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Abstract

This study addresses the critical need for an improved understanding of steel-concrete bond behavior under compressive
stress, a condition prevalent in structural joints but under-represented by standard pull-out tests. The primary objective is
to investigate the failure mechanisms of reinforced concrete specimens under quasi-static shear loading through a dual
experimental and numerical approach. Experimentally, three reinforced concrete specimens were tested to provide a robust
basis for numerical calibration. Subsequently, an extensive nonlinear 2D finite element analysis (FEA) using the Concrete
Damaged Plasticity (CDP) framework was conducted to systematically evaluate the sensitivity of bond behavior to
parameters such as concrete strength, dilation, and embedment length. The calibrated model demonstrates high reliability
in predicting push-in responses. Findings reveal a critical transition in failure mechanisms, from ductile interfacial slip in
shorter embedment lengths to brittle splitting failure in longer ones. Furthermore, while increased concrete strength and
dilation angles enhance ultimate load capacity, shorter embedment lengths ensure more uniform stress distribution and
superior bond efficiency. The novelty of this research lies in demonstrating that push-in testing offers a more representative
evaluation of steel-concrete interaction than traditional methods, providing essential insights for the safer design of
complex structural connections and high-density reinforcement zones.
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1. Introduction

Reinforced concrete (RC) remains the cornerstone of modern infrastructure, relying on the synergistic
interaction between concrete’s compressive strength and the tensile capacity of steel reinforcement. The structural
integrity of these composites depends fundamentally on the bond behavior, which facilitates efficient stress transfer
and ensures the monolithic performance of structural elements [1]. While this interaction is vital for serviceability,
it becomes particularly critical under extreme loading, where the bond-slip mechanism dictates the overall ductility
and energy dissipation of the system [2, 3]. However, the long-term durability of these structures is often
compromised by the development of micro-cracks, which serve as pathways for aggressive substances that can
accelerate reinforcement corrosion [4].
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Consequently, bond failure remains a primary concern, as it can significantly reduce load-bearing capacity and
shorten the overall lifespan of RC infrastructure. The mechanical behavior of the bond is governed by complex
parameters such as concrete strength, cover thickness, and reinforcement geometry [5]. Historically, research has utilized
pull-out tests to quantify bond strength [6, 7]. While these are prevalent for evaluating interface behavior [8-10], they
primarily isolate the bond under tensile forces, which may not fully represent the multiaxial stress states encountered in
real-world applications [11-13].

In addition to traditional bond mechanics, recent advancements have focused on optimizing interface performance
through innovative material compositions. Studies have emphasized the role of refined Interfacial Transition Zones
(ITZ) in high-performance composites, demonstrating that bond degradation is significantly influenced by micro-
structural density and local confinement [14, 15]. Furthermore, contemporary numerical approaches have moved beyond
simplified bond-slip laws toward robust, damage-based frameworks. Recent studies have employed multi-scale Finite
Element Analysis (FEA) to simulate steel-concrete interface degradation under coupled thermo-mechanical loading
conditions [16, 17]. Recent advancements have expanded mesoscale and multi-scale numerical approaches for concrete
damage assessment, including CT-informed modeling techniques and detailed descriptions of ITZ damage evolution
[18, 19]. Such high-fidelity approaches provide greater accuracy in predicting the failure mechanisms and the onset of
brittle splitting compared to traditional methodologies.

Although pull-out testing remains the most widely adopted method for bond characterization, relatively limited
research has investigated push-in testing under compressive stress states. In particular, the combined effects of
embedment length and concrete strength on the transition between interfacial slip and splitting failure have not been
comprehensively examined. Unlike traditional pull-out tests, which focus on tensile bond behavior, the push-in test
generates compressive stresses at the steel—concrete interface. This configuration provides a more representative
evaluation of the multiaxial stress conditions encountered in critical structural regions, such as the anchorage zones of
post-tensioned concrete elements, where high-intensity forces are transferred via a compressive path, and seismic-
resistant beam-column joints, where internal force flow creates regions of high localized compression [20, 21]. These
tests are also essential for characterizing the bond behavior of confined structural joints where compressive stress states
dominate [14, 22, 23].

Beyond conventional reinforced concrete, accurate bond characterization is critical for emerging repair and
sustainable materials. In these applications, the altered microstructure of the Interfacial Transition Zone directly dictates
the load-transfer efficiency, making the investigation of bond-slip mechanisms (specifically under the compressive states
of push-in testing) a prerequisite for assessing their long-term structural reliability [24, 25]. Furthermore, bond behavior
has been shown to be sensitive to material composition and environmental exposure, including elevated temperatures
and freeze—thaw cycles [26-28].

To capture these complex variables—ranging from material composition to environmental-induced degradation—
numerical modeling has become indispensable. Finite Element Analysis (FEA) has provided profound insights into bond
mechanics through the application of plasticity and damage theories [29-31]. While early research focused on classical
damage mechanics [32-34], contemporary models for concrete failure have evolved toward sophisticated damage-
plasticity frameworks [35]. Traditional approaches have effectively simulated bond-slip under tensile loading [36, 37]
and explored advanced techniques like cohesive zone modeling [38, 39]. However, this study employs the Concrete
Damaged Plasticity (CDP) model, which is uniquely suited for capturing the coupled effects of mechanical damage and
the resulting degradation of the steel-concrete interface [40]. Accurate representation of interface degradation is essential
for predicting stress redistribution, bond deterioration, and the associated transfer properties that influence long-term
durability [41-43]. This is essential for predicting whether an interface will maintain structural integrity or undergo
brittle splitting failure [44]. The CDP framework is particularly advantageous because it can simultaneously represent
concrete cracking, crushing, stiffness degradation, and irreversible plastic deformation. Current numerical applications
have expanded to include complex joints, such as wall-beam-slab connections under cyclic loading [45].

This study addresses the identified gap by combining experimental push-in testing with nonlinear FEA using the
CDP model within ABAQUS [46-48]. The proposed framework evaluates steel-concrete bond behavior under
compressive loading while accounting for key parameters such as embedment length, dilation angle, and material
nonlinearity [49-51]. Particular attention is given to the transition between ductile interfacial slip and brittle splitting
failure, a mechanism that remains insufficiently explored in existing literature, to provide a comprehensive validation
against experimental results [52].

The main contributions of this study can be summarized as follows: (i) application of push-in testing as a reliable
method to characterize steel—concrete bond behavior under compressive stress states; (ii) identification of a critical
embedment length governing the transition between ductile slip and brittle splitting failure modes; (iii) development
and calibration of a nonlinear Finite Element model based on the Concrete Damaged Plasticity (CDP) framework
validated against experimental results; and (iv) detailed analysis of stress redistribution mechanisms, including
radial and axial stresses, controlling bond degradation. These contributions provide novel insights into bond
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mechanics under compressive loading conditions and address key limitations of existing pull-out-based studies,
thereby advancing both numerical modeling approaches and practical design considerations for reinforced concrete
structures. The findings of this study have direct implications for the design of anchorage systems, beam-column
joints, and confined concrete elements, particularly in seismic regions where bond performance and ductility are
critical for structural safety.

2. Experimental Program
2.1. Test Specimen Configuration

The experimental study conducted by El Dandachy [43] and subsequently detailed by El Dandachy et al. [40] and
Hachem et al. [53], investigated the impact of shear loading on gas conductivity at the rebar-concrete interface. To
evaluate these properties, a push-in test setup was utilized (Figure 1). The methodology involved securing the bottom
face of a concrete specimen against a rigid support while applying a longitudinal compressive force to the steel rebar,
driving it toward the fixed base. This specific configuration was engineered to induce a controlled shear failure at the
interface between the steel and the concrete, allowing for precise measurement of gas permeability under mechanical
stress.
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Figure 1. Concept of push-in test [40, 43]

2.2. Material Properties and Specimen Preparation

The reinforced concrete (RC) specimens were cast using a standard mix designed to achieve specific mechanical
properties at 28 days. These properties include a compressive strength of 28 MPa, a tensile strength of 2.4 MPa, and a
Young’s modulus of 29 GPa. The Poisson’s ratio for the mix was maintained at 0.2. The detailed concrete mix
proportions are summarized in Table 1 below.

Table 1. Concrete Mix Proportions

Components Quantity (kg/m?)
Ordinary Portland cement 300
Water 165
Sand 0/4 crushed limestone sand 750
Gravel crushed limestone 6/10 550
Gravel crushed limestone 16/20 550

For the push-in tests, three cylindrical RC samples were prepared, each with dimensions of 160 mm in diameter
and 320 mm in height (Figure 2). To ensure the results are representative of industrial applications, specifically pre-
stressed concrete containment structures, a 16 mm diameter ribbed steel rebar was selected as the reinforcement.
To guarantee a shear failure mode at the steel-concrete interface—rather than a global concrete failure—the
effective bond length was limited to L = 70 mm (as illustrated in Figure 3). This reduced interface length aligns
with the experimental protocols established in previous literature [35], focusing the mechanical stress specifically
on the bond zone.
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Figure 2. Three specimens G1, G2, G3

7 cm Interface
Foam Layer +“—> Tape Layer

Figure 3. Preparation of the steel rebar using foam sleeves and adhesive tape to define a 7 cm active interface length

2.3. Loading Protocol and Instrumentation

To simulate the mechanical stress at the interface, compressive loading was applied to the steel rebar using a 1 MN
hydraulic jack (SCHENK). This high-capacity system enabled the application of both static and cyclic loading regimes
with precision.

The test was conducted under displacement control at a constant loading rate of 0.002 mm/s. This slow rate was
selected to ensure the stable progression of shear cracks and to allow for continuous monitoring of gas permeability
during the loading process. Each push-in test was maintained until complete debonding occurred at the steel-concrete
interface, defined as the point where the residual bond strength reached zero.

2.4. Mechanical Behavior

The mechanical response of the specimens during the push-in tests provides critical insight into the progressive bond
degradation process. Figure 4 displays an X-ray tomography scan of a specimen captured immediately following the
peak shear force, revealing a dense concentration of micro-cracks localized around the reinforcement. This internal
imaging confirms that the primary failure mechanism is governed by the shearing of the steel-concrete interface rather
than a global structural failure. As illustrated by the load-displacement curves in Figure 5, the interface demonstrates a
distinct mechanical progression across samples G1, G2, and G3. An initial elastic phase is characterized by a linear
increase in force with minimal displacement, followed by a non-linear transition as the load approaches peak levels—
typically between 55 kN and 62 kN. This reduction in stiffness indicates the initiation of micro-cracking near the steel
ribs. Following the peak force, a gradual post-peak softening branch is observed, where the load-carrying capacity
diminishes as the slip increases. This behavior, characterized by the combination of localized cracking and a controlled
reduction in residual strength, reinforces the conclusion that bond failure in this push-in configuration is a progressive
process driven by gradual damage near the steel-concrete boundary.

Concrete cone
extraction

LR 5
(ooniical crack] Cylindrical crac Voids

Figure 4. Section of the reinforced specimen subjected to shear loading at the interface provided by x-ray tomography just
after the peak force
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Figure 5. Mechanical response of the steel rebar-concrete interface during push-in test

Although the experimental program is limited to three specimens, this sample size is consistent with similar bond
behavior studies where experiments are primarily used for numerical model calibration rather than statistical
generalization. The subsequent parametric analysis extends the applicability of the findings across a broader range of

conditions.

3. Finite Element Analysis (FEA)

To further validate the experimental findings and provide a comprehensive understanding of the push-in test
behavior, numerical simulations were performed using Finite Element Analysis (FEA). The research methodology is
structured as an integrated workflow, transitioning from the experimental baseline to a comprehensive numerical

investigation, as illustrated in the flowchart in Figure 6.
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Figure 6. Integrated experimental-numerical methodology flowchart for the analysis of push-in bond mechanics
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These simulations were designed to replicate the laboratory conditions and explore additional variables that are
difficult to isolate physically. Calibrated models in ABAQUS were employed to simulate stress distribution and
bond failure mechanisms, building upon established literature [54, 55]. The development of these models followed
an iterative calibration and sensitivity analysis loop, systematically evaluating parameters such as mesh
discretization, concrete dilation angles, the yield surface shape parameter (Kc), interface friction, and concrete
compressive strength (f'c).

3.1. Numerical Methodology and Model Development

The extensive experimental dataset provided a robust baseline for comparison with numerical results. An
axisymmetric model was developed within the ABAQUS environment to represent the steel-concrete interface,
taking advantage of the geometric, loading, and boundary condition symmetries. While the global response
accounts for nonlinearities, the initial material behavior was characterized through the properties summarized in
Table 2 [56-58].

Table 2. Materials Properties for FEA

Material Properties Values

Concrete Poisson's ratio 0.2
Steel Young's modulus 210 GPa
Steel Poisson's ratio 0.3

Steel yield strength 500 MPa

A parametric investigation was conducted to identify potential failure modes. Key variables, including concrete
compressive strength (f'c), embedded length, dilation angle, and the coefficient of friction, were systematically varied
to assess their influence on the bond strengthening efficiency.

3.2. Material Constitutive Models (CDP)

The Concrete Damage Plasticity (CDP) model was utilized to represent concrete behavior, incorporating a
fracture energy (gr) of 5 N/mm. The plasticity parameters were defined with a stress ratio (cvo/ 6c0) of 1.16 and an
eccentricity () of 0.1, consistent with verified literature [55, 56]. Under tension, the uniaxial stress-strain response
was assumed to be linear elastic up to the point of tensile strength, followed by a softening branch as detailed in
Appendix I (Figure Al). Under compression, the constitutive response followed the Hognestad-type stress—strain
relationship shown in Figure A2, while the evolution of tensile and compressive damage variables was defined according
to Figures 1.3 and 1.4, respectively.

The fracture energy (Gr= 5 N/mm) was selected based on recommendations from the fib Model Code 2010, which
relates Gt to the maximum aggregate size and the mean concrete compressive strength (fc). This selection ensures a
physically consistent representation of concrete cracking behavior. As illustrated by the tensile stress-crack width
relationship in Figure A1, Gr dictates the energy dissipation capacity during the post-peak phase; higher values reflect
greater ductility, whereas lower values represent a more brittle, sudden degradation of the concrete matrix. Sensitivity
analyses performed during model development indicated that while the peak load capacity shows moderate sensitivity
to Gy, the transition from stable interfacial slip to splitting failure is dominated by the concrete's dilation angle. The
chosen value of 5 N/mm provided the most accurate correlation with the experimental softening branches observed in
this study.

3.3. Finite Element Selection and Mesh Sensitivity

To accurately capture the complex stress distribution and geometric nuances within the bond zone, the Finite
Element size was selected to be sufficiently small to ensure numerical convergence. A comprehensive mesh sensitivity
study was conducted by evaluating three distinct element sizes: 2 mm, 3 mm, and 4 mm. As illustrated in Figure 7,
these variations allowed for a detailed assessment of the model's spatial discretization. The 2 mm mesh, in particular,
provided a refined representation of the concrete section immediately adjacent to the rebar, which is essential for
capturing the high-gradient stress concentrations and localized cracking identified in the experimental tomography
scans. This approach ensures that the numerical results remain independent of the mesh density while maintaining
computational efficiency [57].
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(b)
Figure 7. Steel-concrete meshing (a) 2 mm, (b) 3 mm, (c) 4 mm

3.4. Boundary Conditions and Interactions

To accurately simulate the load, transfer across the reinforcement-concrete boundary, defining precise boundary
conditions and contact interactions is essential. As shown in Figure 8, the numerical model incorporates an axisymmetric
configuration where the base plate is fully restricted against longitudinal movement and all rotational degrees of
freedom. The mechanical loading is introduced via a vertical displacement applied to the top of the steel rebar, simulating
the axial push-in force used in the experimental setup. The interactions between the base plate and the concrete base, as
well as the critical interface between the steel rebar and the surrounding concrete, were defined using a surface-to-
surface contact formulation. For tangential behavior, Coulomb’s friction law was implemented to account for the
physical roughness of the materials. To calibrate the model against laboratory findings, the friction coefficient was
systematically varied between 0 and 0.5 to identify the value providing the highest correlation with experimental
measurements. The normal behavior of the contact surfaces was defined using a "hard" contact model. This formulation
prevents any numerical penetration of the surfaces while allowing for potential separation after contact, ensuring a
realistic representation of the interface mechanics during the debonding process. Notably, the choice of a frictionless
tangential behavior (u= 0) in the final calibrated model ensures that the resistance is governed solely by the mechanical
interlocking of the rebar ribs, which are explicitly represented in the 2D axisymmetric geometry. This approach avoids
the overestimation of bond capacity that often occurs through redundant frictional forces when rib geometry is already
present in the mesh.

Y-Z Symmeiry plan
U 1=UR2=UR3=0)

Y

Reactlion
L X {U2=UR3=0) "

Figure 8. Boundary conditions
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3.5. Parametric Study and Model Calibration

To rigorously evaluate the sensitivity of the Concrete Damage Plasticity (CDP) model and ensure its alignment with
physical observations, a comprehensive suite of 36 simulations was executed. This matrix investigated the influence of
several critical parameters, including mesh discretization, dilation angles, the yield surface shape parameter (Kc), the
interface friction coefficient, and the concrete grade. The specific combination of parameters that yielded a good
correlation with the experimental load-displacement response, is summarized in Table 3.

Table 3. Concrete Material and Interface Parameters

Parameter Unit Calibrated Value
Compressive Strength (f'c) MPa 28
Young’s Modulus (E) GPa 29
Dilation Angle (y) ° 20
Yield Surface Shape (Kc) - 0.6667
Fracture Energy (Gf) N/mm 5
Interface Friction - Frictionless

Two distinct numerical approaches were compared using the three experimental cylinders as control specimens: a
static analysis via ABAQUS/Standard and a quasi-static analysis via ABAQUS/Explicit.

The comparative load-displacement responses for the experimental, static, and quasi-static studies are illustrated in
Figure 9. While both numerical methods successfully capture the general mechanical behavior and softening branch,
slight variations are observed in terms of the ultimate load and corresponding deflection. Specifically, the numerical
models exhibit a higher initial stiffness compared to the average experimental test results, though they accurately
converge toward the residual strength levels observed during the post-peak phase. This comprehensive parametric study
provides a deeper understanding of the stress redistribution mechanisms occurring at the rebar-concrete interface
throughout the loading history.

Friction coefficient
80000 1

70000 -
60000 -
50000 -

40000 A

Load (N)

30000 -

Average Test
20000 -

Static

10000 - Quasi Static

0 T T T T T T ]
0 0.5 1 1.5 2 2.5 3 35

Displacement (mm)

Figure 9. Load-displacement response by comparing static and quasi-static analysis

3.5.1. Mesh Sensitivity Analysis

To ensure the reliability of the numerical results and investigate the influence of spatial discretization on the model's
performance, a mesh convergence study was performed. In Finite Element modelling of concrete, the mesh size directly
impacts the width of the localization band; while a finer mesh typically provides higher resolution, excessive refinement
can lead to numerical instabilities or non-convergence as the equations approach a singularity.
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As illustrated in Figure 10, three distinct element sizes—2 mm, 3 mm, and 4 mm—were evaluated. The results
indicate that while the ultimate failure load remains relatively consistent across all tested mesh densities, the failure
displacements and post-peak softening behavior are highly sensitive to the element size. The 2 mm mesh provided
the most accurate correlation with the experimental data, effectively capturing the localized cracking behavior
observed in the physical specimens. Consequently, a 2 mm mesh size was adopted for all subsequent simulations
to ensure an optimal balance between computational efficiency and predictive accuracy. To provide a quantitative
justification for the mesh selection, the performance of the three mesh densities was evaluated in terms of peak load
(Fu) and the corresponding displacement at peak load (5u). As shown in Table 4, the 2 mm mesh provides the
closest correlation with the experimental 'Average test' curve. The 3 mm and 4 mm mesh sizes overestimate the
peak load by approximately 6.1% and 10.6%, respectively. This deviation confirms that the 2 mm discretization is
necessary to prevent numerical overestimation of bond capacity and to accurately capture the experimental softening

response.
Mesh Size
80000 1
70000
60000
50000
<
2 40000 -
2
Average Test
30000 -
4 mm
20000 -
2 mm
10000 3 mm
0 T T T T T T )
0 0.5 1 1.5 2 2.5 3 3.5
Displacement (mm)

Figure 10. Load displacement response by comparing mesh sizes

Table 4. Quantitative comparison of numerical results across varying mesh sizes

. Peak Load Difference from Displacement at Peak  Difference from
Mesh Size (mm)

(Fu, N) 2mm (%) (6u, mm) 2mm (%)
2 66,000 — 2.1 —
3 70,000 6.06% 2 4.76%
4 73,000 10.61% 1.9 9.52%

3.5.2. Influence of Dilation Angle

Due to its inherently brittle nature, concrete undergoes dilatancy—significant volume changes induced by inelastic
stresses—during mechanical loading. Within the Concrete Damage Plasticity (CDP) framework, this phenomenon is
governed by the dilation angle, which fundamentally influences the confinement and resultant frictional forces at the
steel-concrete interface. Theoretically, a higher dilation angle enhances the interlocking effect, thereby increasing the
peak stress required to drive the rebar into the concrete specimen. To determine the optimal value for this critical
parameter, a sensitivity analysis was conducted using a range of dilation angles from 10° to 40°. The comparative load-
displacement responses are illustrated in Figure 11. The results demonstrate that as the dilation angle increases, the
model predicts higher peak loads due to the increased confinement pressure at the interface. Among the values tested, a
dilation angle of 20° provided the closest correlation to the experimental peak stress and softening behavior. While
higher angles (30° and 40°) significantly overestimated the ultimate bond capacity, the 20° model accurately captured
the transition from elastic loading to interface failure. Consequently, 20° was selected as the calibrated dilation angle
for all further numerical investigations.
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Dilatation angle
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Figure 11. Load-displacement response by comparing Dilation angles

3.5.3. Influence of Yield Surface Shape Parameter (Kc)

The yield surface shape parameter, K., is a critical coefficient in the Concrete Damage Plasticity (CDP) model that
defines the ratio of the distances from the hydrostatic axis to the yield surface in triaxial compression and tension. To
maintain a convex yield surface, the parameter must strictly satisfy the condition 0.5 < Kc < 1, with the ABAQUS
default typically set at 0.6667. To evaluate the influence of this geometric factor on the bond behavior, sensitivity
analyses were performed using three discrete values: 0.5, 0.6667, and 1.0. The resulting load-displacement curves are
presented in Figure 12.

90000 - Shape factor Kc Kc=05
= Kc =0.6667
80000 A Ke=1

70000 A Average Test

60000 -
50000 -

40000 -

Load (N)

30000
20000 -

10000 1

0 T T T T T T ]
0 0.5 1 1.5 2 2.5 3 3.5

Displacement (mm)

Figure 12. Load-displacement response comparing shape factor (Kc)

The data indicate that lower values of K. (e.g., 0.5) induce a sharper transition from elastic to plastic behavior,
leading to a sudden softening branch immediately following the peak stress. Conversely, a value of K¢ = 1.0, which
represents a Rankine-type circular yield surface in the deviatoric plane, significantly underestimates the ultimate
capacity and fails to capture the ductility of the interface. As shown in the comparison, a shape factor of 0.6667 facilitates
a smoother stress-strain transition and a more realistic post-peak softening response, aligning closely with the
experimental "Average Test" curve. While it results in a slightly stiffer initial response than the physical specimens, it
provides the best numerical stability and predictive accuracy for the ultimate load. Consequently, Kc = 0.6667 was
adopted for all subsequent modelling phases.

2587



Civil Engineering Journal Vol. 12, No. 06, June, 2026

3.5.4. Influence of Tangential Friction

The tangential friction coefficient at the rebar-concrete interface significantly influences the simulated bond strength,
specifically by increasing the peak load and delaying the post-peak softening behavior. To determine the most
representative interaction model, a sensitivity analysis was performed with friction coefficients ranging from 0
(frictionless) to 1.4. The comparative load-displacement responses are presented in Figure 12. The numerical results
indicate that any friction coefficient exceeding 0.5 leads to a substantial overestimation of the bond stress, with values
reaching up to 1.4 times the experimental measurements. This elevated stress level across the entire curve is attributed
to the enhanced force transfer mechanism provided by the frictional resistance in the model.

As illustrated in Figure 13, the frictionless model (u= 0) provides the highest degree of correlation with the
experimental "Average Test" behavior. This suggests that for this specific push-in configuration, the mechanical
interlocking of the ribs—already accounted for by the geometry and the Concrete Damage Plasticity parameters—is the
primary driver of resistance, while pure surface friction plays a negligible role in the initial capacity. Consequently, a
frictionless interface was adopted for all subsequent numerical investigations.

Friction coefficient
90000 - L
80000 A
70000
60000 -
Z 50000 -
E
S 40000 -
=
30000 A = Frictionless
Friction 0.4
20000 A
Friction 0.8
10000 1 Friction 1.4
0 T T T T T T |
0 0.5 1 1.5 2 2.5 3 3.5
Displacement (mm)

Figure 13. Load-displacement response comparing friction coefficient

3.5.5. Influence of Concrete Compressive Strength (f°c)

To investigate the sensitivity of the bond-slip mechanism to the quality of the concrete matrix, three distinct
compressive strength values—20 MPa, 28 MPa, and 40 MPa—were evaluated. As illustrated in Figure 14, the ultimate
load capacity of the steel-concrete interface increases proportionally with the compressive strength of the concrete.
Specifically, the cylinders with f'c values of 28 MPa and 40 MPa exhibited significantly higher ultimate loads compared
to the 20 MPa baseline. This trend aligns with the theoretical understanding that a higher-strength matrix provides greater
resistance to the localized crushing and micro-cracking occurring at the rebar ribs.

90000 - flc
80000 1
70000 ——
\
60000 -
Z 50000
=
g _
S 40000
30000 A Load f'c=20
Load f'c=28
20000 1 Load f'c=40
10000 - Load Average Test
0 T T T T T T )
0 0.5 1 1.5 2 2.5 3 3.5
Displacement (mm)

Figure 14. Effect of f’c on load-displacement curves
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However, it is important to note that the Finite Element (FE) analysis consistently predicts a stiffer response and a
slightly higher ultimate capacity than the average experimental results. This observed overestimation in the numerical
model can be attributed to the elevated level of confinement achieved by the radial strain exerted by the steel rebar in
the idealized axisymmetric environment, which may be more pronounced than in the physical laboratory specimens.

The systematic parametric investigation has identified the optimal numerical configuration for simulating the push-
in test. By selecting a 2 mm mesh size, a dilation angle of 20°, a shape factor (K.) 0f 0.6667, and a frictionless interface,
the model achieves a robust balance between numerical stability and experimental correlation.

4. Results and Discussion
4.1. Numerical Validation and Parameter Sensitivity Analysis

The numerical load-displacement response obtained using the Concrete Damage Plasticity (CDP) model
demonstrates a high degree of correlation with the experimental average results in Figure 15, with discrepancies in
ultimate load and failure displacement consistently below 10%. However, the model exhibits a persistent tendency to
overestimate strength throughout the loading history, a phenomenon frequently reported in studies utilizing the CDP
framework for bond-slip analysis [59-62]. Furthermore, recent numerical investigations by Nasiri et al. [63] corroborate
that while the CDP approach is effective for simulating complex structural behaviors, it requires meticulous calibration
of material parameters to accurately replicate post-peak softening. This numerical overestimation is primarily attributed
to three fundamental modeling assumptions: the assumption of a perfectly homogeneous concrete matrix compared to
the micro-voids present in physical specimens, the restrictive uniform radial confinement of the 2D axisymmetric
representation, and the inherent limitations of the standard CDP framework regarding post-peak softening compared to
more advanced constitutive models like CDPM?2 [62]. When compared to standard pull-out test literature [17, 23], our
push-in results demonstrate a higher initial stiffness, which is physically consistent with the "compressive confinement
effect" unique to push-in configurations. Whereas pull-out tests subject the concrete to tensile hoop stresses that facilitate
earlier cracking, the push-in setup leverages the lateral expansion of the concrete against the rigid base, effectively
delaying the onset of interfacial damage. Consequently, the model's ability to capture this transition, despite its idealized
geometry, validates the adopted strategy and confirms that the push-in configuration provides a distinct, more confined
stress state than traditional bond characterization methods.
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Figure 15. Load-displacement curve

The progression of concrete damage, specifically the initiation and propagation of tensile cracking, is detailed across
various mesh densities in Figures 16 to 18. A comparative analysis of these damage patterns confirms that the specimen
loses strength progressively as the reinforcement slips, with the 2 mm mesh configuration (Figure 15) clearly localizing
tensile damage at the interface between the rebar ribs and the surrounding concrete. As the load approaches its ultimate
capacity, these cracks propagate radially, signifying the crushing of the concrete keys between the ribs—a localized
failure mode consistent with the push-in behavior observed in experimental tests. The high degree of morphological
similarity between these predicted crack patterns and experimental findings confirms that the model accurately captures
the internal stress redistribution during the bond-slip process. Beyond validation, these findings hold significant
implications for structural design: the concentration of tensile damage at the interface zone underscores the necessity of
concrete confinement in critical elements, such as beam-column joints in seismic regions. The radial cracking observed
in Figure 15c serves as a mechanical precursor to brittle splitting failure, which can be mitigated through adequate
concrete cover or transverse reinforcement. By linking the finite element contours to specific failure modes, this study
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provides a clear visualization of how bond integrity influences structural safety. To quantify these influences, a
comprehensive parametric investigation was conducted, isolating key variables—dilation angles (10°—40°), anchorage
lengths (5-9 cm), and concrete compressive strengths (20—40 MPa)—to determine their impact on bond strength. These
parameters were selected to represent a broad spectrum of structural design requirements, and a dynamic solution
protocol was utilized to ensure numerical stability during the nonlinear degradation of the bond.
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Figure 16. Tensile damage pattern for mesh size =2 mm (a) before the ultimate load (b) at the ultimate load (c) after the
ultimate load
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Figure 17. Tensile damage pattern for mesh size =3 mm (a) before the ultimate load (b) at the ultimate load (c) after the
ultimate load
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Figure 18. Tensile damage pattern for mesh size = 4mm (a) before the ultimate load (b) at the ultimate load (c) after the
ultimate load
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4.2. Influence of Concrete Compressive Strength and Dilatation on Ultimate Capacity

The relationship between concrete compressive strength (f'c) and the ultimate load-bearing capacity is illustrated in
Figure 19 for a constant anchorage length of 7 cm. The data exhibits a consistent positive correlation, where increments
in f'c consistently enhance the ultimate load across all tested dilation angles. Notably, at f'c = 28 MPa, the ultimate load
increases by approximately 31% as the dilation angle is scaled from 10° to 40°. This trend is replicated across the 20
MPa and 40 MPa series, suggesting that the bond’s sensitivity to concrete quality is significantly amplified by the
material’s volumetric expansion characteristics.
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Figure 19. Effect of concrete compressive strength on ultimate load for different dilation angles for L=7 cm

The observed increase in load-bearing capacity at higher dilation angles is attributed to the mechanics of lateral
expansion under axial loading. Within the confined push-in configuration, a higher dilation angle increases the concrete's
propensity for lateral expansion against the rigid surrounding matrix. This generates intensified radial confinement
pressures against the reinforcement ribs, thereby enhancing the frictional component of the bond and effectively delaying
the onset of interfacial slip. This mechanism promotes a more uniform stress distribution across the interface, enabling
the assembly to sustain higher axial loads prior to reaching the failure threshold. This behavior is further substantiated
by the multi-variable analysis in Figure 20, which compares the interplay of /'c and dilation across anchorage lengths of
5,7, and 9 cm. While absolute capacity is primarily governed by anchorage length and concrete grade, the dilation angle
acts as a critical secondary factor regulating both the initial stiffness and peak bond capacity.
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Figure 20. Effect of f'c and dilation on the ultimate load a) L= Scm, b) L=7cm, ¢) L= 9¢m
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However, this relationship is inherently non-linear; while moderate dilation values (typically 20°-30°) yield results
consistent with documented interface behavior [35, 55], extreme values tend to overestimate bond capacity due to
idealized confinement effects. Consequently, these findings highlight that in push-in configurations—which inherently
emphasize compressive confinement compared to traditional pull-out tests—the dilation angle is a primary sensitivity
parameter.

4.3. Influence of Concrete Compressive Strength and Anchorage Length on Bond Performance

The combined effect of concrete compressive strength (f'c) and embedded length (L) on the ultimate bond capacity
is illustrated in Figure 21, categorized by the four investigated dilation angles (10° to 40°). The results demonstrate a
consistent linear growth in ultimate load as the compressive strength increases from 20 to 40 MPa, regardless of the
anchorage length or dilation characteristics. This trend confirms that the mechanical properties of the concrete matrix
remain the primary driver of peak load-bearing capacity, as higher-strength concrete provides greater resistance against
the localized crushing at the rebar rib interface. A quantitative assessment of the embedded length reveals its critical
role in enhancing bond strength through increased mechanical interlock and frictional surface area. For a concrete
strength of 28 MPa and a dilation angle of 30°, the ultimate load increases by approximately 26% when extending the
length from 5 cm to 7 cm, and by 11% when further increasing the length to 9 cm. Overall, a 30% increase in capacity
is observed when comparing the 5 cm and 9 cm embedded lengths.

This diminishing rate of return suggests that while increasing the interface length provides more surface area for the
steel-concrete interaction, the bond stress distribution becomes increasingly non-uniform over longer lengths, with the
highest stress concentrations remaining near the loaded end. This indicates that the contribution of additional embedment
length becomes progressively less effective due to the non-uniform stress distribution along the interface. This
phenomenon is observed across all tested compressive strengths and dilation angles, validating the assumption that
anchorage length is a fundamental geometric constraint on structural safety. By increasing the embedded length, the
structural assembly can mobilize a larger volume of concrete to resist the push-in force, thereby elevating the load
threshold before a catastrophic slip occurs. These findings highlight that optimized design for structural joints should
balance concrete grade and anchorage length to ensure robust bond performance, particularly in seismic applications
where load redistribution is critical. This behavior confirms that increasing embedment length does not necessarily lead
to proportional gains in bond strength, highlighting the importance of optimized design rather than simply increasing
anchorage length.
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Furthermore, the non-uniform bond stress distribution observed along the anchorage length is significantly
influenced by the boundary conditions inherent to the push-in configuration. The interaction between end friction and
lateral inertial confinement serves as a primary mechanical constraint, dictating the stress transmission and the ultimate
bond capacity. These boundary effects are critical, as documented in recent research [66], confirming that the observed
load-bearing performance is not merely a function of material properties but is intrinsically linked to the confinement
mechanisms established at the interface and the base of the specimen.

4.4. Influence of Embedment Length and Compressive Strength on Average Bond Stress

A key outcome of this study is the identification of a critical embedment length governing bond efficiency. The
interplay between embedment length (L) and concrete compressive strength (f'c) is further evaluated in Figure 22 to
determine the efficiency of the bond interface. For this analysis, three distinct compressive strength values (20, 28, and
40 MPa) were simulated using a constant dilation angle of 20°. The results indicate that while the absolute ultimate load
generally follows an upward trend with the increase of f'c—showing an approximate 19% increase when moving from
20 MPa to 28 MPa at L = 7 cm—the average bond stress (N/mm?) exhibits a non-linear relationship. Specifically, the
data demonstrates that increasing the embedded length from 5 cm to 7 cm enhances the bond efficiency, yet a subsequent
increase to 9 cm results in a noticeable reduction in the average bond stress. This observed decrease in average stress
beyond an embedment length of 7 cm suggests a critical threshold in the bond-slip mechanism. While a longer interface
typically provides more surface area for mechanical interlock, it also alters the internal stress distribution, potentially
leading to a shift in the failure mode. In the 9 cm specimens, a transition from gradual interface cracking to a more brittle
splitting failure may be initiated, as the increased length allows for the accumulation of higher radial stresses that exceed
the tensile capacity of the concrete cover. This phenomenon implies that there is an optimal anchorage length for specific
concrete grades, beyond which the gain in surface area is offset by the non-uniform distribution of bond stresses and the
risk of premature splitting. These observations are fundamental for structural engineers in determining the most efficient
anchorage details for ensuring ductility and safety in reinforced concrete connections.
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Figure 22. Influence of embedded length (L) on the average bond stress for varying concrete compressive strengths (f'c)
at a constant 20° dilation angle

Furthermore, the non-uniform bond stress distribution and the identified threshold at 7 cm are significantly
influenced by the boundary conditions inherent to the push-in configuration. The interaction between end friction and
lateral inertial confinement serves as a primary mechanical constraint, dictating the stress transmission and the ultimate
bond capacity. These boundary effects are critical, as documented in recent research [64], confirming that the observed
load-bearing performance is not merely a function of material properties but is intrinsically linked to the confinement
mechanisms established at the interface and the base of the specimen. Consequently, the transition to brittle splitting at
higher embedment lengths is a direct consequence of these localized stress concentrations, reinforcing the findings of
previous comparative studies on interfacial bond characterization [17, 23].

4.5. Non-linear Influence of Dilation and Confinement on Bond Capacity

The relationship between the dilation angle, embedded length, and ultimate load capacity is further examined in
Figure 23. The data reveals a distinct non-linear sensitivity to the dilation angle across all concrete compressive
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strengths. Specifically, a substantial increase in ultimate load is observed when transitioning from 10° to 20°, followed
by a localized plateau or moderate gain between 20° and 30°, and finally a sharp secondary increase from 30° to 40°.
This step-like progression in capacity suggests a complex mechanical interplay between the material's volumetric
expansion and the resulting passive confinement provided by the surrounding concrete matrix.
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Figure 23. Parametric comparison of ultimate load versus (a) embedded length for different f'c values, and (b) concrete
compressive strength for varying dilation angles

At lower dilation angles, the initial load transfer is primarily governed by the existing chemical adhesion and the
mechanical interlock of the rebar ribs. As the dilation angle increases toward 20°, the improved frictional resistance
significantly enhances the load transfer efficiency. However, the relatively smaller gains observed between 20° and 30°
indicate a phase where material nonlinearity and localized concrete softening may temporarily offset the benefits of
increased dilation. Beyond the 30° threshold, the confinement effects become dominant; the high dilation induces
significant radial pressure, effectively "locking" the reinforcement in place and allowing for a much larger mobilization
of the concrete’s compressive strength. These findings indicate that bond performance is highly sensitive to the dilation
parameters of the concrete mix, highlighting the need for precise calibration in Finite Element models to accurately
predict the ultimate safety limits of structural connections.

These findings align with experimental observations of bond-slip behavior in high-performance concrete matrices
[65], confirming that the concrete matrix density and frictional interface are primary drivers of capacity. Furthermore,
as demonstrated in recent nonlinear FEA studies, the precise calibration of confinement-related parameters—such as
stirrup or volumetric restraint—is essential for capturing these non-linear transitions and ensuring the model accurately
reflects real-world structural safety [66]. The underlying mechanics of this stress distribution and the potential for
transition into brittle failure modes continue to be a focus of analytical and numerical investigations [67].

5. Failure Mode Analysis and Discussion

The parametric investigation of steel reinforcement embedded in concrete cylinders under push-in loading identified
two distinct failure regimes, primarily governed by the anchorage length and the resulting internal stress state.

5.1. Brittle Splitting Failure in High Embedment Lengths

In specimens characterized by a high rebar embedment length (L = 9 cm), the Finite Element Analysis (FEA)
captured a predominant splitting failure mode, as illustrated in Figure 24. In this configuration, the tensile damage is not
localized; rather, it is extensive and distributed, with cracks propagating radially outward from the bar interface toward
the concrete surface. This behavior occurs because the increased embedment length allows for the accumulation of
significant hoop stresses. When these stresses exceed the concrete's tensile capacity before substantial slip can occur,
the specimen fails suddenly. This brittle failure suggests that while longer embedment increases total load capacity, it
may reduce the overall ductility of the connection by triggering a catastrophic breach of the concrete cover. This
transition to splitting is effectively a result of the loss of effective lateral confinement; as the stress accumulation exceeds
the concrete's tensile capacity, the boundary conditions at the loaded end can no longer contain the radial expansion of
the concrete, leading to the observed brittle fracture [64].
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Figure 24. Predicted splitting failure mode and extensive tensile damage distribution for high rebar embedment length (L =9 cm)

5.2. Ductile Interfacial Cracking in Low Embedment Lengths

Conversely, specimens with lower rebar embedment lengths exhibited a more stable and controlled failure
mechanism, as shown in Figure 25. The FEA results indicate that tensile damage remains strictly confined within the
immediate bond zone surrounding the rebar ribs. These fissures follow the geometry of the ribs, suggesting that the
primary resistance is provided by the mechanical interlock and the subsequent crushing of the concrete keys. The damage
pattern indicates a progressive loss of interface stiffness, leading to a controlled slip of the reinforcement rather than a
sudden fracture. This ductile response is highly desirable in structural design, as it provides a predictable redistribution
of stresses before ultimate failure. In this regime, the confinement provided by the base and the limited reach of the
tensile stress field ensure that the failure remains localized, allowing the interface to exhibit the stable bond-slip behavior
previously characterized in numerical studies of confined RC joints [66].
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Figure 25. Predicted localized interface failure and controlled slip pattern for low rebar embedment length (L =5 cm)
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5.3. Comparative Analysis of Stress and Strain Distributions

The integration of these numerical results enhances the fundamental understanding of how concrete strength and
geometric constraints dictate structural response. The transition from the localized "push-in" slip to a global
"splitting" failure highlights a critical design threshold. These findings suggest that optimizing the anchorage length
is not merely a matter of maximizing load, but also of ensuring that the failure mode remains ductile to prevent
sudden structural collapse. Such insights are essential for advancing the performance-based design of reinforced
concrete structures, particularly in seismic-prone regions where energy dissipation through controlled slip is a key
safety requirement.

To further elucidate the transition in failure mechanisms between the slip mode (L = 7 cm) and the splitting mode
(L =9 cm), a detailed analysis of the internal stress and strain distributions was performed.

5.3.1. Axial Stress (c3) and Radial Stress (c1) Characteristics

As illustrated in Figure 26-a, the axial stress (o3) for the 7 cm anchorage is primarily concentrated at the immediate
steel-concrete interface but remains relatively uniform along the bonded length. This distribution suggests a progressive
debonding process where the rebar gradually displaces as bond resistance is mobilized. This behavior aligns with the
findings of Li et al. (2022), who noted that optimized bond lengths enhance the uniformity of stress distribution along
the interface [17].
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Figure 26. Axial stress distribution 63 (MPa) a) for L=7cm, b) for L=9cm

Conversely, in the 9 cm anchorage, the concrete matrix is subjected to intense localized forces before the full bond
length is efficiently utilized. As shown in Figure 26-b, the axial stress (o3 ) exhibits a significant peak near the loaded
end. Radial stress (oy) distributions further support this observation. In the 7 cm case (Figure 27-a), ol is distributed
more evenly, consistent with a controlled slip failure. In the 9 cm case (Figure 27-b), however, o1 shows a notable
concentration in the bonded region. This concentration increases the internal tensile hoop stresses in the surrounding
concrete; once these stresses exceed the concrete's tensile strength, a sudden splitting failure is triggered. These stress
concentrations act as initiation points for crack propagation and govern the transition from ductile to brittle behavior.
As recently established in mechanical investigations of confined concrete, these radial stress peaks are a direct
consequence of the interaction between the rebar's expansive dilation and the limited capacity of the concrete cover to
provide passive confinement [64].
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5.3.2. Principal Plastic Strain (PEmax) and Crack Propagation

The distribution of maximum principal plastic strain (Figures 28-a and 28-b) provides a visual representation of
crack initiation. For the 7 cm anchorage, plastic strain is strictly localized along the interface, confirming a failure
dominated by slip. In contrast, the 9 cm anchorage shows a much broader strain distribution that extends deep into the
concrete section. This wide propagation is indicative of the splitting mode, where the concrete cylinder fails globally
rather than losing bond locally.
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Figure 28. Strain distribution PE max a) for L=7 cm, b) for L=9 cm
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The parametric study results indicate a clear trend in which shorter bond lengths significantly improve the ultimate
load-bearing capacity of the steel-concrete interface. This is consistent with findings from Li et al. (2022), who also
noted that reducing the bond length enhanced stress distribution along the interface [17]. However, unlike previous
studies focused solely on pull-out tests, this research shows that push-in tests produce similar failure modes, confirming
the utility of push-in tests as a complementary method for bond strength evaluation. These results have practical
implications, particularly in the design of prestressed concrete structures where bond length and concrete strength must
be optimized to enhance durability and load resistance.

This transition confirms that when the embedment length exceeds a critical threshold, the structural system
undergoes a change in confinement demand, consistent with the failure regimes observed in nonlinear FEA of complex
RC joints. Furthermore, the observed transition from ductile interfacial slip to brittle splitting aligns with whole-process
behavior observed in other steel-concrete composite mechanisms, where localized debonding must be carefully managed
to maintain global structural integrity [68]. These results have practical implications, particularly in the design of
prestressed concrete structures, beam—column joints, and heavily confined elements, where bond length and concrete
strength must be optimized to enhance durability and load resistance.

The findings of this study have direct implications for structural engineering practice. In particular, the identified
transition between ductile slip and brittle splitting is highly relevant for the design of prestressed anchorage systems,
beam—column joints in seismic regions, and heavily confined structural elements. Ensuring an optimal embedment
length can enhance ductility and prevent sudden brittle failure, thereby improving structural safety and resilience. From
an engineering perspective, these findings highlight the importance of optimizing embedment length and confinement
conditions in reinforced concrete design. Avoiding excessive anchorage lengths can enhance ductility and reduce the
risk of brittle splitting failure, particularly in seismic regions where controlled energy dissipation is essential for
structural safety. Despite the strong agreement between numerical and experimental results, certain limitations should
be acknowledged. The use of a 2D axisymmetric model simplifies the three-dimensional nature of the problem and may
slightly overestimate confinement effects. Additionally, the assumption of a frictionless interface, while justified by the
dominance of mechanical interlocking, may not fully represent all aspects of surface interaction in real structures.

5.3.3 Limitations and Model Reliability

While the experimental program utilized three specimens for the calibration of the numerical framework, it is
acknowledged that this sample size is limited. Given the computational intensity of the 2D nonlinear Finite Element
simulations—which incorporate detailed damage-plasticity mapping at the rib-concrete interface—the three specimens
were selected to capture representative, high-fidelity bond-slip data across the targeted embedment lengths. Despite the
strong agreement between numerical and experimental results, it is important to note that the 2D nonlinear framework
assumes idealized bond conditions at the ribs, which may slightly simplify the stochastic nature of concrete cracking
compared to full-scale experimental conditions. Furthermore, the use of a 2D axisymmetric representation, while
computationally efficient for extensive parametric studies, idealizes the non-axisymmetric, three-dimensional geometry
of the steel ribs. Consequently, this approach provides an averaged representation of the mechanical interlock rather
than capturing the local, point-to-point stress concentrations occurring between individual ribs. However, the model
maintains high predictive accuracy for macroscopic bond-slip behavior, radial confinement, and splitting failure
patterns, confirming that the transition between failure regimes is reliably captured within the axisymmetric domain.
Additionally, specimen variability, such as local variations in concrete heterogeneity and micro-crack distribution, may
influence absolute bond capacity. To mitigate the impact of this variability, the model was calibrated using a consistent
material property set derived from the experimental mean values, ensuring that the global bond-slip trends and the
transition between failure regimes remain robust. Future work will aim to expand this experimental database to perform
a formal sensitivity analysis on the statistical distribution of these parameters, further enhancing the predictive reliability
of the FE model.

6. Conclusion

In this study, nonlinear Finite Element Analyses were conducted to rigorously investigate the failure modes, ultimate
load capacities, and cracking patterns of reinforced concrete specimens subjected to push-in tests. This research focused
on the mechanical behavior of the steel-concrete interface, identifying it as a critical determinant of stress transfer in
structural elements. By utilizing the push-in test as a robust alternative to conventional pull-out configurations, this study
successfully evaluated bond integrity under compressive stress states. Following the calibration of a 2D FEA framework
against experimental benchmarks, a comprehensive parametric study of 36 models was performed, accounting for
variations in embedment length, concrete compressive strength (f'c), and dilation angles.

The results reveal a distinct non-linear relationship between embedment length and bond efficiency. While absolute
ultimate load capacity generally trends upward with length, the average bond stress exhibits a critical threshold at 7 cm.
Beyond this, a reduction in average stress confirms that excessive anchorage lengths can lead to non-uniform stress
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distribution and premature failure. Consistent with established mechanics, increasing f'c consistently enhances bond
capacity, while the dilation angle emerges as a dominant factor in mobilizing passive confinement. Crucially, detailed
stress and strain analyses confirmed a fundamental shift in failure mechanisms: shorter embedment lengths (5 cm and 7
cm) promote controlled, ductile interfacial slip, whereas longer embedment (9 cm) initiates brittle splitting failure
characterized by radial cracking and high axial stress concentrations.

These findings demonstrate that the calibrated Concrete Damaged Plasticity (CDP) model is a highly reliable tool
for simulating complex steel-concrete interactions. Furthermore, this study validates the push-in test as a superior, more
representative method for evaluating bond behavior under the compressive states frequently encountered in practical
structural applications. Ultimately, optimizing embedment length is not merely a matter of maximizing load; it is a
necessity for ensuring ductility and structural resilience. By avoiding excessive anchorage, designers can mitigate brittle
splitting risks, particularly in seismic-prone regions, thereby significantly enhancing the safety, durability, and long-
term performance of reinforced concrete connections.

6.1. Future Works

Building upon these findings, future research will investigate the permeability characteristics of the steel-concrete
interface, which is vital for the long-term durability of structures in aggressive environments. Additionally, transitioning
to three-dimensional finite element models (3D-FEA) will allow for the simulation of more complex conditions, such
as cyclic loading and environmental factors like temperature fluctuations and corrosion. These advancements will
provide a more holistic understanding of interface behavior, ultimately contributing to the design of more resilient and
sustainable reinforced concrete structures.

7. Nomenclature

CDP Concrete Damaged Plasticity FEA Finite Element Analysis

fe Concrete compressive strength (MPa) L Embedment length (cm)

7 Dilation angle (°) K. Yield surface shape parameter
Gy Fracture energy (N/mm) " Friction coefficient

o; Radial Stress (MPa) o Axial Stress (MPa)

PE,... Maximum Principal Plastic Strain
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Appendix I: CDP Model

In order to lessen the impact of mesh size sensitivity on the analytical result, the material in tension was considered
by designating Gf as a material characteristic. Gf for each test specimen was determined using the empirical formula
below, which was proposed by Bazant & Oh [69] and Bazant [70], and further validated by Martin et al. [71], as it was
not available from the relevant literature or reports.

Rather than a stress-strain relationship, the brittle behavior of the concrete is frequently characterized by a stress-
crack displacement had response (Figure A1). There are three ways to define the stress-crack displacement relationship:
linear, bilinear, or exponential tension softening response. The maximum tensile strength, f;, and the concrete's fracture
energy, Gf, which is represented by the area under the tensile stress-crack displacement curve, were computed using the
bilinear stiffening response employed in this investigation. The fracture energy Gf can be derived and is dependent on
the aggregate size and quality of the concrete. Model Code 90 for CEB-FIP [7].
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Figure Al. Uniaxial tensile stress-crack width relationship for concrete
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Figure A2. Uniaxial compressive stress-stain relationship for concrete

The Hognestad parabola was used to model concrete under compression (Figure A2). Three domains can be
distinguished in the expected behavior of the concrete's stress-strain relation under uniaxial compressive force. The first
one has the initial modulus of elasticity and represents the linear-elastic branch. E, = 5500 Vf'c. At the stress level of
rco that was measured here, the linear branch ends here was taken as: 6., = 0.4f"c. The arising branch of the uniaxial
stress-strain curve for compression loading to the peak load at the appropriate strain level is described in the second
section., €, = 2f". /Esec. The secant modulus of elasticity was defined as: Es.c = 5500 \/f'c. The post-peak branch is shown
as the third segment of the curve, which occurs after the peak stress and continues until the ultimate strain, or g,. Figures
A3 and A4, respectively, show how damage was added to the CDP model in tension and compression. It was believed
that both tension and compression damage to concrete would occur in the softening range. Damage was presented in
compression when the peak load, or e,, was reached.

2603



Civil Engineering Journal

&

Tensile Damage

Figure A3. Tensile damage parameter-strain relationship for concrete

Compressive Damage o,

a

.

£,

cr

d.=1-—

& Ey
Tensile strain

9%
‘ Eq(ec— €Pl,)

\

A J

£ﬂ EIJ

Compressive strain

Vol. 12, No. 06, June, 2026

Figure A4. Compressive damage parameter-strain relationship for concrete simplified in linear form
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