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Summary

The microlayer framework is an innovative and powerful approach for the numerical
simulation of heterogeneous materials, such as aggregate-matrix composites across
multiple scales. In this study, the microlayer framework is extended for the first time
to account for viscoelastic-elastoplastic material behavior. The kinematics of the
representative volume element (RVE) at the microscale are designed to accurately
capture the behavior of typical composites, such as asphalt or concrete. The consti-
tutive equations at the microscale are developed independently of the macroscale,
ensuring the necessary conditions for proper computational homogenization. The
thermodynamically motivated scale transition is carried out using the Principle of
Multiscale Virtual Power (PMVP). In numerical studies, it is shown by embedding
classical material models at the micro level that homogenization leads to physically
meaningful triaxial, mechanical behavior at the macro level. It is demonstrated that
with a suitable choice of microlayer geometry, the tensile-compressive anomaly of
the stress-strain behavior observed in aggregate-matrix composites can be modeled
without modifying the material model. Finally, the quality of the microlayer frame-
work is shown by validating a triaxial test of an asphalt specimen with a complex
cyclic harmonic axial and radial loading regime.
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1 INTRODUCTION

Heterogeneos materials are present in many engineering applications. Within numerical simulations e.g. using the finite ele-
ment method (FEM), a smeared (or homogenized) analysis of such materials can only be performed using phenomenological
models that represent the macroscopically observed material properties. To capture the actual physical effects or mechanisms
arising from the composite’s microstructural composition, other approaches such as multiscale analyses must be employed. Par-
ticularly noteworthy in this context is the asymmetry of the stiffness between the tensile and compression areas, e.g. in case of
asphalt, which is a mixture of aggregates, bituminous binder and additives, where the stiffness at compression load is higher
due to the interlocking of the aggregates (additional load transmission from aggregate to aggregate) while at tension load this
interlocking does not take place and the whole load has to be transmitted from binder to aggregate and vice versa. A realistic
simulation of asphalt pavements at rolling tire load requires among others the consideration of the different material behavior at
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compression and tension, since in pavements complex three-dimensional combined compression-tension stress states arise due
to the bending behavior of the structure1,2. Classical multiscale approaches, where the finite element problem has to be solved
on each scale, are computationally too expensive for large-scale road structures, especially with regard to the consideration of
the occurring finite strains in the constitutive formulation3. Therefore, in this work, the microscale is modeled with basic 3D
geometric shapes inspired by the real asphalt structure in order to solve the microscale problem analytically4. The microlayer
framework can therefore be considered as an advancement of the well-documented microplane model5,6,7, which was origi-
nally developed for concrete. In these works, a unit sphere is introduced at each material point of the macroscale. The surface
of this sphere is discretized by planes to enable numerical integration. By projecting specific components of the macroscopic
strain tensor onto each plane, a set of vectorial strain measures is defined on each plane, which are then converted into vectorial
stress measures using constitutive equations. The macroscopic stress tensor of the microplane model is subsequently formed by
homogenizing the stress components across all orientations. However, both the projection and the subsequent homogenization
are not physically sound. For the projection and splits, such as the V-D split or the N-T split8, the macroscopic strain tensor is
required. Consequently, the material law at the micro level is inherently influenced by the one of the macro level, which inverts
classical multiscale analysis theory9. The homogenization of the conjugated stresses is, thus, also simplified and therefore not
thermodynamically motivated10. If finite strains of the matrix are expected under load11, e.g. in asphalt in case of rutting, the
microplane concept would fail. By visualizing the matrix as a plane surface, the tensorial character of the strain tensor is lost. To
overcome this drawback, the microlayer framework is used in this work4,10. While previous microlayer models are restricted to
elastoplastic4 or viscoelastic12 behavior, the microlayer framework is extended in this study to viscoelastic-elastoplastic behav-
ior for the first time. Within the microlayer framework, the aggregates are still modeled as infinitely stiff components. However,
instead of using planes to describe the constitutive laws, polyhedrons are introduced which are imprinted on the surfaces of the
discretized unit sphere. Due to the three-dimensional geometry of these layers, it is feasible to employ established material laws
that incorporate complete second-order stress and strain tensors. The introduction of triaxially deformable layers also means
that the development of the mechanical response of all scales is determined by the kinematics of the microscale. Due to the
strict separation, multiplicative splits of the deformation gradient are also thermodynamically meaningful. Finally, only the in-
troduction of three-dimensional kinematics allows the application of the thermodynamically motivated Principle of Multiscale
Virtual Power (PMVP)9 for the scale transition. Using well-established classical models for elastoplasticity and viscoelasticity
at finite strains, numerical examples demonstrate that material properties are preserved during homogenization. Furthermore,
it is shown that the geometrical structure of the microscale can be utilized to represent anisotropic mechanical properties at the
macroscale. It is shown for the first time that, through an appropriate choice of the ratio between microlayer thickness and ag-
gregate radius, the typical asymmetry between tensile and compressive behavior in composites can be specifically controlled.
The application of the microlayer model to represent a triaxial test of an asphalt specimen demonstrates its capability to be used
for realisic simulations.

2 MICROLAYER FRAMEWORK

2.1 Deformation gradient and strain energy function
In continuum mechanics, a solid body  occupies a region in the Euclidean space ℝ3. At the initial time 𝑡 = 0, the body is
in its reference configuration 0, which is assumed to be stress-free. As time progresses (𝑡 > 0), the body deforms and takes
on a new shape, denoted as 𝑡

13. In this contribution, the classical Cauchy-Boltzmann continuum assumption is adopted, i.e.,
interactions are local and the stress response depends only on the first deformation gradient (equivalently, on the displacement
gradient). The motion of the body is described by the mapping

𝝋𝑡 ∶ 0 → 𝑡, 𝑿 → 𝒙, (1)
where 𝑿 represents the initial position of a material point in 0 (material), and 𝒙 is its current position in 𝑡 (spatial). To
characterize local deformations, the deformation gradient is introduced

𝑭 =
𝜕𝝋𝑡

𝜕𝑿
. (2)

This tensor describes how line elements of the body change length and orientation. The displacement field is given by
𝒖(𝑿, 𝑡) = 𝒙 −𝑿, (3)
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which measures the change in position of each material point. The deformation gradient can, therefore, also be expressed as a
function of the displacement gradient

𝑭 ∶=
𝜕𝝋𝑡

𝜕𝑿
= Grad(𝝋𝑡) = Grad(𝒖) + 𝑰 = 𝑯 + 𝑰 , (4)

where 𝑰 is the second order identity tensor. This decomposition captures both rigid body motion and deformation effects such
as stretching and shearing. The displacement gradient Grad(𝒖) is identified with 𝑯 . To describe the energy stored in , the
Helmholtz free energy 𝜓 has to be derived from the Gibbs equation via a partial Legendre transformation14. Within the gen-
eral phenomenological approach, assuming that only mechanical deformations induce stresses, 𝜓 depends on the deformation
gradient 𝑭 and some internal variables

𝜓 = 𝜓(𝑭 ). (5)
For the scale transition to the macro level of the microlayer model presented in this paper, the first Piola-Kirchhoff stress tensor
can be used as the stress quantity conjugate to 𝑭

𝑷 =
𝜕𝜓
𝜕𝑭

. (6)
𝑷 connects forces in the current configuration to areas in the reference configuration. The corresponding material tangent is
then given by

ℂ𝑷 = 𝜕𝑷
𝜕𝑭

. (7)

2.2 Multiscale analysis
The macroscopic behavior of engineering materials, such as asphalt, is strongly influenced by their microstructural features15.
Multiscale analysis provides a framework to transfer the effects of the microscale to the macroscale, enabling a more accurate
representation of material behavior9,16. The concept of scale separation is fundamental to multiscale analysis and is based
on the assumption that the characteristic length of the microscale is significantly smaller than the characteristic length of the
macroscale. A common criterion for this separation is that the ratio should be at least ten. This condition is typically met in large-
scale asphalt experiments, such as triaxial or cyclic indirect tensile tests, as well as in the typical thicknesses of asphalt layers in
road pavements. The microstructure can then be described using a representative volume element (RVE). An RVE is a portion
of the microscale. Its volume must be large enough to represent the mechanical behavior of the microscale, but small enough
to reduce the computational effort, as the effort is directly dependent on the number of degrees of freedom on the microscale.
In this work, the coupling between RVE and a material point of the macroscale is defined by means of the themodynamically
motivated Principle of Multiscale Virtual Power (PMVP)9. The PMVP is a unified variational approach, which is an extension
of the classic Hill-Mandel principle17. In addition to the balance of internal virtual power, the external virtual power at the point
𝑿 of the macroscale is also included in the balance of the total power of the RVE. The core idea of the multiscale approach
is to map the macroscopic quantities □ for each material point to the corresponding microscopic fields □𝑚 by means of
a linear insertion operator (macro → micro). The reverse scale transition (micro → macro) is performed by homogenization
operators, which are linear in all arguments. Both links must be chosen such that the magnitude of the relevant kinematical
quantities is preserved across the scale transition. This postulate is referred to as the Principle of Kinematical Admissibility.
First, the kinematics on both scales are specified. On the macroscale, this work restricts the set of generalized displacements to
the displacement field of points 𝑿

𝒖 = 𝒖(𝑿), (8)
(cf. Equation (3)). As generalized strain–action operator, the linear reference gradient is chosen, hence the generalized strain is
the displacement gradient

𝑯 = Grad(𝒖), (9)
(cf. Equation (4)). Other multiphysical definitions are possible. We only take the first derivative of the displacements, which is
reasonable for Cauchy-Boltzmann continua. For higher order continua more derivatives should be taken into account. However,
the focus of this contribution is on classical finite-strain solid mechanics. Analogously, the microscopic kinematical fields within
the RVE are defined as

𝒖𝑚 = 𝒖𝑚(𝑿𝑚), (10)
𝑯𝑚 = Grad(𝒖𝑚), (11)
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where 𝑿𝑚 denotes microscopic reference coordinates. Without loss of generality, the microscopic displacement is additively
split into a part that depends on the macroscopic point 𝑿 and a local fluctuation

𝒖𝑚(𝑿𝑚) = 𝒖𝑚
(

𝑿; 𝑿𝑚) + 𝒖̃𝑚(𝑿𝑚), (12)
where the field 𝒖𝑚(𝑿;𝑿𝑚) denotes the macro-point–dependent contribution and 𝒖̃𝑚(𝑿𝑚) represents the microscopic fluctu-
ation. To connect the scales, the insertion operators map the macroscopic kinematical quantities at a given macroscopic point
𝑿 to the corresponding microscopic fields defined over the RVE domain Ω. These operators embed the macroscopic state
into the microscale in a kinematically admissible way, ensuring compatibility between both descriptions. Two linear insertion
operators are introduced: 𝐽𝑚𝑈 , which maps the macroscopic generalized displacements to the microscopic displacement space,
and 𝐽𝑚𝐸 , which maps the macroscopic generalized strains to the microscopic strain–action space. They act on the generalized
displacements and strains, respectively. Applied to the macroscopic quantities 𝒖 and 𝑯, the resulting microscopic fields are
expressed as

𝒖𝑚 = 𝐽𝑚𝑈
(

𝒖
)

+ 𝐽𝑚𝐸
(

𝑯)

, (13)
representing the macro-induced part of the microscopic displacement introduced in Equation (12). For Cauchy-Boltzmann con-
tinua within the framework of finite-strain solid mechanics, the classical choice for these operators is a linear mapping of the
macroscopic displacement and displacement gradient onto the microscopic coordinates

𝒖𝑚(𝑿;𝑿𝑚) = 𝒖(𝑿) +𝑯(𝑿)
(

𝑿𝑚 −𝑿𝑚
0
)

, (14)
under the modeling assumption that the microscale coordinates are referenced to the RVE centroid,

𝑿𝑚
0 = 1

𝑉 ∫
Ω

𝑿𝑚 d𝑉 . (15)

This choice ensures objectivity and invariance with respect to rigid translations of the RVE. Equation (14) thus corresponds to
a first-order (affine) insertion of the macroscopic deformation into the microscale. More complex definitions of the insertion
operators are possible (e.g., including higher-order gradients, nonlocal dependencies, or additional multiphysical fields), but the
present contribution focuses on the classical case of finite-strain solid mechanics. Having specified the macro-induced part of
the microscopic fields via the insertion operators, the reverse linkage from micro to macro is established by introducing homog-
enization operators that extract the effective macroscopic kinematics from the microscopic fields under the adopted fluctuation
constraints. Two linear homogenization operators are introduced: 𝐻𝑚

𝑈 , which maps the microscopic displacement field space to
the point-valued macroscopic generalized displacement space, and 𝐻𝑚

𝐸 , which maps the microscopic strain–action field space
to the point-valued macroscopic generalized strain space. Applied to the microscopic displacement and displacement-gradient
fields, these operators provide the homogenized macroscopic quantities as

𝒖 = 𝐻𝑚
𝑈

[

𝒖𝑚
]

, 𝑯 = 𝐻𝑚
𝐸

[

𝑯𝑚] . (16)
Correspondingly, the fluctuation fields satisfy the kernel (zero-mean) conditions

𝐻𝑚
𝑈

[

𝒖̃𝑚
]

= 𝟎, 𝐻𝑚
𝐸

[

𝑯̃𝑚] = 𝟎, (17)
which, for the specific choice of volume-averaging operators, reduce to

∫
Ω

𝒖̃𝑚 d𝑉 = 𝟎, ∫
Ω

𝑯̃𝑚 d𝑉 = 𝟎. (18)

These conditions stem from kinematical admissibility, “insertion followed by homogenization” reproduces the prescribed macro-
scopic state, and imply that fluctuations lie in the kernels of the homogenization operators, so macroscopic quantities depend only
on the macro-induced part of the microscopic fields. In the present contribution, the concrete realization of the homogenizers
is assumed to be simple (unit-weighted) volume averaging over the RVE. This modeling choice is standard in classical multi-
scale approaches because it is objective (with centroidal referencing), acts as a left inverse to the first-order (affine) insertion,
and avoids spurious dependence on the RVE’s position or shape beyond its volume. Accordingly, the macroscopic displacement
and displacement gradient are defined by

𝒖 = 1
𝑉 ∫

Ω

𝒖𝑚 d𝑉 , 𝑯 = 1
𝑉 ∫

Ω

𝑯𝑚 d𝑉 , (19)
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which, together with the zero-mean fluctuation conditions, enforce a unique macro–micro split and kinematical consistency of
the scale transition. Moreover, the zero-mean constraint for the microscopic gradient of the fluctuation admits the equivalent
boundary form

∫
Ω

𝑯̃𝑚 d𝑉 = ∫
𝜕Ω

𝑵𝑚⊗𝒖̃𝑚 d𝐴 = 𝟎, (20)

obtained by the divergence theorem. 𝑵𝑚 denotes the unit outward normal in the reference configuration. Therefore, the space
of kinematically admissible fluctuation displacements at microscale is

𝑚 ∶=

⎧

⎪

⎨

⎪

⎩

𝒖𝑚 ∈ 𝑉
|

|

|

|

∫
𝜕Ω

𝑵𝑚 ⊗ 𝒖𝑚 d𝐴 = 𝟎 ; ∫
Ω

𝒖𝑚 d𝑉 = 𝟎
⎫

⎪

⎬

⎪

⎭

, (21)

and the fluctuation field is required to satisfy
𝒖̃𝑚 ∈ 𝑚. (22)

Based on mechanical considerations, 𝑚 will be further specialized in the next section, and a concrete RVE for aggregate-
matrix composites is introduced. The second fundamental postulate of the multiscale framework is the mathematical duality
between the introduced kinematical quantities and their corresponding stress- or force-like counterparts. This duality ensures
that each kinematic variable has a unique energetic conjugate, such that their product represents a power term contributing to
the virtual power balance. Following this principle, the macroscopic displacement gradient 𝑯 is energetically conjugate to
the macroscopic first Piola–Kirchhoff stress tensor 𝑷, and the macroscopic displacement 𝒖 is conjugate to the macroscopic
body force 𝒃. Analogously, on the microscale, the microscopic counterparts 𝑯𝑚, 𝒖𝑚, 𝑷 𝑚, and 𝒃𝑚 form the corresponding dual
pairs. The PMVP used here is a specialization of Blanco’s general multiscale power statement9 to these choices. In essence, the
PMVP states that the virtual power of internal and external actions must be identical when computed on the macroscale and on
the microscale. This leads directly to the generalized Hill–Mandel condition

𝑉 𝑷 ∶ 𝛿𝑯̇ − 𝑉 𝒃 ⋅ 𝛿𝒖̇
!
= ∫

Ω

𝑷 𝑚 ∶ 𝛿𝑯̇𝑚 d𝑉 − ∫
Ω

𝒃𝑚 ⋅ 𝛿𝒖̇𝑚 d𝑉 , (23)

which enforces the equality of virtual powers on both scales and thus guarantees energetic consistency between micro and
macro kinematics. This equality is not a postulated averaging rule but follows from the kinematical admissibility of the insertion
and homogenization operators together with the zero-mean fluctuation constraints introduced earlier. By isolating the terms
associated with the admissible macroscopic variations 𝛿𝑯̇ and 𝛿𝒖̇ in Equation (23), the corresponding macroscopic stress
and body force densities emerge naturally as weighted averages of their microscopic counterparts

𝑷 = 1
𝑉 ∫

Ω

[

𝑷 𝑚 − (𝑿𝑚 −𝑿𝑚
0 )⊗ 𝒃𝑚

]

d𝑉 , (24)

𝒃 = 1
𝑉 ∫

Ω

𝒃𝑚 d𝑉 . (25)

The first term in Equation (24) represents the volumetric contribution of the microscopic stresses, while the second term accounts
for the moment of the microscopic body forces with respect to the centroidal reference position 𝑿𝑚

0 . This correction ensures that
the macroscopic stress is invariant under rigid translations of the RVE, preserving objectivity and guaranteeing that both force
and moment equilibria are satisfied at the macroscale4,10,12,18.

2.3 Microlayer formulation
The aim of this section is to provide an appropriate RVE for the modeling of aggregate-matrix composites. In contrast to com-
putationally intensive FE² approaches, where all scales are modeled and discretized as sections of actual material geometries, an
analytical solution of the material problem is used in this contribution. Inspired by the micro-structural assumptions of the well
known micro-plane model from Bažant19 and the real mesogeometry of asphalt, the microscale is represented by a infinitely
stiff, convex aggregate Ω𝑘, on whose surface 𝑚𝑚𝑙 deformable layers Ω𝑖 are imprinted. The domain results in

Ω = Ω𝑘 ∪
𝑚𝑚𝑙
⋃

𝑖=1
Ω𝑖 (26)
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a) b)
ℎ𝑖

𝑟𝑖

𝜕Ω𝑘

Ω𝑘

Ω𝑖

𝜕Ω𝑖

𝑵 𝑖

𝑟𝑘

𝑿𝑚
0

𝒙𝑚𝑑𝑘
𝒙𝑚𝑑𝑖

Figure 1 a) Illustration of a feasible shape of the RVE and b) geometry definition.

and is illustrated in Figure 1. The individual RVEs are connected via the layers. It is assumed that the aggregates are determin-
istically distributed and that their relative displacements generate the macroscopic strains and control the deformation of the
adjacent layers. Under the assumption that the aggregates are not interconnected, a homogeneous strain field is obtained in the
layers, in analogy to19.
The distance between the aggregate center and the outer surface 𝜕Ω𝑖 of layer 𝑖 is defined by

𝑟𝑖 = 𝑟𝑘 + ℎ𝑖. (27)
Here, ℎ𝑖 denotes the thickness of layer 𝑖 and 𝑟𝑘 is the distance from the aggregate center 𝑿𝑚

0 to the aggregate surface 𝜕Ω𝑘

associated with 𝑖. In principle, 𝑟𝑘 may be chosen arbitrarily subject to convexity. However, in this contribution it is assumed 𝑟𝑘 to
be constant for all layers. The vector 𝑵 𝑖 denotes the unit normal of layer 𝑖. The kinematics of the microscale in this contribution
follow the basic mechanical models from4: No strains can occur at the domain of the aggregate at the microscale. However,
macroscopic translational and rotational motions of the aggregate are admissible. It is further assumed that, at the aggregate
center 𝑿𝑚

0 , only macroscopic translations are present. For the aggregate microscale displacementfield 𝒖𝑚
𝒙𝑚𝑘∈Ω𝑘

, with 𝒙𝑚𝑘 ∈ Ω𝑘,
Equation (12) must be satisfied.

Therefore, the displacement field 𝒖𝑚
𝒙𝑚𝑘∈Ω𝑘

results from the macroscopic translations and rotations 𝑹 (strain-free component
of the deformation gradient (𝑹 = 𝑭 ⋅ 𝑼−𝟏)) around the geometric center 𝑿𝑚

0 of the aggregate
𝒖𝑚
𝒙𝑚𝑘∈Ω𝑘

= 𝒖 +𝑯 ⋅ (𝒙𝑚𝑘 −𝑿𝑚
0 ) + (𝟏 − 𝑼) ⋅ (𝒙𝑚𝑘 −𝑿𝑚

0 )
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝒖̃𝑚
𝒙𝑚𝑘∈Ω𝑘

, (28)

which leads to
𝒖𝑚
𝒙𝑚𝑘∈Ω𝑘

= 𝒖
⏟⏟⏟
translation

+ (𝑹 − 𝟏) ⋅ (𝒙𝑚𝑘 −𝑿𝑚
0 )

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
rotation

. (29)

The displacement fluctuations 𝒖̃𝑚
𝒙𝑚𝑘∈Ω𝑘

have to offset all deformations from the macroscopic displacement gradient 𝑯. This is
possible because the translational displacements fulfill the requirement of Equation (21). Assuming the layers remain flat, which
implies that the outer plane 𝜕Ω𝑖 is a symmetry plane to the aggregate-layer interface 𝜕Ω𝑘 , the displacement fluctuations must
vanish at 𝜕Ω𝑖, therefore with Equation (12) the following applies to the displacements 𝒖𝑚

𝒙𝑚𝑑𝑖∈𝜕Ω𝑖
at 𝜕Ω𝑖

𝒖𝑚
𝒙𝑚𝑑𝑖∈𝜕Ω𝑖

= 𝒖 + (𝑭 − 𝟏) ⋅ (𝒙𝑚𝑑𝑖 −𝑿𝑚
0 ). (30)

Assuming a homogeneous displacement gradient, the displacement field 𝒖𝒙𝑚𝑖∈Ω𝑖 between the planes 𝜕Ω𝑖 and 𝜕Ω𝑘 is linear.
Under the additional assumption that no separation between aggregates and layers can occur (so that 𝜕Ω𝑘, 𝜕Ω𝑖 ⊂ Ω𝑖), a linear
interpolation between the known displacement fields of the layer Ω𝑖 yields

𝒖𝑚
𝒙𝑚𝑖∈Ω𝑖 = 𝒖𝑚

𝒙𝑚𝑑𝑘∈𝜕Ω𝑘
𝑓 (𝒙𝑚𝑖) + 𝒖𝑚

𝒙𝑚𝑑𝑖∈𝜕Ω𝑖
[1 − 𝑓 (𝒙𝑚𝑖)], (31)

with
𝑓 (𝒙𝑚𝑖) = 𝑟𝑖

ℎ𝑖
− 1
ℎ𝑖
(𝒙𝑚𝑖 −𝑿𝑚

0 ) ⋅𝑵
𝑖, (32)

and
𝒖𝑚
𝒙𝑚𝑑𝑘∈𝜕Ω𝑘

= 𝒖 + (𝑹 − 𝟏) ⋅ (𝒙𝑚𝑑𝑘 −𝑿𝑚
0 ). (33)
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However, inserting and rearranging leads to a quadratic dependence on the location 𝒙𝑚𝑖 (𝜕Ω𝑘, 𝜕Ω𝑖 ⊂ Ω𝑖)

𝒖𝑚
𝒙𝑚𝑖∈Ω𝑖 = 𝒖 + (𝑭 − 𝟏) ⋅ (𝒙𝑚𝑑𝑖 −𝑿𝑚

0 )

+
[

𝑟𝑖

ℎ𝑖
− 1
ℎ𝑖
(𝒙𝑚𝑖 −𝑿𝑚

0 ) ⋅𝑵
𝑖
]

{

(𝑹 − 𝟏)(𝒙𝑚𝑑𝑘 −𝑿𝑚
0 ) − (𝑭 − 𝟏)(𝒙𝑚𝑑𝑖 −𝑿𝑚

0 )

}

, (34)

which contradicts the requirement of a linear homogeneous displacement gradient. By splitting 𝒙𝑚𝑑𝑖 and 𝒙𝑚𝑑𝑘 into radial 𝒙□
𝑟 and

tangential 𝒙□
𝑡 components

𝒙𝑚𝑑𝑖 = 𝒙𝑚𝑑𝑖𝑟 + 𝒙𝑚𝑑𝑖𝑡 +𝑿𝑚
0 = 𝑵 𝑖𝑟𝑖 + 𝒙𝑚𝑑𝑖𝑡 +𝑿𝑚

0 (35)
and

𝒙𝑚𝑑𝑘 = 𝒙𝑚𝑑𝑘𝑟 + 𝒙𝑚𝑑𝑘𝑡 +𝑿𝑚
0 = 𝑵 𝑖𝑟𝑘 + 𝒙𝑚𝑑𝑘𝑡 +𝑿𝑚

0 , (36)
according to4, it is feasible to transform all displacement-determining radial components into linear relations. In order to obtain
the homogeneous strain state, the assumption is made that the tangential components 𝒙𝑚𝑑𝑘𝑡 and 𝒙𝑚𝑑𝑖𝑡 of the position vectors on
𝜕Ω𝑖 and 𝜕Ω𝑘 are negligibly small, which ultimately results in the kinematic coupling operator of the layer displacement

𝒖𝑚
𝒙𝑚𝑖∈Ω𝑖 = 𝒖 + (𝑭 − 𝟏) ⋅ (𝒙𝑚𝑖 −𝑿𝑚

0 )

+
[

𝑟𝑖

ℎ𝑖
− 1
ℎ𝑖
(𝒙𝑚𝑖 −𝑿𝑚

0 ) ⋅𝑵
𝑖
]

{

𝑹 ⋅ [𝟏 − 𝑼] ⋅𝑵 𝑖𝑟𝑖 −𝑹 ⋅𝑵 𝑖ℎ𝑖 + ℎ𝑖𝑵 𝑖

}

. (37)

The displacement gradient results in

𝑯𝑚𝑖 =
𝜕𝒖𝑚

𝒙𝑚𝑖∈Ω𝑖

𝜕𝒙𝑚𝑖
= − 1

ℎ𝑖

{

𝑟𝑘
(

𝒏𝑖
|𝒏𝑖|

− 𝒏𝑖
)

+ (𝑵 𝑖 − 𝒏𝑖)ℎ𝑖
}

⊗𝑵 𝑖. (38)
To obtain Equation (38), the abbreviations

𝒏𝑖 = 𝑭 ⋅𝑵 𝑖 (39)
and

𝒏𝑖
|𝒏𝑖|

= 𝑹 ⋅𝑵 𝑖 (40)
are incorporated. It becomes obvious that the deformation behavior of the microlayer depends on its orientation 𝒏𝑖 and thickness
ℎ𝑖. The latter allows viscoelastic and elastoplasctic material behavior to be taken into account within a finite strain theory.

For absent body forces, the stress homogenization operator, which translates the stresses 𝑷 𝑚 of the RVE to the macroscale
𝑷, is a direct outcome of the kinematic coupling operators and the PMVP

𝑉 𝑷 ∶ 𝛿𝑯̇−
!
= ∫

Ω

𝑷 𝑚 ∶ 𝛿𝑯̇𝑚𝑑𝑉 . (41)

The macroscopic stresses result from the volume average of the layer and aggregate stresses

𝑷 = 1
𝑉

⎡

⎢

⎢

⎣

𝑚𝑚𝑙
∑

𝑖=1
∫
Ω𝑖

𝑷 𝑚𝑖d𝑉 + ∫
Ω𝑘

𝑷 𝑚𝑘d𝑉
⎤

⎥

⎥

⎦

. (42)

In the aggregate region local equilibrium holds, i.e. the balance of linear momentum
div𝑷 𝑚𝑘 = 𝟎. (43)

Applying the product rule to 𝑟𝑗 = 𝑥𝑚𝑗 −𝑋𝑚
0𝑗 gives

[

𝑃 𝑚𝑘
𝓁𝑘 𝑟𝑗

]

,𝑘 = 𝑃 𝑚𝑘
𝓁𝑘,𝑘 𝑟𝑗 + 𝑃

𝑚𝑘
𝓁𝑗 . (44)

Since 𝑃 𝑚𝑘
𝓁𝑘,𝑘 = 0, this simplifies to

𝑃 𝑚𝑘
𝓁𝑗 =

[

𝑃 𝑚𝑘
𝓁𝑘 𝑟𝑗

]

,𝑘. (45)
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Integrating over the aggregate volume Ω𝑘 and applying the divergence theorem yields

∫
Ω𝑘

𝑷 𝑚𝑘 d𝑉 = ∫
𝜕Ω𝑘

(

𝑷 𝑚𝑘𝒏𝑘
)

⊗
(

𝒙𝑚 −𝑿𝑚
0
)

d𝐴, (46)

where 𝒏𝑘 is the outward unit normal on the aggregate surface. Since the aggregate surface coincides with the interfaces to the
thin layers, tractions are continuous across these interfaces

𝑷 𝑚𝑘𝒏𝑘 = 𝑷 𝑚𝑖𝑵 𝑖, (47)
where 𝑵 𝑖 denotes the outward normal of layer Ω𝑖. Thus, the integral over the aggregate can be rewritten in terms of the layer
tractions

∫
Ω𝑘

𝑷 𝑚𝑘 d𝑉 =
𝑚𝑚𝑙
∑

𝑖=1
∫
𝜕Ω𝑖

(

𝑷 𝑚𝑖𝑵 𝑖)⊗
(

𝒙𝑚𝑖 −𝑿𝑚
0
)

d𝐴. (48)

Substituting (48) into (42) gives

𝑷 = 1
𝑉

⎡

⎢

⎢

⎣

𝑚𝑚𝑙
∑

𝑖=1
∫
Ω𝑖

𝑷 𝑚𝑖 d𝑉 +
𝑚𝑚𝑙
∑

𝑖=1
∫
𝜕Ω𝑖

(

𝑷 𝑚𝑖𝑵 𝑖)⊗
(

𝒙𝑚𝑖 −𝑿𝑚
0
)

d𝐴
⎤

⎥

⎥

⎦

. (49)

Based on the assumption of linear displacements and prismatic layers, leading to 𝑉 𝑖 = 𝐴𝑖 ⋅ℎ𝑖, 𝑷 can be represented as a linear
mapping of 𝑷 𝑖

𝑷 =
𝑚𝑚𝑙
∑

𝑖=1

𝑉 𝑖

𝑉

[

𝕀 + 1
ℎ𝑖
𝕊(𝒙𝑚𝑖 −𝑿𝑚

0 )⊗𝑵 𝑖
]

𝑷 𝑚𝑖 =
𝑚𝑚𝑙
∑

𝑖=1
𝕂𝑚𝑖 ∶ 𝑷 𝑚𝑖 . (50)

Here, 𝕀 denotes the fourth-order identity tensor and 𝕊 the fourth-order symmetrization tensor acting on second-order tensors,
i.e., (𝕊 ∶ 𝑨) = 1

2

(

𝑨 + 𝑨𝖳
). The macroscopic tangent ℂ𝑷 , fourth-rank tensor, is obtained by differentiating the constitutive

equation as specified in (Equation (7))

ℂ𝑷 =
𝑚𝑚𝑙
∑

𝑖=1
𝕂𝑚𝑖 ∶ 𝑑𝑷

𝑚𝑖

𝑑𝑭 𝑚𝑖
∶ 𝜕𝑯

𝑚𝑖

𝜕𝑭
=

𝑚𝑚𝑙
∑

𝑖=1
𝕂𝑚𝑖 ∶ ℂ𝑚𝑖𝑃 ∶ 𝔸𝑚𝑖 , (51)

with
𝔸𝑚𝑖 = 𝜕𝑯𝑚𝑖

𝜕𝒏𝑖
𝜕𝒏𝑖

𝜕𝑭
. (52)

It can be seen that the scale transition from the micro- to the macroscale proceeds via the composition of linear operators
(𝕂𝑚𝑖 ,ℂ𝑚𝑖𝑃 ,𝔸𝑚𝑖 , fourth-order tensors) acting on second-order fields. This enables the linearization required to solve the global
system of equations.

3 CONSTITUTIVE EQUATIONS ON THE MICROSCALE

3.1 Intermediate configuration
Asphalt requires material models that include elastic and inelastic phenomena such as plasticity and viscosity. For such models,
it is useful to split the deformation gradient multiplicatively by4,20

𝑭 = 𝑭 𝐴𝑭 𝐵 . (53)
The transformation properties are then carried over to the individual parts. This approach, rooted in the foundational contri-
butions of Simo and Miehe21,22,23, guarantees objectivity, thermodynamic consistency, and weak invariance under isochoric
changes of the reference configuration. In the intermediate configuration, only the deformations caused by 𝑭 𝐵 are present1. In
general, 𝑭 is not a suitable deformation measure, as it also contains rigid body motions. Nevertheless, a major advantage of
such a multiplicative decomposition is that it is accompanied by an additive decomposition of the Green-Lagrange deformation
tensor 𝑬 21

𝑬 = 𝑬𝐴 + 𝑬𝐵 = 1
2
(𝑪𝐴 − 𝑰) + 1

2
(𝑪 − 𝑪𝐴), (54)

1All physical quantities used in Section 3 are defined on the microscale. For better readability, however, the index □𝑚 has been omitted.
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with
𝑪𝐴 = 𝑭𝑨𝑻𝑭𝑨 = 𝑭 𝑩−𝑇𝑪𝑭 𝑩−1. (55)

The right Cauchy-Green tensor 𝑪 = 𝑭 𝑻𝑭 captures the quadratic deviation of line elements between the reference and the
current configurations. It is therefore invariant under rigid body motions and serves as an important measure of deformation
(objectivity). The spatial velocity gradient in the current configuration is defined as

𝒍 = grad (𝒖̇) = 𝑭̇ 𝑭 −1. (56)
𝑙 describes the local rate of change of the velocity field. Using Equation (53), time differentiation and the product rule give

𝑭̇ = 𝑭̇ 𝐴 𝑭 𝐵 + 𝑭 𝐴 𝑭̇ 𝐵 , (57)
𝑭 −1 =

(

𝑭 𝐵)−1 (𝑭 𝐴)−1 . (58)
Hence,

𝒍 = 𝑭̇ 𝐴 (𝑭 𝐴)−1 + 𝑭 𝐴
(

𝑭̇ 𝐵 (𝑭 𝐵)−1
)

(

𝑭 𝐴)−1 . (59)
Pulling this quantity back to the intermediate configuration via 𝑭 𝐴 defines

𝑳𝐼 ∶=
(

𝑭 𝐴)−1 𝒍 𝑭 𝐴, (60)
and the corresponding intermediate-configuration contributions

𝑳𝐴 ∶=
(

𝑭 𝐴)−1 𝑭̇ 𝐴, 𝑳𝐵 ∶= 𝑭̇ 𝐵 (𝑭 𝐵)−1 . (61)
A direct substitution yields the additive decomposition in the intermediate configuration

𝑳𝐼 = 𝑳𝐴 +𝑳𝐵 . (62)
Finally, the inelastic mapping evolves according to

𝑭̇ 𝐵 = 𝑳𝐵 𝑭 𝐵 , (63)
which shows that the temporal evolution of inelastic phenomena (such as plasticity and viscosity) is governed entirely by 𝑳𝐵

in the intermediate configuration and is independent of the elastic mapping 𝑭 𝐴 20,21,23, and simplifies the identification and
interpretation of material parameters using experimental data. Therefore, the dissipation inequality as the fundamental restriction
in thermodynamics can be formulated relative to the intermediate configuration. The local dissipation

𝑙𝑜𝑐 = 𝐼 − 𝜓̇ ≥ 0 (64)
is expressed as a function of internal power density (stress power) 𝐼 and the time derivative of the strain energy function 𝜓 .
The internal power in the intermediate configuration reads22

𝐼 = 𝚺𝐼 ∶ 𝑳𝐼 . (65)
Using Equation (62), it follows

𝐼 = 𝚺𝐼 ∶ 𝑳𝐴 + 𝚺𝐼 ∶ 𝑳𝐵 . (66)
Following23, it is assumed, that the free energy depends only on the elastic right Cauchy–Green tensor 𝑪𝐴

𝜓 = 𝜓(𝑪𝐴). (67)
The time derivative of the strain energy function is then expressed as

𝜓̇ =
[

2𝑪𝐴 𝜕𝜓
𝜕𝑪𝐴

]

∶ 𝑳𝐴 =
𝜕𝜓
𝜕𝑪𝐴 ∶ 𝑪̇𝐴. (68)

By rearranging Equation (64), this results in
loc =

[

𝚺𝐼 − 2𝑪𝐴 𝜕𝜓
𝜕𝑪𝐴

]

∶ 𝑳𝐼 +
[

2𝑪𝐴 𝜕𝜓
𝜕𝑪𝐴

]

∶ 𝑳𝐵 . (69)
Equation (69) directly yields a computation rule for the Mandel stress tensor 𝚺𝐼 in the intermediate configuration, but only if
the assumption is made that purely 𝑳𝑩 should cause dissipation

𝚺𝐼 = 2𝑪𝐴 𝜕𝜓
𝜕𝑪𝐴 . (70)
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𝚺𝐼 is defined as the work-conjugate quantity to the material evolution operator𝑳𝑩 , while itself depending only on non-dissipative
quantities, making it fundamental for the modeling and computation of inelastic phenomena. The second Piola–Kirchhoff stress
𝑺 as the stress measure conjugated to𝑬 and𝑪 , defined by𝑺 = 𝜕Ψ

𝜕𝑬
= 2 𝜕Ψ

𝜕𝑪
, is connected to the Mandel stress in the intermediate

configuration via
𝚺𝐼 = 𝑪𝐴 𝑺𝐼 , 𝑺𝐼 = 𝑭 𝐵 𝑺 (𝑭 𝐵)𝖳 = 2

𝜕𝜓
𝜕𝑪𝑒 . (71)

3.2 Viscoelasticity
As shown in, the viscous deformations evolve relative to the intermediate configuration. Owing to the presence of stiffening
aggregates in asphalt A portion of the compressive stresses remains unaffected by time. In order to take into account only the
time-dependent part of the energy contribution due to viscous deformations 𝜓𝑣, only the part of the right Cauchy Green tensor
where the elastic deformations have already occurred is used for their evolution 𝑪𝒆 Based on the split introduced in Section 3.1
(Equation (53)), the evolution of viscous deformations is described in the intermediate configuration with 𝑪𝑒 as the metric21.
The underlying rheological model is a Maxwell element consisting of a viscous dashpot and an elastic spring. In parallel with an
elastic branch, this yields a Zener model as proposed by Simo and Miehe23. The formulation is extended by24 with an efficient
time-stepping procedure. If 𝑘 viscoelastic branches are included to capture multiple time scales, one obtains the generalized
Maxwell model. Thus, in analogy to Equation (62), the free Helmholtz energy can be additively decomposed into its components

𝜓 = 𝜓𝑒(𝑪) +
𝑘
∑

𝑤=1
𝜓𝑣,𝑤(𝑪𝑒). (72)

Assume that the elastic material response is characterized by different behavior for purely volumetric and purely viscous defor-
mations, the deformation gradient is multiplicatively split and, thus, the free Helmholtz energy is again additively decomposed
into a volumetric and an isochoric part20

𝜓 = 𝜓𝑒
𝑖𝑠𝑜(𝑪𝒊𝒔𝒐) + 𝜓𝑒

𝑣𝑜𝑙(det 𝑭 ) +
𝑘
∑

𝑤=1
𝜓𝑣,𝑤
𝑖𝑠𝑜 (𝑪

𝑒
𝑖𝑠𝑜), (73)

with
𝑪 iso = (det 𝑭 )−2∕3𝑪 , 𝑪𝑒

iso = (det 𝑭 𝑒)−2∕3𝑪𝑒. (74)
The viscous part is assumed to have no volumetric components25,26,27,28. For the subordinate volumetric part, the classic
constitutive relationship

𝜓𝑒
𝑣𝑜𝑙 =

𝜘
2
(ln(det(𝑭 )))2 (75)

is chosen. Due to the small number of material parameters to be determined and their suitability for finite strains, in this
contribution, the Yeoh material model is used to describe the elastic isochoric part given by

𝜓𝑒
𝑖𝑠𝑜 =

3
∑

𝑖=1
𝑐𝑖
(

tr(𝑪 𝑖𝑠𝑜) − 3
)𝑖 . (76)

The computation of the non-equilibrium energy 𝜓𝑣
𝑖𝑠𝑜(𝑪

𝑒
𝑖𝑠𝑜) for the 𝑘 viscoelastic chains also starts from the model given in

Equation (76). The set of equivalent shear moduli 𝑐𝑖,𝑤 for each chain 𝑤 is scaled by
𝑐𝑖,𝑤 = 𝛼𝑤𝑐𝑖. (77)

With this, all contributions to the free Helmholtz energy are specified. The individual contributions to the viscoelastic part of
the First Piola–Kirchhoff stress, ve𝑷 , follow from Equation (6) as

𝑷 𝑒
vol =

𝜕𝜓𝑒
vol

𝜕𝑭
= 𝜘 ln

(

det 𝑭
)

𝑭 −𝑇 , (78)

𝑷 𝑒
iso = 2𝑭 ⋅

( 𝜕𝜓𝑒
iso

𝜕𝑪 iso
∶
𝜕𝑪 iso

𝜕𝑪

)

, (79)

𝑷 𝑣,𝑤
iso =

𝜕𝜓𝑣,𝑤
iso

𝜕𝑪𝑒,𝑤
iso

∶
𝜕𝑪𝑒,𝑤

iso

𝜕𝑪𝑒,𝑤 ∶ 𝜕𝑪
𝑒,𝑤

𝜕𝑭 𝑒,𝑤 ∶ 𝜕𝑭
𝑒,𝑤

𝜕𝑭
. (80)
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The required derivatives are collected in the Appendix. The total viscoelastic stress ve𝑷 is obtained as the sum of the elastic
terms and the contributions from all viscous branches 𝑤 = 1,… , 𝑘

ve𝑷 = 𝑷 𝑒
vol + 𝑷 𝑒

iso +
𝑘
∑

𝑤=1
𝑷 𝑣,𝑤

iso . (81)
Analogously, the material tangents (Equation (7)) associated with ve𝑷 read

ℂ𝑒
vol =

𝜕𝑷 𝑒
vol

𝜕𝑭
= 𝜘

[

𝑭 −𝑇⊗𝑭 −𝑇 − ln
(

det 𝑭
)

𝑭 −𝑇⊗
(

𝑭 −1𝑭 −1)] , (82)

ℂ𝑒
iso =

𝜕𝑷 𝑒
iso

𝜕𝑭
= 2

[

𝕀 ⋅
( 𝜕𝜓𝑒

iso

𝜕𝑪 iso
∶
𝜕𝑪 iso

𝜕𝑪

)

+ 𝑭 ⋅
(

𝜕
𝜕𝑭

( 𝜕𝜓𝑒
iso

𝜕𝑪 iso
∶
𝜕𝑪 iso

𝜕𝑪

))]

, (83)

ℂ𝑣,𝑤
iso =

𝜕𝑷 𝑣,𝑤
iso

𝜕𝑭
= 𝜕
𝜕𝑭

(

𝜕𝜓𝑣,𝑤
iso

𝜕𝑪𝑒,𝑤
iso

∶
𝜕𝑪𝑒,𝑤

iso

𝜕𝑪𝑒,𝑤 ∶ 𝜕𝑪
𝑒,𝑤

𝜕𝑭 𝑒,𝑤

)

, (84)
and the total viscoelastic material tangent is

veℂ = ℂ𝑒
vol + ℂ𝑒

iso +
𝑘
∑

𝑤=1
ℂ𝑣,𝑤

iso . (85)
The transformation of the first Piola-Kirchhoff stress tensor into the Mandel stress tensor is carried out by

ve𝚺𝐼 = 𝑭 𝒆𝑻 (ve𝑷 )𝑭 𝒗𝑻 . (86)
In the case of viscoelasticity, both the Mandel stress ve𝚺𝐼 and the viscous rate 𝑳𝑣 are defined in the intermediate configuration 𝐼
(see Section 3.1). In analogy to the formulation of23 and subsequent developments in finite viscoelasticity29,30,31, a linear flow
rule is postulated. It reads in the intermediate configuration 𝐼

𝑳𝑣 = 𝕄 ∶ ve𝚺𝐼 , (87)
where 𝕄 denotes a fourth-order viscosity operator acting in 𝐼 . In line with linear irreversible thermodynamics32, the viscous
rate (flux) 𝑳𝑣 is taken to be linear in its thermodynamic force ve𝚺𝐼 , and Onsager reciprocity implies the major symmetry and
non-negativity,

𝕄 = 𝕄𝖳 > 0. (88)
This structure is consistent with finite strain models formulated on the intermediate configuration, where linear flow rules pro-
portional to the stress are standard; see23,29,30,32. This completes the set of state equations. The specific choice is given in
Table 1.

3.3 Elastoplasticity
The definition of the free Helmholtz energy for plastic deformations follows in an analogous manner the considerations of
Sections 3.1 and 3.2. Based on the multiplicative split of the deformation gradient according to Equation (53), and under the
assumption that only elastic deformations induce stress while not causing any dissipative phenomena, the free Helmholtz energy,
considering linear strain hardening of the material, is given by

𝜓 = 𝜓𝑒(𝑭 𝑒) + 𝜓𝛼 = 𝜓𝑒 + 1
2
𝛼𝐻2𝐻. (89)

Analogous to the viscoelastic chain, and employing the volumetric-isochoric split, Equations (73) and (76), one obtains
𝜓 = 𝜓𝑒

𝑣𝑜𝑙(𝑭
𝑒) + 𝜓𝑒

𝑖𝑠𝑜(𝑪
𝑒
𝑖𝑠𝑜) +

1
2
𝛼𝐻2𝐻. (90)

The neo-Hooke model is selected for the elastic parts
𝜓𝑒
𝑣𝑜𝑙(𝑭

𝑒) = 𝐸
6(1 − 2𝜈)

(ln(det 𝑭 𝑒))2 (91)
and

𝜓𝑒
𝑖𝑠𝑜(𝑪

𝑒
𝑖𝑠𝑜) =

𝐸
4(1 + 𝜈)

(tr(𝑪𝑒
𝑖𝑠𝑜) − 3

)

, (92)
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𝐸 denotes the Young’s modulus and 𝜈 the Poisson’s ratio. According to Equation (6), the sum of all elastic contributions to the
First Piola–Kirchhoff stress, 𝑝𝑷 , is given by

𝑷 𝑒
vol =

𝜕𝜓𝑒
vol

𝜕𝑭
=

𝜕𝜓𝑒
vol

𝜕(det 𝑭 𝑒)
⋅
𝜕(det 𝑭 𝑒)
𝜕𝑭 𝑒 ∶ 𝜕𝑭

𝑒

𝜕𝑭
, (93)

𝑷 𝑒
iso =

𝜕𝜓𝑒
iso

𝜕𝑭
=
𝜕𝜓𝑒

iso

𝜕𝑪𝑒
iso

∶
𝜕𝑪𝑒

iso

𝜕𝑪𝑒 ∶ 𝜕𝑪
𝑒

𝜕𝑭 𝑒 ∶ 𝜕𝑭
𝑒

𝜕𝑭
, (94)

and
𝑝𝑷 = 𝑷 𝑒

vol + 𝑷 𝑒
iso, (95)

Analogously, the associated material tangent Equation (7) reads

ℂ𝑒
vol =

𝜕2𝜓𝑒
vol

𝜕𝑭 𝜕𝑭
= 𝜕
𝜕𝑭

(𝜕𝜓𝑒
vol

𝜕𝐽 𝑒
⋅
𝜕𝐽 𝑒

𝜕𝑭 𝑒 ∶ 𝜕𝑭
𝑒

𝜕𝑭

)

, (96)

ℂ𝑒
iso =

𝜕2𝜓𝑒
iso

𝜕𝑭 𝜕𝑭
= 𝜕
𝜕𝑭

( 𝜕𝜓𝑒
iso

𝜕𝑪𝑒
iso

∶
𝜕𝑪𝑒

iso

𝜕𝑪𝑒 ∶ 𝜕𝑪
𝑒

𝜕𝑭 𝑒 ∶ 𝜕𝑭
𝑒

𝜕𝑭

)

, (97)
and

𝑝ℂ = ℂ𝑒
vol + ℂ𝑒

iso. (98)
The required derivatives are collected in the Appendix. The thermodynamic driving force associated with hardening is calculated
as

𝑲 = −
𝜕𝜓
𝜕𝛼𝐻

= −𝐻𝛼𝐻 . (99)
The transformation of the first Piola-Kirchhoff stress tensor into the Mandel stress tensor is carried out by

p𝚺𝐼 = 𝑭 𝒆𝑻 (p𝑷 )𝑭 𝒗𝑻 . (100)
The evolution of plasticity is specified by a yield function

𝑓𝑦
(𝑝𝚺𝐼 , 𝛼𝐻

)

≤ 0, (101)
and an associated plastic velocity gradient (both posed in the intermediate configuration 𝐼)

𝑳𝑝 = 𝛾̇
𝜕𝑓𝑦
𝜕𝑝𝚺𝐼

, 𝛼̇𝐻 = −𝛾̇
𝜕𝑓𝑦
𝜕𝐾

, (102)
together with the Kuhn–Tucker conditions

𝛾̇ ≥ 0, 𝑓𝑦
(𝑝𝚺𝐼 , 𝛼𝐻

)

≤ 0, 𝛾̇ 𝑓𝑦
(𝑝𝚺𝐼 , 𝛼𝐻

)

= 0. (103)
The full set of state equations is thus established, with the particular forms summarized in Table 1.

3.4 Specific state equations for inelastic evolution
In Table 1, the evolution equations for multiplicative elasto-plasticity with von Mises plasticity are summarized21,22 and com-
pared with those for viscoelasticity20, both formulated in the intermediate configuration 𝐼 . In line with23, the intermediate
configuration is assumed isochoric, i.e., det 𝑭 𝐵 = 1. Under this assumption, the formulation satisfies weak invariance24,30 with
respect to unimodular changes of the reference configuration, provided the internal variables are transformed consistently. The
equations are solved at each time step 𝑞 by a local Newton–Raphson procedure, following33, see also4,20,31.

4 NUMERICAL EXAMPLES

Subsequently, numerical examples are presented to demonstrate the capabilities of the proposed formulations. Throughout the
following sections, in both the text and the figures, the terms stress and strain are used for simplicity. It should be noted that they
refer to the true stresses (Cauchy stress tensor) and the engineering strains, respectively.
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Viscosity Plasticity

Quantity Calculation Quantity Calculation

Inelastic velocity
gradient 𝑳𝑣 = 𝛾̇𝑣𝑵𝑣 Plastic velocity

gradient 𝑳𝑝 = 𝛾̇𝑝
𝜕𝑓𝑦
𝜕Σ𝐼

= 𝛾̇𝑝𝑵𝑝

Flow rule 𝑓𝑦 = ‖dev(𝑝𝚺𝐼 )‖−
√

2
3
(Σ0+𝐻𝛼𝐻 ) =

0

Flow direction 𝜕𝑓𝑦
𝜕𝑝𝚺𝐼 =

dev(𝑝𝚺𝐼 )
‖dev(𝑝𝚺𝐼 )‖

Direction vector 𝑵𝑣 =
dev(ve𝚺𝐼 )

‖dev(ve𝚺𝐼 )‖ Direction vector 𝑵𝑝 =
dev(𝑝𝚺𝐼 )

‖dev(𝑝𝚺𝐼 )‖

inelastic strain rate 𝛾̇𝑣 = 1
𝑡𝑟

[

‖dev(ve𝚺𝐼 )‖
Σ̂

] Consistency
parameter 𝑵𝑝 ∶ ̇𝑝𝚺𝐼 =

√

2
3
𝐻𝛾̇𝑝

Evolution equation 𝑭̇ 𝑣 = 𝛾̇𝑣𝑵𝑣𝑭 𝑣 Evolution equation 𝑭̇ 𝑝 = 𝛾̇𝑝𝑵𝑝𝑭 𝑝

Discretized
evolution 𝑭 𝑣

𝑞+1 = −exp[Δ𝑡𝛾̇𝑣𝑵𝑣] ⋅ 𝑭 𝑣
𝑞

Discretized
evolution 𝑭 𝑝

𝑞+1 = −exp[𝛾̇𝑝𝑵𝑝] ⋅ 𝑭 𝑝
𝑞

Table 1 Set of state equations for evolution of inelastic deformations.
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Figure 2 Schematic representation of the asymmetry between uniaxial tension and compression in the stress-strain behavior of
a macroscopic Yeoh material model (Equations (75) and (76)) in case of finite strains (𝜘 = 1000 MPa, 𝑐1 = 100 MPa, 𝑐2 =
−10 MPa, 𝑐3 = 1 MPa).

4.1 Tension-Compression Asymmetry
The tension and compression range of the stress-strain behavior of classical constitutive models at large elastic strains, such as
the neo-Hooke or Yeoh material model, becomes increasingly asymmetrical with increasing load. Due to the small number of
parameters, the validation of such models can be carried out directly by experiments. However, the asphalt material is subjected to
strain levels that lie in the approximately symmetrical range of the stress-strain diagram, see Figure 2. A purely macroscopic use
of the material models for the elastic components to map the tension-compression asymmetry of asphalt is, therefore, not feasible.
This section will investigate whether this asymmetry can also be modeled for smaller strains with a suitable choice of the ℎ𝑖∕𝑟𝑘
ratio within the microlayer framework. For this purpose, simulations are carried out on cubes with an edge length of 150 mm
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Figure 3 a) Visualization of the boundary conditions and b) change in the Dirichlet boundary condition 𝑢𝑧 over time.

Material parameter Value Unit
𝜘 1000 MPa
𝑐1 100 MPa
𝑐2 −10 MPa
𝑐3 1 MPa
𝑟𝑘 1 mm
𝑚𝑚𝑙 42 [-]
ℎ𝑖 0.07 - 1 mm

Simulation parameter Value Unit
𝑡𝑡𝑜𝑡 200 s

|𝑢𝑧,𝑚𝑎𝑥| 5 mm

Table 2 Material and simulation parameters for the elastic Yeoh material model for each microlayer.

and a discretization of four elements per direction utilizing the Yeoh material model. All edge nodes that intersect the coordinate
axes in 𝑥𝑖 = 0 are each held in the 𝑥𝑖-direction. A Dirichlet boundary condition is applied by prescribing displacements at the
upper surface along 𝑥3-direction, see Figure 3a. In the first 50 seconds, a compression state is generated by reducing the height
𝑙3 of the cube linearly by 5 mm using displacement boundary conditions. The direction of the displacements is then changed and
the 𝑙3 height of the cube is increased by 10 mm within 100 seconds. In the last time interval of 50 seconds, the 𝑙3 height of the
cube is deformed back to the initial height, see Figure 3b. The simulation ends after 𝑡𝑡𝑜𝑡 = 200 seconds. The selected material
parameters are shown in Table 2. For the geometry of the microscale, a geometric transformation of the icosahedron is used for
the aggregate Ω𝑘. By flattening the 12 corner points and simultaneously extracting the 30 edge centers, a polyhedron composed
of 12 regular pentagonal and 30 regular hexagonal faces is formed, resulting in the number of microlayer of 𝑚𝑚𝑙 = 42. This
has the advantage that the corner points of the resulting body all lie on a spherical surface, i.e. the aggregates are represented
approximately as spheres. Due to symmetry properties, there are only 21 different microlayers to be analyzed. Figure 4 illustrates
the stress-strain curve of the center node of the loaded plane in 𝑥3-direction. It can be seen that the convexity of the nonlinear
stress-strain curve typical for Yeoh model is maintained. During the homogenization at the transition from micro to macroscale,
the original characteristic of the material model is thus preserved. Using Figure 5, it can be demonstrated that, under the selected
boundary conditions, the macroscopic behavior for large ratios of ℎ𝑖∕𝑟𝑘 converges towards the solution of a purely macroscopic
material model. Consequently, the asymmetry is only very weakly visible. As the ℎ𝑖∕𝑟𝑘 ratio decreases, the asymmetry increases
non-linearly. With the microlayer framework, it is therefore possible to model materials where the stiffness properties differ
greatly between tension and compression. In analogy to the real conditions of aggregate-matrix composites, this property is not
generated purely artificially by the choice of a material model, but on the basis of the geometry at the microstructural level. In
optimization algorithms for the identification of material parameters, it must be ensured by introducing a lower bound for the
ℎ𝑖∕𝑟𝑘 ratio that there are no solution instabilities. This is due to the fact that the relationship between macroscopic strain and
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Figure 4 Influencing asymmetry between tension and compression area by adjusting layer height to aggregate radius rate ℎ𝑖∕𝑟𝑘.

the resulting strain in a microlayer is inverse to each other. In the extreme case with ℎ𝑖∕𝑟𝑘 → 0, there is then no volume left that
can accommodate the macroscopic deformations.

4.2 Viscoelasticity
With the specimen geometries and boundary conditions introduced in Section 4.1, simulations are carried out to characterize the
viscous properties on a macroscopic level by adding two viscoelastic branches to the material model. On the one hand, it should
be clarified whether physical properties are lost during the homogenization of the classical material models and whether addi-
tional effects can be meaningfully used for material modeling. The parameters of the purely elastic branch remain unchanged.
The elastic part of the viscoelastic chain𝑤 is also implemented with the Yeoh material model, whereby the scalar 𝛼𝑤 determines
the ratio between the viscoelastic isochoric parameters 𝑐𝑝,𝑤 and the isochoric elastic parameters 𝑐𝑝. To identify viscoelastic prop-
erties, 𝛼1 and the duration 𝑡𝑡𝑜𝑡 of the compressive tensile load are varied for four different ℎ𝑖∕𝑟𝑘 ratio values. The total number of
parameters used can be found in Table 3. The simulated stress-strain curves are shown in Figure 6. It can be seen that the distance
between the loading and unloading path increases with decreasing retardation time. With slower load application (𝑡𝑡𝑜𝑡 = 600 s),
the separation between the loading and unloading paths is small for all investigated microlayer heights, showing only a minor
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Figure 5 Evolution of the ratio of maximum compressive stress to maximum tensile stress with variation of the layer height to
aggregate radius rate ℎ𝑖∕𝑟𝑘.

Elastic material parameter Value Unit Viscoelastic material parameter Value Unit
𝜘 1000 MPa 𝛼1 8 - 32 [-]
𝑐1 100 MPa 𝛼2 2 [-]
𝑐2 −10 MPa 𝑡𝑟,1 28556 s
𝑐3 1 MPa 𝑡𝑟,2 24791 s
𝑟𝑘 1 mm Σ̂1 1 MPa
𝑚𝑚𝑙 42 [-] Σ̂2 1 MPa
ℎ𝑖 0.1 - 0.4 mm

Simulation parameter
𝑡𝑡𝑜𝑡 200 - 600 s

|𝑢𝑧,𝑚𝑎𝑥| 5 mm

Table 3 Material parameters for the mulitscale material model for viscoelasticity.

widening. The asymmetry of the stiffness properties for small ℎ𝑖∕𝑟𝑘 is retained. By increasing the isochoric elastic parameters
in the first viscoelastic branch through an increase of the multiplier 𝛼1, no significant changes are observed for the investigated
microstructures, as the time-independent portion of the stress response remains large compared to the time-dependent portion.
Reducing 𝑡𝑡𝑜𝑡 leads to a larger separation between the loading and unloading paths in the stress–strain behavior. Due to the short-
ened 𝑡𝑡𝑜𝑡, the viscous chain cannot fully relax, leading to a behavior that is more strongly dominated by the viscous branch. The
effect of the tension-compression asymmetry increases compared to the purely elastic model, as the delayed relaxation activates
more asymmetric stiffness regions in the Yeoh model. If the stiffness in the viscous chain is also increased by increasing 𝛼1,
this effect is further intensified. This is evident from the fact that an abrupt unloading occurs even at small reverse strains. It
can therefore be concluded that the essential physical properties of the Maxwell model are not lost during the scale transition to
the macro level. In addition, the microlayer model offers the possibility of adjusting viscous properties not only by modifying
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Elastic material parameter Value Unit Viscoelastic material parameter Value Unit
𝜘 1000 MPa 𝛼1 8 - 32 [-]
𝑐1 100 MPa 𝛼2 2 [-]
𝑐2 −10 MPa 𝑡𝑟,1 0 - 26000 s
𝑐3 1 MPa 𝑡𝑟,2 0 - 26000 s
𝑟𝑘 1 mm Σ̂1 1 MPa
𝑚𝑚𝑙 42 [-] Σ̂2 1 MPa
ℎ𝑖 0.05 - 0.5 mm Plastic material parameter

Simulation parameter E 50000 MPa
𝑡𝑡𝑜𝑡 200 s 𝜈 0.2 [-]

|𝑢𝑧,𝑚𝑎𝑥| 2 mm 𝐻 30 MPa
Σ0 500 - 10000 MPa

Table 4 Material parameters for the mulitscale material model for viscoelasticity with elastoplasticity

the material parameters, but also by tuning the ratio ℎ𝑖∕𝑟𝑘. For an ℎ𝑖∕𝑟𝑘 ratio of 0.1, the path between the relief points loses
C1-continuity. However, these non-physical effects can be avoided by selecting a suitable lower limit for ℎ𝑖∕𝑟𝑘.

4.3 Plasticity and Viscoelasticity-Elastoplasticity
To investigate the plastic properties, the material model of the test specimen introduced in Sections 4.1 and 4.2 is extended
by an elastoplastic branch. The effect of a neo-Hooke material model with von Mises plasticity and linear hardening on the
macroscopic properties is first considered separately from the viscoelastic parts by numerically choosing zero retardation times
𝑡𝑟,𝑖. The entirety of the material parameters can be taken from Table 4. Using Figure 7, it can be seen that with purely plastic
simulations and low yield stress Σ0 = 500 MPa, the typical approximately linear areas of elastic stiffness before and hardening
after the yield point can be observed. However, the transition between the two areas is not sharp, but rather piecewise linear.
At higher yield strengths Σ0, the area of this transition zone widens. This is due to the fact that the yield point in the individual
layers is reached with a load step shift, which is then macroscopically visible in an extended flow range. When the ℎ𝑖∕𝑟𝑘 ratio is
reduced, high deformations are induced at the microscopic level, which result in the yield point being reached early in the heavily
loaded microlayer after a few load steps. The loading and unloading paths are both non-linear and highly asymmetrical between
the tensile and compressive areas. This indicates that not all microlayers are plasticized, because asymmetry and non-linearity
are phenomena of the selected neo-Hooke model. By activating the viscoelastic branches, it can be seen for ℎ𝑖∕𝑟𝑘 = 0.05 that the
yield point is reached later or not at all due to the time-delayed relaxation of these branches. The progress of the the stress-strain
relation is determined by the plastic branch, therefore, no No noticeable difference between the loading and unloading branches
can be observed for Σ0 = 10000 MPa. If the ℎ𝑖∕𝑟𝑘 ratio is reduced with simultaneous activation of the viscoelastic branches,
the already described effect of the asymmetry of the tensile-compression range and the strong non-linearity of the loading and
unloading path occurs. However, the curves are stretched due to the time-delayed relaxation effect.

4.4 Numerical simulation of a triaxial test for asphalt
In this Section, the microlayer framework will be examined with regard to its suitability as a material formulation for asphalt.
In order to be able to simulate the vertical loads during a tire rollover and the associated horizontal confinement loads within
the road in the laboratory, the triaxial test is used as a suitable laboratory experiment. For this purpose, a cylindrical sample is
subjected to cyclic harmonic axial and radial stresses, see Figure 8.

4.4.1 Experiment description
The triaxial testing apparatus at TU Dresden, which is shown in Figure 8b, enables the testing of cylindrical specimens with a
diameter of 150 mm and a height of 300 mm under triaxial stress conditions. The cylindrical specimens are cored from plates
previously compacted using a segmented rolling compactor and are subsequently ground to ensure parallel surfaces. To measure
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node set or surface fixed translation(s) 𝑢
border nodes in x-z plane 𝑢𝑦
border nodes in y-z plane 𝑢𝑥

top nodes 𝑢𝑥, 𝑢𝑦
bottom nodes 𝑢𝑧

Table 5 Boundary conditions for the finite element model of the triaxial test.

deformations, magnets are embedded into pre-drilled holes in the specimen using heated bitumen. The specimen is then mounted
between a circular, rigid base plate and a circular, movable loading piston. To minimize friction between the specimen and both
the base plate and the loading piston, a teflon sheet is inserted. A latex membrane is fitted around the specimen and coated
with glycerol to reduce radial friction between the specimen and the pressure cell, and to protect the rubber membrane from
premature damage. Following this, the base plate along with the specimen is lifted into the testing apparatus and secured to
the frame. Vertical deformations are measured using a contactless magnetic measurement system. This system consists of three
magnetic measuring stations, each containing two vertically aligned magnets. These stations are positioned at 120° intervals and
located at heights of 75 mm and 225 mm above the base plate, respectively. The configuration is shown in Figure 9a. Vertical
displacement of the magnetic field during specimen deformation is detected and converted into a measurement signal with a
resolution of 0.001 mm. The advantage of this contactless method is that it enables direct measurement of axial deformation on
the specimen itself, thereby eliminating the influence of vibrations from the testing setup or the measurement equipment. Radial
deformations are recorded using a system consisting of nine inductive displacement transducers (Figure 9b). Three sensors are
arranged at each of the three heights (75 mm, 150 mm, 225 mm) above the base plate. These sets of sensors are also spaced
at 120° intervals. To avoid interference between the vertical and radial measurement systems, they are offset by 20° relative
to each other. Prior to testing, the specimen is conditioned at the testing temperature of 25 °C for a minimum of six hours.
Vertical loading is applied in the form of force-controlled, harmonic sinusoidal loading for a duration of 10 seconds, followed
by a rest period of 60 seconds. A minimum stress of 0.075 MPa is applied to ensure the positioning of the specimen, while the
maximum axial stress is set at 0.75 MPa. Radial loading is also applied in the form of force-controlled, harmonic sinusoidal
loading followed by a rest period. The minimum radial stress, 0.075 MPa, ensures that the rubber membrane remains in contact
with the specimen throughout the test, thus, maintaining radial confinement. The maximum radial stress is set at 0.5 MPa. The
test frequency for both axial and radial loading is 10 Hz.

Due to machine-specific characteristics, there is a phase shift between the application of axial and radial maximum stresses.
This shift is determined and compensated for in a preliminary test to ensure synchronized application of the peak axial and
radial stresses. At a test duration of 10 seconds and a frequency of 10 Hz, a total of 100 loading cycles is applied vertically
and radially at the beginning of the test. During the test, both axial and radial deformations are recorded. The applied vertical
and radial stresses are shown in Figures 11 and 12 represents the post-loading residual stress necessary to ensure the sample’s
positional stability. Figures 13 and 14 present the resulting vertical strains. Radial strains could not be reliably evaluated due to
interference in the measurement signal. As the radial deformation is measured through both the rubber and latex membranes,
cyclic radial loading causes interaction between the membranes and the measurement system. This interaction becomes more
pronounced with increasing confining pressure and significantly affects the accuracy of radial deformation measurements.

4.4.2 Parameter identification
For parameter identification, the triaxial process described in Section 4.4.1 is numerically simulated multiple times as part
of an evolution-based optimization process. The focus is on determining a deterministic solution. The inherent uncertainty in
experiments with complex material composites should not and cannot be the subject of this contribution due to the limited
number of measurement repetitions. The focus is also on the purely mechanical behavior at a constant temperature. Due to the
symmetry properties of load in combination with the sample geometry, it is sufficient to simulate one eighth of the sample
cylinder, see Figure 10. The selected boundary conditions correspond to those of the experiment and are shown Table 5. The
axial strain is evaluated at the location of the transducer, see Figure 10. Based on preliminary tests on single-element samples
in analogy to2, essential ranges (Table 6) of the searched parameters are identified in order to enable optimization on the actual
sample that is compatible with computing costs. Parameter identification is posed as a constrained least–squares problem. The
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Elastic material param. Value Range Unit Viscoelastic material param. Value Range Unit
𝜘 24.3 1 - 1000 MPa 𝛼1 45.6 1 - 50 [-]
𝑐1 31.5 1 - 1000 MPa 𝛼2 5.1 1 - 10 [-]
𝑐2 −99.4 (−100) - (−0.1) MPa 𝑡𝑟,1 5114 1 - 50000 s
𝑐3 34.3 0.1 - 40 MPa 𝑡𝑟,2 48012 1 - 50000 s
𝑟𝑘 0.5 0.2 - 1.4 mm Σ̂1 1 - MPa
𝑚𝑚𝑙 42 - [-] Σ̂2 1 - MPa
ℎ𝑖 1 - mm Plastic material param.

Simulation param. E 25000 10000 - 40000 MPa
𝑡𝑡𝑜𝑡 70 - s 𝜈 0.22 0.2 - 0.45 [-]

𝐻 5000 100 - 50000 MPa
Σ0 1.4 0.1 - 100 MPa

Table 6 Material parameters for the multiscale material model for viscoelasticity with elastoplasticity. For the parameters de-
termined by optimization, the search space for the individual parameters determined in preliminary tests is also specified.

objective uses only the time–averaged mean–squared error (MSE) between simulated and experimental strain histories. The
MSE quantifies the average squared deviation between the numerically computed and experimentally measured strains 𝜀𝑧𝑧 over
the total number 𝑁 of experimental data points 𝑖

MSE = 1
𝑁

𝑁
∑

𝑖=1

(

𝜀num
𝑧𝑧,𝑖 − 𝜀

exp
𝑧𝑧,𝑖

)2
. (104)

A Poisson lower bound guarantees a physically admissible stress-strain behavior (no auxetic response). In the present setting,
the volumetric contribution stems from the purely elastic branches (plastic equilibrium branch and an additional elastic parallel
spring), so the initial effective bulk modulus reads

𝜘0 = 𝜘pl + 𝜘, (105)
(Maxwell branches assumed isochoric). The instantaneous shear modulus collects all isochoric springs that carry stress at 𝑡 = 0

𝜇0 = 𝜇pl + 𝜇el +
2
∑

𝑖=1
𝜇𝑖. (106)

It holds 𝜇𝑝𝑙 = 𝐸
2(1+𝜈)

, 𝜘𝑝𝑙 =
𝐸

3(1−2𝜈)
and for the elastic spring 𝜇𝑒𝑙 = 2𝑐1. For the other isochoric Yeoh springs, the instantaneous

shear moduli are 𝜇𝑖 = 2𝛼𝑖𝑐1. A Poisson lower bound is enforced
𝑅min −

𝐾0

𝜇0
≤ 0, 𝑅min =

2(1 + 𝜈min)
3(1 − 2𝜈min)

. (107)
This guarantees 𝜈eff ≥ 𝜈min for the initial tangent and prevents auxetic behavior. The value 𝜈min = 0.2 is chosen following34. For
the optimization procedure, the covariance matrix adaptation evolution strategy (CMA-ES)35 is selected. CMA-ES is appropriate
in this setting because it is derivative-free and due to the expected correlations, i.e., mutual influences between parameters of
individual branches as it learns the covariance structure of the search distribution and effectively accounts for (and reduces the
impact of) such correlations. The parameter identification of the 𝑛 = 13 parameters (Table 6) was carried out using the pymoo36
tool. The algorithm was initialized with an initial mean vector x0 defined by the optimal parameter values obtained from the
single-element test. It corresponds to the mean value within the parameter ranges specified in Table 6. An initial standard
deviation of sigma = 0.2, and a population size of pop_size = 4 + ⌊3 ln(𝑛)⌋ = 10 is used. To enhance global exploration,
restarts = 3 were employed. The parameters to be optimized are shown Table 6. The mean square error is MSE = 3.53⋅10−10.
The microlayer framework is capable of realistically mapping the complex multiaxial stress states under high-frequency tire
loads. In the unloading regime, the simulated curve is not smooth and partially deviates from the experimental curve, because
the simulation employs the exact load amplitudes recorded in the experiment. To ensure positional stability, a residual stress is
always present even in the nominally load-free interval. This residual stress is machine-induced and therefore not constant; it
fluctuates, culminating in a slightly unstable relaxation phase.
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5 CONCLUSION AND OUTLOOK

In the present contribution, it is demonstrated that the inherent asymmetry between the macroscopic compressive and tensile
behavior in aggregate-matrix composites can be represented by choosing an RVE geometry that closely resembles the natural
structure of an aggregate-matrix composite. The major advantage of this approach is the ability to use classical constitutive
models developed for isotropic material behavior. Reflecting real-world conditions, the asymmetry as well as the anisotropy
arise from the microstructural geometry, not from the materials themselves. Nevertheless, the characteristics of the employed
Yeoh model are preserved during the scale transition.

The composition of the microstructure is based on simple geometric shapes, which means that the variational problem of the
microstructure is directly available in analytical form. This makes the microlayer framework numerically more efficient than
FE² approaches.

In this study, the behavior is investigated purely mechanically. Adding a coupled temperature degree of freedom is also
easily possible on the microstructural level, since established thermomechanical approaches can be used and homogenization
via the PMVP can be suitably developed. Particularly interesting is the addition of nonlocal damage formulations, as the pre-
sented framework allows for damage evolution to be induced separately for each microlayer. The result is an anisotropic damage
evolution, as observed in asphalt due to unidirectional mechanical loading and strong temperature gradients along the depth
direction.

During hot asphalt paving, a preferred orientation of the anisotropic aggregates can be observed. The aggregates, which often
have a pronounced longitudinal shape, tend to settle horizontally within the road structure. By employing anisotropic aggregate
structures, which can be realized within the microlayer framework, the impact of this phenomenon on macroscopic mechanical
properties can be explored.

A significant disadvantage of the well-known microplane model is its incorrect stress-strain behavior outside the direction in
which the parameters were identified, especially under multiaxial stress states. Since the microlayer model uses fully tensorial
formulations for the material behavior, it is well-suited for validating asphalt under complex, multiphysical loading conditions.

So far, there is no true triaxial laboratory test available for asphalt where parameters for a material model can be identified
in one direction and then validated in the others. The presented triaxial test is, due to the sample geometry and loading regime,
only biaxial. Since strains in the radial direction cannot be determined with sufficient accuracy, a validation of the obtained
parameters is not possible. A novel true triaxial test stand, which has not yet been documented in the literature, uses a cubic
asphalt specimen and allows independent loading in all three spatial directions. Such a setup would be especially interesting.
In contrast to the triaxial test, it would be possible to generate purely hydrostatic stress states and thereby directly determine
the time-independent volumetric elastic parameters. This reduces the number of unknowns in the subsequent optimization for
identifying the material parameters.
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APPENDIX

Partial derivatives for the derivation of □𝑷 and □ℂ at the microstructural level using the neo-Hookean material model for
elastoplasticity p□ and the Yeoh material model for viscoelasticity ve□. 𝕀 denotes the fourth-order identity tensor, 𝕊 the fourth-
order symmetrization tensor.
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Figure 8 Illustration of a) the loaded triaxial specimen and b) the triaxial testing apparatus.
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26 MAY ET AL.

150 mm

75 mm

𝜎𝑧𝑧

𝜎𝑟𝑟

x y

z

r

b)

a)

Figure 10 Illustration of a) discretization of the triaxial specimen with reduced volume for symmetry reasons and b) evaluated
node on the specimen surface.
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Figure 11 Temporal evolution of radial and axial loading of the specimen in simulation and experiment.
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