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Abstract: This paper presents an adapted version of the Eligehausen bond-slip model aimed at
more accurately reproducing the mechanical response of ribbed steel-cement mortar interfaces observed in direct
shear tests reported in previous studies. The proposed approach introduces a refined analytical formulation that
overcomes key limitations of existing bond-slip laws, particularly their inability to adequately describe the
nonlinear adhesion and slip behavior characteristic of steel-mortar composite interfaces.

The objective of this research is to develop a constitutive law that more reliably characterizes the shear
stress—slip relationship and reflects the actual adhesion mechanisms identified experimentally. A series of direct
shear tests was conducted on high-strength cement mortar cast between two steel plates. The resulting stress—
deformation curves were analyzed to identify the governing parameters of the interfacial bond mechanism.

The Eligehausen model was implemented and calibrated using MATLAB through an iterative optimization
procedure designed to minimize discrepancies between experimental and analytical results. The calibrated
model demonstrates a significantly improved agreement with the experimental stress—slip responses compared to
the original formulation. In particular, it successfully captures both the nonlinear ascending branch and the
subsequent softening behavior, which are not adequately represented by existing models.
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The study introduces modified equations that enhance the physical interpretation of adhesion and frictional
mechanisms at the steel-mortar interface. The proposed constitutive model provides a more accurate description of
shear loading behavior and enables more reliable numerical simulations of steel-mortar composite connections.

Keywords: Steel-cement mortar interface; Bond—slip behavior; Adhesion mechanisms; Direct shear test;

Constitutive modeling.
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1. Introduction

Steel-concrete composite bridges are a category of
structures widely used in modern engineering structures
due to their mechanical efficiency and durability. They
are primarily loaded in bending and consist of steel and
concrete elements connected by shear connectors that
ensure the continuity of force transfer at the interface.
These connectors prevent both relative slippage and
separation between the materials, thus ensuring fully
composite behavior. A well-designed shear connection
allows the steel and concrete to work together as a single
structural element, forming a composite beam capable
of effectively resisting service and extreme loads. [1-2-
3]

The proper functioning of these structures depends
heavily on the quality of the interface between steel and
concrete. This interface, subject mainly to shear stresses,

ensures adhesion and the transfer of forces between the
two materials. The characterization of this interaction
zone is therefore essential to understand the phenomena
of sliding, cracking and detachment likely to alter the
overall performance of the structure. Recent
experimental research, based on push-out or direct
traction tests, has highlighted the complex nature of
stress-slip behavior and refined the analytical models
describing the steel-concrete bond. [4-5-6]

The bond behavior between steel and cement grout
material plays a crucial role in the performance of
composite structures, influencing their load transfer
efficiency and overall mechanical behavior.
Understanding this interaction is essential for improving
the reliability and durability of steel-concrete and steel—
mortar connections. In recent decades, several studies
have investigated the mechanisms governing the bond—
slip relationship in reinforced and composite materials,
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leading to the development of analytical and empirical
models. [7]

Among them, the Eligehausen model has been
widely recognized for its ability to describe the
nonlinear bond—slip behavior observed in ribbed steel—
concrete interfaces. However, when applied to high-
strength mortar or modified interface geometries, this
model often fails to accurately reproduce experimental
responses due to its simplified assumptions regarding
adhesion and frictional behavior. [8-9]

To address these limitations, the present study
proposes an adapted version of the Eligehausen bond
model specifically tailored to steel-cement mortar
interfaces. The model aims to capture the nonlinear
adhesion and slip characteristics revealed through direct
shear tests performed on high-strength mortar poured
between steel plates. [10]

A series of experimental investigations was
conducted to identify the governing parameters of the
bond mechanism, has been used to implement and
calibrate the analytical model, MATLAB software has
been used to minimize discrepancies between
experimental and numerical results.

2. Presentation of Experimental
Results

The experimental results presented in Figure 1
highlight the bond stress behavior as a function of
deformation of the OR2 subjected to a high confining
stress. This result demonstrates a high-strength bond,
illustrated by a characteristic curve comprising a
nonlinear ascending phase, a plateau corresponding to
the maximum bond stress, followed by a decrease
towards a residual stress. These different phases reflect
the complex adhesion and sliding phenomena at the
steel—concrete interface, including the progressive
activation of load transfer mechanisms. The analysis of
these results provides a better understanding of the local
behavior of the interface. [10].
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Figure 1. Characteristic of the adhesion stress of the
OR?2 specimen “Developed by the authors”.

Before proceeding with the adaptation of the model,
it is essential to recall the main characteristics of the
experimental results obtained. The adhesion stress-
deformation curves present the following phases:

Quasi-linear initial phase (0 — Sy): A rapid increase in
the bond stress with deformation, suggesting a behavior
dominated by chemical adhesion and friction [11]. This
phase ends at the point (S, 7o), where S, represents the
slip at the beginning of the nonlinear phase and 7, the
corresponding bond stress.

Nonlinear phase (Sq — S1): A transition to nonlinear
behavior, where the bond stress continues to increase,
but at a decreasing rate. This phase is influenced by the
mechanical interaction of the ribs with the cement
mortar.

Maximum adhesion stress phase (S; — S,).: Reaching a
maximum adhesion stress (T,,4), followed by a
pronounced plateau.

Degradation phase (S, — S3): Progressive decrease in
adhesion stress due to damage and rupture of the
interface.

Residual phase (S > S3): Stabilization of the adhesion
stress at a residual value (75 ), representing the residual
friction between the steel and the mortar.

These experimental observations highlight the
complexity of the interface behavior and the need for a
model capable of capturing these different phases. [12]

3. Adaptation of the Eligehausen
Model: Challenges and Approaches

3.1. Reminder of the Eligehausen Model

The original Eligehausen [13-14] model presented in
Figure 2 is defined by the following equations:

initial phase (0 < S < Sy):

S
T = Tmax X (?)a M
1

Maximum adhesion stress phase (S; < § < S,):
T = Tiax €3

Degradation phase (S, < S < S3):

T -7
T = Tmax — 1;(196_ S L x (S—352) 3
2 3

Residual phase (S > S3):
T =1 )

The analysis of the experimental results made it
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possible to identify the key points of the model’s
behavior: 7,4y and 7y : Maximum adhesion stress
reached and residual stress, are directly extracted from
the experimental curves.

S1,S,,S3: Slip values corresponding to the transitions
between the different phases of the model, are identified
at the points of change in the slope of the curve.

« is a curvature adjustment parameter, to be adjusted
using an optimization method to minimize the error
between the model and the experimental data.

The experimental curves show a good
correspondence with the theoretical phases of the model,
but adjustments are necessary to faithfully reflect reality.

Mechanical bond
>

Tmax <2 T h Mechanical interlock
: ! and frictional bond

Bond stress,r

Ty |ERdesisaana =%
¢ ; ;Fnctionalbond

0 S] S, 33 §

Figure 2. Eligehausen model [13].

3.2. Preliminary Results: Application of the
Original Model

To assess the fit of the Eligehausen model to our
experimental results, we directly applied the power
law over the entire interval [0, S;]. The parameter
o was optimized to minimize the error between the
experimental curves and those produced by the
model.

3.2.1. Methodology

The parameter o was optimized by minimizing
the sum of squared errors (SSE) between the
experimental data and the model predictions. The
objective function is defined as follows:

n
SSE = Z(Texp,i - Tmodel,i)z )
i=1

Where:
n is the number of experimental points in the
interval [ 0,5;].

Toxpi 18 the experimental stress at point i.
Tmodel,i 15 the stress predicted by the model at point i,

given by:

Tmodel,i = Tmax X (S_’)a ©)
1
3.2.2. Results
Figure 2 compares the experimental curves with
those produced by the Eligehausen model over the

interval [0,S;], estimating the optimal value of
ainitial at 0.46338.
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Figure 3. Eligehausen Model (Initial Alpha:
0.46338) “Developed by the authors”.

3.2.3. Interpretation of Results

The results show that, although the Eligehausen
model can approximately capture the general trend
of the data in the interval [0,S; ], it does not
faithfully reproduce the quasi-linear initial phase
observed experimentally between 0 and S, .
Indeed:

- The original model does not faithfully capture
the quasi-linear initial phase.

- The power law imposes a curvature from the
beginning, which does not correspond to the
linear behavior observed experimentally.

- The error is particularly significant in the region
close to 0, where the model systematically
overestimates or  underestimates  the
experimental values.

These observations highlight a fundamental
limitation of the original model when applied to our
data.

3.3. Introduction of a Linear Solution for the Initial

Phase

To better represent the experimentally observed
quasi-linear initial phase, a linear relationship was
introduced for slips between 0 and S, . The
proposed modification is defined as follows:

3.3.1. Modified Model
Linear phase 0 < S < Sy):
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S
T = %X T ™
Where:
So = 0.00512045 mm

T = 0.792132 MPa
Nonlinear phase (S0 < S <S1):

The original power law of the Eligehausen model is
preserved:

S
Tmodel,i = Trmax X (Sfl)a (8)
1

The other phases (5; < §<S,,5, <S5 <S;,
S > S;) remain unchanged.

3.4. Results with the Linear Solution
Figure 4 compares the experimental curves
with those produced by this modified model.
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Figure 4. Model with Linear Phase (Optimal Alpha:
0.4041 “Developed by the authors”.
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Figure 5. Discontinuity “Developed by the authors™.

3.5. Interpretation of Results

The introduction of a linear phase better
represents the quasi-linear behavior observed
experimentally between 0 and S;. However, this
modification introduces a discontinuity at the point
(Sp, 7o), because there is no smooth transition
between the linear part and the power law.

The results obtained are shown in figure 4.

These challenges highlight the limitations of the
original model and motivate the adaptations
proposed in the following sections to better
represent our experimental data while respecting
the physical constraints of the problem.

3.5.1. Correction of the Discontinuity at Point (S, Tp)

To eliminate the discontinuity at point ((Sg, Tg), the
power law used in the interval [Sy, S;] was modified to
ensure continuity at point ( Sy, 7). In addition, the
parameter o was locally optimized to minimize the
discrepancy between the model and the experimental
data.

5-Sp
S$1—So0

T = T+ (Tax — To) X , 08 <8, 9)

The parameter a was optimized by minimizing the
sum of squared errors (SSE) over the interval [Sy, S ].
The optimization yielded a new optimal value
aoptimal = (0.79648.

Figure 7 shows the experimental curves compared
to the corrected model with continuity at point
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Figure 6. Model with Continuity (Optimal
Alpha: 0.79648) “Developed by the authors”.
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3.5.2. Analysis and Discussion

The correction made to the power law allows us
to completely eliminate the discontinuity at point
(Sp,To) while maintaining a smooth transition
between the linear and nonlinear phases:

- Mathematical continuity is respected.

- The overall behavior of the model is consistent

with experimental observations.

3.6. Correction of the Curve over the Interval [S2,

S3]
3.6.1. Problem
In the original Eligehausen model, the

descending phase between S, and S5 is represented
by a linear curve. However, our experimental data
show that this decay is not always linear and can
have a more complex shape.

3.6.2. Methodology

To better represent the degradation phase, the
assumption of a linear decay was replaced by a
decreasing exponential function. This approach is
motivated by the experimental observation of a
smoother transition between the plateau phase and
the degradation phase. The new equation for the
interval [S,, S3] is:

S—5,\F

T = Tf+(Tmax—Tf)X(1—(
where [ is a new parameter to optimize that
controls the decay of the curve.
We optimized the parameter § (for the degradation
phase) using the least squares method over the interval
[S5,S3]. The optimization set the optimal value of
.Boptimal to 1.4092 .

3.7. Results

Figure 7 shows the comparison between the
experimental data and the final model, including all
modifications made.
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Figure 7. Corrected model with (Beta optimal:
1.4092) “Developed by the authors”.

This modification, combined with the previous
ones, makes it possible to obtain a more faithful
model over the entire deformation range, from the
initial phase to the residual phase.
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Figure 8. New model adapted to the steel-cement
mortar interface “Developed by the authors”.

4. Model Performance Evaluation

The performance of the corrected model was
quantitatively evaluated using two commonly used
statistical indicators: the root mean square error
(RMSE) and the coefficient of determination (R?).
4.1. Root Mean Square Error (RMSE)

The root mean square error (RMSE) measures
the average deviation between the values predicted
by the model and the values observed
experimentally. It is defined as follows:

n
1
RMSE = \/;Z(Texp,i - Tmodel,i)z (12)
i=1
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Where:
n is the number of data points,

Texp,i 18 the experimentally measured adhesion
stress at point i,

Tmodel,i 15 the adhesion stress predicted by the
model at point i.

A low RMSE value indicates good model accuracy. &

4.2. Coefficient of Determination (R?)

The coefficient of determination (R?) measures
the proportion of the total variance in experimental
data that is explained by the model. It is defined as
follows:

?zi(fexp,i - Tmodel,i)z

R?=1- —
Z?:1(Texp,i -7 exp)2

Where:
T exp 18 the average of the experimental
adhesion stresses.

The R? varies between 0 and 1, where a value
close to 1 indicates an excellent fit of the model to
the data.

4.3. Results Evaluation

By applying these statistical indicators to our
corrected model, we obtain the following results:

25
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4.4. Analysis and Discussion

The results obtained demonstrate the remarkable
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performance of the developed model for predicting
steel-concrete bond behavior. The high R?
correlation  coefficient, reaching 0.9984
demonstrates excellent agreement between model
predictions and experimental observations. This
strong correlation indicates that the model
accurately captures the fundamental mechanisms
governing bond strength in this composite system.

Analysis of the error distribution reveals a
distribution centered around zero, suggesting the
absence of systematic biases in the model’s
predictions. This observation is crucial, as it
confirms that the model neither predictably
overestimates nor underestimates adhesion stress
values. The error histogram confirms this
conclusion, showing a concentration of errors
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around the zero value, indicating good overall
model accuracy.

Detailed examination of the residuals reveals a
remarkable overall performance of the model over
the entire bond stress range studied. The slight
increase in residual dispersion observed for higher
bond stress values deserves special attention. This
observation could reflect the increasing complexity
of steel-concrete interactions at higher stress levels.
It also highlights the model’s ability to capture
nuances of bond behavior, even under more
demanding conditions. These results open
interesting perspectives for future research,
particularly in the deeper exploration of high-stress
bond mechanisms. The current model thus provides
a solid basis for further developments, providing a
valuable tool for the design and analysis of bonded
connections, while identifying avenues of
investigation to further refine our understanding of
this complex phenomenon.

5. Conclusion

This study developed an adapted version of the
Eligehausen bond-slip model to more accurately
reproduce the mechanical behavior of ribbed steel—
cement mortar interfaces under direct shear
loading. The refined formulation successfully
captured the nonlinear ascending branch, peak
adhesion strength, and progressive post-peak
softening  observed experimentally. Model
calibration using MATLAB significantly reduced
the discrepancies between analytical predictions
and experimental stress—slip curves, demonstrating
the improved accuracy and robustness of the
proposed approach.

Rigorous evaluation of the model’s performance,
using statistical indicators such as root mean square
error RMSE and coefficient of determination R?,
demonstrated its high accuracy. The correlation
coefficient R? of 0.9984 testifies to the excellent
ability of the model to predict adhesion behavior
over the entire stress range studied.

Compared to earlier models in the literature,
including the original Eligehausen formulation, the
proposed adaptation offers superior predictive
performance for high-strength mortar interfaces.
While traditional models generally assume
simplified adhesion and friction mechanisms, the
refined model allows a more realistic
representation of the shear transfer process.

In conclusion, this work provides a valuable tool
for understanding and predicting the behavior of
steel-cement mortar bond. The developed model

provides a solid basis for the design and analysis of
reinforced concrete structures, while opening new
perspectives for future research in this crucial area
of structural engineering. Future studies could
explore the applicability of this adapted model to a
broader range of interface conditions, including
different mortar strengths, surface geometries, and
loading scenarios. Incorporating the model into
full-scale numerical simulations would further
validate its performance in realistic structural
configurations.
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