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ABSTRACT

The Multiscale Damage Mechanics in Objectedriented Fortran Framework
Zifeng Yuan

We develop a dugdurpose damage model (DPDM) that can simultaneously model
intralayer damage (ply faila) and interlayer damage (delamination) as an alternative to
conventional practices that models ply failure by continuum damage mechanics (CDM)
and delamination by cohesive elements. From purely computational point of view, if
successful, the proposed apgch will significantly reduce computational cost by
eliminating the need for having double nodes at ply interfaces. At the core, DPDM is
based on the regularized continuum damage mechanics approach with vectorial
representation of damage and ellipsoidahdge surface. Shear correction factors are
introduced to match the mixed mode fracture toughness of an analytical cohesive zone
model. A predictoicorrector locahonlocal regularization scheme, which treats intralayer
portion of damage as nonlocal anteitayer damage as local, is developed and verified.
Two variants of the DPDM are studied: a singled twoe scale DPDM. For the two
scale DPDM, reducedrderhomogenization (ROH) framework is employed with matrix
phase modeled by the DRDwhile the inclsion phase modeled by the CDM. The
proposed DPDM is verified on several midtyer laminates with various ply orientations
including doublecantilever beam (DCB), emabtchflexure (ENF), mixeemodebending
(MMB), and threepoint-bending (TPB)The simuldion is executed in the platform of
FOOF (Finite element solver based on Obfeaented Fortran).

The objective oFOOFis todevelopa new architecture of the nonlinear multiphysics

finite element code in object oriented Fortran environment. The stdentes of FOOF



are reusability, extensibility, and performance. Computational efficiency stems from the
intrinsic optimization of numerical computing intrinsic to Fortran, while reusability and
extensibility is inherited from the support of objectented programming style in

Fortran 2003 and its later versions. The shortcomings of the object oriented style in
Fortran 2003 (in comparison to C++) are alleviated by introducing the class hierarchy and

by utilizing a multilevel programming style.
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Chapter 1 Introduction

Chapter 1

Introduction

Due to their exceptional properties, such as light weight, high stiffness, strength
and fracture toughness, laminated cosifgs are increasingly becoming materials of
choice in aerospace and automotive industries. However, doefalexty of composite
microstructures, analyzing composite structural components poses numerous challenges,
such as predicting various sourceslamage, e.g., fiber or matrix cracking, interface
decohesion and delamination. Delamination caused by interlaminar stresses acting on
relatively weak interlaminar interfaces is one of the most common failure modes in
laminated composite structurds3]. Predicting delamination failure without exhausting
available computational resources has been and still is a subject of great interest to both
academic community and practitioners.

Linear elastic fracture mechani@s€EFM) is one of the most commonly used
approaches to predict crack growth. In LEFM, trachi@e cracks are evolved when
strain energy release rate exceeds fracture toughness. The virtual crack closure technique
(VCCT) is one of the most commonly praetitapproach to compute energy release rate
[4-9]. However, LEFM is not without shortcomings as it requires the presence of an
initial crack and it assumes that the size of the fracture process zone is negligible.

Cohesive zone models (CZMs) have been employed to overcome the shortcomings
of the VCCTtype models. In the CZM, the fracture process zone is lumped into a finite
strip wherein a tractioseparation or cohesive relation represents a degradation
mechanism tther than a typical stressrain relatiorf10]. CZMs can be traced back to

1



Chapter 1 Introduction

the works of Barenbkt[11, 12]and Dugdal¢l3Jland are cl osely related

energy balance concept when the size of the cohesive zone is small in comparison to the
cracksize and the specimen geomdt]. The CZM has been employed to analyze
various types of materialifare in concreteGuineaet al.[15] and Paulino et al la\d.6-

18)), fiber-reinforced concretfl9, 20] elastoplastic materials (Tveya and

Hutchinson21], Tvergaard22]), functionally gradient material@3, 24} For composite
materials, which are the focus of the preskasis CZMs are often employed to predict
delamination. Li et al[25-27] developed a CZM model for a fibeginforcedpolymer

matrix composite, with the consideration of filerdging and mixednode fracture in
adhesive joints. Computational aspects of CZMs have been studied by Waisman and his
associatef28], Xie and Waa$29, 30]and Jiao and Fisl31, 32]who employed addie
s-version of the FE methd@3, 34]to predict the delamination zone.

For intralayer damage, continuum damage mechanics (CDM) pioneered by
Kachano\35], is one of the most commonly used modeling framework. In the CDM, the
effects of microcracks and voids are represented by a handful of internal state variables.
The concepts of effective stress, hypotheses of strain and strain energy equivalence w
introduced by Rabotnoj86], Lemaitre[37], and Sidorof{38], respectively.

The isotropic CDM framework originated by Kacharj®%] has been extended to
anisotropic damage with more than one damage state vd@abi2]. Within an
anisotropic continuum damage theory for quasitle material§43], damage state
variables were assume to be fisstier[44, 45] seconebrder[46-48], fourth- and eight
order[49] tensor quantities. Damage in composite materials is most often described by an

orthotropic damage model. Numerous orthotropic CDMiet® have been employed for
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composite materials. Allix et §50] and Ladeveze and Le Danf{&d ] pioneered a
mesomechanical damage model of a lamina, which has been ex{aticeand
Ladevezd52] and Allix et al.[53]) to delamination. LadeveZ84] and Ladeveze et al.
[55] combined the damage models of a ply and an interface to predict the overall damage
under quasstatic and dynamic loading. Barbero and Vjg6], Barbero and Lonetti
[57], and Lonetti et a[58] developed an orthotropic damage model based on the
thermodynamics of irreversible processes to predict damage initiation antda@volu

The CDM framework has been also employed to model microphase properties in
the multiscale framework. A direttomogenization approach has been employed to
obtain the overall instantaneous inelastic properties of the material. Various reduced
order méhods have been utiliz¢89-70] to reduce computational cost of direct
homogenization methods. For more details we refer to multiscale testfydok’ 2}

In summary, research in damage mechanics of composite matetigdeally
directed in one of the two venues: the intralayer damage of a ply and interlayer damage or
delamination along the interfaces. The former is typically studied by the CDM, whereas
the latter follows the CZM framework. In real life, composite&iures often experience
simultaneous interlayer and the intralayer damage. The key question is: can the two
failure modes be simultaneously described by the same model, and if the answer is
positive, does such a dyalirpose idealization provide any adi@ge. From a purely
computational point of view, the answer to the latter is firmly positive. That is because
the computational implementation of the CZM framework requires an array of double

nodes between the plies, and if the delamination regions caamd¢ntified a priori,
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such node doubling may double the number of degreégedom and more than
guadruple computational cost.

In the presenthesis a dualpurpose cohesive zoiiecontinuum damage model that
simultaneously describes both the ingd the intralayer damage is developed. The
proposediualpurposedamagemodel (DPDM) is capable of simultaneously predicting
the intralayer damage by two-ptane state variables and the interlayer minextie
delamination using a single damage stateawdei combined with a carefully chosen shear
correction function. We verify the proposed DPDM on several benchmark problems
including doublecantilever beam (DCB), embtchflexure (ENF), and mixednode
bending (MMB) problems. For verification of the DPDMolving simultaneous inter
and intra layer damage, we consider a thpmnt-bending (TPB) of multlayer
laminates with various ply orientations. The DPDM formulation is compared to the
conventional approach where the interlayer damage is modeleé BZM while the
intra-layer damage by the CDM. In the present study, two variants of the DPDM are
considered: the singiecale DPDM and the twscale DPDM. For the twecale DPDM,
reducedorderhomogenization (ROH) framework is employed with matrix phase
modeled by the DPE while inclusion phase modeled by the CDM.

The numerical simulation is executed in the platform FOOF (Finite element solver
based on Objedgdriented Fortran)The objective oFOOFis todevelopa new
architecture of the nonlinear mullipsics finite element code in object oriented Fortran
environment. The salient features of FOOF are reusability, extensibility, and
performance. Computational efficiency stems from the intrinsic optimization of

numerical computing intrinsic to Fortran, whreusability and extensibility is inherited
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from the support of objeairiented programming style in Fortran 2003 and its later
versions. The shortcomings of the object oriented style in Fortran 2003 (in comparison to
C++) are alleviated by introducinbe class hierarchy and by utilizing a multilevel
programming style.

The finite element analysis (FEA) software architecture is being constantly
customized, upgraded and extended due to rapid developments of FEA capabilities,
including new elements, locahd nonlocal constitutive laws, contact and cohesive
elements, and new multiphysics and multiscale capabilities. Adding new features or
modifying existing codes is notoriously complex and emamne. One of the key
challenges for FEA code developers isgduce the cost of developing and implementing
new features. Thus, code reusability and extensibility are among the most important
attributes of the FEA code structure. Reusability measures the ability that the FEA code
to be used for other purposes witinor to no modifications. Extensibility means that the
software can be easily extended and that the modification will have little to no effect on
existing functionalities. Moreover, the FEA code developing process should be able to
accommodateraefficientteamwork

The FEA codes, like programs in other areas, consist of data structures and
algorithms. The data structure is a particular way of storing and organizing data blocks,
while the algorithm is a stelpy-step process which operates on data structures
Throughout the history of FEA software, data structures and algorithms have not
significantly changed due to the fact that at the core, FEA has always been and still is the

numerical solution of partial differential equations. However, the programnylegtisat
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defines specific rules aimed at organizing data structures and algorithms has kept
evolving over time.

For over thirty years since the inception of the finite element method, the FEA code
structure was based on-salled procedureriented programing (POP) style mostly in
the environment of FORTRAN 77. In the POP style, the FEA code is organized as a
collection of relatively small procedures known as subroutines or functions. Each
procedure consists of several commands that describe a partigoléhen. These
procedures may have internal dependencies, i.e., procedures may be called by the other
procedures. The complex data structures can be globally accessed throughout the FEA

program. The POP programming style is schematically illustratEdyure 1- 1.

Procedure-oriented programming

) Data
Subroutinel ,@

_ Data

Subroutine structure2

Subroutine m pata
structure

Figure 1-1 procedure-oriented programming: isolated subroutines with globally

accessed data structures

FEA programs written in the POP style are usually tied to a spedgforithm. The
lack of flexibility is magnified with increase in the number of subroutines. This lack of

flexibility gives rise to the following shortcomingjg3, 74}
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1) One has to understand the whole prograncsire before it can be modified;

2) The dependencies between the subroutines are hidden and difficult to detect;
3) Itis hard to implement a new algorithm;

4) The modification of subroutines may have unpredictable side effects;

5) Itis difficult for teamwork.

The phlosophy behind thebjectoriented programminOOP) is based on the fact
that the subroutines can be associated with data structures they op¢r&fe dnis self
contained entity is called class, and objects are instances of fZ&p$r example,
speciesof animals can be treated as a class, while a single animal of this species is an
object d this classCompared with the POP style, which requires developers to manage
the interaction between the separate data structures and subroutines, the OOP
encapsulates the specific kinds of data with the specific subro{ifsleg\ccordingly,
the basic concept of the OOP is abstraction that abstracts essential immutable gfalitie
the components as well as their methods into objédis An object contains the data

structure and bounded subroutines as illustrat&dgare 1-2.



Chapter 1 Introduction

Object-oriented programming

Data
structure

Class

Subroutinel

Subroutine n

Figure 1-2 object-oriented programming: one object with its own data structure and

subroutines

The OOP style requires that the data encapsulated in the object could not be
accessed by external subroutines. The external subroutines can communircate wit
object by sending messages only. In general, a message is a call of the bounded
subroutineg77]. The mechanism of communication is schematically illustrat&igure

1-3.
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Object-oriented programming

Class

Messagd

Y

Subroutinel

Message r

Y

Subroutine n

Data
structure

Figure 1-3 the encapsulation of OOP: internal subroutines are called by sending

messagse

The OOP style organizes different parts of the code as a set of objects with clear

interfaceq78]. A well-defined object with its data structure and subroutines improves the

understanding of the code. Programmers can maximize reusability of the software and

Aprogram | ikls®, hevhs ltéd

i leiam §79]t o

The OOP stylehasbeennt r oduced into t

faster

he

FEA

protot

softwar ¢

Forde et al[76] published one of the first detailed descriptions of the OOP for FEA. In

this work[76], the conception of OOP has been introduced as well as the class hierarchy

of FEA entities. The C++ was originally introduced into FEA (FEA++) by Schalk

An extensive work on object oriented linear and nonlinear FEA code structure has been

conducted by Zimmermann and Dub#®islerin originally in the environment of

SmallTalkV [80]. The issues of class hierarchy and computational efficiency have been

studied in[81], [82], [83], [79].
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Research in object oriented finite element programming in C++ environment lead
to the proliferation of opesource objet oriented finite element packages such as
OOFEM|[84, 85] openseef6] and MOOSH87, 88]just to name a few.

It is instructive to point out that the development of the OOP style in FEA is
strongly linked with the development of programming languages,ai&mallTalk in
the early days and C++ since early nineties. Several successful §89di@8]have been
conducted to develdiexible and easily extensibfenite element programs in object
oriented style usingortran 90/95 even without tygmunded subroutines and
polymorphismfeatures. Fortran is one of the first advanced programming languages
designed with numerical efficiency of numerical proces§id The benchmark
problems for high performance computing (HPC) are written in Fof®&nFortran has
shown considerable computational efficiency advantages ovefdd}# a number of
benchmark problems, such as matrix multiplication and solution of linear system of
equations. For t r a@dPstyl@abegarwitle theantrodectonof nt o t h
Fortran 2003. For details on object oriented capabilities in Fortran 20033s@¢).

It has been observgéll, 98]that nost d Fortran's advantage @®@mingfrom the
compiler implementation itself. C++'s handicap hismeotintrinsicand a comparable
computational efficiency can be accomplished with optimized C++ matrix libraries in
combination with optimized C++ compilers. Hewer, most of the owdf-the box C++
compilers today, such as those available in the Visual Seidpoyed in the present
study, are not optimized for matrix operations. This fact is demonstrated in the present

thesisby comparing C++ and Fortran 2003 FE&des.

10
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Furthermore, the learning curve is huge for C++ and exceptionally small for
Fortran. Fortran in a way is like MATLAB with built in functions, such a&mB
matmul((matmul(transpose(B)),L),B) or Lo norm of a vector
(norm2(x)) . In fact, whileC++ ha an optimized matrix libraryt is not without
shortcomings. For instandeoprtran allows operations on array sectioifbile C++ has
classes for arraytheycamotrefer to a slice such &$:,2:,1:3:2) as easily as in
Fortran.

The outline of the diss&tion is expressed as the follows:

Chapter 2: A unified orthotropic damage model is introduced which can be used
for isotropic, transversely isotropic, and orthotropic elasticity with a vectorized damage
state variabledBased on this continuum damagedsl, we introduce BualPurpose
DamageModel (DPDM) which can simultaneously simulate inteand inter layer
damage for a composistructure Specially, a predictecorrector locahonlocal
approach is adopted for the DPDM, which the intralayer damsaagsociated with
nonlocal and interlayer damage is associated with local approaches. The DPDM is
validated and verified by numerous examples.

Chapter 3: Thestructure of the FOOF (Finite element solver based on Gbject
Oriented Fortran) is introduceihe FOOF is implemented in the Fortran 2003 standard
with various definitions of classes for the finite element method. With a multilevel design
pattern, the development of FOOF is extensible and easy to maintain. We provide some

benchmark examples to compéne performance of FOOF with OOFEM.

11
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Chapter 2
A Unified Orthotropic Damage Model

In this chapter, a soalled dualpurpose damage model (DPDM) is introduced
which can predict the intralayer damage and interlayer delamination simultaneously in
composite structess. The theory of DPDM is based on the Continuum Damage
Mechanics (CDM) and a vectorial damage state variables areSyssrally, a predicter
corrector locahonlocal approach is adopted for the DPDM, which the intralayer damage
is associated with nonlatand interlayer damage is associated with local approaches.

The DPDM is validated and verified by numerous examples.

2.1 Dual-Purpose Damage Model: Intralayer Formulation

2.1.1 Review of isotropic damage model
In the scope of the isotropic damage model, the pesive degradation of the

material properties is characterized by a scalar damage state varidizdé

L=(1 -w)L, D
where the fourttorder tensord. andL, are the degraded and undamaged material

modulus, respectively.
The strairbased damage model assumes that the evolution of the damage state

variable is driven by a scalar equivalent strainwhich is defined as the, norm of the

principal strains

12
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e=(ar &) @
or thelL, norm
e= miaxK & ?3)
which
_eéCx x¢0
e =1y x>0 (4)

Here e,i =1,2,Z are the value of the principal strain. The compression factor
Ci [0,]] is used to alleviate the damage contribution from the compression. The
evolution of the damage state variable is described by a damage criterion function
defined in the strain space, which is
g(er)="er @ (5)
wherer is the current damage threshold. The evolution of the damage state varigble

defined as the rate equatio
w=gi(T)e ¢ = (6)

where g is a damage consistency parameter. The loading/unloading conditias tiod
Kuhn-Tucker relations that

920, g( @) ®, gf rle & (7)

If g(&,r)<0 is satisfied, we have=g 9 so that the damage is not developed in

further; on the other hand, &(&,r) =0 is satisfied, we have=g 20 and the damage is
developed. Under this circumstance, the consistency condition is considered

99( a)=0 (if g(".rg¢ ) (8)

13
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Here there are three cases:gl}p,r) <0 and g=0 denote the unloading @cess; 2)
g(er)=0 and g=0 denote the neutral loading; and )&, r) =0 and g>0 denote the

developing damage loading.

We may define a monotonic functigh = (@) that

H(e)= ey ©
The damage criterion becomes
ger)=¢¢ -(¢ 0 (10
Moreover, undery(é,r) =0 and g>0, the evolution of the damage state varialle
becomes
w=( (11)
The expression of the functiaa determines the evolution ghaof the damage state

variable, vihere two kinds of piecewise linear shapes are introduced in S2cti@n

2.1.2 Material coordinate system

In the presenthesiscontinuum brmulationof an intralayer damage will employ a
vectorial representation of damage statéabdesO¢ wy @, %2, that describe the
state of damage in the material coordinate system (MCS). The MCS and the global
coordinate system (GCS) are denoted.byand x , respectively. Thearesponding
unit vectors are denoted lf ande®, respectively.

The proposed CDM addresses the following two issues: (i) determination of the
MCS; and (ii) evolving damage state variables in the MCS.

In the MCS, the degradation of the material properties is given by

14



Chapter 2 A Unified Orthotropic Damage Model

L=W:L,:W (12

where the fourtforder damage tensaW in the Voigt notatior{ 1} is defined as

'_\
1
RS
o

=
I

(@~ (D~ (D~ (D~ (D~ (D~ (D~ (D~ (D (D (D
=

1
H:‘

(13
where W possesses both the major and minor symmetriesyj,e= w,; =, .

The proposed CDM will be applied to composites with the isotropic, transverse
isotropic, and orthotropic elastic properties. We now focus on the definition of the MCS
for various types of material symmetries. For an isotropic elasticity, none of the three
MCS coordinates are a priori defined. For the transversely isotropic elasticity, only the

axial direction is defined a priori, while for the orthotropic elasticitiythe three MCS

directions are predefined.

,l"\ ,’ AY
’ Y -l _\ ________
’ Y X
v \ { R h
P \ A \ 1
AY ) 1\ ‘\ 1
5\ R 1Y \ N\ I
1 \ 1
\ \
\ X\é 1 1 \ \g 1
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\ \
\ \ 1 \ 1
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\\ ) { \\ ) 1
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/ s \ / 1.7 \ A 1
/ / \ 5 K KW, 2
\ LY / A
’ Ny

Figure 2-1 Definition of the MCS: 1) isotropic elastic material (left); 2) one direction
of the MCS is determined by onset of damage (center); 3) all three direéahs of the

MCS are determined due to onset of damage on a second plane (right)
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Figure2-1illustrates the definition of MCS for an isotropic material. Prior to
damage, all three coordinates of the MCS are unkn&vwguie2-1 left). The first
direction of the MCSy,, is defined to be normal to the plane where damage initiates
(Figure2-1 center). With the initial onset of damage, the material becomesv&aely
isotropic. The second MCS coordinakg, is defined when damage initiates in the plane
parallel to the coordinate (Figure2-1right). Finally, the third MCS coordinate, is
normal to the plane defined by the first two MCS coordinates. For a transverse isotropic
elastic material, such as fibrous compositesis defined to be parallel to the fiber; the

remaining coatdinates are defined as before. Finally, for an orthotropic material, such as

woven composites, the MCS is defined a priori and is independent of damage evolution.

2.1.3 Ellipsoidal damage surface
For an orthotropic damage model, the damage surface is desgyribacehipsoidal

surface

= (14

|- o:of”

O
i

The damage criterion is specified byaalled damage loading functiog(Ur)

defined as

N

o 2~ Ov 2~
o e 0 @ "el ;

g(&.r)=ce 0.8 85€01 06 1,2 (15
+ g egfs =

wherer ={r,i 4,2,3 are the damage surface radii in the straice and
=gt 2 igeTg are the effective principal strain vectors (definedsestion2.1.4).

The loadingunloading is defined by scalled KuhnTucker conditions

16
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g¢oO, r 200, g 6 (16)
The initial ellipsoid radiir®,i =1,2,% denote the damage threshold values in three

MCS directions. To satisfy the Kukhifucker conditions, tnew damage surface is

defined by solving thgeometric problendescribed below.

Giventhecurrent(step n)ellipsoidal damagesurface(defined by the

current radiir" in the MCS)ndthe new effective principal strairectorsi ™.
Find the newellipsoidal surface (step n+1);"™*, thatfully encompassebe
previous damage surfaag;* 2 r." and the effective principal strain vectors,

g(&™,r"*) ¢ 0, andminimizes thesolumeof the nevellipsoid.

The requirement of a neshrinking damage surface stems from a-healing
nature of damage, and the Kulacker conditions that require the damage surface to

contain theeffective principal straiwectors.

Figure 2-2 Ellipsoidal damage surface and the effective principal strain vectors

Figure2-2 depicts an ellipsoidal damage surface defined in the MCS and three

effective principal strain veors(fto be defined in Section.1.4 The dashed line of the

17



Chapter 2 A Unified Orthotropic Damage Model

vectors denotes the portion Gfin the surface interior whereas the solid lines denote the
outer segments. IRigure2-2,  and ¥ are outside the damage surface, which in turn

drives its expansion.

The solution of the abovgeometric problenthat describes the evolution of the
damage surfacas a function of the effective principal strai(ff) is detailed in Section
2.1.5

Damage state variableg = &) are defined and evolved in MCS afuaction

damage surface radA simple bilinear evolution law is defined as

e 0 ree
w(i)= &) F.(6) W BT <) (17)
b W e<r
where the functiorg is
al1 1 §d 13 1
G(r) = 2 Z B ve (18)

and &, e denote the strain at which damage initiates and reachesattimmum value
W,..., respectively. For bilinear evolution law, CDM parameters are summaridedbie
2-1.

Table 2-1 Continuum damage model parameters for varios material symmetries

Isotropic ’ Transverse isotropic ‘ Orthotropic

s° & ’ s & %1 ‘ s°, Bi=12:

18



Chapter 2 A Unified Orthotropic Damage Model

Figure2-3 shows the straistress and straidamagestatevariable curvesf a

uniaxial tensioning di r ecti on. The materi al properties

E, =1MPa, strengths; =0.005 MP¢, and failure strairg' =0.02.

o] =0.005

0.0025

(MPa): normal stress in 51 direction

g
XX

0 6‘1’ = 0.005 e:: =0.02

€t normal strain in 51 direction
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Figure 2-3 the strain-stress curve (0p) and the strairdamagestate-variable
(bottom) for the bilinear law

Anotherwidely used evolutiotaw takes a threpiecewise linear shape which is
named as the trilinear law. The evotutilaw requires the ultimate stragh and ultimate
stresss' as well as the strength’ and failure straing’. The trilinear evolution of the

damage stateariable w; is defined as

0

& 0 I

- i_Gl(ri)Wmax éqi (Fl‘
SAUR L ING A 9

[ g<r

where the functionsg, and G, are defined as
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(20)

which
&= -k (2D
heree’, € and & denote the strain when damage initiates, the ultimate strain, and the
failure strain ofi"™ material direction, respectively.
The trilinear evolution can be divided into the trilinear softening casg<f &
and hardening casesf'2 .

Similar to the bilinear &se, the number of damage parameter sets depend on the
symmetry type of the models, as listed'able2-2.

Table 2-2 Continuum damage model parameters for various material symmetries

Isotropic Transverse isotropic | Orthotropic
Sa S £ A

5% s, e? . L s’ ¢, e tiEm12,C
ST, ] Te T

Figure2-4 andFigure2-5 show the straistress and straidamagestate variable

curves for the softening and hardening cases, respectively.
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Figure 2-4 the strain-stress curve (left) and the strairdamagestate-variable (right)

for the trilinear s oftening law
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Figure 2-5 the strain-stress curve (left) and the strairdamagestate-variable (right)

for the trilinear hardening law
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2.1.4 Compression factor, shear correction function and the effective principl
strain vectors
The effective principal strain is aimed at: (i) accounting for different behavior in
tension and compression, and (ii) to compensate for the vectorial (rather than tensorial)
form of damage state variables that may not be sufficienstdvee shear dominated
damage evolution.

We first focus on the latter. Let and v, be the principal values and directions of
strain. Define an anglg between the principal strairestors() = gv, and the MCS
coordinatess; . A shear correction functioh(q ) is introduced to account for the fact that
the principal strain vecto) may not coincié with one of the MCS axes for which the

experimental data exist. The effective principal strain ve@tBraccounting for the

misorientation angle is defined as

& =f(a)f(gf( (22)

q

so that

f(0)="f(p/2) (9 % (23
In the present work, the shear correction function is defined as
f(g)=1 Dsin2¢ (24)
where D, is the secalled shear correction factor in th& direction. For example, in case

of pure shear in th2s plane the corresponding angles are

G.= P2, 9=, q74 (29

which yields

24



Chapter 2 A Unified Orthotropic Damage Model

¢

,=(1D)(1 B;)G (26)
The compession factor<, are defined in each MCS coordinateto account for
the fact that material response in compression might be different than in tension. For an

orthotropic damage model, the effective pijral strain vectoly is defined as

Qzéekr;eim

&= 4| &) (27)
g1 ¢l @ o

b=1 0
ic gl e

In summary, for an orthotropic elastic maadriwo correction factor§C,, D} are

required in each MCS direction. For an isotropic elastic material, the compression and
shear correction factors are the same in each MCS direction, whereas for a transverse
isotropic material, corions factors in the transverse direction are identical. Correction
factors for various material symmetries are summarizdaioe 2-3.

Table 2-3 Compression and shear correctiondctors for various material

symmetries
Isotropic ‘ Transverse isotropic ‘ Orthotropic
C,D ‘ C,,D.,C,,D, ‘ C,D,i=12,:

2.1.5 Evolution of damage surface
In the presenthesis we consider three material symmetri@sorthotropic, (ii)
transverse isotropic and (iii) isotropic. An anisotropy stems from either an anisotropic

elasticity or is induced by damage. For instance, an isotropic elastic material is initially
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isotropic, but may become anisotropic due to damagibrous composite is initially
transverse isotropic, but may become orthotropic due to transverse cracks.

Evolution of Damage surface for isotropic materials

For instantaneous isotropic materials we rewrite the damage surface as

() (2 £ K o8

where the directiors;,i =1,2,Z are not defined yet and is the initial radius.

We strt by defining elastic and inelastic processes. The process is defined elastic

if:
2l o B e (&) +(8) 4o
= O r w (r°) ek (29

"=t 2% owtt W

Otherwise, the processinelastic.n case of inelastic process, defined by the

principal strain vectolf being outside the initial sphere, the new damage surface is
defined as

n=|ef el =g (30)
as depicted ifrigure2-6.

The equation of the ellipsoid then becomes

el (o -

Oncee! is defined, material becomes transverse isotropic, and there is a

transversely isotropic plane normaldd, shown as a grey circla Figure2-6.
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Figure 2-6 Evolution of the damage surface. A spherical surface (left) evolves into

elliptical surface (right)

Evolution of Damage surface for transverse isotropic ntarials

For the transverse isotropic materials, we rewrite the damage surface as

SAERORIE B (32
¢h = (1)

where directions;,i =2,3 are not yet defined.

The process is considered to be elastic if

. 2. 2 2
;@le 8_*_(61?2) :'(2 L%) a (33
RaNT

Otherwise the processiiselastic for which we define an optimization problem,

which states:
Find: trial theradii "™, i =1,2 that minimize the area of an ellipgenin{r,"r "}

subjected to the following constrain:
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ae o (eb) +( &)

& trial . \2
c A - (rztrlal )

4 (34)

The resulting trial radii are given as

r1trial — \/Eekpl; r 2triaI __ﬁ ( é)z (+ kp#z (35)

If r, ¢r°, the €)' andé€)' remain undetermined, and the resulting radii are

(36)

Figure 2-7 Evolution of the damage surface based on e(36).

If r," >r°, the remaining two MCS directions (in the matrix form) are given by
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e goge, B/Jkrd {o)e
e gogan &/\hd (o)e

If further,r,™ >r", the radii are

M =J2¢%; 1) '_‘/E\ﬁ( vg)z (+ kp#f prg s (39)

Finally, if r ¢r", the radii are

(37)

ot (39)

as shown irFigure2-8. Oncee)! and €)' have been determined, subsequent damage

surface evolution follows the orthotropic material law described in Section 2.4.

3 &

- b

Figure 2-8 Evolution of the damage surface based on e(39).

Evolution of Damage surface fororthotropic materials

We start by defining elastic amkelastic processes. The process is defined elastic
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fe? o B~ & re0
e O e Wwe 0¥ K 40
¢ch =+ TIg gfs = (40)

rln+l:rln M/Hk :W

Otherwise, the process is inelastic. To this evafocus on the inelastic process.

Let e be an effective principal strain for which the process is inelastic. To define

the new radiir™* we solve the following optimization problem.

Find: thetrial radii "™, i =1,2,3 that minimize the volume of ellipsoid

4, min{r,"r ;" "'} subjected to the following constrain:

ael s ] B kpezﬁ
T O e W O (41)
er - rz(; (-;‘rs -

It can be shown that the solution to the above optimization problem is

i = 3e] (42

Based on theelative value ofr"™ in comparison ta." we identify the following

three cases:

trial

Case 1|f I.itrial >rin’ T , then rin+1 =ri )

This case is schematically illustratedHigure 2-9.
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Figure 2-9 Evolution of the damage surface. Dashed and solid lines represent the
current and new damage surfaces, respectively.

>r), andr™ ¢r), thenr* =r)and the optimization

n trial

Case 2If ™ >r, r,
problem for the remaining two directions states as follow.

Find: thetrial radii r"™, i =1,2 that minimize the area of an eIIipmnin{ rl‘”a'rz”‘a'}

subjected to the following constrain:

e’ o B~ DA et
X il 0+ R % &, ( (43)
c r - rzg + ¢ r; -

The solution of the above constrained optim@atroblem is given by

o =\ag /L { g) i w2 (44)

For Case 2, three subcases have to be considered.

Case 2ar™ >r", r;” >r which yields(44) and r;** =r..

This case is depicted Figure2-10.
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Figure 2-10 Evolution of the damage surface. The effective principal strain vector

expands the damage surface in 1 and 2 directions

Case 2bxr™ >r", rf™ ¢r) which yields

e\t { B (eal) (45)

r"™t=r"i 2,3

Case 2cxr™ ¢r", r)™ >r! which yields

= ekpz/\/l -( &/rln)z (‘ kpaér 3n)2 (46)

r"™t=r" i 4,3

Case 3™ >r", r," ¢r), andr,™ ¢r]' then the optimization solution is givey Eq.

(49).

2.2 Dual-Purpose Damage Model: Intelayer Formulation

In this section, we extend the DPDM intralayer formulation introduced in Section
2.1to simultaneously account for the intemnd inter layer damage (or delamination).
The interlayer damage formulation is developed to match that of an analytical solution.
The degree of delamination will be controlled by the damage staiable in the normal

to the plane direction, while the intralayer damage will be quantified by the remaining
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two damage state variables. Hereafter, the normal to the plane direction is selected to

coincide with thex, MCS coordnate.

2.2.1 Review of the cohesive zone model

Herein we briefly outline a variant of the cohesive zone middéel8], which
serves as a baseline for the interlayer damage in the DPDM. The CZM describes the
evolution ofnormal and tangential tractions and their coupling as a function of normal
and tangential displacement jumps at the interface, respectively. The bilinear CZM model
reduces traction to zero once it exceeds the interface strength. In thEl6GA8] , the

non-dimensional displacement is defined as

=
N

%(d) oad 5 &°
/_ 0 S - 4
CEa 1Te Ty 0

whered,, ¢andqd denote the displacement jumps in normal, and two tangential
directions, respectivelyy, & andd are the critical values in the corresponding
directions./, =0 and /, =1correspond to stredgeee state and total separation,

respectively. Miterialparameters definintpe CZM [16-18] aresummarized in Table 3.

Table 2-4 Material parameters of the CZM model

s¢,s¢, ¢ | Critical strength in the normal and two tangential directions

ni“s?

/¢ Critical fraction of the nomimension déplacement

r

G°.Ge .Gt Modes |, Il, lll fracture toughnesses

Due to bilinear damage evolution, the critical displacement jumps are given by

= 2glc/ ‘§ ; Scd:2glf/ SC S tc @IIT/ tC (48)
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Foroc¢/, ¢f, the cohesive zone is within the elastic region. The tractions are

given by
g

i 4
; (49

The linear stiffness in the normal and two tangential directions are given by

Ko=Sn. K =3 K = (50)
/rC ﬁ C/C d CtC/

In the present study we assume

K. _s:4 G (51)
K, s.d E
whereEandGar e t he Youngds and shear modul i, res|

For /°< | @, the cohesive zone is in the inelastic region in which case the

tractions in case of tensiow/(>0) are given by

:1_ /r Sr? ql t _1_/ zs_sdt :I_' _r/ f ﬁ (52)

T - T - d . 1kL°C
In the compressiong, ¢ 0), we have
tnzs—”—q; t, 2/ S‘S—S;dtt -4 s, (53
/I’C ﬁ rll- I’C /SC d r l/- I’C lc
Hereinwe assume thatlasticproperties irthe twotangential directions are
identical
S¢= 4 G G (59)

Consider the CZM model in the mix@dode tension in which case Eg7)

reduces to

34



Chapter 2 A Unified Orthotropic Damage Model

Qg 6 @ 0 . dag
/r=<?ae0—2 d+% ('5‘—20,851[J (55
gh - +19¢H

The prescribed displacement jumps in normal and two tangential direetie

given as

d=[°dos2 ;qg, =d {sinZicos g, ¥ 6 &n2 /it (56)
whereg defines mode couplingy=0and 2g = p2 correspond to mode | and mode Il
fracture, respectively; defines the relative weight of the two tangential displacement
jumps. Due to the assumpti¢dv), and without loss of generality we get=0.

The mode | fracture toughness is given by

czM _ 7 _n_ql rgs2 b- [, P _n
gl _r(] /C ﬁdaa +/,CE105217 r/l' c Cgf

r n

/
Gk /. g ( rfa{:osz)zq

2
st (hos2)
_ra_rc {7’ /rd/ /f“rll_ rcl nc d rdr (57)
=%5§ dcog 2 GG cod 2 ¢
Similarly, the mode Il fracture toughness is given by
g =1se gsin 2 qgge sirt 2 (59)

2

Note that for , EqQY57)(58) reduce to pure tension, and fay = 2 to pure shear.

2.2.2 The DPDM for mixed-mode fracture and comparison to CZM
For a continuum model, a layer thickness introduced. Consider the

displacement jump defined in E&6) with y =0. The resulting strain in the matrix form

is given as
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; e 0 0 dfsin2g2
[J=2¢ 0 0 o0 (59
t S
&fsin2 42 0 fatos2 |
We now characterize the interlayer material parameters of the DPDM. For the

interlayer damage only, we assume that thglame strength and failure strain.

Define an anglg as

sing = {sin2 /gt o cos2 = cas? ¢ (60)

where the critical mixed mode displacement jugfijdollows from (60)

dr‘;z\/( ficos2 )g 4 ¢ @in2)’ (61)

The correspondicritical mixed mode strain is defined as

[U]=[dgey €= @t (62)

For the interlayer damage, the stra@ttor[U] is defined as which yields

[Q]=esin j O cos]/

(63)
&= /,e0s
We assume that the shear correction funadiepends on angle only
&=1() sef()Jnto §()) . (64)

In case of proportional loading = & and thus the nondimensional displacement
/, is given as
) =&
(/) &

The damage state vabia v, depends om,

(65
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o
wﬂ
N
S

a

=

Wa(rs) =

%'10 g rg é‘
3 -
ger,

The fracture toughness in the norrdakction is given by

vO_‘?q o
c,u(bo[lA

3

——> =) ——>=> (D
H

ngPDM = fjw Ee,td g + ogﬁ(l - 3)"/33'[d 33

€33

55 &,
=r(] Ee,td g - %%n M e 5 e

where

P

o_ &
cos2/;

ess_g(j)

cos2

The first term of the right hand side of E§7) can be calculated as

ﬁ%sEegstd gzéE( eosz) %fz (/%; = ':'

The second of the right hand side of EY) is given by

~é3 1 - 3
- wE e = SEY e Sigel
Adding Eqgs(69) and(70) yields

1 dcosg ¢
ngPDM—EEte?? g g(/) §

¢

Identifying the strength and failure strain terms yields
S= S e= & 5 et

n

and inserting Eq(72) into Eq.(71) gives
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— Acosg © dbsz 0. dsy
G =Zst flg o :gl : °cos’ 2 , (73
®0) 89 F) 8 cos Bl )

The fracture toughness in the tangential direction is given by

I )
g,?PDM rc] Gg_[3td 4 + & (1 -3)/1/131:9 13

(74)
=rc] Gg_[3td 4 - gfgﬁ @ g, 9
where
e .. e
g=—=2<sin2j lg=°_sin2 (75)
> 9(/) 9( /)

Similarly, wecan find

g”DpDM_} C‘?,Gasmgl 0 IG sEhZ/ (76)
(; T 5;

Inserting Eqs(51)(60) into Eq.(76) yields

2

. s(,?’asmz B &hin2/ c8s2/

G =g By 0% Eg(), € sin® 27 o Bl (77

The shear correction functiog(/ ) is identified by matching fracture toughnesses

of DPDM and CZM

gICZM - ngPDM; gICZM :(;}IDPDM (78)
which implies
y_cos? _df ; 1
= = f = 79
9(/) cos2y () cos /¢ (79

It can be seen thaf(0) =1, i.e., no shear correction is needed for mode | loading,

and g(p/4)= @/ Scwhich is the shear correction factor for mode Il loading.
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2.2.3 The gylindroid damage cap model for simultaneous intraand inter- layer
damage

In case of simultaneous intrand inter layer damage it isonvenient to

decompos¢he strainnto intralayerg@ andinterlayergl‘j matrices defined as

ée;, £ 0 g 0e 0 £
9 gea. 8 0y Ug =gk 0 e (80
e0 0 04y &€ 8 f

where the normdb theplane directiorcoincides with thex, axis.Damage evolution is
then sought for each of the strain decompositi@fis, and @J , separatelyg@¥ is set

to govern the intralayetamagewith normal to the plane componeibtsingelastic.On

the other handgL"J” is set to govern the interlayer damageping inplaneproperties

elastic Thus, the evolution of damage can thus be described by a cylindroid damage
surface with two caps, where the caps cdnlbre interlayer damage while the cylindroid

lateral surface govern the intralayer damage as schemategiligted inFigure2-11.
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N

cap for tension

~
n
I
1
1
1
I
I
1
1
1
1
1
I
1
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1
1
I
Iy

cap for compression

Figure 2-11 Cylindroid damage cap model for theinter- and intra- layer damage

2.2.4 Verification of the DPDM for the interlayer damage
In this section, a series of numerical experiments are conducted to verify the
DPDM against an analytical solution and the CZM.

Three-element mixedmode (3MM) test with proportional loading

The objectie of the hreeelement mixednode(3MM) test is to verify the DPDM
for various mixed mode loading conditions governed by an apglehe 3MM model is
depicted inFigure2-12. The displacementontrolled proportional loading given by

u,=d,cos2g u, = a&in2 (81
is applied at the right surfacg.=0 and g= p4 correspond to pure tension and shear,

respectively.

40



Chapter 2 A Unified Orthotropic Damage Model

1
=

12 7 T
/ L

Figure 2-12 Three-element mixedmode test; cohesive zone denoted by a dashed line
is embedded in an elasticraigid bulk material ( L3 H 3w 2 131ndm)

Within theDPDM framework, cohesive zone is assumed to have a finite thickness

t, as depicted ikigure2-13.

4

y

y
— H,
—
u

S

(L-1)/2

L

Figure 2-13 Three-element mixedmode test; damage zone denoted by a dashed line
is embedded in an elastic or rigid bulk material (3 H W 2 131ndm)

We consider 7 different values gf. g=n p24,n =0,1,2,...,. We first study the

case of a rigid bulk material which case the deformation of the cohesive and damage
zones strictly follow Eq956) and(59), respectively. Material properties for the CZM
and DPDM are summarized Trable2-5 andTable2-6, respectively.

Figure2-14 compares theimulated and analytical mode | fracture toughness for

the CZM Figure2-14(a)) and the DPDMKigure2-14 (b)). Figure2-15 compares mode
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Il fracture toughness. It can be seeattiwhen the bulk material is rigid, the predicted

fracture toughnesses in modes | and Il coincide with the analytical solution for both the

CZM and DPDM models; very minalifferencesare noticeable when the bulk material is

elastic.

Table 2-5 Material parameters of the CZM

Parameter Test 1 Test 2

Eoi» Go 2310 MPa, 8 10 MPa 23 10' MPa, 82 10 MPa
S;.,5¢ 40 MPa, 64 MPa

/5 0.001

GG 0.2 N mm,1.28 N mm

Table 2-6 Material parameters of the DPDM

Parameter Test 3 Test 4 Test 5 Test 6
E.ic. Gue 2310 MPa 83 1¢ MPa 23 10" MPa,83 1¢ MPa
E,.G, 2310 MPa,83 10 MPa

s? 40 MPa

& 0.05 0.02t 0.05 0.02t
L/t 10 5 10 5
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(a)

; GIc =0.2

3 ——analytical solution

€ —-B-test 1: CZM, rigid bulk material

S —%-test 2: CZM, soft bulk material
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0 : angle of mix-mode proportional loading
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3 ——analytical solution

£ —-E-test 3: DPDM, L/t = 10, rigid bulk material

"6 k- test 4: DPDM, L/t = 5, rigid bulk material

g 015 -A-test 5: DPDM, L/t = 10, soft bulk material

e - test 6: DPDM, L/t = 5, soft bulk material
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Figure 2-14 Comparison of mode | fracture toughness for the CZM, DPDM, and the
analytical solution: (a) tests 12, (b) tests 36
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e 0.32 —-E-test 3: DPDM, L/t = 10, rigid bulk material

€ - test 4: DPDM, L/t = 5, rigid bulk material

E -A-test 5: DPDM, L/t = 10, soft bulk material

3 -+ test 6: DPDM, L/t = 5, soft bulk material
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0 : angle of mix-mode proportional loading

Figure 2-15 Comparison of mode Il fracture toughness for the CZM, DPDM, and
the analytical solution: (a) tests 12, (b) tests 36

Double cantilever beam (DCB) test

Consider the DCB test setup showrkigure2-16. The beam is of lenigtL , width

B, and heightH ; the initial crack length is, . The right surface is clamped. A pair of

opposite point force® areapplied at the top and bottom of the beam giving rise to crack
openingD. Model parameters are listedTiable2-7 (geometry),Table2-8 (CZM) and

Table2-9 (DPDM).
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Except for the cohesive zone region the beam is assumed to be elastic. The finite
element mesh consists 900 8 31 eightnode hexahedral fully integrated elements for
the bulk material, an@80 eightnode cohesive zone elements. As a reference, we

consider an analytical solution given[89].

P’Al

H)2

Hj2

P,AY a, L—a ‘B
Figure 2-16 Schematics of the DCB test

Table 2-7 Geometric parameters for the DCB test

L H B 3y t

100 mm 3mm 1mm 30 mm 0.04 mmr

Table 2-8 Material properties for the DCB test utilizing the CZM

Eo Gy g G / Sq Ss

2310' MPa | 8310 MPa | 0.2N'mm | 1.28 N mmr | 0.001 40 MPa | 64 MPa

Table 2-9 Material properties for the DCB test utilizing the DPDM

Eok Gk E G, S;

2310' MPa | 8310 MPa | 23 10' MPa | 8310 MPa | 40 MPa 0.25

S

The P- [ curves comparing numerical (CZM and DPDM) and analytical solutions

are shown irFigure2-17. An excellent agreement between the analytical anthihe
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numerical solutions can be observEmjure2-18 shows the deformed shapes of the crack
opening. For the CZM, the natimensional displacement parameters shown, while

the outof-plane damage swwvariablew, is shown for the DPDM.

14

——CZM model: analytical solution
—%—CZM model: simulated solution
——-DPDM model: analytical solution
—2-DPDM model: simulated solution

=) -
o - N
T

F (N): Reaction force at the beam end
o
P

0 1 1 | | |
0 5 10 15 20 25

A (mm) : Half of the crack opening

Figure 2-17 DCB test: Numerical (CZM, DPDM) and analytical P- [curves
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Figure 2-18 DCB test: non-dimensional displacement parameter/ (left) and

damage state variablew, (right) shown on the deformed shape at two increments

End-notch flexure (ENF) test

The setup of the ENF test is showrFigure2-19. The lower left and rightorners
are simply supported; a point force of magnitirlés applied at a middle span giving

rise to deflectionD. The initial crack with length is, .

a, P.A L/2

aj2

Hj2

Figure 2-19 Schematics of the ENF test

Model parameters are givenTiable2-7 (geometry),Table2-8 (CZM) andTable
2-9 (DPDM). The mesh is the sameiaghe DCB test. Thd>- [ curve consists of three
segments: linear, unstable delamination, and stable hardening. Comparison of the
numerical and analytical solutions for tRe [response is shown Figure2-20. The

distribution of / and w; is shown inFigure2-21, which compares the crack length in

both models.

47



Chapter 2 A Unified Orthotropic Damage Model

-
(=2}

14

12

10

——CZM model: analytical solution
—%—CZM model: simulated solution

——-DPDM model: analytical solution
—2-DPDM model: simulated solution

F (N): Reaction force at the mid-span of the beam
(=]

0 1 2 3 4 5 6 7 8 9 10
A (mm) : Deflection at the mid-span of the beam

Figure 2-20 ENF test: Numerical (CZM, DPDM) and analytical P- [curves

Figure 2-21 ENF test: (a) the nondimensional displacement parameter/ ; (b)

damage state variablew, shown on the deformed shape at twmcrements
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Mixed-mode bending (MMB) test

The setup of the mixeohode bending (MMB) test is shown kilgure2-22. The
beam configuration is the same as in the ENF test. The upper left corner asyiamid
points are tied by a rigiddme above the beam through which the load is transferred to
the beam as shown Kigure2-22. The parametet controls the mode coupling. Large

values ofc give rise to mode Iracture, while mode Il fracture is dominant for small

values ofc.
C P
a, A L/2
H/[2
|
B

Figure 2-22 Schematics of the mixeemode bending (MMB) test
The same geometric, material and mesh parameteasiapted as in the DCB and
ENF tests. We consider=50 mm and ¢ =25 mm to analyze mixeanode behavior.
Figure2-23 andFigure2-25 show theP- [ curves forc =50 mm and c =25 mm,

respectively. For both cases, numerical results match the analytical solutions well. The

deformed shapes are showrFigure2-24 andFigure2-26 for ¢=50 mm and c =25 mm,
respectively. It can be seen that the values=050 mmand ¢ =25 mmgive rise to mode |

and Il dominated fractures.
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w
1

N
a
T

N
T

—
T

——CZM model: analytical solution
—%—CZM model: simulated solution
——-DPDM model: analytical solution
—2-DPDM model: simulated solution

| 1 | 1 1 | 1 |

0 1 2 3 4 5 6 7 8 9 10
A (mm) : Deflection at the mid-span of the beam

e
a
T

F (N): Reaction force at the mid-span of the beam
(3]

o

Figure 2-23 MMB test ( ¢ =50 mm): Numerical (CZM, DPDM) and analytical P- [

curves

Figure 2-24 MMB test (c=50 mm): (a) non-dimensional displacement parameter

/ ; (b) damage state variablew, shovn on the deformed shape at two increments
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H
1

w
a
T

w
T

N
o
T

-
(5]
T

—
T

——CZM model: analytical solution
—*—CZM model: simulated solution
——-DPDM model: analytical solution
—2-DPDM model: simulated solution

0 1 2 3 4 5 6
A (mm) : Deflection at the mid-span of the beam

e
(3]

F (N): Reaction force at the mid-span of the beam
N

o

Figure 2-25 MMB test ( ¢ =25 mm): Numerical (CZM, DPDM) and analytical P- [

curves

Figure 2-26 MMB test ( c=25mm): (a) the nondimensional displacement parameter

/ ; (b) damage state variablen, shown on the deformed shape at two increments
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2.3 Predictor-corrector local-nonlocal approach for inter-intra - layer

damage

Herein we develop and verify a computationally efficient predictorecor locat
nonlocal approach for simultaneous int@ra- layer damage. The interlayer damage is
assume to be local, whereas intralayer damage is assumed to be nonlocal. The-predictor
corrector algorithm described herein represents an approximation taeeal nonlocal

equation that requires simultaneous stress updates at multiple quadrature points.

0 - 4mmm peak stress

o: stress

i H :r
0 r=c° r=c'
r: radius
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0 peak stress

a: stress

r=c r=c
r: radius

Figure 2-27 Softening radius definition

Consider a stresstrain (radiusyelation s (r)in the MCS thaexhibits a softening
behavioras showrin Figure2-27. Thesofteningradius denoted hereafter a$ , is
measured from the unloaj branch emanating from the peak sére° to the softening
branch.Theshadedarea under the (r) curve, which is identical to the area untier

s (rSf) on the right ofFigure2-27, is the portion of internalvork required to fully

damage ainit material volume from its initial (possibly) damaged state corresponding to
thepeak stresdderein predictowcorrector nonlocal regularization is applie the
softening branch only.

In thefollowing, we focus on the bilinear stressain relation where the softening

radii r*" is defined as
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3 0 r¢e

sf sf f i i
St — st 82).
' " (rl) _'lfql(ri' i%)/(ileio)eio F‘E ( )

Consider numerical nonlocal field function defined as
M (%)), =8 g a(x3) f2) (83

kN ok .. l x
a'(xi.3)= dx'%)/8,,q 4x"3)
where x{ is a coordinate of a quadrature poinin a layerk ; a’is a numerical kernel

function; Qf defines the set of quadrature points in alplgdjacent to poink with a

characteristic radiuf:

Qs =R 8 @ (84)
The adjacency informatioQf of all the quadrature points in a ply can be
precomputed in the preprocessing stage.

For a given CDM, we first evaluate the softening raqdi(x,k) in the MCS. The

nonlocalsoftening radii are then regularized () * /(y Sf(x,k))R. Finally, the

nonlocal radiit, are obtained by adding the local hardening and nonlocal softening radi

= (85)

To this end we described an approximatiow()f (xlk))Rusing predictoicorrector

algorithm. Let”‘*lrSf(xlk) be the softening radii @t quadrature point in a layerk

n+l'i

obtained in an iteratiom+1 of a load incremeni+1. In the staggered nonlocal approach
[100], the neighboring information was obtained from the convergedquggolution,

sf

.1 (3y) . Herein we employ a predictaprrector algorithm where the predicted nonlocal

softening radii are evaluated at the first iteration of each increment by
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pwsf k)l — 1 * k ~sf
neaf] (X|)—aSJinka (XI 13?])ri (33)

o f o (m) I=J (86)
' (%)_%min{nrff(aj),el} 1, J

and then corrected as

m+1z-sf k) — A * k ~sf
neaf] (Xl)_a%,’Qra (XI ’33)ri (33)

~sf _ﬁr:IllriSf (3°|) I =J (87)
(33 ) _% n+2riSf (3‘3) | J

Finally, we will require that the nonlocal radii do not decrease

mar =max(, T ) (89
Figure2-28 (left) depicts the flowchart of the predictoorrector locahonlocal
approachFigure2-28 (right) schematically illustrates the evolution of the nonlocal

damage surface influenced by the damage surfaces of neighboring quaubatis.e

calculate principal
strain vectors
!
expand ellipsoid
damage surface

A 4 A4

in-plane damage out-of-plane damage
(local approach (nonlocal approach

=1 @ >1

— dzLJRIF S aO2N
saveradias | __________ < by neighboring
O‘LJ':"BRACUQNJE GLINBRA OG 2|l

update damage
state variables
¥
update degraded
modulus and stres

\*2)
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Figure 2-28 (left) Predictor-corrector local-nonlocal approach: local approach for
interlayer damage; nonlocal approach for intralayer damage (right) evolution of

damage surface

Remark For orthdropic elastic materials all quadrature points within the same ply
will have the same MCS. This may not be the case for initially isotropic or transverse
isotropic materials. In this case the radii at all quadrature points have to be first rotated to
the dobal coordinate system, GCS, then averaged bas@bp(87) and finally rotated

back to the MCS.

2.3.1 Verification of the DPDM for simultaneous inter- and intra- layer damage

In this section, we study the performance of the DPDM for simultaneously
predicting intraand intef layer damage for the thrgmint-bending(TPB) problem.
Multiple plies in different orientations are considered. We compare two approaches to
simulate the intraand inter layer damage:

1) CDM-CZM: the intralayer damage is modeled by CDM,; the interlayer damage is

modeled CZM. This is a convential approach and is used here as a reference solution.
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2) DPDM: both intralayer damage and interlayer damage are modeled by the
DPDM.

Two different setups of a laminated structure are testexhd@90 ply combination
and combination of P9 and #5° plies A fibrous composite microstructure is
considered whera, coincides with a fiber direction; the stiffness and fracture toughness
in the axial direction are assumed to be higher thag.ifthe x, coincides with normal
to the plane direction°@ly denotes the fiber direction parallel to the length of the beam;
plies are numbered from top to bottom. We compare two cases: 1) the interlayer damage
alone (no intralayer damagea)ca2) combined intreand inter layer damage.

Material properties are listed rable2-10. For the intralayer damage, we employ a
predictorcorrector nonlocal approach where nonlocality is applied at each ply
independently. Theharacteristic length material length is seRe 5 mm for all
problems.

Table 2-10the material properties for the TPB bending tests

Ell E22 E33 n23 n13 an
10° MPa 1.9 10 MP: | 1.98 10 MP: | 027 0.25 0.25
GZB Gls Glz

7.14 16 MP«¢ 7.14 160 MP« 7.14 160 MP«

sy e s; &

10° MPa 0.01 40 MPa 0.00€

s, G Sq g, /.

40 MPa 0.1228N mn | 50 MPa 0.508 N mir 0.001
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TPB bending with (°-9CP plies

The beam ofdngth L =200 mir, width B=10 mm, and heightH =20 consist of
20 plies, where ply thickness ts=0.4 mm. The orientation of plies is {09 0°, 9¢ 0°,
9P 0°, 9P 0°, 9(°]s as shown irFigure2-29. The point loadP is applied at the midpan

of the beam giving rise to deflectidn.

P AL L/2 H/20
S ) v

(a) 0° ply: 1st, 3rd, Sth, 7th, 9th, 12th, 14th, 16th, 18th, 20th plies

| vE,

(b) 90° ply: 2nd, 4th, 6th, 8th, 10th, 11th, 13th, 15th, 17th, 19th plies  [top view]:

Figure 2-29 Three-point bending test of twentyply laminate with 0°-9(° plies

Due to the symmetry with respect £g one half of the beam is modeled. For the

CZM-CDM model, the mesh consists 2000 eightnode hexahedral elements arabo
eightnode interface elements with four NewtGotes integration points, as visualized in

Figure2-30.

Figure 2-30the setup of geometry (top) and mesh (bottom) of the beam wit/90°

plies

58



Chapter 2 A Unified Orthotropic Damage Model

Due to the symmetry, results are visuatifor the left half of the beam.

Figure2-31 compares the>- [ curves for the CZMCDM and OPDM approaches
when the iplane damage is not considered. The response shows three regions: 1) initial
elastic response; 2) unstable delamination; 3) elastic response after the delamination.

Both methods predict identical response.

L4 ]

(=]

(=]

=]
1

—*—CDM+CZM model
-2-DPDM model

2500

[\~ ]
(=]
(=]
o

| stagel:
i delamination

1600
1000

500 -

F (N): Reaction force at the mid-span of the beam

| | 1 L 1 | 1 1 ]

1 2 3 4 5 6 7 8 9 10
A (mm) : Deflection at the mid-span of the beam

o

0

Figure 2-31 TPB test (®-9C° laminate) without in-plane damageP- [curve

Past the peak load, delamination takes place as shadvigure2-33. For the
CZM+CDM approach, damage is visualized by the-donensional displacement

parameter/ ; while for the DPDM, damage parameters shown instead. Clearly, the

two methods predict the same delamination region located in the 9th and 10th plies.
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Furthermore, ta distribution of the von Mises streststhe peak load and after the
delamination is depicted Higure2-32 andFigure2-34, respectively. We can see the
magnitude of the von Mises stress drops andtifess is redistributed like TPB bending

of two separated beams.

2.08e+003 4.16e+003

Figure 2-33 Delamination response (top) nordimensional displacement parameter
/ for the CZM + DPDM,; (bottom) damage state variablew, for the DPDM

Figure 2-34 Distribution of the von Mises stress after thelelamination

60



Chapter 2 A Unified Orthotropic Damage Model

To thisend, we study the accuracy of DPDM as the number of layers decreases.
We consider a beam consistiof4, 8 and 12 pliesn absence of intralayer damagdée
layup forthe4-ply, 8-ply and 12ply beam is [0, 9(7]s, [0°, 9, (°, 9¢F]sand [, 9C, (P,
90°, (°, 9] s, respectivelyFor the DPDM we consider two cases: one and two elements
per layerdenoted bypPDM-1 and DPDM2. Figure2-35 comparsthe peak load at the
mid-span of the beantt can be seen that for 8nd 12 ply laminatesDPDM-1 gives
rise to 10% error in the peak load. By doubling the number of layers (BDPQM error
becomes less than 1%. For thply laminates, th®PDM-2 gives rise to roughly 10%
error in the peak load and thus the number of elementay®rieeds to be further
increased if higher accuracy is needed.

1800
1600
1400

1200

1000
800
600
400
200 I

0
4-ply 8-ply 12-ply

Reaction force (N) at the mid-span of
the beam

E DPDM-1 EDPDM-2 ECZIM

Figure 2-35 Peak load in 4ply, 8-ply and 12-ply laminates in TPB problem: 1)
DPDM-1: one element per ply; 2) DPDM2: two elements per ply; 3 CDM+CZM:
one element per ply

We now consider simultaneous intrder-layer damage for the TPB problem.

Figure2-36 depicts theP- [ curves for the CZMCDM and DPDM approaches. The
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response can be dividaato four regions: 1) initial elastic; 2)4plane damage without

delamination; 3) unstable delamination; 4) idtager damage after delamination.

stage |: evolution of

. 1500 - the in-plane damgge__ﬁ

3 s —*—CDM+CZM model

Q ; - &-DPDM model

[}

=

==

°

c

a

v 1000 -

S i stagell:

= : delamination

2

et

B

©

8 stage lll: evolution of

:CE 500 - the in-plane damage

: ........... ...'.

2

e

O

0]

2

.- B g 8—g

— —8-4a-g-—-o0

=

u 0 | | | L 1 | L L ]
0 1 2 3 4 5 6 7 8 9 10

A (mm) : Deflection at the mid-span of the beam

Figure 2-36 P- [ curve for TPB bending test (8-90° plies) with intra -inter-layer

damage

Prior to the delamination, initial intralayer damage takes place in the bottom of the
mid-span as can be seerFigure2-37 andFigure2-38, which shows the damage state

variable w; and w, for the corresponding plies, respectively
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Figure 2-38 Intralayer damage w, for the 9C° ply prior to delamination

The distibution of the von Mises stress, as showFkigure2-39, shows the

magnitudeof the stress decreases due toiti@alayerdamage.

1.75e+003 3.5e+003
-

1.75e+003 3.5e+003

‘ DPDM: von Mises stress

Figure 2-39 Distribution of the von Mises stress prior to delamination

Following force redistribution taking place due to intralayer damage, delaamnati

initiates and propagates at the top portion of the beam as sh&iguie2-40.
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Figure 2-40 Delamination responsgtop) non-dimensional displacement parameter
/ for the CZM + DPDM; (bottom) damage state variablew, for the DPDM

______________________________________________________________________________________________________________________

1.75e+003

3.5e+003

1.75e+003

3.5e+003

Figure 2-41 Distribution of the von Mises stress after the delamination

Delamination effectively splits the beam into two contacting beams. With increase
in prescribed displacement, further intralayer damage takes place at the lower beam as

shown inFigure2-42 andFigure2-43.

Figure 2-42 Intralayer damage state variable w; for the 0° ply after delamination
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Figure 2-43Intralayer damage state variable w, for the 9C° ply after delamination

In the remaining offtis section, we study the necessity for nonlocal capabilities
that have been employed for modeling intralayer damage. We consider three different
meshes where each ply is meshed with one element per ply. Meshes 1, 2 are 3 consist of
1200, 2000, and 3200ezhents, respectively. The characteristic length is setrim.
Figure2-44 depicts force versus deflection curves for all cases. It can be seen that the
predictorcorrector nonlocal approach predicts the same peak value aswed a
delamination and post delamination behavior. All local models show premature peak load
caused by intralayer damage without delaminattogure2-45 suggests that the local
model predicts failure of%plies as a main cause overall collapse of the beafigure
2-46 andFigure2-47 suggest that the predictoorrector locahonlocal model predicts
that the main cause to overall collapse is delamination triggered by éalis&ribution

arising from damage accumulation in the bottom portion of the beam.
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-l

(4

(=]

o
1

—*-Local, mesh 1
—-e-Local, mesh 2
-e-Local, mesh 3
—*—Nonlocal, mesh 1
—s—Nonlocal, mesh 2

—e—Nonlocal, mesh 3
1000

i delamination

500

%

F (N): Reaction force at the mid-span of the beam

A

L 1 1 1 L ]

0 1 3 4 5 3 7 8
A (mm) : Deflection at the mid-span of the beam

N

Figure 2-44the P- [curve of the TPB bending test using local and nonlocal

approaches with three different meshes

Figure 2-45Intralayer damage state variable u; in the O° ply for three meshes

obtained with local approach
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Figure 2-46 Intralayer damage variable u; in 0° plies for three meshes obtained

with predictor-corrector local-nonlocal approach

Figure 2-47 Delamination pattern shown by damage variablen, for three meshes

obtained with predictor-corrector local-nonlocal approach

TPB problem of 0°/#45990° laminates

We consider the TPB problem setup with the exception of the layup. Herein, the
orientation of plies considered iL[45° 9(°, 48 0°, (@, -45° 9(°, 47 (0°sas shown in

Figure 2-48.
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PA| L)2 [H/20
?
________________________________________________________________________________________ B
1 *52
I_’El
(a) 0° ply: 1st, 5th, 6th, 10th, 11th, 15th, 16th, 20th plies
— 5‘)
vé,
(b) 90° ply: 3rd, 8th, 13th, 18th plies
x5,

A
(c) 45° ply: 4th, 9th, 12th, 17th plies é:l

PAN
¥ N
(d) -45° ply: 2nd, 7th, 14th, 19th plies ? [top view]

Figure 2-48 Schematics ofTPB with twenty 0%#45°/9( plies

To capture the effect of #plies, we consider four elements in the beam width.
Thus, the mesh consists &)00 continuum and7600 cohesive elements for the CZM

CDM approachas shown ifrigure2-49. No symmetry conditions exist in this case.

Figure 2-49 Setup of geometry (top) and mgh (bottom) of the beam with &/#45°/90°

plies
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We start with the case which the intralayer damage is not consiéggade2-50
provides theP- [ curve at the migpan for COMCZM and DPDM approacheklere
we can observe that, after the unstatl@laminationwith a great loss of the capability of

carrying load, the interface continueselaminatewith a stable process.

w

(3]

o

o
1

—*— CDM+CZM model
—2-DPDM model

3000

2500 -

stage I:
i delamination

2000

1500

1000

stage Il: stable delamination

F (N): Reaction force at the mid-span of the beam
(4]
o
o

1 2 3 4 5 6 7 8 9 10
A (mm) : Deflection at the mid-span of the beam

o

0

Figure 2-50 P- [curve of the TPB test of the @#5°9( plies without intralayer

damage evolution

Figure2-51 shows the distribution of the von Mises stress at the peak loading. The
load is mainly carried by the? plies. Besides, the contoplot of the stress of the'ply

exhibits a 45strip.
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Figure 2-51 Distribution of the von Mises stress prior the delamination

In this setup of the composite structure, detaminationnitiates when iteaches
the peak load. The displacement paramétandinterlaminardamage state variable,
at the peak load are shownRigure2-52 at the edge of 2B(° layups. Here for the
iCZ-DMPDMoO approach, the debondindglamdttern is
ply and 1% and 18 ply, while it is shown at8and 18'p |1 i es directly for th

DPDMO approach.

| DPDM (18thply): @,

Figure 2-52 Init iation of delamination at the edge of 4%9(° layups
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After the unstable debonding, multiple cracks are formed and predicted by both
approaches, as shownkigure2-53. Meanwhile, the von Mises stress, which is shown in
Figure2-54, also drops significantly. Finally, the development of the stable delamination
ends when the debonding region reaches to the left Biigeover, from the distribution
of the von Mises stress, as showrrigure2-55, we can see the significant drop of the

stress level due to the delamination.

Figure 2-53 Delamination pattern after the unstable debondingtop) non-

dimensional displacement parameter/ for the CZM + DPDM; (bottom) damage

state variable v, for the DPDM

Figure 2-54 Final delamination pattern (top) non-dimensional displacement
parameter / for the CZM + DPDM; (bottom) damage state variablew, for the

DPDM
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