM, . . L S . energy, stiffness); require
destruction investigation of delamination different types of Lo
FCZM) . . careful calibration
failure reinforcement and modes of]
destruction
dynamic analysis (impact, . . it is difficult to determine the
. - N effective for modeling
1D Slide specialized contact explosion) in programs that reinforcement slinpin parameters of the model; the
Line algorithm for sliding. | support this type of contact pping parameters vary significantly

along concrete

(e.g., LS-DYNA) depending on the conditions

they take into account the
research into the mechanisms stochasticity and require a special approach to
of destruction and the impact heterogeneity of the calibrate the properties of
of concrete heterogeneity material and model interface elements
cracking well

discretization of
Lattice |concrete, reinforcement,
models and interface with beam
elements

Machine learning models

requires large amounts of data
for training, is a “black box,”
does not reveal physical
mechanisms

rapid bond-slip prediction for | high prediction speed after
NARX  [recurrent neural network parametric studies and training, high accuracy (up
engineering calculations t0 97%)

Conclusions. Based on the results of theoretical analysis of existing studies of analytical and
numerical models of reinforcement-concrete bond, as well as the results of certain experimental
studies, the following conclusions can be drawn:

1. Most analytical models of “bond-slip” are semi-empirical, as they are based on regression
analysis of data obtained from experiments, mainly from pull-out tests and beam-end tests.

2. There is considerable variability between the developed analytical “bond-slip” models and the
values of their parameters. This is due to differences in experimental techniques, specimen geometry,
material properties (concrete and reinforcement), and loading conditions.

3. Due to this dependence on experimental conditions, many existing models are not universal and
may be unsuitable for conditions different from those for which they were developed. This highlights
the importance of selecting an appropriate model for a specific case or conducting additional research
to calibrate it.

In this regard, experimental studies of the bond between reinforcement and concrete using modern
measurement and monitoring technologies, such as distributed fiber optic sensors (DFOS) and digital
image correlation (DIC), are becoming particularly relevant. This will allow simultaneous
investigation of internal reinforcement deformations, crack formation on the concrete surface, and
local distribution of bond stresses, which will contribute to the development of more accurate and
universal mechanical models.

4. Macroscopic numerical models are computationally efficient but have limitations in accuracy. In
particular, classical beam models based on the ideal bond hypothesis cannot account for the effect of
reinforcement slippage. However, advanced macroscopic approaches that indirectly implement this
effect by modifying the bending stiffness in the plastic hinge zone allow for more accurate
calculations, particularly dynamic ones. Mesoscopic models provide a higher level of detail by
modeling reinforcement and concrete as separate bodies and their interaction using special contact
elements. These methods allow for in-depth analysis of local phenomena but require significant
computational resources.

5. Taking into account the bond-slip effect is critical for accurately assessing the response of
reinforced concrete elements, especially under dynamic and impact loads. Sources show that ignoring
slip leads to inaccurate results while including it significantly improves the correspondence of
numerical results to experimental data. This becomes significant after reaching the yield strength of the
reinforcement, when slip becomes the dominant factor in deformations.

Thus, a promising direction for further research is the improvement of existing numerical models of
reinforcement-concrete bond, namely the development of effective numerical algorithms that
accurately account for the effect of slip without significant computational costs. It is also relevant to
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create unified mesomechanical models that would combine friction, damage, and adhesion in a single
consistent thermodynamic basis (for example, a model of a cohesive zone with friction).

6. A promising direction is the application of machine learning (ML) methods, in particular
dynamic neural networks (e.g., NARX). Such models, trained on large databases obtained from
experiments and detailed MCE simulations, can quickly and accurately (over 97%) predict “bond-slip”
curves. This avoids the significant computational and labor costs associated with detailed mesoscopic
modeling and provides engineers with an effective and accurate tool for parametric studies.
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Arosenko I.A., Imumpenxo €.A., [louka K.I., baxaii T.B., [enucenxo J.0.
KPUTAYHUAN AHAJII3 AHAJIITUYHUX TA YUCEJbHUX MOJEJEN 3YENIJIEHHS APMATYPH 3 BETOHOM

VY crarTi mpeacTaBICHO KOMIUIGKCHMH KPUTHYHHH aHali3 iCHYIHOUMX MIJXOAIB JIO MOJENIOBAHHS 34YCIICHHS apMaTypu 3
0eToHOM, 10 € (yHJaMEHTAILHUM (DaKTOpOM Julsi 3a0e3NedeHHs HaJIHHOCTI Ta JIOBrOBIYHOCTI 3aii300€TOHHMX KOHCTPYKIIiH.
AKTYaJIbHICTb JOCIIUKEHHS TIOCHIIIOEThCS B KOHTEKCTI Cy4aCHUX BHMKJIMKIB, MOB'I3aHUX i3 HOBHOMACIUTAOHOIO BiliHOIO B YKpaiHi,
1110 BUMAarae TOYHOr'O IPOrHO3yBaHHs MOBEAIHKU 3aXUCHUX CHOPYJ MiJl Ti€l0 JMHAMIYHUX, YAAPHUX Ta BAOYXOBHX HABAHTA)KCHb.

CucreMaTH30BaHO Ta MPOAHAII30BaHO KJIOUOBI HANPAMKHU JIOCIIIKEHb: €KCIIEPUMEHTAIbHI METOAM, aHAIITUYHI MOJENi Ta
yucenabHl cuUMysnii. Po3riisiHyTo OOMEXKEeHHS KIACHYHMX eKCIHEPUMEHTAJbHMX METONIB, TAaKuX SK BUNPOOYBaHHS Ha
BUCMMKYBaHHs (pull-out test) Ta Oamouni BunpoOyBaHHs (beam-end test), i BHCBITJICHO IepeBard Cy4acHHX TEXHOJIOIiH
MOHITOPUHTI'Y, 30KpeMa pPO3IMOAIIEHUX BOJOKOHHO-onTH4YHUX JMatuukiB (DFOS) ta mudposoi xopemsuii 300paxens (DIC), sxi
JI03BOJIAIOTh OTPUMATH JIETAJIi30BaHi JIaHi PO JIOKAJIBHY ITOBEAIHKY 34EIICHHS.

IIpoBeneHO KPUTHYHMH OIJISJ AHAITUYHUX MOAENEH "HamNpyKeHHS 3YEIUICHHS-TPOKOB3YBaHHs", BiJ| HaliBEMIIpHYHHX
3ajeKHOCTel, K-0T Mojiens BPE, 10 Oinbill TEOPETHYHO OOIPYHTOBAHUX MiAXOJIB HA OCHOBI TEOPii TOBCTOCTIHHOIO LMJIH/Apa Ta
Mozeni (iKTUBHUX TpimmH. [TpoaeMOHCTPOBaHO, 110 Yepe3 3aleKHICTh BiJl yMOB €KCIIEPUMEHTY Ta 3HAYHHN PO3KMA JAHUX L
MOJIEJIi 4aCTO HE € YHIBepCaIbHUMH.

OcoOuiBy yBary npuaiieHo knacudikanii Ta aHali3y YiceIbHUX MOZIENeH 3a piBHEM AeTanizaiil. MakpocKoniyHi Mojeni, Bif
crnpouieHux (SDOF, monensb ifeanbHOro 34eruieHHs) A0 BIOCKOHAJIEHMX (MOJEib 0araToliapoBOro nepepizy 3 €KBiBaJEHTHOO
JKOPCTKICTIO, MOJIeNIi Ha OCHOBI cHCTEM JAM(epeHIialIbHUX PIBHAHB), OLIHEHO 3 TOYKH 30py OOYMCIIOBAIbHOI €()EeKTHBHOCTI Ta
TOYHOCTI BpaxyBaHHs €(eKTy MPOKOB3yBaHHS. [leTaabHO PO3IIIAHYTO ME30CKOIIUHI MiIX0/H, SIKI MOJIEIOI0Th apMaTypy Ta OETOH
SIK OKpeMi Tija, BKJIFOYAl04M MOJIEN 3 MPY>KMHHUMU Ta Koresiitnumu enementamu (CZM), dpukuiitno-koresiiini mozpeini (FCZM),
koHTakTHI aimroputMu (1D Slide Line) ta pemityacri (Lattice) mozerni. BucBiTieHo nepeBaru Ta HEOMIKM KOXKHOIO MiJX0Ay, Bij
(hiznuHOl OOrPYHTOBAHOCTI /10 OOUMCIIIOBAIBHOT CKIIaHOCTI. TakoX PO3IIITHYTO HNEPCIEKTUBY 3aCTOCYBAHHS METO/IiB MALIMHHOIO
HapyaHHA (Hamp., NARX, SSA-ELM) i IIBMJIKOrO Ta TOYHOIO IPOTHO3YBAHHS PEXUMIB PYyHHYBaHHA Ta 3aJIeKHOCTEH
"'34eIUIeHHA-POKOB3YBaHH".

V cratTi 3p06i1eHO BHCHOBOK IPO KPHTHYHY Ba)KJIMBICTh BPaxyBaHHs e(peKTy IPOKOB3YBAHHS JUIS aIcKBATHOIO MOJICITIOBAHHS
MOBEJIIHKH 3aJ1i300€TOHHUX KOHCTPYKIiH, OCOOJIMBO MICIsl IOCSATHEHHS MEXI IUIMHHOCTI apMaTypu. BusHaueHo, mo Bubip mozeni
Mae I'PyHTYBaTHCS Ha OanaHCi MK HEOOXiZHOK TOYHICTIO Ta HAasBHUMH pecypcamu, i COpMyJIbOBaHO HEPCIEKTUBHI HANPIMKH
MOAAJIBIIMX JIOCIIJDKEHb, CIPSIMOBAHI Ha CTBOPEHHSI YHIBEPCAIILHUX Ta 00YMCIIOBAIBHO €()EKTUBHUX MOJIEIICH.

KurouoBi ciioBa: 3a1i300€TOH, MOJCIb 3YCIICHHSA-KOB3aHHS, MOJICIIOBAHHS METOJIOM CKIHUECHHHMX elieMeHTiB, 3D-momenb
KOre3UBHOI 30HM, BUIIPOOYBaHHS Ha BUCMHKYBaHHSI, 0aJIKOBO-KIHIEBE BUIIPOOYBAHHS, METO1 TJIMOOKOr0 HaBUaHHS.

Yakovenko 1.A., Dmytrenko Ye.A., Pochka K.I., Bakay T.V., Denysenko D.O.
CRITICAL ANALYSIS OF ANALYTICAL AND NUMERICAL MODELS OF BOND BETWEEN REINFORCEMENT
AND CONCRETE

This paper presents a comprehensive critical analysis of existing approaches to modeling the bond between reinforcement and
concrete, which is a fundamental factor in ensuring the reliability and durability of reinforced concrete structures. The relevance of
this research is amplified in the context of the current challenges posed by the full-scale war in Ukraine, which demands accurate
prediction of the behavior of protective structures under dynamic, impact, and blast loadings.

The key research areas have been systematized and analyzed: experimental methods, analytical models, and numerical
simulations. The limitations of classical experimental methods, such as pull-out tests and beam-end tests, are reviewed, and the
advantages of modern monitoring technologies are highlighted. These include distributed fiber optic sensing (DFOS) for quasi-
continuous measurement of reinforcement strains and digital image correlation (DIC) for analyzing crack kinematics, both of which
provide detailed data on local bond behavior.

A critical review of analytical bond-slip models is conducted, ranging from semi-empirical relationships like the BPE model to
more theoretically grounded approaches based on the thick-walled cylinder theory and the fictitious crack model. It is demonstrated
that due to their dependence on specific experimental conditions and significant data scatter, these models often lack universal
applicability.

Particular attention is given to the classification and analysis of numerical models based on their level of detail. Macroscopic
models, from simplified (SDOF, perfect bond model) to advanced approaches (layered section model with equivalent stiffness,
models based on systems of differential equations), are evaluated in terms of computational efficiency and accuracy in accounting
for the slip effect. Mesoscopic approaches that model reinforcement and concrete as separate bodies are discussed in detail, including
models with spring and cohesive zone elements (CZM), frictional-cohesive zone models (FCZM), contact algorithms (1D Slide
Line), and lattice models. The advantages and disadvantages of each method, from physical justification to computational
complexity, are highlighted. Furthermore, the prospects of applying machine learning methods (e.g., NARX, SSA-ELM) for the
rapid and accurate prediction of failure modes and bond-slip relationships are considered.

The paper concludes that accounting for the bond-slip effect is critically important for the adequate modeling of the behavior of
reinforced concrete structures, especially after the reinforcement reaches its yield point. The choice of a model should be based on a
balance between the required accuracy and available resources. Finally, promising directions for future research are formulated,
aimed at creating universal and computationally efficient numerical models.

Keywords: reinforced concrete, bond-slip model, finite-element simulation, 3D cohesive zone model, Pull-out test, Beam-end
test, deep learning method.
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TIpeocmasneno KoMnIeKCHUL KPUMUYHULL AHATI3 ICHYIOUUX AHATIMUYHUX A YUCETbHUX MOOeell 34enIeHHs apMamypu 3 6emoHoM,
AKMyaneHicmy K020 NIOKpecieHa Nompedor NpoEKmy6aHHs HAOIIHUX 3AXUCHUX CHOPYO 6 YM08ax 6iinu 6 YKpaii.
Cucmemamu306aHo nioxXoou 00 MOOen06aHHsA 3a pieHAMU Oemanizayii — 6i0 MaKpockoniuHux modenei (i0eanbHe 3yenieHHs,
SDOF, 6azamowaposuil nepepis) 0o mesockoniunux (CZM, FCZM, Lattice models) ma MiKpocKOniuHux, a makoxc po3isHymo
cyuachi memoou Ha ochogi mawunnozo nasdanns (NARX, SSA-ELM). Ha ocnosi ananizy nepesaz ma HeoOKi8 KOXCHO2O0 Menmooy
3pOONEHO  BUCHOBOK NPO  KPUMUYHY —6ANCTUBICHIb BPAXY6AHHA eheKmy NpPOKO63Y6aHHA O MOYHOI OYIHKU NOGeOiHKU
3a1i3006€MOHHUX KOHCMPYKYIL MA BUSHAYEHO NEePCNEKMUBHT HANPAMU OOCTIONHCEHD.
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The comprehensive critical analysis of existing analytical and numerical models for rebar-concrete bond, the relevance of which is
heightened by the need to design reliable protective structures under the conditions of war in Ukraine were presented. Modeling
approaches are systematized by levels of detail — from macroscopic models (perfect bond, SDOF, layered section) to mesoscopic
(CZM, FCZM, Lattice models) and microscopic, as well as modern machine learning methods (NARX, SSA-ELM). Based on an
analysis of the advantages and disadvantages of each method, it is concluded that considering the bond-slip effect is critical for
accurately assessing the behavior of reinforced concrete structures, and promising directions for future research are identified
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