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Abstract

Continuum models of porous media have revolutionized computational fracture mechanics for
traditional ductile materials, but the inherent assumptions have limited generalizability to other
target materials or loading conditions. Here, we adopt a series of artificial neural networks (ANNs)
to predict both the microscopic voiding characteristics (void shape, porosity) and macroscopic
stress-strain constitutive response of porous elasto-plastic materials under various deformation
states. We train the ANNs on a dataset generated from finite element models of 3D representative
volume elements (RVEs), each containing a discrete spherical void, subjected to combinations of
loading states. Results show that the data-driven model is capable of interpolative predictions as
well as some levels of extrapolative predictions across a wide range of initial porosities (0-20%)
and loading states outside of the training dataset, even at high deformation strains which induce
extensive material softening and void growth. Through transfer learning, we further demonstrate
that the ANNSs, originally trained on a specific porous material dataset, can be readily adapted to
other porous materials with substantially different properties through a significantly reduced
training dataset. We discuss the implications of this machine learning approach vis-a-vis the
extensively-developed Gurson model for porous material damage and failure predictions.
Keywords: Machine learning, Gurson model, neural network, void growth, void shape,
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1.  Introduction

Fracture and failure of a material is generally preceded by the development of cracks at stress hot-
spots, which originate from the inherent microstructural heterogeneity or inhomogeneous defect
distribution within the material (Chan, 2010; Abuzaid et al., 2013; VanSickle et al., 2020). In
conventional metals and alloys, the dimpled ductile fracture surface is caused by the growth and
coalescence of ~2-12 um microvoids, which nucleate from inclusions and second-phase particles
within the metal matrix (Stone et al., 1985; Faleskog & Shih, 1997). In addition to these ~2-12 um
background microvoids, incomplete laser melting of the powder particles or gas entrapment
bubbles in additively-manufactured metals results in the formation of larger ~30-60 pm processing
defects (Panwisawas et al., 2017; Snow et al., 2020) to create a two-scale porosity microstructure
(Cui et al., 2020; Muro-Barrios et al., 2022). The resulting macroscopic ductile fracture response
of additively-manufactured metals can significantly differ from their conventional counterparts
because of the heterogeneous distributions of these larger processing microvoids (Foehring et al.,
2018; VanSickle et al., 2020).

The micromechanics modeling of materials facilitates bridging of the micro-to-macro scales
by homogenizing the underlying mechanistic processes of material separation (e.g., void growth
and coalescence) within the narrow fracture process zone ahead of a crack into equivalent crack-
tip constitutive laws (Hutchinson & Evans, 2000). In the cohesive zone approach, one
homogenizes the complicated micromechanical failure mechanisms within the fracture process
zone ahead of a physical crack into an equivalent traction-separation constitutive relation
(Dugdale, 1960; Barenblatt, 1962; Tvergaard and Hutchinson, 1992). Often, a functional form of
this traction-separation relation (e.g., trapezoidal, bilinear, exponential) is assumed a-priori, and

parameters, such as the peak cohesive traction and the cohesive energy are fitted to experimental



data (Tvergaard & Hutchinson, 1992; Guo et al., 1999; Williams & Hadavinia, 2002; Valoroso &
Fedele, 2010), rendering these cohesive zone models to be more phenomenological in nature.
Recent studies, however, have shown that the exact functional form of the cohesive zone law
represents key physical fracture processes (Chew et al., 2009; Hong et al., 2009; Chew, 2014; Tran
& Chew, 2022). This has motivated the development of inverse approaches to reconstruct the exact
functional form of the cohesive zone law from the remote strain fields surrounding a cohesive
crack-tip (Kim et al., 2012; Chew, 2013; Tran et al., 2022).

An alternative to the cohesive zone law approach for ductile materials is to provide a detailed
representation of the fracture process zone by directly simulating the nucleation, growth, and
coalescence of voids, viz. row(s) of void-containing computational cell elements ahead of the
crack. These computational cell elements are governed by a micromechanical damage model — the
Gurson model and its variants — that accounts for the constitutive response of void growth in a
representative volume element (RVE), through a plastic yield function that has porosity has a
damage parameter, and a damage evolution law (Gurson, 1977; Tvergaard, 1981). The porosity
gives rise to an apparent dilatancy and pressure sensitivity of the macroscopic plastic deformations,
and allows for modeling of material softening and the loss of stress-carrying capacity before
failure. This computational cell element approach is capable of reproducing the details of damage
dissipation within the process zone to predict monotonic or even fatigue crack growth in a wide
variety of material systems, including conventional metal alloys, polymeric materials, and even
more recently, a two-scale porosity media resembling additively-manufactured metals (Xia &
Shih, 1995; Chew et al., 2005; Tekoglu & Nielsen, 2019; Cui et al., 2020; Muro-Barrios et al.,
2022). Nevertheless, these macroscopic failure predictions are limited by the inherent assumptions

of the micromechanical model. In this regard, various mathematical extensions of the Gurson



porous material relation have been proposed over the past four decades to incorporate new
fundamental material physics, including more complex material and hardening models (Tvergaard,
1981; Tvergaard, 1982; Mear & Hutchinson, 1985; Leblond et al., 1995; Lacroxi et al., 2016;
Morin et al., 2017), initial and evolving void shape effects (Gologanu et al., 1993, 1994; Pardoen
& Hutchinson, 2000; Ragab, 2004a, 2004b; Flandi & Leblond, 2005; Monchiet & Bonnet, 2013;
Ueda et al., 2014), pressure-sensitivity and plastic dilatancy effects (Chew et al., 2006; Chew et
al., 2007a, 2007b), matrix anisotropy effects (Castaiieda & Zaidman, 1996; Benzerga & Besson,
2001; Lebensohn et al., 2004; Monchiet et al., 2004; Keralavarma & Benzerga, 2010; Morin et al.,
2015), etc., which have extended the applicability of the Gurson model to different material
systems as well as new loading conditions. However, many of these extensions necessitated
significant experimental and computational efforts and took years to complete. Whether these
extensions can be further generalized and applied to other target materials is also questionable.
Data-driven approaches using machine learning offer a promising path forward. Artificial
neural networks (ANNs) have become a cornerstone in learning intricate data patterns through
iterative training processes (Rosenblatt, 1958; Zhang et al., 1998; Schmidhuber, 2015; Moayedi et
al., 2020; Yang et al., 2021), and have facilitated the quantification of grain boundary energy and
stresses (Huber et al., 2018; Homer et al., 2019; Cui & Chew, 2022), detection of grain boundary
dislocations (Noh & Chew, 2024), the identification of stress hotspots for fatigue cracking
(Rovinelli et al., 2018; Pierson et al., 2019), as well as the predictions of crack growth and crack
patterns in brittle and ductile materials (Wang et al., 2017; Moore et al., 2018; Hunter et al., 2019;
Hsu et al., 2020; Wang et al., 2021; Buehler, 2022; Worthington & Chew, 2023). In the area of
constitutive model development, ANNs have been used to predict diverse range of material
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Bhattacharyay et al., 2016; Artrith & Urban, 2016; Armaghani & Asteris, 2021), optimize
parameters for ductile fracture damage models (Abendroth & Kuna, 2003; Abendroth & Kuna,
2006; Shikalgar et al., 2020; Chen et al., 2021; Paermentier et al., 2021; Shafaie et al., 2022),
forecast yield surfaces for ductile materials from porosity and mean stress information or
microstructure images (Shen et al., 2020; Heidenreich et al., 2023), and even predict full-field
solutions of elasto plastic materials under various loading conditions (Wang et al., 2021; Koric
and Abueidda, 2023; He et al., 2023; He et al., 2024).

In this work, we harness the multivariable and highly generalized learning ability of ANNs
to predict the macroscopic stress-strain constitutive response and the microscopic voiding
characteristics (porosity, void shape) of void-containing RVEs under various deformation states.
We train the ANNs on ground truth data based on finite element models of 3D RVEs, each
containing a discrete spherical void, and integrate these neural networks in the finite element
method (FEM) for tangent stiffness matrix and void evolution predictions. We assess the
interpolative and extrapolative capabilities of the ANN approach in response to untrained loading
conditions and porosities, and the ability of transfer learning to rapidly adapt these ANNs to other
porous materials without significant retraining.

2.  Background and Finite Element Modeling

Although the micromechanism of void nucleation, growth and coalescence is commonly
associated with the ductile fracture of metals, this physical process has been observed in many
engineering materials containing voids. When sufficient load is applied, these voids grow in
tandem to the overall deformation, and a zone of high stress concentration then emanates between
these voids, which nucleates secondary micro-voids. Driven by stored elastic energy, these micro-

voids in turn undergo rapid plastic expansion; high stresses between these rapidly expanding



micro-voids subsequently drives the nucleation and growth of an additional set of micro-voids,
and the entire process is repeated. An important aspect of this ductile fracture process is the
cavitation instability phenomenon, which is known as the rapid nucleation and growth of one or
several voids in a solid under sufficiently high hydrostatic stress. This rupture phenomenon was
experimentally observed in several different material systems, including bonded rubber cylinders
(Gent and Lindley, 1959), lead wire bonded to a surrounding glass cylinder (Ashby et al., 1989),
metal foils sandwiched between ceramic plates (Dalgleish et al., 1988, 1989; Reimanis et al.,
1990), and was numerically studied by a number of authors (Varias et al., 1991; Huang et al., 1991;
Tvergaard et al., 1992; Huang et al., 1996; Faleskog and Shih, 1997; Tvergaard, 1998; Perrin &
Leblond, 2000). Several analytical models have been developed to describe the cavitation-induced
growth of voids in ductile materials. The early works of McClintock (1968) and Rice & Tracey
(1969) derived mathematical relations for cylindrical and spherical void growth in infinite rigid
plastic solids. They suggested that the growth of voids depends on the imposed equivalent plastic
strain and the triaxiality ratio. Based on these concepts, Hancock & Mackenzie (1976) proposed a
stress modified critical strain criterion, which provides a local index for the initiation of ductile
fracture in metals as a function of plastic strain and stress triaxility, as well as a length-scale

parameter.

2.1 Gurson constitutive model
The most widely known porous material model able to describe the plastic behavior of voided
materials under multi-axial loading was put forth by Gurson (1977), and has a yield function

(Gurson, 1977; Tvergaard, 1981)
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where o, is the flow stress of the matrix, and X, and X, are the macroscopic equivalent stress and
mean stress, respectively. The porosity or void volume fraction, f, is the damage variable, where
f = 0 implies a fully-dense matrix material where (1) collapses to the von Mises yield criterion,
i.e., 0, = 0y, Where o, is the equivalent stress of the matrix, while f = 1 represents a completely
voided material with no stress carrying capacity. The void growth rate obeys the volumetric plastic

strain rate relation

f= (- fudp 2)
where trd® is the trace of the plastic deformation rate dP. In its early inception (represented by
q1 = g, = q3 = 1in (1)), the Gurson model considers a spherically symmetric void growth in a
rigid, perfectly-plastic matrix under axisymmetric remote loading (Gurson, 1977). As such, the
model could not account for elasto-plastic behavior (e.g., isotropic hardening), and could not
physically describe void interaction effects, such as the flow localization between larger voids that
drive cavity growth, void coalescence, and rupture. This led to the introduction of new adjustment
“material” parameters (qq,¢2,q3) to the modified yield criterion to be calibrated against
experiments or detailed numerical simulations (Tvergaard, 1981), such as by fitting an empirically
measured deformation or stress-strain curve (Kozék & Vicek, 2005; Springmann & Kuna, 2005;
Broggiato et al., 2007). Suitable (q4, g2, q3) parameters for porous metal plasticity have been
widely reported in the literature to account for isotropic hardening, as well as to improve
predictions for periodically distributed voids at small void volume fractions (Gholipour et al.,
2019; Erdogan, 2021).

2.2 Representative volume element
The starting point for the development and validation of Gurson-type damage models has

traditionally been finite element RVE studies. In this spirit, we perform finite element modeling



of 3D cubic unit cells using 8-noded C3D8 brick elements, each unit cell of dimensions D X D X D

with an initially spherical discrete void of radius R at its center (Fig. 1a,b). The initial void volume
fraction is defined by f, = %nRS /D3. We impose the displacement u; = 0 on the cell faces

normal to the x3-axis to maintain plane strain conditions. Pinning the corner nodes of the plane
strain unit cell along x; = x, = 0, we subject all nodes on the positive x; and x, faces of the unit
cell to elongations of [; and [, in the x; and x, directions, respectively. In the case of combined
biaxial loading with shear deformation, we superimpose linearly varying displacements of
u, (uq) = 0to ly, from x4 (x5) = 0 to D for all nodes along the cell faces normal to the x, (x;)-
axis to distort the unit cell to cause equal angular changes of 8 = l;,/D under pure shear
conditions (Fig. 1a). A multi-point constraint (MPC) subroutine is used to constrain all planar
surfaces to remain planar after deformation. By setting [, = 41, and l;, = a,l;, where (a4, a3)
denote the proportionality constants for each loading case, we achieve strain-controlled loading

specified by the macroscopic logarithmic strain accounting for nonlinear geometry effects, £ =
%ln(F . FT), where F is the deformation gradient given by

1+1,/D l/D 0
F=| l,/D 1+41,/D 0 3)
0 0 1

The applied boundary/loading above enforces a parallel face constraint. While the RVE is periodic
by nature, which allows for the enforcement of periodic boundary conditions (Kanit et al., 2006),
we favor the kinematics uniform conditions since we seek to compare the macroscopic response
of the RVE against a (single) Gurson-like porous computational cell element with the same
equivalent boundary/loading conditions. The overall macroscopic stress tensor of each unit cell is

computed from
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where g;; represents the local Cauchy stress within a voided cell, and V' is the cell volume in the

current deformed configuration. The macroscopic mean stress is given by X, = X, /3, with the

effective stress defined as X, = ES ijSij» where §;; is the deviatoric part of X;;. The current void

volume fraction in each unit cell is calculated from f = V;/V, where V; represents the current void
volume obtained by numerical integration. In addition, the void shape evolution can be
characterized by the major half-axis a and orthogonal (~minor) half-axis b in the in-plane
direction, along with the orthogonal half-axis ¢ in the out-of-plane direction (Fig. 1a,b). The matrix
material is considered to be isotropic elasto-plastic, with a Young’s modulus of E = 68 GPa, a
Poisson’s ratio of v = 0.32, and an initial yield stress of g, = 350 MPa, representative of high-
strength aluminum alloys; the plastic response is characterized by a J, flow theory, with the
corresponding equivalent stress-strain response as shown in Fig. 1c under Mat 1. We use these
same matrix material properties for Mat 1 in our Gurson model in (1), along with the adjustment
parameters of ¢; = 1.5,q9, = 1,3 = (g1)? calibrated for high-strength aluminum alloys (Teng et
al., 2014). Our finite element simulations are performed using the commercial finite element solver
ABAQUS (Smith, 2009). We have performed mesh convergence studies, and show that the 24,000
elements used in modeling each 3D FEM RVE is sufficient to ensure accurate macroscopic stress-
strain and porosity evolution predictions (see Fig. S1 of the Supplementary Materials).

We compare the macroscopic stress-strain and void evolution predictions of the Gurson
model against 3D RVE data from FEM (henceforth termed as FEM data for brevity) for four initial
porosities of f; = 0.005, 0.05, 0.10, and 0.15, covering the range of porosities applicable to both
cavitated inclusions/particles in conventional metals and processing voids in additively-
manufactured metals. In particular, a porosity of f, = 0.15 constitutes the upper porosity range of

interest, since many studies (e.g. Xia & Shih, 1995) have alluded void coalescence to initiate at



f = 0.15, with an upper limit of f = 0.2 for the RVE to completely lose its stress carrying
capacity. Under a plane strain uniaxial stress state in Fig. 2, the Gurson model accurately captures
the evolution of (X2,,2,,, f) versus E, for the lowest initial porosity of f, = 0.005, which is
representative of the background microvoid fraction for conventional metals and alloys (Xia &
Shih, 1995; Muro-Barrios et al., 2022) — an observation which is unsurprising, since the
development of the Gurson model and the calibration of the adjustment (qy, q,, q3) parameters
were primarily for metallic alloys. However, the fundamental assumption of spherical void growth
in a homogeneous deformation field in the Gurson model is not valid at high f,,, which leads to
increasing deviation in the predicted (X,, 2, f) with f, under uniaxial tension. We remark that
such high initial porosities are reflective of craze-voids (f, = ~0.05) in polymeric materials
(Chew et al., 2007a, 2007b), and processing voids (f, > 0.15) in additively-manufactured metals
(Cui et al., 2020; Muro-Barrios et al., 2022). Under combined biaxial tension and shear loading
with @; = 3, a, = 5 in Fig. 3, significant deviation in the stress predictions of the Gurson model
compared to FEM results are now observed across all f,. Even at low initial porosities of f, =
0.005, the Gurson model severely underestimates the peak X, representing the caviation stress
for rapid void growth. This small subset of results in Figs. 2 and 3 suggests a clear deficiency in
the Gurson model when simulating unconventionally high initial porosities (e.g. processing voids
in additively-manufactured metals), and/or when subjected to a complex deformation state.

3.  Artificial Neural Network

To overcome the limitations of Gurson-type porous plasticity models, we adopt a series of ANNs
illustrated in the flowchart in Fig. 4a to predict the constitutive material behavior (ANN-1),
porosity evolution (ANN-2), and the detailed void shape evolution characteristics (ANN-3 to -5)

of void-containing RVEs at incremental strains under plane strain conditions. All five ANN-x



share a common 12X 1 input vector, which at load increment n, comprises of the current
macroscopic strain tensor E™ (3 components: E{y, Ef%, EJ5), current macroscopic stress tensor X"
(4 components: 274,215, 27, X%, ), macroscopic strain increment tensor AE™ (3 components:
AEYY, AET,, AEJ,), current porosity f™ (1 component), and the initial porosity of the voided cell £
(1 component). All inputs to the ANNs are normalized to [-1,1] by computing the mean and
standard deviation of each input component.
3.1 Neural network interconnection
In a typical finite element code, the current stress increment tensor AX™ at step n is related to the
current strain increment tensor AE™ through the tangent stiffness matrix C,

AX™ = C: AE™ (5)
Because of the imposed plane strain boundary conditions of our RVEs (u; = 0 for all nodes on

x5 = 0, D), the components AEZ;, AET;, AET, are always zero, and we can represent (5) in indicial

form as
AXH 1C, C, C, Cs][AER
AZ;IZ — CZ C4 C8 C5 AE?Z (6)
Arn| T lc, ¢ 0 Goff o

AXT, Cz G5 Gy CellAET,
where the symmetric 4x4 C matrix has 9 unique components. The components C, to C4 are for
computations of the stress increments AXT;, AXT,, AXT,, while AXY, is computed from the off-
diagonal C, to Co9 components. The direct output of ANN-1 is thus a 9x1 vector of the plane strain
tangent stiffness matrix components C; to Cg, which are normalized with respect to the elastic
modulus, from which we output the incremental stress tensor AX™ and update the macroscopic

stress tensor for the next strain increment,

2{;“ =X +AZ]; (7)



The implementation of a user material (UMAT) subroutine in Abaqus requires knowledge
of both the incremental stress tensor in (7) and the tangential stiffness matrix components in (6),
where the latter is used in a Newton-Rapson method to ensure that the converged solution satisfies
equilibrium conditions. In our training of ANN-1, however, there is no convenient and
computationally efficient way of extracting the stiffness matrix components of the entire RVE
from our ground truth FEM data — a study on this subject is currently in progress. The macroscopic
stress increment data in (7), however, can be computed at each incremental step from (4). Thus, in
our training of ANN-1, we optimize the neural network to obtain the “stiffness matrix components”
by minimizing the error in the macroscopic stress increment data in (7). In turn, we apply these
“stiffness matrix components” in (5) to obtain an accurate computation of the macroscopic stress
increment. While this does not guarantee uniqueness of the stiffness matrix components for a
known strain increment, one can potentially accelerate the convergence in the Newton-Rapson
iterative scheme with a line search algorithm. As an aside, the stiffness matrix components in (6)
related to the true strain increment AET, have to be converted to the equivalent components for the
engineering strain increment used by Abaqus UMAT; this simple conversion renders the stiffness
matrix to be unsymmetric, but can be symmetrized to improve computational efficiency.

ANN-1 does not operate in isolation, and requires ANN-2 to provide an updated f™*1 as
its output along with (7) to update the common input vector for the next n = n + 1 iteration. This

iterative process allows for sequential updating of the stress and porosity values across the strain

a b c

increments. During each strain increment n, we also output the void shape quantities (R s )
0 0 0

from ANN-3 to -5, respectively (Fig. 4a), representing the normalized major-, minor-, and out-of-

plane half-axes of the deformed void (Fig. 1a,b).



In between the common input and the respective output layers of ANN-x are multiple
hidden layers, as depicted in Fig. 4b. The nodes within each hidden layer apply transformations to
the previous layer before passing them on to the next layer, while activation functions are imposed
between the input/hidden and successive hidden/hidden layers. In this fashion, each ANN applies
a series of weighting functions and biases to the input data to transform them into the output
prediction. We compute the loss from the mean squared error (MSE) between the predicted output
variables versus ground-truth data from FEM, except for ANN-1 where we base our MSE loss on

the average of all the predicted AZ7; components. During backward propagation, the weights and

biases are calibrated to minimize the MSE loss using the Adam’s optimizer. With the updated
weights and biases, each network will predict the new stiffness matrix components (ANN-1), new
current porosity (ANN-2), and new deformed void shapes (ANN-3 to -5), correct the weights and
biases by passing the error backwards (backward propagation), and iterate until convergence is
achieved.

Thus, the neural networks (ANN-1 to -5) are interconnected, since the 4 components of
current macroscopic stress (from ANN-1) and current porosity (from ANN-2) in the input are
updated at each increment, and this common input is shared among all 5 ANNs. Having a single
ANN predict the disparate outputs (macroscopic stress components, porosity, and major, minor,
out-of-plane void axis) would require separate weightings for each of these output variables, which
compromises accuracy and makes hyperparameter study (detailed in the subsection below) a
challenge. Our decision to go with separate, but interconnected ANNSs is in part motivated by the
Gurson porous material model which comprises of both a yield function (1) and porosity evolution

law (2), akin to ANN-1 and ANN-2, respectively. We view ANN-3 to -5 as additional modules



which do not contribute to ANN-1 and ANN-2, but use the information from ANN-1 and ANN-2
to make the evolving void shape predictions.

We remark that ANN-1 only captures the macroscopic plastic J,-flow response of the RVE.
Because we subject the RVE to monotonic loading in the majority of our studies, and there is
effectively no elastic unloading. However, the history-dependency in the iterative update of the
material state can be accounted for with an augmented stress update algorithm on von Mises
plasticity, detailed in the Supplemental Materials (see Figs. S2-S4 and related discussions).

3.2  Hyperparameter studies
We train our ANNSs on the stress-strain, porosity and void shape data generated by finite element
simulations of our RVE model described in Section 2. We model 9 separate RVEs in FEM with
different f, (0, 0.005, 0.01, 0.03, 0.05, 0.08, 0.1, 0.12, 0.15), and subject each RVE model to a
series of loadings (a-d) below, which we in turn subdivide into individual load sets (1-4):
a. uniaxial stress —
set 1: tension/compression along x;
set 3: tension/compression along x,
b. pure shear —
set1: 0 >0
set2:0 <0
c. biaxial loading —
setl:l; <0a, €{0},[; >0a, € {—-6,—1,0,1,5}

set2:l; <0a; €{-1,-1/6,1,5}

set3:1 > 0ay €{-3,-2,3,3,00},1, <0, € {-3,—1,2,3,00}
1 1 11111
setd:l; >0a, € {_5'_2'_5'_5'_E’E'E’Z'§’2’4' 6},



ll < 0a1 € {_6,_5;_21_%1_ )

ul | =
ok
-

d. combined biaxial-shear loading —
set1:1; >0 (ay,ay) € {(1,-3),(1,3)}

set2: 1, <0 (aq,@y) € {(1,-3),(1,3)}

5 55

set3: >0 (@) €{(3,-3), )} h<0(aan e{(:-3).(53)}

set 4:

6616561696969
(1,-5),(1,5),3,3),3,5),(5,5),(5,1).(5.5).(5.1). G, )

1), Gmt) =2 (1), 5 -9, 65,2

5 5

(1,-5),(1,5),(3,3),3,5),(5,5),(5.1).(5.5),(5.1).& D)

[, >0,(ay,a;) €

[, <0,(ay,a;) €

Cumulatively, these combined load sets (1+2+3+4) constitute 90 unique loading cases for each fj.

In our FEM models, we incrementally increase the applied strain for each load case, and
determine from finite element the macroscopic stress increment, current porosity, along with the
current major-, minor-, and out-of-plane half-axes of the deformed void shape. Thus, the FEM data
at each strain increment provides a single input-output ground truth data point for training of all
five ANNs. Because the loading path for each load case consists of approximately 100 increments,
the 90 loading paths across 9 simulated RVEs with varying f, results in a total of 81,296 data
points, which we split into training (65,038), validation (8,129), testing (8,129) datasets in an 8:1:1
ratio. We find that varying the size of the loading (strain) increments has little bearing on the
predictive performance of our ANNs once the increments are sufficiently small, as illustrated in

Fig. S5 of the Supplementary Materials.



We conduct hyperparameter testing to identify the optimal architecture (number of hidden
layers, number of nodes per layer), learning rate, batch size, and choice of activation function for
each ANN-x. We start with five separate instantiations of each ANN-x with randomly assigned
initial weights and biases, and train all five instantiations for each specified hyperparameter setting
for 200 epochs using the training dataset. For each ANN-x instantiation, we monitor the MSE loss
from the training dataset, as well as the validation dataset to detect potential overfitting. We select
the ANN-x configuration at the epoch where each instantiation has the smallest validation loss,
and compute the testing loss from all these instantiations. We record the mean validation loss and
mean testing loss from these five ANN-x instantiations. In most cases, we select the instantiation
with the lowest validation loss as the optimal network structure for the specified hyperparameter
setting; our testing losses further confirm the suitability of the optimized hyperparameter setting.

We summarize the results of our hyperparameter study in Tables S1 to S5 of the
Supplementary Materials. We find that ANN-1 (stress-strain predictions) requires a relatively deep
neural network architecture of 4 hidden layers with 350 nodes per hidden layer, compared to ANN-
2 (porosity predictions) which requires a smaller network structure of 2 hidden layers with 70
nodes per hidden layer. Depending on the void shape feature (major, minor, out-of-plane half-axis)
for ANN-3 to -5, the optimal number of layers ranges from 3 to 6 with 120 to 170 nodes per hidden
layer. Our studies show that all of our network structures are highly sensitive to the learning rate,
which is optimal at 0.001 for ANN-4 and 0.0005 for the remaining ANN-x. The optimal batch size
varies from 64 to 128 across our ANN-x. The ReLU and LeakyReLU activation functions
consistently provide (close to) the lowest MSE loss across all ANN-x, compared to the Exponential
Linear Unit (ELU), Scaled Exponential Linear Units (SELU), Sigmoid, LogSigmoid, and

Hyperbolic Tangent (tanh) activation functions. Given the similar performance of ReLU and



LeakyReLU, we select the former for all our ANN-x configurations. In subsequent studies, we
subject a 4-noded bilinear plane strain element to finite deformation, utilizing the optimized ANN-
x architectures in a user material (UMAT) subroutine implemented in ABAQUS to compute the
tangent stiffness matrix, stress increment, porosity, and void shape features at incremental strains.
Because the loading increments and even some of the applied load cases of these ANN-based
UMAT simulations are outside of the original ANN training/validation/testing datasets, our
subsequent comparison between the ground truth FEM-RVE data versus the ANN-based UMAT
computations provide the true independent testing crucial for reliable model evaluation.

We train our above ANNSs on the complete load set (1+2+3+4). We confirm the adequacy
of this load set, by comparing the evolution of the macroscopic stress components (Fig. 5) and
porosity (Fig. 6) with equivalent strain, as predicted by our ANNSs (solid line) versus ground truth
data from FEM (symbols) for the extreme initial porosities of f, = 0.005 (blue) and 0.15 (red)
under combined biaxial tension and shear loading characterized by a; = 3, @, = 5 — a load case
which proves to be challenging for the Gurson constitutive model (Fig. 3). Our ANN predictions
are in near-perfect agreement with FEM results for both f; when the ANNs are trained on the
complete load set (1+2+3+4). In contrast to the Gurson model (Fig. 3), our ANNs for low f, =
0.005 accurately captures the non-monotonic X, shear stress evolution, along with the hardening
and softening profile of the normal (X1, 25,, 233) stress components. At high f, of 0.15, our ANNs
also quantitatively capture the saturation of these normal stress components, along with the
monotonically increasing Xy, with E,; ANN-2 also perfectly predicts the distinctly different
porosity evolutions for both f,, compared to the Gurson model where deviations in the post-
cavitation void growth response of f, = 0.005 are observed (Fig. 3). We have separately trained

ANN-1 and ANN-2 on reduced load set combinations of (1), (1+2), and (1+2+3). As shown in



Figs. 5 and 6, we observe notable performance decrease of these ANNSs versus the original ANNs
trained on the full dataset, especially for low f, = 0.005 (blue) where an order-of-magnitude
increase in porosity, triggered by cavitation, results in significant material softening and loss of
stress-carrying-capacity. Nevertheless, our ANN predictions even when trained on the smallest
load set (1) or (1+2) are in far better agreement with FEM results compared to the Gurson model
(Fig. 3). Unless otherwise stated, our ANNSs herein are trained on the full load set (1+2+3+4).
4. Results and Discussions
4.1 Interpolation versus extrapolation
Our results in Figs. 5 and 6 demonstrate that the ANNs are capable of reproducing the incremental
stress-strain and porosity evolution response they have been trained on (biaxial tension + shear
with a; = 3,a, = 5). This is further evidenced by the near perfect agreement between our ANN
predictions versus FEM results for f, = 0.05 under a pure biaxial loading state (@, = 0) with
a; = 1 representing equi-biaxial straining (square symbol — ANN, solid black line — FEM), and
a; = 6 (triangular symbol — ANN, dashed black line — FEM) in Fig. 7. We remark that even when
“tested” on the exact load case the ANNs have been trained for, these ANNs are still interpolating
between the learned strain or strain increment data, since both the current strain (E™) and the
current strain increment (AE™) at step n will conceivably be different from the values in the
training dataset. Here, we evaluate the biaxial loading response of these ANNS, trained on fixed
a displacement ratios, to untrained biaxial loading scenarios where a; varies with E,.

Under a monotonically increasing a; from 1 to 6 (blue in Fig. 7), the post-peak ANN
predictions for X, deviate slightly from FEM, but both the evolution of 2,,, and f are perfectly
captured by our ANN. In the case where @; monotonically decreases from 6 to 1 (red in Fig. 7),

the peak to initial post-peak regime for X, is again correctly captured by our ANN, but the final



softening regime after significant loss of stress-carrying capacity deviates from FEM results.
Nevertheless, the evolution of both X}, and f, which are arguably the more important quantities
under a biaxial strain state, are well captured by our ANN. In fact, even the interesting trend of f
initially tracing the porosity curve for a; = 6, and later deviating to merge with the porosity curve
for a; = 1 at higher E,, is correctly predicted by our ANN.

We observe similar trends under biaxial tension loading with a; increasing from 1 to 6 and
back to 1 (blue in Fig. 8). Deviations between ANN and FEM results are observed in the post-peak
2,, but the mean stress and porosity evolution — especially the sudden change in the porosity
gradient corresponding to the sharp transition in a; — are very well captured by our ANN. Similar
trends are also observed when a; decreases from 6 to 1 and back to 6 (red in Fig. 8). While the
post-peak ANN predictions of 2, can conceivably be improved with more representative training
load sets, we remark that the RVE response under a biaxial strain state will primarily be driven by
the hydrostatic rather than deviatoric stress component. Since 2, is consistently well predicted by
our ANNSs, our resulting void growth (and hence damage evolution) predictions are also very
accurate.

The initial porosity is an input parameter to the Gurson yield function in (1). Similar, f is
a common input parameter in our ANN-x (Fig. 4), and we have trained these ANNs across an
extensive range of f, from 0.005 to 0.15. We find that including f, = 0 in our training dataset, per
our hyperparameter studies in Section 3.2, biases our (2., 2,,;,) predictions to be slightly higher
than the actual FEM results (Fig. S6 in the Supplementary Materials), since this undamaged
material does not exhibit the material softening characteristics common to the rest of the training
dataset for f, # 0. Accordingly, we have retrained our ANNs by removed the dataset associated

with fy = 0 in our subsequent studies. We demonstrate the remarkable ability of our augmented



ANNS to accurately predict the evolution of (X, 2, f) with E, under a combination of biaxial
tension with shear (a; = 3,a, = 5) across a wide range of initial porosities in Fig. 9. In fact, all
ANN predictions (symbols) are in near-perfect agreement with FEM data (lines), be it for initial
porosities within the training dataset (black), for untrained “interpolated” initial porosity of f, =
0.02, or for an order-of-magnitude larger untrained “extrapolated” initial porosity of f, = 0.2.
Note that f, = 0.2 is the upper porosity limit of interest, since it represents the critical porosity for
void coalescence and crack advance in fracture problems (Pardoen and Hutchinson, 2000).
Although some levels of extrapolation to unseen data (e.g. Figs. 7-9) are possible with our neural
network models, caution should be exercised when performing such extrapolation far beyond the
load cases in the training datasets of the networks. For example, our ANNSs, primarily trained on
strain-controlled load cases, cannot accurately extrapolate the predictions to the macroscopic
response of stress-controlled load cases without including these load cases within the training
dataset.

While the current porosity f is widely regarded as the sole material damage parameter,
studies show that the onset of void coalescence also depends on the shape of the void (Pardoen
and Hutchinson, 2000). In ductile fracture problems, the voids within the process zone remain
nearly spherical during initial loading. Once the critical (mean) cavitation stress is reached,
unstable voiding occurs leading to an increasingly oblate void, which significantly reduces the
intervoid separation distance and accelerates the coalescence of voids (Chew et al., 2007b). Thus,
the criterion for void coalescence could conceivably depend on the shape of the void, in addition
to its porosity (Tvergaard and Hutchinson, 2002). In this regard, a limitation of the Gurson model
is its presumption of spherically symmetric void growth. Because we train our ANNs on RVE

models containing discrete voids in FEM, our macroscopic ANN predictions of porosity and stress



evolutions do not suffer from this inherent limitation of the Gurson model. Furthermore, by tagging

on ANN-3, -4, and -5 to our neural network framework, we are also able to elucidate the evolving
major (Ri), minor (Ri), and out-of-plane (Ri) half-axes representing the microscopic void shape
0 0 0

during deformation. In concert with the macroscopic stress/porosity predictions, such microscopic
void shape predictions can provide rich fundamental insights into the detailed micromechanics of
fracture and failure, while bypassing detailed finite element modeling. We show in Fig. 10 the
ANN versus FEM predictions of the evolving void shapes under a combination of biaxial tension

with shear (a; = 3, @, = 5) across a wide range of initial porosities. Similar to our predictions of
(Ze, 2, f) with E, in Fig. 9, our void shape predictions of (Ri, RE, Ri) in Fig. 10 are in near perfect
0 0 0

agreement with FEM data, across both trained (0.005, 0.01, 0.03, 0.05, 0.08, 0.1, 0.12, 0.15) and
untrained (0.02 — interpolative, 0.2 — extrapolative) initial porosity datasets. By assuming an
ellipsoidal void shape with the three semi-axes of the ellipsoid represented by the microstructural

void shape information (a, b, ¢) from ANN-3 to -5, one can compute the ellipsoid void volume
(% nmabc), and in turn, the porosity f of the RVE. As shown in Fig. S7 of the Supplementary

Materials, this indirect approach of obtaining the porosity evolution from the void shape
characteristics (ANN-3 to -5) is found to be in near perfect agreement with direct porosity
predictions (ANN-2), which exemplifies the intimate connection between the microscopic void
feature predictions and the macroscopic damage predictions in our neural network modeling.

4.2 Transfer learning

The calibration parameters (g4, q», g3) in (1) were introduced in-part to adapt the Gurson yield
function to different o,/F and hardening parameters, by matching the predicted stress-strain
response to that of an RVE model in FEM under relatively simple load cases, such as uniaxial

stress. A limitation of our ANNSs is that they rely on matrix material properties used in the



generated training dataset (Mat 1 in Fig. 1c). Thus, to adapt the ANNSs to a different matrix material
(e.g. Mat 2 or Mat 3 in Fig. Ic), we would ideally have to re-train our ANNs on a new dataset
based on the updated matrix material properties. Nevertheless, one of the key advantages of
machine learning is the ability to perform transfer learning. Instead of training a model from
scratch for each new task, transfer learning leverages the knowledge gained from solving a source
task to improve learning and performance on a target task, which helps to reduce training time,
improve generalization, and facilitate domain adaption (Iman et al., 2023). Rather than training
ANN-1 to -5 from scratch for each new material model, we could instead initialize the weights and
biases of this new set of ANNs based on the earlier trained neural networks for the original
material, which could substantially reduce the size of the new training dataset.

We investigate the transfer learnability of ANN-1 and -2, trained on Mat 1 in Fig. Ic,
towards two new matrix materials with radically different stress-strain responses: Mat 2 and Mat
3 in Fig. 1c. Mat 2 has the same elastic properties (E = 68 GPa, v = 0.32) as Mat 1, but features
a much smaller initial yield stress (g, = 156 MPa), and a distinct plastic behavior that plateaus
before undergoing significant rehardening. Conversely, Mat 3 is considerably softer than Mat 1
(E = 2 GPa,v = 0.4), and exhibits strain-hardening followed by softening, before saturating at its
initial yield stress of g, = 32.5 MPa. While both matrix material models differ significantly from
Mat 1, the underlying micromechanisms of void growth are still the same, leading one to presume
that the parametric effects of initial porosity, loading states, etc., constituting the low-level features
would be somewhat similar regardless of the type of matrix material.

We seek the use of transfer learning to preserve the low-level features in our pre-trained
ANN-x (on Mat 1), while reducing (1) the datasets (for Mat 2/3) needed to fine-tune the networks

and (2) the computational time or expense necessary for retraining. Since the initial few layers of



the neural networks are known the encompass the most general (low-level) features of the model,
we freeze the bottom few layers of ANN-1 so that these layer weights and biases, initially trained
on Mat 1, are unchanged when backpropagation is performed during training. Thus, fine-tuning of
the weights and biases is only confined to the remaining unfrozen upper layers in ANN-1, which
significantly speeds up the training of the network. Our ANN-1 has 4 hidden layers, which are
labeled L, to L, in ascending order. The more frozen layers we have, the more we inherit features
from our pre-trained ANN-1. By doing so, we are assuming that the new macroscopic stress
evolution for Mat 2/3 contain many low-level features similar to the pre-trained ANN-1 for Mat
1. In contrast, freezing too many layers forces the ANN to apply both low- and high-level features
in its pre-training towards Mat-2. Here, we study this delicate balance by systematically varying
the number of frozen layers in ANN-1, while fine-tuning the weights and biases preceding the
remaining free hidden and output layer(s) initialized on Mat 1, on the new training dataset for Mat
2/3. Given the shallow (2 hidden layer) network structure of ANN-2, we concurrently fine-tune
the weights and biases of all hidden layers for ANN-2 from their initial values based on Mat 1.
We summarize our transfer learning results for Mat 2 with initial porosities of f, = 0.005
and 0.15 in Figs. 11 and 12 under combined biaxial tension with shear (a; = 3,a, = 5), and
include the corresponding error metrics in Table S6 of the Supplementary Materials. We remark
that this specific load case is outside of our significantly reduced training load set (1+2) for Mat 2
(versus load set 1+2+3+4 for Mat 1), used to fine-tune the weights and biases preceding the free
hidden and output layer(s). Our results demonstrate that freeing the last 2 layers of ANN-1 (i.e.,
Lz and L,) is sufficient to allow the neural network to attain comparable accuracy to FEM results
for Mat 2. In the absence of transfer learning, ANN-1 and -2 trained on this reduced load set (1+2)

with randomly initialized weights and biases (dashed black lines) yield very poor (2., 2, f)



predictions for f; = 0.005. Very similar transfer learning results are observed for ANN-1 and -2
fine-tuned on training load set (1+2) for Mat 3 in Figs. 13 and 14; we achieve excellent predictions
by freezing L, and L, in ANN-1 and fine-tuning the remaining weights and biases. For both Mat
2 and Mat 3, we observe that the ANN predictions can be improved with more free hidden layers.
For Mat 2 with f, = 0.005, for example, the porosity predictions do not vary significantly with
the number of free hidden layers, but the (equivalent, mean) stress losses decrease from (5.33e-4,
2.20e-3) by freeing only L,, to (3.82¢-4, 4.23e-3) by freeing L3 and L,, and to (2.69e-4, 8.47¢-4)
by freeing L,-L, in ANN-1. Similarly for Mat 3 with f, = 0.15, the (equivalent, mean) stress
losses systematically decrease from (1.43e-6, 1.28¢-6) by freeing only L,, to (1.35¢-6, 4.21e-6) by
freeing L5 and L,, and to (9.21e-7, 7.20e-7) by freeing L,-L, in ANN-1.

When there are no frozen layers, we fine-tune the weights and biases of the entire ANN-1
on the dataset for Mat 2/3. In the case of Mat 3, our results show that very high ANN accuracies
can still be achieved by fine-tuning the weights and biases of the entire network on an even smaller
load set 1 (blue symbols in Figs. 13 and 14). We remark that even when all layers are free,
knowledge from the pre-trained ANN-1 on Mat 1 is still transferred in the form of the initial
weights and biases. Our hyperparameter studies show that this initialization is important, since
significant changes to the predictive accuracies can result from poor initialization choices. Using
randomly assigned initial weights and biases, and training the same ANN-1 and -2 on load set 1
(blue lines), we observe significantly reduced accuracies for f, = 0.15, with completely erroneous
predictions for f, = 0.005.

S. Concluding Remarks
Data-driven approaches are revolutionizing the constitutive modeling of materials. Using a series

of neural networks, trained on the deformation response of void-containing unit cells in finite



element, we demonstrate the ability of this data-driven approach to accurately quantify the stress-
strain constitutive behavior and the void (damage) evolution response of the unit cell under strain-
controlled, monotonic loadings; in the case of elastic unloading/reloading, the history-dependency
in the iterative update of the material state can also be accounted for with an augmented stress
update algorithm on von Mises plasticity (see Figs. S2-S4 and related discussions in Supplemental
Materials). The neural networks are capable of interpolative predictions as well as some levels of
extrapolation to untrained loading conditions and initial porosities, and are able to provide
quantitative measures of the evolving shapes of the deformed voids. Through transfer learning,
our results show that the neural networks can be readily extended to different matrix materials with
significantly reduced datasets and reduced training time.

In contrast to the Gurson constitutive model which assumes a rigid-plastic response along
with spherical symmetric void growth and axisymmetric loading in its derivation (Gurson, 1977),
our neural networks for porous material failure are only limited by the assumptions inherent in the
(finite element) models used to generate the dataset for training of these networks. By
encompassing low to very high initial porosities in the training dataset, our neural networks are
applicable to simulating the deformation response of a wide range of porous material structures,
from the inclusions and cavities (f;~0.005) in conventional metal alloys (Stone et al., 1985;
Faleskog & Shih, 1997), to processing voids (f,~0.15) in additively-manufactured metals (Cui et
al., 2020; Muro-Barrios et al., 2022). As long as the void evolution mechanisms are similar, the
low-level features in these neural networks can also be “transferred” to other matrix materials (e.g.,
polymers, ceramics, cellular structures, fiber-reinforced composites), which extends the
applicability of these neural networks to general porous material systems without the need for

significant re-training.



Ultimately, the neural network approach allows for bridging of scales to achieve rapid
constitutive modeling of materials. A successful neural network model relies on having input-
output data spanning the desired loading conditions (stress- or strain-controlled loading, uniaxial
or multiaxial loading) and microstructural complexities (initial void size, shape, distribution) to
allow for data interpolation and to a lesser extent, data extrapolation. However, this training of the
neural networks on data, and data alone, allows for homogenization of complex microstructural
features (voids), yet with the ability for this reduced-order model to quantify the deformation
characteristics of these features (porosity, void shapes), which are critical for elucidating the
micromechanics of material damage and failure in fracture and fatigue problems.
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Figure Captions

Figure 1: (a) Schematic of a D X D X D representative volume element (RVE) containing an
initially spherical void under plane strain boundary conditions, and subjected to combined shear
and biaxial strain-controlled loading. (b) Finite element mesh of the undeformed and deformed
RVE as viewed from cross-sectional cuts across x; = D/2 (top) and x, = D/2 (bottom). R:
initial void radius; a, b, c: major, minor, out-of-plane half-axis. (¢) Uniaxial stress-strain response
of matrix materials Mat 1, 2, and 3.

Figure 2: Gurson model (symbols) versus FEM predictions (lines) under uniaxial stress state:
Equivalent stress (a), mean stress (b), and void porosity (c) evolution with equivalent strain for
various initial porosities fj.

Figure 3: Gurson model (symbols) versus FEM predictions (lines) under combined biaxial tension
and shear loading (a; = 3, a, = 5): Equivalent stress (a), mean stress (b), and void porosity (c)
evolution with equivalent strain for various initial porosities f,. Inset in (¢) denotes close-up view
of the porosity evolutions for higher fj.

Figure 4: (a) Flow-chart of a user material model, using a series of artificial neural networks
(ANNS) to predict and update the stiffness matrix/stress increment (ANN-1), porosity (ANN-2),
and void shape evolution (major half-axis: ANN-3, minor half-axis: ANN-4, out-of-plane half-
axis: ANN-5) of a porous RVE under incremental loadings. (b) Architecture of a typical ANN
comprising of a common input layer connected to hidden and output layers.

Figure 5: Evolution of individual stress components for ANNs trained on increasing load sets
(symbols) versus FEM predictions (lines) under combined biaxial tension and shear loading (a; =
3, az == 5)

Figure 6: Evolution of current porosity for ANNSs trained on increasing load sets (symbols) versus
FEM predictions (lines) under combined biaxial tension and shear loading (@; = 3,a, = 5).

Figure 7: Effects of monotonic variation of a; (a) under biaxial tension loading (o, = 0) on ANN
(symbols) versus FEM predictions (lines) of the equivalent stress (b), mean stress (c¢), and porosity
evolution (d) for f, = 0.05. Black solid line, square symbol: a; = 1. Black dashed line, triangle
symbol: ay = 6. Blue line, cross symbol: a; varying monotonically from 1 to 6. Red line, circle
symbol: a; varying monotonically from 6 to 1.

Figure 8: Effects of non-monotonic variation of @; (a) under biaxial tension loading (@, = 0) on
ANN (symbols) versus FEM predictions (lines) of the equivalent stress (b), mean stress (¢), and
porosity evolution (d) for f, = 0.05. Black solid line, square symbol: &y, = 1. Black dashed line,
triangle symbol: oy = 6. Blue line, cross symbol: a; varying from 1 to 6 to 1. Red line, circle
symbol: a; varying from 6 to 1 to 6.

Figure 9: Effects of initial porosity on ANN (symbols) versus FEM predictions (lines) of the
equivalent stress (a), mean stress (b), and porosity evolution (¢) under combined biaxial tension
and shear loading (@; = 3, a, = 5). The case for f; = 0 is excluded in the training dataset of the
ANN:Ss. Red: interpolated results. Blue: extrapolated results.

Figure 10: Effects of initial porosity on ANN (symbols) versus FEM predictions (lines) of the
major (a), minor (b), and out-of-plane (¢) half-axes of the deformed void shape under combined



biaxial tension and shear loading (a; = 3, @, = 5). The case for f; = 0 is excluded in the training
dataset of the ANNSs. Red: interpolated results. Blue: extrapolated results.

Figure 11: Effects of number of hidden layers of ANN-1 which are fine-tuned on load set 1+2 for
Mat 2: ANN predictions (symbols) of the equivalent stress (a), mean stress (b), and porosity
evolution (c¢) for f, = 0.005 under combined biaxial tension and shear loading (a; = 3, @, = 5).
Solid line: FEM results. Dashed line: ANN results without transfer learning (TF).

Figure 12: Effects of number of hidden layers of ANN-1 which are fine-tuned on load set 1+2 for
Mat 2: ANN predictions (symbols) of the equivalent stress (a), mean stress (b), and porosity
evolution (¢) for f, = 0.15 under combined biaxial tension and shear loading (a; = 3, @, = 5).
Solid line: FEM results. Dashed line: ANN results without transfer learning (TF).

Figure 13: Effects of number of hidden layers of ANN-1 which are fine-tuned on load set 1 (blue)
or load set 1+2 (black) for Mat 3: ANN predictions (symbols) of the equivalent stress (a), mean
stress (b), and porosity evolution (¢) for f, = 0.005 under combined biaxial tension and shear
loading (a; = 3, @, = 5). Solid line: FEM results. Dashed line: ANN results without transfer
learning (TF).

Figure 14: Effects of number of hidden layers of ANN-1 which are fine-tuned on load set 1 (blue)
or load set 1+2 (black) for Mat 3: ANN predictions (symbols) of the equivalent stress (a), mean
stress (b), and porosity evolution (¢) for f; = 0.15 under combined biaxial tension and shear
loading (a; = 3, @, = 5). Solid line: FEM results. Dashed line: ANN results without transfer
learning (TF).
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Figure 1: (a) Schematic of a D X D X D representative volume element (RVE) containing an
initially spherical void under plane strain boundary conditions, and subjected to combined shear
and biaxial strain-controlled loading. (b) Finite element mesh of the undeformed and deformed
RVE as viewed from cross-sectional cuts across x; = D/2 (top) and x, = D/2 (bottom). Ry:
initial void radius; a, b, c: major, minor, out-of-plane half-axis. (¢) Uniaxial stress-strain response

of matrix materials Mat 1, 2, and 3.
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Figure 2: Gurson model (symbols) versus FEM predictions (lines) under uniaxial stress state:
Equivalent stress (a), mean stress (b), and void porosity (¢) evolution with equivalent strain for
various initial porosities fj.
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Figure 3: Gurson model (symbols) versus FEM predictions (lines) under combined biaxial tension
and shear loading (a; = 3, @, = 5): Equivalent stress (a), mean stress (b), and void porosity (c)
evolution with equivalent strain for various initial porosities f;. Inset in (¢) denotes close-up view
of the porosity evolutions for higher f.
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Figure 4: (a) Flow-chart of a user material model, using a series of artificial neural networks
(ANNS) to predict and update the stiffness matrix/stress increment (ANN-1), porosity (ANN-2),
and void shape evolution (major half-axis: ANN-3, minor half-axis: ANN-4, out-of-plane half-
axis: ANN-5) of a porous RVE under incremental loadings. (b) Architecture of a typical ANN
comprising of a common input layer connected to hidden and output layers.
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Figure 5: Evolution of individual stress components for ANNs trained on increasing load sets
(symbols) versus FEM predictions (lines) under combined biaxial tension and shear loading (a; =
3, a, = 5).
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Figure 6: Evolution of current porosity for ANNSs trained on increasing load sets (symbols) versus
FEM predictions (lines) under combined biaxial tension and shear loading (@; = 3,a, = 5).
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Figure 7: Effects of monotonic variation of a; (a) under biaxial tension loading (@, = 0) on ANN
(symbols) versus FEM predictions (lines) of the equivalent stress (b), mean stress (c), and porosity
evolution (d) for f, = 0.05. Black solid line, square symbol: ay = 1. Black dashed line, triangle
symbol: a; = 6. Blue line, cross symbol: a; varying monotonically from 1 to 6. Red line, circle
symbol: a; varying monotonically from 6 to 1.
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Figure 8: Effects of non-monotonic variation of a; (a) under biaxial tension loading (a, = 0) on
ANN (symbols) versus FEM predictions (lines) of the equivalent stress (b), mean stress (¢), and
porosity evolution (d) for f, = 0.05. Black solid line, square symbol: ay; = 1. Black dashed line,
triangle symbol. a; = 6. Blue line, cross symbol: a; varying from 1 to 6 to 1. Red line, circle
symbol: a; varying from 6 to 1 to 6.



1.2

a
0.8 F ANN/FEM /1,
bo o 0.005
< sm00)
W x-———0.03
0.4 { faxi x—-—-— 0.05
Biaxial + Shear o008
o =30, =5 + --0.12
o———0.15 T
o 0.20
0.0 | | | | |
0.00 0.05 0.10 0.15
b

Figure 9: Effects of initial porosity on ANN (symbols) versus FEM predictions (lines) of the
equivalent stress (a), mean stress (b), and porosity evolution (¢) under combined biaxial tension
and shear loading (a; = 3, @, = 5). The case for f;, = 0 is excluded in the training dataset of the
ANNS. Red: interpolated results. Blue: extrapolated results.
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Figure 10: Effects of initial porosity on ANN (symbols) versus FEM predictions (lines) of the
major (a), minor (b), and out-of-plane (c) half-axes of the deformed void shape under combined
biaxial tension and shear loading (a; = 3, @, = 5). The case for f; = 0 is excluded in the training
dataset of the ANNSs. Red: interpolated results. Blue: extrapolated results.
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Figure 11: Effects of number of hidden layers of ANN-1 which are fine-tuned on load set 1+2 for
Mat 2: ANN predictions (symbols) of the equivalent stress (a), mean stress (b), and porosity
evolution (c¢) for f, = 0.005 under combined biaxial tension and shear loading (a; = 3, @, = 5).
Solid line: FEM results. Dashed line: ANN results without transfer learning (TF).
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Figure 12: Effects of number of hidden layers of ANN-1 which are fine-tuned on load set 1+2 for
Mat 2: ANN predictions (symbols) of the equivalent stress (a), mean stress (b), and porosity
evolution (¢) for f; = 0.15 under combined biaxial tension and shear loading (a; = 3, @, = 5).
Solid line: FEM results. Dashed line: ANN results without transfer learning (TF).
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Figure 13: Effects of number of hidden layers of ANN-1 which are fine-tuned on load set 1 (blue)
or load set 1+2 (black) for Mat 3: ANN predictions (symbols) of the equivalent stress (a), mean
stress (b), and porosity evolution (c) for f, = 0.005 under combined biaxial tension and shear
loading (a; = 3, a, = 5). Solid line: FEM results. Dashed line: ANN results without transfer
learning (TF).
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Figure 14: Effects of number of hidden layers of ANN-1 which are fine-tuned on load set 1 (blue)
or load set 1+2 (black) for Mat 3: ANN predictions (symbols) of the equivalent stress (a), mean
stress (b), and porosity evolution (¢) for f, = 0.15 under combined biaxial tension and shear
loading (a; = 3, a, = 5). Solid line: FEM results. Dashed line: ANN results without transfer
learning (TF).



