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The precise characterization of mechanical properties is essential to ensure the durability and safety of civil
engineering infrastructures, particularly pavements. However, indirect tensile tests (IT-CY) on cylindrical
specimens are sensitive to uncertainties related to non-uniform load distributions at the specimen—platen interface,
which strongly influence the stress fields and the measurement of the stiffness modulus. This study employs finite
element modeling (FEM) using the Abaqus software under the assumption of linear elastic behavior to analyze the
impact of three load distribution profiles—uniform, sinusoidal, and parabolic—on the radial, tangential, and shear
stress components in cylindrical specimens subjected to diametral compression, with a fixed contact angle of 75°.
The simulations reveal significant variations: the uniform distribution generates high stress concentrations (up to
40 MPa in radial stress near the contact zones) and pronounced heterogeneity, thereby influencing the determination
of the material’s stiffness modulus. In contrast, the sinusoidal and parabolic profiles promote a smoother stress
transition, reducing peak stresses by up to 60% and concentrating the stresses along the vertical diameter. A
comparative analysis with experimental results from previous studies supports these observations. Overall, the
findings emphasize the critical role of contact conditions in minimizing experimental artifacts and reducing
uncertainty in stiffness modulus evaluation. While based on a linear elastic framework, the results provide general
mechanical insights that may contribute to the optimization of indirect tensile test protocols and the improvement
of pavement design methodologies.

Key words: indirect tensile test; asphalt mixtures; load distribution; finite element analysis; stiffness modulus;
measurement uncertainty.

1. Introduction

The precise characterization of the mechanical properties of materials constitutes a fundamental
prerequisite to guarantee the reliability and safety of designs across all engineering disciplines. It also holds
particular importance in the evaluation of stability and the estimation of the lifespan of infrastructures such as
pavements, slopes, dams, or tunnels. In this context, the rigorous measurement of uniaxial compressive
strength remains a key parameter to ensure the durability and safety of engineering projects, although its
relevance, as an intrinsic property of the material or a simple design indicator, is still the subject of debates
within the scientific community.
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The most commonly used test is the indirect tensile test on cylindrical specimens, which consists of
compressing the sample between two platens [1].

To ensure the reliability and repeatability of indirect tensile testing on cylindrical specimens, several
standards have been developed, such as ASTM C39/39M-21 [2], ASTM D7012-23 [3], and ASTM D4543-19
[4]. Current test protocols defined by these standards primarily focus on dimensional tolerances and the flatness
of loading platens. However, these standards rely on equations derived from simplified loading models that
assume uniform radial pressure over a constant contact area. This approach neglects the phenomenon of
progressive contact (advancing contact), in which the relative stiffness of the platens and the specimen
continuously modifies the load distribution profile. Consequently, neglecting these variations in the stress and
displacement fields may introduce significant bias in the evaluation of mechanical properties.

The results of tests aimed at determining the stiffness modulus can be influenced by various factors,
such as the geometric characteristics of the tested sample [5, 6] or the instruments used to record relevant data
[7]. These sources of influence contribute to increasing the measurement error during the evaluation of the
stiffness modulus, particularly because researchers must make decisions with respect to the presence and
distribution of natural heterogeneities within the material, as well as the contact conditions [7].

According to the existing literature, the interaction between the specimen and the press platens is decisive in
generating the shear stress field near the contact zone [7].

To investigate the impact of the elastic properties of the platens on the distribution of contact stresses
generated during the measurement of the stiffness modulus and on the associated error, a detailed analysis was
conducted focusing on the effect of non-uniform loads and their impact on the different stresses, the
measurement of the stiffness modulus, and the corresponding uncertainty. However, Real specimens
systematically display geometric deviations from the ideal cylindrical shape, which are likely to affect the final
contact configuration and, consequently, the stress distribution.

Mechanical properties constitute fundamental reference parameters in civil engineering, particularly
for the construction and maintenance of road infrastructures. Their mechanical performance must be
characterized with precision, especially when it comes to critical applications where the safety, durability, and
longevity of structures are decisive. To ensure this rigorous evaluation, numerous European and international
standards have been established. For example, the standard EN 12697-26 (2020) [8], entitled "Test Methods
for Bituminous Mixtures — Part 26: Stiffness modulus", defines standardized protocols for measuring the
stiffness modulus, a key parameter reflecting the material's ability to resist deformations under stress. This
standard recommends the use of various test methods, among which the indirect tensile test for determining
the stiffness modulus (ITSM) holds a prominent place. This test integrates factors such as temperature, loading
frequency, and the type of applied stress, with displacement measurement performed via sensors placed on the
loading platens, thus ensuring a reliable estimation of the actual deformation of the specime [9].

In recent years, indirect tensile testing of the material has been widely adopted for the evaluation and
design of pavements [10, 11, 12, 13]. Among these methods, the indirect tensile test on cylindrical specimens
(IT-CY) represents a reference approach for determination of the stiffness of the material. Applicable to
cylindrical specimens of various diameters and thicknesses, whether prepared in the laboratory or extracted by
coring from a pavement layer, this technique enables the analysis of the mechanical properties of bituminous
materials, providing input parameters for pavement design and allowing the estimation of cracking resistance
as well as pavement lifespan [14, 15, 16, 17, 18].

In the scientific literature, several studies have evaluated the mechanical properties of the material,
focusing particularly on the measurement of the stiffness modulus. However, the results obtained often show
significant variations, largely due to experimental artifacts inherent to the Indirect Tensile Stiffness Modulus
(ITSM) test. These artifacts compromise the accuracy of the stiffness modulus measurements and can be
summarized as follows:

1. Machine compliance in testing: This causes an overestimation of the specimen's deformation when the
measurement relies on the crosshead displacement of the apparatus.

2. Friction between the sample and the loading platens: This phenomenon limits the Poisson's effect at
the ends of the sample and causes localized bulging.
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3. Misalignment of the loading platens or deformation of the sample ends: This generates a non-uniform
load distribution, inducing substantial errors in the deformation measurement via LVDT sensors
(Linear Variable Differential Transformers).

4. Localized crushing of the sample: It restricts the overall deformation and introduces significant biases
in the results; such a failure must be identified to consider only pre-failure data during material
characterization.

The accumulation of these influencing factors generally leads to systematic errors in the measurements
for the stiffness modulus and Poisson’s ratio, particularly an overestimation of the deformation and,
consequently, an underestimation of the stiffness modulus. These inaccuracies highlight the need for refined
metrology, particularly regarding the play in the loading platens and the non-uniformity of the platen-specimen
contact, which are at the heart of the present research [19].

Efforts have been deployed to mitigate these problems in similar contexts, such as tests on foam-type
materials. For example, [20] have demonstrated that deformations calculated from the crosshead displacement
can lead to errors of 20 to 40% on the Young's modulus. To correct the misalignment of the platens, the use of
four extensometers has proven effective, although this approach is not systematically adopted in recent works.
Other methods, based on direct and non-contact measurements of deformation, have been explored for the
characterization of porous materials such as fiber-reinforced polyurethane foams. Among them, digital image
correlation (DIC) techniques allow for obtaining reliable data by minimizing measurement errors, while
providing precise information for numerical modeling and explaining the variability observed in the literature
[21, 22]. These approaches have been motivated by the quest for precision in mechanical properties. However,
although [20] rigorously examined the deformation measurement, they did not address Poisson's ratio nor the
heterogeneity of stress and deformation through the thickness of the sample, particularly for thick samples.
Moreover, DIC, although rich in data on surface displacements, presents limitations: The accuracy of the
method critically depends on the quality of the speckle pattern applied to the specimen and it is less effective
for structures without a natural pattern that is easy to track.

In the context of this study, these limitations in the literature motivate the use of numerical simulations
to quantify the impact of the non-uniformity of the applied load on the propagation of radial and vertical
contacts, and by extension on the measurement errors of the stiffness modulus of the material. This approach
allows for optimizing test protocols and improving the reliability of mechanical evaluations.

Strain sensors such as LVDTs present certain limitations. Indeed, they can slip on the surface of the
sample, which tends to underestimate the actual deformation. Moreover, their direct contact with the specimen
can alter the mechanical behavior of the material, thus contributing significantly to the uncertainty of the
stiffness modulus measurements [21].

Furthermore, numerous studies have focused on the influence of the contact pressure distribution on
the propagation of stresses in the cylindrical specimen subjected to an indirect tensile test (Brazilian test). [23],
using the complex potential functions method, examined different non-uniform distributions (parabolic and
sinusoidal) and showed that the non-uniformity assumption significantly modifies the stress field, whether the
distribution is point, uniform, parabolic, or sinusoidal. For their part, [24] studied the stresses generated by
friction at the contact between the loading platen and the specimen. More recently, [25] conducted a numerical
analysis of the stress distribution in the proximity of the interface under two contact conditions. They
demonstrated that the formulas for calculating deformation and the stiffness modulus (E) derive directly from
the stress and displacement solutions, which are themselves highly sensitive to the pressure distribution and
friction. Thus, even for identical resultant forces, different contact distributions can generate notable
discrepancies in the evaluation of stresses and the stiffness modulus. This underscores the need to study in
depth the impact of loading conditions on the reliability of experimental results and on the measurement of the
stiffness modulus of the material.

In the field of mechanical testing, it is widely accepted that the accuracy of the stiffness modulus
evaluation depends closely on the loading conditions as well as the sensitivity of the measuring instruments.
Several studies have particularly shown that, at low forces and small elongations, the uncertainty in
determining the stiffness modulus increases, mainly due to the limitations and imperfections of the measuring
devices used [26].
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The works of [27] have revealed that classical models based on concentrated loads tend to overestimate
the tensile stress maximum at the disk’s center, particularly for materials with low stiffness modulus. In
contrast, distributed contact models, which are closer to reality, provide estimates that better reflect the
observed mechanical behavior, thus highlighting the importance of considering both the contact effect and the
material's stiffness in the interpretation of indirect tensile tests on cylindrical specimens. Furthermore,
numerical simulations performed using MATLAB show that the deformability of the sample, the curvature of
the disk, as well as the characteristics of the loading platens, significantly affect the distribution of normal
stresses, as well as the tensile and compressive stresses along the specimen’s diameter.

The contact conditions between the loading platen and the cylindrical specimen play a determining
role in the indirect tensile test (Brazilian test). Several studies have shown that the measured tensile strength

increases with the central angle of the loading platen (20)0) [13-18-28] and that, When this angle is too small,

the contact zone experiences a significantly higher pressure. Conversely, an increase in the contact angle tends
in order to reduce the tensile stress at the center of the disk’s end face, with the 15° angle being identified as
ensuring the initiation of a central crack [29]. Moreover, contact conditions constitute the primary factor
influencing the internal stress state [29, 30], while the evolution of the stress state and the fracture process
under different arc loading angles has been analyzed [31, 32]. These works converge on the idea that the load
distribution and contact angle affect not only the stress state and fracture mode, but also the variability of
stiffness modulus tests and, consequently, the increase in uncertainty in experimental measurements. The
assumption of uniform radial stress distribution is unrealistic; an analytical solution incorporating different

loading schemes shows that when the curvature of the platens approaches that of the disk (R_ i = R) , the

biaxiality of stresses at the center deviates from theoretical values, rendering classical equations unsuitable
[23-33]. The friction effect appears negligible at the center of the disk but remains significant in direct contact
zones, influencing both the location and mode of fracture [30-34].

Accurate measurement of Poisson's ratio is a major challenge for reliable evaluation of material
behavior. Previous works have shown that measured values of this coefficient are systematically higher at the
center of the specimen faces, whereas its internal variation should theoretically remain low within the same
sample. This phenomenon is mainly explained by friction effects between the contact surfaces and the
machine's loading platens, which limit transverse deformation at the ends of the sample. By averaging front-
back measurements, it has been observed that values recorded at the top and base generally converge with a
discrepancy of less than 10%, indicating that the assumption of fully constrained transverse displacement leads
to an overestimation of the effective stress. These observations suggest that some slippage at the
specimen/platen interface must be taken into account to improve the representativeness of stiffness
measurements [21].

The present analytical study has also confirmed that considering an advanced contact the interaction
between the cylindrical specimen and the loading platens results in a non-linear increase of the applied load
with respect to platen displacement [35].

Several studies have emphasized that experimental validation remains a major challenge due to

uncertainties related to measurements and experimental conditions that are often difficult to control. In this
context, numerical simulations provide a relevant alternative. As reported in the literature [32-34-36, 37], finite
element models allow for precise reproduction of the behavior observed during the Brazilian test.
This study presents a comprehensive analysis of finite element models representing various test configurations.
The study highlights the effect of the non-uniform distribution of the load applied by the loading platens on
the propagation of stresses in the cylindrical specimen and on the uncertainty of stiffness modulus
measurements for of the material.

According to [21], several experimental factors can compromise the accuracy of deformation
measurements during mechanical tests. Among these are the compliance of the testing machine, friction at the
interfaces between platens and sample, misalignment of contact surfaces, as well as localized crushing of the
specimen. To limit this latter effect, the authors deliberately applied load levels below the material's elastic
limit. Nevertheless, the other experimental artifacts continued to influence the results.
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In particular, the compliance of the machine has been identified as a major cause of repeatability errors,
resulting in an underestimation of the stiffness modulus when deformation is deduced from the crosshead
displacement. Furthermore, misalignment of the platens constitutes another significant source of artifacts.
Using optical tracking (OT), Marter et al. [21] were able to map the evolution of deformations across different
zones of the sample and highlight local heterogeneities in the stress-strain behavior, linked to non-uniform
loading. The study showed that certain zones exhibited an initially non-linear response, while others displayed
a delay in load transmission, indicating lateral imbalance. By averaging front/back measurements, the effects
of misalignment and out-of-plane movements could be reduced, allowing for a more homogeneous response.
However, significant discrepancies in maximum deformation values persisted depending on the measurement
location, leading to notable variations in Young's modulus in different directions.

On their side, [38] showed that radial and shear stresses are particularly sensitive to the geometry of
the applied load distribution, while circumferential stresses exhibit more localized variations, primarily in the
contact zone and along the vertical axis of the disk. The authors emphasize that the assumption of a uniform
distribution, although theoretically simple, tends to induce excessive deformations in soft materials, thereby
limiting its relevance in this context. Their approach relies on the assumption of concentrated radial loads
applied along a diameter, which neglects tangential shear stresses at the boundary. However, in real
experimental conditions, parameters such as contact friction or the relative stiffness of the materials
(sample/platen) have a crucial role in the effective distribution of shear stresses. These effects influence not
only the actual shape of the contact distribution but also the location of fracture initiation.

Several recent studies have revisited the Brazilian test through contact mechanics. Thus, [30] proposed
modeling this test as a Hertzian contact problem, taking into account the geometry of the loading platens. The
latter directly conditions the internal stress state of the disk and leads to a circular distribution of the load along
the contact crown. However, such a distribution escapes treatment by the classical method of complex potentials.

In extension, [33] deepened the study of mechanical contact between a cylindrical specimen and
loading platens subjected to non-uniform distributions, this time resorting to Muskhelishvili's complex
potentials method. Their analysis aimed to quantify and interpret stress fields as a function of the curvature
ratio r, defined as the ratio of the curvature of the specimen and that of the platens. This approach highlighted
the combined influence of the platens' geometry and the relative stiffness of the materials (specimen and
platens) on the stress distribution in the sample.

Furthermore, recent research emphasizes that the location of the fracture initiation point in the
Brazilian test strongly depends on the contact angle between the disk and the loading jaws [39]. It has been
shown that the larger this angle, the closer the cracking initiates to the center of the disk, independent of the
type of applied radial distribution (uniform or sinusoidal), the chosen fracture criterion, or the material studied.
In contrast, frictional stresses at the specimen-platen interface exert limited influence on the initiation process.

In summary, experimental conditions and geometric variations of the samples generate non-uniform
stress and strain states, making the interpretation of the test more complex and dependent on contact
parameters. This research therefore aims to analyze, via numerical simulations and a metrological approach,
the impact of mechanical play in the loading platens and non-uniformity of contacts on the measurement of
the stiffness modulus of the material, to improve the reliability and repeatability of the tests.

2. Approach to the method
2.1. Preliminary aspects

The geometry of the testing apparatus, along with the configuration of the loading strips, are critical
parameters influencing the mechanical behavior of specimens tested using the indirect tensile test (Fig.1). The
work of [37] demonstrated that crack initiation most frequently occurs within the contact zones between the
loading strip and the cylindrical specimen. This localization is explained by the singularity of the stress and
strain field generated by the strip configuration, which induces significantly higher stress concentrations than
those observed at the disk center. Such heterogeneity alters the internal stress distribution within the sample
and can compromise the reliability of the results if the contact geometry is not strictly controlled.
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A primary challenge in the indirect tensile test on cylindrical specimens is the development of high-
stress fields near the contact zones between the loading strips and the specimen. These localized stress
concentrations complicate the interpretation of results and can introduce bias in the evaluation of mechanical
properties. For this reason, numerous experimental and theoretical studies conducted over several decades
have focused on proposing approaches to mitigate these effects and enhance the test's reliability.

In the context of evaluating the stiffness modulus of asphalt mixtures using the indirect tensile test on
cylindrical specimens, this study adopts a metrological approach to examine the effect of mechanical play in
the loading strips on the stress distribution within the sample. The analysis also investigates the influence of
these parameters on measurement uncertainty, result variability, and, more broadly, on the reliability and
overall quality of the tests.

The bituminous mixture is modeled using a linear elastic isotropic constitutive law with Young's
modulus and Poisson's ratio values representative of typical asphalt concretes under the simulated loading
conditions. While this assumption neglects the viscoelastic nature of the material, it is justified for the purpose
of this parametric study, which aims to highlight the relative impact of load distribution profiles on stress
heterogeneity and modulus estimation uncertainty.

In general, previous research has focused on optimizing experimental conditions and measurement
protocols for asphalt mixture stiffness tests. Particular attention has been given to the contact geometry
between the loading strips and the specimen, as well as to the consideration of the elastic properties of the two
interacting bodies [23-30].

Mechanical play between the loading strips and the specimen, combined with various geometric and
physical imperfections, can induce significant perturbations in stress propagation, thereby reducing the
representativeness and reliability of experimental results. Among the frequently reported imperfections are:

e The surface roughness of the specimen (Fig.2),

Irregularity or non-uniformity of the lateral faces,

Misalignment of the specimen within the device,

Ovalization or slight eccentricity of the cross-section (Fig.3),

As well as wear of the strips or poor pressure distribution in the contact zones.

The contact zone between the loading strip and the specimen may take two main geometric
configurations:

e A conforming contact, corresponding to a curved section that follows the natural lateral surface of

the right circular cylinder,

e Or a non-conforming contact, resulting from a flat portion obtained by locally flattening the

cylinder's surface [40].

These contact conditions directly influence load transfer, the localization of maximum stresses, and
the mechanisms of crack initiation and propagation. Their analysis from a metrological perspective is therefore
essential for identifying sources of uncertainty and ensuring the traceability, repeatability, and robustness of
stiffness tests for asphalt materials.

The mode of load application on a cylindrical specimen during indirect tensile tests directly influences
the stress distribution within the material. Although transmitted by the loading strips, this load can be assumed
to be uniform over the contact area, but in practice, it is often non-uniform (as illustrated in Fig.1b). Depending
on the experimental conditions and strip geometry, the applied pressure can adopt various profiles, such as
parabolic or sinusoidal distributions, thereby significantly altering the localization and intensity of the
maximum stresses.

Furthermore, the direction of the load applied to the specimen varies depending on the device
configuration. It can be oriented parallel to the specimen's axis or radially towards its geometric center. This
orientation directly influences the lateral deformations recorded by LVDT sensors, thus impacting the accuracy
and reliability of the stiffness modulus measurement.

In the specific case of Hertzian contact, as described by [23-30], the contact area is limited to a point
or a line, under the assumption that both bodies behave elastically and that no cohesion exists between them.
The exerted pressure can be distributed according to various radial profiles—uniform, parabolic, or sinusoidal.
These distributions are strongly influenced by the mechanical properties of the contacting materials, notably
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by Young's modulus and Poisson's ratio, as well as by the local geometry of the contact zone, including

curvature, roughness, and flatness.
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Fig.1. Photograph of a Typical Indirect Tensile Test (IDT) Loading Fixture, (a), (b) Non-uniform loading.

Fig.3. Circularity Defect on a Cylindrical Test Specimen (Variable diameter along the specimen: D; # D, # D;).
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Fig.4. Platen flatness deviations.

Thus, any variation in the contact conditions or load distribution can generate significant uncertainty
in the experimental results, particularly when estimating the stiffness modulus of asphalt mixtures. The
rigorous control of these parameters is therefore essential to ensure the reliability, repeatability, and traceability
of measurements obtained during mechanical characterization tests.

The hardness and flatness of the steel platens used in compression testing are factors that can influence
the reliability of the results. In particular, when a platen deforms under load, adopting a concave shape, the
distribution of forces becomes more concentrated at the center of the specimen, leading to a distortion of the
measurements (Fig.4). This type of defect generally occurs when the thickness of the platens is insufficient or
when their dimensions are smaller than those of the specimen.

2.2. Load distributions considered

The load distribution profiles selected for this study—uniform, sinusoidal, and parabolic—are intended
to represent the interaction between the specimen and the loading jaws within the framework of elastic contact
mechanics and correspond to theoretical models commonly adopted in Brazilian test analyses.

The uniform distribution serves as a classical reference case, although it may generate stress
discontinuities at the contact edges. In contrast, the sinusoidal and parabolic profiles provide a smooth stress
transition along the loaded arc, in accordance with contact mechanics principles first introduced by Heinrich
Hertz and later formalized in plane elasticity by Nikolai Muskhelishvili.

From a metrological perspective, the goal is not to reproduce a specific experimental configuration,
but to evaluate the sensitivity of the stress field and stiffness modulus estimation to contact assumptions. As
shown by Diego José Guerrero-Miguel ef al. (2019) [23], the actual pressure distribution directly affects the
internal stress state and the resulting mechanical properties.

Mathematically, these three load distributions are described by Eqs (2.1) to (2.3) [30-35], respectively.
Their selection allows the representation of different boundary contact conditions and provides a controlled
framework to account for effects such as geometric misalignment in the loading apparatus and variations in
support due to clearance in the compression platens.

These distributions are implemented in a numerical simulation environment using Abaqus to evaluate
their influence on stress distribution and stiffness modulus of asphalt mixtures under indirect tensile testing of
cylindrical specimens. This approach focuses on quantifying the sensitivity of the mechanical response to the
assumed contact model rather than reproducing an exact experimental pressure profile.

P
2Rw,’

.2
f 3nP sin” (o)
P . = 1- s 2.2
parabolic (OL) 32kR sin2 (Q)O) (2.2)

Puniform (OL) (2- 1)
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P(coso—cosw, )

Psinusoidal (OL ) (2 . 3)

B 2R (sino, —w,cos )

Where:

R is the radius of the disc,
P represents the total applied load, equivalent to that in the concentrated load scenario.
o represents the rotation angle from the vertical diameter to the line of action of the load,

o, represents the contact angle between the loading jaw and the specimen,
e [ =P/w is the normalized load, obtained by dividing the total load by ¢ specimen's thickness w.
e k depends on Muskhelishvili's constants, used in analytical solutions for plane stress conditions.
Maximum load in the distribution is expressed as a function of F,. Under the aforementioned
boundary conditions, and considering the resultant force F, (i.e., the total external load P divided by the

thickness w), the stress distribution can be more precisely evaluated along the contact zone.
It is important to note that the uniform distribution is constant, being independent of the angle o .

Nevertheless, it is expressed as P((x) since it represents the stress along the loaded boundary zone.

When considering the elastic contact between the two bodies, the parameters P (applied load) and w),
(contact angle) are no longer independent.

While the parabolic load distribution is of special interest because it accounts for the elastic properties of
both the jaw and the specimen, it yields results similar to the sinusoidal case for an identical contact angle [23].

For the maximum value (reached at o= 90°), the expressions associated with the normalized load F,

are defined for the uniform, parabolic, and sinusoidal distributions. These distributions are described by the
following Eqs (2.4) to (2.6), [30-35].

£l

(a) (b) (c)

5. Schematic representation of the loading types applied to the cylindrical specimen:
(a) uniform distribution, (b) parabolic distribution, (c) sinusoidal distribution.

F
Puniform = ﬁ > (2.4)
3nh,
Pparabolic = 32]{103 s (2.5)



10 Influence of load distribution profiles on stress fields and...

By (1—cosm
Psinuvoidal = 0 ( 0) : (2.6)
e 2R(sinw, — m, cosw, )

2.3. Numerical simulation

In this study, the objective is not to determine the precise stress distribution at the contact between the
loading strips and the cylindrical specimen during the indirect tensile test, but rather to evaluate the impact of
different load distribution hypotheses on the internal stress field within the sample. This analysis is particularly
relevant for viscoelastic materials, such as asphalt mixtures, for which an accurate estimation of the stiffness
modulus and a thorough understanding of stress transfer mechanisms are essential.

The adopted approach is based on comparing three theoretical load distributions commonly found in the
scientific literature: the uniform distribution, the parabolic distribution, and the sinusoidal distribution. These
profiles aim to represent different contact conditions at the interface between the loading jaws and the specimen.
This comparison thus enables a better understanding of the influence of boundary conditions, particularly the
stress distribution shape across the contact zone, on the overall mechanical response of the material.

The selection of a fixed /5° contact angle for all numerical simulations is based on a rigorous
metrological compromise between fidelity to the theoretical model and the reduction of experimental artifacts.
According to the work of Erarslan (2011) [32] and the analytical solutions developed by Hondros (1959), this
angle represents the upper limit that ensures an error of less than 2% in the calculation of tensile stresses at the
center of the specimen compared with the classical Brazilian test formula.

Moreover, applying the load over a 15° arc has been documented as sufficient to limit localized
crushing phenomena at the contact points while producing a stress field representative of pure diametral
compression. By fixing this parameter, the present study specifically isolates the influence of the loading
profile morphology (uniform, sinusoidal, or parabolic) on the measurement uncertainty of the stiffness
modulus, thereby strengthening the robustness of the comparative analysis of interface conditions.

Numerical modeling is implemented using the finite element analysis software Abaqus, which allows
for the precise simulation of the stress fields associated with each distribution. This approach provides a robust
analysis tool for studying the mechanical behavior of the specimen subjected to different loading
configurations, integrating factors such as misalignment defects or platen play.

The simulations are conducted under strictly controlled conditions, maintaining:
e A constant specimen geometry,
e An identical total applied load,
e A fixed contact angle of w, =15°.

The resulting stress fields are then normalized with respect to the maximum stress to enable a direct comparison
between the different loading hypotheses.
A targeted analysis is subsequently conducted along two principal directions:

e The vertical radius, which traverses the contact zone with the strips,

e And the horizontal radius, perpendicular to the loading direction.

These directions are particularly sensitive to stress concentrations, making them reliable indicators for
assessing the effect of load distributions on the specimen's behavior. This analysis highlights how the load
distribution shape and the contact angle affect the local stress state, and consequently, the reliability of the
Brazilian test for mechanically characterizing asphalt mixtures.

2.4. Finite element analysis of diametral compression loading

The geometry of the cylindrical specimen was modeled in a three-dimensional environment with Two
compression platens placed on the top and bottom faces, in direct contact with the specimen surface. This
configuration accurately replicates the conditions of the indirect tensile test performed experimentally (see
Tab.1).
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The simulation results closely matched the experimental data, indicating that the FE model can reliably
predict the mechanical behavior of asphalt materials [15].

The input mechanical parameters used for the numerical simulation of the material were determined
from laboratory tests. The yield stress limit of the asphalt mixture was evaluated at 6_;,,;, = 0.028 MPa , based

on experimental results obtained during stiffness modulus determination tests [19].
From the perspective of boundary conditions, the bottom platen was modeled as perfectly fixed, while
a prescribed displacement of &=J5wn was applied to the top platen along the vertical direction (Y-axis).

Furthermore, the movement of the disc was restricted along the X and Z axes to reproduce the experimentally
observed contact conditions, particularly by simulating the effect of support play or geometric misalignment.
The numerical model was developed in ABAQUS using eight-node linear hexahedral elements (C3D8R), i.e.,
reduced-integration elements with enhanced hourglass control, to model the cylindrical specimen and the
compression platens. This element type, widely employed in nonlinear analyses, is recognized for its numerical
robustness and its ability to accurately capture high stress gradients.

To ensure the stability and reliability of the reported stress amplitudes, a rigorous mesh convergence study
was conducted. A significant local mesh refinement was applied in the vicinity of the specimen—platen interface, a
region characterized by high stress concentrations due to the abrupt transition associated with the uniform loading
profile. Convergence was considered achieved when the maximum von Mises stress no longer varied significantly
between two successive mesh refinements. The final converged model consisted of 29,492 elements.

Friction at the interface between the loading platens and the specimen is a well-known factor
influencing stress fields, particularly by restricting the Poisson effect at the specimen ends and causing
localized bulging [15-21]. Previous studies indicate that friction plays a crucial role in the effective distribution
of shear stresses and can significantly influence the localization of crack initiation [30-39]. However, within
the framework of the present numerical simulation, a perfectly sliding (frictionless) interface was adopted, in
accordance with several reference analytical approaches. This methodological choice was motivated by the
objective of isolating the intrinsic influence of the three load distribution profiles (uniform, sinusoidal, and
parabolic) without interference from tangential stresses. Furthermore, the literature confirms that although
friction effects are predominant in the immediate contact zones, they remain negligible at the center of the
disk, which is the critical region for calculating the stiffness modulus and tensile stress [25-29-33, 34]. This
assumption therefore ensures a direct and consistent comparison between the different radial pressure models
investigated.

Table 1. Specimens's properties.

Diameter D (mm) 100

Thickness ¢ (mm) 53

Forced displacement of & (um) 5

Stiffness Modulus E (MPa) 6683.75 £ 555.52
Poisson's ratio v 0.35

3. Results and discussion
3.1. Stress field across the entire specimen

To analyze the influence of different contact conditions at the interface between the loading platens
and the cylindrical specimen with respect to the stress distribution, the stress fields were evaluated and
compared for each principal component (radial, tangential, and shear). All stress fields were normalized with
respect to their maximum value (in tension or compression), typically observed in the radial and tangential
(hoop) stress components. Subsequently, a detailed analysis was conducted along the vertical and horizontal
diameters of the specimen, these directions being particularly representative of critical zones in the context of
the Brazilian test. The figures show the normalized stress components for a fixed contact angle.
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3.2. Comparative analysis of the radial stress field under different loading distributions

Figure 6 illustrates the distribution of the normalized radial stress field (op) in a cylindrical specimen

subjected to three types of load distributions: uniform (a), sinusoidal (b), and parabolic (c).
It emerges that the uniform distribution induces a more homogeneous stress state inside the sample. The radial
field decreases progressively from the contact zones to the specimen center. However, local stress
concentrations appear in the immediate vicinity of the contact zones, reflecting the abruptness of the transition
between loaded and unloaded areas.

In contrast, distributions with smooth transitions, such as sinusoidal and parabolic forms, generate a
more localized dissipation of stresses. The stress field is strongly concentrated along the vertical diameter,
while the rest of the specimen remains relatively less stressed. This phenomenon is particularly visible in the
parabolic configuration (c), which exhibits intermediate behavior between the two extremes.

In all cases, a tensile zone is observed at the specimen center. This zone is more pronounced in the case of
non-smoothed distributions, in the region where the ratio of tensile to compressive stresses reaches its
maximum.

Thus, loadings with progressive transitions allow for a reduction in stress peaks but concentrate the
efforts more in limited regions. The relative differences between stress states can reach up to 25%.

(a)
+3.991e+01 +7.290e+00

5e+02

(e}
+2.832e+01

Fig.6. Normalised radial stress components in uniform (a), sinusoidal (b), and parabolic (c¢) distributions.
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3.3. Comparative analysis of the tangential stress field (c0) (hoop stress) under different loading
distributions

Significant qualitative differences are observed in the contact zones between the platens and the
specimen, highlighting the direct influence of the loading mode on the o8 field behavior.

The uniform loading generates localized stress concentrations in the support zones, leading to a strong
break in radial symmetry and marked heterogeneity of the field. These zones of intense compression can induce
potential fragility points and crack initiations, particularly in quasi-brittle materials.

In contrast, the sinusoidal loading allows for a more regular and continuous distribution of tangential
stresses. The variations are concentrated only around the contact points, while the rest of the disk remains
subjected to low stress levels. This regularity significantly reduces local deviations, with variations nearly 60%
lower compared to uniform loading.

The parabolic loading presents an intermediate behavior. Although the stress range is comparable to
that of uniform loading, the transitions are more progressive, resulting in a better distribution of mechanical
efforts and an attenuation of local singularities. In areas away from the contact, the difference between the
parabolic and sinusoidal fields is generally less than /0%.
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Fig.7. Normalised hoop stress components in uniform (a), sinusoidal (b), and parabolic (c) distributions.
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3.4. Comparative analysis of the tangential stress field (t_r0) (hoop stress) under different loading
distributions

Figure 8 presents the distribution of the shear stress field T 70 in a cylindrical specimen subjected to
different load distributions, namely uniform, sinusoidal, and parabolic. Shear stresses are positive in the first and
third quadrants, and negative in the second and fourth, indicating identical orientations but opposite directions.

The normalized values reveal that the maximum stresses reach about 20% of the radial component for
the uniform distribution, and up to 25% for the sinusoidal and parabolic distributions, highlighting the
favorable effect of these sinusoidal and parabolic distribution types on the stress distribution.

The shear peaks are concentrated at the periphery of the specimen and decrease towards the center,
canceling out along the angular directions. The vertical and horizontal diameters correspond to the principal
directions, where the shear is zero, regardless of the load distribution.

A localized shear appears near the center, attenuated by smoothing (sinusoidal and parabolic),
demonstrating the direct impact of the load regularity on the formation and intensity of the shear field.
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Fig.8. Normalised shear stress components for uniform (a), sinusoidal (b), and parabolic (c) distributions.

3.5. Differences among distributions

From a metrological perspective, the discrepancies between the stress distributions can be interpreted
as an uncertainty associated with the modeling of the stress field, depending on the loading profile under
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consideration. A comparative analysis of the radial and tangential components was conducted along the vertical
and horizontal axes, allowing the evaluation of the stress field’s sensitivity to different loading conditions.
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Fig.9. Normalised radial stress components for uniform, sinusoidal, and parabolic distributions along the
vertical radius.
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Fig.10. Normalised hoop stress components for uniform, sinusoidal, and parabolic distributions along the
vertical radius.

Figure 9 shows the distribution of radial stresses as a function of the /R ratio for three types of contact
pressure distributions: sinusoidal, parabolic, and uniform. It is clearly observed that the radial stress varies
significantly depending on the shape of the applied pressure. The uniform distribution generates the highest

values near the contact area (r /R~ 4) , with a peak reaching approximately 40 MPa, followed by a gradual

decrease to a plateau around 27 MPa. This trend is typical of an abrupt pressure distribution, lacking a smooth
transition at the contact edge, which leads to more pronounced stress concentrations.
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In comparison, the parabolic distribution exhibits a smoother transition, with a lower initial stress
(approximately 30 MPa), but most notably a rapid drop to a nearly stable value of about /0 MPa beyond
r/ R=24 . This evolution indicates a better distribution of the load over the contact surface, thereby reducing
localized stress peaks. The sinusoidal curve, on the other hand, generates the lowest radial stresses across the
entire domain. The values remain close to zero after #/ R =~ 10, indicating a well-controlled compressive state
without significant concentration.

Of particular interest are the differences between the distributions become negligible beyond

r/ R > 60, where the stresses tend to stabilize. However, in the area close to the contact (r /R< 20) , the

discrepancies are significant, with potential errors exceeding 50% between the uniform distribution and the
smooth transitions.

Figure 10 complements this analysis by showing the hoop stress components along the same vertical
radius. It is observed that the uniform distribution also causes significant peaks, while the parabolic and
sinusoidal profiles provide a more stable and better-distributed mechanical response.

Therefore, the nature of the contact pressure distribution has a direct influence on the generated stress
states. Smooth transition profiles, such as parabolic and sinusoidal, help limit stress peaks, unlike the uniform
distribution, which strongly accentuates them at the contact edge.

These stress variations can alter the local mechanical response and skew the evaluation of the stiffness
modulus, leading to overestimation or underestimation, and an increase in measurement uncertainty.

Horizontal radius

Figures 11 and 12 present the normalized radial and hoop stress components along the horizontal

radius, respectively. Unlike the observations made along the vertical radius (Figs 9 and 10), where significant
discrepancies were noted between the different pressure profiles, the results along the horizontal axis show
lower sensitivity to the type of distribution.
In Fig.11, the radial stress gradually decreases regardless of the profile, with notable differences only at very
low /R values. The uniform distribution remains the highest initially but quickly converges toward the values
of the parabolic and sinusoidal profiles beyond »/ R ~ 100 . Figure 12 confirms this trend, with extremely low
hoop stresses, on the order of 0./ MPa, and minimal differences between the curves.
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Fig.11. Normalised radial stress components for uniform, sinusoidal, and parabolic distributions along the
horizontal radius.
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Fig.12. Normalised hoop stress components for uniform, sinusoidal, and parabolic distributions along the
horizontal radius.

These results suggest that, unlike the vertical radius where stress concentrations are strongly influenced
by the pressure profile, the stress field along the horizontal radius remains relatively insensitive to this
variation. This anisotropic behavior can be explained by the contact geometry and the direction of the applied
loads, which concentrate efforts primarily in the vertical direction.

3.6. Localized stress behavior at the disk—platen interface

In the context of analyzing the mechanical behavior of materials under the indirect tensile test on
cylindrical specimens, Fig.13 shows the distribution of normalized stresses at the interface between the loading
platens and the cylindrical specimen for three types of load distributions: uniform, sinusoidal, and parabolic.
The objective of this study is to evaluate the impact of contact conditions on the intensity and localization of
applied stresses, with a view to better understanding the induced effects on the measurement of material

stiffness in indirect tension.
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Fig.13. Local stress distribution at the disk-plateau interface for different loading profiles.
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The analysis of the curves highlights significant discrepancies between the distributions. The parabolic
configuration generates the highest maximum stress, reaching approximately 9 MPa, representing a 30%
increase compared to the uniform distribution, which peaks at around 6 MPa. The sinusoidal distribution, on
its side, shows a maximum approaching 7 MPa, or a 17% discrepancy relative to the uniform distribution.
The parabolic distribution stands out due to a concentration of stresses at the center of the interface, reflecting
a marked localization of applied forces. This concentration is likely to accentuate compression effects in the
loading zone, which can have a direct influence on interpreting the material's behavior. In contrast, the uniform
distribution induces a more constant spread along the interface.

These observations confirm that the choice of loading profile significantly influences the local stress
distribution. Variations of up to 30% between configurations show that the contact shape is not a neutral
parameter. It must be rigorously defined and controlled to ensure the reliability and reproducibility of
experimental measurements.

The numerical simulations conducted in this study demonstrate the profound impact of load
distribution profiles on stress fields within cylindrical specimens of the material during indirect tensile tests
(IT-CY). Uniform loading generates extensive stress heterogeneity, with radial peaks reaching up to 40 MPa
near contact zones and variations in circumferential stresses exceeding 60% compared to smoother profiles
(sinusoidal and parabolic). These concentrations result from abrupt transitions at the sample-platen interface,
leading to localized deformations that can compromise the accuracy of stiffness modulus measurements. In
contrast, parabolic and sinusoidal distributions facilitate progressive stress dissipation, confining high values
to the vertical diameter and reducing overall peaks by 30 to 50%, thereby promoting a more homogeneous
internal response. Shear stresses, although secondary (20 to 25% of radial components), exhibit similar
sensitivity, canceling out along principal directions but intensifying at the periphery under uniform conditions.

These observations align closely with analytical and numerical studies in the literature. For example,
Markides and Kourkoulis [33] reported comparable discrepancies (up to 35%) in tangential stresses for
parabolic distributions at high contact angles, attributing them to curvature ratios between platens and samples.
Similarly, Yuan and Shen [25] highlighted the role of friction and pressure non-uniformity as key factors
influencing tensile strength estimates, with errors reflecting the /2 to /7% variations in stiffness modulus
observed here for contact angles of /0 to 30°[29]. Recent FEM analyses by Guerrero-Miguel et al. [38] further
corroborate anisotropy along vertical and horizontal radii, emphasizing platen stiffness effects that amplify
uncertainties in compliant materials like bituminous mixtures. Mezouara et al. [19] quantified repeatability as
contributing to §0% of total uncertainty, consistent with our metrological interpretation where load profile
discrepancies introduce systematic biases in LVDT-derived deformations.

Although indirect tensile tests (IT-CY) are standardized by EN 12697-26 [8] and ASTM D7012-23
[3], these protocols generally overlook the influence of load non-uniformity at the specimen—platen interface.
The present numerical evidence demonstrates that assuming a uniform load profile leads to significant
systematic errors in stiffness modulus estimation, primarily due to excessive stress concentrations reaching up
to 40 MPa in the vicinity of the contact zone. Furthermore, neglecting interface friction and pressure gradients
artificially constrains transverse deformation near the specimen ends, resulting in a systematic overestimation
of Poisson’s ratio at the center of the cylinder [21-26].

The calculated error indicators reveal substantial stress discrepancies in the immediate contact region

(r /R< 0.20) between different load distribution models, confirming that the contact assumption is far from

neutral. These numerical heterogeneities are consistent with experimental validations reported in the literature
using digital image correlation (DIC) techniques [22], which highlight the occurrence of initial nonlinear
responses induced by imperfect contact conditions.

From a metrological standpoint, these findings emphasize the necessity of refined contact modeling
within existing standards [3, 8]. Failure to account for load non-uniformity may lead to an underestimation of
the stiffness modulus and a concurrent overestimation of Poisson’s ratio, thereby introducing systematic bias
into material characterization. On a practical level, such inaccuracies directly affect pavement design
calculations, potentially resulting in overestimated fatigue life predictions and reduced reliability of
performance assessments [9, 10]. In high-precision applications, such as nanometrology or optical
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measurements, localized stresses could induce sensor artifacts, increasing uncertainty in dimensional
evaluations [41, 42].

In terms of metrological perspectives, to improve measurement precision and overcome identified
sources of uncertainties—such as interface friction, platen misalignment, and non-uniform load distributions—it
is conceivable to adopt integrated approaches on the basis of the Guide to the Expression of Uncertainty in
Measurement (GUM) [43], including Monte Carlo simulations for robust quantification of combined
uncertainty. For example, dynamic calibration of measurement devices, incorporating standards traceable to
international norms (such as those from the BIPM), would allow quantification and correction of systematic
biases related to mechanical play in platens, thereby reducing repeatability errors that account for up to 80%
of total uncertainty [19]. The incorporation of non-contact measurement methods, such as digital image
correlation (DIC) [22], could replace traditional LVDT sensors, avoiding slippage and local alterations in
mechanical behavior, and offering sub-micrometric resolution to map heterogeneous deformations in real time.
Additionally, global sensitivity analyses, combined with Monte Carlo simulations, would enable evaluation of
uncertainty propagation related to geometric parameters (surface roughness, ovalization) and contact
conditions, in alignment with the recommendations of ISO/IEC Guide 98-3 [44]. These metrological advances,
applied to IT-CY tests, would promote optimization of experimental protocols, such as adaptive adjustment of
contact angles or the use of variable-stiffness platens, to minimize artifacts and enhance traceability of stiffness
modulus measurements, thereby contributing to a more reliable evaluation of bituminous mixture performance
in road infrastructures.

On a practical level, the identified sensitivity of the stiffness modulus to load distribution profiles has
direct implications for pavement engineering. The stiffness modulus (E) is a fundamental input parameter in

fatigue life prediction models, such as: (N r=f (st, E )) . Where the number of cycles to failure (N f ) strongly

depends on the tensile strain (st) [45, 46, 47].

The numerical results of the present study indicate that assuming a uniform load distribution may lead
to a significant error in the determination of the stiffness modulus. In a pavement design context, an
underestimation of the modulus results in higher calculated tensile strains, which may lead to an erroneous
prediction of a reduced fatigue life, and consequently to overdesigned structures or premature and costly
maintenance interventions.

The limitations include the assumption of elastic behavior, omitting the viscoelasticity of bituminous
mixtures, and the fixed contact angle; future investigations should incorporate time-dependent models (for
example, via Prony series in Abaqus) and experimental validation through digital image correlation (DIC)
[22], probabilistic sensitivity analyses [20] to more precisely quantify uncertainty propagation, optimizing
protocols for sustainable infrastructure.

4. Conclusion

This finite element analysis, performed using Abaqus software, highlights the crucial role of load
distribution profiles—uniform, sinusoidal, and parabolic—in modulating stress fields and the associated
uncertainty in the stiffness modulus during indirect tensile tests on cylindrical specimens (IT-CY) of the
material, with a fixed contact angle of /5°. The simulations reveal significant variations: uniform loading
generates pronounced stress heterogeneity, with radial peaks reaching up to 40 MPa near the contact zones
and discrepancies in circumferential stresses (hoop stress) exceeding 60% compared to smoother profiles.
These concentrations, resulting from abrupt transitions at the platen-specimen interface, thereby influencing
the determination of the material’s stiffness modulus. In contrast, sinusoidal and parabolic distributions
promote progressive stress dissipation, reducing overall peaks by up to 60% and confining high values along
the vertical diameter, while keeping shear stresses at secondary levels (20 to 25% of radial components).
These results emphasize the need for refined modeling of contact conditions in standards such as EN 12697-
26 [8] and ASTM D7012-23 [3], where neglecting non-uniformity can lead to an underestimation of the
stiffness modulus and an overestimation of Poisson's ratio.
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Although the study relies on the assumption of linear elastic behavior, omitting the inherent viscoelasticity of
the material, and on a fixed contact angle, it identifies key limitations that could be mitigated in future work.
These should incorporate time-dependent viscoelastic models, such as Prony series in Abaqus, to capture
relaxation and creep effects, as well as experimental validation through digital image correlation (DIC) or
high-speed imaging to map heterogeneous deformations in real time and corroborate numerical simulations.
Optimizing test protocols via advanced metrological approaches, including uncertainty quantification
according to the GUM [43], will enable more precise mechanical characterization of bituminous materials,
contributing to more sustainable and reliable civil engineering practices.

Nomenclature

ASTM - American Society for Testing Materials.
BIPM - International Bureau of Weights and Measures.
D — diameter (mm)
E — stiffness modulus determined through measurements (MPa).
GUM - Guide to the Measurement of Uncertainty.
LVDT - Linear Variable Differential Transformer.
P —represents the total applied load, equivalent to that in the concentrated load scenario.
Fy=P/w ~—isthe normalized load, obtained by dividing the total load by t specimen's thickness w.

R —is the radius of the disc,
t —average thickness of the specimen (mm).
o —represents the rotation angle from the vertical diameter to the line of action of the load,
6 — forced displacement of (um)
9 — Poisson’s coefficient.
®, —represents the contact angle between the loading jaw and the specimen,
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