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ABSTRACT

Liu, Xin Ph.D., Purdue University, May 2020. Multiscale Modeling of Textile Com-
posite Structures Using Mechanics of Structure Genome and Machine Learning. Ma-
jor Professor: Wenbin Yu.

Textile composites have been widely used due to the excellent mechanical perfor-
mance and lower manufacturing costs, but the accurate prediction of the mechanical
behaviors of textile composites is still very challenging due to the complexity of the mi-
crostructures and boundary conditions. Moreover, there is an unprecedented amount
of design options of different textile composites. Therefore, a highly efficient yet accu-
rate approach, which can predict the macroscopic structural performance considering
different geometries and materials at subscales, is urgently needed for the structural
design using textile composites.

Mechanics of structure genome (MSG) is used to perform multiscale modeling to
predict various performances of textile composite materials and structures. A two-
step approach is proposed based on the MSG solid model to compute the elastic
properties of different two-dimensional (2D) and three-dimensional (3D) woven com-
posites. The first step computes the effective properties of yarns at the microscale
based on the fiber and matric properties. The effective properties of yarns and ma-
trix are then used at the mesoscale to compute the properties of woven composites
in the second step. The MSG plate and beam models are applied to thin and slen-
der textile composites, which predict both the structural responses and local stress
field. In addition, the MSG theory is extended to consider the pointwise temperature
loads by modifying the variational statement of the Helmholtz free energy. Instead of
using coefficients of thermal expansions (CTEs), the plate and beam thermal stress
resultants derived from the MSG plate and beam models are used to capture the

thermal-induced behaviors in thin and slender textile composite structures. More-
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over, the MSG theory is developed to consider the viscoelastic behaviors of textile
composites based on the quasi-elastic approach. Furthermore, a meso-micro scale
coupled model is proposed to study the initial failure of textile composites based on
the MSG models which avoids assuming a specific failure criterion for yarns. The
MSG plate model uses plate stress resultants to describe the initial failure strength
that can capture the stress gradient along the thickness in the thin-ply textile com-
posites. The above developments of MSG theory are validated using high-fidelity
3D finite element analysis (FEA) or experimental data. The results show that MSG
achieves the same accuracy of 3D FEA with a significantly improved efficiency.

Taking advantage of the advanced machine learning model, a new yarn failure
criterion is constructed based on a deep neural network (DNN) model. A series of
microscale failure analysis based on the MSG solid model is performed to provide
the training data for the DNN model. The DNN-based failure criterion as well as
other traditional failure criteria are used in the mesoscale initial failure analysis of a
plain woven composite. The results show that the DNN yarn failure criterion gives a
better accuracy than the traditional failure criteria. In addition, the trained model
can be used to perform other computational expensive simulations such as predicting
the failure envelopes and the progressive failure analysis.

Multiple software packages (i.e., texgendsc and MSC.Patran/Nastran-SwiftComp
GUI) are developed to incorporate the above developments of the MSG models. These
software tools can be freely access and download through cdmHUB.org, which provide
practical tools to facilitate the design and analysis of textile composite materials and

structures.



1. INTRODUCTION
1.1 Motivation

Textile composites have been widely used due to the excellent mechanical be-
haviors and lower manufacturing costs, but the accurate prediction of the mechani-
cal behaviors of textile composites is very challenging due to the complexity of the
mesostructures (Figure 1.1 ) and boundary conditions (BCs). Moreover, textile com-
posites provide an unprecedented amount of material alternatives and design options.
In order to exploit this design space, rapid yet accurate analysis tools that can predict
the macro-structural behaviors by considering the micro/mesoscale features are very

important in the product development (PD) phase.

Figure 1.1. Different mesostructures of textile composites

Textile composite structures are multiscale in nature [1]. At the macroscale, struc-

tures are made of different textile composites, which are usually created by repeating



a fixed weave pattern. The fixed weave pattern is defined as the mesoscale model that
is made of yarns and matrix. Yarns are made of fibers and matrix at the microscale.
Therefore, a multiscale modeling approach is needed to take into account different
features at various scales such as the properties of constituents at the microscale, the
weave patterns at the mesoscale, and the structural geometries at the macroscale.
Moreover, the geometries of macroscale structural components usually gives different
BCs to the mesoscale model. For example, the thin-ply textile or 3D woven textile
composites does not follow the commonly used periodic boundary conditions (PBCs)
in the thickness direction. The slender textile composite structures have no period-
icity in the transverse directions. However, the commonly used approach is to get
the homogenized properties using representative volume element (RVE) analysis with
in-plane PBCs for plate structures or x;-direction PBCs for beam structures. The
shell or beam elements can be subsequently defined using the homogenized properties.
Such simplification smears the heterogeneity along the thickness or the transverse di-
rections of the thin and slender structures, which could cause a significant loss of
accuracy. Therefore, a novel multiscale modeling approach that can consider vari-
ous features at different scales and connect micro/mesoscale structures to structural
properties (e.g., effective properties, plate stiffness matrix, and beam stiffness matrix)
is urgently needed.

Due to the inherent viscoelastic behavior of polymers [2], the long-term behav-
iors of textile composites should also be considered in the design and analysis. The
yarns, which are made of fiber and matrix, have non-isotropic viscoelastic behavior.
This behavior increases the complexity of modeling the long-term behavior of textile
composites in the commercial finite element software, because the non-isotropic vis-
coelastic properties have to be assigned through a user-defined material subroutine
(UMAT). Another challenge is from the complex BCs to be applied to the mesoscale
model for the thin and slender structures such as high strain deployable thin-ply
structures [3]. The mesoscale model should generate the time-dependent plate or

beam stiffness matrix for the structural modeling.



In addition, the thermoelastic of textile composites has generated considerable
recent research interest. Textile composites are increasingly used in the space struc-
tures [4], engine systems [5], electronic devices [6], etc., which could subject to severe
temperature loads. Due to the anisotropic behavior of composites, the imposed tem-
perature variations induce thermal stresses which cause the microcracks inside the
materials and subsequently affect the macroscale performance of the structures. The
current approaches are mainly developed for laminated structures, which compute the
effective coefficients of thermal expansion (CTESs) of each lamina with PBCs and then
apply classical lamination plate theory (CLPT) to perform thermoelastic analysis. As
mentioned in the previous, textile composites used in the thin and slender structures
usually do not follow PBCs and its structural properties are better to be described
using plate or beam stiffness matrix. Moreover, the complex mesoscale structures of
textile composites introduce non-uniform temperature changes inside the composites
instead of uniform temperature changes in the most RVE analyses. Therefore, a new
approach that can capture complex temperature variations inside textile composites
and homogenize the thermoelastic behavior into shell and beam elements should be
developed.

Textile composites also have a better performance in damage tolerance and crack-
ing resistance. As a result, a considerable amount of literature has been published on
the failure and damage modeling of textile composites. In general, the initial failure
analysis is the first step in the modeling of failure behavior of textile composites. In
the multiscale modeling framework, the effective strength constants of yarns are first
computed based on the failure criteria of fiber and matrix at the microscale. At the
mesoscale, failure criteria such as Tsai-Wu and Hashin are then assumed for yarns
using the effective strength constants, and the failure initiates once the criterion is
met. Subsequently, a damage evolution law and a stiffness degradation algorithm are
applied to predict the nonlinear behavior of the composite material during failure pro-
gression. Therefore, choosing an appropriate failure criterion is crucial in determining

the overall failure behavior. However, experimental evidence shows that the current



failure criteria are still not mature enough to give an accurate prediction of failure
initiation [7]. In addition, most of the existing failure criteria are developed for the
UD fiber reinforced lamina. There is limited evidence that these failure criteria can
be safely applied to yarns which are often in more complex stress states due to the
yarn crimp in fabrics. In addition to using failure criterion of yarns at a single scale,
a coupled multiscale analysis such as FE? [8,9] is believed to be more accurate as it
considers the failure in the microstructures at each integration point at mesoscale.
However, such coupled multiscale analysis is often computationally expensive that is

not practical for the design and analysis at the product design phase.

1.2 Previous Work

Copyright permissions have been obtained to reuse the published materials from

[10-15] in this section.

1.2.1 Homogenization Analysis of Textile Composites

Many models have been proposed to predict the effective elastic behavior of tex-
tile composites. These models can be roughly divided into two categories: analytical
models and numerical models. Hallal et al. [16] reviewed the widely accepted an-
alytical models for the modeling of textile composites. Ishikawa and Chou [17, 18]
proposed analytical models to predict the homogenized response of woven fabric com-
posites (WFCs), which were based on the CLPT combined with iso-strain or iso-stress
assumptions. Many researchers also proposed analytical models using the similar as-
sumptions or mixed iso-strain/iso-stress assumptions [19]. Gommers et al. [20] pro-
posed an improved analytical model based on the inclusion method that removes
the iso-stress/strain assumptions, which has been implemented in the commercial-
ized software WiseTex [21]. Although analytical models provide good estimation of
the in-plane properties, they are not good at predicting the shear and out-of-plane

properties of textile composites. Moreover, the analytical approaches often fail in



predicting the local stress/strain fields while the local fields are crucial in the failure
analysis. In addition to that, due to the various assumptions made in the contem-
porary analytical models, it is hard to find a unified analytical model that can be
applied to textile composites with all possible mesostructures.

In addition to analytical models, the finite element method (FEM) based numer-
ical models have been widely used to study the two-dimensional (2D) and three-
dimensional (3D) textile composites [22-24]. Compared with analytical models, nu-
merical models usually provide better predictions for both effective properties and
local stress and strain fields which can be used in the failure analysis [25]. However,
the numerical analysis of complex textile composites requires significant resources and
time to model the complexities and to run the 3D finite element analysis (FEA). In
addition to that, FEM also requires to create representative volume elements (RVE)
with appropriate BCs which are not always straightforward. Another popular numeri-
cal approach for modeling textile composites is asymptotic homogenization (AH) [26].
Angioni et al. [27] compared AH with several analytical methods and the results show
that AH provides a good estimation of the mechanical properties for all the cases es-
pecially for the in-plane properties, while the out-of-plane properties are estimated
less accurately. Recently, Nasution et al. [28] used AH to relieve the periodicity in the
thickness direction of 3D orthogonal interlock composites and calculated the in-plane
properties. As textile composites are often used in some thin structures, the unit cell
of textile composites usually only repeats a few times in the thickness direction and

the finite thickness effect should be taken into account.

1.2.2 Multiscale Structural Analysis

Many engineering structures are composed of thin or slender structural compo-
nents which might be made of textile composites such as I-beams, skin panels, wing-
cover panels, stitched stiffeners etc. Engineers usually use shell or beam elements to

analyze this kind of textile composite structures. However, there are not many models



available to predict the beam and plate stiffness matrices for textile composites that
can be used directly for the macroscopic structural analysis.

For beam-like textile structures, Sankar and Marrey [29] proposed a FEA based
model to predict the beam stiffness matrix. In this analysis, they implemented PBCs
on the lateral faces of unit cell, while top and bottom surfaces were assumed traction
free. They applied three independent deformations (pure extension, pure bending,
and pure shear) to predict the beam stiffness coefficients. The predicted results for
plain weave textile were compared with the estimated results from mosaic model, and
a good agreement was found. For plate-like textile structures, most of the predictions
are based on the CLPT [17,18,30]. In these predictions, 2D woven composites were
modeled in series and parallel based on the loading direction, and A, B, D matrices
were predicted. Chaphalkar and Kelkar [31] developed another analytical model based
on the CLPT to determine the A, B, D of twill composites. The predicted results com-
pared well with the experimental ones. Marrey and Sankar [32] developed a direct
FEA based micromechanical model with the main focus to predict A, B, D matri-
ces. That model was applied to plain woven composites and satin woven composites,
and the predicted results were compared with those predicted by mosaic model and
CLPT. Many other researchers have attempted to predict 3D elastic properties of 2D
and 3D textiles which are based on different assumptions such as iso-strain, iso-stress,
mixed iso-strain and iso-stress. Besides the loss of accuracy due to the associated as-
sumptions in the derivations of 3D elastic properties, Marrey and Sankar [32] have
pointed out that textile plate stiffness matrices, especially B and D matrices, cannot
be predicted using the homogenized elastic constants and plate thickness in conjunc-
tion with CLPT; therefore, plate stiffness properties should be predicted directly in
terms of the textile mesostructures.

Based on the literature review, there are several issues with the available models for
predicting the beam and plate stiffness matrices. First, various assumptions such as
iso-strain/stress and the yarn path are made, which not only might affect the accuracy

but also hinder the applications of these methods to the textile composites with



different weave patterns. Second, the BCs applied to the RVE of textile composites
in the thin and slender structures are not straightforward due to the violation of
periodicity in the thickness or transverse directions. Third, very few plate and beam
models can accurately predict the local stress and strain fields which are important

for the failure analysis of textile structures.

1.2.3 Viscoelastic Behavior of Textile Composites

For unidirectional fiber reinforced composites, analytical approaches have been
proposed using correspondence principle [2,33], but more general results have been ob-
tained from numerical models [34-36]. However, there are not many models available
for predicting the viscoelastic properties of textile composites. The main difference is
that both yarns and matrix in textile composites exhibit viscoelastic behaviors while
only matrix is considered to be viscoelastic in unidirectional fiber reinforced compos-
ites. Models using CLPT along with micromechanical approaches have been proposed
to study the viscoelastic properties of plain woven composites [37,38]. The main lim-
itation is the assumptions made to describe the geometry of textile composites, which
makes the models hard to apply for the textile composites with different weave pat-
terns. 3D RVE analysis using FEA has provided a more robust approach in studying
the viscoelastic problems in textile composites [39,40]. The RVE analysis using FEA
is easy to apply for the textile composites with different weave pattern without any
ad hoc assumptions. The main disadvantages of using RVE analysis are still the com-
putational costs and applying right BCs. For example, the viscoelastic behavior is
very critical in the application of thin-ply deployable textile composite structures. To
capture the thin yarn cross section, a very dense mesh is usually needed. Moreover,
the structural modeling often uses shell element to model the thin-ply structures. In
addition, anisotropic viscoelastic materials are not available in most FEA software,
and additional efforts are needed to define the properties through user-defined func-

tions, such as Abaqus user-defined material subroutine (UMAT) [41]. Therefore, an



efficient and effective approach to predicting time-dependent plate stiffness matrix

due to the viscoelastic behavior of composites is required.

1.2.4 Thermoelastic Behavior of Textile Composites

In recent years, some advanced homogenization approaches [42-44] are proposed
to compute the effective thermoelastic properties of textile composites. The effective
thermoelastic properties, including elastic properties and CTEs, can be used as inputs
for solid elements in the structural analysis. For laminated structures, effective ther-
moelastic properties can also be used to define lamina properties and then carry out
laminated structural analysis [45]. However, for complex composite structures such
as 3D woven structures, the lamination theory may not be applicable since yarns are
interlaced in the thickness direction. On the other hand, shell and beam elements are
widely used in structural designs due to the simplicity and computation efficiency.
Using homogenized elastic properties along with shell and beam elements could cause
significant loss of accuracy. Therefore, instead of using homogenized CTEs to cap-
ture the thermal stresses for beam and plate structures, an alternative constitutive
parameter should be used so that thermoelastic behaviors of composite structures
can be captured using shell and beam elements.

Another challenge for accurately predicting the thermoelastic behaviors of com-
posite structures is the complexity of temperature loads. Although thermal stresses
can be predicted under linear and non-linear temperature loads for traditional lami-
nated structures [46], the real temperature distribution in composites could be point-
wise different. For example, advanced composites manufacturing methods like 3D
printing can produce a very complex temperature field during the manufacturing [47].
For plate and beam structures, the temperature load could be distributed along the
thickness or over the cross-section. If a pointwisely distributed temperature load is
applied to a complex composite structure such as a woven composite structure, 3D

thermal stresses in yarns and matrix are difficult to accurately predict. Currently,



the commonly used approach for solving 3D thermoelastic problems in complex com-
posite structures is direct numerical simulation (DNS) using 3D FEA. However, this
approach is very computation expensive since a dense mesh is always required for
describing the complex mesostructures and stress variations in the composite struc-
tures. Therefore, there is a need for a unified approach to compute thermoelastic
constitutive information for beam, plate and solid elements. In addition, the model
should be able to capture pointwise temperature distribution of general composite

structures, and to accurately and efficiently recover the 3D stress field.

1.2.5 Initial Failure Analysis of Textile Composites

Currently, mesoscale RVE models containing yarns and matrix are frequently used
in predicting the failure initiation of textile composites [48]. In these mesoscale mod-
els, yarns are often treated as homogeneous material where failure criteria such as
Tsai-Wu [49] and Hashin [50] criteria are applied to predict the failure initiation.
However, failure should occur at the fiber and matrix level inside a yarn instead of
at the yarn level. Therefore, in order to pass failure information at the microscale
to the mesoscale, some multiscale models are proposed which provided the effective
properties and strength constants of yarns based on a microscale analysis with the
fiber and matrix [51,52]. Nevertheless, the failure criteria are still applied at the yarn
level. However, the traditional failure criteria applied to yarns assume that yarns are
characterized locally as UD composites, but this assumption is still questionable due
to the differences between unidirectional plies and yarns [53]. Therefore, it is more
reasonable if the failure initiation of textile composites can be predicted using failure
criteria at fiber and matrix level. Wang et al [53] proposed a meso-micro “partially
coupled” approach to predict the progressive failure of 2D woven composites. Instead
of recovering the stress field over the whole microstructure, only the microscale stress
field at several key points was recovered. As these key points were first identified

for the analysis of UD laminates [54], it is not clear if these points can represent the
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critical locations for yarns. Therefore, a full meso-micro coupled approach should be
used in order to capture all the possible failure behaviors at the entire microscale
level.

Another issue for predicting the failure initiation of textile composites is the
consideration of the non-uniform stress field in slender and thin textile compos-
ite structures. Karkkainen and Sankar [55, 56] proposed a direct micromechanics
method (DMM) which uses plate stress resultants (i.e. plate forces and moments)
as macrostress to represent the initial failure strength. Then, the failure initiation
is determined based on the 3D stress field recovered at the mesoscale level. This
approach captures the non-uniform stress state using plate stress resultants and has
been implemented into Abaqus micromechanics plugin [57] at Dassault Systemes.
Moreover, such approach offers a benefit for the structural design. As thin structures
are often modeled using shell elements in FEA at macroscopic structural level, it is
more straightforward for the structural design if the initial failure strength constants
are expressed in terms of structural loads such as plate stress resultants. However,
the DMM also requires a high computational cost as a result of 3D FEA. In addition,
the non-uniform stress issue also exists in slender textile composite structures which
are often modeled using beam elements in the structural level design which was not
solved using the DMM. Therefore, it is better to have an approach which can capture
all the non-uniform stress state in slender and thin structures while offers a better

computational efficiency.

1.2.6 Artificial Neural Networks

As mentioned in the previous sections, the “fully coupled” approach is very compu-
tationally expensive as a dense mesh is often required to capture the yarn geometries
and a microscale analysis needs to perform for each material point inside the yarns.
To solve the efficiency challenge, a rapid yet accurate surrogate model is developed

based on the artificial neural network (ANN) model. In recent years, ANN approach
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has been used in modeling mechanical behavior of composite structures [58-60]. An
ANN model usually contains three kinds of layers: input layer, hidden layer(s) and
output layer. Models with more than three hidden layers are referred to deep neural
network (DNN) models [61].

The relations between machine learning, neural network and deep learning are
given in Figure 1.2. Compared with other machine learning approaches, deep learn-
ing approach has three main advantages. First, deep learning model is good at solving
complex problems. Second, the model shows better performance when the training
database is growing (see Figure 1.3). Third, deep learning model has relative less
requirements for the pre-processing of the training data compared with other ma-
chine learning approaches which require careful engineering and considerable domain
expertise to transform the raw data into a suitable internal representation or feature
vector [61]. Although the ANN approach has been used in solving structural engineer-
ing problems decades ago, deep learning approach has led to remarkable achievements
in recent years due to three technical forces driving advances in deep learning: Hard-

ware, Datasets and Algorithmic advances [62].

Machine
learning

Deep
learning

Figure 1.2. Relations between machine learning, neural network and deep learning

In most applications, ANN serves as an advanced curve-fitting method to construct

a surrogate model that can improve the computational efficiency in some expensive
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Deep learning

Older learning
algorithms

Performance

Amount of data

Figure 1.3. Comparison between deep learning and other machine
learning approaches with increasing data

simulations. On the other hand, ANN can also be used as an universal approxima-
tion theorem tool [63] to approximate any functions when its explicit mathematical
formulation is unknown or does not exist. The current failure criteria used in com-
posites are mainly based on postulated polynomial functions of stress or strain fields
with coefficients to be determined from experiments or sub-scale numerical models.
Taking advantage of ANN, a failure criterion can be directly constructed using ap-
propriate inputs and outputs, thereby avoiding the possible inaccuracies associated

with postulated polynomial expressions.

1.3 Present Work and Outline

As reviewed in the above section, the traditional multiscale modeling approaches
are mostly developed for laminated structures made of UD composites using CLPT,
which may not work for the textile composites due to the interlaced yarns and ape-
riodic boundary conditions (aPBCs) in the thin and slender structures. In addition,

the advanced approaches such as 3D RVE analysis using FEA are too expensive as a
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dense mesh is often needed to capture the yarn path and cross-section shapes. For the
modeling of thermoelastic and viscoelastic behaviors, in addition to the accuracy and
efficiency issues, the current approaches also have limitations in capturing complex
temperature loads or defining non-isotropic viscoelastic properties in commercial FEA
software. Furthermore, most approaches in failure initiation analysis cannot capture
the stress gradient along the thickness direction of thin structures or the transverse
directions of slender structures. Also, the yarn failure criteria used in the initial fail-
ure analysis are questionable, while the scale coupled approach, although avoids using
yarn failure criteria, is very computationally expensive.

To solve the above issues in the current multiscale modeling approaches of textile
composites, this dissertation develops a novel multiscale modeling approach based on
a powerful theory called mechanics of structure genome (MSG) [64] and advanced ma-
chine learning models. The multiscale models (Figure 1.4) in this dissertation starts
from the microscale which contains the fiber and matrix. The effective properties
of yarns are computed from the microscale analysis and then assigned to mesoscale
model with different weave patterns. Finally, the effective structural properties such
as 3D effective material properties, plate stiffness matrix or beam stiffness matrix can

be computed based on effective properties of yarns and matrix with different BCs.
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Figure 1.4. MSG-based multiscale models for textile composites
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In Chapter 2, a MSG-based two-step homogenization approach is proposed to per-
form multiscale modeling of textile composites based on the properties of constituents
at the microscale and different weave patterns at the mesoscale. MSG is enabled to
capture pointwise anisotropy due to woven mesostructures. The finite thickness ef-
fects and inter-ply shift effects of textile composites are also accurately predicted by
enabling MSG to treat aperiodic conditions in the thickness direction. This approach
is extended to the structural analysis of thin and slender textile composite struc-
tures. Both the structural level response and local stress fields are predicted, which
are compared with those predicted by DNS to compare accuracy and computational
efficiency. The developed multiscale modeling approach is integrated into commercial
FEM software MSC.Patran/Nastran as a multiscale modeling module. The consti-
tutive information obtained from the MSG models can be directly converted to the
information needed for defining the normal structural elements in MSC.Nastran. Fx-
amples are given to demonstrate the application of this multiscale modeling module
in analyzing textile composite structures.

In Chapter 3, the MSG theory is extended to provide a novel two-step homogeniza-
tion approach to predicting the viscoelastic behaviors of textile composites. The first
homogenization step (micro-homogenization) deals with determining the viscoelastic
properties of yarns from fibers (assumed to be linear elastic) and matrix (assumed
to be linear viscoelastic) using the MSG solid model. In the second homogeniza-
tion step (macro-homogenization), the viscoelastic behaviors of textile composites are
computed from the homogenized yarns and matrix properties using the MSG plate
model. RVE homogenization using FEA at microscale is conducted to verify the accu-
racy of MSG micro-homogenization. The viscoelastic behaviors of textile composites
at macroscale using the MSG plate model are compared with experimental data.

In Chapter 4, MSG is extended to provide a unified approach to predicting the
thermoelastic behaviors of composite structures. The variational statement of the
MSG models has been modified to capture pointwise temperature distribution in

composite structures. The effective CTEs are predicted using the MSG solid model
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whose accuracy is validated using the 3D FEA. Thermal induced stress resultants
are derived based on the extended MSG plate and beam models, which are used
to describe the thermoelastic behaviors of thin or slender structures. The woven
composite structures subjected to distributed temperature loads are analyzed using
the proposed method. The results, including both the structural responses and local
3D stress fields, are predicted and compared with the ones from DNS using 3D FEA.

In Chapter 5, MSG-based multiscale modeling is extended for initial failure analy-
sis of textile composite structures. A meso-micro scale coupled approach is proposed
to predict initial failure strength constants of solid- and plate-like textile composite
structures. The strength constants of the mesoscale model are predicted by directly
connecting the stress field of each material point in the yarns to a microscale failure
analysis. The failure criteria are used for fiber and matrix at the microscale so that
no failure criterion is required for yarns at the mesoscale. Moreover, the strength con-
stants predicted based on the MSG plate model are expressed in terms of plate stress
resultants (i.e. plate forces and moments), which can capture the stress gradient in
thin composite structures. The accuracy and efficiency of the proposed approach is
validated using the corresponding 3D RVE analysis.

In Chapter 6, a new failure criterion for yarn is developed based on a microme-
chanical model using the MSG solid model and a deep learning neural network model.
The proposed failure criterion can be applied to yarns in mesoscale textile compos-
ites modeling while capturing the failure initiation at the fiber and matrix level. A
plain weave fiber reinforced composite material example is used to compute the ini-
tial failure strength constants of a woven lamina based on the proposed yarn failure
criterion. The failure envelope analysis of the example is also carried out using the
MSG solid model to further demonstrate the accuracy and efficiency of the new yarn
failure criterion under combined loading conditions.

Finally, Chapter 7 summarizes this dissertation.
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2. MULTISCALE ELASTIC ANALYSIS OF TEXTILE
COMPOSITES

2.1 Mechanics of Structure Genome (MSG)

Mechanics of structural genome (MSG) is the key concept in our modeling ap-
proach in this dissertation, so the definition of MSG is introduced first. MSG was
developed by Prof. Wenbin Yu in 2016 [64]. Starting from the original model which
could be formulated using the 3D continuum mechanics, the structure gene (SG)
is first identified, which is defined as the smallest mathematical block of the struc-
ture. The original problem is decoupled into a constitutive modeling over the SG and
a corresponding macroscopic structural analysis. The constitutive modeling based
on MSG models will not only compute the effective constitutive information for the
macroscopic structural analysis but also performs dehomogenization to compute the
local stress/strain/displacement fields. The effective constitutive information can be
used to carry out structural analysis using conventional finite element software pack-
ages. Copyright permissions have been obtained to reuse the published materials

from [10,11,13,14] in this chapter.

2.1.1 Kinematics of the MSG Models

Based on the MSG theory, the original 3D linear elasticity model is formulated
in terms of 3D displacements (u;), strains (g;;), stresses (oy;), and 3D Hooke’s law.
Then, macro-coordinates z; and micro-coordinates y; are introduced. The macro-
coordinates x; are used to describe the original structure, and micro-coordinates y; =
x; /e are used to describe the SG. The ¢ is a small parameter because the microscopic

size of the SG is much smaller than the macroscopic size of the structure. In multiscale
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modeling, a field function of the original heterogeneous structure can be commonly
expressed in terms of the macro-coordinates x; which remain in the macroscopic
structural model and the micro-coordinates y;. The partial derivative of a function

f(xk,y;) can be expressed as:

8:13'i axl y;=const c 8:%

The 3D displacements of the MSG solid, plate and beam models are defined as
the following [64]:
MSG solid model:

1
|:L‘k:const = f,i + gf\z (21)

wi(21, T2, T3, Y1, Y2, Y3) = Ui(21, X2, 23) + eXi (21, T2, T3, Y1, Y2, Y3) (2.2)
MSG plate model:

Uy (21, T2, Y1, Y2, Y3) = U (@1, 2) — €ysts1 (21, T2) + €x1(21, T2, Y1, Y2, Y3)
s (21, T2, Y1, Y2, Y3) = U (21, T2) — eyslso(T1, T2) + exa(T1, T2, Y1, Y2, Y3) (2.3)
us(x1, Ta, Y1, Yo, Y3) = Us(x1, 22) + exs(T1, T2, Y1, Y2, Y3)

MSG beam model:

u1 (21, Y1, Yo, y3) = U1(T1) — €Yol (1) — eystiz(w1) + ex1(T1, Y1, Yo, Y3)
U (1, Y1, Yo, Y3) = Ua(1) — €y3Pr(w1) + exa(T1, Y1, Y2, ¥3) (2.4)
uz (1, Y1, Y2, y3) = Us(w1) + ey2P1(21) + exa(@1, Y1, Y2, Y3)
where u; and u; are the displacements of the homogenized structure and the original
heterogeneous structure respectively. ®; is the beam sectional rotation. xi, x2, and

X3 are the unknown fluctuating functions.

Next, we define the beam and plate strain measures. Beam strain measures:

€1 ="U11; k1 = Pi1; Ko = —Uz11; K3 = U1 (2.5)

where € is the extensional strain, x; is the twist rate, ko and k3 are the beam bending

curvatures about the x5 and x5 axes respectively.
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Plate strain measures:

1
6a6(£17$2) - _(ﬂa,ﬂ +ﬂ6,a); /iaB(xla l’g) - _aS,aﬁ (26)
2

where €,3 denote the in-plane strains, k.3 denote the curvature strains.

The infinitesimal strain field can be defined as:

Ei]’

Some constraints are needed for the fluctuating functions to satisfy several basic

relations between original model and homogenized model, such as:

;= (ug); &5 = (€ij) (2.8)

where the angle bracket “(-)” denotes the integration over the SG. Based on Eq. (2.7),

the constraints for the fluctuating functions are:
{(xi) =0 (2.9)

{xilj) =0 (2.10)
For the MSG solid model, the Egs. (2.9) and (2.10) must be satisfied. For the
MSG plate and beam models, the Eq. (2.9) must be satisfied. For MSG beam model,

additional constrains need to be applied as [65]:

(X312 — X2p3) = 0 (2.11)

Eq. (2.9) indicates that the averaged displacements of the original structure and
homogenized structure are the same based on the first equation in Eq. (2.8). Eq.
(2.10) means that the averaged strains of the original structure and homogenized
structure are the same based on the second equation in Eq. (2.8). Eq. (2.11) defines
the twist angle of the macroscopic beam model in terms of the original position vector
as pointed out in [65]. Note that we can also add additional constraints as needed.
If the SG has periodicity along y; direction, the equality of x; can be introduced on

the corresponding periodic boundary in ¥; direction as:

Xi = Xi (2.12)
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The asymptotically smaller terms can be dropped based on variational asymptotic
method (VAM) [66]. Then, the 3D strain field of MSG solid, plate and beam models

can be written in a unified expression:
=T+ Ty (2.13)

where I' = [['1; Dy T'gz3 2093 203 2F12]T is the strain field of the origi-
nal structure, x = [x1 X2 Xg]T is the fluctuating function, and € is the gen-
eralized strain measures for the macroscopic structural model. For instance, the
strain measures are € = [e; K; Ko li3]T if the macroscopic structural model is
a beam model. The strain measures are € = [e11 €30 2€12 K11 Koo 2512]T if
the macroscopic structural model is a plate/shell model. The strain measures are
€ = [E11 Ego E&33 283 2813 28—12]T if the macroscopic structural model is a 3D
Cauchy continuum model, where &;; denotes the strain field of 3D homogenized body.
I'. is an operator matrix depending on the macroscopic structural model. Ty, is an
operator matrix depending on the dimensionality of the SG. The operator matrices
can be derived based on the 3D displacements of MSG solid, plate and beam models
given in Eqgs. (2.2)-(2.4) and the infinitesimal strain field in Eq. (2.7). Note the

asymptotically smaller terms have been dropped [67]. The explicit expressions for

these operators can be found in Appendix A.

2.1.2 Variational Statement and Finite Element Implementation

The linear constitutive equation can be expressed as:
0ij = Cijriem (2-14)

where Cjj is the elasticity tensor. Using the strain measures defined in Eq. (2.13),

the strain energy density can be expressed as [68]:
1
U=_—(T'cr 2.15
2w < > ( )

where w denotes the volume of the domain spanned by y;. MSG minimizes the energy

loss of the original model and homogenized model. Since the energy of the homog-
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enized model is independent of the fluctuating functions. The problem is equivalent
to minimize Eq. (2.15) with respect to the fluctuating functions. The variational

statement is:
1
§— (I"CT) =0 2.16
2w < > ( )
Plugging Eq. (2.13) into Eq. (2.16), the following equation can be obtained

1 o N
b5 <(th + .87 C (Thy + ree)> ~0 (2.17)

In general, a numerical technique such as the finite element method is used to
solve the variational statement in Eq. (2.17). Note that the usual finite element
method uses the shape functions to approximate the displacements while MSG uses
the shape functions to approximate the fluctuating functions. To this end, the fluc-

tuating functions y over SG can be expressed as:

X(zr, y5) = S(y;)V (k) (2.18)

where S are the standard shape functions depending on the type of elements. V is
what we need to solve for as the nodal values. Plugging Eq. (2.18) into Eq. (2.17),

we obtain the following discretized version of the variational statement:

5% (VIEV + 2V Dyé+ & D) =0 (2.19)
where
E ={((T48)"C(TS)), Dye={(TsS)"CT.), De = (TTCT.) (2.20)

Performing the variation in Eq. (2.19) subjected to the constraints in Eqs. (2.9)-
(2.11) based on different MSG models as well as other constrains (e.g. x; = x; if
there is a periodic boundary condition in y; direction) if needed, we can obtain the

following linear system:

EV = —Dy.e (2.21)

The solution V' can be symbolically expressed as:

V = Ve (2.22)
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where V) = —E~'Dy,.

Based on Eq. (2.22), the strain energy density can be rewritten as:
1 g~

where
C = é(VOTDhE + D..) (2.24)
Eq. (2.24) gives effective elastic properties of the macroscopic structural model.
For the Euler-Bernoulli beam model, C' could be a fully populated 4 x 4 stiffness
matrix. For the Kirchhoff-Love plate/shell model and Cauchy continuum model, C
could be a fully populated 6 x 6 stiffness matrix. The above constitutive information

can be used to perform beam, plate or solid structural analysis. If the MSG plate

model is used, the corresponding constitutive relation can be written as:

( ) B 9 ¢ \
Ny Ay A A Bin B2 Big €11
Noo Ay A Axs Bia Bay B €22
N A A A B B B 2¢
12 _ 16 26 66 16 26 66 12 (2‘25)
My Biy Bia Bis D Dia Dis K11
My Biy By By Dis Diyy Doy K22
L M, ) _Bl6 Bys Bgs Dig Do D66_ L 2K12 J

where C is expressed in terms of the ABD matrix. Similarly, if the MSG beam model

is used, the corresponding constitutive relation can be written as:

( A B n ( )
Fy Cfl Cf2 C{):') Cﬁ €1
M ct, ct, Cb, C? K
1 _ 12 Lagg Loz Loy 1 (2.26)
M, Cf:a 033 C§3 C§4 K2
| Ms | _Cﬁ C3 C3 041174_ [ F3

where C' is expressed in terms of a 4 x 4 stiffness matrix. After the structural analysis,
the global structure responses € can be used to recover the local stress and strain field.

The fluctuating function can be obtained as:

X = SVpe (2.27)
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Plug Eq. (2.27) into Eq. (2.13), the local strain field can be obtained as:
I'=(TSVo+T)e (2.28)

Based on the 3D constitutive relations in Eq. (2.14) for each constituent material,

the local stress field can be recovered as:

o=CT (2.29)

2.1.3 Material Coordinate System

For textile composites, material orientation varies along yarn path as shown in
Figure 2.1. Since yarns are often modeled as orthotropic materials, the local material
orientation must be captured. Due to the complexity of the microstructure in tex-
tile composites, a general purpose yet accurate description of material orientation is
needed. Since MSG uses a finite element mesh to discretize the analysis domain, it

can be extended to represent material orientation using element coordinates.

Figure 2.1. Material orientation varies along yarn path

MSG uses three points a, b, ¢ to define the material coordinate system. Let’s
define z; as the problem coordinate system and z; as the material coordinate system
for each element. A line from point ¢ to point a denotes the first direction and the
line from point ¢ to point b is in the z}-x5 plane as shown in Figure 2.2. Speaking
in the language of vectors, the material coordinate system is defined by three points
with position vectors in the original coordinate system by a, b, c. a — ¢ denotes
a vector along the direction of e}, b — ¢ is a vector in the z}-z, plane. With this
information, one can compute the direction cosine matrix relating x; to z, according

to the following steps:
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e Obtain e} through normalization of a — ¢:

, a—c
€

(2.30)

“la—¢]
e Obtain e} through normalization of the cross product of €} and b — ¢:
el x (b—c)

=" = 2.31
%= e x (b—o) (2:31)

e Obtain e}, through the cross product of e} and e:

e, =e; X € (2.32)

Figure 2.2. Material coordinate system defined by three points

The direction cosine matrix can be obtained by 3;; = e; - €}, then the transforma-

tion matrix R, is

I B B3 28120513 2811513 2511 512
33 B3, B35 2322323 2321323 2321 822
35 B3, B3 2332333 2331333 2331332

Bo1831 Baafz2 Basfsz Basfsa + Baafsz Basfs1 + Ba1fss Bozfsi + B21Ps2
BriBsi Bizfs2 Bisfaz BisBse + Bi2Bs3 Liafs1 + Biifss BiaBa1 + Bi1bs2

i Br1far Br2foz Bi3Baz Bi3fa + Bi2fas Liafar + Lfrifas Przfr + Piifez |
(2.33)
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The material properties in the material coordinate system can be transformed to

the problem coordinate system as

C = R,C'RE (2.34)

2.1.4 Advantages of using MSG for Modeling Textile Composites

MSG offers two main advantages over the contemporary analytical approaches.
First, local material orientation varies along with the yarn path, which usually needs
to be prescribed using some functions in most analytical approaches. Since MSG
discretizes the analysis domain using finite elements, the local material orientation is
easily described using element local coordinates. Second, it is difficult to use just one
analytical approach to solve all kinds of textile composites (e.g. 2D woven, non-crimp
fabric and weft knit fabric). Usually, analytical models are formulated for a specific
weave style and geometry, then different assumptions must be made for different
textile composites. However, MSG provides a unified approach to all kinds of textile
composites, because a general microstructure can be accurately described using finite
element meshes.

The above two issues may also be solved by the RVE analysis using 3D FEA,
but MSG also has some advantages over RVE analysis. First, applying the right
boundary conditions is crucial for RVE analysis and it is not always straightforward.
On the contrary, one can directly use MSG to compute effective properties without
applying boundary conditions by the user. Second, RVE analysis usually requires the
periodicity in three directions (i.e. x-, y- and z-directions). However, for very thin
textile composites the periodicity requirement is not satisfied in the thickness direc-
tion. In this case, applying the right boundary conditions to get the complete set of
3D properties is not trivial in RVE analysis. However, MSG can easily handle aPBCs
in any directions for textile composites, because the theory does not require the regu-
lar boundary conditions in terms of traction or displacements as in the RVE analysis.

If the SG is indeed periodic, then MSG can also solve the problem by enforcing the
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periodicity of the fluctuating functions. Moreover, MSG unifies the micromechanics
and structural mechanics so that the structural properties can be directly computed
from the micro/mesostructures. In addition to the effective material properties, the
structural properties also include beam and plate stiffness matrix which can be used
to analyze slender and thin composite structures. The SG of textile composites es-
pecially for 3D woven composites does no follow the commonly used scale separation
assumptions and therefore is better captured by beam or plate stiffness matrix for a
structural analysis. Third, computational efficiency is another issue for RVE analysis.
RVE analysis requires solving six static problems to obtain the complete set of 3D
properties because the coefficient matrix of the linear system is affected by the cou-
pled equation constraints used to apply the PBCs. While MSG can be implemented
using the finite element method so that the linear system will be factorized once.
Theoretically speaking, MSG could be five to six times more efficient than RVE anal-
ysis. In reality, since MSG computes effective properties directly without computing
the stress first then average the stress as those been done in RVE analysis. MSG can
achieve the same accuracy as RVE analysis with much better efficiency. In addition,
MSG models only require to solve the system of equations once for recovering local
fields under different loading conditions while the RVE analysis needs to solve the
system for every different loading conditions. This advantage will greatly accelerate
the failure analysis such as constructing the failure envelope, which will be detailed
discussed later in this dissertation. It is noted that the real time taken by a computer
code depends not only on the theory behind the code but also many other factors

and it is not easy to compare the efficiency of two computer codes.

2.2 Two-step Homogenization for Textile Composites

A two-step homogenization approach is used to obtain the effective properties of
textile composites. To use MSG, we need to identify SG, which is similar as other

micromechanics approaches to identifying RVE. However, SG is different from RVE
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because SG is defined as the smallest mathematical building block of the structure.
For example, in order to get 3D material properties, RVE is required to be a 3D
domain but the SG can be one-dimensional (1D), 2D or 3D domains. As will be shown
later, the yarn properties can be obtained by a 2D SG instead of a 3D RVE which can
reduce the computational time without loss of accuracy. For textile composites, the
SG is relatively easy to identify since most textile composites are made by repeating
a fixed pattern. At microscale level, we compute the effective properties of the yarn
which is composed of the fibers and matrix using a 2D SG. Then we use the effective
properties of the yarns and matrix to compute the effective properties of the textile
composite. As mentioned in the last section, another advantage of MSG is that it
can easily relieve the periodicity in any directions but still obtain the complete set of
3D elastic properties. For the thin structures made by textile composites, it is not
realistic to assume the periodicity in the thickness direction. Such problems can be
easily solved in a systematic way using MSG. The general procedure for the two-step

homogenization approach using MSG is shown in Figure 2.3.

2.2.1 Geometry Modeling of Textile Composites

TexGen is an open source software for the geometric modeling of textile compos-
ites that was developed at the University of Nottingham [69]. A yarn path in TexGen
is described by a number of discrete positions. Spline interpolation is used to inter-
polate these points to get the accurate yarn path [70]. An analytical form of the area
of a power ellipse has been used to create the cross section of yarns [71]. TexGen can
generate ABAQUS mesh files and assign local orientation for each element, which is
very important for accurate modeling of textile composites. We have implemented the
extended MSG into SwiftComp™, a general-purpose multiscale constitutive model-
ing code. Exploiting the geometric capabilities of TexGen and constitutive modeling
capabilities of SwiftComp™, TexGen4SC provides a fast and easy way to compute

the effective properties of textile composites. A screenshot of this new software Tex-
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Figure 2.3. Two-step homogenization of textile composites

Gen4SC is shown in Figure 2.4. All the numerical examples used in this section were
generated and analyzed by TexGen4SC. A short introduction of TexGen4SC is given
in Appendix B.

2.2.2 Micro-homogenization for Yarns

Each yarn, embedded in woven composites, consists of many fibers and the matrix
material. In these yarns, fibers are densely packed and bonded together by the matrix
material. They are commonly modeled as unidirectional composites. The complete
set of 3D elastic properties of yarns can be determined by MSG using a 2D SG because
the heterogeneity is only in two directions. It is emphasized here that although the
analysis domain is 2D, the strain energy of this 2D SG is expressed in terms of the 3D

strain field which enables us to compute a 6 x 6 stiffness matrix as the complete set of
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3D properties. As shown in the following example, MSG can compute 3D properties
using a 2D SG with the same accuracy as that of 3D RVE analysis in a more efficient
manner.

To evaluate the MSG-based yarn model, a data set for carbon fiber (T-300) and
epoxy resin-3601 is taken from [72]. These properties are presented in Table 2.1. The
fiber volume ratio in the yarn is considered 80%. The hexagonal shaped 2D SG which
contains 824 four-node quadrilateral elements is shown in Figure 2.5. The effective
properties of the yarn are computed based on this model using SwiftComp™.

To compare the accuracy of elastic constants obtained using MSG, 3D FEA anal-
ysis of a yarn RVE is conducted in the commercial code Abaqus 6.13 as shown in
Figure 2.5, which has the same fiber volume ratio as of the 2D SG. This yarn RVE is
extruded based on 2D SG with just one element in the fiber direction, and discretized
to generate periodic mesh using 8-noded hexahedral elements (C3D8). After a con-

vergence study, the finite element mesh consists of 824 C3D8 elements. The elastic
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Figure 2.5. 2D SG and 3D RVE for the yarn model

Table 2.1. Mechanical properties of the constituents for epoxy
3601 /carbon T-300 plain woven composite

Elastic constants | Matrix | Fiber

E, (GPa) 4.51 | 208.8
E>)=FE3 (GPa) 4.51 43

G1=Gy (GPa) | 1.7 | 7.42

Vig=V13 0.38 0.2
Vo3 0.38 | 0.499

properties of the yarn RVE are determined by applying PBCs using six independent
steps.

Table 4.3 compares the elastic constants predicted by MSG and 3D FEA, and
“Diff1” in the table is defined as

IIMSG (PBCs) results - 3D FEA results||
3D FEA results

Diffl =

x 100% (2.35)

An excellent agreement is seen in all nine constants. The percentage difference is

less than one percent in all the cases. However, MSG is 10 times more efficient than
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3D FEA for this case which is expected as MSG uses only one 2D analysis while RVE

analysis requires six 3D analyses.

Table 2.2. Comparison between MSG and 3D FEA results

2D SG | 3D FEA | Diffl (%)
Number of elements 824 824
Computational time (s) | 0.208 3

E, (GPa) 167.702 | 167.702 | 0.000%

E, (GPa) 22.762 | 22.702 | 0.264%

Es (GPa) 22762 | 22.702 | 0.264%

G2 (GPa) 5101 | 5.104 | 0.059%

Gz (GPa) 5.101 5104 | 0.059%

Gz (GPa) 5.136 5.129 0.136%

Vi 0.230 | 0231 | 0.217%

Vi3 0.230 | 0231 | 0.217%

Va3 0.490 | 0.490 | 0.000%

2.2.3 Macro-homogenization for Textile Composites

Once the properties of yarns are obtained from micro-homogenization analysis,
we are ready to perform a marco-homogenization analysis to compute the properties
of the textile composites. For macro-homogenization of the textile composites, 3D
SG models with periodicity in all three directions, denoted as MSG (PBCs), and
only in the in-plane directions, denoted as MSG (aPBCs), are created and analyzed.
The effective properties of several common textile composites are predicted in the
following sections. Since SG is defined as the smallest mathematical building block
of a structure, the SG model should be chosen in a way that the entire structure
can be reconstructed by repeating this SG along different directions. For example,
if SG has periodicity in all three directions, then the entire textile composites can

be reconstructed by repeating this SG in all three directions. If we consider aPBCs
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along the thickness direction, then the original textile composites can be obtained by
repeating SG in x and y direction. Textile composites are often made by repeating
a fixed pattern, which can be easily identified as the corresponding SG. Figures 2.6
- 2.8 show the typical 2D woven fabric composites and the corresponding SG, and
Figures 2.9 -2.10 show the SG for different 3D woven fabric composites. In order to
demonstrate the accuracy and efficiency of MSG, the same models with identical mesh
size and element type are used for 3D RVE analysis by Abaqus 6.13. The difference
of the results using MSG and 3D RVE with PBCs in three directions are compared
using “Diff1” defined as in Eq. (2.35). The difference between MSG (aPBCs) and 3D
RVE analysis with PBCs is compared using “Diff2” defined as

IMSG (aPBCs) results - 3D FEA results||

Diff2 =
! 3D FEA results

x 100% (2.36)

Plain woven composites

The typical plain weave and the corresponding SG is shown in Figure 2.6. The
SG contains 2 warp yarns and 2 weft yarns. The yarn spacing is 1 unit and yarn
width is 0.8 unit. The fabric thickness is 0.2 unit and the yarn has an elliptical cross
section. The 3D model contains 16,000 C3D8 elements generated using TexGen4SC.
Table 2.3 presents the results using MSG with aPBCs in the thickness direction and
with PBCs in all three directions. The 3D RVE analysis results are compared with
MSG results.

As observed from Table 2.3, all the nine engineering constants computed using
MSG (PBCs) agree well with 3D FEA results, and all the differences are within 1%.
However, MSG (PBCs) is about 15 times faster than 3D FEA. The results obtained
using MSG (aPBCs) are smaller than the corresponding results using MSG (PBCs)
except G2 and v15. Gg is the same as 3D FEA result and very close to MSG (PBCs)
result, and vy5 is almost twice of those predicted using MSG (PBCs) and 3D FEA.

Removing the periodic boundary conditions along the thickness direction significantly
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Plain weave

Figure 2.6. plain weave and its SG

Table 2.3. MSG and 3D FEA results for plain woven composites

MSG (aPBCs) | MSG (PBCs) | 3D FEA | Diffl (%) | Diff2 (%)
Computational time (s) 16.038 10.782 160
E,=E, (GPa) 43.041 50.261 49.952 0.619% 13.835%
E; (GPa) 13.350 14.983 14.905 0.523% | 10.433%
G1y (GPa) 3.414 3.416 3414 | 0.059% | 0.000%
G13=Gq3 (GPa) 2.913 3.140 3.133 0.223% 7.022%
Vig 0.257 0.138 0.137 0.730% | 87.591%
V3= la3 0.386 0.424 0.424 0.000% 8.962%

affects all of the elastic constants except in-plane shear modulus. The computational

time of MSG (aPBCs) is about 10 times faster than 3D FEA.

Twill woven composites

The 2 x 2 twill weave and the corresponding SG is shown in Figure 2.7. The
SG contains 4 warp yarns and 4 weft yarns. The yarn spacing is 1 unit and yarn
width is 0.8 unit. The fabric thickness is 0.4 unit and the yarns have elliptical cross

sections. Similarly, the model is generated by TexGen4SC and the effective properties
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are computed by invoking SwiftComp™. The model contains 25,000 C3D8 elements
and the results using MSG with both aPBCs and PBCs and 3D RVE analysis are

given in Table 2.4.

2X2 twill

Figure 2.7. 2 x 2 twill weave and its SG

Table 2.4. MSG and 3D FEA results for 2 x 2 twill composites

MSG (aPBCs) | MSG (PBCs) | 3D FEA | Diffl (%) | Diff2 (%)
Computational time (s) 62.563 19.938 217
E\=E, (GPa) 39.815 48.569 48.287 0.584% 17.545%
E; (GPa) 13.990 15.572 15.449 0.792% 9.444%
Grs (GPa) 3.415 3.445 3441 | 0.116% | 0.756%
G13=Ga3 (GPa) 3.266 3.513 3.500 0.371% 6.686%
V12 0.297 0.154 0.153 0.654% 94.118%
V3= Va3 0.375 0.428 0.429 0.233% 12.587%

Based on the results, all the nine engineering constants computed using MSG
(PBCs) agree well with 3D FEA results, and all the differences are within 1%. By
comparing the computational time, MSG (PBCs) approach is about 11 times faster
than 3D FEA. The results obtained using MSG (aPBCs) are smaller than the cor-
responding results using MSG (PBCs) except G5 and vq5. Gya is slightly smaller
than 3D FEA and MSG (PBCs) result, and vy, almost doubles those predictions us-
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ing MSG (PBCs) and 3D FEA. Again, we can conclude that removing the periodic
boundary conditions along the thickness direction significantly affects all of the elastic
constants except in-plane shear modulus. The computational time of MSG (aPBCs)

is about 3.5 times faster than 3D FEA.

5-harness satin woven composites

The 5-harness satin weave and the corresponding SG is shown in Figure 2.8. The
SG contains 5 warp yarns and 5 weft yarns. The yarn spacing is 1 unit and yarn width
is 0.8 unit. The fabric thickness is 0.4 unit and the ellipse cross section is used for
the yarn. The model contains 36,000 C3D8 elements and the corresponding results

are given in Table 2.5.

5 harness satin

Figure 2.8. 5-harness satin weave and its SG

As observed from the results listed in Table 2.5, all the nine engineering constants
computed using MSG (PBCs) agree well with 3D FEA results, and all the differences
are within 1%. By comparing the computational time, MSG (PBCs) approach is
about 17 times faster than 3D FEA. The results obtained using MSG (aPBCs) are
smaller than the corresponding results using MSG (PBCs) except Gy2 and all the
Poisson’s ratios. MSG (aPBCs) predicts Gio slightly smaller than the 3D FEA and
MSG (PBCs) result, and v much larger than the result using MSG (PBCs) and
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Table 2.5. MSG and 3D FEA results for 5-harness satin composites

MSG (aPBCs) | MSG (PBCs) | 3D FEA | Diff1 (%) | Diff2 (%)
Computational time (s) 74.095 25.048 434
E,=F5 (GPa) 46.785 51.579 51.340 0.465% 8.872%
E; (GPa) 14.264 15.941 15.806 0.854% 9.756%
Gz (GPa) 3.493 3.528 3.525 0.085% | 0.908%
Gh3= Ga3 (GPa) 3.281 3.503 3.492 0.315% | 6.042%
V12 0.164 0.116 0.116 | 0.000% | 41.379%
V13= Va3 0.438 0.438 0.439 0.228% | 0.228%

3D FEA. We can conclude that removing the periodic boundary conditions along
the thickness direction significantly affects all of the elastic constants except in-plane
shear modulus and two out-of-plane Poisson’s ratios (v43 and v43). The computational

time of MSG (aPBCs) is about 6 times faster than 3D FEA.

3D orthogonal woven composites

The previous examples can be considered as 2D or 2.5D model which only contains
one layer. In addition to that, 3D woven composites are widely used in recent years
due to the improved properties in the transverse direction and high production speed
which reduces the manufacturing cost and cycle times. A 3D model of orthogonal
woven composites is built as shown in Figure 2.9. The model contains 3 layers with
2 weft yarns in each layer. The weft yarn spacing is 1 unit, yarn width is 0.8 unit
and yarn height is 0.1 unit. There are 2 layers with 2 warp yarns in each layer and
1 binder yarn. The warp yarn spacing is 1 unit, yarn width is 0.8 unit and yarn
height is 0.1 unit. The cross sections of all the yarns in this model are elliptical cross
sections. The model contains 50,000 C3D8 elements and the corresponding results
are given in Table 2.6.

As observed from Table 2.6, all the nine engineering constants computed using

MSG PBCs agree well with 3D FEA results and all the differences are within 1%.
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Figure 2.9. SG for 3D orthogonal woven composites

Table 2.6. MSG and 3D FEA results for 3D orthogonal woven composites

MSG (aPBCs) | MSG (PBCs) | 3D FEA | Diffl (%) | Diff2 (%)
Computational Time (s) 165.253 172.846 783

E; (GPa) 32.757 33.010 32.974 0.109% 0.658%
E, (GPa) 51.188 51.229 51.211 0.035% 0.045%
E3 (GPa) 10.907 11.170 11.126 0.395% 1.968%
G12 (GPa) 2.879 2.881 2.880 | 0.035% | 0.035%
G13 (GPa) 2.433 2.443 2.433 0.411% 0.000%
Go3 (GPa) 2.419 2.451 2.449 0.082% 1.225%
Vig 0.0608 0.0618 0.0617 0.162% 1.459%
V13 0.507 0.496 0.497 0.201% 2.012%
Va3 0.461 0.454 0.456 0.439% 1.096%

By comparing the computational time, MSG (PBCs) approach is about 4.5 times
faster than 3D FEA. The results obtained using MSG (aPBCs) are very close to the
corresponding results using MSG (PBCs) and the 3D FEA results. Some properties
using MSG (aPBCs) such as E;, Ey, Gi2 and G153 are almost the same as the results
using MSG (PBCs) and 3D FEA. The out of plane properties (Es, Gas, V12, V13, V23)
have some slight differences with the largest difference around 2%. The computational

time of MSG (aPBCs) is about 4.7 times faster than 3D FEA.



37

Woven laminates with inter-ply shifts

Inter-ply shifting in textile laminates is a common phenomenon during composites
manufacturing. This inter-ply shifting affects the mechanical behavior of laminates.
Due to the limitations of experimental work such as manufacturing complexity and
small unit cell size, multi-scale modeling is usually used to investigate this effect.
Four-ply thick woven laminates of balanced 2/2 twill woven fabric are generated and
analyzed using TexGen4SC. The four inter-ply shift configurations [73], named as
Periodic, Symmetric, Step, and Stairs were modeled for homogenization, which are

presented in Figure 2.10.
1. Periodic: no shift in ply;

2. Symmetric: alternate plies are shifted to two units distance in the warp direc-

tion;
3. Step: alternate plies are shifted to one unit distance in the warp direction;

4. Stairs: each ply is shifted to one unit in the warp direction.

(i) Periodic SG (if) Symmetric

Figure 2.10. SGs for 3D orthogonal woven composites with different inter-ply shifts
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Each model was meshed using 194,672 C3DS8 elements and the corresponding

Table 2.7. MSG and 3D FEA results for periodic stacking woven composites

results are given in Tables 2.7-2.10.

MSG (aPBCs) | MSG (PBCs) | 3D FEA | Diffl (%) | Diff2 (%)
Computational time (s) 791 1123 2407
E\=FE, (GPa) 52.117 53.153 52.737 0.789% 1.176%
E; (GPa) 14.174 15.502 15.433 0.447% 8.158%
Gz (GPa) 3.412 3.419 3.416 0.088% 0.117%
G13=Gq3 (GPa) 3.121 3.204 3.191 0.407% 2.194%
V12 0.108 0.096 0.096 0.000% | 12.500%
V13=V23 0.446 0.431 0.432 0.231% 3.241%

Table 2.8. MSG and 3D FEA results for symmetric stacking woven composites

MSG (aPBCs) | MSG (PBCs) | 3D FEA | Diffl (%) | Diff2 (%)
Computational time (s) 657 1146 2368
E\=FE, (GPa) 54.649 54.870 54.380 0.901% 0.495%
E; (GPa) 14.099 15.360 15.295 0.425% 7.820%
Gz (GPa) 3.399 3.400 3.396 0.118% 0.088%
G13=Gq3 (GPa) 3.201 3.327 3.312 0.453% 3.351%
V19 0.064 0.065 0.065 0.000% 1.538%
Vi3=V3 0.468 0.445 0.445 0.000% 5.169%

Based on the results listed in these four tables, we can observe that all the nine
engineering constants computed using MSG (PBCs) agree well with 3D FEA results
and all the differences are within 1%. In terms of efficiency, MSG (PBCs) in all the
four examples are about two times faster than 3D FEA. Although these four models
have different architectures, in-plane modulus using MSG (aPBCs) (Ey, Ey and G12)
are almost the same as the results using MSG (PBCs) and 3D FEA. It can also be
observed that the effects to the transverse Young’s modulus E3 remain similar among

these four different architectures. The differences of other properties predicted by
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Table 2.9. MSG and 3D FEA results for step stacking woven composites

MSG (aPBCs) | MSG (PBCs) | 3D FEA | Diff1 (%) | Diff2 (%)
Computational time (s) 1122 1121 2461
E,=F5 (GPa) 53.433 54.196 53.775 0.785% 0.636%
E; (GPa) 14.156 15.460 15.393 | 0.435% | 8.036%
Gz (GPa) 3.407 3.412 3.409 0.088% | 0.059%
G13=G23 (GPa) 3.167 3.267 3.253 0.430% | 2.644%
V12 0.086 0.080 0.080 0.000% 7.500%
V13=Vo3 0.457 0.438 0.439 0.228% | 4.100%

Table 2.10. MSG and 3D FEA results for stairs stacking woven composites

MSG (aPBCs) | MSG (PBCs) | 3D FEA | Diffl (%) | Diff2 (%)
Computational Time (s) 1110 1142 2356
E1=FE, (GPa) 54.699 55.085 54.623 0.846% 0.139%
E; (GPa) 14.168 15.486 15.418 0.441% 8.107%
G2 (GPa) 3.406 3.410 3.407 | 0.088% | 0.029%
G13=Ga3 (GPa) 3.183 3.295 3.279 0.483% | 2.928%
V12 0.065 0.066 0.066 0.000% | 1.515%
V13=V>3 0.467 0.444 0.444 0.000% 5.180%

different methods vary with respect to the inter-ply shifts. The computational time

of MSG (aPBCs) in the four models is 2 to 3 times faster than 3D FEA.

2.2.4 Results and Discussions

All the meshes of the woven composite examples studied above are generated
by TexGen4SC, and the voxel mesh is used to avoid distorted elements. However,
the number of elements of a voxel mesh is required to be high to achieve accurate
representation of the textile geometry [74]. This limitation results in considerable
computation resources and time in 3D RVE analysis. However, we can conclude

from the above examples that MSG computational time is much faster than 3D RVE
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analysis with the same mesh size. The percentage difference between MSG (PBCs)
and 3D FEA is less than one percent in all properties in all the examples. In other
words, MSG can provide the results as accurate as 3D RVE analysis using FEA with
greatly improved computational efficiency.

In addition, the homogenized properties with aPBCs considering finite thickness
effect are also computed using MSG. The difference of the results between MSG
(aPBCs) and MSG (PBCs) is more obvious for 2D or 2.5D woven composites than
complex 3D woven composites. For the results of 3D woven composites using MSG
(aPBCs), the in-plane properties of 3D SG with different architectures are almost
the same as the corresponding results using MSG (PBCs) and 3D FEA, but the out-
of-plane properties and Poisson’s ratios have relatively larger difference comparing
with MSG (PBCs) and 3D FEA results. This behavior is easy to understand since
we only relieve the periodicity in the thickness direction which should not have much
effects on the in-plane direction if the analysis domain is relatively thick. If the textile
composites is very thick, then the boundary conditions along the thickness direction
will not noticeably affect the in-plane properties, which explains why plain weave,
2x2 twill and 5 harness satin composites have larger differences between the results
obtained by PBCs and aPBCs. To further illustrate this point, addition numerical
tests are performed from 2-layer to 5-layer plain woven composites with aPBCs. The
results, normalized by 3D FEA results, are shown in Figure 2.11. The in-plane
Young’s moduli F; and F5 are converging to one with the increased layers, which
means F; and Es are converging to the results obtained using 3D FEA using PBCs.
Although Fj is also converging to 3D FEA using PBCs, the difference is still relatively
large and the converging speed is much slower than F; and E5. For the shear moduli
shown in Figure 2.11(b), G2 obtained using MSG (aPBCs) is the same as 3D FEA
results and does not change with the increased layers. Gi3 and Ga3 exhibit a slow
convergence to the 3D FEA results. For the Poisson’s ratios in Figure 2.11(c), v42
has very large difference compared with 3D FEA results when there is only one layer,

then it rapidly converges to 3D FEA results, which implies that 145 is sensitive to the
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boundary effects in the thickness direction. 143 and 1,3 converge to 3D FEA results
when there are two layers. The convergence behavior of engineering constants with

respect to increased layers using MSG (aPBCs) also agrees well with the observations

in the literature [75].
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Figure 2.11. Normalized engineering constants using MSG (aPBCs)
with different layers

The above results and discussions show that MSG (aPBCs) can provide reasonable
results and predict the finite thickness effects and inter-ply shift effects. The out-
of-plane properties and Poisson’s ratio obtained using MSG (aPBCs) show distinct
differences compared with 3D RVE analysis using PBCs. All the effects are accurately
captured using MSG (aPBCs) which are important for design and analysis of thin

structures made of textile composites.
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2.3 Multiscale Structural Analysis

In finite element analysis, there are three types of commonly used elements: solid
elements, shell elements, and beam elements. The 3D effective properties can be di-
rectly input into FEA software to define a solid element. However, shell and beam
elements are also widely used for analyzing thin and slender composite structures.
Therefore, MSG beam and plate models have been applied to enable multiscale mod-
eling of slender and thin textile composite structures analysis. The MSG-based multi-
scale modeling framework is given in Figure 2.12. The original structural analysis has
been decoupled into MSG homogenization, macroscopic structural analysis and MSG
dehomogemization. The decomposition of the original structural analysis can greatly
improve the computational efficiency while maintaining the accuracy. The first step
of MSG-based multiscale modeling is to identify the SG based on the heterogene-
ity of the original structure. Then, the effective elastic constitutive information is
computed based on different MSG models with the homogenization analysis. For the
MSG solid model, the constitutive information is effective material properties defining
solid elements in the structural analysis. For the MSG plate and beam models, the
constitutive information is the plate or beam stiffness matrix defining shell or beam
elements in the structural analysis. For the macroscopic structural analysis, the con-
stitutive information of the MSG plate model can be directly input into Abaqus using
the “General Stiffness Section” for modeling plate structures. The constitutive infor-
mation of the MSG beam model can be used to solve the beam structural responses
analytically [11]. After the structural analysis, the structural responses € based on

different MSG models can be obtained, and then the responses are used to recover

the local fields in the SG.

2.3.1 MSG-based Beam Structural Analysis

The layered plain weave beam structure and the corresponding SG is given in

Figure 2.13. The SG is discretized using 86,400 20-noded brick elements (C3D20).
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Figure 2.12. MSG-based modeling framework for textile composites

The beam structure is subjected to fixed-free BCs and a uniform pressure is applied
at the top surface. A DNS model with all the yarn details has also been created
and analyzed to show the accuracy and efficiency of the proposed approach. This
3D structure is discretized using 864,000 20-noded brick elements. Moreover, the
homogenized properties of the corresponding woven structure using 3D RVE analysis
are computed, and another beam analysis with homogenized properties is carried
out in Abaqus to show the loss of accuracy of using homogenized textile composites
properties along with beam elements.

The beam structural responses are solved analytically based on the MSG beam

model. The reversed form of Eq. (2.26) is

matrix in Eq. (2.26) as C = S~

( €1 \ _5?1 Sty St 554- ( £y \
k1 Sty Sty Shy Sy M, { (2.37)
k2 Sty S S Si M,

[ "3 ) _Slﬂ Sy St 524_ L M;

It is obvious that the C' matrix in the above equation has the relation with the S

For a beam problem, the beam stress resul-
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Xx;=1.575 mm
X, =0.075 mm

0.04 mm
(b) 3D beam SG

X3

Figure 2.13. Plain woven composite structure and its SG: a) 3D plain
woven structure; b) 3D beam SG.

tants can be calculated based on the external loading using the knowledge of under-
graduate strength of materials. For example, the stress resultants for a cantilever
beam subjected to a uniform pressure along negative x3 direction can be obtained as
M, = $qa% —qLxy+ 3qL* with Fy, M; and Ms are zeros. g is the uniform pressure and
L is the length of the beam. Based on MSG beam model, the beam stiffness matrix has
been computed as well as its inversed form in Eq. (2.37). Then, the beam strain mea-
sures can be obtained as {€; k1 Ky K3} = {C13My CosMy CssMy CsyMy}. If
the coupling terms C'3, Coz and C4 are zeros, the strain measures become kg = Cs3 M,
which is just a function of z;. Using the Eq. (2.5) and the boundary conditions such
as u;(0) = 0 and w}(0) = 0 for the cantilever beam, the beam displacements u; can
be computed analytically.

The displacements and the the local stress 017 based on different models are given
in Figures 2.14 and 2.15. It is clear that MSG beam model achieves the same accuracy
as DNS model while the beam analysis with homogenized properties cannot give good
predictions especially for the local stress distribution. In terms of the computing
efficiency, MSG-based beam analysis took approximately 2 hours and 4 minutes with
one CPU for three steps: homogenization, 1D beam analysis and dehomogenization.

However, DNS took 7 hours and 44 minutes with 28 CPUs.
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2.3.2 MSG-based Plate Structural Analysis

A 3D orthogonal composite plate structure and the corresponding SG is given in
Figure 2.16. The SG is discretized using 12,000 20-noded brick elements (C3D20).
The plate structure is subjected to fixed-free BCs and a uniform pressure is applied
at the top surface. A DNS model with all the yarn details has also been created
and analyzed to show the accuracy and efficiency of the proposed approach. This
3D structure is discretized using 5,760,000 20-noded brick elements. Moreover, the
homogenized properties of the corresponding woven structure using 3D RVE analysis
are computed, and another plate analysis with homogenized properties is carried
out in Abaqus to show the loss of accuracy of using homogenized textile composites

properties along with shell elements.

(b) 3D plate SG

0.3 mm

Xy

Figure 2.16. 3D orthogonal composite structure and its SG: a) 3D
Orthogonal structure; b) 3D plate SG

The displacements and the the local stress 017 based on different models are given
in Figures 2.17 and 2.18. It is clear that MSG plate model achieves the same accuracy

as DNS model while the plate analysis with homogenized properties cannot give good
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predictions especially for the local stress distribution. In terms of the computing
efficiency, MSG-based plate analysis took approximately 2 hours and 3 minutes with
one CPU for three steps: homogenization, 2D plate analysis and dehomogenization.

However, DNS took 20 hours and 2 minutes with 80 CPUs.

o
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Figure 2.17. Deflection in 3D orthogonal plate along x; direction

2.3.3 MSG-based Structural Analysis in MSC.Nastran

MSC.Nastran is a widely used FEA software in structural analysis [76], especially
in the aerospace industry. Finite element constitutive modeling modules for analyz-
ing composite structures using shell and beam elements are highly sought-after as
these elements provide better computational efficiency than solid elements and more
accurate results in some cases [11]. The software includes built-in constitutive mod-
eling functions such as PCOMP and PBMSECT that allow simulation of laminated
composite plate and beam structures using CLPT. These models have been proven

to be powerful tools for the analysis of traditional fiber reinforced laminates. In order
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to use these functions for plate and beam modeling, homogenized lamina properties
have to be input by users, which can be obtained directly from experimental testing
or constitutive modeling at the sub-scale. Although obtaining homogenized material
properties from experimental testing remains the standard approach in the industry,
multiscale constitutive modeling can provide a lower cost alternative or complement
for predicting effective material properties in the preliminary design phase. However,
for woven composite material forms, either laminated or non-laminated, effective
properties obtained by conventional numerical or analytical multiscale homogeniza-
tion for the beam and plate elements in MSC.Nastran might cause loss of accuracy.
Moreover, conventional structural elements in the composite structural design are
widely used due to their simplicity. Therefore, there is a need to enhance modeling
capability of conventional elements for complex woven composite structures without
loss of accuracy.

SwiftComp™ has been integrated into MSC.Nastran to serve as a multiscale con-

stitutive modeling module to provide effective material and element properties for

MSC.Nastran shell and beam elements (e.g. CQUAD4, CQUADS8 and CBEAM).
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A graphical user interface (GUI) has been developed for MSC.Nastran to incor-
porate the constitutive modeling and to enable the automation of the information
passing between constitutive modeling and structural analysis (Figure. 2.19). In
order to reduce the modeling efforts for creating complex microstructures of woven
composites, TexGen [69] has been integrated into the GUI to provide rapid textile
composite microstructure generation for constitutive modeling. More details of the

MSC.Patran/Nastran-SwiftComp GUI are given in the Appendix B.

8] yaidation Hashin.db - default_viewport - yams - Group —=]

[ swiftComp |
Homogenization Beam
Dehomogenization Plate
Failure-Input failure constants Solid

Failure-Initial failure

Failure-Failure index/Strength ratio

Failure-Failure envelope

Import scmat

vy v v v v v wv v

Create woven composites
Import SC file

Figure 2.19. MSC.Patran-SwiftComp™ GUI

For isotropic plate and shell elements such as CQUAD4 and CQUADS, only one
set of 2D material properties can be input. The constitutive equation for a 2D solid

can be expressed using Eq. (2.38), which is available in most FEA codes.

o11 G G2 Gis €1
022 = G2 G Gos €22 (2-38)
012 Gis Gaz Gs3 2e12

However, due to the heterogeneity of composite plates, one set of material prop-
erties cannot capture all possible mechanical behaviors. Therefore, A, B and D
matrices are the most widely used constitutive information for modeling compos-

ite plate structures, and they can be directly input into commercial software like



50

Abaqus and Ansys. The A, B and D matrices in the plate model represent the in-
plane behaviors, membrane-bending couplings, and bending behaviors, respectively.
In MSC.Nastran, three sets of 2D material properties are used to define PSHELL

element properties, which can be extracted from A, B and D matrices as follows.

A B 12D
h

3 Gb = —=, Gd = 13 (239)

The linear elastic mechanical behaviors of an isotropic beam can be described
using the following stiffness terms: KA, GJ and EI. E is the Young’s modulus of
the material, A is the area of the cross section, G is the shear modulus, J is the
torsional constant, and I is the area moment of inertia of the cross section. If the
cross section is described using x5 — x3 coordinates, then Iy, and I33 are the moment
of inertia with respect to zo and x3 axes, and I3 is called the product of inertia
with respect to the x5 and z3 axes. In this section, we define A, J and I as beam
sectional properties. The MSC.Nastran PBEAM element properties can directly take

the terms in the beam stiffness matrix as given in Eq. (2.40)

EA 0 0 0

0 GJ 0 0

C; (2.40)
0 0 Elp Ely

0 0 FEly FElss

It is easy to see that the values in Eq. (2.40) contain the information for both material
properties and the sectional properties. The diagonal terms FA, GJ, Elyy and Els3
are the extensional stiffness, the torsional stiffness, and bending stiffness about x,
and x3, respectively. The off-diagonal terms represent the elastic couplings between
different deformation modes [77]. Note Eq. (2.40) also implies the definitions of the
diagonal terms. For example, F'A is defined by assuming a constant state of strain
€1 with all other curvatures equal to zero, then F A is equal to axial force F} divided

by €;. This definition is the same as the axial stiffness definition in [78].
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It is easy to see from Eq. (2.40) that the twisting-extension, twisting-bending and
extension-bending terms cannot be directly input into PBEAM element properties.
However, the extension-bending coupling behaviors can be modeled by taking advan-
tage of the offset function in MSC.Nastran. By default, the beam reference line is
centered at the extension center, but the reference line can be moved to a new posi-
tion by specifying offset values, which can be used to simulate the extension-bending
coupling behaviors. If the offset values are specified as (xa., 23.), a new beam stiff-
ness can be obtained based on the material and sectional properties (see Eq. (2.40))
defined in MSC.Nastran for a CBEAM element with PBEAM properties which can

be expressed as

EA 0 3. EA —Zoc A
0 GJ 0 0

C, = (2.41)

JichA 0 EIQQ + I%CEA E]Qg - ZL’QCL'EchA

_—ZL‘QCEA 0 EIQg - ZL’QciL‘chA EI33 + $chA i

By comparing Eq. (2.41) with the stiffness matrix computed by SwiftComp™, we
can observe that if the stiffness matrix computed by SwiftComp™ does not feature
extension-twist coupling (C?%, = 0) and twisting-bending couplings (C3, = C, = 0),
we can use CBEAM element with PBEAM properties to carry out the corresponding

1D beam analysis with the corresponding inputs extracted as

b b —CY, Cls
EFA = Cll GJ = 022 Toe — ﬂ T3c — ﬂ
b2 b2 (2.42)
Elyp=Cly— 22 EA  Ely=Ct — 2% EA

EIQg = C§4 — .TQC.CE;;CEA

In other words, MSC.Nastran CBEAM element cannot capture extension-twist
coupling and twisting-bending couplings even if such couplings are contained in the

stiffness matrix computed by SwiftComp™.
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Plate stiffness computed based on different BCs of a woven lamina

Laminated plate structures made by 2D woven composites are often modeled using
the PCOMP function in MSC.Nastran. This function internally computes A, B and
D matrices for PSHELL properties. If the lamina input properties are computed with
the RVE approach, instead of being directly measured from experimental testing, loss
of accuracy may come from the BCs chosen for the RVE analysis. A 2 by 2 twill
woven laminated plate example is used to study the effect of RVE BCs on A, B and
D matrices. The yarns and matrix properties are given in Table 2.11. The yarn

width, spacing and thickness are 0.8 mm, 1 mm and 0.1 mm respectively.

Table 2.11. Elastic constants of yarns and matrix.

Parameter Matrix | Yarn

E, (GPa) 4.51 | 126.91
E, = E5 (GPa) 4.51 16.49
G2 = Gy3 (GPa) | 1.70 3.72

Ga3 (GPa) 1.70 3.22
Vg = V13 0.38 0.26
Va3 0.38 | 0.44

A one-step approach and two two-step approaches are used to study the A, B
and D matrices of the woven laminated plate. For the one-step approach, the A, B
and D matrices are directly computed based on the plate SG using the MSG plate
model, which has been shown to have the same accuracy as DNS [11] and serves as
the reference model.

However, a plate SG is not always easy to create due to the complex microstruc-
tures when off-axis plies exist. For that reason, a two-step approach is preferred for
laminated structures with angle plies. In the first step, effective properties of the wo-
ven lamina are computed based on the properties of yarns and matrix. In the second

step, the lamina properties are used to determine the A, B and D matrices based
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on CLPT for the whole laminate. MSC.Nastran PCOMP function serves the purpose
of the second step to compute plate stiffness matrix based on the lamina properties
and the layup information. However, the woven laminated plate only contains one or
two yarns along the thickness direction in each woven lamina, therefore there is no
periodicity of yarns in a lamina in the thickness direction. The absence of periodicity
poses a challenge when the appropriate BCs have to be applied to the RVE model.
To obtain lamina properties, which is crucial for computing the plate stiffness matrix
for the structural analysis, two different two-step approaches are studied. The first
approach uses the MSG plate model to get the in-plane material properties, which are
equivalent to the properties obtained from the RVE analysis with in-plane PBCs [75].
The second model uses MSG solid model with PBCs along z, y and z directions.
Both models use CLPT to get the A, B and D matrices for the laminate based on
the homogenized lamina properties.

The 2 x 2 twill woven laminated plate is analyzed using the three different ap-
proaches mentioned above. Laminated plates with two, six and ten layers are con-
sidered. The SG of the two-step approach consists of a single layer woven lamina,
whereas the SG of the one-step approach includes all layers that form the woven

laminate. The whole constitutive modeling procedure is summarized in Figure 2.20.

Two layers

Six layers

Plate model + CLPT

— —— Solid model + CLPT —»| Plate stiffness matrix
Plate model (one step)

Ten layers

Woven lamina

Figure 2.20. Modeling framework for computing woven laminate stiffness matrix
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In this example, all the layers are in the same direction, so there are no coupling
effects and the B matrix is zero. To better compare the three approaches, the stiff-
ness matrix terms of the two-step approaches are normalized with the corresponding
stiffness terms obtained from the one-step approach. Due to the in-plane symmetry,
additional relations of values in the plate stiffness matrix can be obtained as A, =
Aoy and D11 = Doy. The results show Agg and Dgg obtained by three models are al-
most the same, which means these values are insensitive to the out-of-plane boundary
conditions and the number of layers. This can be easily explained as Agg and Dgg are
computed mainly based on the in-plane shear modulus. Other normalized non-zero

values in A and D matrices are plotted in Figure 2.21.
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Figure 2.21. Plate stiffness matrix for different layers and models

For the two-step approaches, we can conclude that using MSG solid model to

obtain 3D lamina properties provides more accurate results than the ones using MSG



95

plate model to compute lamina in-plane properties for a woven laminate. By increas-
ing the number of layers, the results obtained by MSG solid model and CLPT have
a better agreement with the one-step MSG plate model. However, if the number of
layers is small, such as the two layers plate in this example, two-step approach using
MSG plate model also provides good predictions for A;; and Dj; as shown in Figures
2.21(a) and 2.21(c). If only one layer is analyzed, two-step MSG plate model will
give more accurate results than two-step MSG solid model, because there is no PBCs
along thickness direction and additional constrains in solid model would cause loss
of accuracy in the prediction. However, if there are many layers, the top and bot-
tom surfaces of the lamina would be constrained by other layers, then the additional
constrains from MSG solid model would make the predictions closer to the one-step
approach. We can also conclude from Figures 2.21(b) and 2.21(d) that there are still
some differences even for large number of layers between two-step MSG solid model
and one-step MSG plate model, because the two-step approach assumes that the SG
repeats along the thickness infinite many times. On the other hand, one-step MSG
plate model approach preserves the finite thickness of the real structure, therefore
more accurate results can be expected using the one-step MSG plate model. Hence,
if PCOMP function is used to analyze laminated woven structures with multiple lay-
ers and homogenized lamina properties are not available from experimental testing,
the MSG solid model with PBCs would provide better predictions than the corre-
sponding plate model. Moreover, the one-step approach is always recommended for

laminates if the SGs of the laminate plate can be easily created.

MSG-based MSC.Nastran beam analysis with extension-bending coupled

behaviors

The conventional beam elements in MSC.Nastran have been powered to con-
sider extension-bending coupling behaviors of textile composite beams such as the

3D orthogonal beam shown in Figure 2.22. The beam stiffness computed from
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SwiftComp™ is converted to beam cross-section properties and a set of isotropic ma-
terial properties which can be directly used to define a beam element in MSC.Nastran.
The offset values, which are used to capture the extension-bending coupling behav-
iors, are computed based on the beam stiffness from SwiftComp™. For simple beam
problems, the beam structural responses can also be solved analytically [11].

Four different models are used to validate the MSG-powered multiscale beam
analysis in MSC.Nastran. Model A uses homogenized properties with MSC.Nastran
solid elements to compute the structural responses. Model B uses the beam elements
in MSC.Nastran with the properties and offset values computed based on the MSG
beam model. Model C directly use MSG beam stiffness matrix to compute the beam
responses analytically [11], and Model D uses DNS which can be considered as a
reference model. The beam is clamped at one end and free at the other end. The
length of the beam is 85.71 mm, and a 5000 N point-load in z; direction is applied

at the beam free end.

2.00 mm (b)

8.57 mm

Figure 2.22. The woven beam and its SG

In Model B, the initial beam stiffness matrix is first computed using the MSG

beam model with the SG centered at the geometric center (i.e. centroid). The non-
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zero components in the 4 x 4 beam stiffness matrix are: C?, = 5.82 x 105N, C%, =
6.61 x 10N - mm? C% = 1.02 x 10°N - mm?, C%, = 7.41 x 105N - mm? C?, =
C% = 3.58 x 10°N - mm. The values of the extension-bending coupling term C?, and
C%, are not negligible, therefore the coupling behaviors should be considered. Using
Eq. (2.42), the extension center coordinates (xs., x3.) of this beam cross section are
(—0.615,0). A new beam stiffness matrix is calculated with respect to the extension
center. The non-zero components in the new beam stiffness matrix are: £FA = 5.82 x
105N, GJ = 6.61 x 10* N-mm?, Ely = 1.02 x 10> N-mm?, El33 = 7.19 x 10 N-mm?.
In order to input sectional area, moments of inertia and torsional stiffness via PBEAM
entry, a set of fictitious isotropic material properties are created such that £ = 1 MPa
and G = 1 MPa. Then the sectional properties are obtained based on Eq. (2.40): A =
5.82x 10° mm?, J = 6.61 x 10* mm?*, I5, = 1.02 x 10° mm* and I35 = 7.19 x 10 mm*.
Note that the correct local stress field cannot be obtained from FEA macroscopic
level (i.e structural level) since the material properties are fictitious. Instead, the
stress field should be obtained using dehomogenization analysis in the MSG beam
model [79].

Based on Figure 2.23(a), we can see that all the models give good predictions for
the displacements in the z; direction. The homogenized properties used in Model
A are computed using MSG solid model with aPBCs [80]. The MSG aPBCs model
provides better results compared with the commonly used RVE analysis with PBCs,
because the non-periodic features in beam transverse directions can be taken into
account.

Due to the extension-bending coupling behaviors, the displacements in the x,
direction are significant as shown in Figure 2.23(b). However, the Model A with
homogenized solid elements cannot capture the coupling behaviors, because the het-
erogeneity of the beam cross section has been removed after smearing yarns and
matrix properties. The other three models show a good agreement. Hence, the

MSC.Nastran FEM PBEAM property and CBEAM elements can be used to model
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Figure 2.23. Displacements of the 3D woven beam structure

vides beam section inertia and offset values.

o8

extension-bending coupling behaviors with the help of MSG beam model, which pro-
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2.4 Summary

In this chapter, a novel multiscale modeling approach using MSG is provided for
analyzing elastic behavior of textile composite materials and structures considering
different micro/mesoscale features.

The MSG solid model is extended to provide a two-step approach to predicting
the effective material properties of textile composites. The material orientation along
yarn path is captured in the MSG model. Several examples are given to illustrate the
proposed approach. The results show that the MSG solid model achieves the same
accuracy as the 3D RVE analysis using FEM but the computing time is significantly
reduced.

The MSG plate and beam models are used to perform structural analysis for
the thin and slender textile composites. Both the structural responses and local
stress/strain fields are captured. Compared with the DNS results, the MSG models
achieves the same accuracy with a great computational efficiency.

The developed multiscale modeling approach is integrated into the commercial
software MSC.Patran/Nastran. The example shows that the beam extension-bending
coupling behavior can be well predicted with the help of the MSG beam model us-
ing the normal beam elements in the MSC.Patran/Nastran. The developed theory
provides a powerful module in the FEM software to perform multiscale structural

modeling of complex composites.
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3. MULTISCALE VISCOELASTIC ANALYSIS OF
TEXTILE COMPOSITES

Copyright permissions have been obtained to reuse the published materials from [12]

in this chapter.

3.1 Linear Viscoelastic Theory

The constitutive equations for the linear viscoelastic material can be expressed in

the time domain in Eq. (3.1).

a(t):/_ C(t—T):Z—:dT (3.1)

where C(t) is the stress relaxation modulus. The stress relaxation tests are performed

at constant strains,

0 t<0

et >0
where “cst” means constant values that do not vary with time. Applying the inte-
gration by parts to Eq. (3.1), the following expression can be obtained.

t (901 t—T cs cs
Uij(t) = (kal(O) —F/(] %(ﬁ') Eklt = Oz'jk:l(t)gklt (33)

Eq. (3.3) implies that the instantaneous stress values are dependent on the instanta-
neous values of stress relaxation coefficients when the linear viscoelastic materials are
subject to constant strain load [36]. Using this fact to conduct viscoelastic analysis
is called the quasi-elastic approach [81].

In this section, matrix is assumed to be isotropic viscoelastic with a constant

Poisson’s ratio. The fibers are assumed to be linear elastic and transversely isotropic.
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A Prony series can be used to represent the relaxation modulus over a wide range
of time scale. For the isotropic matrix used in this section, the Young’s modulus is

represented in terms of the Prony series as:

E(t)=Ewx+ Y Ee /" (3.4)
i=1
where F, is the long-term modulus, F; are the Prony coefficients, and p; are the

relaxation times. KEach exponential term is used to represent the variation of the
relaxation modulus over a chosen time period, and the number of terms included
in the Prony series depends upon the time range of interest for the problem that
is considered. For general anisotropic material properties, the relaxation modulus

tensor can be expressed in a similar way using the Prony series as:

Cijer = Cijiloo + Z Cijkhme_t/pm (3.5)

i=1
3.1.1 MSG-based Solid Model

According to MSG, the displacement of the original heterogeneous body in terms

of that of the homogeneous body at the time ¢ can be expressed as

'LLZ'<£IZ'1, T2,T3, Y1, 3/27937t) = a'i(xla T2, Q?g,t) + €Xi(xla T2,T3,Y1, Y2, y37t) (36)

where u; represents the displacement field of the heterogeneous body, u; represents
the displacement of the homogenized body, and yx; represents the difference between
these two fields, which is known as fluctuating functions in micromechanics.

The instantaneous strain field of the linear viscoelastic body can be expressed as

ei(t) = % (8;;(;) - ag; (f)) (3.7)

Dropping small terms according to the variational asymptotic method (VAM) [66],

the strain field of the heterogeneous body can be written as

61‘]‘(1‘7 Y, t) = Eij (:L“, t) + X(il5) (t) (38)
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with xp) = 5 (xily + xalg) -

The constraints on the fluctuating functions are defined as

xi(1) =0 {xay(t) =0 (3.9)

where (-) denotes the average over the domain of a SG. The above constraints imply
that the average displacements and strains are the same in the homogenized and
original models. MSG uses the principle of minimum information loss (PMIL) to
minimize the difference between the transient strain energy of the heterogeneous

model and the homogenized model which is

1

II(t) = <§Cijkl(t)5ij(t)€kl(t>> — % Dk ()& (1) Ena (1) (3.10)

To minimize TI(¢), the homogenized model is considered as given (i.e. Cjj and
€;; cannot be varied with respect to x;). Then x; can be solved from the following

variational statement

min (= Cop(Des (Den(®) = min (2 Cumt) Es(t) + v (1) Exlt) + xaain (1))

min
xi(t) 2 xi(t)€Eq.(3.9) ' 2

(3.11)

It is noted that other constraints such as those due to the periodicity of the

microstructure can be added into Eq. (3.9) to solve Eq. (3.11). Let us denote &(t) =

[E11(t) E22(t) Es3(t) 2825(t) 2813(¢) 2812(1)] and w(t) = [xa(t) x2(f) xs(t)]-

Then the functional in the variational statement of Eq. (3.11) can be rewritten in

the following matrix form as

1
Ut) = §<(Fhw(t) + ()" C)(Trw(t) +&(t))) (3.12)
with
0 0 0 r
91 0 0 3; o
Th=1 0 22 0 & 0 4= (3.13)
O O o 0 0 O

dys Oy Oy

For 1D or 2D SGs, the derivatives with respect to the corresponding coordinates

should vanish in I',. Minimizing U(¢) in Eq. (3.12) subject to the constraints, we can
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solve the fluctuating functions, and the transient strain energy of the homogenized

model can be obtained as

U(t) = %5@)%@)5@) (3.14)

where C(t) represents the effective relaxation stiffness matrix for the macroscopic
model. It is noted that because & contains six components, C(t) is a 6 x 6 matrix
containing the complete set of 3D properties although the SG could be a 1D, 2D, or 3D
domain. It is noted that the homogenized strain field € is not assumed to be constant
with respect to time t in the above derivation, which means the above derivations
are not limited to the stress relaxation. If the stress is also time-dependent, then Eq.

(3.14) can be written in another form
()T S(t)a(t) (3.15)

The instantaneous constitutive relations can be expressed as [82]

04j(t) = Cijra(t)em(t); ij(t) = Sijm(t)om(t) (3.16)

It is clear Cyj(t) = 5&/15(’5) at the time t. If constant strain loadings are applied,

then the first equation in Eq. (3.16) becomes
0ij(t) = Ciju(t)ey (3.17)

where the “cst” means constant values that do not vary with time. Eq. (3.17) is often
used to study the stress relaxation behaviors of materials. If constant stress loadings

are applied, then the second equation in Eq. (3.16) becomes

Eij(t) = Siju(t)ary (3.18)

which is often used to study the creep behaviors of materials.
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3.1.2 MSG-based Plate Model

MSG-based Kirchhoff-Love plate model is used at macro-homogenization step. To
derive the Kirchhoff-Love plate model for viscoelastic body using MSG, the 3D dis-
placement field can be expressed in terms of the 2D displacement variables admitted

by the Kirchhoff-Love plate model as:
Uy (21, T2, Y1, Y2, Y3, t) = Uy (@1, T2, t) — eyslis (21, T2, t) + exa (@1, T2, Y1, Y2, Y3, 1)
us (21, T2, Y1, Y2, Y3, t) = U (w1, T2, t) — eysliz 2 (21, T2, 1) + exa(@1, T2, Y1, Y2, Y3, t)

us(x1, T2, Y1, Y2, Y3, t) = Us(x1, 22, t) + exs(x1, T2, Y1, Y2, Y3, t)
(3.19)

where u; and u; denote the displacements of the original 3D heterogeneous struc-
ture and the 2D plate model respectively. In this formulation, there are no apriori
assumptions about the kinematics such as the commonly invoked Kirchhoff-Love as-
sumptions. Instead, Eq.(3.19) can be considered as a changes of variables with y;
denoting the part of 3D displacements which cannot be described using the simple
Kirchhoff-Love kinematics.

The 3D strain field at the time ¢ can be written in terms of plate strains and

curvatures using Eq. (3.7) as

en(t) = enn(t) + eysrn(t) + xa(t)

)
£22(t) = €22(t) + eysraa(t) + Xx(212)(t)
)

(3.20)
12(t) = €12(t) + eysria(t) + x(1)2)(t)
ez3(t) = xs3(t); e13(t) = xap)(1); e23(t) = Xx(23)(t)
where the plate strains and curvatures are defined as:
1
€ap(T1, 2, 1) = 5 (Uap(t) + Upa(t)); Kap(T1,22,t) = —Tsap(t) (3.21)

2
The fluctuating functions for the MSG-based plate model are constrained by

(xi(t)) = 0 . It is noted that the in-plane periodicity is also enforced for x;(t).

The transient 2D strain energy density defined as:

1

~(oi(t)ei; (1)) (3.22)

Usp(t) = 5
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Substitute the 3D strain field in Eq. (3.20) into Eq. (3.22) and drop small terms
according to the VAM. Impose the constraints for fluctuating functions to solve for
Xi(t). Substitute the obtained fluctuating functions back into Eq. (3.20). The 3D
strain field can be expressed in terms of 2D plate strains and curvatures.

The 2D kinetic variables called plate stress resultants are defined as:

OUQD(t) aU2D t) aUQD( )

OUzp(t) _ 0U2p(t) .

Oenr(t) N (#); 82612(t) = Maz(1); Deaa(t) = Naalt) (3.23)
8U2D(t) B ) 8U2D(t) . 8U2D( ) ‘
Ok (t) M) 92k1a(t) = Mlt) Okaa(t) = Maalt)

We can get the instantaneous plate constitutive relation to relate the plate stress

resultants and strains/curvatures as:

[ Nu) | [ An®) An®) Aw®) Bu®) Bu) Biw®) | [ enl) )
Nos(t) App(t) Aga(t) Agg(t) Bia(t) Baa(t) Bag(t) €92 (1)
Nio(t) | | Aws(t) Ass(t) Ass(t) Bis(t) DBas(t) Beo(t) 2¢15(t)

M (t) Bi(t) Bia(t) Bis(t) Du(t) Dia(t) Dis(?) k11 (t)

Mas(t) Bia(t) Boy(t) Bag(t) Diat) Daa(t) Das(t) Kaa(t)

| Mua(t) | Bis(t) Bas(t) Bes(t) Dis(t) Dos(t) Des(t) | | 212(t) |
(3.24)

Here, the 6x6 plate stiffness matrix is composed of the time-dependent A(t), B(t)
and D(t) matrices needed for the Kirchhoff-Love plate model.

3.1.3 MSG Two-step Viscoelastic Modeling Framework

The first step in MSG homogenization analysis is to identify SG. In order to obtain
effective viscoelastic properties of textile composites, homogenization analysis usually
needs to be performed at the micro-scale (yarn) and macro-scale (textile composites).

In micro-homogenization, effective properties of yarns are computed based on
fibers and matrix. The microstructure of the yarn is usually idealized in the literature
as a square pack as shown in Figure 3.1. One feature of the MSG approach is that

the complete set of 3D material properties can be obtained using just 1D or 2D SG,
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and dimensionally reduced SG will greatly save the computing time. Since there is
no heterogeneity along the fiber direction, the SG of a yarn for micro-homogenization
is 2D. Fibers are assumed to be linear elastic and transversely isotropic. The matrix
is viscoelastic and isotropic, and the properties will be updated in each time step.
These are reasonable assumptions for typical textile composites, but MSG derived
in this chapter has no such restrictions. The micro-homogenization will provide the
effective viscoelastic properties of yarns in terms of relaxation modulus tensor, which

can be used in macro-homogenization of the woven composites.

Plain weave

Figure 3.1. 2D SG for yarns Figure 3.2. Plain weave and its SG

For MSG marco-homogenization of textile composites, unlike unidirectional fiber
reinforced composites, both matrix and yarns are viscoelastic materials and the prop-
erties need to be updated in each time step. However, properties of yarns are not
isotropic based on the micro-homogenization, but most FEA codes cannot directly
define non-isotropic viscoelastic properties. Since Eq. (3.3) has been implemented
into MSG, the general anisotropic viscoelastic properties can be easily defined.

For thin structures made by textile composites with only several layers, the MSG
plate model is used at this homogenization step to get the A, B and D matrices.
Because the thin structures do not have many SGs repeating along the thickness
direction, A, B and D matrices can provide more accurate predictions than using a
solid model with PBCs on the top and bottom surfaces. In addition, woven composite

structures are often modeled using plate elements at the structural level, and A, B
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Table 3.1. Relaxation times and Prony coefficients for PMT-F4 epoxy

1 00 1 2 3 4 ) 6 7
E; (MPa) | 1000 | 224.1 450.8 | 406.1 392.7 | 8104 | 203.7 1486.0
pi (8) — | 1.0e+3 | 1.0e+5 | 1.0e+6 | 1.0e+7 | 1.0e+8 | 1.0e+9 | 1.0e+10

and D matrices are more convenient to use in the structural design. If the woven
textile structures are made by many repeated layers, which satisfies the periodicity
requirement in the thickness direction, the MSG solid model can be used to compute
the relaxation modulus tensor. Therefore, MSG provides more options for handling
different woven composites. All the woven composites and the corresponding finite

element meshes are generated using TexGen [69].

3.2 2D Plain Woven Composites

In order to verify the accuracy of the proposed approach, the viscoelastic behaviors
of 2D plain woven composites are predicted using MSG two-step homogenization. The
results at the microscale and mesoscale are compared with 3D RVE analysis using
FEA and the experimental data in the literature respectively. The typical plain woven
composites and the corresponding SG are shown in Figure 3.2. The fiber volume
fraction in each yarn is chosen to be vy = 0.64, and the fiber properties and matrix
properties are obtained from the literature [39]. The properties of the fiber are: FE;
= 233,000 MPa, FE, = E3 = 15,000 MPa, G153 = G135 = 8,963 MPa, G5 = 5,639
MPa, v15 = 113 = 0.2 and 153 = 0.33. For the matrix, the relaxation times and Prony
coefficients are given in Table 3.1. The matrix properties are expressed in terms of
the relaxation times and Prony coefficients in Eq. (3.2), and a constant Poisson’s

ration 0.33 is assumed.
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3.2.1 MSG Micro-homogenization for Yarns

For micro-homogenization, the SG is shown in Figure 3.1 which contains 320
4-noded quadrilateral elements. Only the matrix is defined as viscoelastic and its
behaviors can be described based on Eq. (3.2) using the values in Table 3.1. Con-
sidering the microstructural symmetry of the yarn, the constitutive equation can be
expressed using the relaxation stiffness matrix in the engineering form given in Eq.

(3.25).

4 3\ r .
011 Ci1 Cia Cho 0 0 0 €11
092 Cig Cyp Cys 0 0 0 €22
o Cia Oy C 0 0 0 €
33 _ 12 23 22 33 (3'25)
023 0 0 0 044 0 0 2623
013 0 0 0 0 C55 0 2813
L 012 ) i 0 0 0 0 0 055 i 2512 )

In order to verify the results based on MSG solid model, a 3D RVE model is built
in Abaqus 6.13. The materials are defined by the build-in viscoelastic functions in
the time domain using the Prony series given in Table 3.1. PBCs are applied to the
RVE in three directions, and the mesh size is kept the same in the planar directions
as for the 2D SG shown in Figure 3.1. Five separate analyses are used to determine
the C11, Cha, Coa, Coz, Cyyq and Cs5 in relaxation stiffness matrix in Eq. (3.25). Each
analysis consisted of two steps, defined with the option *VISCO in Abaqus. To get
the relaxation stiffness matrix, a unit strain is applied to the RVE over a short time
period (0.1 s). In the second step, the strain remains constant and lasts 10'° s. The
values in relaxation stiffness matrix are plotted in Figure 3.3. The Prony coefficients
of relaxation modulus for yarns are obtained using Levenberg-Marquardt algorithm
in Matlab [83], which are given in Table 3.2, and the fitting curves are also given in
Figure 3.3.

It is easy to conclude from Figure 3.3 that all the values in the relaxation stiffness

matrix based on the MSG solid model agree well with ones obtained from the 3D
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Figure 3.3. The effective relaxation stiffness of the yarn

RVE analysis. In other words, the MSG solid model using a 2D SG can reproduce

the results of 3D RVE analysis using FEA without applying complicated boundary

conditions. In terms of efficiency, the RVE analysis toke 50 seconds to complete the

analysis while MSG toke 7.1 seconds to complete the analysis with the same number

of time steps. We can also see that the time has almost negligible impact on the

C11 because the behavior in the fiber direction is dominated by the time-independent
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Table 3.2. Relaxation times and Prony coefficients for yarns

k Pk (S) Cn,k C12,k; CQQ,k C23,k C44,1c C55,1c
o0 - 150200.0 | 1477.0 | 4839.0 | 1393.0 | 1046.0 | 1584.0
1 | 1.0e+3 132.9 100.0 | 245.6 | 105.9 | 100.0 | 110.9
2 | 1.0e+b 258.7 190.2 | 510.6 | 234.0 | 175.6 | 234.8
3 | 1.0e+6 242.6 176.9 | 542.1 | 255.5 | 190.8 | 231.9
4 | 1.0e+7 245.0 221.5 | 503.1 | 229.8 | 190.3 | 241.9
5 | 1.0e+8 528.0 434.8 | 1353.7 | 613.2 | 427.2 | 564.2
6 | 1.0e+9 100.0 100.0 | 100.0 | 100.0 | 100.0 | 100.0
7 | 1.0e+10 | 1205.6 | 1378.6 | 4117.7 | 1679.1 | 1143.5 | 1609.1

behavior of the fibers. Other terms in relaxation stiffness matrix show time-dependent
behaviors as the values decrease with the increased time.

In order to demonstrate that the viscoelastic solid model using MSG also computes
the instantaneous creep compliance matrix, which is the inverse of the relaxation
matrix at the same time. The same RVE model with PBCs is analyzed by applying
the constant stress instead of the constant strain. Similar to the analysis for stress
relaxation, five analyses are performed to get the values in creep compliance matrix.
The results of the RVE analysis are plotted with the creep compliance matrix obtained
using MSG viscoelastic solid model as shown in Figure 3.4. The creep compliance
matrix of the MSG solid model is obtained by inversing the relaxation stiffness matrix
at the same time. The results based on the MSG solid model and 3D RVE model agree
well, therefore the instantaneous creep compliance matrix can be directly obtained

by inversing the relaxation matrix at the same time.

3.2.2 MSG Macro-homogenization for Woven Composites

For macro-homogenization, the model contains two different materials: yarns and

matrix. Based on the analysis in the previous section, both yarns and matrix are
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Figure 3.4. The effective creep compliance of the yarn

viscoelastic materials and the corresponding properties vary with time. For this ex-

ample, there is only one layer in the plain woven fabric, which means the material

is not periodic along the thickness direction. Therefore, the time-dependent plate

stiffness matrix should be used to represent viscoelastic behavior of this woven com-

posites. To verify the accuracy of the viscoelastic behaviors predicted by using the
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MSG plate model, MSG results are compared with the experimental data from the
Ref. [39]. The experimental data is obtained based on uniaxial tension and four-point
bending creep test of single-ply £45 lamina. The results based on MSG plate model
in the SG coordinate are translated to the experimental coordinate. The thickness
and width of the yarns in the MSG model are 0.06 mm and 0.90 mm respectively.
The yarn spacing is 1.75 mm and the thickness of the fabric is 0.12 mm. In order to
eliminate the mesh dependence on the results, two different mesh sizes are applied for
this model using 8-noded solid elements, which contain 50,000 and 168,750 elements
respectively. The properties of matrix and yarns are given in the previous sections.
The stretching and bending compliance of this plain woven fabric with time are given
in Figures 3.5 and 3.6. The MSG solid models with PBCs and aPBCs are also used to
analyze the same SG using 50,000 elements. As mentioned in the previous sections,
anisotropic viscoelastic properties can be easily defined in MSG models without any
user-defined subroutines. The homogenized properties based on the MSG solid model

are used to compute the A and D matrices of the plate model, and the results are

plotted in Figures 3.5 and 3.6.
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Figure 3.5. Longitudinal stretching compliance of plain woven composites
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Figure 3.6. Longitudinal bending compliance of plain woven composites

The results of MSG plate model agree well with the experimental data, which
means the MSG plate model can provide reasonable predictions for the viscoelastic
behaviors of woven composites. In addition, the results based on two different meshes
are identical which means the results are converged. The results of MSG solid model
based on PBCs and aPBCs for the stretching compliance are almost the same as the
results of MSG plate model, because stretching compliance mainly reflects the in-
plane behaviors and the in-plane periodicities are considered in both the MSG plate
and the solid model. However, big differences of bending compliance are shown in
Figure 3.6, which represents the out-of-plane behaviors. For the MSG solid models
with PBCs and aPBCs, the bending compliance based on aPBCs is slight better than
the results based on PBCs due to the relief of the periodic conditions in the thickness
direction, because the experimental sample only contains one layer. However, the
MSG solid model still homogenizes the heterogeneity of the plate in the thickness
direction which brings inaccuracy in the predicted bending behaviors, but MSG plate
model can keep the heterogeneity which gives accurate predictions compared with the

experimental data as shown in Figures 3.5 and 3.6.
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3.3 Parametric Studies

3.3.1 Model Parameters

In this section, the method proposed is used to study the effects of different weave
patterns on the viscoelastic behaviors of general woven composites. The plain woven
composites shown in the last section is still used in this section. Two other commonly
used woven composites named 2 x 2 twill woven composites and 3D orthogonal woven
composites are also analyzed. The SGs for these two woven composites are given in

Figures 3.7 and 3.8.

2X2 twill

Figure 3.7. 2 x 2 twill weave and its SG

Figure 3.8. SG for 3D orthogonal woven composites

The viscoelastic properties of yarns are obtained using MSG micro-homogenization

from the last section. The same yarn volume faction vy = 0.52 is used in all woven
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composites examples, and the weft and warp yarns have the same geometry shape.
For the plain and twill woven composites, yarn width is 0.68 mm, yarn thickness is
0.1 mm and yarn spacing is 1 mm. For weft and warp yarns in 3D orthogonal woven
composites, yarn width is 0.8 mm, yarn thickness is 0.1 mm and yarn spacing is 1
mm, and for the binder yarn, yarn width is 0.4 mm and yarn thickness is 0.05 mm.
The plain woven and twill woven composites are made by three layers so that the
total thickness of the three woven examples is the same, and the same fiber volume
fraction in all fabrics is achieved with the above parameters.

The reference surfaces of the SGs are chosen to be the middle plane surfaces, so
the B matrix is zero due to the symmetric of the SGs. In other words, there are
no extension-bending couplings for these three SGs. Since the weft and warp yarns
are assumed to be the same geometry shapes, the following relations can be obtained
for plain and twill woven fabric: Ay, = Agy and Dyy = Dyy. The relations are not
true due to the binder yarn for 3D orthogonal woven composites. The viscoelastic
behaviors in weft (red yarns in Figure 3.8) and warp (green yarns in Figure 3.8)

directions of 3D woven fabric would be different.

3.3.2 Results and Discussion

Figure 3.9 shows the in-plane relaxation coefficients of three different woven fab-
rics, which reveals plate force relaxation behaviors. Based on Eq. (3.24), Figure 3.9
illustrates the changes of the in-plane forces under the constant in-plane plate strains
over the time. The subscript “11” represents the warp direction and “22” represents
the weft direction. Figure 3.9(a) indicates the relaxation behaviors of in-plane normal
forces. 3D orthogonal woven example shows less relaxation effects than the other two
examples. Relaxations of normal forces in warp and weft directions are different in
3D woven example, and the normal force along weft direction shows less relaxation
effects. In the warp direction, plain woven shows the most relaxation while 3D woven

shows the least relaxation effects. The coupling behaviors between in-plane normal
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forces are give in Figure 3.9(b), and the coupling means a constant unit plate strain

applied in the weft direction would cause the force A5 in the warp direction. An

interesting observation is that A;s increases with the time in the plain and twill wo-

ven examples, which means the larger normal force is needed to maintain the initial

strain in the transverse direction. However, 3D orthogonal woven exhibits an oppose

trend. Figure 3.9(c) shows the viscoelastic behaviors of in-plane shear forces, and all

the woven examples show the same relaxation effects over the time.
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Figure 3.9. In-plane relaxation coefficients
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Figure 3.10 shows the bending relaxation coefficients of three different woven com-

posites, which reveals plate bending moment relaxation effects. Based on Eq. (3.24),

Figure 3.10 illustrates the changes of the bending moments under the constant plate
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curvatures over the time. Figure 3.10(a) indicates the relaxation behaviors of bend-

ing moments along the weft and warp direction. Unlike the relaxation of in-plane

forces, twill woven example shows less relaxation effects than the other two examples

in the warp direction, but 3D orthogonal woven example shows less relaxation effects

in the weft direction. The coupling behaviors between bending moments are give in

Figure 3.10(b). The coupling behaviors for bending moments mean that a constant

unit plate curvature applied in the weft direction leads to D, moment in the warp

direction. All the coupling induced bending moments decreases with time and the

plain woven example shows the least relaxation effects over the other two examples.

Figure 3.10(c) shows the viscoelastic behaviors of Mis, and all the woven examples

show the same relaxation effects over the time.
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Based on the above results, if the relaxation effects are the design parameters to
be minimized. 3D orthogonal woven composites are the preferable materials if the
relaxation of in-plane forces are the main concerns in the design. If the bending mo-
ments are the main loading cases in the design, 3D orthogonal woven composites can
provide better long-term performance in the weft direction while the warp direction
has poor long-term performance. 2 x 2 twill woven composites might provide the
balanced performance in both directions for the structures under long-term bending

moments.

3.4 Summary

In this chapter, a new multiscale approach based on MSG is proposed to study the
viscoelastic behaviors of textile composites. MSG two-step homogenization is carried
out at microscale (yarn) and macroscale (woven composites). At the microscale level,
homogenized viscoelastic properties of yarns are computed considering elastic fibers
and viscoelastic matrix properties using the MSG solid model. At the macroscale
level, the viscoelastic yarn and matrix are used to compute the overall viscoelastic
behaviors of textile composites, which are expressed in terms of A, B and D matrices
using the MSG plate model. In order to validate the proposed model, a 3D RVE
model is created using Abaqus 6.13 at microscale, and the viscoelastic properties are
computed by applying PBCs using FEA. The viscoelastic behaviors at macroscale
using the MSG plate model are validated using the experimental data in the literature.
All the results based on the proposed approach agree well with the reference results,
and MSG approach is much more efficient than the RVE analysis. Plain woven, 2 x
2 twill woven and 3D orthogonal woven composites are analyzed using the proposed
method. With the same thickness and fiber volume fraction, the long-term in-plane
behavior of 3D orthogonal woven is more stable than plain woven and 2 x 2 twill
woven fabric. For the long-term bending behaviors, 3D orthogonal woven example

has better performance in the weft direction while 2 x 2 twill woven example gives
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more balanced performance along weft and warp directions. The proposed approach
can be used in the textile composite structures design when the long-term behaviors

due to material viscoelastic properties are concerned.
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4. MULTISCALE THERMOELASTIC ANALYSIS OF
TEXTILE COMPOSITES

MSG has been developed as a multiscale and multiphysics approach for constitutive
modeling of composite structures. In this chapter, the variational statement of the
MSG models has been modified to capture the pointwise temperature loads. More-
over, thermal stress resultants are derived from the MSG plate and beam models to
describe the thermal-induced mechanical behaviors of thin and slender textile com-
posite structures. Copyright permissions have been obtained to reuse the published

materials from [13] in this chapter.
4.1 MSG Thermoelastic Constitutive Modeling

The kinematics of the MSG models are defined in the Chapter 2. To account for
the thermoelastic behavior of composites, the variational statement must be modified.

4.1.1 MSG Variational Statement

We can define the thermal stress tensor 3;; in terms of the elasticity tensor Cjj

and thermal expansion tensor ay; as:
Bij = Cijriou (4.1)
Then, the linear constitutive equation can be expressed as:
0ij = Cijricr — Bij0 (4.2)

where 0 can be considered as the thermal load that denotes the difference between

the actual temperature and the reference temperature.
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Using the strain measures defined in Eq. (2.12), the Helmholtz free energy density

can be expressed as [68]:

2

U= i <FTCF — 280 + c%> (4.3)
where w denotes the volume of the domain spanned by yx. ¢, is the specific heat
per unit volume at constant volume, Ty is the reference temperature at which the
constituent material is stress free. MSG minimizes the free energy loss of the original
model and homogenized model. Since the free energy of the homogenized model is
independent of the fluctuating functions. The problem is equivalent to minimize Eq.
(4.3) with respect to the fluctuating functions. The variational statement is:

1/ 2\
05 <r CT — 2876 + chO> =0 (4.4)

Plugging Eq. (2.12) into Eq. (4.4), the following equation can be obtained

1 62
5% <(th + T8 C(Tpx+TE) —28([Thx + &) 0+ CUT> =0 (4.5)
0

4.1.2 Finite Element Implementation

In general, a numerical technique such as the finite element method is used to
solve the variational statement in Eq. (4.5). To this end, the fluctuating functions x

over SG can be expressed as:

X (@, y5) = Sy;)V () (4.6)

where S are the standard shape functions depending on the type of elements. V is
what we need to solve for as the nodal values. Plugging Eq. (4.6) into Eq. (4.5), we

obtain the following discretized version of the variational statement:

where
E={((TxS)"C(T1S)), Dpe={(TnS9)"CI.), D.=(TICT,)

Dpg = ((TxS)"B0), Dey = (BT8), Dgg= {c,0°)
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There are two modifications in the variational statement in Eqs. (4.7) and (4.8)
compared with the statement in [84]. First, the current statement has been gener-
alized to consider different models (i.e. solid, plate and beam) by introducing the
general strain expression in Eq. (2.12). Second, the thermal load 6 can be point-
wisely distributed in the SG while the 6 was assumed to be constant in the original
variational statement in [68]. By removing the constant § assumption, MSG models
can be used for various temperature distribution cases.

Performing the variation in Eq. (4.7) subjected to the constraints based on dif-
ferent MSG models as well as other constrains (e.g. x; = x; if there is a periodic
boundary condition in y; direction) if needed, we can obtain the following linear
system:

EV = —Dpy.€ + Dy (4.9)
The solution V' can be symbolically expressed as:
V =Vee+Vp (4.10)

where V) = —E~'Dj,. and V) = E~'Dyy.
Based on Eq. (4.10), the free energy density can be rewritten as:

1 .. .
U= §€TC’E— '8+ e, (4.11)

where

_ 1 T

C = ;(‘/E) Dhe + Dee)

n 111, ., T

b= " §(VO Dyy — DycVo) + Deo (4.12)

. 1 [ Dgg T

v =— |— =V D

¢ 2w |: TO 0 h9:|

Eq. (4.12) gives effective thermoelastic properties of the macroscopic structural
model. For the Euler-Bernoulli beam model, C' could be a fully populated 4 x 4
stiffness matrix. For the Kirchhoff-Love plate/shell model and Cauchy continuum
model, C' could be a fully populated 6 x 6 stiffness matrix. B is effective thermal

induced stresses or stress resultants depends on the MSG models. ¢, is the energy



33

density contributed by the effective specific heat. The above constitutive information
can be used to perform beam, plate or solid structural analysis. For example, the
effective CTEs can be obtained using MSG solid model based on Eq. (4.1). If the

MSG plate model is used, the corresponding constitutive relation can be written as:

( Ny \ A Aip A B Bz Bie ( €11 \ ( Nry, \
Nay Ay Az Ags Biz Bay B €92 Nr,,
< Nig _ A Az Ass Bis Bos  Bee 2¢i2 (] Nmy, (4.13)
My Bin Bz Big Din Dz Dis K11 M,
Mz Bia Bay Bog D1z Doy Dag K22 Mr,,
| M2 | Bis Bas Bes Dig D Des| | 2k12 | | Mr, |

where C' is expressed in terms of the ABD matrix, and the thermal induced stress

resultants of the MSG plate model are:
B = [NTll Nr,,  Npy, Mry, M, MTm]T (414)

Similarly, if the MSG beam model is used, the corresponding constitutive relation

can be written as:

( ) (

I Ch Ch Ot Cf €1 I

) M, _ Cly O3 Ci3 C3 ki M, (4.15)
M, Cly C33 O35 C3, k2 M,

| Ms | _Cﬁ C3 Co 051)4_ [ F3 | Mz, |

where C' is expressed in terms of a 4 x 4 stiffness matrix, and the thermal induced

stress resultants of the MSG beam model are:

~

f=I[Fr, Mp Mg Mg (4.16)

After the structural analysis, the global structure responses € can be used to

recover the local stress and strain field. The fluctuating function can be obtained as:

X = SVee + SVy (4.17)
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Plug Eq. (4.17) into Eq. (2.12), the local strain field can be obtained as:
['=(TpSVo+T)e+ TSV (4.18)

Based on the 3D constitutive relations in Eq. (4.2) for each constituent material,

the local stress field can be recovered as:

o=CT — 30 (4.19)

4.2 MSG-based Multiscale Thermoelastic Modeling Framework

The overall modeling framework of MSG-based multiscale thermoelastic structural
analysis is given in Figure 4.1. The original structural analysis has been decoupled
into MSG homogenization, macroscopic structural analysis and MSG dehomogem-
ization. The decomposition of the original structural analysis can greatly improve
the computational efficiency while maintaining the accuracy. The first step of MSG-
based multiscale modeling is to identify the SG based on the heterogeneity of the
original structure and the pointwise temperature load. Then, using the homogeniza-
tion analysis, the effective thermoelastic constitutive information is computed based
on different MSG models. For the MSG solid model, the constitutive information is
effective material properties and CTEs. For the MSG plate and beam models, the
constitutive information is the plate or beam stiffness matrix and thermal induced
stress resultants.

For the macroscopic thermoelastic structural analysis, since the temperature load
has already been taken into account during the constitutive modeling, the thermal
stress or thermal induced stress resultants can be directly used in the structural
analysis with temperature load AT = 1. The thermoelastic constitutive information
of the MSG plate model can be directly input into Abaqus using the “General Stiffness
Section” for modeling plate structures. The thermoelastic constitutive information of
the MSG beam model can be used to solve the beam structural responses analytically

11].
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Identify the SG and temperature field
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Figure 4.1. MSG-based multiscale thermoelastic modeling framework

After the structural analysis, the structural responses € based on different MSG
models can be obtained, and then the responses are used to recover the local fields
in the SG. In the next section, several numerical examples are used to demonstrate

the accuracy and efficiency of the proposed approach.

4.3 Numerical Examples

Woven numerical examples are analyzed in this section to show the accuracy and
efficiency of the proposed MSG thermoelastic models. The fiber and matrix properties
used in the examples are given in Table 4.1.

Based on the MSG solid model, a square packed SG with fiber volume fraction
Vy = 0.64 is used to obtain the effective thermoelastic properties for the yarn, which
will be used in the examples in this chapter. The accuracy and efficiency of using MSG

solid model in predicting effective elastic properties and CTEs of unidirectional (UD)
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Table 4.1. Thermomechanical properties of fiber and matrix [85]

Properties T300 carbon fiber | Epoxy resin
E, (GPa) 230.00 3.45
E, = E3 (GPa) 40.00 3.45
G2 = G13 (GPa) 24.00 1.28
Gas (GPa) 14.30 1.28
Vig = V13 0.26 0.35
Va3 0.40 0.35
aq; (ppm/°C) -0.70 63.00
age = agz (ppm/°C) 10.00 63.00

Table 4.2. Effective thermomechanical properties of the lamina and yarn

Properties lamina and yarn
E, (MPa) 1.484 x 10°
E, = E5 (MPa) 1.437 x 10*
G2 = G13 (MPa) 5.133 x 103
Gos (MPa) 3.398 x 10?
Vg = V13 0.286
Vo3 0.342
aq; (ppm/°C) -0.108
age = azz (ppm/°C) 31.975

composites are shown in the previous work [86]. The results of effective thermoelastic
properties are given in Table 4.2.

To study the efficiency of the proposed method, all the MSG and FEA analyses in
this chapter are performed in a Windows workstation with 128 GB RAM and 2.70GHz
CPU. For the structural analysis of composite structures, MSG approach decouples
the analysis into constitutive modeling (homogenization and dehomogenization) and

structural analysis of homogenized body. As the SG in constitutive modeling and
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homogenized body in the structural modeling requires much fewer degrees of freedom,

the computing time of MSG is much less than the corresponding DNS using FEA.

4.3.1 Effective CTEs for a Plain Woven Composite

To get the overall effective properties of textile composites, a two-step homoge-
nization approach is usually used [10]. The first step is to get effective yarn properties
which are given in Table 4.2. Once yarn properties are obtained, we can perform the
second step homogenization based on yarn and matrix properties. In multiscale mod-
eling using a solid model, a RVE is considered as a point at the structural level,
therefore a constant temperature load is often applied to determine the effective ther-
moelastic properties [42]. In this example, the effective elastic properties and CTEs
of a plain weave unit cell are computed using the MSG solid model. To prove the ac-
curacy and efficiency of the MSG solid model, a 3D RVE model is also used to analyze
the same plain weave unit cell. The unit cell contains 50,000 C3D8 elements. The
PBCs and a constant temperature load are applied to get the effective thermoelastic
properties.

As observed from the results given in Table 4.3, the differences of the engineering
constants and CTEs based on MSG and RVE models are within 1%. In terms of the
computing time, the MSG model only took 83 seconds while 3D RVE model took
963 seconds using a single CPU. Therefore, for predicting the effective thermoelastic
properties of composites, MSG solid model can achieve the same accuracy as 3D RVE

model while the computational efficiency has been greatly improved.

4.3.2 Layered 2D Woven Beam

A two-layer plain weave composite beam is analyzed using the MSG beam model.
The length is 20 mm, the width is 2 mm and the thickness is 0.4 mm. The woven
beam structure and its SG are shown in Figure 4.2. This beam structure is subjected

to fixed-free boundary conditions, and the temperature load is AT = (—50—200 x x3)



38

Table 4.3. Comparison of effective thermoelastic properties between
MSG and 3D RVE results

MSG solid model | 3D FEA | Diff (%)

Computational time (s) 83 963
E,=F, (GPa) 4.266 4.256 0.235%
E5 (GPa) 9.313 9.288 0.269%
G1z (GPa) 3.128 3.127 | 0.032%
Gis= Gas (GPa) 9.455 2452 | 0.122%
Vig 0.145 0.145 0.000%
Vi3=l3 0.390 0.390 0.000%
a1= ag (ppm/°C) 6.010 6.004 0.100%
as; (ppm/°C) 65.681 65.630 | 0.078%

°C, where x3 varies from -0.2 to 0.2 mm. The length, width and thickness of the SG
are 2 mm, 2 mm, and 0.4 mm respectively. The 20-noded brick element is used to
discretize the SG and the DNS model. There are 32,000 and 320,000 elements for the
SG and the DNS model respectively. The width of warp and weft yarns is 0.8 mm,
yarn spacing is 1 mm and yarn height is 0.1 mm.

After homogenization analysis using the MSG beam model, the non-zero compo-
nents in the beam stiffness matrix are: C? = 2.944 x 10*N, C%, = 1.137 x 102N -
mm?, C% = 3.989 x 102N - mm?, C%, = 8.525 x 103N - mm?. The non-zero ther-
mal induced stress resultants are: Ny, = —10.59N, My, = —0.593N - mm, Mp, =
1.584 x 107* N - mm. Based on Eq. (4.15), the beam strain measures can be com-
puted analytically for composite beam structures subjected to thermal loads. The
displacements in x3 direction based on the MSG-beam model as well as the results
from DNS are plotted in Figure 4.3.

The significant local stresses (017 and g99) computed using the MSG beam model
are compared with the results from the DNS model. The contour plots of the SG are

shown in Figures 4.4(a) and 4.5(a). The matrix part is hidden for a better view of
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Figure 4.2. Layered plain weave beam and its SG
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stress fields in yarns. The stress distributions along the thickness direction at location
(9.5 mm, 0.5 mm) are plotted and compared with the results of the DNS model as
shown in Figures 4.4(b) and 4.5(b). The path of the stress distribution is highlighted
using a red line in the contour plots.

The comparison with DNS results gives evidence that the MSG beam model can

accurately predict the local stress distribution in different yarns. Due to the com-
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plexity of the microstructure in woven composites, the local stress distribution can
be complex as shown in Figures 4.4 and 4.5. For the computing time, the MSG beam
model took 16.2 minutes with 1 CPU for the entire analysis including homogenization

(15.0 minutes) and dehomogenization (1.2 minutes), while DNS took 25 minutes with
16 CPUs.

90
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4.3.3 3D Orthogonal Woven Plate

Due to the complexity of 3D woven composites, using traditional methods such
as the CLPT to predict plate stiffness matrix may introduce great loss of accuracy,
but the MSG plate model can give accurate prediction for both structural responses
and local fields under mechanical loads. With the developed thermoelastic functions

in MSG models, the displacements and local fields under temperature loads can also
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be accurately predicted. The original woven plate structure and its 3D SG is shown
in Figure 4.6. For the plate structure, the length is 20 mm, width is 21 mm, and
thickness is 0.6 mm. For the SG, the dimensions are 2 mm x 3 mm x 0.6 mm.
Like the beam example, 20-noded brick elements are used in the SG model and DNS
model. The SG contains 16,000 elements, and the DNS model contains 1,120,000
elements. The warp and weft yarns have the same dimensions. The yarn width is 0.8
mm, yarn spacing is 1 mm and yarn height is 0.1 mm. The width and height of the

binder yarns is 0.4 mm and 0.05 mm.

Figure 4.6. 3D orthogonal plate and its SG

Linear temperature load through the thickness

The plate is subjected to clamped-free boundary conditions and a linear tem-
perature load along the thickness direction AT = (=50 — 100 x x3) °C. The ref-
erence surface of the plate is the middle plate surface, therefore x3 varies from -
0.3 to 0.3 mm. The non-zero components of the plate stiffness matrix are A;; =

1.755 x 104 N/mm, A22 = 3.300 x 104 N/mm, A12 = A21 =1.512 x 10° N/mm, A66 =
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1.709 x 103 N/mm, Dy; = 2.873 x 102N -mm, Dy = 8.599 x 102N -mm, Dy = Dy =
3.911 x 10! N-mm, Dgg = 4.607 x 10 N-mm. The non-zero thermal induced stress re-
sultants are Ny, = —10.26 N/mm, Np,, = —8.486 N/mm, My, = —0.632N, Mrp,, =
—0.509 N. All the constitutive information can be input into Abaqus S8R elements
through the “General Stiffness Section” function for the 2D macroscopic plate anal-
ysis. The displacements in the x3 direction based on the MSG and DNS model are
plotted in Figure 4.7.
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Figure 4.7. Displacement in x5 direction predicted using the DNS ad
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The contour plots of significant local stresses o1; and 099 of the SG are shown in
Figures 4.8(a) and 4.9(a). The matrix part is hidden for a better view of stress fields
in yarns. In order to demonstrate the accuracy of the proposed model, the stress
distribution along the thickness direction at location (9.5 mm, 9.45 mm) are plotted
and compared with the results of the DNS model as shown in Figures 4.8(b) and
4.9(b). The path of the stress distribution is also highlighted using a red line in the
contour plots.

Based on the verification against DNS results, the MSG plate model can accurately
capture the structural displacements and local stress fields subjected to the linear

temperature load through the thickness direction. In terms of the computing time,
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the MSG plate model took 3.41 minutes with 1 CPU for the entire analysis including

homogenization (183.59 seconds), plate analysis (5.00 seconds) and dehomogenization
seconds). On the other hand, DNS took 271.0 minutes with 24 CPUs.

(16.13
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Pointwise temperature load through the thickness

The previous composite structures examples are subjected to an assumed linearly
distributed temperature load along the thickness. In general, the temperature dis-
tribution is not always linear through the thickness. Therefore, a heat conduction

analysis is carried out firstly to obtain the temperature field in the woven plate. The
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bottom and top surfaces are subjected to a uniform temperature of 20 °C and -30
°C respectively. The thermal conductivity of the fiber and matrix are taken from
the reference [87]. For the fiber, the thermal conductivities in the longitudinal and
transverse directions are 10.2 W/m/°C and 1.256 W/m/°C respectively. The thermal
conductivity of the matrix is 0.18 W/m/°C. To obtain the thermal conductivities of
yarns, the 2S square packed SG is used based on the MSG solid model for the conduc-
tivity homogenization [84]. The resulting thermal conductivities in the longitudinal
and transverse directions of the yarns are 6.592 W/m/°C and 0.532 W /m/°C respec-
tively. The heat conduction analysis of the woven plate is performed using Abaqus,
and the mesh is kept the same as the model for the thermoelastic analysis.

Figure 4.10(a) shows the contour plot of temperature distribution in a SG, which
is taken from the plate structure at x1 = 8 mm to 10 mm and x, = 9 mm to 12 mm.
The temperature field will be used as the load to perform the MSG-based composite
plate modeling. The temperature field along the path at the location (9.5 mm, 9.45
mm) is also plotted in Figure 4.10(b). The temperature distribution along the plate
thickness is not linear due to the different thermal conductivities of yarns and matrix.

Based on the pointwise temperature distribution from the heat conduction anal-
ysis, the MSG plate model is used to perform the thermoelastic analysis of the
woven plate. The new non-zero thermal induced stress resultants are Np,
—5.139N/mm, Np,, = —4.243N/mm, My, = —0.449N, Mrp,, = —0.372N. The
significant local stresses 017 and 095 of the SG along the path are shown in Figures
4.11(a) and 4.11(Db).

The above example shows that the MSG plate model can be used to capture the
local stress distribution of complex woven structures under pointwisely distributed

temperature loads with the same accuracy of a DNS model.
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Figure 4.10. Temperature distribution in the SG and along the plate thickness

4.4 Summary

In this chapter, a unified multiscale approach for the thermoelastic modeling of
composite structures is developed. MSG models have been extended to capture the

thermoelastic behaviors of beam, plate and solid structures. With the MSG solid
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Figure 4.11. Stress distribution in the SG and the comparison with the DNS model

model, effective thermoelastic properties can be predicted with the same accuracy as

3D FEA while the computing time can be greatly reduced. With the MSG plate and

beam models, thermal induced stress resultants are derived to capture the thermoe-

lastic behaviors of thin and slender composite structures. Both structural responses

and local stress fields subjected to pointwisely distributed temperature loads can be
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predicted. MSG plate and beam models can achieve similar accuracy as DNS mod-
els. The analysis approach proposed in this chapter can be used in the high fidelity
thermoelastic modeling of composite structures in place of DNS to reduce modeling

and computing time.
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5. INITIAL FAILURE ANALYSIS OF TEXTILE
COMPOSITES

In composite structural analysis and design, initial failure analysis is used to deter-
mine the point where a progressive failure material model should be used to capture
the nonlinear behavior of a structure following failure onset. As the first step in a
progressive failure analysis (PFA), an accurate prediction of failure initiation is cru-
cial for determining the ultimate failure of a structure. To predict the initial failure
strength, various failure criteria have been proposed to study the traditional unidirec-
tional (UD) fiber reinforced composites [88,89]. However, compared with traditional
UD laminates, textile composites usually have more complex microstructures due to
the yarn crimp, which increases the difficulty of accurately predicting the local stress
and strain fields.

In this chapter, a meso-micro coupled approach is proposed to study the failure
initiation of textile composite structures taking the advantage of the efficiency and
accuracy of the MSG models [64]. MSG is extended to perform failure initiation
analysis at the microscale based on fiber and matrix failure criteria subject to the
mesoscale yarn stress field which is computed through the MSG dehomogenization
analysis at the mesoscale [11]. As shown in previous studies [10,12], MSG offers better
computation efficiency while keeps the same accuracy as 3D FEA in analyzing textile
composite structures. For the thin and slender textile composite structures made by
3D woven composites, the MSG plate and beam models are used to compute the initial
strength constants in terms of structural loads, which can be directly obtained from
structural level to capture the non-uniform stress along the plate thickness or beam

cross-section. Note that instead of predicting ultimate failure strength using PFA,
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the present work only focuses on the prediction of initial failure strength constants of

textile composites and failure initiation behaviors at fiber and matrix level.

5.1 MSG-based Initial Failure Analysis
5.1.1 Strength Ratio

The initial failure load (initial strength) of a structure, P.,, is defined as the load
under which the maximum failure index among all the points is equal to 1. If the
stress analysis is linear, for an arbitrary load P, there is a corresponding 3D stress
field 0,;. Then, we can compute the failure index for each point based on this stress
field. Suppose that the initial failure load is P.. = aP, then the corresponding stress
field is aoy;. If the failure criterion is linear with respect to the stress field, such as

the max stress failure criterion, we will have

flaoi;) = af(oi) (5.1)

where f(-) is the function of the failure criterion. According to the failure criterion,
we require af = 1. Thus, we have

a = 7 (5.2)

Denote the smallest @ among all the points as «a,,;,, the initial failure load can be
computed as

P.y = Qi P (5.3)

« is called the strength ratio. If we let P equal to 1, then a,,;, is the initial failure
load. If the failure criterion contains quadratic terms of the stress components such
as Tsai-Wu failure criterion [90], a can be obtained by solving a quadratic equation.
In this chapter, the initial strength constants of different textile composite structures
are computed using the MSG solid and plate models by solving the strength ratio
with the P equal to 1.
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5.1.2 Strength Constants in Terms of Structural Loads

In the composite structural design, shell and beam finite elements are often used
to model thin and slender structures. Instead of applying stress or strain fields at
the structural level, plate stress resultants (i.e. plate forces and moments) or beam
stress resultants (i.e. beam forces and moments) are often used as structural loads.
For MSG plate and beam models, the structural modeling is performed using the
plate constitutive relations, where the structural strains (i.e. plate and beam strain
measures) can be obtained. Then, the 3D stress and strain fields at the SG level
can be recovered through MSG dehomogenization analysis. This process enables
predicting failure initiation using 3D stress or strain fields while the failure strength
constants can be expressed in terms of structural loads. This feature will provide more
straightforward information for the structural design. In addition, another benefit of
using structural loads as failure strengths is to account for the non-uniform stress
state in the RVE or SG model. For example, Figure 5.1(a) shows a constant stress
state which is often used in current approaches to compute the corresponding strength
constant (tensile strength in x direction). In this case, the RVE is considered as a
point of the homogenized structure, and a uniform stress state for a point is a valid
assumption. However, for some thin structures made of 3D woven composites, the
thickness of the RVE is the same as the thickness of the original structure. Thus,
a constant stress state cannot be used in the thickness direction of the RVE. As
shown in Figure 5.1(b), a RVE of a thin textile composite structure can subject to a
linear stress distribution under a bending load. For such thin textile structures, plate
stress resultants are better to use as failure strength constants. More details of the
significance of capturing the non-uniform stress distribution have been discussed by

Karkkainen and Sankar [55,56].
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Figure 5.1. Different stress states in solid and plate models

5.2 MSG-based Meso-micro Scale Coupled Initial Failure Analysis

MSG models can predict local stress/strain fields with excellent trade off between
computational efficiency and accuracy [79,86], which is critical for performing ini-
tial failure analysis for a full meso-micro scale coupled analysis. Although extensive
studies have focused on the failure of the yarn and matrix at the mesoscale level,
investigating the failure at the microscale (i.e. the fiber and matrix) could poten-
tially reveal more insights of failure mechanisms at the fiber and matrix level. In this
chapter, a mesoscale model, which represents the macroscopic structural behaviors,
is first created and subjected to the external load P. The maximum principal stress
criterion is used to compute the strength ratio o of the matrix, while no failure cri-
terion is applied to yarns. Instead, the stress field in each finite element representing
the yarns is computed and subsequently used to perform the initial failure analysis at
the microscale. The minimum strength ratios of matrix and fiber within the yarn are
obtained as as and as3. At last, the initial strength of the textile composites is com-
puted as P where o = min {ay, an, ag}. The whole analysis procedure is illustrated
using a plain woven SG in Figure 5.2. For the initial failure analysis, we assume that
no damage occurs before the initial failure. Since the stress concentration is often
associated with damage, the stress field computed at each Gaussian point is averaged

over the element to reduce the effects of the stress concentration.
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Figure 5.2. Coupled meso-micro scale initial failure analysis

For the MSG models, the analysis is decoupled into homogenization and initial
failure analysis. The homogenization analysis solves the unknown fluctuating func-
tions of the SG, and the initial failure analysis will directly use the external loads
along with the solved fluctuating functions to get the local stress and strain fields.
In other words, there is no need to factorize the system stiffness matrix for the MSG
initial failure analysis which is the most time consuming part in the entire analysis.

Generally speaking, there are 12 strength constants for a textile composites de-
termined by 12 loading cases. The tensile strengths X, Y, Z and the compressive

strengths X'/, Y’ Z’ in the three material principal directions (1, xq, x3 respectively),
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and the shear strengths R, T', S in the three principal planes of symmetry (zy-z3,
x1-T3, T1-To respectively). Note the shear strengths can be sign dependent due to the

antisymmetric configuration of textile composites.

5.3 Numerical Examples

The two-scale initial failure analysis of a plain woven and a 3D orthogonal woven
composites example will be carried out in this section. The microscale analysis will be
performed using a square pack microstructure as shown in Figure 5.2. As mentioned in
the previous section, failure criteria will be applied to matrix and fiber. The maximum
principal stress criterion is used for matrix, and the following failure criterion is used

for the fiber [91].

f:%:l, if o >0

5.4
_|011|_ . ( )
f— X =1, if o011 <0

where X and X' are the tensile and compressive strength of the fiber. The material

properties and strength constants of the fiber and matrix are given in Table 5.1.

Table 5.1. Elastic and strength constants of fiber and matrix [92]

Material | By (MPa) | By (MPa) | G (MPa) | Gag (MPa) | vy | X (MPa) | X’ (MPa)
Fiber 230000 15000 15000 7000 0.20 | 25000 2000
Matrix 4200 4200 1567 1567 0.34 69 250

In order to perform a mesoscale analysis, effective elastic constants of the yarn are
computed using MSG solid model as given in Table 5.2. The accuracy and efficiency

of using MSG solid model to compute effective properties has been studied in [86].

Table 5.2. Elastic constants of the yarn

Material | F; (MPa)

139700

E2 = E3 (MPa)
9537

G12:G13 (MPa)
4700

G23 (MPa)
3060

V23

0.259

V12=3

0.252

Yarn
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5.3.1 Plain Woven Lamina

Plain woven composites are often used in laminate structures. For laminate struc-
tures, effective woven lamina properties are usually computed first, which are later
used to construct the plate stiffness matrix using CLPT. Since plain woven com-
posites are often used as a homogeneous layer, a solid model is needed to compute
the effective properties as well as the failure strength constants in terms of stress or
strain measures. A plain woven SG is shown in Figure 5.3. The MSG solid model
is used to perform homogenization and failure analysis at mesoscale. The PBCs in
x, y, and z directions are applied. The plain woven composites only have 6 different
strength constants because of the symmetry in x and y direction. To be more specific,
X =Y, X'=Y"and R =T and there is no sign dependent in shear strengths. The
width, spacing and thickness of yarns in this example is 1.65 mm, 1.8 mm and 0.25
mm respectively. The MSG mesoscale model contains 72,000 20-node brick elements.
The MSG microscale model contains 580 8-node 2D quadrilateral elements. In terms
of the computing time, t,,cso = 3,484 s and t,i0r0 = 2 s for RVE models. For the
MSG models, tes0—homo = 816.64 s, tieso—faii = 100.9'S, tricro—homo = 0.15 s, and
tmicro—fail = 0.1 s. The number of yarn elements is 45,875. Hence the computing time
for 6 strength constants is 158.7 hours and 8.1 hours based on RVE and MSG anal-
ysis respectively. The MSG-based multiscale initial failure analysis shows significant
computational efficiency over the RVE-based analysis. Table 5.3 lists the predicted
initial failure strength constants as well as the difference between them. The results

based on RVE and MSG analysis agree well and all the differences are with 1%.

Figure 5.3. Woven laminate and the plain woven SG
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Table 5.3. Initial strength constants (MPa)

Model X=Y | X'=Y’ Z A R=S T
MSG 149.81 | 294.25 | 39.91 | 144.60 | 22.94 | 19.10
RVE 150.35 | 292.09 | 39.93 | 144.70 | 22.95 | 19.11

Diff (MSG vs RVE) | 0.36% | 0.74% | 0.05% | 0.07% | 0.04% | 0.05%

To have a better understanding of the initial failure at microscale, the contour
plots of the strength ratio under in-plane loading cases of microscale models are given
in Figure 5.4. The red color represents the small strength ratio which corresponds to
the large stress level. For the microscale models, RVE model uses a 3D domain while
MSG model uses 2D domain, but the distribution of strength ratio in both models
agree well. In addition, matrix has relatively smaller strength ratio, which means the
first point failure of textile composites tends to occur at the matrix in the yarns. This

conclusion is in accordance with previous conclusions by other researchers [93].

5.3.2 3D Orthogonal Woven Plate

3D woven composites are often used in thin composite structures. Due to the
binder yarns, it is not easy to use a two-step approach with CLPT to construct plate
stiffness matrix as the approach used in plain woven laminate structures. Instead, the
plate stiffness should be directly computed based on the mesoscale model of the 3D
woven composites. As such mesoscale models often have the same thickness as the
original composite structures, MSG plate model is used to perform homogenization
and failure analysis, which can capture the non-uniform stress distribution along the
thickness of the structure. A homogeneous plate structure with shell elements and the
corresponding 3D orthogonal woven SG are shown in Figure 5.5. The SG is analyzed
using the proposed two-scale approach, and the microscale model is the same as in

the plain woven example. A RVE plate model based on 3D FEA is also carried out
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Figure 5.4. Strength ratio under the loads in x direction

which is subjected to the BCs described in [55]. The RVE plate model is analyzed
using the Abaqus micromechanics plugin function of SIMULIA [94].
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The strength constants are in terms of plate stress resultants {IN, M } to capture

the non-uniform stress distribution which is critical for textile composites.

Plate structure

Figure 5.5. Beam structure and the corresponding SG

The initial failure strength constants computed by the MSG plate model are listed

in the Table 5.4. The superscripts “4+”7 and “” indict the loading direction. “+”

W

means the load applied in the positive direction while means the load applied in
the negative direction. Due to the geometric configuration of this 3D woven compos-
ites, the in-plane shear strength and out-of-plane bending strength constants do not
depend on the direction of the loads. It is clear that the results based on the MSG

plate model agrees well with the results based on the RVE plate model.

Table 5.4. Initial strength constants for MSG and RVE plate model

Model | Ni; (N/mm) | N;; (N/mm) | Ny (N/mm) | Ny (N/mm) | Nip (N/mm) | My, (N) | Moy (N) | Mia (N)
MSG 118.86 263.63 221.97 672.63 40.61 25.37 83.00 17.70
RVE 118.85 263.76 221.95 672.62 40.61 25.37 83.00 17.70

For this orthogonal woven plate model, 8 loading cases are needed to determine
all the strength constants. For a single loading case, the mesoscale and microscale
RVE model took 4,414 seconds and 2 seconds. For the MSG plate mesoscale model,
it took 530.23 seconds for homogenization and 85.60 seconds for failure analysis. For
the MSG microscale model, it took 0.15 seconds for homogenization and 0.1 second

for failure analysis. In this example, the woven SG contains 28,365 yarn elements and
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the computing time for 8 strength constants of this orthogonal woven SG is 135.9

hours and 6.6 hours based on RVE and MSG models respectively.

5.4 Summary

MSG models have been extended to perform initial failure analysis of textile com-
posite structures. Three failure functions are available in the current MSG models:
initial failure strength, failure index/strength ratio, and failure envelope. A two-scale
approach is proposed to predict initial failure strength of solid- and plate-like tex-
tile composite structures. Compared with traditional initial failure predictions at
mesoscale, the two-scale model is able to capture the failure behavior of the fiber and
matrix instead of the yarn and matrix. The strength constants of the plain and 3D
orthogonal woven composites are predicted using the MSG solid and plate models.
The results based on MSG models are compared with those from RVE models using
3D FEA, which shows that the two-scale MSG models achieve the same accuracy as
RVE models but the computing time is significantly reduced. Moreover, the MSG
plate model is able to capture the non-uniform stress along the thickness of textile
composite structures, which provides useful information for the design and analysis

of thin textile composite structures using shell elements.
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6. MACHINE LEARNING ACCELERATED FAILURE
ANALYSIS

As shown in the previous chapter, the scale coupled approach is very computationally
expensive. In practice, failure analysis is carried out using a non-coupled multiscale
modeling approach. For example, the microscale modeling with fiber and matrix is
first carried out to compute the effective strength constants of yarns under different
loading conditions. At the mesoscale, failure criteria such as Tsai-Wu and Hashin are
then assumed for yarns using the effective strength constants, and the failure initi-
ates once the criterion is met. Subsequently, a damage evolution law and a stiffness
degradation algorithm are applied to predict the nonlinear behavior of the composite
material during failure progression. Therefore, choosing an appropriate failure cri-
terion is crucial in determining the overall failure behavior. However, experimental
evidence shows that the current failure criteria are still not mature enough to give an
accurate prediction of failure initiation [7]. In addition, most of the existing failure
criteria are developed for the unidirectional fiber reinforced lamina. There is limited
evidence that these failure criteria can be safely applied to yarns which are often in
more complex stress states due to the yarn crimp in fabrics. Copyright permissions
have been obtained to reuse the published materials from [15] in this chapter.
Artificial neural network (ANN) approach can be used to construct a surro-
gate model that can improve the computational efficiency in some expensive sim-
ulations [95,96]. Moreover, ANN can also be used as an universal approximation
theorem tool [63] to approximate any functions when its explicit mathematical for-
mulation is unknown or does not exist. The current failure criteria used in composites
are mainly based on postulated polynomial functions of stress or strain fields with co-

efficients to be determined from experiments or sub-scale numerical models. Taking
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advantage of ANN, a failure criterion can be directly constructed using appropri-
ate inputs and outputs, thereby avoiding the possible inaccuracies associated with

postulated polynomial expressions.

6.1 Basic Feed-forward Neural Network Model

A feed-forward deep learning neural network is used to construct the failure cri-
terion for the yarn. A typical configuration of a multilayer feed-forward network is
given in Figure 6.1. The units in each layer are called neurons. X = {x1, zo, ..., x,} is

defined as the input neurons and Y = {y1, y2, ..., Ym } is defined as the output neurons.

neuron j

a; = g(z;)

Input layer Hidden layers Output layer Neuron structure

Figure 6.1. Architecture of a multilayer feed-forward network

For every connection between neurons in the (I — 1)th layer and [*" layer, there is
a weight parameter w;; to measure the influence of each of the preceding neurons in
the (I —1)" layer. A bias term b; is used in each neuron in the (" layer to cover a
wider range [97]. Each neuron receives input from the preceding neurons. Each input

from the preceding neurons is multiplied by the corresponding weight. For a given
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neuron j, the bias b; is added to the sum of the weighted neural inputs as shown in

Eq. (6.1) §
Zj = Z ;Wi + bj (61)
=1

Next, an activation function is used to compute a scalar value for each neuron in
the current layer using z;. This scalar constitutes the input that each neuron provides
to the next layer. In this chapter, ReLU function [61] is used as the activation
function, which has been shown to have a better training performance with deep
networks compared to other activation functions [98]. The ReLU function is given in
Eq. (6.2)

g(z) = max(z,0) (6.2)

The weights and biases are called trainable variables, which means that they are
updated during the training to minimize a loss function. Constructing the failure
criterion is considered as a regression problem, and the loss function is defined as the

mean square error (MSE):

n

1 5y
L=g-> (=g (6.3)
i=1

where n is the number of training samples, y® is the actual output in the training
samples and §¥ is the predicted output using the trained model. The gradient descent
method is commonly used in the neural network to find the minimum of the loss

function [62]. The weights and biases can be updated using the following equations:

oL
new old
new _ g0 _ 6.4
wl] 1] naw;}ld ( )
oL
new old
b = 07" — nab]qld (6.5)

where 7 is called the learning rate, which is also updated during the training process
using the adaptive gradient method [99]. To find the derivatives in Egs. (6.4) and
(6.5), a backpropagation method is often used, which can be summarized into four
equations [100]:

5" = (a” — y) © gr(=") (6.6)
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=4 (6.8)
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aL -1l
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where d denotes the error of the layer, the superscript L denotes the output layer and

[ denotes the hidden layers. Eqs. (6.6) and (6.7) are in matrix form. For example, a”

contains the output values which can be expressed in the vector [al af ... aZ]T.
The “®” denotes the elementwise product of two vectors. The detailed proof of Eqs.
(6.6)-(6.9) can be found in [100]. An open source Tensorflow python library [101] is

used to train the DNN model proposed in this chapter.

6.2 Constructing Yarn Failure Criterion
6.2.1 Multiscale Failure Analysis

A multiscale modeling approach is often used to decouple the failure analysis
to the mesoscale and microscale. In general, a point at macroscale model can be
considered as a mesoscale model including the matrix and homogenized yarns [14],
and a point inside a yarn can be modeled by a microscale model with the matrix and
fibers (Figure 6.2). Note that the stress gradients of the woven mesoscale model has
been neglected so that the strength constants can be expressed as 3D stress or strain
measures for the macroscale laminate analysis. A two-step approach is often used
to perform multiscale modeling of textile composites [10]. In the first step, effective
yarn stiffness and strength constants are computed at the microscale level based on
fiber and matrix properties and their corresponding failure criteria. In the second
analysis step, performed at the mesoscale, the effective strength constants from the
microscale modeling are used in the yarn failure criterion to predict yarn failure.
The yarn failure criterion in conjunction with the matrix failure criterion allows to
determine the failure initiation of textile composite material, which provides the initial

failure strengths of the woven ply in the macroscale laminate analysis.
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Figure 6.2. Multiscale analysis of textile composites

The above approach can be considered as a decoupled multiscale analysis, which
means that the mesoscale modeling only uses the homogenized failure information
from the microscale modeling. This approach has excellent efficiency as the microscale
modeling only needs to be performed a handful times to determine the corresponding
strength constants. On the other hand, a more accurate prediction can be obtained
if a fully coupled multiscale analysis (e.g. FE? [9]) is used. For the fully coupled
multiscale analysis, the stress or strain fields at each integration point in the yarn
elements are obtained from the mesoscale modeling and are subsequently applied
to the microscale model to perform the failure analysis based on the local stress
field in the fiber and matrix. In other words, a microscale modeling is required for
each integration point of all yarn elements at each load step. For the initial failure
analysis, a single load step at the mesoscale is enough to determine one initial strength
constant. However, the microscale modeling is needed for each integration point in
the yarn elements. In this chapter, the stress field is averaged over each element to
reduce the effect of the stress concentration.

The microscale analysis procedure is summarized in Figure 6.3. The yarn element
stress tensor is obtained by the dehomogenization analysis using the MSG solid model
at the mesoscale. The yarn stress is applied to the microscale model to compute the
stress field at the microscale. The microscale stress fields at the integration points

are averaged within each element. The element stress field is used to compute the
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strength ratio based on the failure criterion of the matrix or fiber. The maximum
principal stress failure criterion is applied to matrix and the failure criterion in Eq.

(6.10) is used for the fiber [91].

f:%zl, if o >0
ol (6.10)

The terms X and X’ are the tensile and compressive strength of the fiber, respectively.
The strength ratio of the microscale model is defined as the minimum strength ratio

among all elements.

Yarn stress > O-ir]n of matrix points > 61?}1 of matrix elements > a™ of matrix elements > a of yarn element
0ij 4 O'L-j; of fiber points ~ |* &/ of fiber elements + | af of fiber elements 4 at mesoscale

ij

____________________________________________________________________________________________________

Figure 6.3. Microscale failure analysis

The goal of the failure criterion to be constructed using the DNN model is to

replace this microscale FEA procedure with a functional form such that:

f(aij) = a (6.11)

6.2.2 Training Process

In the context of neural networks, the yarn failure criterion is the mapping of the
strength ratio from the stress tensor as defined in Eq. (6.11). As shown in Figure
6.3, the microscale analysis involves multiple steps: recovering the stress field at the
microscale, averaging the stress field within each element, computing the strength
ratio, and comparing the strength ratio of each element. It is difficult to generate
a representative database of the six yarn stress components of each yarn element if

the external loads are arbitrary. However, the yarn stress field linearly relates to
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the strength ratio of the microscale model. Therefore, the yarn stress field can be
scaled by a factor k which is defined as the maximum absolute value of the six stress
components of an element. As a result, the value of the scaled stress components
ranges from -1 to 1. If the strength ratio based on the scaled yarn stress components
is ayg, the final strength ratio under the actual yarn stress field is kagy. A database,
which contains 300,000 samples, is generated using the microscale failure analysis
based on the MSG solid model. Each sample accepts six yarn stress components as
input and provides a strength ratio of the microscale model as output. The input
data is generated using the Latin hypercube sampling (LHS) [102] to make a uniform
random distribution of stress components between -1 and 1. The DNN model is
trained by 290,000 samples. In order to avoid over-fitting, the model is validated
using 20% of these training data during the training process. The trained model is
tested with the rest 10,000 samples.

Finally, a model with four hidden layers is used to construct the yarn failure
criterion. The number of neurons used in each hidden layer is 300, 200, 160, 100.
Figure 6.4 shows the loss of training data and validation data with respect to epochs.
Based on the training loss with respect to the epochs, the accuracy of the training
model can be evaluated. As the validation data set is not used in training the model,
an increasing validation loss will be observed if the training model is overfitted. The
loss is computed using Eq. (6.3). An epoch is defined as when an entire training
data set is passed forward and backward through the neural network once. Figure
6.5 shows the comparison between the predicted strength ratio and the true strength
ratio. Note that the smaller strength ratio represents the higher stress level which is
more critical than the larger strength ratio. To highlight the critical strength ratios,
only the stress smaller than 300 MPa are plotted. The stress at failure of plain weave
material modeled in this chapter is within this range. Figure 6.5 shows that the

predicted values have excellent agreements with the true values.
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Figure 6.5. Parity plot of predicted and true values

6.3 Numerical Example

A fiber reinforced plain woven composite material example is used to study the

accuracy of the proposed yarn failure criterion at predicting the initial strength con-
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stants. Due to the symmetry of the plain weave in the x and y directions, the com-
posite material only has 6 different strength constants. To be more specific, X =Y,
X' =Y and R =T and there is no sign dependence in shear strengths. Therefore,
only 6 loading cases are needed at the mesoscale. The width, spacing and thickness
of yarns in this example are 1.65 mm, 1.8 mm, and 0.25 mm respectively. The model,

shown in Figure 6.6, contains 72,000 20-noded brick elements.

Figure 6.6. Mesoscale plain weave composites model

6.3.1 Mesoscale Analysis with Yarn Failure Criterion

The matrix of the mesoscale model uses the maximum principal stress criterion.
In addition to the failure criterion constructed using DNN, the maximum stress (Max-
stress), T'sai-Wu and Hashin failure criteria are also used to perform mesoscale yarn
failure initiation analysis.

The Max-stress failure criterion is defined as:

011 022 033
when the stresses are tensile, and
|o11] | 022 |033]
when the stresses are compressive, and
|023] |013] 012
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when the material is subject to shear stresses.
The Tsai-Wu failure criterion can be expressed as:
[ =Fio11 + Fa09 + F3035 + Fi107, + F2203, + F33055+
2F19011093 + 2F13011033 + 2F53092033+ (6.15)
F440§3 + F550%3 + Fggosy = 1
The 12 coefficients in this failure criterion can be written in terms of the failure
constants calibrated from subscale modelings or experiments [103].

The Hashin failure criterion can be expressed in terms of the following four equa-

tions with the corresponding failure mode. For tensile fiber failure mode:

1
f= X2 + §(0f2 + af3) =1 (6.16)

For compressive fiber failure mode:

_loul _

f 7 1 (6.17)
For tensile matrix failure mode:
Oo9 + 033)2 1 1
p= Ot oml Lok o)+ bl =1 (618)

For compressive matrix failure mode:

f= {(Ky _ 1] 022 + 033 i (022 + 033)2 n 033 — 022033 X oty + 0%y
2R

v o 2 o2 =1 (6.19)

While the above functions are used to predict the failure index, the corresponding
strength ratio also can be obtained. The strength constants used in the above failure
criteria are usually derived from microscale models [51,104]. A microscale square
packed model is used to compute the effective stiffness and strength constants for
yarns based on the MSG solid model. The MSG solid model has been demonstrated to
provide an accurate prediction of the effective properties and local stress field using the
square packed microstructure [86]. As mentioned previously, the maximum principal
stress criterion is used for matrix failure and Eq. (6.10) is used for fiber failure. The
fiber and matrix properties are given in Table 6.1. The effective engineering and
strength constants for yarns computed based on the MSG solid model are given in

Tables 6.2 and 6.3.
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Table 6.1. Elastic and strength constants of fiber and matrix. [92]

Material | E; (MPa) | By (MPa) | Gi1a (MPa) | Gog (MPa) | 112 | X (MPa) | X' (MPa)
Fiber 230000 15000 15000 7000 0.20 25000 2000
Matrix 4200 4200 1567 1567 0.34 69 250

Table 6.2. Elastic constants of the yarn

Material El (1\/IP&) E2 = E3 (MPa) G12:G13 (NIP&) G23 (MPa) V19=U13 Va3
Yarn 139700 9537 4700 3060 0.252 | 0.259

Table 6.3. Effective strength constants of yarns (MPa)

X X' Y=Z|Y'=Z2"| R |S=T
1518.86 | 1215.09 | 49.21 | 178.29 | 56.96 | 41.80

6.4 Results and Discussion
6.4.1 Meso-micro Scale Model vs Mesoscale Model

The results based on the DNN mesoscale and meso-micro scale models, as well
as their relative differences, are provided in Table 6.4. Note that the minimum yarn
strength ratio is smaller than the minimum matrix strength ratio at the mesoscale.
As a result, all the strength constants listed in Table 6.4 are associated with the yarn
failure. This implies that the failure initiation tends to occur in the yarns which is
in accordance with previous conclusions by other researchers [93]. These results give
evidence that the DNN model has a better accuracy than other mesoscale models.
The mesoscale models with traditional failure criteria show significant loss of accuracy
for some of the strength constants compared with the meso-micro coupled model. For
example, the Hashin failure criterion led to a 38.65% difference in Z’. The Tsai-Wu
failure criterion led to a 45.61% difference in Z’, and the maximum stress criterion

led to a 13.86% difference in X’ and Y.
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Table 6.4. Initial strength constants (MPa)

Model X=Y | X'=Y’ A A4 R=S T
Meso-micro scale | 149.81 | 294.25 | 39.91 | 144.60 | 22.94 | 19.10
DNN 146.54 | 281.48 | 38.73 | 140.78 | 22.86 | 18.92
Hashin 143.81 | 267.83 | 32.63 | 200.48 | 24.03 | 19.34
Tsai-Wu 147.50 | 234.71 | 36.22 | 210.55 | 23.41 | 19.23

Max-stress 150.60 | 253.46 | 38.06 | 137.89 | 24.10 | 19.36
Diff (DNN) 2.18% | 4.34% | 2.95% | 2.64% | 0.35% | 0.92%
Diff (Hashin) 4.01% | 8.98% | 18.25% | 38.65% | 4.76% | 1.24%
Diff (Tsai-Wu) | 1.54% | 20.23% | 9.24% | 45.61% | 2.06% | 0.67%
Diff (Max-stress) | 0.53% | 13.86% | 4.64% | 4.64% | 5.05% | 1.35%

To study the site of failure initiation, the contour plots of the failure index (FI)
of yarn elements under the loading condition Z’ are given in Figure 6.7. As shown in
Table 6.4, the Hashin and Tsai-Wu failure criterion gives the largest error under 7’
loading condition. The meso-micro scale model as well as the mesoscale model with
DNN, Hashin, and Tsai-Wu failure criterion are analyzed. It is easy to observe that
the critical elements or damage initiation sites in Figures 6.7(a) and 6.8(b) are similar
while the critical elements predicted by Tsai-Wu and Hashin failure criterion are
different from ones computed by the meso-micro scale model. Due to the symmetric
configuration of the plain weave composite, the failure indexes between each yarn are
very close as shown in Figure 6.7. Therefore, it is very difficult to accurately identify
the initial failure element. However, the critical elements from different models can
be analyzed to show the differences using different failure criteria. For example, the
FT at the element 69402 and element 38807 in the meso-micro scale model are 1.000
and 0.997 respectively. As these two failure indexes are very close, the element 38807
can also be considered as a critical site for failure initiation, and this element is also

considered as the critical site using DNN failure criterion. On the other hand, the
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FI at element 39020 in meso-micro scale model is 0.958 that may not be considered
as a critical element due to the 4.2% percentage difference, which means that the
critical elements or sites predicted by Tsai-Wu and Hashin failure criterion may not
be the damage initiation sites in the meso-micro scale model. In addition, the failure
indexes at element 69402 using DNN, Tsai-Wu and Hashin failure criterion are 0.993,
0.844 and 0.861 respectively. Compared these failure indexes with the corresponding
critical FI in each model, the percentage differences are 0.7%, 15.6% and 13.9%, which
means that using DNN failure criterion can also detect the critical failure initial sites
while using Tsai-Wu and Hashin failure criterion cannot predict the critical sites in

the meso-micro scale model.

+1.090e+00 Elem: 69402 1833001 F1.0.99
8/468e-01 F|: +6.700e-01
Etzmzz-m Fl: 1.000 +5.875e-01
+6.936e-01
+6.170e-01

E +1.000e+00 Elom: 69402

Elem: 38897

FI: 0.997 Elem: 38897

FI: 1.000

(a) Meso-micro scale model (b) DNN failure criterion

+8.5066-01
+7.759e-01 Fl: 0.861
+7.0126-01
+6.2656-01

E 155551 Elem: 69402 E +1.000e400Flam; 69402

Elem: 39020
FI: 1.000

Elem: 39020
FI: 1.000

(c) Tsai-Wu failure criterion (d) Hashin failure criterion

Figure 6.7. Initial failure sites based on different criteria

The traditional failure criteria are formulated by an assumed equation (e.g. Tsai-

Wu) or a system of equations (e.g. Max-stress and Hashin) that include a number of



124

coefficients determined by sub-scale modeling. Therefore, given a set of yarn strength
constants derived from microscale modeling, each failure criteria provides a different
prediction. However, if a DNN-based failure criterion is directly constructed using the
failure information from the microscale models without assuming a functional form,

the accuracy can be improved as demonstrated by the results in Table 6.4.

6.4.2 Failure Envelope

The failure envelope analysis is performed to show the failure strength under
combined loading conditions. A failure envelope can be used to graphically depict
the critical stress/strain state field. In general, a failure envelope is a six-dimensional
surface. In order to graphically represent and intuitively visualize them, only 2D
failure envelopes are computed and plotted hereinafter. The envelope is computed
numerically by gradually increasing the ratio of two load components and performing
failure initiation analysis at each load step.

Another advantage of MSG models compared with the RVE models based on FEM
is the efficiency in computing the failure envelope. First, most RVE-based analysis
only computes the failure index to determine the point on the failure envelope. If
the failure criterion is not linear (e.g., Tsai-Wu), multiple analyses are required to
determine one failure point on the envelope. Since MSG uses the strength ratio, the
analysis only needs to be performed once for the non-linear failure criterion. Second,
RVE models must solve the system of equations for the entire model every time for
different loads. Once the fluctuating functions are solved from the MSG models, the
local stress field can be obtained by matrix multiplication directly. For a fix SG or
RVE, MSG models only need to solve the system equations once.

The MSG solid model is used to perform the failure envelope analysis. The
above numerical method has been implemented into the MSG companion code
SwiftComp™ [105] to compute the failure envelopes. Since woven composites are

often used as plies in laminated structures, the in-plane stress components usually
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receive more attention in the design. The failure envelopes with respect to the 11-022
and 711-012 stress components are plotted in Figure 6.8. Note that the over-line on
the stress components means that the failure envelope is constructed by the stress
components applied at the mesoscale model, which are corresponding to the stress
field of a material point in a woven lamina in a macroscale laminate structure.

The failure envelopes associated with the Max-stress and DNN yarn criterion are
constructed to further study the accuracy of the proposed criterion. Based on the
failure envelopes, two check points, a and b, are selected as shown in Figure 6.8.
These points are associated with loading conditions under which the material should
not fail according to the Max-stress failure criterion but fails using the DNN-based
failure criterion. The corresponding applied stress loads to the mesoscale model are
g = [130 —150 0 0 0 O] and g}, = [120 0 O 0 0 15]. Stresses are
expressed in MPa. To determine if failure initiates under these loading conditions,
the meso-micro scale model is used to perform the failure analysis. The resulting
strength ratios are a® = 0.914 and o’ = 0.725. As a® and o’ are smaller than one,
the material is expected to fail under these conditions. Since point a and b falls
outside the failure envelope based on DNN failure criterion, the DNN failure criterion
predicts failure as well. However, if the Max-stress criterion was applied to these
loading conditions, failure would not be detected, thereby leading to unconservative
predictions. Figure 6.9 shows the strength ratio computed at the microscale using
the meso-micro scale model. The elements with the strength ratio larger than 1.1
has been hidden. Figure 6.9 shows that failure initiation occurs at multiple elements

under the loading conditions a and b.

6.4.3 Computational Efficiency Analysis

All the computations in this chapter are performed in a windows system work-
station using a single CPU. The processor of the computer is Inter(R) Xeon(R) @
2.60 GHz and the RAM is 256 GB. The meso-micro scale modeling took 8.1 hours
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Figure 6.8. Failure envelopes based on the DNN and Max-stress failure criterion

to determine the strength constants under 6 loading cases. The DNN mesoscale
modeling using the proposed yarn failure criterion took 0.32 hours to determine the

strength constants under 6 loading cases. For constructing the failure criterion, the
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Figure 6.9. Strength ratio at microscale under loading condition a and b

DNN model took 8.3 hours including sampling and performing the MSG microscale
analysis. The computing time associated with the training process performed using
Tensorflow is negligible compared to the computing time for sampling and microscale
modeling. However, the hyperparameters (e.g. number of hidden layers and neurons)
in the DNN model need to be manually adjusted by the user. The time associated
with this operation varies depending on the experience of the user. It takes minutes by
an experienced user, while it can take hours by an inexperienced one. Therefore, the
following comparison is based on computing time only and does not include hyperpa-
rameters adjustment. Figure 6.10 shows the computing time of the meso-micro scale
and DNN model with respect to the number of loading cases. For the DNN model,
the initial computing time is larger as it took 8.3 hours to obtain the yarn failure
criterion. However, this is a one-time (i.e. non recurring) computational cost. After
about 7 loading cases, the meso-micro scale model run time exceeds the computing

time of the DNN model and it becomes more and more expensive compared with the
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DNN model. As mentioned in the previous section, to construct a failure envelope,
two stress components need to be gradually increased. This process typically involves
a considerable number of load cases. Therefore, the proposed DNN model provides a
more efficient approach for constructing failure envelopes without significant loss of
accuracy. The constructed failure criterion can be used in many other computational
expensive analyses such as predicting failure envelopes with different load combina-
tions and modeling the woven composites using plate or beam model with the same

microscale model.

100

—Meso-Micro scale
E 80 —DNN
2
2 60
g
BN
5l
=
=t
B
S 20

0 -~
1 10 19 28 37 46 55 64

Loading cases

Figure 6.10. Computing time of the meso-micro scale and DNN model

6.5 Summary

A new yarn failure criterion is developed based on the MSG microscale failure
analysis and a DNN model. The mesoscale failure analysis of a plain woven compos-
ite material example is performed using the proposed yarn failure criterion and other
well established failure criteria. In addition, a meso-micro scale coupled model is used
to provide benchmark results to verify the accuracy and efficiency of the proposed
model. The results show that the proposed model agrees well with the benchmark

results while the traditional failure criteria show significant loss of accuracy in some
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strength constants. The failure envelope analysis is also performed to show that the
proposed failure criterion provides a more accurate prediction under multiaxial load-
ing conditions than traditional criteria. The inaccuracy from the traditional failure
criteria is likely due to the inherent assumptions built in their formulation. Therefore,
constructing a failure criterion based on advanced machine learning models (i.e. deep
learning model) could potentially give more accurate predictions. The proposed DNN
modeling approach can be applied to high fidelity multiscale failure analysis models
as well as experimental data, regardless of the material microstructure, mesostructure

and failure mechanism.
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7. SUMMARY

In this dissertation, a novel multiscale modeling approach to predicting the behaviors
of textile composite materials and structures is developed based on mechanics of
structure genome (MSG) and artificial neural network (ANN) models. The MSG
theory has been extended to perform multiscale modeling of textile composites in
elastic, viscoelastic, thermoelastic, and failure analysis. The proposed method has
been validated using 3D RVE analysis, DNS based on 3D FEA, or experimental data.
The results show that the proposed approach achieves the same accuracy as the
ones based on 3D FEA while the computational efficiency has been greatly improved.
Moreover, ANN models are used to construct a new yarn failure criterion to accelerate
the multiscale failure analysis which also avoids the inaccuracies associated with the
postulated expressions in traditional failure criteria.

A two-step homogenization is first proposed to predict the effective properties of
textile composites. In the first step, the effective properties of yarns are computed
based on fiber and matrix properties using the MSG solid model at the microscale.
The effective properties of textile composites are subsequently obtained based on the
effective properties of yarns and matrix. Different weave patterns (e.g., 2D and 3D
woven) and manufacturing features (e.g. inter-ply shift) are studied using the MSG
solid model. The results are compared with the ones from RVE analysis using 3D
FEA. It shows that the MSG solid model achieves the same accuracy as RVE analy-
sis with a significantly reduced computational cost. In addition, the MSG plate and
beam models are used to analyze thin and slender textile structures. Both struc-
tural responses and local stress fields can be captured with the same accuracy as
the DNS models while the computing time is greatly reduced. To better apply this
novel multiscale modeling approach to the real engineering analysis and design, the

approach has been integrated into commercial FEM software MSC.Patran/Nastran
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as a multiscale constitutive modeling module. The constitutive information obtained
from MSG models is used along with the built-in structural elements in MSC.Nastran,
which can capture the behavior of complex woven composite structures using normal
structural elements.

MSG theory has been extended to predict the viscoelastic behavior of textile
composites based on the quasi-elastic approach. At the microscale, the fiber is elastic
and the matrix is viscoelastic. The MSG solid model is used to predict the effective
viscoelastic properties of yarns which are in terms of Prony series. At the mesoscale,
the MSG plate model is used to predict the time-dependent plate stiffness matrix
which is used to capture the viscoelastic behavior of thin-ply textile composites.
The developed approach provides a fast and accurate alternative to the commonly
used RVE analysis approach. In addition, the viscoelastic properties of non-isotropic
materials can be easily defined in the MSG models while complex user subroutines
are required in the commercial FEM codes. The predicted behavior is compared with
the experimental data from literature and a excellent agreement is found.

In addition, the MSG theory has been extended to capture the thermoelastic
behavior of textile composites. The pointwise temperature load along the thickness of
thin or across the cross-section of slender structures are taken into account at the SG
level. For thin and slender structures, the plate and beam stress resultants are used
to capture the thermal-induced behaviors. Different 2D and 3D textile composites
are analyzed using the proposed approach and the results are compared with the ones
from DNS. The results show that the proposed approach has the same accuracy as
the DNS with a significant improved efficiency.

The MSG models are applied to initial failure analysis of textile composites. A
meso-micro scale coupled approach is proposed which avoids using questionable failure
criterion of yarns. Moreover, the stress gradient along the thickness of thin textile
composite structures is captured by using the strength constants in terms of plate

stress resultants. Since MSG models only need to perform one homogenization to
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determine the fluctuating functions, MSG models show a great benefit in efficiency
for computing the failure envelopes.

To accelerate the multiscale failure analysis, the advanced deep learning neural
network models are used to construct a new yarn failure criterion based on a series of
microscale failure analysis. The new yarn failure criterion as well as other commonly
used failure criteria are applied to mesoscale failure analysis. The mesoscale failure
strength constants predicted by the new yarn failure criterion agree well with the
ones based on the scale-coupled approach while the results based on other traditional
failure criteria show great loss of accuracy in some of the strength constants. The new
yarn failure criterion is constructed in a form-free manner to avoid the inaccuracies
associated with the postulated expressions. In addition, the new yarn failure criterion
only needs to be trained once and can be used in other computational expensive
simulations such as constructing failure envelopes and progressive failure analysis.

The present work can be safely applied to multiscale modeling of textile com-
posite materials and structures with different micro/mesoscale features and defects.
The author also would like to recommend the possible future work of this research.
First, extending the current theory to predict the nonlinear behavior of textile com-
posite materials and structures. The present work demonstrates the advantages of
MSG models in the linear analysis in elastic, viscoelastic and thermoelastic analysis.
The nonlinear analysis can be roughly considered as a series of linear analyses in the
time domain, which means the proposed framework will maintain the same advan-
tages in the efficiency and accuracy. There are some important nonlinear problems
in textile composites such as geometry nonlinear behaviors in forming simulations or
packing/deploying of thin-ply composites and material nonlinear behavior such the
progressive failure due to the damage. In addition, ANN models would potentially
provide a good complement to multiscale constitutive modeling. There are two im-
portant applications. First, ANN models provide an efficient approach for nonlinear
multiscale modeling where the subscale modeling will be replaced by ANN-based sur-

rogate models. Second, the ANN models provide the universal approximation theory
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which can be used to capture unknown physical laws (e.g., the failure criterion of

yarns) using the functions in a form-free manner.
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[y, is an operator matrix, and it depends on the dimensionality of the SG. For the 3D

SG, we have
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For the 2D or 1D SG, we just need to vanish the corresponding terms which

contain the micro-coordinates that are not used in describing the SG. For example,

if the SG is 2D, we have

For the SG is 1D, we have
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I'. is an operator matrix depending on the macroscopic structural model. If the
macroscopic structural model is the 3D Cauchy continuum model, T'; is the 6 x 6

identity matrix. If the macroscopic structural model is a beam model, we have

I 0 eys —eye
0 0 0 0
0 0 0 0
I'. = (A.4)
0 0 0 0
0 ey 0 0
0 —ey3 1 0
If the macroscopic structural model is a plate/shell model, we have
1 0 0 eys O 0
01 0 0 ey O
000 O 0 0
I'. = (A.5)
000 O 0 0
000 O 0 0
001 O 0 eys

Since € does not affect the results, we choose € = 1 in the numerical calculations.
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B. SOFTWARE DEVELOPMENT

TexGendSC

TexGen is a geometric textile modelling software package which can be used to
create the geometry and mesh for textile composites. It is an open source code licensed
under the General Public License developed at the University of Nottingham [69].
The software here is modified so that it can call SwiftComp to compute the effective
properties. Taking advantage of the versatile model generation capability by TexGen
and constitutive modelling by SwiftComp, TexGendSC provides a fast and easy way
to compute properties of textile composites. If you want a quick start, please watch
out TexGen4SC Tutorial Video Series [106]. User manual and the source codes can
be found in the supporting documents [107]. TexGen4SC provides microscale and
mesoscale homogenization to compute the effective structural properties of textile

composites and the main window is given in Figure B.1.

TexGendSC

& TexGen
Eile Window Textiles Modeller Domain Rendering Python Options Help

Controls LayeredTextile(Layers:2) [
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s 5555
oy

z
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~_Yarn (3) =
KIm—— ]
Insert Node

Duplicate Yarn

Delete Selected

Log windows ®

@ Python Console | A Python Output | A TexGen Output

[@TexGen

Figure B.1. TexGen4SC on the cloud through cdmHUB.org
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For the microscale homogenization as shown in Figure B.2, MSG solid model
is used to compute the effective properties of yarns. Two micromechanical models
Square pack and Hexagonal pack are provided. The finite element mesh is internally
generated by gmsh [108]. At the microscale, users can perform elastic, thermoelastic,
viscoelastic, and thermoviscoelastic analysis based on different needs. The computed
effective properties will be automatically assigned to the yarns for the mesoscale
analysis.

& SwiftComp Wizard X

This wizard will run microscale analysis for you.

Microscale model:

Type of analysis:

Elastic [] Thermoelasti [] Viscoelastic [] Thermoviscoelastic

Matrix properties:

Em: |3.45e3 nu: 0.35
Alpha: |63e-6

Fiber properties:

El: |230e3 E2: [40e3
G1z: |24e3 G23: [14.3e3

nula2: 0.26 nu23: I0'40

Alphal: |—O.7e-6 AIphaZ: IlOe—6

Volumne fraction:
\I‘f: |0 4

Import viscoelastic or thermoviscoelastic properties

Import

Back | Finish | %Qance||

Figure B.2. Microscale homogenization in TexGen4SC

For the mesoscale homogenization as shown in Figure B.3, the mesh size which
is defined using voxel should be input first. Similar to the microscale analysis, the
mesoscale analysis provides elastic, thermoelastic, viscoelastic, and thermoviscoelastic

analysis. Moreover, users can choose different MSG models such as solid, plate or



146

beam models based on different needs. In addition, the aperiodic functions can be
selected which is able to take into consideration of the finite thickness effects for
textile composites.

& SwiftComp Wizard x

This wizard will create SwiftComp input file for you.

Assign voxel seed in each direction:

X Voxel Count:

Y Voxel Count: [15—

Z Voxel Count: [157

Type of analysis: Elastic [ Thermoelssti [ bcelast
[] Thermoviscoelasti

Type of models Solid Model [ Besrm Model

Type of plate theory [ Kirchhoff-Love plate

Type of beam theory [ Euler-Bernoulli beam

Aperiodic boundary conditions [ y1 Oy3

Import viscoelastic or thermoviscoelastic properties

Back | Finish | %Qancell

Figure B.3. Mesoscale homogenization in TexGendSC

MSC.Patran/Nastran-Swift Comp GUI

A novel multiscale modeling module has been developed in MSC.Patran/Nastran
through a graphic user interface (GUI). The developed constitutive modeling module
is to integrate SwiftComp™ into the MSC.Patran through MSC.Patran/Nastran-
SwiftComp™ GUI. An overview of MSC.Patran/Nastran-SwiftComp™ GUT is given
in Figure B.4.

In the MSC.Patran/Nastran-SwiftComp™ GUI, the constitutive modeling func-
tions provide homogenization and dehomogenization analysis for different MSG mod-
els as shown in Figures B.5 and B.6.

In addition, the GUI provides the recent developed MSG initial failure analysis

functions, which include computing the initial failure strength constants, failure in-
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Figure B.4. MSC.Patran/Nastran-SwiftComp™ GUI
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Figure B.5. Homogenization analysis of MSG-based multiscale modeling
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Figure B.6. Dehomogenization analysis of MSG-based multiscale modeling



149

dex/strength ratio, and failure envelope. Figure B.7 shows the overview of the initial

failure functions in the GUI.
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Figure B.7. Initial failure analysis of MSG-based multiscale modeling

The GUT also has special designed functions to import the effective properties (i.e.

3D material properties, plate stiffness and beam stiffness) into Patran database so

that users can easily use the effective properties to perform structural analysis with

the Nastran built-in finite elements. In addition, the GUI incorporated another open

source codes called texgen, which provides a rapid textile composite microstructure

generation for constitutive modeling.
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