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ABSTRACT

This report provides a theoretical background for three constitutive models for a continu�

ous strand mat �CSM� glass �ber�thermoset polymer matrix composite� The models were

developed during �scal years ���� through ���� as a part of the Cooperative Research and

Development Agreement� �Application of High�Performance Computing to Automotive De�

sign and Manufacturing�� The full derivation of constitutive relations in the framework of the

continuum damage mechanics is presented� The developed models have been implemented in

the computer program DYNA
D and have been used for the simulation and impact analysis

of CSM composite tubes� The analysis of simulation and experimental results show that the

model based on strain tensor split yields the most accurate results of the three implemented

models� The parameters used in the models and their derivation from the physical tests are

documented� The input format for the computer program DYNA
D in the framework of

user material model routines is provided�



�� INTRODUCTION

Composites Materials Modeling is a part of the Cooperative Research and Development

Agreement �CRADA�� �Application of High�Performance Computing to Automotive De�

sign and Manufacturing� that has been established among Argonne National Laboratory

in Argonne� Illinois� Lawrence Livermore National Laboratory in Livermore� California� Los

Alamos National Laboratory in Los Alamos� New Mexico� Oak Ridge National Laboratory in

Oak Ridge� Tennessee� Sandia National Laboratory in Albuquerque� New Mexico� Chrysler

Corporation� Ford Motor Company� and General Motors Corporation� The terms of the

CRADA can be found in Reference ��

This report provides technical documentation and a user�s manual for the computer im�

plementation of the constitutive material models developed at ORNL for a continuous strand

mat �CSM� glass �ber�thermoset polymer matrix composite� The models were developed

for the simulation of thin plate and shell composite structures under impact loading� The

overview of the literature and the modeled deformation mechanisms are documented in the

accompanying report�� This report supersedes the working draft CRADA report�� Chap�

ter 
 gives a short overview of the damage mechanics principles essential to understanding

the developed material models� Chapters 
� � and � are devoted to the three developed

material models� respectively� The �rst model� Anisotropic Damage Model� has been devel�

oped for unidirectional �ber composites and has been used mainly as a benchmark for the

two following isotropic models� Hydrostatic Pressure Dependent Damage Model and Damage

Model with Strain Tensor Split� Damage Model with Strain Tensor Split has been shown

to provide the best results in simulation of the deformation of the CSM composite tubes�

The constitutive model chapters are followed by a chapter on crush front modeling which

details the developments on simulation of the progressive material degradation ahead of the

impact zone primarily caused by advancement of interply cracks� However� because of the

di�culties with the experimental quanti�cation and separation of this e�ect from other de�

formation processes� as well as with the respective theoretical approach� further development

of the crush front model has been directed towards integration of the interply cracking e�ects

into material models directly� Chapter � deals with computational simulations of the various

�



tube impacts and their comparison with experimental data� Chapter � provides the format

and typical properties for the material model implementation in DYNA
D� Conclusions and

recommendations for practical applications to automotive simulations and design are given

in the �nal chapter�






�� DAMAGE MECHANICS

The structures made of glass �ber�polymer matrix composites show inherently brittle

behavior� The principal mechanism for energy dissipation is formation of internal surfaces

that are associated with the loss of interatomic bonds in the material that is referred to as

damage� Damage mechanics theory models such a behavior by relating defect nucleation

and growth in material to its macroscopic response� The damage in the CSM composites

can be generally observed in the three constituent phases� glass �ber� polymer matrix� and

their interface� Each of the phases has numerous damage mechanisms that may interact with

damage from other phases depending on both intrinsic �material� and extrinsic �geometry�

loading� e�ects� Modes of damage interaction are di�cult to quantify� and a considerable

number of assumptions usually needs to be made to yield a tractable model� The models

developed in this study follow the basic steps of the damage mechanics framework that are

subsequently outlined� The energy dissipation mechanisms in the material are described

by material internal variables� �i� that re�ect average material degradation and damage

evolution� Thorough theoretical treatment of damage mechanics can be found in standard

textbooks e�g�� Reference �� Only the main relations will be reviewed here to provide a

complete set of equations for the reader�

One of the �rst decisions to be made is to choose the equivalency principle for the damage

model� The damaged material state can be described using the equivalency principles that

either� �a� equate the strain state of the damaged and undamaged material� �b� equate

the stress state of the material� or �c� equate the energy of the damaged and �ctitious

undamaged material� The methodology used in this work is based on the strain equivalence

mainly because of its computational e�ciency in the framework of explicit time integration

computer programs such as DYNA
D�

Because the nature of deformation and geometry of the structures that are to be modeled�

all of the developed CSM composite models start from the following assumptions�

�� All nonlinear e�ects of constitutive behavior are attributed to damage� Plastic defor�

mations are negligible�







� Unloading and reloading do not produce damage in the material�


� Damage depends on the resulting tensile and compressive states�

�� The model is developed for shell structures for which the state of plane stress is preva�

lent�

Assumptions � and 
 restrict the functional dependence of the material�s free energy as

� � � ��� �� � �
���

where � denotes a strain tensor and � represents damage descriptors �variables�� In the

developed models� the unilateral nature of the damage has been modeled by expressing the

free energy into separate parts that correspond to di�erent damage mechanisms� Therefore�

the energy associated with the particular damage mode� and its evolution� can be easily

identi�ed and derived from Eq� �
����

Stress tensor is derived from the free energy as

� �
�� ��� ��

��
� �
�
�

The associated thermodynamics force to damage variables� �� can be de�ned as

Y � �
�� ��� ��

��
� �
�
�

which controls the kinematics of the damage evolution� To account for the nature of irre�

versibility during damage processes� the following criteria for damage evolution are proposed�

g� � �R�Y �� r��� � � � �
���

where R denotes the function describing the current damage state and r denotes the damage

strengthening threshold at the current time� Equation �
��� can be used for modeling the

initiation of the damage as well as initial damage in the material as the result of the material

processing conditions� Equation �
��� also makes it possible to restrict the damage evolution

to the increased loading only�

�



To achieve a good numerical e�ciency� all the corresponding models have been formulated

as functions of the strain tensor�

�



�� ANISOTROPIC DAMAGE MODEL FOR

UNIDIRECTIONAL FIBER COMPOSITES

The model was originally developed for modeling of the impact of composite tubes in

References ���� The composite is assumed to consist of unidirectional laminae plies� The

damage mechanisms that lead to material failure have been identi�ed in References � and ��

These mechanisms are matrix cracking transverse to �bers� transverse matrix crushing� �ber

breakage� �ber buckling� and matrix failure in the �ber direction� These damage modes are

modeled using three independent damage variables� �k� ��� and �s� for the direction parallel

to the �bers� direction transverse to the �bers� and shearing in the plane of the laminae�

respectively�

The strain energy for these damage mechanisms can then be written in the following

form�

� �
�


c

h
��� �k�Ek�

�
�� � ��� �k���� �������E� � ���Ek������� � ��� ���Ek�

�
��

i
�
��� �s�G�

�
�� � �
���

where

c � �� ��� �k���� ��������� � �
�
�

���Ek � E���� � �
�
�

indices k and � denote the values in the direction parallel and transverse to �bers� re�

spectively� Indices � and 
 denote the principal coordinate directions� Symbols E� G� and

� denote the Young�s modulus� shear modulus� and the Poisson�s ratio of the undamaged

laminae� respectively� The stress�strain relation of the damaged ply can be written in the

	



standard form using Eq� �
�
� as

������
�����

���

���

���

������
�����

�

�
				


��� �k�Ek ��� �k���� ������E� �

��� �k���� ������Ek ��� ���E� �

� � c��� �s�G

�
����


������
�����

���

���

���

������
�����

�

�
���

Following Eq� �
�
� the thermodynamic �uxes associated with the damage variables can

be de�ned as

Yk � �
��

��k
�

Ek


c�
���� � ��� ����������

� � �
���

Y� � �
��

���
�

E�


c�

h
��� � ��� �k�������

i�
� �
�	�

Ys � �
��

��s
� 
G���� � �
���

The damage evolution criteria can now be represented in the space Y as a piecewise linear

surface�

gk � 

Ek

X�
c�t

Yk � rk � � � �
���

g� � 

E�

Y �
c�t

Yk � 

G

S�
Y�� � r� � � � �
���

where symbols X� Y � and S denote the strengths in the direction parallel to the �bers�

transverse to the �bers� and in�plane shear strength� respectively� The subscripts c� and t

denote the values for compression and tension� respectively�

Neither the thermodynamic �uxes Y nor their rates are directly controllable in a loading

process� therefore� it is reasonable to rewrite the damage criteria in Eqs� �
�����
��� and the

damage loading conditions in Eqs� �
�����
��� by means of strain and strain rates�

gk �
E�
k

c�X�
c�t

���� � ��� ����������
� � rk��k� � � � �
����

g� �
E�
�

c�Y �
c�t

�h
��� � ��� �k�������

i�
�
�
cGYc�t
E�S

���

���
� r����� � � � �
����

To solve the loading ambiguity� the loading criteria have been introduced in the following

�



general form�

�g �
�g

��
�  � � �
��
�

which when applied to Eqs�� 
���� and �
���� becomes�

�gk � ���� � ��� ����������  ��� � ��� ������ ���� � ��� ����������  ��� � �
��
�

�g� � ��� �k����
h
��� � ��� �k�������

i
 ���

�
h
��� � ��� �k�������

i
 ��� �

�

cGYc�t
E�S

��
���  ��� � �
����

The damage loading conditions can be expressed as

g � � and �g 	 � loading

g � � and �g � � neutral loading

g � � and �g 
 � unloading

g 
 � elastic

� �
����

The damage evolution is based on Weibull distribution of defect strength� Reference ��

The details of damage mechanics implementation using this strength distribution can be

found in Reference ��� The evolution law as a function of strain is given as

� � �� e�
�
me�

E�

�max
�
m

� �
��	�

where m is the Weibull�s exponent of strength distribution and �max is the ultimate strength

of the composite� The methods for determining m from simple uniaxial tests are proposed in

Reference �� However� while the determination of the tensile parameter does show a physical

relevance and applicability on a wide range of loadings and geometries� the compression be�

havior for composite tubes� especially in multi�ply con�gurations� cannot be directly related

to the Weibull�s parameter from the compressive coupon test since the respective deforma�

tion modes are signi�cantly di�erent� This shortcoming is characteristic of all the models

presented in this report� and will be addressed in the future work by the development of an

�



interply cracking model for compression�

The combinations of Weibull�s parameters and required material parameters for di�erent

loading situations are enumerated in Table 
���

Parallel to �ber Transverse to �ber In�plane shear
��� � � ��� 
 � ��� � � ��� 
 � ���

� �k �� �s
m mkt mkc m�t m�c ms

�max Xt Xc Yt Yc S
� ��� ��� ���
E Ek E� G

Table 
��� Parameters for Eq� �
��	�

The strain rate e�ect in the material is modeled using viscous regularization of initially

rate�independent damage formulation �see Eqs� �
����� �
���� and �
��	�� In addition� vis�

cous regularization alleviates problems associated with damage localization such as material

softening and discretization sensitivity of the solution� The original formulation of the model

in the Reference � uses nonsmooth damage surfaces� Therefore� some standard regulariza�

tion techniques� such as viscous regularization of Perzyna�s type�� that was suggested in

Reference �
� are not suited for this formulation� Instead� viscous regularization of the

Duvant�Lions type�� has been employed in this model because of its demonstrated advan�

tages for application to nonsmooth damage surfaces� The rate�based constitutive equation

is of the form

 q � � �
�

�q � q�� if g� 	 � � �
����

where q denotes internal variables� q� is the inviscid solution of rate�independent damage

problem� g� is the the static damage surface� and � is the viscosity coe�cient� With the

proper loading and unloading conditions� the generalized Duvant�Lions model renders a

�nite and unique solution even in the corner regions of a multifaceted damage surface� The

formulation implemented in this model uses an implicit backward Euler algorithm� By

�



multiplying Eq� �
���� by !tn � �tn�� � tn� we obtain

!qn�� � �
!tn
�

�
qn�� � q�n��

�
� �
����

where the subscript n � � denotes the current time step� Solving for qn�� yields

qn�� �
qn � !tn���q�n���

� � !tn��
� �
����

where qn is the damage variable solution from the previous step tn� The internal variables

used in the model are �k� ��� �s� rk� and r� The associated stresses are obtained from

Eq� �
���� The limits of the instantaneous elasticity and inviscid damage response can be

obtained by using very large and small values for �� respectively� The integration algorithm

proposed previously is unconditionally stable� which makes it suitable for both explicit and

implicit time integration procedures�

��



�� HYDROSTATIC PRESSURE DEPENDENT DAMAGE

MODEL

The basis for this model was developed from work documented in References ������ The

damage is assumed to be produced by separate in�uences of deviatoric and hydrostatic stress

components� This formulation models not only the damage�induced change in the elastic

modulus of the material but also the respective variations of Poisson�s ratio� According to

this idea� the strain energy is divided into the deviatoric energy� �d� and the volumetric

energy� �m� as

� � �d � �m � �����

In the state of plane stress� Eq� ����� becomes�

�d � ��� �d�G��� � ��� � ��� �d�G

�
���� � ���� �

�� � �� � �


��� ���
���� � ����

� � 
����

�
� ���
�

�m � ��� �m�
G�� � ����� 
��


��� ���
���� � ����

� � ���
�

where � denotes the deviatoric part of the strain tensor� Following Equation �
�
�� the stress

relations are given as

��� � 
��� �d�G

�
��� �

�� � �� � �


��� ���
���� � ����

�
� 
��� �m�

G�� � ����� 
��


��� ���
���� � ���� �

�����

��� � 
��� �d�G

�
��� �

�� � �� � �


��� ���
���� � ����

�
� 
��� �m�

G�� � ����� 
��


��� ���
���� � ���� �

�����

��� � 
��� �d�G��� � ���	�

The associated damage �uxes are obtained using Eq� �
�
��

Yd � G

�
���� � ���� �

�� � �� � �


��� ���
���� � ����

� � 
����

�
� �����

��



Ym �
G�� � ����� 
��


��� ���
���� � ����

� � �����

where �d and �m denote the deviatoric and hydrostatic damage variables� respectively� Ac�

cording to the second law of thermodynamics� the natural energy transfer is accompanied

by an increase in entropy relative to the original state� In its mathematical form �Clasius�

Duhem�s inequality�� this can be written as

" � Yd  �d � Ym  �m � r  � � � � �����

Inequality of Eq� ����� describes the energy dissipated through damage processes� It also

implies that a damage surface exists as g� approaches zero� By introducing the Lagrangian

multipliers into Eq� ������ it transforms into

" � Yd  �d � Ym  �m � r  � � �g� � ������

The inequality form of the 
nd law of thermodynamics now reduces to the problem of

obtaining the extremum of the function in Equation ����� that is�

�"

�Yd
� � ��  �d �  �

�g�
�Yd

�

�"

�Ym
� � ��  �m �  �

�g�
�Ym

� ������

�"

�r
� � ��  � �  �

�g�
�r

�

Ladaveze�� proposed a damage criterion in the following form�

g� � Yd � 
Ym � r��� � ����
�

where


 �
�m
�d

� ����
�

The preceeding equations do not express the unilateral character of the damage process� For

most brittle materials� the tensile state induces signi�cantly more damage in the material�

�




To account for such a behavior� the damage criterion can be modi�ed as

g� � Yd � h
iYm � r��� � ������

where the McAuley bracket is de�ned as

h
i �

���
��


 if �m � �

� if �m 
 �
� ������

and �m is the hydrostatic stress� The physical meaning of Eq� ������ is that the negative

hydrostatic stress does not contribute to damage evolution�

Using the notation similar to plastic �ow relations� the damage evolution can be charac�

terized as follows�

�� Damage evolution rule�

 �d �  �
�g�
�Yd

�  � �

 �m �  �
�g�
�Ym

� h
i  � � ����	�


� Damage hardening rule�

 � �  �
�g�
�r

�  � �

 r �
dr

��
�

dr

��
 � � ������


� Damage loading and unloading rule�

g� � � �  � � � �  �g� � � � ������

Conditions in Eq� ������ are expressed in the standard Kuhn�Tucker form and describe

the unilateral character of the damage evolution� If g� 
 �� then the damage criterion in

Eq� ������ implies that  � � �� hence� the damage evolution rule in Eq� ������ implies that

�




�d � �m � �� and no further damage is incured� If � 	 �� that is� if further damage occurs�

the condition in Eq� ������ implies that g� � �� Therefore� the damage surface separates the

damaged from the undamaged state� Since the damage surface is smooth� the damage viscous

regularization of Perzyna�s type can be used� The particular structure of the regularization

proposed in Reference �� has been used in the model� The rate equations governing linear

viscous�damage behavior are obtained from the rate�independent form by replacing r by  r�

The regularization of the damage variables can be then written as

 r �
hg�i

�
� ������

 �d �
d�

dr
 r � ���
��

 �m � h
i  �d � ���
��

Thus� if the damage takes place�

g� � Yd�n�� � h
iYm�n�� � rn 	 � � ���

�

Applying the implicit backward Euler algorithm from Eqs� �
������
���� to Eq� ���
�� yields

rn�� � rn �
!tn
�

g��n�� � rn �
!tn
�

�Yd�n�� � h
iYm�n�� � rn��� � ���

�

Finally� the rate form of the damage evolution is

rn�� �
rn � !tn�� �Yd�n�� � h
iYm�n���

� � !tn��
� ���
��

�d�n�� � �d�n �
d�

dr
�rn�� � rn� � ���
��

�m�n�� � �m�n � h
i��d�n�� � �d�n� � ���
	�

Equation ��
	 has two indications� ��� as � � �� rn�� � rn� thus� �d�n�� � �d�n� and

�m�n�� � �m�n� Hence� no further damage occurs during the increment� and the instanta�

neous elastic response is recovered� �
� As �� �� rn�� � Yd�n�� � h
iYm�n��� which results

in the rate�independent damage formulation� This shows the properly bounded behavior for

��



the two extreme cases with a smooth transition in between�

The model presented here is based on positive hydrostatic pressure�dependent damage

evolution� For composite materials� both positive and negative hydrostatic pressure may

contribute to damage� This characteristic has been accounted for in the present model by

replacing the McAuley bracket in Eq� ������ with

h
i �

���
��


� if �m � �


� if �m 
 �
� ���
��

The magnitude of 
� is generally larger than 
� for most materials�

��



�� DAMAGE MODEL WITH STRAIN TENSOR SPLIT

The previous two damage models were implemented into DYNA
D�� code and were used

for simulations of the CSM composite tube drop�tower tests� Although the two models

have shown encouraging results� in general they have not yielded a satisfactory modeling

approach that would easily be applicable to a large span of CSM composite tube geometries

and loading con�gurations� The de�ciencies of these formulations for modeling of the CSM

composites have been analyzed� and directions for further model developments have been

identi�ed� As a result of this e�ort� a new model based on separation of the compression

and tension e�ects on damage development in CSM composite materials has been developed�

The concept of the separation of the strain tensor is used to account for two basic tensile and

compressive damage evolution processes� This idea was motivated by work in References 
�

and 
�� The justi�cation for the new model based on the experimental observations in tube

impact tests and theoretical developments are presented in Reference 
�

The formulation of the model starts from the separation of the strain energy into tension

and compression parts as

� � ��� ���G
�
��� � ��� �

��

�� �
���m��

�
� ��� ���G

�
��� � ��� �

��

�� �
���m��

�
� �����

where �� and �� denote the positive and the negative part of the strain tensor� respectively�

Variables �� and �� denote the associated tensile and compression damage variables� re�

spectively� The positive part of the strain tensor is obtained by using a positive projection

operator P�� which removes contributions of negative eigenvalues of the strain tensor�

�� � P� � � � ���
�

The negative part of the strain tensor is then

�� � P� � � � ���
�

�	



The projection operators satisfy the following relations�

�� � �� �� � �����

P� � I � P� � �����

where I denotes the fourth�order identity tensor and P� and P� are symmetric� The pro�

jection operator can be written as

P�
ijkl �

�




�
S�
ikS

�
jl � S�

il S
�
jk

�
� ���	�

The symmetric matrix S�� is de�ned as

S� �
�X

i��

h�iij�ijni 	 ni � jnij � � � �����

where �i is the principal strains and ni denotes the corresponding principal directions� The

hi symbol denotes the Heaviside step function that is used to remove the contributions of

the negative strain tensor eigenvalues�

hxi �

���
��

� if x � �

� if x 
 �
� �����

If we now proceed using the Eq� �
�
� in the introductory part of the report� we obtain stress

relations as

��� �

��� ���G

�� �

h
���� � �����

i
�


��� ���G

�� �

h
���� � �����

i
� �����

��� �

��� ���G

�� �

h
���� � �����

i
�


��� ���G

�� �

h
���� � �����

i
� ������

��� � 
��� ���G���� � 
��� ���G���� � ������

the associated damage forces using Eq� �
�
� are

Y� � G
�
��� � ��� �

��

�� �
���m��

�
� ����
�

��



Y� � G
�
��� � ��� �

��

�� �
���m��

�
� ����
�

By adopting a damage criterion for each of associate damage variables� damage surfaces

become

g� �
�G��� ��

X�
�

Y� � r� �

�

G

X�

�� h
��� ���� � �� � �����m��

i
� r� � ������

g� �
�G��� ��

X�
�

Y� � r� �

�

G

X�

�� h
��� ���� � �� � �����m��

i
� r� � ������

where X� and X� are the tensile and the compressive strengths� respectively� and r� and

r� are the associated damage thresholds� The damage loading criteria can then be written

as

�g� �
h
���� � �h��ih��i�

�
��

i
 ��� �

h
���� � �h��ih��i�

�
��

i
 ��� � 
��� ������  ��� � ����	�

�g� �
h
���� � �h���ih���i�

�
��

i
 ��� �

h
���� � �h���ih���i�

�
��

i
 ��� � 
��� ������  ��� � ������

The evolution of damage variables is governed by the same expressions as for the anisotropic

model� that is�

� � �� e
� �
m�e

�
�G��

�����X�

�m�

� ������

� � �� e
� �
m
�

e

�
�G��

�����X
�

�m
�

� ������

where

�� � ��� ���� � �� � �����m�� � ���
��

�� � ��� ���� � �� � �����m�� � ���
��

A viscous regularization of damage variables analogous to the one for the anisotropic

damage model in Eqs� �
���� through �
���� has been used to model the rate dependency of

the material�

��



�� CRUSH FRONT MODEL

Crush front model was �rst introduced in work by Hallquist and Matzenmiller in Refer�

ence �� Although it is di�cult to state all the reasons the authors had for introducing the

crush front� one reason seemed to be a reduction of force that was transmitted along the

length of the tube� If the strength of the elements adjacent to the impact region were not

reduced� the forces could be carried high up the tube where they could induce a catastrophic

failure�

Although at �rst glance the crush front concept seems to be a numerical gimmick to

obtain a progressive crush� it compensates for structural and material mechanisms that are

present in tube crush� The recent tube studies by ORNL and the Automotive Composites

Consortium �ACC� have shown that the impact zone experiences signi�cant delamination

both between plies �braid� and within plies �CSM�� The interply cracks are propagating

ahead of the impact zone and reducing the strength and rigidity of the composite through

instability mechanisms� The compressive strength of a set of delaminated plies is vastly

reduced compared to the uncracked laminate� The iterply cracking e�ectively reduces the

strength of the material adjacent to the crush zone and provides for a stable� progressive

crush� Therefore� although originally introduced mostly for numerical reasons� the crush

front model can also be used as a mathematical model for progressive tube crush�

An apparent question is how to identify and quantify the crush front model�s parameters�

That question� and the concerns about lumping all the underlying out�of�plane deformation

mechanisms into a single model has caused authors to stop further development on the

crush front� and to incorporate modeling of interply cracking during tube compression into

the constitutive model of material�

In the Hallquist and Matzenmiller model� a new element is enrolled into a crush front

if it shares nodes with a failed element� where an element is considered to be failed if its

characteristic time step falls below the specifed value� Our implementation has two new

improvements�

�� The elements are considered failed if the amount of internal damage reaches maximum

value� This approach is more physically justi�ed and can prevent excessive element

��



deformations that are present in Reference ��


� Nodes have indicators that count the number of failed elements connected to them� The

node information is then used to determine the intensity and propagation of reduction

of material properties ahead of failed elements� This enables a faster crush front

propagation for regions with geometric features that favor crush propagation �e�g��

corners�� Figure � illustrates the concept of weighted crush front propagation where a

higher number indicates a larger strength reduction�


�
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Figure �� Weighted crush front propagation
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�� NUMERICAL RESULTS

The developed models were implemented in the �nite element program DYNA
D and

used for simulation of drop tower tests of tubular CSM components� The tests were perfomed

by ACC and were provided for comparison with simulation models� A typical con�guration of

the drop tower test is shown in Fig� 
 The test specimen is �xed on the drop tower beam and

raised to the predetermined height� The beam is then released� and the specimen impacts the

impact plate that is instrumented with a force measurement sensor� The resulting deformed

CSM specimen from ACC test number ���� is shown in Fig� 
�

���� Damage Model for Unidirectional Fiber Composites

This model was primarily used as a benchmark to evaluate the capabilities that were consid�

ered as state�of�the�art in the current literature� The model was used for simulation of tube

impact where it was assumed that the tube was composed on multiple plies of �ber aligned

in either the longitudinal or the hoop direction of the tube� The ACC has not performed

tests with such a tube� and the results presented here are for illustration of the tendencies of

the model behavior� The sequence of deformed shapes for a tube with �bers aligned in the

longitudinal and the hoop directions of the tube is shown in Figs� � � � and 	 � �� respectively�

In the case when the �bers are aligned in the longitudinal direction of the tube the corner

cracks propagate well ahead of the impact zone thus changing the tube impact into the im�

pact of four separate fronds� In the case of hoop�aligned �bers� the tube still deforms into

four separate fronds but with very short corner crack advancement� The resulting force on

the impactor plate for both longitudinal and hoop alignments of the �bers is shown in Fig� ��

This model has a very stable behavior without the crush front model� Previous commercial

implementation of this model required the crush�front model to stabilize tube deformation

and� therefore� introduced an additional parameter that could not be easily determined from

experiments�
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Initiator

Load Cell

Figure 
� Drop Tower Test Con�guration







Figure 
� Deformed CSM Specimen after Drop Tower Test


�



Figure �� Material �
� Tube Deformation� �o Fibers
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Figure �� Material �
� Tube Deformation� �o Fibers


	



Figure 	� Material �
� Tube Deformation� ��o Fibers
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Figure �� Material �
� Tube Deformation� ��o Fibers


�



|
0

|
4

|
8

|
12

|
16

|
20

|
24

|
28

|
32

|0
|4

|8

|12

|16

|20

|24

|28

|32

|36 | | | | | | | | |

|
|

|
|

|
|

|
|

|
|

 Time (ms)

 F
or

ce
 (

kN
)

 Model 52, 0o

 Model 52, 90o

Figure �� Material �� Barrier Force
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���� Hydrostatic Pressure	Dependent Damage Model

The hydrostatic pressure�dependent damage model was designed to model the deformation

in CSM tubes by modeling separate in�uences of the hydrostatic and deviatoric parts of the

stress tensor� All of the model�s parameters were to be determed from experiments� The

lack of experimental data neccessary for model de�nition and problems with measurement

of damage evolution with increased loading are the main reasons why the model did not

yield suitable results� The material properties for this model were derived from DELSEN

experiments��	�� and are included in Chap� �� However� the tests were not instrumented

to the degree that would provide enough information for the necessary model parameters

and� therefore� many of the damage evolution related parameters had to be assumed� The

sequence of deformed geometries for tube impact is shown in Figs� � � ��� The resulting force

on the impactor plate for failure damage of �max � ��	 and �max � ���� respectively� is shown

in Fig� ��� The force levels from the simulations are much lower than for the experiment�

Modi�cation of model parameters could substantially improve the results� however� it was

decided not to pursue the development of this model� primarily because of the sophisticated

instrumentation necessary for proper experimental characterization�


�



Figure �� Material ��� Tube Deformation �
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Figure ��� Material ��� Tube Deformation 
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���� Damage Model with Strain Tensor Split

The damage model with strain tensor split draws from the successful ideas of the anisotropic

and hydrostatic models� It combines the assumed �aw distribution from the anisotropic

model and energy separation from the hydrostatic model� The results obtained using this

model have shown very good agreement with experimental data for di�erent tube geometries�

However� determining the values for the strength distribution coe�cients m� and m� requires

some additional comments�

The model splits the deformation into the tensile and the compressive parts� In tension

mode it is reasonable to assume that the material behaves similarly to the coupon test �for

an in�depth discussion of the physical deformation mechanisms in the CSM composites see

Reference 
� Therefore� the range of the tensile m� coe�cient is typically in the range of


 to �� depending on the value that best approximates tensile coupon stress�strain curve�

Figure �
 illustrates determination of the m� coe�cient based on experimentally measured

elastic modulus and strength of the CSM composite coupon� Measured values are taken

from the coupon test for the material used in tube test �����

In the compression mode� however� several concurrent mechanisms reduce the sti�ness of

the material �longitudinal intraply and interply cracking� and instability�driven delamina�

tion� and are associated with out�of�plane stresses that cannot be e�ectively modeled using

the Belytscko�Tsay shell� The average compressive deformation of tube fronds is well above

the values obtained from compressive coupon tests� The developed model can compensate

for these e�ects by reducing the magnitude of the compresison strength parameter m� to a

value is typically in the range of � to 
� This reduction can also be estimated by assuming

delamination between the plies that is in the range of ply thickness� The exact value is

di�cult to determine since� after all� it is only a crude approximation of the e�ects arising

from multiple out�of�plane deformation modes by in�plane e�ects and experimental results

show signi�cant scatter� Lower values of m� result in a more compression�compliant mate�

rial that can sustain larger deformation compared to high m� values� To keep the allowed

deformation in a realistic range� the total deformation in a �nite element was limited by the

maximum amount of total damage in both modes after which the element was removed from

calculation�


�



Simulated progression of the tube impact for drop tower test ���� using relatively coarse

�nite element discretization is shown in Figs� �
 � �	� The view from the impactor plate

shows tearing along the tube corners and continuous inversion of the fronds� To evaluate

the discretization dependency of the model� a much �ner �nite element mesh was employed�

Simulation results using the �ne element mesh are shown in Figs� �� � ��� The resulting

force traces on the impactor plate for both discretizations are shown in Fig� ��� A very good

agreement between the simulation and the experiment for both �nite element discretizations

can be observed�


�
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� Material �
� Determination of m Value from Experiments
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� Coarse Mesh� Deformation Sequence �
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� MATERIAL DATA INPUT FORMATS FOR DYNA�D


��� Material ��� Anisotropic Damage Model

The typical material card set for the anisotropic damage model is as follows�

� �� �����E��	 �

material type 
 �� �user�


 ACC


����	���������	���������	���������	���������	���������	���������	���������	����


numc numh umcs umbk umsh umsf

�� 	 �� �� � �

�����E��	 �����E��	 �����E��	 ������ ��� ������ �����E��	����		E��	

����		E��	����		E��	����		E��	��	���E��	 ��� ��� ��� ���

��� ��� ��� ��� �����E��� �����E��� �����E��� �����E���

�����E��� �����E��� �����E��� �����E��� �����E��� �����E��� �����E��� �����E���

�����E��� �����E��� �����E���������E��� �����E��� �����E��� �����E��� �����E���

The �rst uncommented line contains the material identi�cation number� material type�

and its density� The second uncommented line is not to be changed except for the umcs

parameter which denotes the location of the de�nition of the coordinate system for �ber

orientation in the following �ve rows of the material cards� The coordinate system de��

nition follows the rules outlined in the LLNL DYNA
D manual��
 The parameters in the

uncommented lines 
�� are given schematically as

Ek E� E�� ��� ��� ��� G Xt

Xc Yt Yc S mkt mkc m�t m�c

ms �max � � � � � �

� � !tmin � � � � �

� � � � � � � �

The parameters �max and !tmin denote the maximum damage in either mode and the mini�

mum time step for the element� respectively� All other parameters are as de�ned in Chap� 
�

��




��� Material ��� Hydrostatic Pressure Dependent Damage Model

The �rst material card denotes the material identi�cation number� material type� and density

of material� The second line need not be changed� The remaining �ve lines are organized as

follows�

N���� IPL � �max 
� 
� � IH

�� �� � � � � � � � � � � � � �i �i

� � � � � � �N �N �� Y� � � � � � �

� � � � � � �i Yi � � � � � � �N YN

� � � � � � � !tmin

The parameters that were not de�ned in Chap� � are

N���� � number of pairs de�ning ��� �� and ��� Y � uniaxial loading curves

IPL � material law indicator

� � elastic�plastic�damage law

� � elastic�damage law

�max � damage at failure

IH � hardening indicator

� � isotropic hardening

� � kinematic hardening

����� � mixed hardening �plastic law only�

!tmin� minimum time step

A typical material card set for material model �� is as follows�

� �� �����E��	 �

material type 
 �� �user�


 ACC


����	���������	���������	���������	���������	���������	���������	���������	����


numc numh umcs umbk umsh umsf

�� � � �� �� �

	��� ���� ���� ��� ���� ���� ���E��� ����

������� �����E��� ����	�� 	���	E��� �����	� �����	E�� ������� �����E���

��



������� ���	E��� ������� ���	�	E�� �� �����E�� ����� �����E��

����� �����E�� ����� �����E�� ����	� �����E�� ���� ������E��

�����E��� �����E��� �����E��� �����E��� �����E��� �����E��� �����E��� �����E���

�����E��� �����E��� �����E��� �����E��� �����E��� �����E��� �����E��� �����E���

�	




��� Material ��� Damage Model with Strain Tensor Split

The �rst material card denotes the material identi�cation number� material type� and density

of material� The second line needs not be changed� The remaining �ve lines are organized

following the notation from Chap� � as follows�

E � X� X� m� m� �max !tmin

� � � � � � � �

� � � � � � � �

� � � � � � � �

� � � � � � � �

� � � � � � � �

where �max and !tmin� as before� denote the maximum damage and the minimum time step�

respectively�

An example material card set for material model �
 is as follows�

� �� �����E��	 �

material type 
 �� �user�


 ACC


����	���������	���������	���������	���������	���������	���������	���������	����


numc numh umcs umbk umsh umsf

�� �� � � �� �

����E��	 ���� ����E��	 ����E��	 ���� ���� ���� ���E��	

�����E��� �����E��� �����E��� �����E��� �����E��� �����E��� �����E��� �����E���
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�� CONCLUSIONS

This report documents the development of computational models for continuous strand

mat composite tube impact at the Oak Ridge National Laboratory� The models were de�

veloped during �scal years ���� through ���� as a part of the Cooperative Research and

Development Agreement� �Application of High�Performance Computing to Automotive De�

sign and Manufacturing��

To illustrate the features and capabilities of the developed models� a tube crush exper�

iment was simulated using each of the models� The experimental data were compared to

the simulation results� and the advantages and de�ciencies of the models were discussed�

The model based on strain tensor split has shown very good agreement with physical ex�

periments� Computational implementation of the developed models for the computer �nite

element code DYNA
D provide a practical platform for numerical simulation and analysis

of impact of automotive composite structures�

The outcome of this research is very encouraging and shows that complex design prob�

lems for glass �ber reinforced composites can be addressed using computational modeling�

These results easily surpass results presented in the current open literature and illustrate the

considerable advancement in the theory of composite deformation achieved in the course of

this project�
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