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ABSTRACT

In this work, a hybrid physics-based data-driven surrogate model for the microscale analysis of heterogeneous
material is investigated. The proposed model benefits from the physics-based knowledge contained in the
constitutive models used in the full-order micromodel by embedding the material models in a neural
network. Following previous developments, this paper extends the applicability of the physically recurrent
neural network (PRNN) by introducing an architecture suitable for rate-dependent materials in a finite
strain framework. In this model, the homogenized deformation gradient of the micromodel is encoded into
a set of deformation gradients serving as input to the embedded constitutive models. These constitutive
models compute stresses, which are combined in a decoder to predict the homogenized stress, such that the
internal variables of the history-dependent constitutive models naturally provide physics-based memory for
the network. To demonstrate the capabilities of the surrogate model, we consider a unidirectional composite
micromodel with transversely isotropic elastic fibers and elasto-viscoplastic matrix material. The extrapolation
properties of the surrogate model trained to replace such micromodel are tested on loading scenarios unseen
during training, ranging from different strain-rates to cyclic loading and relaxation. Speed-ups of three orders

of magnitude with respect to the runtime of the original micromodel are obtained.

1. Introduction

Owing to their high flexibility and potential to reduce computa-
tional costs, machine learning (ML) techniques are becoming increas-
ingly popular in solid mechanics. These techniques can be especially
useful in micromechanical and multiscale analysis, where the accu-
rate representations of complex materials are often compromised by
their notoriously high computational costs. Complex heterogeneous
materials can be modeled on a lower scale, the microscale, through
a so-called Representative Volume Element (RVE), a micromodel as-
sumed to statistically represent the material behavior. At that scale,
classical constitutive models can be conveniently employed to describe
the behavior of each of the constituents. This allows for an accurate
representation of intricate phenomena in the composite material behav-
ior without the need for assumptions about the macroscopic material
behavior. The generality of the method, however, is not without trade-
offs. Large micromodels, fine meshes, and path and rate-dependent
materials are some of the features that result in exceedingly high com-
putational costs. A common approach to tackle this issue is to replace
the micromodel altogether with a surrogate model that reproduces the
relation between the homogenized strains and stresses at a lower com-
putational cost. In applications involving path-dependent materials,
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variations of Recurrent Neural Networks (RNN) are the most popu-
lar choice, but other surrogate modeling strategies built on Gaussian
Processes (GPs) and dimensionality reduction techniques (e.g. Proper
Orthogonal Decomposition (POD) and Hyper-reduction methods) have
also showed potential for reducing the computational costs (Oliver
et al., 2017; Ghavamian et al., 2017; Rocha et al., 2019, 2021).

When it comes to neural networks, the more complex architectures
derived from RNNSs, such as Gated Recurrent Unit (GRU) and Long
Short-Term Memory (LSTM), are the predominant choice at present.
These models can handle sequential data through mechanisms that
propagate information from previous to later states when processing
a sequence (e.g. an entire path of e-c pairs). Several works showcase
their potential in modeling path-dependent behavior for both homoge-
neous (Heider et al., 2020) and heterogeneous materials (Wu and Noels,
2022; Logarzo et al., 2021; Gorji et al., 2020; Mozaffar et al., 2019).
Nevertheless, several unresolved issues and challenges remain. One of
them lies in the fact that in spite of the similarity between the role of the
hidden state in RNNs and the internal variables in a constitutive model,
the network mechanism is still regarded as a black-box and insights into
any latent physical patterns learned by the network are thus far limited
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to simple settings (e.g. homogeneous material in 1D problems Koeppe
et al., 2021; Liu et al., 2023; Bhattacharya et al., 2023).

Another pressing issue in these networks is their limited ability
to extrapolate. This is usually tackled with ever larger training sets
and intricate design of experiments that aim to uniformly/densely
cover the space of strain paths. A complicating aspect is the curse
of dimensionality. In that regard, frameworks based on RNNs and
variations are typically exemplified in 1D or 2D problems, but even
in those cases a large variety of loading/unloading cases is required
to cover similar paths and patterns encountered in actual microscale
simulations. Recent works (Ghane et al., 2023; Cheung and Mirkhalaf,
2024) illustrate the hurdles with predicting loading types different from
the ones used for training. In Ghane et al. (2023), a strategy based
on transfer learning is employed to improve the training performance
of LSTMs and GRUs and overcome feature sparsity issues. For this,
the authors train a network on data generated using a random walk
strategy, and then use the optimized parameters in the initialization of a
second network trained to predict cyclic loading. Cheung and Mirkhalaf
(2024) extend that idea to train GRUs with multi-fidelity data, helping
reduce the computational cost of generating large high-fidelity training
datasets.

An alternative approach to uncover the black-box nature of these
methods is to introduce physics knowledge into the ML-based model.
Following that philosophy, Physics-Informed Neural Networks (PINNs)
are likely the biggest exponent. Although these networks have been
initially designed to solve partial differential equations, the idea of en-
riching the loss function with extra terms to enforce physics constraints
has quickly found its way into the material modeling community. For
instance, to predict displacement and stress fields, in addition to terms
corresponding to the Neumann and Dirichlet boundary conditions in
the loss function of a PINN, one could also include physics-based
constraints such as Karush-Kuhn-Tucker conditions when modeling
plasticity, as done by Haghighat et al. (2021) or the evolution of the
plastic strain-rate for viscoplastic materials, as shown in Arora et al.
(2022). In spite of the additional information, Haghighat et al. (2021)
report no benefit in using PINNs as forward solvers and Arora et al.
(2022) comment on the degrading performance in extrapolation.

Another way to leverage physical consistency in NNs is to encode
the physical knowledge directly in the architecture design (Masi and
Stefanou, 2022; Eghbalian et al., 2023; Garanger et al., 2023). For in-
stance, in Masi and Stefanou (2022), the authors proposed a framework
where stresses and dissipation are obtained through the differentiation
of the learned energy potential function. Strategic architectural choices
can also help enforce a specific behavior, as done in Garanger et al.
(2023). In that work, tensor-based features and activation functions are
used in feed-forward and GRUs to enforce material symmetries.

Moving away from the recurrency mechanisms in RNNs, transform-
ers rely on self-attention mechanisms to extract correlations among
the elements within a sequence. These models have shown improved
performance in comparison to other state-of-the-art methods in captur-
ing long-range dependencies in language processing problems (Vaswani
et al., 2017), but have only recently been applied in the computational
homogenization field to predict the response of composite materi-
als with elastoplastic behavior (Zhongbo and Hien, 2024; Pitz and
Pochiraju, 2024). Beyond the positive assessment on the accuracy and
efficiency of the trained models on the online evaluations, a common
thread in these works (Zhongbo and Hien, 2024; Pitz and Pochiraju,
2024) encompass the need of very large datasets (ranging from dozens
to hundreds of thousands of curves), the difficulty of training models
with millions of parameters and the critical scaling of computational
memory space required for both the offline and online phases as the
sequence length increases.

When dealing with materials with time-dependency, the extra di-
mensionality related to strain-rate sensitivity adds a new depth to
the problem. For clarity, we distinguish time or rate-dependency from
path-dependency as the former refers to behavior that is dependent
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on the duration and speed of the loading, while the latter refers to
behavior dependent on the loading sequence and history. In a broader
sense, both are framed as history-dependent. In some works, the strain-
rate (Wen et al., 2021) and/or the time increment (Ge and Tagarielli,
2021) have been explicitly included in the feature space. In others,
a fixed time increment is considered (Ghavamian and Simone, 2019;
Chen, 2021). Another interesting strategy was proposed by Liu et al.
(2023), where a forward Euler discretization was employed to make the
stress prediction independent from the time discretization using two
feed-forward NNs. The first model learns the rate of change of a set
of internal variables learned from the data based on the current strain
and the previous set of internal variables, while the second predicts
the stress based on the current strain and the internal variables learned
by the first NN. In a follow-up work, Zhang and Bhattacharya (2024)
explore how iterated learning can help improve the accuracy of these
models in multiscale applications through the inclusion of strain-stress
curves extracted from a macroscopic problem of interest, as well as
their transferability to other problems.

Finally, Eghtesad et al. (2023) proposed a framework based on the
dual potential function to describe rate-dependent viscoplastic flow
response in metals. The authors take advantage of input-convex NNs
to enforce thermodynamic consistency and leverage automatic dif-
ferentiation to compute gradients of the output with respect to the
inputs, which are used for solving the implicit time-stepping algorithm
employed in their elasto-viscoplastic model. Nevertheless, the method
is not suitable for FE simulations yet as arbitrary loading and bound-
ary conditions can take place and only uniaxial deformations were
considered.

In all of these works, to train a surrogate for rate-dependence the
training data needs to account not only for a good coverage of strains
but also strain-rates. To deal with time-dependency in a more seamless
manner, we propose to expand the applicability of the approach pre-
sented in Maia et al. (2023), namely the Physically Recurrent Neural
Network (PRNN). In that work, a network with embedded physics-
based material models was used to accelerate multiscale analysis of
path-dependent heterogeneous materials. The core idea is that the
macroscopic strain can be encoded into a set of strains for (fictitious)
material points, from which the stress is computed using the same
material models and properties as in the micromodel. With these
stresses, a decoder is applied to obtain the macroscopic stresses in a
homogenization-like step.

A key element in the proposed architecture consists of letting the
material model that evaluates the fictitious material point stress also
handle the evolution of its own internal variables. This way, the net-
work inherits the assumptions built into the material models used in
the micromodel without the need for additional trainable parameters
or mechanisms to reproduce history-dependent behavior. In a related
work (Rocha et al., 2023), we explore this idea from a different perspec-
tive. Instead of learning how to dehomogenize the macroscopic strain,
we learn how material properties evolve in time and let the material
model be the decoder of a single fictitious material point subjected to
the macroscopic strain.

In our previous paper (Maia et al., 2023), the PRNN was demon-
strated to work for micromodels with rate-independent plasticity, cap-
turing loading—unloading behavior without seeing it during training.
It is anticipated that the same approach can capture rate-dependence.
In this paper, we apply the PRNN approach to micromodels where the
polymer matrix is described with the Eindhoven Glassy Polymer (EGP)
model, an advanced elasto-viscoplastic material model for polymers.
For this purpose, the following features are added with respect to the
previous work:

+ time-dependent material behavior;
+ a finite strain formulation;
+ generalization to 3D space.

We show how these new and non-trivial features are incorpo-
rated into the network and demonstrate that the benefits of the PRNN
approach successfully transfer to a much more complex class of models.
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Fig. 1. Micromodel and scheme of configurations used in the updated Lagrangian framework.

2. Microscale analysis

This work focuses on the homogenized behavior of a RVE of a
microscopic material with both path and time-dependency. For no-
tation purposes, the superscripts Q and  refer to the homogenized
(macroscopic) and microscopic quantities, respectively. Let w denote
the RVE domain and consider that periodic boundary conditions (PBC)
are applied to simulate the behavior of a macroscopic bulk material
point, as depicted in Fig. 1(a). In the absence of body forces, the
updated Lagrangian formulation, illustrated in Fig. 1(b), can be defined
by the weak statement of equilibrium

/BTO' dw—/ N't, dI' =0 @
w Iy
— —

fint fext

where N is a matrix with the shape functions used to interpolate the
nodal displacements a, B is the strain—displacement matrix with the
gradients of the shape functions with respect to the current coordinates
x, o is the Cauchy stress, t;, are the tractions prescribed on the boundary
of the domain I} (see Fig. 1).

With the domain discretized in a Finite Element (FE) mesh, the
displacements at the nodal values, known as the degrees of freedom
(DOF), are used to describe the displacement field of the micromodel
u = Na. In this method, Eq. (1) is solved iteratively as

r= fint —fext — o &)

where r is the residual vector that vanishes once equilibrium is reached.
The iterative procedure involves linearization of fi"t with respect to the
DOF vector. In the geometrically nonlinear formulation, this lineariza-
tion requires accounting for the dependence of B from Eq. (1) on the
displacements through a geometric contribution to the stiffness matrix.

The stress in Eq. (1) is related to the deformations with a constitu-
tive model C®, which, in general, can be described by

c,a=C%F o' A1 3)

where a and a'~! are the history variables that account for path and
rate-dependency at the current and previous time step, At is the time
increment and F is the deformation gradient

F=I+Vu C)

where Vu represents the gradient of the microscopic displacements.
Since the deformation gradient is calculated with respect to the initial

configuration, its increment can also be easily computed from the
current and previous deformation states

AF =FF;'|. 6]

For rate-dependent materials, the stress depends on AF as well
as F, which can be achieved with Eq. (3) if F,_; is included in the
material history a. Upon convergence, the homogenized stresses can be
averaged out by integrating the microscopic stresses over the volume

w:
O'Q=L/0'da). (6)
lo| Jp

2.1. Constitutive models

In this work, we consider a composite micromodel made of uni-
directional fibers embedded in a matrix material. To describe the
constitutive behavior of the matrix, the EGP model is used, while for
the fibers, a hyperelastic transversely isotropic model is assigned. These
consist of the same choices adopted in Kovacevi¢ and van der Meer
(2022), where a thorough validation of the material models was carried
out for a carbon/PEEK composite material. Here, we only highlight the
main aspects of their formulation and focus on how to incorporate them
in a PRNN.

The fiber constitutive law is based on the one developed by Bonet
and Burton (1998) with slight modifications (Kovacevi¢ and van der
Meer, 2022). The constitutive model derives from the strain energy
density function and can be split into two components, an isotropic
part with a neo-Hookean potential and a transversely isotropic part,
with both depending on the right Cauchy-Green deformation tensor

C =F'F. @]

The EGP model for the matrix material consists of a rate and path-
dependent elasto-viscoplastic, isotropic, 3D constitutive law. In this
model, no explicit yield surface is needed since an Eyring-based viscos-
ity function evolves with the stress applied, leading to the viscoplastic
flow of the material. The Cauchy stress calculated by the EGP is com-
posed of three contributions: hydrostatic, hardening and driving stress.
While the first two parts are defined in more simple terms as they do not
depend on the internal variables, in the third part, where viscoplasticity
is introduced, a further decomposition can be considered. In this case,
the multiple contributions to the driving stress correspond to different
molecular (relaxation) processes. Each relaxation process is represented
with a series of Maxwell models (modes) connected in parallel, with
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Fig. 2. Right polar decomposition on deformation gradient F resulting in the stretch
and rotation tensors U and R, respectively.

a shear modulus in the elastic spring and a stress-dependent viscosity
in the dashpot. Here, a single relaxation process is considered and
represented with 1 mode.

For any of the models discussed so far, a helpful tool to deal with
the high-dimensionality of the deformation gradient is the polar decom-
position theorem. The theorem states that any deformation gradient F
can be uniquely decomposed into the product of two other tensors: a
symmetric one U and an orthogonal one R, as F = RU. These two
tensors have physical interpretations and are closely related to the
principle of material objectivity or material frame indifference. In short,
the symmetric tensor represents the deformation (ie. stretches and
shear) and the orthogonal tensor represents a rigid body rotation. When
applied in this sequence, the final configuration obtained is the same
as the one obtained if the deformation gradient was applied directly.

The particular order of stretch and rotation is known as right polar
decomposition and is illustrated in Fig. 2. From these interpretations
and considering the principle of material frame indifference, which
states the material response is independent of the observer, one can
rewrite stresses as

oy, @ =C? (U,a'"!, Ar) (8)

or =R oy RT ©)]

where oy are the unrotated stresses and oy are the stresses in the
original frame of reference.

3. Physically recurrent neural network

In this section, we present the new architecture of the Physically
Recurrent Neural Network (PRNN) to be used in a 3D finite strain
framework for micromodels with path and rate-dependent behavior.
Having the network in Maia et al. (2023) as the starting point, we
highlight and motivate the main changes in comparison to the 2D
formulation. In that work, a NN composed of a data-driven encoder,
a material layer with embedded physics-based material models and a
data-driven decoder is proposed. The data-driven parts learn how the
homogenized strain can be dehomogenized and distributed among a
small set of fictitious material points and how the stress obtained in
these material points can be homogenized again, respectively. With the
same core idea, we propose a set of modifications to extend such model
to the current application. For an extended introduction to PRNNs, the
interested reader is referred to Maia et al. (2023).

Before diving into the details of the novel architecture, training
aspects and its use as a constitutive model, we highlight an important
change in its input with respect to the 2D formulation in Maia et al.
(2023). Here, the surrogate is trained to learn the mapping from stretch
(path) to unrotated stress (Eq. (8)) and let it be embedded between
decomposition and rotation operations to recover the stress in the
original frame, as illustrated in Fig. 3, instead of mapping deformation
gradient to rotated stress directly. With this, the dimensionality of
the feature space of the PRNN is reduced from 9 to 6 independent
components, alleviating the sampling effort required for training.

Mechanics of Materials 198 (2024) 105145

FQ — RQ .

Fig. 3. Use of PRNN in a general full-order solution setting with F and 8? as input
and output, respectively.

3.1. Encoder

The encoder comprises all parameters and operations that convert
the homogenized stretch tensor into local fictitious deformation gra-
dients. In the general PRNN architecture illustrated in Fig. 4, these
correspond to the blue connections. In our previous work, the encoder
consisted of an arbitrary number of hidden layers fully connected,
while in this work a custom layer is proposed to ensure that physical
constraints related to the definition of the strain measure are met. Two
challenges arise from working with the deformation gradient instead
of the small strain vector. Firstly, with the deformation gradient or the
stretch, the undeformed state corresponds to the identity and not a null
tensor.

In a regular dense layer, if a given set of weights W were to be
applied on the undeformed stretch tensor (ie. U® = I), the resulting
matrix WU® would be different from the identity and therefore gen-
erate stresses when it should not. To address that, we need to make a
few changes to the encoder, starting with the way we treat the input.
Now, instead of applying weights to transform a vector with dimension
6, we work on the actual tensor U? that is 3 x 3. Note that this is only
a reshaping operation, and no additional features are needed to fill the
tensor.

With that, the weights connecting U® to the inputs of the material
layer can be applied in a similar fashion to the fictitious material
points, in groups, to generate the deformation gradients used in that
layer. In this case, for each point, a 3 x 3 weight matrix is needed.
Another important change to ensure the zero stress-state comes from
the definition of the deformation gradient (see Eq. (4)). Based on
that, we subtract the identity matrix from the homogenized stretch
tensor and only then apply the weights to the remaining values. After
that transformation, we add the identity back and obtain the final
deformation gradient.

Secondly, because the deformation gradient determinant represents
the change in volume from the undeformed to the current configura-
tion, the local deformation gradients learned by the network should
have strictly positive determinants. One way to avoid negative determi-
nants consists in ensuring that the determinant of the weight matrices
applied on U® 1 to obtain the fictitious local deformation gradients are
always positive. This is done by imposing a structured weight matrix
W, originated from a Cholesky decomposition for each subgroup ;.
The determinant of the decomposed triangular matrices simplifies to
the multiplication of their diagonal elements, so positivity is therefore
ensured by applying a softplus function to those diagonal entries. In
this case, only 6 learnable parameters are associated to each fictitious
material point. The scheme in Fig. 5 summarizes how the local strain
of one fictitious material point is obtained after the proposed changes.

3.2. Material layer
This layer contains the embedded physics-based constitutive mod-

els, arranged into a series of fictitious integration (material) points.
Because a material model is not a scalar-valued function like typical
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activation functions (e.g sigmoid, tanh, relu, etc.), a special architec-
ture is required. In that sense, an important change compared to Maia
et al. (2023) is the way neurons are interpreted. Here, we group
them together in m subgroups, each consisting of a tensor with the
same order tensor and dimensions as the deformation gradient in the
input layer (3 x 3 for the present investigation in three dimensions),
whereas in Maia et al. (2023) the subgroups consists of vectors of
length 3, representing the strain vector in 2D. In this arrangement,
each subgroup corresponds to one fictitious material point. The basic
idea is that the values reaching the subgroup can be seen as a local
deformation learned by the encoder, which will then be evaluated by
one of the constitutive models used in the full-order solution with the
same material properties.

Once a given constitutive model with its respective material prop-
erties is assigned to the subgroup j, say cy, the next step is to use it to
obtain the stresses and the updated internal variables (if any). These
internal variables are present in rate and path-dependent material
models and are the core of the physics-based memory of the proposed
network. However, rate and path-independent constitutive models can
also be used in the material layer without further adaptations. A brief
discussion on the choice of the constitutive models used in this layer
follows at the end of the section.

Consider that cy takes as input the deformation gradient F, the
internal variables from previous time step a’~! and the increment of
time At. In the first time step, the internal variables of all material
points are properly initialized based on the undeformed state a?. In

every time step, the current stresses ¢ and updated internal variables
a of each subgroup are obtained. These variables are preserved in
each subgroup so that in the following load step, when a new F is
fed to the material point, the history of the material can be updated
accordingly. A representation of this workflow is shown in Fig. 6. Note
that the “flattening” operation transforming the 3 x 3 tensor into a
vector with only the 6 independent components, is analogous to the
reshaping operation used at the encoder. This condensation does not
imply in loss of information since the Cauchy stress tensor is symmetric.

An important aspect illustrated in Fig. 6 is that no additional
time-related features or trainable parameters are needed to learn the
time-dependence. The network learns the strain distribution over the
fictitious material points through the encoder, which works the same
for all constitutive models. The time increment At is passed to the rate-
dependent material as additional input, but it has the same value for
all material points as would be done in the micromodel simulation.
By directly employing the same material models and properties con-
sidered in the micromodel with internal variables that naturally follow
physics-based assumptions, we can capture the rate and path-dependent
behavior in a more straightforward way. With RNNs, the mechanisms
behind the evolution of internal variables need to be learnt from the
data.

Finally, the user is left with the choice of which constitutive model
to employ in the material points. Our recommendation is to employ
all nonlinear constitutive models used in the micromodel with their
respective known material properties. To illustrate that, consider the
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the web version of this article.)

composite micromodel studied in the numerical examples of this work,
in which an orthotropic hyperelastic model is used to describe the fibers
and an elasto-viscoplastic model for the matrix. Since both models
include nonlinearity in their formulations, we include both types in
the material layer. In addition to that, in the present case, each model
has distinctive behavior in terms of path and rate-dependence, which
emphasizes the importance of both in the network. This topic is further
discussed in Section 3.4 along with other training aspects and model
selection procedure, including the definition of the proportion of the
constitutive models in this layer.

3.3. Decoder

The decoder comprises all network parameters that work on the
outputs of the material layer to obtain the homogenized stresses 6.
Note that because the outputs of the material layer consist of the
stresses from the fictitious material points, the role of the decoder
parameters is well aligned with the actual full-order solution. In the
micromodel, once the full-field of stresses is obtained, the homogenized
stresses are obtained by averaging the stresses over the entire domain.
Here, instead of integrating the field with hundreds or thousands of
integration points, only a few fictitious material points contribute to
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the homogenized response where the relative contributions of each
fictitious point are learnt from data.

For that purpose, an arbitrary number of neurons and layers can
be used. In this work in particular, for a more direct analogy with
the homogenization process, a single dense layer with linear activation
and physics-motivated modifications is considered. In this way, the
weights of the output layer reflect the relative contribution of each
of the material points to the predicted homogenized response. In the
actual micromodel, weights come from a numerical integration scheme
and are strictly positive. To reflect that, an absolute function p(-) is
applied element-wise on the weights of the decoder W. For the present
architecture (see Fig. 4), it then follows that the predicted homogenized
stress is given by

% =p(Wya 10)

where a corresponds to the concatenation of local stresses from the
material points.

In addition to that, we also investigate the use of a sparsification
approach, where instead of having a regular dense layer that connects
all components of the local stress tensor to the predicted homogenized
stress, only the component-wise contributions are taken into account,
as illustrated in Fig. 7. For instance, only the stresses oy, from each of
the subgroups are weighted in for obtaining & (7 . This sparsification also
brings the decoder closer to the actual homogemzatlon procedure, in
which stresses are averaged component-wise.

3.4. Training aspects and error metrics

The goal of the optimization procedure is to minimize a loss func-
tion that quantifies how close the network’s prediction are from the
actual solution. In this work, the standard loss function based on the
mean square error (MSE) is used:

1 Nirain

2
L= vec (6%) — vec <8§2 (U, W, Wy) ) H 11

Ntrain z 5

t=1
where N, is the number of loading paths used for training, W
and W, are the network parameters for the encoder and decoder,
respectively, and vec(-) corresponds to the Voigt representation of
the homogenized stress tensor, which consists of 6 components in
the 3D case (i.e. the “flattening” mentioned in the previous sections).
From that, one can compute the gradients of the loss function with
respect to the trainable parameters using a backpropagation proce-
dure and then update those accordingly, for which we use the Adam
optimizer (Kingma and Ba, 2014).

The backpropagation here follows the same methodology as in Maia
et al. (2023). Note that the gradients of the parameters in the decoder
can be obtained based on the conventional backpropagation procedure,
but for the ones in the encoder, backpropagation through time is
needed. This is a vital aspect of the training and stems from the path-
dependency of the material models embedded in the material layer. For
completeness, we include the expression for computing the gradients of
the weights in the encoder at time step 7 for a given loading path:

dc' oa', OF'

s

Ja’ oF oW,
J J

oL _ oL 08¢ (oo’ oF!
g - —_———+
oW, ~ 9% 9o’ | oF awj

60" =1 oa’ aaf aFf
a i=1 F=it+1 ‘)a 0F

where W; corresponds to the weights associated to the material point
Jj. The gradients related to the internal variables are evaluated using
central finite differences. However, if the material models are im-
plemented with automatic differentiation support (e.g. PyTorch and
TensorFlow), these gradients and dependencies can be automatically
taken into account with tools such as Autograd and GradientTape, as
done with off-the-shelf RNNs.

\
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A potential issue in training with Eq. (11) is the large variations
of values across the multiple outputs due to the orthotropy of the
composite material with high stiffness contrast. In such scenario, one
component can disproportionately dominate over the others, leading
to unstabilities in the training process and overall poor performance.
To mitigate that, each component of ¢® is normalized to [-1, 1] as
follows:

Q _ i Q
o() —minog
— mino®

mino,’

Q —
()norm —

-1 (13)

max 0(9)
where max refers to the maximum absolute homogenized stress values
of the component () in the training data and min is the negative of
that value. The symmetric bounds in each of the components ensures
that the zero-stress state from the material points will be reflected
in the homogenized stress. Furthermore, to preserve the role of the
decoder as the homogenization-like step, the normalization in Eq. (13)
is also applied to the local stresses from the fictitious material points.
This ensures that all material point stresses are within the same range
expected at the output layer. Lastly, no normalization is considered
for the inputs, since the range of the features are similar and, more
importantly, are compatible with the range expected by the models in
the material layer.

For the model selection and performance assessment, we consider
two error metrics:

Npalhs Lpalh
1 Q ~AQ
Absolute error : Z vec(o,") — vec(d,)
paths ;=] Lpath =1
A 14)
Npaths Lpath “ vec (62) — vec (1) ”
Relative error :
paths = Lpath ” vec (o) + & H

where Ny, refers to the number of loading paths in the valida-
tion/test sets, Ly, is the length of each path and € is a stabilizing
term with the same dimensions as vec(¢%) filled with 1078 used to
avoid division by zero.

To reduce the number of hyper-parameters to be tuned and keep
the model selection as simple and straightforward as possible, we
define a minibatch as 2 paths, the stopping criterion as the maximum
number of epochs (1000) and use the recommend default settings
from Kingma and Ba (2014) in the Adam optimizer, including its
standard learning rate decay update per iteration. When training the
network, the validation set is evaluated every 50 epochs, and the
best set of parameters is updated only if the current error is lower

than the historical lowest validation error, thus mitigating the risk of
overfitting. Further details on the model selection procedure, including
the definition of the material layer size, the type of decoder (dense or
sparse), and the size of the training set, are presented in Section 5.

When choosing which constitutive models to assign to the fictitious
material points, we follow the idea of including all sources of non-
linearity. In this case, both the fiber and the matrix constitutive models
qualify. At this point, it is worth highlighting another aspect that makes
having both models in the network important. Although the fiber con-
stitutive model adopted in this work only shows non-linearity at very
large strains, in our case, it is also the one introducing the transversal
isotropy in the micromodel and has distinct behavior from the matrix
in terms of path and rate-dependency. Those unique characteristics
need to be present in the network so that the encoder and decoder can
leverage them into the homogenized stress response.

Related to that is the definition of how many of the fictitious
material points are assigned to each of the models. This proportion
itself is a hyper-parameter, but to reduce the amount of variables in the
upcoming studies, we define a fixed splitting ratio. The hyperelastic and
elasto-viscoplastic models correspond to 25 % and 75 % of the material
points, respectively, rounding the number of hyperelastic models up
when the total number of points is even but not divisible by 4. The
higher proportion of points associated to the elasto-viscoplastic model
is rooted in the fact that this is the most complex constitutive model
in the micromodel, from which we expect higher expressibility. Fur-
thermore, it is also a model with internal variables, 24 per point to
be precise, which effectively work as the physics-based memory of the
network. Thus, we expect to achieve good performance with smaller
networks (i.e. more parsimonious PRNNs) compared to splitting ratios
that favor hyperelastic models. Other than the difference in the material
layer size itself, we expect no significant changes in the overall accuracy
of the network granted model selection has been performed correctly.

Finally, we highlight that the choice of constitutive models, regard-
less of history-dependence, and their splitting ratio in the material layer
do not affect the total number of trainable parameters in the network.
For the dense decoder architecture depicted in Fig. 4, the number of
trainable parameters is given by the total number of fictitious material
points multiplied by 42 (6 from the encoder and 36 from the decoder).
In the sparse decoder archictecture illustrated in Fig. 7, this number
drops to 12 trainable parameters per fictitious material point (6 from
the encoder and 6 from the decoder).
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3.5. Use as constitutive model

For incorporating the present network as a constitutive model in
a microscale analysis that takes as input the homogenized deformation
gradient (F) and the increment of time (Af) and outputs homogenized
stresses 3;2, a few additional steps are introduced. First, the polar
decomposition theorem is applied on the deformation gradient in order
to obtain the rotation R® and the stretch tensors U. Once the stretch
tensor is obtained and the increment of time is known, the network is
used to predict the unrotated stresses ﬁg in a forward pass. The rotation
tensor is then used to transform the predicted unrotated stresses back
into the rotated system.

Obtaining the tangent stiffness matrix is not as straightforward. In
this framework, the jacobian of the network is only one part of the
tangent stiffness matrix expression for the entire mapping between
rotated stresses and the deformation gradient

AQ AQ AQ ~Q

dop  dop doy gu®  0op GR2

—_— — + —_— —
OR® JF9

15
OFO 52 oU2 oF© as)

where the partial derivatives of the homogenized rotation and stretch
tensors with respect to the homogenized deformation gradient are given
by the expressions derived by Chen and Wheeler (1993) and 08'% /oU®
is given by performing a complete backward pass through the network.
Moreover, the partial derivative of the stresses with respect to the
unrotated stresses is given by

— = R® @ R® (16)
067

where ® represents the Kronecker product between two second-order
tensors of dimensions n,,p X a0y, Tesulting in a second-order tensor of
dimensions nyn Prank X Prank Mrank- Finally, the partial derivative of the
stresses with respect to the rotation tensor are evaluated as

067
F D ~AQ pOT Q AQ

—go =P U@ RY) + A®R® &) P 17)
where P and P are two permutation matrices given by
P=YE,®F,

ij

18

P=YE,®E,

ij

with E;; being a null matrix except for the unit value at E, ;.
4. Data generation

In general, surrogate models need to be trained with an extensive
amount of data covering several types of loading. This is because it
is virtually impossible to have fine control over what types of loading
the micromodel will experience upfront even in the simplest scenarios.
Therefore, to investigate how well the proposed network can generalize
to unseen scenarios, a variety of loading functions and methods for
generating the loading paths are considered.

First, we define the geometry and the discretization of the micro-
model. In this case, the same composite RVE used in Kovacevi¢ and
van der Meer (2022), and illustrated in Fig. 8, with 9 fibers embedded
in a matrix material is adopted. The material models and properties
assigned to each of the phases also follow from that work with a
minor change in one of the material properties of the matrix. The
reinforcements are assumed to be carbon fibers and can be described
by the hyperelastic, transversely isotropic material model developed
by Bonet and Burton (1998). For the matrix, the elasto-viscoplastic
EGP model is considered with the relaxation spectrum now consisting
of one mode (the first). Both of these models are briefly discussed
in Section 2.1, but for further details on their implementation and
numerical validation in the 3D finite strain framework, the reader is
directed to the reference paper (Kovacevi¢ and van der Meer, 2022).
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Fig. 8. Geometry and mesh discretization of micromodel used to generate the data.

To generate the data, two strategies are devised, one producing
proportional loading paths, and the other non-proportional loading
paths. We use the first type to train and test the network, while the
second is reserved for testing only. By proportional we refer to curves
in which the loading direction is fixed. For this, we adopt the arc-
length formulation with indirect displacement control derived in Rocha
et al. (2020), in which a constant unit load vector is considered and
the additional constraint consists in the unsigned sum of the controlled
displacements. For stress measures based on the undeformed state, that
also entails a constant stress ratio.

For creating proportional paths, three main ingredients are needed:
the loading direction n, the loading function A and the time increment
At. In the previous work (Maia et al., 2023), basic load cases (e.g. uni-
axial and biaxial tension and compression, transverse and longitudinal
shear, etc.) were used for training PRNNs subjected to general stress
states. Here, due to the increased problem dimensionality, we train with
a more general approach of random loading directions. For each path,
the unit load vector is obtained by sampling values from 6 independent
Gaussian distributions (X ~ N'(0,1)) and normalizing them to a unit
vector, one for each prescribed corner displacement. As for the time
increment, we set it to Az = 1s for all time steps. Fixing the time
increments allows for a straightforward assessment of the ability of the
network to extrapolate to unseen strain-rates.

The last ingredient to create the proportional curves is the loading
function A. We use the two loading functions depicted in Figs. 10(a)
and 10(b) as pre-defined monotonic and non-monotonic curves, respec-
tively. Although useful for testing, this non-monotonic set is not as valu-
able for training since all curves follow the same unloading/reloading
behavior. An alternative with more unloading variety is to sample
A from a Gaussian Process (GP) with X ~ MN(u, 62) and covariance
function given by

1
k(xy. %) = 07 exp(—ﬁnxp—xtlllz) (19)

where x, and x, are the time step indices of the sequence of loading
function values, o2 is the variance and # is the length scale. These
hyper-parameters control the smoothness and how large the unsign sum
of the controlled displacements can be, and are tuned to obtain smooth
loading functions, as the ones illustrated in Fig. 10(c) (see Fig. 10).

To create a more diverse set in terms of strain-rate compared to the
curves using a single pre-defined loading function, for the proportional
GP-based curves, the time increment of each path is drawn from a
bounded uniform distribution Az ~ U (0.01s, 1005s).

Fig. 9 shows a summary of the three loading types discussed so far
ordered by their level of complexity. In this work, we train with two
of them, namely monotonic curves (in blue) and proportional GP-based
curves (in brown). For testing, we take a step further and generate non-
proportional and non-monotonic paths. These are the most complex
paths considered and also employ GPs in their formulation. To create
these curves, first we switch to a displacement control method and
follow a similar procedure as the one employed in Maia et al. (2023).
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Fig. 9. Scheme of loading types considered in this work, with colored types being used for training and testing, while remaining are for testing. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Loading functions used to create proportional loading paths.

Here, we sample the displacements at the controlling nodes from 6 in-
dependent GPs, allowing unloading/reloading to take place at different
times across the components of the homogenized deformation gradient.
This is illustrated in the bottom right plot of Fig. 9, where independent
u(,~t functions are plotted for the different components.

For reference, all the types of loading paths studied in the following
section are listed below in ascending order of complexity:

» Type L. proportional and monotonic loading path. The direction
n is generated randomly, the loading function A is as illustrated
in Fig. 10(a) with step size A4 = 1 x 10~*mm, and Ar = 1s. In
the following sections, data sets using this type of path carry the
subscript “mono”’;

Type II: proportional and monotonic loading path with same
loading function and step size as Type I, but different strain-rate.
Data sets with this type of path carry the subscript “mono” and
two variations of superscript, “faster” and “slower”. To generate
those, Ar =0.01s and A7 = 100s are used, respectively;

Type III: proportional and non-monotonic loading path with fixed
unloading/reloading behavior A as illustrated in Fig. 10(b) with
Al =1x10"*mm, and Ar = 1s. Data sets with this type of path
have the subscript “unl” and the superscript “fixed”;

Type IV: proportional and non-monotonic loading path with load-
ing function given by a GP with variable step size, and At ~
U (0.01s5,100s). In this case, each loading path follows a different
unloading/reloading function. Fig. 10(c) illustrates some of the
loading functions generated by this approach with £ = 30 and
62 = 1x1075 as the hyper-parameters of the GP. Data sets with this
type of path have the subscript “unl” and the superscript “prop.
GP”;

Type V: non-proportional and non-monotonic loading path with
GPs to describe the displacements, and Az ~ U (0.01s, 100s). Each
controlled displacement in the micromodel is assigned to an inde-
pendent GP, from which we sample smooth and random functions
with variable step size. In this case, the hyper-parameters of the
GPs are # = 30 and 62 = 2.5 - 1077, with the exception of the
variance of the GP associated to the displacement in the fiber

direction, which is 10 times smaller than the others to prevent
excessively high stress values that can dominate the homogenized
stress state. Data sets with this type of path have the subscript
“unl” and the superscript “non-prop GP”.

5. Numerical experiments

In this section, the accuracy of the network is assessed in a set
of numerical experiments. The goal is to illustrate the extrapolation
properties of the method given the different training strategies. The test
cases cover loading directions and strain-rates different from those seen
in training, as well as complex unloading/reloading cases. Since we are
focusing on the network’s accuracy only, the following sections deal
with the stretch and the unrotated stresses as their inputs and outputs,
respectively.

5.1. Model selection

First, two preliminary studies are carried out for model selection.
The first one is used to choose between sparse and dense decoders (see
Section 3.3), while the second is focused on defining the material layer
size. The comparison is carried out with varying size of the material
layer each time considering the largest training set with monotonic
loading paths. For each combination of decoder architecture and ma-
terial layer size, 10 random initializations of the PRNN are considered.
In each of them, the training set D, consists of 100 monotonic
curves randomly selected from a pool of 1000 curves of the same type
(Type I). For validation, a fixed set V,,,,, with 100 monotonic curves
is considered. In Fig. 11, the colored areas correspond to the envelope
with the highest and lowest absolute errors for each combination, along
with the average errors represented by the solid lines with markers. In
all cases, we emphasize that the reported errors over validation and test
sets correspond to the network parameters associated to the historical
best performance during training, as discussed in Section 3.4. A marked
difference in accuracy between the two types of decoder for all range of
material layer size over V., is observed. Therefore, in the remainder
of this paper, all networks have a sparse decoder.
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Fig. 11. Envelope of highest and lowest absolute validation error from 10 PRNNs
trained on D, = {144 monotonic curves} over validation set V., = {100
monotonic curves} with different material layer sizes and decoder architectures. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

The second model selection step is focused on finding an optimal
size for the material layer. For this purpose, the material layer size
is varied considering a range of different training set sizes. Note that
at this stage there is no direct comparison between the two training
strategies since their training and validation are of matching types.
Similarly to the plot in Fig. 11, in Fig. 12 we show the envelope of
best and worst performances, along with the average absolute errors
over the validation set V), which this time consists of either monotonic
or proportional GP-based curves. In the following sections, we use the
PRNNs with material layer size of 8 for both cases, which corresponds
to the point where errors are either the lowest among all training sets
or have negligible difference with respect to larger layer sizes.

5.2. Monotonic loading

As first test scenario, we consider a test set 7., consisting of 100
monotonic curves in random and unseen directions (type I). We eval-
uate the networks trained on monotonic (type I) and GP-based paths
(type IV) over that test set for different training set sizes. Fig. 13(a)
shows the lowest absolute and relative errors for both strategies, along
with the envelope of absolute errors from 10 initializations. As more
data is considered, the error bounds shrink and an optimal training set
size can be identified around 72 curves. Although the difference in the
lowest errors is still significant, 6.2 MPa (5.4 %) vs. 7.6 MPa (6.3 %), more
data translates into marginal gain to both. In the breakdown of the error
per component in Fig. 13(b), the largest differences in the accuracy are
in the o‘f} and ¢ components. The overall performance gap between
the two training strategies in this scenario is expected since we are
testing on the same loading behavior used to generate the training data
of one of the strategies. Another aspect to be considered is the fact that
the proportional GP-based curves reach lower strain ranges compared
to the monotonic paths for the same number of time steps and step size
(see Fig. 13).

To illustrate the difference in performance, we select a curve from
Tmono With an absolute error close to the best performances from both
training strategies. In this case, the prediction error on the curve shown
in Fig. 14 is around 5.5MPa and 7.2MPa for the networks trained on
monotonic and proportional GP-based curves, respectively. Note that
the accuracy loss stands out more in the components with lower stress
magnitude such as o and o<2. An explanation for that comes from the
choice of the loss function, the mean squared error. Recall that although
normalization of the outputs is considered to balance the difference
between stress magnitudes among the components, the MSE remains an

10
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Table 1
Summary of lowest absolute errors from 10 PRNNs trained on different types of curves
Over test sets Tyono: Thasier 1 Tipuer:
Training loading type Monotonic Prop. GP
Training set size 72 144 72 144
Abs. error over T, [MPa] 6.2 6.1 7.6 6.6
Abs. error over Tg,g.. [MPa] 6.6 6.5 7.5 6.7
Abs. error over T,y [MPa] 5.7 5.5 7.1 6.2

absolute metric error. As such, values on the higher end of the normal-
ized range can still dominate the loss, leading to a better fit. Neverthess,
satisfatory agreement is observed in the remaining components with
the network trained on monotonic data, while the network trained on
proportional GP-based curves shows more significant errors.

5.3. Monotonic loading with different strain-rates

Next, we test the ability of the PRNN to capture rate-dependency.
For that, two new test sets are considered, Tgower and Tgsters With 100
curves each again in unseen directions (type II). In the first one, the
time increment At is set to be 100 times larger than the reference one
(1) used for generating the monotonic curves for training, and in the
second, the time increment is 100 times smaller. The best performances
from the 10 PRNNs trained on different types and numbers of curves
are summarized in Table 1. Again, the slight advantage of the networks
trained on monotonic curves is expected since the loading function
in both test sets remains monotonic and reaches similar strain levels.
As a result, networks trained with proportional GP-based curves show
greater benefit from larger sets, as was the case in the previous as-
sessment. Similarly, since the gain is still relatively small compared to
doubling the training set size, we continue the analysis with the smaller
set for both types.

To illustrate the rate-dependent behavior, we use the best networks
over each of the test sets and select a representative curve from them
to visualize the effect of the different strain-rates (see Fig. 15). This
is an important milestone of this contribution, especially considering
that these strain rates are far from the reference values considered to
generate the monotonic curves. The rate dependency in this case is a
natural outcome of the elastoviscoplastic model used in the material
layer. Encoding rate-dependence in the material layer allows for repro-
ducing this effect without training for it. This is most evident from the
error values reported in Table 1, where the test errors are of similar
magnitude for test sets with unseen strain-rates as for the test set with
the same strain rate as used for the training data. In contrast to modern
RNNs, our latent variables have physical interpretation, and, more
importantly, evolve according to the same physics-based assumptions
considered in the micromodel.

5.4. Unloading/reloading behavior

In this section, three types of unloading/reloading paths are tested
with data sets from type III, IV and V. In all cases, every scenario
is assessed based on a test set with 100 curves. Networks trained
with both training strategies (based on type I and type IV curves) are
evaluated.

5.4.1. Predefined unloading/reloading function

Table 2 presents the lowest error from 10 networks over the test
set of proportional curves with pre-defined unloading Tufril’l‘ed (type
D). It can be observed that both training strategies lead to similar
performances. Note that although the networks trained on proportional
GP-based curves can still benefit from a larger training set, we continue
the experiments with 72 curves as the gain in accuracy from doubling
the training set is minimal. It is also interesting how the networks
trained on monotonic paths are still slightly more accurate than the
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ones that have been trained with unloading. We see this as a result
of two subtle advantages: (i) a loading/unloading test function much
similar to the monotonic loading paths, especially the first half of the
curves in Tufril’l‘ed, than to the arbitrary unloading in the proportional GP-
based curves and (ii) the time increment in the test curves are the same
as the ones in the monotonic curves.

While these aspects help elucidate the similar performances, they
do not express their significance. These networks have never seen any
sort of unloading in training but are still quite capable of extrapolating
to such behavior, correctly accounting for the effect of the plastic
deformation. This corroborates the findings in Maia et al. (2023), where
a path-dependent material model in the material layer allowed path-
dependency to arise naturally. Here, we verify that the method is
general and can be extended to account for other non-linearities and
time dependencies. Fig. 16 shows the predictions on a curve from Tufril’l‘ed
with representative errors using the best performing network. Note how
close the predictions are to each other and the good agreement with
respect to the micromodel solution.
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Table 2
Summary of lowest absolute errors from 10 PRNNs trained on different types of curves
over test set 7! f‘]’l‘ed.

Training loading type Monotonic Prop. GP
Training set size 72 144 72 144
Abs. error over 7xed [MPa] 6.7 6.8 7.0 6.5

unl

5.4.2. Proportional and random unloading/reloading

In this experiment, the test set 7> °" SP is used to represent loading
paths with unloading-reloading taking place at random times. These
curves consist of the same type of loading used in one of the training
strategies, which is similar to the situation discussed in Section 5.2.
Naturally, this results in lower test errors compared to the networks
trained on monotonic loading paths, as shown in Table 3. To illustrate
the best performance among the 10 networks considered for each strat-
egy, we select a curve 72> P with errors close to the average lowest
absolute error (see Fig. 17(a)), along with the errors per component
(see Fig. 17(b)) (see Fig. 17).
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;zrl:riaiy of lowest absolute and relative errors from 10 PRNNs trained on different types of curves over test sets 7.0, S and T rer P
Training loading type Monotonic Prop. GP
Training set size 72 144 72 144
Abs. (and rel.) error over Tu‘;rl"p‘ S [MPa] (%) 3.2 (8.1) 3.4 (7.8) 2.7 (5.6) 2.6 (5.1)
Abs. (and rel.) error over Tu‘::"_p"’p‘ S [MPa] (%) 11.5 (3.4) 12.2 (3.6) 11.0 (3.1) 10.9 (3.0)

the performances remain consistent with the values seen so far (below

5.4.3. Non-proportional and random unloading/reloading
10 %) in terms of relative errors.

For the last part of the experiments on the accuracy of the net-
work, the test set 7. rl'ﬁ“_pmp‘ CP is considered. Curves from this set have In Fig. 17(c), a representative curve from 7 rl'ﬁ“_pmp‘ P fllustrates
the best performance of both strategies over this set. The difficulty in

more complex unloading behavior and significantly higher stress levels
compared to the proportional paths in 7 I;rIOp -G This time, the slight predicting the lowest magnitude stress (in this case, 55) becomes more

gain in accuracy shown in Table 3 from training with the proportional evident, as well as the variety of unloading, which this time is differ-
ent in each of the components. While some components go through

non-monotonic data is examined along with the relative errors. This
way, we verify that although the absolute test errors have increased, unloading (e.g. 5% and 8}%), others are monotonically increasing (e.g.

12
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6) and reaching high stress levels, which are naturally followed by
higher absolute errors per component as seen in Fig. 17(d).

Table 4
Computational offline costs averaged over 1100 training and validation proportional
GP-based curves and over 10 PRNNs.

An additional curve from 7. "P* P is selected and shown in . — -~
. - . . tress—
Fig. 18 to highlight another aspect not yet discussed, the orthotropic ress-strain curve raining
Av. wall-clock time 3.92 min 20.34 h

behavior of the micromodel. Note that the unloading in the z-direction
follows the same stress—strain path as the loading, indicating that the
elastic fiber is acting as the main load-bearing component. In contrast,
the shear stress in yz follows unloading in a different branch due to the
development of plastic strains in the matrix.

Finally, although training with monotonic curves showed consistent
and relatively accurate responses in most scenarios, the random and
smooth type of loading paths explored in the previous and the current
section are deemed to be more general and better representative of
arbitrary functions. In both cases, training with 72 proportional GP-
based curves has shown better performance and is therefore used to
assess the network’s capabilities in Section 7, where the network is used
as a material model in several applications.

6. Runtime comparison

In this section, we perform a runtime comparison to assess the
speed-up of the proposed approach in terms of the homogenized stress
evaluation. For that purpose, we continue with the loading type inves-
tigated in Section 5.4.3 (type V), and select one model from the 10
initializations trained on 72 proportional GP-based curves to represent
the best overall performance. Here, we use the network with the
lowest error over Tul:lrIOP - % The choice could also have been based on
TPIoP P but in favor of simplicity, in a case where the experiments
presented in Section 5 are not carried out, choosing from 7.7 P
implies a simpler model selection based on a single type of loading.

In this work, all simulations, including the data generation and
training procedure for the network, were executed on a single core of a
Xeon E5-2630V4 processor on a cluster node with 128 GB RAM running
CentOS 7. Because we are interested in the final homogenized stress of},
we include in the PRNN runtime, the time spent in the transformations
to bring the predicted homogenized stress back to the original frame, as
illustrated in Fig. 3. For this comparison, we use as input the converged
strain path and time increments from the micromodel simulations. The
micromodel mesh is shown in Fig. 8 and consists of wedge elements
integrated with 2 points in the thickness direction, comprising 4992

integration points and 7860 degrees of freedom.
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Averaging over the results from 150 simulations, we break down the
runtime from the full-order model in the three main parts depicted in
Fig. 19. With the micromodel, roughly 30 % of the simulation is spent
evaluating the constitutive models at the integration points, around 15%
goes to the assembly of the global stiffness matrix and internal force
vector and more than half of the total time is spent solving the system,
totaling 186 s. In contrast, the network needs only 0.08 s to compute the
homogenized stress state, which results in a speed-up of three orders of
magnitude when compared to the full-order solution.

In terms of offline costs, we show the average times of the two
main tasks involved in the training of the networks Table 4. First,
the time needed to generate a full path of stretches and unrotated
stresses, including the polar decomposition and rotation operations;
and second, the time spent on training the PRNNs with 8 fictitious
material points and 72 proportional GP-based curves itself. It is worth
mentioning that, regardless of the offline costs, this section presents
only an estimate of the actual speed-up. In the general case, the speed-
up depends on several other aspects, such as the robustness of the
tangent stiffness matrix, the complexity of the loading case, and the
size of the micromodel. In multiscale settings, the gain can be higher
since the cost associated with an iteration at the macroscale builds on
a much higher execution time when using the micromodel compared
to the network, exceeding the sum of the online evaluation and offline
costs. To illustrate the potential to achieve higher speed-ups, we include
an additional runtime comparison in the last application of Section 7.

7. Applications

In this section, the PRNN trained to surrogate the constitutive
behavior of the micromodel in Section 5 is tested in applications in
which its robustness also plays a role in obtaining the equilibrium path.
By robustness, we understand the ability of the network to provide not
only accurate stress predictions, as verified in Section 5, but also a
tangent stiffness matrix that is stable enough for tracing an equilibrium
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path as close as possible to the one obtained by solving the micromodel.
Previously, the entire strain path and time increments obtained from
converged micromodel simulations were used as input. Here, the net-
work is directly employed as the material model and therefore the stress
prediction at each time step affects the following stress/strain state.
In this case, lack of smoothness of the surrogate output may lead the
iterative procedure to venture outside the training domain, potentially
giving rise to divergence from the true solution.

For all applications in this section, we use the network with the
lowest error on 72 °P SP This time, to simulate its performance as
a surrogate model to the micromodel, the network is embedded in a
FE mesh that consists of a single 8 node hexahedral element with the
same dimensions as the micromodel and one integration point with
constitutive response given by the PRNN, as illustrated in Fig. 20.
To process the deformation gradient F® into a simpler input space
for the network (ie. U?) and obtain the stresses in their original
frame of reference (6—?) using R, we use the scheme in Fig. 3. For
better readability, we drop the subscript, and refer to the final stresses
simply as 5. Furthermore, for both the micromodel and the hexahedral
element, in addition to the constrained displacements to avoid rigid
body motion (see Fig. 1(a)), periodic boundary conditions are applied.

In the first application, we test the ability of the model to reproduce
the stress relaxation phenomenon. In the second, we deal with cyclic
loading and in the last application, the network is embedded in the
general nonlinear framework developed by Kovacevi¢ and van der
Meer (2022) to account for off-axis and constant strain-rate loading
conditions. For the latter, we also include speed-up measurements to
illustrate how aspects such as step size and tangent stiffness smoothness
can play a role in increasing or decreasing the speed-up compared to
the study in Section 6.

7.1. Relaxation

In this study, a loading function to reproduce the stress relaxation
phenomenon is devised. For that, the micromodel and the PRNN are
loaded until a given strain level is reached eff at ¢t = ty, when the
stress level is 6(5)1_ After that, the strain is held constant, while a gradual
stress reduction takes place. For that, we use the arc-length control
introduced in Section 4 and control the stretching in the x-direction,
leaving the remaining directions free to deform (see Fig. 21).

In this example, the micromodel and the homogeneous hexahedral
element are loaded with [|[Au®|| = 5 x 107°mm and Ar 1s until
to = 160s, when the strain level at that point is held constant until
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the total time of 500s is reached and the analysis is terminated, as
depicted in the lower plot of Fig. 21(a). In the upper plot, despite the
mismatch in the stress before the start of the constant strain plateau,
where the maximum error reaches 11.9 MPa (9%), the overall stress-
time response of the micromodel is in relatively good agreement with
the network’s prediction, with an average error of 6 MPa (5 %). While
this case represents a challenging scenario for even modern RNNs due
to the long strain repetition, the expected stress decaying behavior in
the prediction comes as an inherent outcome of using a material model
that incorporates a spectrum of relaxation times in the material layer.
To illustrate the slight difference in the stress state at the beginning and
end of the constant strain plateau, we show in Fig. 21(b) two snapshots
of the full-field solution.

7.2. Cyclic loading

To assess the network’s performance on cyclic loading, we continue
with the arc-length method and same boundary conditions as the
previous application but now the uniaxial stretch at time ¢ is described
as

Q _
F&=1+

-3
6x 107 sin ( (20)

2 ,)
1 1000
where ¢ is the time step index and / = 0.021 mm is the side length of
the micromodel. 20 cycles are considered, each consisting of 1000 steps
with A7 = Is. Fig. 22(a) shows the stress—strain curve for the entire
loading history. The network reproduces the reverse plasticity and the
hysteresis behavior in the cyclic response. Because Eq. (20) consists of a
symmetric loading with constant peak and valley strains, a slow stress
decay over the cycles takes place. This asymptotic relaxation process
can be observed in the inset in Fig. 22(a) and is of similar nature to the
one discussed in Section 7.1. Overall, good agreement is found between
the PRNN and the micromodel solution. This is further assessed by
unrolling the stress—strain response in time and extracting the peak and
valley quantities.

First, the peak strain values from the diagonal components not
controlled by the arc-length are plotted in Fig. 22(b). In this case,
the strain path obtained by the network remains close to the true
solution and only minor deviations are observed in the Fy, compo-
nent. Naturally, different loading conditions lead to different levels of
accuracy of the strain paths due to the indirect displacement control
equation considered in this work. As for the stresses, the envelopes of
maximum and minimum values for the entire loading history are shown
in Fig. 23. In each, the highest absolute error is marked by double
arrows, along with the corresponding relative error. Both absolute and
relative errors are within the range of errors obtained in previous
sections (see Fig. 22).

7.3. Constant strain-rate under off-axis loading

For the last application, a dedicated strain-rate based arc-length for-
mulation is used to reproduce the response of unidirectional composites
subjected to off-axis loading (Kovacevi¢ and van der Meer, 2022). In
this formulation, two coordinate systems are needed: the global (x and
y axes) and the local (1, 2 and 3 axes), as depicted in Fig. 24. In the
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global coordinate system, the initial fiber orientation with respect to the
y-axis is defined according to a given off-axis angle y. The micromodel
is then subjected to constant strain-rate (éyy) under uniaxial stress
conditions. With that, equivalent homogenized deformation and stress
states need to be derived in the local frame, and the transformations
between global and local coordinate systems are taken care by the
custom arc-length model.

In this work, we embed the network in the local frame, with the time
increment Ar and the homogenized deformation gradient F as input
and the homogenized stress ¢ as the output. In Fig. 24(c), we show the

three relevant configurations in this framework. In the simulation, due
to the applied loading, the micromodel edge 0-1 tied to the local axis e,
should rotate with an angle ¢ with respect to the initial configuration
(from “a” to “b”), going from the initial angle 6, to a new angle
0, = 6, + ¢. However, to avoid rigid-body rotation of the RVE, the
controlling node 1 is fixed in the shearing direction, but the angle ¢ is
implicitly taken into account through the constraint equation and the
unit force vector of the arc-length model. For that reason, configuration
«on

¢”, in which e, is always aligned to the initial fiber orientation, is used
to evaluate ¢.
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Fig. 24. Global and local coordinate systems with imposed strain-rate ¢y, on y direction and off-axis angle y and reorientation of micromodel due to applied loading £, from
initial angle 6, to 6, = 6, + ¢ based on the deformed state (Kovacevi¢ and van der Meer, 2022).

In the local frame, the homogenized deformation gradient F is given

_ 11 Elz 0
F=|0 Fy 0 (21)
0 0 Fy

To ensure the global constant strain rate condition, a special constraint
equation g derived by equating the homogenized deformation gradient
component in the global frame Fyy to the value imposed from the input
is considered

g = Fyy sin(8y) sin(8;) + Fo, cos(y) cos(8;) + F 15 cos(8,) sin(6;)

Fyy calculated from micromodel

- exp(e;_y1 +£'yyAt) =0 (22)

Fyy imposed from input

where £/7! is the total strain in the global loading direction from the
last converged time step. Another vital part of the framework is related
to the update on the unit force vector applied at the controlling nodes.
In this case, the geometrically nonlinear effect on the unit force vector

comes not only from the change in configuration “a” to “c” but also
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from the change in orientation of the micromodel that ¢ introduces.
Finally, to relate the stresses from both frames, one can use the load
factor A from the arc-length formulation, which is equivalent to the oy,
stress component in the global frame, to transform it to the local frame:

sin®(6;) cos(d,) sin(@;) 0] [oy; o, O
G = oy, |cos(8;) sin(6;) cos?(6;) 0[=oy o 0. (@23
0 0 0 0 0 0

In this contribution, we particularize the framework to y = 45°
and strain-rates éy, = [1075s71,107*s71,1073s™!], resulting in three
simulations in total. For more details on the formulation and derivation
of the expressions presented in this section, the reader is referred
to Kovacevi¢ and van der Meer (2022). Starting with the global stress—
strain response, results in Fig. 25 show satisfactory agreement with
the full-order solution. This is yet another verification of the capability
of the network to handle rate-dependency. We also inspect in Fig. 26
the evolution of separate pairs of stress and deformation gradient
components in the local frame. It is emphasized, that in this simulation,
none of these stress and strain components is directly controlled since
there is a nonlinear relation where the evolution of the load in local
frame depends on the computed deformation, except for the 653 which
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Table 5
Breakdown of simulation time and speed-up for different strain-rates ¢,, and y = 45°, each averaged over 10 simulations.
£y [s7'] 107 107 1073
Type of analysis Micro PRNN Micro PRNN Micro PRNN
Niteps [-] 293 95 290 95 279 65
Stress evaluation [s] (%) 165 (15) .222 (59) 160 (15) .219 (59) 160 (14) .168 (60)
Stiff. and int. force assemble [s] (%) 91.6 (8) .0117 (3) 89.4 (8) .0116 (3) 91.4 (8) .00875 (3)
System solve + overhead [s] (%) 843 (77) .142 (38) 843 (77) .142 (38) 872 (78) 1105 (37)
Total simulation time [s] 1099 .375 1092 373 1123 .282
Speed-up [-] 2929 2932 3980
140 layer are interpreted as (fictitious) local strains, which are input to the
constitutive model assigned to the material points, yielding (fictitious)
120 local stresses. These local stresses are subsequently transformed by a
decoder to obtain the homogenized stress.
100 What distinguishes the present methodology from the state-of-the-
art surrogate models, particularly the ones based on RNNs, is the
E 80 strong physics-based assumptions built into the model. Here, history-
= dependency is a natural outcome of the embedded material models.
: v This is because, in addition to the local stress, the material model
& 60 L., //M assigned to a fictitious material point is also in charge of updating its
[l 4 own internal variables (if any), which are stored from one time step to
40 another. Therefore, PRNNs naturally inherit rich memory mechanisms
éyy =107% 57! from the constitutive models, bypassing the need to learn these latent
20 gyy =107 57! dynamics from data.
dyy =107% 57! While the concept of having few fictitious material points represent-
0 ing the homogenized response of a micromodel remains at the core of
0 0.01 0.02 0.03 0.04 0.05 the method, a new architecture is required to extend the applicabili
, q PP ty
eyy [] of the network to 3D problems in a finite strain framework. Among the

Fig. 25. Global stress-strain curve from off-axis composite with y =45° and different
strain-rates é,,. Solid and dashed lines refer to the micromodel solution and the PRNN
prediction, respectively.

is kept at zero. It is observed that all deformation and stress components
computed with the PRNN remain close to those coming from the
micromodel.

A final assessment is made in terms of speed-up. This time, because
an adaptive stepping scheme is used, the termination criterion (max-
imum norm) can be reached with a different number of macroscopic
steps depending on the tangent stiffness matrix. For that reason, in
Table 5, in addition to the breakdown of the total simulation time into
the three tasks shown in Fig. 19 and the speed-up, we also show the
number of steps. With less iterations, speed-ups range from 2900 to
4000, which is significantly higher than the one obtained in Section 6
(~2200), where neither the adaptive stepping scheme nor the network’s
tangent and predictions are used to define the next step in tracing
the equilibrium path. Other aspects, such as macroscopic mesh density
and algorithmic parameters, can also influence the speed-up and the
relative times of each task with respect to the total time. In this
particular case with a single macroscopic element, using the PRNN as
the homogenized constitutive model means that most of the time is
dedicated to evaluating the network. With that, we demonstrate the
potential of the proposed approach as a robust and efficient model in
a practical application.

8. Concluding remarks

A novel Physically Recurrent Neural Network (PRNN) architecture
has been developed to accelerate the microscale analysis of path and
rate-dependent heterogeneous materials. The formulation follows the
core idea in Maia et al. (2023), where the homogenized response
of a micromodel is obtained by a network with constitutive models
embedded in one of its layers. In this material layer, we have fictitious
material points with the same constitutive models and properties as used
in the micromodel. The values passed from encoder to the material
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key changes compared to Maia et al. (2023) are the use of the polar
decomposition theorem and the principle of material objectivity. With
the former, the deformation gradient can be uniquely decomposed into
two tensors, namely stretch and rotation. The network is then used to
learn the mapping between stretch and unrotated stress, from which the
stress in the global coordinate frame is retrieved using the principle of
material objectivity.

For the numerical examples, we considered a unidirectional com-
posite micromodel with rate-dependent plasticity in the matrix and
hyperelasticity in the fibers. Two different training strategies (mono-
tonic vs. non-monotonic) were considered. When creating the mono-
tonic curves, a single value of time increment was considered so that
we could clearly illustrate the exceptional ability of the network to
extrapolate to strain rates far from the ones seen during training.
We have also tested the performance of the network on curves with
increasingly complex unloading behavior. In this case, although the
networks trained on monotonic data could capture unloading behavior
and performed well in most of the considered scenarios, training on
non-monotonic curves led to better performance overall. Comparing the
number of curves of the network selected for the numerical applications
with previous developments (Maia et al., 2023), now we need twice as
many curves to train a PRNN that is twice as big. This linear scaling
should not be expected given the exponential increase nature from the
curse of dimensionality, yet we can still achieve it.

In Section 7, we shifted our focus to applications where the PRNN
is directly replacing the micromodel in the solution of the equilibrium
problem. In the first application, we demonstrated that the network
can reproduce relaxation, which can be a difficult behavior to capture
with RNNs due to the long repetition of the input (i.e. constant strain).
In our case, since the constitutive models in the network have such
behavior in their formulation, the homogenized response also reflected
it robustly. In the second example, cyclic loading was considered, again
showing the ability of the network to extrapolate to loading conditions
and direction different than those trained for. For the last application,
the special arc-length formulation proposed in Kovacevi¢ and van der
Meer (2022) to account for off-axis loading and constant strain-rate
conditions was employed. We particularized the framework to one off-
axis angle and three different strain-rates and showed good agreement
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Fig. 26. Stress and deformation in the local system for y = 45° and é,, = 10~*s~!. Solid and dashed lines refer to the micromodel solution and the PRNN prediction, respectively.

with the actual micromodel for a case where the network and its
tangent are used to compute the solution of a nonlinear problem.

To assess the network’s potential to accelerate micromodel simu-
lations, we investigated two scenarios. Firstly, the network was used
to predict stresses based on the converged strain paths from 150 mi-
cromodel simulations, leading to a stress evaluation 2200 times faster
compared to the full-order model. Then, we assessed the speed-up on
a problem in which the PRNN was directly involved in tracing the
solution. In that case, the constant strain-rate application was used as a
reference. It was observed that the lower number of steps needed when
using the PRNN as the material model led to speed-ups even higher,
between 2900 and 4000 for the different strain-rates. In summary, the
proposed network provides an efficient model that can describe the
rate-dependent, orthotropic response of thermoplastic composites in
large deformations. Trained on data generated with a micromodel, the
PRNN response remains close to that of the micromodel for a wide
range of loading scenarios, including those outside the training range.
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