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ARTICLE INFO ABSTRACT
Keywords: Durable repair of concrete structures relies critically on the shear bond between new and existing
Shear Bond concrete, yet reliable prediction of this bond remains challenging due to highly localized inter-

Concrete Repair

Interface Behavior

Finite Element Modeling
Concrete Damaged Plasticity
Element Deletion

facial damage mechanisms. Conventional numerical interaction strategies, such as tie constraints,
are unable to capture progressive debonding, often leading to unconservative estimates of load
transfer and structural capacity. This study presents a three-dimensional Finite Element approach
that explicitly represents the repair interface through thin sacrificial layers governed by Concrete
Damaged Plasticity and element deletion. The approach is validated against a dedicated shear
push-out experimental campaign in which the cement content of the repair layer was systemat-
ically varied from 300 to 550 kg/m?® while all other parameters are held constant. The numerical
model accurately reproduces the experimentally observed zipper-type interfacial debonding and
captures both the onset and propagation of localized shear damage, with satisfactory quantitative
agreement. Building on this validation, continuous calibration curves are derived with high
statistical correlation (R2 ~ 0.95) and low predictive error (NRMSE < 9%), directly relating repair
cement content to shear bond strength and interface compressive strength. Specifically, the
framework captures the nonlinear increase in shear bond strength from 0.21 to 1.85 MPa. The
proposed method provides a physically grounded and design-oriented bridge between mix
proportioning and structural simulation, enabling consistent definition of interface parameters
without iterative numerical tuning.

1. Introduction

The structural rehabilitation of aging civil infrastructure is a critical priority for the construction industry, requiring repair stra-
tegies that restore load-bearing capacity and extend service life by forming durable composite systems. In applications ranging from
pavement screeds to structural overlays, the efficacy of the repair depends on achieving monolithic action between the existing
substrate and the new repair layer [1-3]. However, the interface between the mature substrate and the fresh overlay constitutes a zone
of mechanical and thermodynamic discontinuity, commonly referred to as the Interfacial Transition Zone (ITZ), which typically ex-
hibits higher porosity and micro-cracking compared to the bulk material [4]. Premature loss of adhesion within this weak link can
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trigger delamination, compromise serviceability, or precipitate catastrophic structural failure [5,6].

Experimental investigations have demonstrated that the quality of this interfacial bond is governed by a complex interaction of
factors, including substrate surface roughness and moisture condition, curing regimes, and critically, the mechanical properties and
composition of the repair material [7-11]. While advanced alternatives such as polymer-modified mortars or fiber-reinforced com-
posites offer enhanced ductility [9,12-14], conventional cement-based concrete remains the predominant choice for general repairs
due to its physico-chemical compatibility with existing concrete, thermal stability, and economic viability [15-17]. Nevertheless,
improper mixture proportioning, specifically with regard to cement content, frequently leads to debonding issues under environmental
and mechanical loading [18]. Recent studies have also further highlighted the bonding behavior between new and old concrete and
confirmed the importance of interface-related material factors in governing composite performance [19]. Recent review studies have
further emphasized that interface condition, material mismatch, curing, and overlay composition remain among the dominant vari-
ables controlling the mechanical performance of concrete-to-concrete composites [19,20]. Consequently, establishing robust meth-
odologies to quantify shear bond capacity, while explicitly accounting for mix design variations, is a prerequisite for the rational design
of resilient repair systems.

Quantifying the mechanical integrity of the repair-substrate interface relies on established experimental protocols, yet identifying a
method that accurately reflects in-situ stress states remains a subject of debate [15]. While tensile pull-off tests are widely standardized
for assessing adhesion, they frequently fail to capture the shear-dominated forces that typically drive delamination in structural
overlays [21]. Similarly, although slant-shear tests are frequently employed, rigorous comparative studies indicate that the
compressive strut action inherent in the specimen geometry can inflate apparent strengths that do not reflect true interfacial cohesion
[12,22]. Research indicates that this superimposition of normal compression artificially enhances apparent bond capacity by frictional
interlock, underscoring the necessity for test configurations that minimize such interference in order to obtain conservative and
representative design values [15,23]. Consequently, shear-splitting or push-out tests have gained prominence, as they effectively isolate
the interface and provoke failure strictly along the bond plane [12,21,22,24]. This broader concern regarding test-method dependency
has also been highlighted in comparative studies showing that different bond tests may produce substantially different strength levels
for the same repair system, depending on the stress state imposed at the interface [15,25].

Recent investigations have successfully utilized this configuration to calibrate micro-structural bond parameters and predictive
frameworks, explicitly highlighting the role of frictional effects in model validation [26,27]. Furthermore, parallel studies on complex
composites have further validated the suitability of this method for integration with advanced data-driven optimization frameworks
[13,22,24]. At the same time, more recent concrete-to-concrete shear studies have shown that direct or push-off type configurations
can provide design-relevant information in terms of cohesion, friction, fracture energy, and failure-mode transition, particularly when
surface effects are carefully controlled [28,29]. However, despite this experimental progress, most research campaigns still treat the
relationship between mix design variables, interfacial properties, and structural response in an empirical manner. In other words, they
identify which parameters influence bond behavior, but they do not explicitly translate these measurable material and mixture var-
iables into the constitutive quantities required for design-oriented numerical models. This unresolved translation from experimentally
measurable mix design to FE-ready interface parameters constitutes the central gap addressed in the present study.

This gap becomes even more evident from the numerical modeling perspective. Accurately representing the non-linear behavior of
concrete-concrete interfaces in Finite Element (FE) models remains challenging. In practical applications, simplified tie constraints are
often adopted to enforce perfect kinematic compatibility between the substrate and the repair layer; however, this assumption sup-
presses relative slip and prevents the simulation of progressive debonding, leading to systematic overestimation of load transfer and
structural capacity [8,30]. To overcome these limitations, cohesive zone models and contact-based formulations have been proposed
to describe interface fracture through traction separation laws [31,32]. While these approaches offer improved physical realism
compared to rigid constraints, they introduce significant model complexity and require extensive calibration of fracture energy pa-
rameters that are often difficult to determine experimentally for heterogeneous cementitious repair systems [33]. Recent FE studies on
concrete-concrete composite interfaces have confirmed the usefulness of cohesive formulations, but they have also shown that such
approaches typically require calibration from prior experimental or analytical identification procedures rather than from directly
usable mix-design variables [34]. As a result, previous numerical frameworks have generally remained case-specific, and the
constitutive interface parameters employed in them are not readily transferable to repair mixtures defined at the proportioning stage.

Among the alternative numerical strategies proposed to overcome these limitations, recent studies have successfully employed
sacrificial interface layers combined with damage plasticity formulations and element deletion techniques to simulate crack initiation
and propagation in bonded systems. In particular, a thin sacrificial adhesive band governed by physically motivated failure criteria has
been shown to accurately reproduce shear debonding mechanisms and match experimental splitting shear responses in stone-clad
facade systems [35]. These developments demonstrate the potential of sacrificial-interface strategies for reproducing progressive
debonding in bonded systems. However, the previously reported applications were developed for materially different composite
configurations, such as stone-cladding systems involving concrete substrate, adhesive mortar, and stone layers, rather than concrete
repair systems composed of substrate-repair concrete-substrate assemblages. Despite these advances, a critical gap remains for
concrete repair interfaces. Although experimental investigations have clearly demonstrated the strong influence of repair mix
composition, and specifically cement content, on shear bond performance [7,8,15,21], these empirical relationships have not yet been
translated into calibration tools suitable for advanced FE modeling of repair interfaces.

To address this unresolved gap, the present study proposes a unified experimental and numerical framework that directly links
repair mix design to the constitutive parameters governing interface failure. A robust three-dimensional FE strategy based on Concrete
Damaged Plasticity (CDP) and sacrificial interface layers with element deletion is validated against shear push-out tests on repair
concretes with varying cement contents, while all other parameters are held constant. The numerical model is calibrated not only to
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reproduce peak loads but also to capture the progressive, top-down debonding mechanism observed experimentally, interpreted as
zipper-type interfacial propagation. Within this framework, the novelty of the present study lies not only in the adoption of sacrificial
interface layers with CDP and element deletion, but also in transferring and reformulating this strategy for a fundamentally different
composite system, namely concrete repair interfaces, and in establishing a unified experimental-numerical route that links a
measurable repair mix variable, namely cement content, to the constitutive parameters governing interface failure. Based on a sys-
tematic parametric study, mix-dependent calibration curves are derived that relate cement content directly to shear bond strength ()
and interface compressive strength (f™), providing a practical, design-oriented tool for defining physically consistent interface pa-
rameters in FE models without resorting to iterative, case-specific numerical tuning.

2. Methodology

This paper presents a unified approach to predict the shear bond behavior at concrete repair interfaces through integration of a
controlled experimental program with a calibrated finite element framework. The overall methodology is structured to ensure that
material level mix design variables can be directly linked to the constitutive parameters required for numerical simulation. The
methodology is organized into three complementary stages, whose integration and the transfer of information between the experi-
mental and numerical domains are schematically summarized in Fig. 1.

(i) Experimental characterization. A shear push-out test series was conducted on composite specimens in which only the cement
content of the repair mix was varied. Such a testing scheme ensures that the cement content is isolated as the major variable and
all other parameters remain the same. Compressive strength tests were also carried out to characterize the mechanical prop-
erties of both substrate and repair concretes and to confirm the strength hierarchy required to force failure at the interface.

(i) Numerical modeling and calibration. A three-dimensional finite element model was developed by adopting the concrete
damaged plasticity combining with the sacrificial interface layers that is controlled by element deletion. The model has been
calibrated against the experimental force-displacement curves as well as observed mechanisms of failure, ensuring that the
zipper-type interfacial debonding can be reproduced in high fidelity. Interface compressive strength was then performed based
on a parametric study, offering numerical bond strengths within the entire range of experiments.

(iii) Development of unified calibration curves. By combining the experimental measurements of shear bond strength with the
numerically calibrated interface parameters, power law correlations were derived that directly relate repair cement content to
both shear bond capacity and interface compressive strength. These correlations are a design-oriented tool that allows the
selection of model parameters for a prescribed mix proportion in the absence of new numerical sensitivity analyses.

This methodological framework ensures consistency between material design, experimental benchmarking, and numerical simu-
lation and provides a way in which the proposed calibration curves could practically act as a bridge between laboratory
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Fig. 1. Schematic flowchart of the integrated experimental and numerical methodology.
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characterization and finite element modeling.
3. Experimental program

The experiments were designed to provide a benchmark to calibrate and validate the numerical model of the bond between a repair
layer and a substrate concrete. Composite specimens were fabricated by casting a repair layer between two substrate blocks and tested
in shear-splitting (push-out style) to quantify bond performance as a function of cement content in the repair concrete, with all other
mix parameters held constant. This controlled variation of cement content allowed the direct isolation of its influence on interfacial
behavior. Companion compressive strength tests were performed on the substrate and on each repair mix to contextualize bond results.

3.1. Materials and mix design

All mixes used Ordinary Portland Cement CEM I 42.5. The physical and chemical properties of the cement used in this study are
presented in Table 1. The fine aggregate (sand) was natural river sand (apparent specific gravity 2690 kg/m?; 24-h water absorption
1.6%). The coarse aggregate (gravel) had a maximum size of 19 mm. Fig. 2 presents the grading curves of the fine and coarse ag-
gregates used in the mixtures in accordance with ASTM C33 [36]. Normal tap water was used. A polycarboxylate-based super-
plasticizer was used in the substrate concrete at a dosage of 1% by cement mass.

To ensure that the push-out tests were governed by interfacial failure rather than substrate crushing or splitting, the substrate
concrete was proportioned with a target compressive strength deliberately higher than that of any repair mix [12,22]. This approach
minimized parasitic failure modes and ensured that the measured response represented interfacial performance. The mixture design,
therefore, included a lower water-to-cement ratio and superplasticizer to achieve the desired strength margin.

The substrate mixture had a water-to-cement ratio of 0.40, equal mass fractions of coarse and fine aggregate [36], and a super-
plasticizer dosage of 1% of cement content. The substrate mixture incorporated superplasticizer to ensure adequate workability,
whereas the repair mixtures were intentionally prepared without superplasticizer to isolate the effect of cement content. Fig. 3 presents
the mass-based mix proportion per cubic meter.

Repair concrete mixes differed only in cement content (300-550 kg/m?®) while maintaining w/c = 0.50 and no superplasticizer.
Table 2 summarizes these proportions. This variation enabled a direct relationship between cement content and bond performance to
be identified.

3.2. Composite specimen fabrication

Each composite specimen was a 150 mm cube composed of two outer substrate slabs, each measuring 150 x 150 x 50 mm, and a
central repair layer, producing two bonded interfaces. This configuration allowed shear transfer along the interfaces while limiting the
likelihood of substrate failure. Therefore, the load transfer mechanism during shear-splitting (push-out) was governed by the interface
rather than by substrate crushing.

(i) Cast 150 mm substrate cubes; consolidate by vibration; water-cure 28 days.
(ii) Saw each substrate cube into 50 mm-thick slabs.
(iii) Place two substrate slabs in the mold, leaving 50 mm gap for the repair layer; clean bonding faces to saturated-surface-dry (SSD)
condition.
(iv) Pour the repair concrete into the central gap and consolidate by vibration.
(v) Demold and water-cure the composite cubes for 28 days.

This fabrication process ensured consistent interface conditions across all specimens. It is illustrated in Fig. 4.

3.3. Mechanical testing

Compressive strength was measured at 28 days of age on 150 mm cubes for the substrate and for each repair mix following ASTM
C39/C39M. Reported values are the mean of three specimens per mix (see Fig. 5 for the test setup) [37].
Shear Bond was evaluated using a shear-splitting (push-out) configuration on the composite cubes [12,21,22]. The applied

Table 1
Physical properties and Chemical composition of the utilized cement.

Physical Properties

Specific Gravity (gr/cm3) Bulk Unit Weight (gr/cm3) Specific Surface Area (cm2/gr) Autoclave Expansion (%) Color
3.15 1.40 2910 0.07 Gray

Chemical Composition (%)

Cao $i02 Al203 Fe203 MgO K20 Na20 S03 L.O.I
62.85 21.32 4.81 3.83 1.48 0.69 0.47 2.32 2.04

L.O.I: Loss of Ignition.
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Table 2

Mix proportions of repair concretes (per m®).

Mix ID Cement (kg/m?) Water Fine Aggregate (kg/m®) Coarse Aggregate (kg/m?)
(kg/m?)

R300 300 150 1003 1003

R350 350 175 919 919

R400 400 200 865 865

R450 450 225 811 811

R500 500 250 756 756

R550 550 275 702 702
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Fig. 4. Fabrication process of composite specimens.

compression load mobilized shear along the two interfaces, while minimizing frictional contribution. The bond strength 7z, (MPa) was
calculated according to Eq. (1):
_ Fmax Fmax

= = 1
B4, T 24 (€9)]

where Fpay is the peak load recorded during the test (N), A is the total bonded area (mm?), and A is the bonded area of a single
interface. This method promoted failure strictly along the interfaces, providing a reliable measure of shear bond capacity.

Results are reported as the mean of three specimens per mix. The shear-splitting test configuration is illustrated in Fig. 5.

Table 3 summarizes the compressive strength of the substrate and repair concretes and the measured bond strength. Each reported
value represents the average of three specimens, accompanied by its corresponding Coefficient of Variation (COV) to transparently
indicate the range of experimental dispersion.

The experimental data served as a calibration and validation benchmark for the numerical model. By controlling all other mix
parameters, the measured bond response was directly mapped to the interface-layer properties in the FE model.

4. Numerical modeling

The numerical modeling campaign was designed to reproduce the shear splitting response of the composite specimens under
monotonic, displacement-controlled loading. The central objective was to validate a modeling strategy in which the bond region
between substrate and repair concrete is represented explicitly by thin interface layers governed by Concrete Damaged Plasticity (CDP)
with element deletion. This approach was designed to capture both (i) the peak reaction force and corresponding bond strength and (ii)
the experimentally observed interface-localized failure pattern. All analyses were carried out in ABAQUS, using the same specimen
geometry and loading configuration adopted in the experimental program (Fig. 6). The numerical response is evaluated primarily in
terms of the global force-displacement curves and the evolution of damage and element deletion along the interface.

4.1. Model geometry

The finite-element model follows the composite configuration described in 3, using a 150 x 150 x 150 mm cube composed of two
substrate regions and a central repair region. To resolve the bond zone explicitly, the central 50 mm of the specimen is subdivided into
a 46 mm repair layer flanked by two thin interface layers, each 2 mm thick. Along the interface-normal direction, the sequence of
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Fig. 5. Mechanical testing setups for compressive and shear-splitting tests.

Table 3

Compressive strength and bond strength.
Mix ID Compressive Strength (f;) (MPa) COV (%) Bond strength (7) (MPa) COV (%)
Substrate 36.29 7.30 -
R300 23.5 5.34 0.21 1.18
R350 28.13 7.15 0.43 2.43
R400 30.79 4.12 0.67 5.11
R450 32.07 4.91 0.81 2.09
R500 31.92 3.11 1.53 1.73
R550 30.09 5.52 1.85 3.68

layers is therefore: Substrate (50 mm) — Interface (2 mm) — Repair (46 mm) - Interface (2 mm) - Substrate (50 mm).

The 2 mm interface layers were introduced as sacrificial bond zones, with mechanical properties selected such that cracking,
damage, and eventual separation localize within them rather than in the adjacent concrete. The model domain is partitioned
accordingly into five material regions, two substrates, two sacrificial interface layers, and one repair layer. This partitioning enforces
nodal conformity across both interfaces, allowing shear transfer and debonding to be captured directly by the interface elements rather
than through tied or contact constraints. Fig. 6 illustrates the composite specimen, the imposed displacement at the top surface, and the
layer thicknesses used in the numerical model.

4.2. Mesh development and boundary conditions

A structured hexahedral mesh was adopted to capture interfacial damage with good numerical conditioning while keeping the
model computationally efficient (Fig. 7). All solid regions, the two substrate blocks, the repair layer, and the sacrificial interface layers
were discretized using eight-node linear brick elements with reduced integration (C3D8R). Mesh seeds were chosen so that the 2 mm
interface layers were resolved using small, nearly cubic elements; at least two elements were placed through the interface thickness to
resolve steep strain gradients and to ensure stable element deletion. To ensure the reliability of the element deletion technique and to
mitigate potential mesh dependency issues associated with strain-based failure criteria, a preliminary mesh sensitivity analysis was
conducted on the initial validation models. The adopted discretization (featuring approximately 1 mm elements within the sacrificial
interface) was compared against a highly refined mesh utilizing 0.5 mm elements. The comparison yielded a negligible difference of
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Fig. 6. Composite specimen: (a) displacement-controlled loading; (b) geometry and partitions with dimensions.

Fig. 7. Structured C3D8R mesh of the composite specimen with reference points (RPs).

less than 1% in the global force-displacement response and peak load predictions. Consequently, to balance stringent numerical ac-
curacy with the substantial computational demands of the extensive parametric study, the 1 mm element size was deemed optimally
converged and was maintained for all subsequent analyses. Away from the interfaces, a graded mesh was used to transition to coarser
elements in the substrate and repair regions while maintaining acceptable aspect ratios and limiting hourglassing in C3D8R elements.
No artificial stiffness, penalty contact, or mesh-dependent constraints were introduced in the interface layers.

Boundary conditions were defined to replicate the shear-splitting tests under displacement control. A reference point (RP_TOP) was
created above the specimen, and a vertical displacement history with a total magnitude of 30 mm was prescribed at this point. The
nodes on the top surface of the repair layer were kinematically coupled to RP_TOP, ensuring that only the repair region was directly
loaded. The bottom surfaces of the two substrate layers were fully restrained in translation (Ul = U2 = U3 = 0), providing a reaction
equivalent to the experimental setup, while the underside of the repair layer remained unloaded. Lateral faces were left traction-free to
avoid artificial confinement. The displacement-time amplitude was calibrated such that the nominal stress rate, computed from the
reaction force and loaded area, was approximately 0.14 MPa/s in accordance with ASTM C39/C39M [37]. The global reaction force
was obtained by summing the nodal reactions on the restrained supports; its peak value, Fy,.x, was subsequently used with Eq. (1) to
compute the numerical bond strength. Fig. 7 shows the resulting structured mesh and the reference points employed for loading and
monitoring.
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4.3. Damage plasticity and failure

4.3.1. CDP model for substrate and repair parts

The substrate and repair parts were modeled using the CDP formulation available in ABAQUS, in order to reproduce non-linear
behavior with stiffness degradation in both compression and tension. The input stress-strain curves and CDP parameters were
defined on the basis of previously published calibration studies for normal-strength concrete, and their recommended parameter
ranges for CDP [38,39], supplemented, where necessary, by the compressive stress—strain envelope proposed for reinforced concrete in
compression [40,41]. Representative uniaxial stress—strain curves adopted in the model for the substrate concrete and all repair mixes
are shown in Fig. 8, with compressive response on the left and tensile response on the right.

The stress—strain curves in Fig. 8 confirm that the CDP calibration reproduces both the intended strength hierarchy and the non-
monotonic effect of cement content on mechanical response. In compression, the repair mixes show a clear increase in peak stress from
R300 (23.5 MPa) through R350 and R400, with the maximum reached for R450 (32.07 MPa); R500 remains essentially at the same
level as R450, while R550 (30.09 MPa) drops back to a value slightly below R400, indicating that cement contents beyond roughly
450 kg/m? no longer enhance, and may even impair, compressive strength. Although this reduction is modest (approximately 0.5% for
R500 and 6% for R550 compared to the peak), it is a recognized physical consequence of mixture proportioning constraints. Because
the water-to-cement ratio was maintained at a constant 0.50 across all repair mixtures, higher cement contents intrinsically necessitate
a greater absolute volume of water in the mix. This elevated free water content significantly increases the mixture's susceptibility to
drying shrinkage. The resulting volumetric contraction generates internal tensile stresses that induce micro-cracking within the bulk
concrete matrix, ultimately impairing its macroscopic compressive capacity relative to the optimally proportioned R450 mix. The
substrate curve forms the upper envelope of the responses, consistent with its role as a deliberately over-strength support in the shear-
splitting tests. An analogous pattern appears in tension: the lowest tensile resistance is obtained for R300 (approximately 2.4 MPa),
strengths rise for R350-R450, only marginally increase at R500, and then decline again at R550, whereas the substrate exhibits the
highest tensile strength, about 3.5 MPa. Across all mixes, the post-peak branches in both compression and tension display similar
gradual softening, with stresses decaying toward small residual values at large inelastic or cracking strains, so that the progressive
degradation of stiffness implemented in CDP is consistent from one mix to another.

4.3.2. Sacrificial interface layer: parameters and thresholds

The bond region between the substrate and repair concretes was represented by two thin solid layers, each 2 mm thick, placed on
either side of the repair layer. These layers were assigned CDP behavior and were treated as sacrificial zones in which damage is
allowed to concentrate, and elements are permitted to fail, while the surrounding substrate and repair concretes remain stronger [35].
This strength hierarchy enforces localization of the shear-splitting failure in the numerical model at the same interface where
debonding was observed in the experiments.

The mechanical parameter space explored for the interface material is summarized in Table 4. Thirteen interface cases were defined
by combinations of interface compressive strength ic“t, tensile strength fitnt and Young’s modulus E. The values were selected so that the
resulting numerical bond strengths cover the practical interval for concrete-concrete interfaces and so that each experimental bond
value can be matched by an appropriate interface case in the finite-element model. The corresponding constant CDP flow parameters
for the interface material are listed in Table 5. These values were selected within ranges recommended in previous applications of CDP
to concrete and bond/interface problems [35,42-45].

In the interface layers, the CDP response was expressed in the standard degraded-stiffness form. In tension, the nominal stress is
given by

or=(1-d)E (et - 3{’1) (2)

and in compression by

%10

% R = [Ty

Wi HELT = 1 Hifn
o % R = Hain
& 22 M4 [k & R
H ! ., REB LF ] [T
B % R34 F HE0
= k Ty ol gl ¢ = 1A Sarbural
& . p
%o 3 -
& 5 = ——— = B
-} 3 ~ — —
= 1 i

[ i nEi Anis i BEil i (WL IE] i B
[[ES] PR TR S T ._I Crerking sdrain, |
{a) (b)

Fig. 8. Stress-strain curves used for CDP calibration: substrate and repair concretes; a) compression, b) tension.
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Table 4

Interface layer: variable mechanical properties by case.
Interface Case ID £ (MPa) f*(MPa) E (MPa) Interface Case ID £ (MPa) f* (MPa) E (MPa)
1 0.001 0.0001 158 8 3.500 0.3500 9 354
2 0.005 0.0005 354 9 5.000 0.5000 11 180
3 0.010 0.0010 500 10 7.500 0.7500 13 693
4 0.100 0.0100 1581 11 10.000 1.0000 15811
5 0.500 0.0500 3536 12 15.000 1.5000 19 365
6 0.900 0.0900 4743 13 20.000 2.0000 22 361
7 2.000 0.2000 7 071

Table 5

CDP flow parameters.
v 74 Eccentricity Jvo/feo K. Viscosity
0.2 38° 0.10 1.16 0.667 0.001

Oc = (1 - dc) Ep (Sc - Epc,l) 3

where Ej Is the initial elastic modulus, ¢,and ¢, are the total tensile and compressive strains, s?l and s}?l are the corresponding plastic
(inelastic) strain components, and d;and d, are the tensile and compressive damage variables. Post-peak softening in the sacrificial
layers is therefore governed by the evolution of the cracking strain in tension, £, the inelastic strain in compression, &, and their
associated damage variables d;(e¢*) and d(e) [35,40,46].

For each interface case, these softening and damage curves were calibrated so that the global force-displacement response of the
composite specimen and the localization of failure along the bond line were consistent with the corresponding experimental shear-
splitting test. In practice, this required iterative adjustment of the critical cracking and inelastic strain levels that mark the onset of
complete degradation in the interface elements. The final calibrated values of ¢&and e for all thirteen interface cases are reported in
Table 6; they provide the strain criteria governing element deletion and the onset of progressive debonding in the sacrificial layers.

4.3.3. Element deletion and zipper-type debonding

Element deletion was activated in the interface layers to allow local bond failure and separation once a prescribed failure condition
was reached. When this condition is satisfied, the affected elements lose their stiffness and are removed from the analysis, enabling the
interface to open and slide while the surrounding substrate and repair concretes remain largely intact.

At each increment of the displacement-controlled analysis, ABAQUS evaluates the current total and inelastic/cracking strains in
each interface element and updates the tensile and compressive damage variables, d; and d,, according to the CDP softening laws. The
calibrated cracking and inelastic strain thresholds in Table 5 define the onset of complete degradation in the sacrificial layers. When, at
an integration point, the damage in tension or compression reaches its critical value, and the associated cracking or inelastic strain
exceeds the assigned threshold, the element is flagged as failed, and its contribution is removed from the global stiffness matrix. The
load previously carried by that element is then redistributed to neighboring regions, which may in turn reach their own failure criteria
as the imposed displacement increases [35,46,47].

The sequence of checks and updates used to implement this failure strategy is summarized in Fig. 9. After each global equilibrium
step, the algorithm loops over the interface elements, updates damage and stiffness based on the current strain state, checks the failure
criteria derived from Table 5, and either keeps the element active (with reduced stiffness) or deletes it. The analysis then proceeds to
the next displacement increment, which captures both the peak reaction and the subsequent softening associated with progressive
debonding.

The mechanical consequences of this strategy are illustrated schematically in Fig. 10 for the sacrificial interface layer. At low load
levels, all elements across the 2 mm interface layer are intact and share the shear transfer between the repair and substrate concretes.
As the imposed displacement increases, the shear and normal stresses within this sacrificial layer develop a strong gradient along the

Table 6

Calibrated strain thresholds for interface element deletion.
Interface Case ID ek el Interface Case ID ek el
1 5.92e—05 1.558e—04 8 3.500e—03 9.211e—-03
2 1.321e—04 3.477e—-04 9 4.182e—03 1.101e—-02
3 1.871e—04 4.924e—04 10 5.128e—03 1.349e—-02
4 5.917e—04 1.557e—03 11 5.915e—-03 1.557e—02
5 1.323e—03 3.481e—03 12 7.246e—03 1.907e—02
6 1.775e—03 4.669e—03 13 8.366e—03 2.202e—-02
7 2.646e—03 6.964e—03
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Fig. 9. Algorithm for interface element deletion in the CDP model.

loading direction: elements in the portion of the interface closest to the applied displacement experience the highest demand and begin
to accumulate damage. In the schematic these highly degraded but still active elements are shown in yellow; their stiffness has been
significantly reduced by the CDP damage variables, yet they continue to transmit load. Once the combined damage-strain state in the
most critical of these yellow elements reaches the calibrated failure threshold, they are deleted and represented in red, leaving a local
gap in the sacrificial layer. Continued loading causes newly damaged (yellow) elements immediately ahead of the deleted zone to reach
the failure criterion and convert to red, while damage spreads into the next row of intact elements. Consequently, a band of deleted
elements propagates progressively along the sacrificial interface layer, followed by a fringe of severely damaged but still active ele-
ments. This sequential advance of a debonded strip behind an advancing damage front produces a progressive, end-initiated debonding
pattern, akin to a zipper opening along the bond line, which is consistent with the experimentally observed crack path and generates a
gradual, rather than abrupt, reduction in reaction force in the shear-splitting tests.

All simulations were run under displacement control in a quasi-static regime, with the prescribed displacement applied in a single
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. Deleted Element

Damaged Element

Fig. 10. Schematic of zipper-type debonding in the sacrificial interface layer.

analysis step. Numerical quasi-static conditions were checked by monitoring the global energy balance and keeping kinetic energy
negligible compared with internal (strain) energy; no mass scaling was introduced. Post-peak response and interfacial separation were
governed by the CDP softening behavior in the substrate, repair and sacrificial interface layers, together with the calibrated deletion
thresholds assigned to the interface. The numerical output examined included the global reaction force-displacement response, the
evolution of stress and strain fields, the development of tensile and compressive damage, and the spatial pattern of deleted elements
interpreted as the crack path. These results form the basis for the comparisons and discussion presented in the next section.

5. Results and discussion
5.1. Stress distribution and debonding mechanism

The finite element model was used to analyze the progression of stress and damage in the composite specimen, with particular
emphasis on the sacrificial 2 mm interface layers that control the onset of bond failure. An explicit dynamic solution scheme was
adopted to simulate crack propagation, with the loading time extended sufficiently for the imposed displacement history to remain
quasi-static and the loading rate to stay very low. This approach ensured numerical convergence while maintaining compatibility with
the static nature of the laboratory tests. Fig. 11 illustrates, for the reference case with icm = 3.5MPa, the full sequence of von Mises
stress (0,) contours from the unloaded state to complete separation of the repair layer from the two substrate blocks. The results
confirm that the simulated response is in close agreement with the experimental shear-splitting behavior.

At low load levels in Fig. 11, the contours show comparatively modest o, values within the substrate and repair blocks, while the
sacrificial interfaces remain essentially elastic. As the imposed displacement increases, a concentrated band of elevated von Mises
stress develops along the upper edge of each sacrificial interface, directly beneath the loaded face of the repair concrete. This band
reflects the high local shear and normal stress combination required to trigger damage in the interface material. Once the local damage
and strain thresholds are reached, the first interface elements at the top satisfy the deletion criterion and are removed from the mesh,
creating a small debonded notch. With further loading, the region of high o, migrates progressively downwards along the 2 mm
sacrificial layers on both sides of the repair block, and additional interface elements are deleted in sequence. The debonding front
therefore advances step by step from the loaded edge towards the bottom of the specimen in a zipper-type, end-initiated debonding
pattern, while the surrounding substrate and repair concrete remain largely intact. Just before complete detachment, the peak von
Mises stress for this case reaches approximately 11.6 MPa in a narrow zone along the sacrificial band, whereas most of the cube re-
mains in the green-cyan range, indicating that damage is strongly localized in the interface. This crack growth intensifies as loading
increases until the sacrificial bands are entirely removed in the debonded region, and complete separation of the repair layer from the
two substrate blocks is achieved. The correspondence between this simulated top-down debonding mechanism and the experimentally
observed failure mode indicates that the numerical model reproduces both the failure path and the associated stress redistribution with
good accuracy. In other words, the sacrificial layers successfully concentrate damage where physical evidence shows it to occur,
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Fig. 11. Evolution of von Mises stress o,and debonding mechanism for the specimen with interface compressive strength fic“t = 3.5MPa, showing
top-down, zipper-type element deletion along the 2 mm sacrificial interfaces under shear-push-out loading.

supporting the physical soundness of the modeling strategy.

To complement this detailed sequence, the evolution of ¢, across the full range of icm was condensed into a single dual-logarithmic
envelope diagram (Fig. 12). For each interface case, defined by a icm between 0.001 and 20 MPa, the smallest and largest von Mises
stresses in the composite specimen were extracted from the final load step. These extrema, denoted 6y min and 6y max , were then plotted

as vertical color-graded bars on a dual logarithmic scale, with red circular markers indicating ¢, max and blue square markers indi-

cating o, min for each ficm. Inset contour plots for three representative strengths icm =0.001, 0.1 and 20 MPa) are superimposed on the
diagram to show how the global stress levels in the specimen correspond to the local fields in very weak, intermediate, and strong
interfaces.

The lower envelope 6, min remains of the order of few megapascals (10~°MPa) for all interface strengths. For the weakest interface,

the minimum von Mises stress in the composite is about 1.55 x 10~>MPa at ficnt = 0.001MPa (see Fig. 10), and it gradually increases to
slightly higher values for stronger interfaces. This very small and weakly varying lower bound corresponds to regions that stay
essentially elastic and only lightly stressed, for example remote corners of the cube away from the sacrificial bands. In contrast, the

upper envelope 6, max Shows a clear monotonic growth with increasing interface strength. For the most compliant interfaces the
maximum von Mises stress is modest, about 2.13 MPa at int _ 0.001 MPa, 3.24 MPa at 0.005 MPa, and 4.12 MPa at 0.01 MPa; in these

c
cases, the sacrificial layers debond at very low stress levels and the global capacity is limited by early interface failure. As i"t increases,
the interface can sustain higher stresses before the deletion criterion is reached, and ¢, mayx rises to 6.50 MPa at 0.1 MPa, 8.58 MPa at

0.5 MPa, and 9.91 MPa at 0.9 MPa.

For intermediate and strong interfaces, the trend continues in a nearly proportional manner. When icm is between 2 and 5 MPa, the
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Fig. 12. Envelope of minimum and maximum ¢, bounds versus fi“t, plotted on a dual logarithmic scale. The vertical gradient bars represent the
stress span within the specimen, and the inset contours for f = 0.001, 0.1 and 20 MPa illustrate the associated stress fields at very weak, in-

c
termediate, and strong interfaces.

maximum von Mises stress grows from approximately 11.25 MPa (2 MPa) through 11.64 MPa (3.5 MPa) to 13.02 MPa (5 MPa). In this
range, the sacrificial layer fails later in the loading process, and the stress field has more time to develop pronounced compressive struts
through the substrate and repair blocks before debonding initiates. At higher interface strengths, the increase becomes more pro-

nounced: 6, max reaches about 15.81 MPa at it _ 10MPa, 18.39 MPa at 15 MPa, and finally 22.26 MPa at 20 MPa. These values

[
confirm that a strong interface allows the composite specimen to mobilise a much larger portion of the inherent capacity of the
substrate and repair concretes before the sacrificial band fails. The reference case f™ = 3.5MPa, for which the full stress evolution is
shown in Fig. 11, sits near the middle of this envelope: its peak 6, max is high enough to mobilise significant compressive fields in both
concretes, but still low enough that failure remains clearly governed by the sacrificial layer rather than by crushing in the bulk
material.

The dual-logarithmic representation in Fig. 12 highlights two features consistent with the adopted element-deletion strategy. First,
0y.min Stays several orders of magnitude lower than o, may for all ficm, which shows that damage and deletion remain concentrated in a
narrow sacrificial zone rather than spreading through the entire body. Second, the smooth increase of ¢, max With ficmreﬂects the
transition from very brittle, early debonding at weak interfaces to a more progressive, zipper-type debonding pattern at stronger
interfaces, in which the deletion front advances stepwise along the sacrificial layer before complete separation occurs. For low fic“t, the
interface elements satisfy the failure criterion soon after the first red zone appears near the top of the sacrificial layer; deletion occurs

quickly, the von Mises peak remains low, and the reaction force drops sharply. For higher icnt, the same top-down mechanism operates,
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Fig. 13. Force-displacement response from shear bond push-out tests and numerical simulations: a) experimental curves for specimens with repair
mortar cement contents R300-R550; b) FE simulations for varying fic“t under the same loading configuration.
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but the interface can accumulate higher stresses before the criterion is met, the deletion front travels further along the layer, and the
global response exhibits a more extended post-peak tail. Figs. 11 and 12 provide a coherent picture of the stress distribution and
debonding mechanism: the sacrificial interface strength icm governs both the peak von Mises stress that the system can sustain and the
extent of the progressive debonding process that precedes full detachment of the repair layer from the substrate.

This consistent behavior across the parametric study demonstrates that the proposed interface model is not only able to fit a single

test, but also to reproduce the expected mechanical trends when the interface strength is varied systematically.

5.2. Force-displacement response

Fig. 13 compares the measured and simulated force-displacement responses of the shear bond push-out specimens. On the
experimental side (Fig. 13a), increasing the cement content of the repair layer from R300 to R550 systematically enhances the global
response. At very small displacements, the force-displacement curves are almost linear, indicating that shear transfer along the
interface is initially governed by elastic mechanisms in the substrate, repair concrete, and interface. The peak force rises from well
below 1 ton for R300 to about 8-9 ton for R550, while the associated displacement at peak increases from roughly 0.06-0.07 mm to
nearly 0.10 mm, remaining confined to a relatively narrow range. This clustering of peak slips suggests that the onset of interfacial
failure is controlled by localized microcracking and crushing in the vicinity of the sacrificial interface, rather than by large-scale sliding
along the bond line. The initial slope of the curves also becomes steeper, indicating a stiffer composite as the repair mortar becomes
denser and stronger. Post-peak, the low-cement mixes (R300, R350) exhibit a very sharp drop in load, characteristic of a brittle
debonding of the sacrificial interface with limited energy dissipation. In contrast, mixes R450-R550 develop a broader plateau and a
more gradual softening branch before complete loss of load, so that the area under the force-displacement curves (a proxy for energy
dissipation) increases noticeably with cement content. This combination of rising peak force, modest variation in peak displacement,
and growing energy dissipation establishes a clear interfacial performance hierarchy among R300-R550. This trend is consistent with
broader observations in the concrete-repair literature, where the mechanical response of the interface has been shown to depend not
only on surface condition and test configuration, but also on the mechanical compatibility and composition of the repair material [15,
19,20,25]. In the present study, because surface preparation, geometry, curing regime, and water-to-cement ratio were controlled, the
observed increase in peak load and energy dissipation can be attributed primarily to the increase in repair cement content and the
resulting change in the local interface-governing material response. Mechanistically, the richer cementitious matrix appears to have
delayed the onset of unstable interfacial cracking and enabled a more progressive zipper-type debonding process, rather than an abrupt
brittle loss of shear transfer. This also explains why the force-displacement curves evolved not only in peak magnitude, but also in
post-peak shape, indicating that the interface response was governed by both strength and damage-propagation characteristics. In
summary, the experiments reveal that higher cement content leads to a stiff, stronger, and more ductile interface response in shear.

It is crucial to highlight the distinct physical mechanisms governing bulk versus interfacial behavior, particularly for the high-
cement mixtures. As observed in Table 3, while the bulk compressive strength experiences a slight reduction from R450 to R550,
the interface shear strength more than doubles. This divergence indicates that macroscopic compressive strength is not the primary
determinant of interfacial adhesion. Instead, the critical parameter is the total paste volume. Because the water-to-cement ratio was
held constant, the R550 mixture contains a significantly higher volume of cement paste. While this excess paste increases drying
shrinkage and causes minor strength degradation internally within the bulk matrix (as discussed in 4.3.1), it provides a substantial
advantage at the boundary. The abundant paste facilitates much deeper penetration into the surface roughness of the substrate,
drastically enhancing mechanical interlocking and interfacial adhesion. Although there is a physical limit where excessive paste-
induced shrinkage would eventually impair the bond, within the evaluated range (up to 550 kg/m3), the benefits of paste-driven
interlocking dominate the shear capacity. This physical mechanism confirms that the exponential growth captured by the subse-
quent calibration curves reflects actual Interfacial Transition Zone densification rather than a pure mathematical regression.

The numerical curves in Fig. 13b reproduce the same qualitative features when the compressive strength of the sacrificial interface,

icm, is varied from 0.001 to 20 MPa while keeping the substrate and repair concretes unchanged. Similar to the tests, the initial
branches are almost linear, reflecting elastic shear transfer through the composite before damage initiates in the sacrificial band. For

very weak interfaces (fic‘1t < 0.01 MPa), the response is almost triangular: the load increases nearly linearly to a modest peak of about
0.3-1 ton, followed by an abrupt drop as element deletion is triggered in the sacrificial layer soon after the first local von Mises peak
forms at the loaded edge. As ic‘“ increases into the intermediate range (0.1-5 MPa), the curves broaden and the peak force rises to
approximately 6-7 ton, with a more rounded maximum and a short softening branch. This behavior reflects the zipper-type, end-
initiated debonding pattern identified in the previous subsection: interface elements at the top of the 2 mm layer delete sequentially
rather than simultaneously, allowing the composite to carry load over a slightly larger displacement interval. For the strongest in-
terfaces (fiC“t > 10 MPa), the model mobilises peak forces on the order of 10-15 ton with a pronounced plateau region, and the nu-
merical curves show a substantial post-peak tail, indicating that the sacrificial interface can sustain progressive damage and dissipate
significant fracture energy before complete separation.

A comparison of the two panels demonstrates that the finite-element model, with its sacrificial interface and element-deletion
strategy, captures both the magnitude and shape of the experimental push-out responses in a physically consistent way. Weak nu-
merical interfaces (ficnt ~ 0.001-0.1 MPa) produce short, brittle curves similar in form to the R300-R350 tests, where debonding occurs
almost immediately after the peak. Intermediate interface strengths (f™ ~ 2-5 MPa) generate peak forces and softening branches

comparable to the R400-R450 specimens, while the strongest interfaces (ficnt ~ 10-20 MPa) match the order of magnitude and plateau-
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type behaviour of the R500-R550 curves. In terms of peak load, peak displacement, and overall energy dissipation (area under the
curves), the numerical series therefore reproduces the same trends as the experimental one, once the repair classes are mapped to
appropriate fim levels [48]. This alignment supports the interpretation that the global shear bond capacity in the tests is governed
primarily by the sacrificial interface rather than by crushing of the substrate or repair concretes. It also confirms that the numerical
framework developed in 3, combining the CDP-based concrete model with a sacrificial interface layer and progressive, zipper-type
element deletion, provides a robust representation of the experimentally observed bond-debond transition under shear push-out
loading.

To move beyond qualitative visual assessment and rigorously validate the numerical framework, a quantitative error analysis was
performed. To comprehensively evaluate the model across the tested spectrum, three representative experimental mixtures were
strategically selected for numerical validation: R300, R400, and R550. These three cases effectively represent the lower limit, the
intermediate transition, and the upper limit of the tested cohesive strengths. Three critical structural parameters were extracted from
both the experimental and numerical force-displacement responses: Peak Load capacity, Slip at Peak Load, and total Energy Ab-
sorption. Table 7 details these comparative metrics. While perfectly replicating chaotic physical micro-cracking is theoretically un-
feasible in macro-scale models, the calculated relative errors demonstrate that the numerical simulations successfully capture the
structural hierarchy and energy dissipation mechanisms. The deviations remain well within the standard acceptable thresholds for
highly non-linear explicit concrete damage mechanics, confirming the overall fidelity of the modeling strategy across all material
regimes.

The reasonable quantitative agreement established in Table 7 is therefore not merely a visual correlation, but strong evidence that
the proposed failure mechanism and interface modeling hypotheses are mechanically sound.

The ability of the proposed model to reproduce the interfacial slip prior to peak load, followed by progressive softening and energy
dissipation, highlights an important advantage over conventional interface-modeling strategies. Simplified tie constraints [8,30], by
enforcing perfect kinematic compatibility, would suppress relative slip and would therefore be unable to reproduce the experimentally
observed post-peak softening branches shown in Fig. 13, leading to overestimation of composite action and bond capacity. Cohesive
zone models can, in principle, simulate progressive debonding, but they generally rely on traction-separation or fracture-energy pa-
rameters [31-33] that are difficult to identify directly for repair systems with continuously varying cement contents, such as the
300-550 kg/m? range investigated herein. In contrast, the present approach captures the governing failure mechanism through the
progressive downward migration of highly localized stress concentrations within the sacrificial interface layers, followed by sequential
element deletion and zipper-type debonding. This enables the model to reproduce the experimentally observed crack propagation and
post-peak response using a calibrated macroscopic interface parameter rather than iterative micro-parameter identification. From this
perspective, the proposed framework provides not only a mechanically consistent representation of progressive bond failure, but also a
more practical route for repair-oriented FE calibration.

5.3. Calibration of interface parameters as a function of cement content

The final step of the study was to link the macroscopic bond capacity observed in the shear push-out tests to the micromechanical
parameters of the sacrificial interface layer used in the FE model. To this end, a two-stage calibration was carried out. First, the FE
int

parametric study on the sacrificial interface layer provided, for each prescribed interface compressive strength f

, the corresponding

peak bond stress 73, at which element deletion propagated through the 2-mm interface band. These purely numerical pairs iC“t, 7p) are
summarized in Table 8 and represent the backbone of the interface calibration. In all cases, the substrate concrete was cast and
modelled with a much higher strength than the repair layer so that failure is forced to occur in the repair concrete and at the sacrificial

interface, rather than in the substrate; fic“t therefore acts as a numerical parameter that controls the onset of the experimentally
observed debonding mechanism.

In a second step, the experimental peak bond stresses 7j ¢y, from the push-out tests (defined in Eq. (1) as the maximum recorded
int

force divided by the nominal bonded area) were substituted into the numerical f,

—1p, calibration, which yielded, for each repair mix
int
4

R300-R550, a predicted interface compressive strength f," compatible with the measured bond capacity. Each of these calibrated

fMvalues were then associated with the cement content CCof the corresponding repair mix, thereby generating a dataset (CC,f™). By

Table 7
Quantitative validation of the representative boundary models against experimental results.
Mix ID Parameter Experimental FE Model Error (%)
R300 Peak Load (ton) 0.85 1.05 23.50
(Lower bound) Slip at Peak Load (mm) 0.065 0.054 16.92
Energy Absorption (ton.mm) 0.0496 0.0576 16.12
R400 Peak Load (ton) 2.93 3.76 28.32
(Middle state) Slip at Peak Load (mm) 0.060 0.066 10.00
Energy Absorption (ton.mm) 0.1638 0.2197 34.12
R550 Peak Load (ton) 8.30 7.45 10.24
(Upper bound) Slip at Peak Load (mm) 0.080 0.080 0.00
Energy absorption (ton.mm) 0.6030 0.6007 0.38
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Table 8

Interface layer compressive strength and bond strength obtained from the finite-element model.
fi"f (MPa) 0.001 0.005 0.01 0.1 0.5 0.9 2.0 3.5 5.0 7.5 10 15 20
7, (MPa) 0.1 0.18 0.23 0.51 0.84 0.98 1.25 1.49 1.66 1.88 2.14 2.50 2.94

int

combining this dataset with the experimental (CC, 75 ¢xp)pairs and eliminating the intermediate variable f,

lations were finally expressed directly as functions of the cement content.

From a broader perspective, this calibration step represents a key distinction between the present study and much of the previously
reported interface literature. Earlier experimental studies have generally identified empirical relationships between repair-material
characteristics, test conditions, and measured bond strength, whereas more recent reviews have mainly synthesized the governing
mechanisms, test methods, and influencing factors affecting concrete-to-concrete bond behavior [15,20]. In parallel, numerical studies
have shown that interface formulations often require parameter calibration from prior experiments or analytical identification pro-
cedures rather than from directly usable mixture variables [34]. In contrast, the present framework converts a measurable
repair-design variable, namely cement content, into two quantities of immediate relevance for interface simulation: the experimentally
observable shear bond strength and the numerically calibrated interface compressive strength. This gives the calibration curves a more
direct physical meaning and supports their interpretation as a practical bridge between mixture proportioning, observed bond
behavior, and FE parameter selection.

These correlations are plotted in Fig. 14, where the horizontal axis represents the cement content CCof the repair concrete, the left
vertical axis the interface compressive strength ic“t, and the right vertical axis the shear bond strength 7,. Within the experimental
range CC = 300-550 kg/m?3, the best-fit expressions are:

, two power-law corre-

7 = 3.64 x 1071° CC**® @

ficnt —2.04 x 10~2° CCL0777 5)

Fig. 14 summarizes these correlations in a single chart. The horizontal axis reports the cement content of the repair concrete, CC,
i‘“ (blue scale), and the right vertical axis the shear bond strength,
7p(red scale). Solid portions of the curves cover the experimental calibration interval CC = 300-550 kg/m?, whereas the dashed
extensions represent predictions for mixtures outside this range. Two vertical dashed lines at CC = 300 and 550 kg/m? delineate the

domain in which both correlations are directly supported by the push-out tests and FE calibration. Within this window, the chart thus

while the left vertical axis gives the interface compressive strength,

shows a non-linear, power-law increase of both fic‘“and 7,with increasing CC, as given by Egs. (4) and (5).

The exponents in Eqs. (4) and (5) highlight the different sensitivity of the two responses to changes in cement content. The more
moderate exponent for 7;,(3.55) implies a gradual increase in shear bond capacity with CC; for example, within the tested interval, the
red curve in Fig. 14 shows that increasing the cement content from 300 to 550 kg/m? raises the predicted 7, from about 0.23 MPa to
nearly 2.0 MPa, which is consistent with the experimental trend that higher-strength repair mortars mobilize higher interface shear
capacity under the shear push-out configuration. The much steeper exponent for fic'“(10.777) indicates that, within the calibrated FE
model, relatively modest increases in cement content at the upper end of the range require substantial increases in the interface
compressive-strength parameter to reproduce the experimentally observed growth in peak load. This behaviour reflects the role of ficrlt
as a numerical trigger for element deletion in the sacrificial interface layer: once the substrate concrete is sufficiently strong to remain
essentially elastic, additional cement primarily enhances the resistance of the repair layer and its interfaces, rather than altering the
response of the substrate blocks.

To quantify the predictive quality of these correlations, the usual coefficient of determination R?> was complemented by error
metrics based on the experimental and calibrated reference values. For a set of Nobservations y;and predictions y;, the coefficient of
determination, and the normalised RMSE (NRMSE) are defined as

N

> G-
RZ —-1— ljvl - (6)

; vi—y)?
1 N 2
N ; i =y

NRMSE =+ — @
ymax _ymin

where y is the mean of the observed values and ymax, Ymin are the maximum and minimum observed values in the calibration set. When
these indices are applied to Egs. (4) and (5), the resulting values are summarized in Table 9.

For the 7,—CC correlation in Eq. (4), an NRMSE of about 5.8% indicates that the fitted curve reproduces the measured shear bond
capacities with an average prediction error of only a few per cent of the experimental variation, consistent with the relatively tight
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Fig. 14. Correlation of cement content of the repair concrete (CC) with (i) shear bond stress 7,(red curve) and (ii) interface compressive strength
ficmused for the sacrificial layer in the finite element model (blue curve). Dashed segments denote extrapolated portions; vertical dashed lines
indicate the range of cement contents investigated experimentally (R300-R550).

Table 9

Statistical performance metrics for calibration curves.
Correlation R? NRMSE (% of observed range)
7,—CC (Eq. 4) 0.947 5.8%
‘C“‘_CC (Eq. 5) 0.945 8.7%

int

scatter typically reported for well-controlled push-out tests. For the f,

—CC correlation in Eq. (5), the NRMSE is approximately 8.7%,
which is acceptable given that fic'1t is a calibrated modelling parameter for the sacrificial interface layer rather than a directly measured
material strength. Taken together with the coefficients of determination be = 0.947 and Rji[m = 0.945, these values confirm that the
power-law fits in Egs. (4) and (5) provide a quantitatively reliable representation of both the experimental bond data and the calibrated
interface strengths within the tested cement-content range, without being unduly influenced by the very small icm values at the lower
end of the calibration domain. In practical terms, this means that designers can use Fig. 14 and equivalent expressions as a simple tool
to obtain consistent interface parameters for a given repair cement content, without repeating the entire experimental-numerical
process.

The combined chart in Fig. 14, therefore, acts as a compact calibration tool rather than a purely empirical regression: for a given
repair concrete with known cement content, Eq. (4) provides an estimate of the expected peak shear bond stress 7, while Eq. (5) yields
a compatible value of icmto be assigned to the sacrificial interface band so that the element-deletion process activates at the correct load
level in the FE model. Conversely, if a target bond strength is specified, the same curves can be read in reverse to infer both a suitable
cement content for the repair layer and an internally consistent interface strength parameter for CDP-based simulations. In this way,
the calibration chart translates the combined experimental-numerical work into a compact design-oriented tool, embedding the
sensitivity of the shear-bond response to repair strength while remaining consistent with the progressive, zipper-type debonding
mechanism implemented in the numerical model. In this way, the calibration chart translates the combined experimental-numerical
work into a compact design-oriented tool, embedding the sensitivity of the shear-bond response to repair strength while remaining
consistent with the progressive, zipper-type debonding mechanism implemented in the numerical model.

It should be emphasized, however, that the reliability of Fig. 14 is highest within the cement-content interval actually covered by
the tests and for repair systems similar to those investigated here (normal-strength cementitious overlays bonded to a prepared
concrete substrate under quasi-static loading). Extrapolation of the curves to very low or very high cement contents, to mixtures with
significant amounts of pozzolans, polymers, fibers, or to different substrate surface conditions and moisture states should be treated
with caution, as these factors are known to strongly influence interface behavior and may alter the functional form of the correlations.
Future work could extend the calibration framework by introducing additional axes or families of curves to account for other mix
parameters (e.g., supplementary cementitious materials and fiber volume fraction) and substrate characteristics, and by refining the
statistical basis of the fits with larger experimental datasets. Within its defined domain, however, the proposed chart offers a concise
and quantitatively validated bridge between mix proportions, measured shear-bond performance, and the sacrificial interface
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parameters required for predictive finite-element modelling. Consequently, the proposed calibration does not only fit the data, but also
provides a structured way of embedding shear bond physics into CPD-based interface models.

Finally, although the calculated R* and NRMSE values indicate a strong correlation and low predictive error within the specific
range of the present experimental program, the statistical limitation associated with the sample size must be acknowledged. Deriving
continuous empirical relationships from only six discrete data points, even when these span the investigated range of repair mixtures,
necessarily limits the broader statistical robustness of the proposed equations. Therefore, Eqs. (4) and (5) should be interpreted as a
preliminary phenomenological framework valid within the investigated domain, rather than as universal design formulas. Establishing
more generalized and statistically robust calibration relationships will require future studies based on a substantially larger database of
experimental push-out tests covering a wider range of repair mixtures, interface conditions, and material parameters.

6. Conclusion

This study developed and validated a finite element framework based on Concrete Damaged Plasticity and 2 mm sacrificial
interface layers with element deletion to simulate shear bond behavior at concrete repair interfaces. The numerical strategy was
benchmarked against shear push-out tests performed on repair concretes with cement contents ranging from 300 to 550 kg/m? , using
an over strength substrate to ensure that failure was confined to the repair substrate interface.

The experimental results showed a consistent interfacial response characterized by a stiff ascending branch, a distinct peak load,
and pronounced post peak softening, with shear bond strength increasing from approximately 0.21 MPa to 1.85 MPa as cement
content increased. The finite element simulations reproduced the measured force-displacement responses with satisfactory quanti-
tative agreement. Quantitative validation of representative mixtures demonstrated that the model captures peak capacities and energy
dissipation within acceptable error margins, with deviations below 29% despite the highly non-linear nature of the explicit fracture
process. Furthermore, the model successfully captured the experimentally observed progressive, top-down zipper-type debonding
mechanism localized within the sacrificial interface layers. This progressive failure is mechanically driven by highly localized inter-
facial shear stress concentrations that trigger sequential element deletion, accurately mirroring the physical crack propagation along
the bond line.

A key outcome of the study is the derivation of mix-dependent calibration curves that directly link repair cement content to shear
bond strength and interface compressive strength used in the finite element model. The resulting power law correlations achieved
coefficients of determination close to 0.95 with normalized errors below 10%, providing a practical and design-oriented tool for
defining physically consistent interface parameters without iterative numerical tuning.

Within its defined scope, the proposed framework offers a physically grounded bridge between mix proportioning and structural
simulation, enabling predictive modeling of repair interface behavior using readily available material descriptors.

The study is subject to limitations related to the specific repair system and loading conditions investigated. The experimental and
numerical analyses focused on normal strength cementitious overlays bonded to a single substrate type under monotonic quasi-static
loading, and the calibration curves were derived for a limited range of cement contents.

Future research should extend the proposed methodology to different substrate conditions, alternative loading regimes, and more
complex repair mixtures incorporating supplementary cementitious materials, polymers, or fibers.
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