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ABSTRACT

SENSITIVITY STUDY ON THE ENERGY ABSORBED DURING A QUASI-STATIC

CRUSH OF A COMPOSITE TUBE.
By

Narasimhan Swaminathan

In this work we have captured the main energy absorbing features during a tube crush
experiment by simulating the same in ABAQUS/STANDARD. Mechanisms such as mate-
rial failure, delamination, friction between plies and friction between the initiator and the
tube are modeled and their effect on the total energy absorbed is analyzed by an ANOVA
(Analysis of Variance) study. Results of such analysis may be useful in reducing cost and

time in modeling, while numerically simulating a crash event for practical purposes.

Analogy between the behavior of concrete material model available in ABAQUS and
failure of composite materials is used to simulate material failure. Delamination is imple-
mented using the penalty based interface element developed as a user element subroutine.
This unique interface element technology enables modeling delamination and friction be-

tween plies and hence their effect on the total energy absorbed.

Sensitivity of the response to various factors is calculated using ANOVA by taking ratio
of sum of squares for an effect to the total sum of squares. Results of ANOVA concluded
that delamination is an important factor and needs careful consideration for accurate numer-
ical modeling of crash events. Sensitivity of the response to material strain energy release
rate, friction and delamination related parameters were studied and it was found that mate-

rial strain energy release rate and friction play a vital role in improving the response.
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CHAPTER1

Introduction

1.1 Introduction

Aerospace, automobile industries and other researchers have developed various tech-
niques to prevent damage to the passenger cell during vehicular collision. This is directly
related to the energy absorption capability of the vehicle. Substantial efforts have been
made to improve crash resistance in a vehicle and this is termed as crashworthiness. Crash-

worthiness can be achieved in two ways

1. Minimum deformation of the exposed structural member

2. Maximum deformation up to a specified limit

In the former case the frame contents may be subjected to a high level of momentum and
force transfer which may be unacceptable, in the later case a large deformation in the frame
is allowed and the degree of force and momentum transfer to the passenger cell is main-
tained within acceptable limits. This can be achieved by using energy absorption devices at
strategically chosen regions of the vehicle. Since these devices undergo irreversible dam-

age they are discarded and replaced with new ones after a crash event.

One class of energy absorption devices are structures made of materials that undergo
substantial plastic deformation like steel or aluminum. During a vehicular collision, ki-
netic energy is used up in plastically deforming the structure and thereby reducing force

and momentum transfer to the passenger cell. Another class of structures include those that



undergo fracture and other complex failure mechanisms thus using up most of the kinetic

energy and maintaining acceptable limits of forces in the passenger cell.

Specially manufactured composite materials are excellent energy absorption devices.
They also tend to reduce the weight of the vehicles of which they are made due a high
strength to weight and stiffness to weight ratio. This has proved to be a boon in the
aerospace and the automobile industry, enabling manufacturers to manufacture lighter ve-
hicles and improve fuel economy. Composite tubes are placed at specific locations of the

vehicle to absorb the impact of the collision.

Experiments involving axial crushing of composite tubes have provided useful informa-
tion regarding different failure mechanisms that contribute to energy absorption capacity of
composite structures. These experiments typically involve crushing a composite tube with
a flat platen or an initiator. The energy absorbed is the area under the load-displacement

curve.

For a general pictorial description of the crush experiment, please refer to pictures 1.1,
1.2 and 1.3. Figure 1.1 shows typical composite tubes and initiators. Figure 1.2 shows the
general set up for the experiment while Figure 1.3 shows the formation of fronds and axial

crack between these fronds once the tube has failed.

Unlike materials that absorb energy by plastic deformation composite materials absorb
energy by a wide range of failure mechanisms and other factors like friction. Experiments
involving axial crushing of tubes have brought to light different factors that contribute to

energy absorption. Some of them are:



Figure 1.1: Picture showing typical composite tube and initiators
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Figure 1.2: Picture showing set up for the crush experiment



Figure 1.3: Picture showing crushed composite tubes

e Friction between the initiator and the composite structure

e Matrix deformation and failure

o Fiber failure

e Crack propagation due to Delamination

o Internal friction between failure surfaces

Each of the above mentioned factors are known to contribute to the total energy ab-
sorbed and empirical formulae have been derived to explain each of them. Though based
on experimental results, it is necessary to identify the factors that contribute the most to
energy absorption. This would facilitate designers, analysts and manufacturers to create

better predictive models and design better crashworthy structures.



1.2 Aim of the Thesis

It is clear that a large volume of experimental results have provided researchers with
useful information regarding many features of composite failure. This trend however, im-
portant, one must not overlook the importance of numerical simulation of crash events. The
Finite Element Method and related software packages offer themselves as versatile tools to
model and simulate a crash event and has opened new horizon to the field of numerical
optimization and other sensitivity analysis. Thus numerical simulation has been able to
reduce experimental testing of structures over full range of design variables, to a more fun-

damental level.

The aim of this thesis is to represent quasi-static axial crushing of a composite tube,
and to perform a sensitivity analysis on a few parameters that have been thought to affect
the energy absorption of composite tubes during a crash event. This will enable researchers
to decide on certain attributes of the material while numerically simulating a crash event. It
will also provide better insight into those attributes that affect energy absorption the most,
~or in reducing time, effort and money spent in modeling attributes whose effects can be

neglected.

Analogy between the concrete material model available in ABAQUS and the failure of
composite structures is implemented to simulate the axial crushing of a composite tube.
This readily simulates the energy dissipated due to material failure. Delamination is imple-
mented with the interface element that was developed for Langley research Center (NASA)
by Dr. Antonio Pantano and Dr. Ronald C. Averill [1]. This unique and innovative technol-

ogy simulates delamination and also enables modeling the internal friction between plies



after delamination and hence its effect on energy absorption. The interface element incor-
porates delamination through fracture mechanics concepts and allows for the specification
for MODE I and MODE II strain energy release rates along with the corresponding strength
values. This enables a study of the effect of delamination itself as a factor for the sensitivity

study.

1.3 Mechanics Of Crushing

The axial crushing of the composite tube is most useful to study the mechanics of the

phenomenon. A brief description of the mechanism from [2] is given as follows.
Quasi-Static Crush of a circular tube

The experiment is performed by crushing the composite tube with a steel platen (Fig-
ure 1.4). Tubes fail due to the progressive collapse and formation of continuous fronds
that spread outward and inward causing a mushroom type failure. There is axial splitting
that is caused by the tensile failure along the circumference (hoop direction). Initially the
tube behaves elastically and the load raises to a peak value Pmgx and then drops abruptly
(Figurel.5). At this stage a central intrawall crack of length L. is formed. In the post
crushing regime the load oscillates about a mean crushing load indicating progressive fail-
ure. The formation of the first peak and drop of the load is due to the formation of two equal
lamina bundles, bent inward and outwards, due to flexural damage. At this stage triangular
debris of pulverized material begins to form and its formation is due to the friction between
the bent bundles and the steel platen. The wedge is formed when the load starts oscillating

and subsequently its size remains a constant throughout the deformation process.



The behavior of the fibers in the tube depend on their orientation. Axially aligned fibers
bend inwards or outwards, with or without fracturing, according to their flexibility. Fibers
aligned in the hoop direction can only expand outwards by fracturing and inwards by either

fracture or buckling.

Delamination occurs due to shear and tensile separation between plies. The axial lami-
nae split into progressively thin layers, forming, therefore, cracks normal to the fiber direc-
tion, mainly due to fiber buckling, finally resulting either in fiber fracture or in intralaminar
shear cracking which splits the laminate into many thin layers. Cracks propagate usually
through the weak regions of the structure of the composite material through the resin rich
regions or boundaries between the hoop fibers, resulting in their debonding, or through the

interface between the hoop and axial fibers causing delamination.

1.4 Literature Review

The aim of this work is to determine the factors that contribute most to the energy ab-
sorbed during the crush of a composite tube through ANOVA (Analysis of Variance) study.

It is in order to mention a few of the many works that has already been done in this field.

As the composite tube is axially crushed many energy-absorbing mechanisms are no-
ticed and efforts have been made to predict their contribution to the total energy absorbed
through experiments and empirical relationships. Significant work in this field has been

done in [2,3]. Three main failure modes were identified here.
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Figure 1.4: Cross Section of an Axial Crushing of a Composite Tube, From [2]
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Figure 1.5: Load vs Displacement curve



1. Progressive crushing associated with large amounts of crush energy. This was called

as MODE 1.

2. Brittle failure of the component resulting in catastrophic failure causing little energy

absorption (MODE 2).

3. Folding and hinging similar to metal tubes with a medium energy absorption.

Experiments were performed on square tubes made of two different materials ( A and B)
and were crushed using a flat platen and Mode 1 and Mode 2 failure were studied. Material
A was a fiber glass composite with chopped strand mat orientation in the plane of the mat
and Material B was a commercial glass fiber and vinyl ester composite. Starting from the
exterior of the shell, the plies were laid up in the sequence [(90/0/2R¢)/(2Rc/0/90) /R 75]

for material B.

Principal source of energy absorption in MODE 1 were intrawall crack propagation,
bending of fronds due to cracking, axial splitting between fronds, flexural damage of plies,
frictional resistance between laminates, frictional resistance due to the penetration of the

debris wedge, frictional resistance of the fronds sliding along the platen.

In MODE 2 not much of energy absorption was observed as the tube collapsed due to
buckling. A failure analysis was done and empirical formulae were developed to predict
the energy absorbed in various failure mechanisms.

It was concluded that,



1. Energy of friction between the annular wedge and the fronds and between the fronds
and the platen was estimated to be about 44% and 48% of the total, for materials A

and B.

2. Energy absorbed due to bending of fronds was 48% and 32% for A and B respectively

3. Energy consumed due to crack propagation was about 7% and 18% for A and B

respectively

4. Energy absorbed due to axial splitting at the four corners of square tube was 1% and

2% for A and B respectively

Haq and Newaz in [4] have studied the effect of failure modes on energy absorption in
unidirectional PMC tubes. The major failure modes considered were axial cracking of
tube wall, transverse cracking of fronds and delamination. Crushing standard pultruded
fiberglass/polyester tubes with flat platen and initiator of two different radii performed the
experiments. A hoop constraint was also used to see its effect on the peak load and hence
the energy absorption. It was shown that the initiator induces a splaying crushing mode
due to which a stable crushing mode is obtained. Longer the axial cracks the more compli-
ant do the fronds become thereby not absorbing sufficient energy as they fail in buckling.
The peak load was shown to be higher in case of using a flat platen than the one obtained
by an initiator. It was also shown that external hoop constraint reduced the peak load and
improved the sustained crushing load, avoided major transverse crack and caused delam-
ination. It was concluded that initiation of delamination in the early stages of crushing is
important to reduce the undesired high peak load value. It was also shown that the specific

energy absorption in tubes increases as the radius of the initiator decreases.
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In [5], test of axial splitting crush were performed on composite tubes and energy ab-
sorbing mechanisms were identified as, propagation of splitting cracks, friction, bending
and delamination. Tests were performed to determine the fracture toughness, and other
properties related to tension and compression. In order to evaluate energy absorption in
a sharp bending due to radiussed initiator, a fixture was designed and empirical relation-
ships were derived to find the amount of energy absorbed due to friction as a function of

the bending angle. Also a formula was developed to find the load causing the axial splitting.

In their paper [6] Farley and Jones studied the effect of material and geometrical prop-
erties on the energy absorption. An equation similar to the buckling of a column was
formulated for the sustained crushing load. This equation had six geometrical and material
parameters associated with crushing of composite tubes, that could be useful in preliminary

design and understanding the crushing behavior of composites.

In [7] it was stated that a good correlation between the experiment and the built model
requires accurate representation of the structure, correct boundary conditions and the cor-
rect constitutive relationship. A fractional factorial study was done to see the effect of

material properties on the energy absorption.

It was concluded in [8] that dynamic testing dissipated less energy absorption than

quasi-static testing. Similar observations were recorded in [9] and it was specified that cir-

cular tubes had higher energy absorption than square tubes.

11



Composite Tube

a, is the semi apical angle

Figure 1.6: Illustration of semi—apical angle

Experiments on square and circular frusta were performed in [10]. Effect of semi-apical
(Figure 1.6) angle and wall thickness was studied. It was reported that increase in the semi-
apical angle of the frusta tends to decrease the specific energy absorption while an increase
in wall thickness tends to increase the specific energy absorption. It was also reported that

specific energy absorption for circular frusta is higher that for square frusta.

In [11] crush experiments were performed on braided and CSM glass reinforced com-
posite tubes. Initiator plug were used to initiate progressive crushing and force vs deflec-
tion curves were obtained. Analytical model for the tube crush was developed based on
axisymmetric elastic deformation. The steady—state axial load was found using energy bal-

ance approach.

Composite tube crushing poses a high degree of non-linearity due to failure. Due to this,
the choice of the material for numerically modeled analysis becomes an important consid-
eration. The material model must be capable of predicting the material failure (matrix and

fiber) and delamination. Bi-phase rheological models are obtained by superimposing the

12



effects of an orthotropic material phase and of a unidirectional material phase, the fibers.

Each phase is assigned a different rheological law.

Composite materials present difficult challenges for crash modeling, this is because
their failure can be attributed to many mechanisms. One of the most important issues con-
cerning composite failure is delamination. As pointed out in [12] most common methods

to model delamination are
1. Using Spot welds to represent an interface
2. Cohesive Failure Model

3. Using fracture mechanics based approaches like VCCT (Virtual Crack Closure Tech-

nique)

As pointed out in [12] the spot weld method does not have a strong physical basis, the co-
hesive failure model is difficult to implement and the VCCT approach, though accurate re-
quires a high computational ability. These models are compared in [12] with MSC-Dytran
and it was concluded that in computationally using these models to predict delamination
the mesh size should be small and that the dynamic property data required to predict the

delamination growth are not easily obtained.

In [13] a material model capable of predicting damage accumulation and braider tow
scissoring was developed as a user material subroutine in ABAQUS/STANDARD. It was
found that the tri-axial braid [0/£60] circular tubes exhibited crushing response that closely

resembles ideal force/deflection curve. A parametric study was done and it was concluded

13




that friction played a major role and the radius of the initiator is also a crucial factor affect-

ing the energy absorbed.

The VCCT approach was also used in [14] to determine the strain energy release rates
in composite skin/stringer specimens for various combinations of uniaxial and biaxial load-
ing conditions. A method was developed to calculate the strain energy release rates as a

function of delamination lengths.

In the paper by Farley and Jones [15], the crack propagation was achieved by discon-
necting the coincident nodes of the finite element. It was pointed out that for successful
modeling of the energy-absorption capability, factors like crack initiation and growth, mate-
rial and geometric non-linearity, fracture of individual lamina or laminae, modeling around

bifurcation loads, element type and level of descretization, need to be considered.

Dr. Antonio Pantano and Dr Ronald. C Averill presented a novel interface element
technology [1] for modeling delamination in composite materials and will be described in

detail and also used in this work to simulate delamination.

The simulations involved in this work are implicit and quasi-static in nature and hence
inertial effects are neglected. This causes serious convergence problems during the analysis
and as mentioned in [16] it was required to use viscous damping that damps out the high

frequency responses in the specimen.

In [17] reasons that are given for such convergence problems. In continuum based soft-

ening models used in statics is that the partial differential governing equations change from

14



elliptic to hyperbolic in the softening regime. Due to this, the boundary/initial conditions
applicable to one class of differential equations are not appropriate to the other. As a result
it is not possible for any rate-independent softening to proceed within any non-zero volume
of the domain of solution [18]. Thus it is required to introduce what is known as "localiza-
tion limiters”. These help to resolve the mathematical ill-posedness issues that occur due

to softening.

As this work involves the use of concrete material model to represent a composite struc-
ture, a reasonable understanding of numerical modeling of concrete yielding and failure
was required. Literature on this was found in a consolidation of many works, in a Report

on Finite Element Analysis of reinforced Concrete [19].

Constitutive relationships established to represent the behavior of concrete are mainly

of 3 forms.
o Elasticity Based Models
o Plasticity Based models
o Plastic Fracturing Models

In the Elasticity based models the stress is a function of strain or vice-versa. This is

generally expressed as

o;j = Fijex (1.1)

15




In the above equation F is a tensorial material response function and is generally a
tangential or secant constitutive matrix. These models are suitable for monotonic and pro-

portional loading and fail to predict the response correctly under unloading conditions.

The plasticity-based models assume that concrete flows on yielding and use plasticity
theories like yield surfaces and flow-rules to represent the behavior. Incorporating con-
crete’s deviations from normal metal plasticity like pressure dependent yielding and in-

crease in volume under plastic straining (dilatancy) better represents these plastic models.

It was later investigated and concluded that plasticity models only partly represent the
concrete material behavior. The fact that, under low confining pressures concrete experi-
ences micro cracking and micro fracturing, which is accompanied by a reduction in stiff-
ness, lead to the development of the plastic fracturing model representation. The concrete
material model in ABAQUS is a Damaged Plasticity model and is based on the plastic

fracturing theory. Further description of this model is found in the next chapter.
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CHAPTER 2

Fracture Mechanics Based Material Model

2.1 MATERIAL MODEL

Composite materials are known to absorb energy through a wide range of failure mech-
anisms. These can be broadly classified into delamination and material failure. In the
model considered for analysis both of these have been implemented. The material failure
is implemented using the concrete model in ABAQUS [20], and a novel interface element
technology that was developed in [1] is used to simulate delamination. In the following

paragraphs detailed explanation of the concrete material model is given.

The Concrete Damaged Plasticity Material Model

It is well known that composites have in general a brittle nature. Under tensile loading the
stress-strain relation is linear within the elastic limit and then material failure occurs which
is due to matrix or fiber failure, or both. Under compressive loading the material behaves
linearly within the elastic limit and post-elastic region in compression can be assumed to
be a hardening surface (Figure 2.1). This is true because there will be load transfer across
cracks formed due to compressive failure. The above-described model fits the concrete
material model available in ABAQUS to model reinforced and plain concrete structures

subjected to cyclic or dynamic loading under low confining pressures.

The model considers concrete as an isotropic material and hence the analogy between

concrete and composite only approximately determines the material and therefore this work

17



St‘ess

Uniaxial Tension

Stram’

Uniaxial Compression

Figure 2.1: Uniaxial Tensile and Compressive behavior of a Composite

does not take into account the anisotropic nature of composite. This sacrifice does not in
any way affect the sensitivity analysis that is to be performed which is the main goal of this

work.

The Concrete material model used, as mentioned previously is a damaged plasticity
model. It is most convenient to describe and understand the model with the appropriate
keywords that is used to implement the model in ABAQUS (Please see [20]). Fundamental
concepts and theory are also explained with the keywords. The model is implemented using

the following keywords.
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e *ELASTIC

e *CONCRETE DAMAGED PLASTICITY

e *CONCRETE TENSION STIFFENING

e *CONCRETE COMPRESSION HARDENING
e *CONCRETE TENSION DAMAGE

e *CONCRETE COMPRESSION DAMAGE

2.1.1 *ELASTIC

This keyword specifies the elastic properties of the isotropic material. The Young’s

modulus and poisson’s ratio form the data card to this keyword.

2.1.2 *CONCRETE DAMAGED PLASTICITY

The Concrete damaged plasticity model in ABAQUS uses concepts of isotropic dam-
aged elasticity along with isotropic tensile and compressive plasticity to represent the in-
elastic behavior of concrete. The keyword is used to define the flow potential, yield surface

and viscosity parameters. The various data card to be mentioned for the keyword are:

e Dilation angle, y: Dilation angle , in degrees in the p — g plane (p - First invariant of
the stress tensor, g- Von-Mises equivalent deviatoric stress, see Figure 2.2). Dilatancy
is a concept applicable to brittle materials that represents an increase in the volume
on undergoing inelastic strains. This is mainly due to the formation of microcracks.

The term dilatancy has in general not known to be applied for composite failure and
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Figure 2.2: Illustration of Dilatation angle

for all analyses considered it is given a value of 30°.

e Flow potential eccentricity: A flow potential describes the accumulation of plastic
strain as the body undergoes plastic deformation. This model uses the Drucker-
Prager flow potential function and requires a small positive number representing
the flow potential eccentricity at which the hyperbolic flow potential approaches an

asymptote. The default is 0.1.

e Ratio of initial equi-axial compressive yield stress to the initial uniaxial compressive

yield stress: This data specifies the yield surface and has a default value of 1.16. This
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value remains as a default for this analysis.

e K¢: This value represents the ratio of the second stress invariant on the tensile merid-
ian to that on the compressive meridian at initial yield for any given value of the
pressure invariant such that the maximum principal stress is negative. The default

value of % is used.

e Viscosity parameter u: is used for the viscoplastic regularization of the concrete
constitutive equations. This is given a value of 1E — 4 to facilitate numerical conver-

gence. Please see [17,18,20-23] for further details on the purpose of using this value.

2.1.3 *CONCRETE TENSION STIFFENING

When both concrete and the reinforcement are subjected to tensile stresses, large cracks
form in concrete. The bond failure between the reinforcement and concrete matrix also oc-
cur at the same time and relative movement between reinforcement and concrete takes
place. The shear forces at the contact feed tension stresses to the concrete between the
cracks. The concrete hangs on the structure and contributes to the overall stiffness of the

structure. This is referred to as tension stiffening.

The post failure region is modeled so that the stress decreases gradually from the ulti-
mate tensile stress to zero. This describes the cracks as cohesive cracks; this means that the
cracks are capable of transferring stress. This may be a valid assumption in case of com-

posite structures also, because there is definitely stress transfer by the interlocking fibers
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as the matrix fails. The cracking model is a smeared cracking model. This means that at a
point when stress reaches the crack detection surface the crack is accounted by the way in
which it affects the stress distribution in the structure. Cracks are assumed to occur parallel
to each other in a finite element and this is numerically modeled by reducing the stiff-
ness in a direction perpendicular to the crack [18]. ABAQUS offers three ways to specify
the post failure region. These are available as options under the *CONCRETE TENSION
STIFFENING keyword.

e TYPE=STRAIN: The first one is TYPE=STRAIN option (Figure 2.3). This gives the
post failure stress as a function of cracking strain across the crack. This approach is in
general both physically and computationally unacceptable due to following reasons

described in [18].
— The softening zone has zero volume and width.

— The inelastic strain and fracture work are zero.

— The solutions are un-objective. This means that the results do not converge to a
unique value as the mesh is refined. This is due the formation of narrower crack

bands and localization of strains.

Due to these disadvantages this method of specification was not used in the current

model. Please refer to [18] for more information.

o TYPE=DISPLACEMENT: This option overcomes the disadvantages of the previous
option. Here the stress is a function of the crack opening displacement rather that the
cracking strain (Figure 2.4). This method of defining the post failure region belong

to the crack band models and are acceptable both physically and computationally.
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Figure 2.3: Tension Stiffening, (Type= Strain, option)

The option is based on the model developed by Hillerborg in, [24]. It is based on the
assumption that the stress across the crack does not go to zero as long as the crack
is narrow. The data card that needs to be given for this option is the crack opening
displacement or the width of the crack at which the stress linearly decreases to zero.
The model can be easily calibrated for the current model by knowing the value of the
strain energy release rate for the material. Before describing the Hillerborg’s model

a few failure theories from fracture mechanics are in order.

2.1.4 Fracture Mechanics

Many theories have been developed that are used to predict the formation and prop-
agation of cracks and to simulate them using Finite Element Method. Fracture me-

chanics generally predicts material failure and crack propagation using energy based
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approach.

Stress intensity factor approach.

In this theory the stresses in the crack tip theoretically approach infinity according to
the expression 6 = K/+/2nr where r is the distance from the crack tip and X is the
stress intensity factor that depends on load and crack geometry. Once K reaches a
critical value of K called the critical stress intensity factor, the crack grows. Using
this method along with FEM to predict crack propagation requires finer mesh at the

crack tip. This limits its application to complicated problems.

Energy Balance Approach

This was the model originally developed by Griffith. He concluded that the energy
G required to create free surfaces in a body was in general a material constant this

is given as the energy required to produce a unit area of crack in a material.

When work is done to deform a material a part of the energy is stored as elastic strain
energy and the remaining is available for forming free surfaces. If W is the external
work done and U is the strain energy stored, then W — U is available to form free
surface. If W — U is equal to G¢ * (free area produced due to crack)then the

crack propagates quasi-statically (refer to [18]).
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Figure 2.4: Tension Stiffening, (Type=Displacement)

Hillerborg’s Model

In the Hillerborg’s model the stress does not go to zero as long as the crack is narrow,
the limit being given by the crack opening displacement wy. Figure 2.4 illustrates the

model.

So the amount of energy required to open a unit area of this crack is given by

1
‘Z—O'uuo (21)

This energy can be equated to the strain energy release rate G of the material to

obtain the crack opening displacement.
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The distribution of the stress as a function of the crack opening displacement can be

assumed to be linear for brittle materials like concrete and composites

For a linear relationship we therefore have

%Cuuo =G¢ 2.2)
G
Uy = 20—5 2.3)

o TYPE=GFTI: This option is the same as the TYPE=DISPLACEMENT option, except
that one can directly specify the strain energy release rate for the ultimate tensile
strength. This option has been used for all analysis in this work . The specification of
the strain energy release rate is independent on size of the finite element and hence
overcomes the disadvantages of strain localization and mesh dependency of the re-

sults.

Consider a square finite element of dimension / by [ as illustrated in Figure 2.5. The
stress in the element reaches maximum value at a strain value of € f The stress then
decreases to zero at a strain of 10€ f After failure the finite element is in two pieces
separated by a crack of dimension 10€ fl = ug. Thus we have converted the strain
value to a crack opening displacement assuming that the inelastic strain in the two
pieces in negligible. The strain energy release rate can be calculated according to
Hillerborg, [24] as
1

Eouuo = GC (24)

Specifying the strain energy release rate in this way resolves the illposedness is-
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Figure 2.5: Figure Illustrating the size effect of fracture energy

sues of the governing partial differential equations to a certain extent. This is true
because the crack no longer localizes on to a point but to a characteristic dimen-
sion in the specimen. This is therefore a kind of “localization limiter”. Please refer
to [17, 18, 20] for more detailed mathematical explanation. The specification of the
Stress-Crack opening Displacement or the Stress—Strain Energy release rate is mesh
objective. This however modifies the plastic modulus of the stress-strain diagram as

the mesh descretization is changed.

For the current work the value 10" will be reffered to as Strain Ratio (SR) . It is the
ratio between the strain at complete loss of strength to the strain at failure. This ratio
will be considered to be a factor that affects the response.The strain energy release

rate is dependent on the strain ratio through the expression
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Figure 2.6: Simple Linear Hardening in Compression

2.1.5 *COMPRESSION HARDENING

This keyword is used to specify the hardening behavior of concrete in compression.
It requires the specification of maximum stress in compression as a function of inelastic
strain. For the sake of simplicity a linear hardening is assumed after maximum stress in

compression is reached. Please see Figure 2.6.

2.1.6 *CONCRETE TENSION DAMAGE

This keyword specifies the decrease in elastic stiffness as the stress decreases to zero.

The degradation of stiffness increases with increase in plastic strain. This specification

28



%

E(1-dy) = {
palic
’ ’ [}
I’ !
’/ ,’ ]
L’ ) : €
€ €
B P _ el
€

Figure 2.7: Illustration of Damage Material Model

adds plasticity to the model and is governed by scalar damaged elasticity as shown in Fig-
ure 2.7. The undamaged inelastic strain is decomposed into plastic strain and cracking
strain. The data is mentioned by specifying the scalar damage variable (0 <d < 1) asa
function cracking strain (€. ). This is not used in the current research, due to difficulty in
obtaining the softening data. This keyword also has the option to specify the compression

stiffness recovery (0 < we < 1) that may be required if loading is cyclic.
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2.1.7 *CONCRETE COMPRESSION DAMAGE

Similar to the tension damage, the model also allows modeling crushing in concrete
by stiffness degradation. Option for tension stiffness recovery is also provided to enable
modeling cyclic loading. This is not used in this model due to difficulty in specification
of softening data. The specification of this may lead to convergence difficulties due to de-

crease in stiffness during compression.
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CHAPTER 3

Interface Element Technology

3.1 Modeling Delamination

The interface element developed to join independently modeled finite element meshes
and simulate delamination in composite structures has been used to incorporate delamina-
tion, [1]. The interface element is a penalty-based model, this means that the constraints
are enforced through a penalty parameter. A brief description of the interface element and

its method of specification for the model are in order.

The motivation to develop the interface element based on penalty method comes from

the Lagrange multiplier method, which is described below.

The following examples from [25] illustrates the two methods.
Lagrange Multiplier Method

Consider the minimization of a function f(x,y) = 4x% - ?:y2 + 2xy + 6x — 3y + 5 subject to
the constraint G(x,y) = 2x+ 3y = 0. Using the Lagrange multiplier method the equation is
Fy (x,y) = f(x,y) +A(2x+3y), by taking the partial derivative of this equation with respect
to x,y, and A and equating to zero, three equations are obtained that can be solved for x,y

and A.

oF
a—;‘:8x+2y+6+2)»=0 3.1)
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F
L _ 6yt20—3+30=0 (3.2)

dy
oF;
This givesx=-3,y=2and A =17.
Penalty method

Consider the minimization of the same function, using the penalty method we consider
the equation in the following manner, Fp(x,y) = f(x,y) + %(2x+ 3y)2. By differentiating

this equation with x, y and equating to zero we get x and y in terms of the penalty parameter .

JF,

—ax£=8x+2y+6+2y(2x+3y)=0 (3.4)

.aafyliz_s_y+2x—3+3y(2x+3y)=0 (3.5)
1536y 18424y

This gives x = 26410y and y = 26412y and clearly as y — oo the value of x and y
reach the value given by Lagrange multiplier method and this also happens to be the exact
solution to the problem. Though the accuracy of the problem depends on the value cho-
sen for Y when used in finite element method or the potential energy method this greatly

reduces the size of the stiffness matrix.

A high value of y predicts results more accurately. The reduction in the size of the ma-
trix results because the function is not differentiated with respect to the penalty parameter
and hence there is lesser number of primary degrees of freedom to solve for, unlike the La-
grange multiplier method. Lagrange multiplier method does in fact impose the constraints

accurately and hence serves as a limit to the accuracy of finite element solutions obtained
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by the penalty method.

3.2 Application of Penalty and Lagrange multiplier method

Consider a problem of an axial load applied to a bar. To solve this problem the Total
potential energy (TPE) of the bar is developed as the sum of the strain energy and the work
done by external forces. We have for a bar of length I acted upon by external forces, the

potential energy is given by:

1l du,?

, where E is the Young’s modulus, A the area of cross section and u the displacement as a
function of x, f; the applied external forces on the nodes and the corresponding displace-
ments. Now consider two elements of the bar, each of length / joined together at the node

as in Figure 3.1

The TPE of the bar will alone be

1l dup 1 2l duo 4
I —E/OEA(E;) dx+-2-/l EA(E) dx—ig’lfiui (3.7)

In ordinary problems this functional is minimized after substituting approximate func-
tions, for the displacement field, u. Now, if we have the interface element, which has its
own displacement field V, connecting the two bar elements, the potential energy of the bar
is subjected to two constraints V —uy = 0 and V —u3 = 0 where u5 and u3 are the global

primary degrees of freedom for the second node of the first bar element and first node of the
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Figure 3.1: Application of Lagrange Multiplier method to a bar problem

second bar element. Thus in using the Lagrange multiplier method to minimize the TPE

subject to the constraints specified we have the TPE of the system to be

1l du,? 1 r2l du.> 4
H_E/OEA(E) dx+§/l EA(E) dx—iglflu,-{—ll(v—u2)+k2(V—u3) (3.8)

Now to solve this problem we first replace u with its approximation functions. Using

Lagrange interpolation functions we have

2
u= 2 UGV (3.9)
j=1
or (3.10)
up(1-7) +ua(3) @3.11)
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Thus substituting for u we get

_EAy it & Wiy Vj EzAz
T2 0(.§’dx zfddx) /

—Pug +A(V—up)+2(V—u3)

d\u,
“i dx

dyj
2;1

(3.12)

Now taking partial derivative with respect to uy,uy,u3,uq,V,A1,Ao and equating to

zero, we will get a FE model that has 7 equations in seven variables looking like

(o)
uy
u3
uy
v
A

'y

( f

Pk
—

0
0
P
0
0

\ 0/

(3.13)

3.14)
(3.15)
(3.16)

3.17)

(( BAL _EAL o 00 0)
BAL BAL 0 0 -1 0
0 o Bt _Bh,y o
0 o -Bh Bh oo o o
0 0 0 0 0 1 1
0 -1 0 0 1 0 O
\ 0 0 -1 0 1.0 0
Clearly the above system is symmetric, banded and not positive definite. Solving we
get,
fi=P
A =P
Ay=-P
Uy =uz = V= %
Pl Pl

4SBT By

(3.18)

Now we do the same thing using two penalty parameters to impose the constraints
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ElAl d% “’J EyAy (2 & dw, "“‘J
/0 z w5 (S g 2 “j7

(3 19)
—Puy + Y21-(V - u2)2 + YZZ(V - u3)2

Partially differentiating the above equation with respect to uy,u9,u3,uq and V we get

5 equations and the FE model looks like

((BAL B 0 0 o Y[(o) [Aa)
_EA Ell‘il+yl 0 0 -Y1 u 0
. . Ba Bh ug P

\ 0 -y o win)\v/) \o)

The above matrix is symmetric, banded, sparse and also positive definite after applying

the boundary conditions. Solving, we get

fi=-P (3.21)
Pl
v=(i+_’ )p (3.23)
Y1 E14
I 1 1
ur=——+—+— )P (3.24)
3 (ElAl Y1 Yz)
I 1 I ]
ug = —— +— P+( + )P (3.25)
4 <51A1 Yl) ExAy Y1)

And as ¥} and y; tend to infinity the values u3,V and uy take values obtained using the
Lagrange multiplier method. Thus the Lagrange multiplier method sets the limit of accu-
racy obtained using the penalty method. Dividing the solutions obtained from the Lagrange

multiplier and the penalty method for u4 we get

36



enalty 1,1
“f;) ntn

L. S — — 1 e (3.26)
lagrange l + l
“ E\A T EA;

Now if y is made dependent on the model using the following relations, y; = B (El{.‘.l)
upenalty

andyp) =P (EZI’@Z), we get, ;,ﬁm =1+ % As we see, for a high value of B the solu-
4

tion approaches that given by the Lagrange multiplier method.

3.3 Interface Element to model Delamination

The above-described Interface element can be used to model delamination. One feature
of the interface element that facilitates delamination is the ability to release desired portion
of the interface element smaller than the finite element itself. The general model based
on which it is developed is the bilinear-softening model (Figure 3.2). Here the stresses
increase to the strength of the material, so that it is proportional to the penalty parameter.
Then the stiffness of the interface is reduced by decreasing the penalty parameter in the

form, y = (1 — D)y, here D is a damage parameter and has a value between 0 and 1.

In Model delamination, the stress increases to strength of the material, until the relative
displacement between the top and bottom finite element mesh is 8 . Then the interface
accumulates damage and when the relative displacement between the meshes is & £ the in-
terface is completely debonded. As in the figure, when the relative displacements between
the two FE meshes are between and () and & f if there is unloading, it unloads to the ori-

gin. This is obtained by using , D, the damage parameter in the following manner

o= (1-D)}d (3.27)
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Figure 3.2: Bilinear Model

The value of D is computed from geometry as

_ FACE))
5(8 7 —50)

Thus if one knows any two of the four interfacial properties, G¢,0y, f180 the interface

D(3) (3.28)

element can be described completely.

ds0
Ge = -% (3.29)
O;
o= — (3.30
0 Y )

Where, G is the strain energy release rate, oy is the ultimate strength of the interface,
9 is the relative displacement at the onset of failure and & f is the relative displacement
when there is complete debonding of the surfaces. This bilinear interface model is applied

to a sub-region of the interface element. This enables simulating delamination by releasing
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Figure 3.3: Updating tensile stresses

the desired portions of the interface element.

In general during an axial crush of a tube both Mode I and Mode II delamination are
seen to take place. In order to simulate this , a quadratic failure criterion is used as follows.

(%) ()

2
8; 8 \2
(87_0> +<8x0> = 32

Where, 820 = %’SXO = %’GZ = Yzaz,‘fxz = Yx8x
Based on this criterion updated values of T and S are calculated. Thus the interlayer
strengths and the relative displacements at which they occur are updated for the mixed

mode failure. Figures 3.3 and 3.4 illustrate this.
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Figure 3.4: Updating shear stresses

Thus,

T =8l (3.33)
s =wxdly (3.34)

Similarly the quadratic failure criterion,

Gy \2 [ Gy)\2
<_1) + <_2> =1 (3.35)
Glc G2c

is assumed for the strain energy release rates and the values of G, and G,,. is updated for

the model.

As mentioned in the various literature reviews it is also important to model friction be-

tween the interfaces. This is taken care of by ABAQUS itself. The model is constructed
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Figure 3.5: Interface Element enables to model friction between plies

in such a way that the layers of elements are joined by the interface elements. At the in-
terface, the elements of one mesh are in reality not joined to the other, though the nodal
co-ordinates are the same, they are nodes of different elements. In ABAQUS this allows us
to model the two layers as contacting surfaces and hence include friction. This is illustrated

in Figure 3.5.

3.3.1 Specification of the Interface Element for Input File

ABAQUS allows the specification of user element using the following keywords

e *USER ELEMENT
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o *ELEMENT
e *UEL PROPERTY

The data card for the keywords their options and specification for the model is described

below

*USER ELEMENT, NODE=12, TYPE=U1, PROPERTIES=10,
IPROPERTIES=6,COORDINATES=2, VARIABLES=4

1,2
This keyword specifies the use of a user element that is a FORTRAN program written for

ABAQUS/STANDARD.

Options

e NODE=12: Specifies the total number of nodes that form a single interface element.
This is actually the summation of N, M, NPS values of the UEL PROPERTY key-
word. This may vary from one interface element to another but must be unique for a

particular TYPE of interface element.

e TYPE=UI: Specifies the type of the interface element. Each type may have a unique
property definition. Subsequent types may be given names as U2, U3 and so on. If
all the interface elements on the interface have the same property, as is the case with

the analysis performed for this work, they all may be of TYPE=U1.
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PROPERTIES=10: This specifies total number of properties that are required for the

interface element. The default of 10 must be used.

IPROPERTIES=6: This indicates the total number of integer properties required.

This is a default value for the program and must not be changed.

COORDINATES=2: Total number of coordinates for a node of an interface element.
Since this is a 2D interface element it has a value 2. This is a default and cannot be

changed.

VARIABLES=4: Total number of solution dependent state variables that needs to be

stored by the program. This is also a default value and must not be changed.

DATA CARD: The data card 1,2 indicates that two degrees of freedom are active for

the nodes of the interface element.

*ELEMENT, TYPE=U1, ELSET=INTFACE1

3000,423,424,425,426,15001,15002,15003,15004,634,635,636,637

3001,426,427,428,429,15004,15005,15006,15007,637,638,639,640

3002,429,430,431,......coooeveiiiiiiiiiiiiicreccan

This keyword specifies the interface element number and the node numbers (already

defined) which form the interface, (basically the connectivity for the interface elements).
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All the elements with a unique property may be assigned to an element set INTFACEI

(ELSET=INTFACEI)

e DATA CARD In the example illustrated 3000,3001 are interface element numbers.
423 through 426 are nodes on the left mesh from top to bottom of interface element
3000. 15001 through 15004 are nodes that form the interface element 3000. They
must be at least four in number and correspond to the value of NPS in the UEL
PROPERTY definition. 634 through 637 are nodes that form the nodes of the right
hand side mesh, from top to bottom. The specification for interface element 3001 is
now straightforward from the explanation and Figure 3.6. It must be noted that the
interface element nodes must coincide with finite element nodes at least at the ends,
the intermediate nodes may not. However for the sake of simplicity in this case the
nodes of the finite elements and interface elements coincide as indicated by Figure

3.6.

*UEL PROPERTY, ELSET=INTFACE1

*xBETA, THK1, THK2, El, E2, Sr1, GIc, Sr2
0.6670, 0.191112505, 0.191112505,25E+9,25E+9,20E+6,134.,23E+6
**xGIIc, FRICTION, N, M, ND, NEP, NPS, IFDAMG

154.1, 0.0, 4, 4, 9, 5, 4, 1

The keyword specifies that the property described in the data card for this keyword is ap-

plicable for the element set INTFACEI
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Figure 3.6: Specification Of Interface element nodes
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DATA CARD: The specification of values for this datacard is most crucial for the anal-

ysis and is explained in sufficient detail in the following paragraphs.

e BETA,(B)
Based on the explanation given on delamination implementation and the formulation
of the interface element, it should be clear that the value of Beta () is related to the
penalty parameter. The value of B specified here will be used in the code to enforce

the constraint.

The derivation to specify B value for the analysis is as follows. The Lagrange multi-

plier can be related to the penalty parameter in the following manner.

A =YC(uy,uy) (3.36)

,where C(uuy) is the constraint.
The Lagrange multiplier can be physically understood to be the force that is required

to enforce the constraint.

Hence we have, (Figure 3.7)

di
F=y /0 (V —u)dl (3.37)

V is the primary degree of freedom for the interface element and u for the finite ele-
ment nodes. Now, if we assume that the crack propagates a length of dl for a crack

opening displacement of 8y at the maximum stress oy , then

46



Figure 3.7: Illustration for derivation of y

F = 28dl (3.38)

, dividing both sides by the area, we get,

(2)(ou)(thk) 339
)

The penalty parameter, v, is related to beta (f) through the geometry of the structure

as follows.

E)(thk
Y=ﬁ(( )‘(1 )) (3.40)
E ,The Young’s modulus

d ,The length of a finite element along the interface

thk, Thickness of finite element mesh.

Equating the two values of y, we get

_ 20'ud

b= E50

(3.41)

Hence with appropriate values of oy,d, E,8( (material/model dependent) one can

specify the value of B required for the analysis. Since delamination is modeled for
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both Model and Modell any one of the values may be used to define the value of .
In using axisymmetric elements the thickness value may be specified as the circum-

ference of a circle with radius at the interface element.

Ambiguity in y definition
From the Figures 3.2, 3.3 and 3.4 the values of y is given by:

Y= 5 =Y (3.42)

Essentially the slope of the stress/relative displacement graph. But in this section we

have derived the relation,

y= Qoo _ 0
0
Clearly,
Yo = (2)(thk)Y| = (constant)y; (3.44)

Also, v is just a large number that enforces the constraint, so the specification of y is

consistent as long as it’s definition is made clear. So we can assume that the slope of

the Stress/displacement is ﬁg%m =Y.

THK1 and THK?2
These are the thickness of the left and right hand finite element meshes and have a

value 27tr, where r is the radius to the location of the interface element in the model.

El and E2
These are the Young’s modulus of the left and right hand side meshes. For this anal-

ysis these values are the same.
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o Srl, Gl
These are the ultimate tensile stresses and critical strain energy release rates for Mode

I delamination.

o Sr2,Gll,
These are the ultimate shear stresses and critical strain energy release rates for Mode

II delamination.

e Friction
This specifies the coefficient of friction between the two surfaces. Since the code
is successful in modeling contact between the two surfaces only for cases of small
sliding, this is not used in the current analysis and a value of 0.0 is given. Instead the

two meshes are modeled separately and contact is established by ABAQUS directly.

o N

Number of nodes on the left hand mesh

oM

Number of nodes on the right hand mesh

e NEP

Number of evaluation points, Must be five and is a default

e NPS

Total number of nodes forming an interface element. This must have a minimum
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value of four.

e ND
Specifies the number of subdivisions in an interface element. This must have a value
greater than one. Greater the number of subdivision more accurately is the delami-
nation predicted but more expensive is the solution. This enables releasing portions

of the interface smaller than the finite element itself.

o IFDAMG
Giving a value of 1 enforces the constraints and includes friction , a value of 0 simply

prevents overlapping of the two meshes.
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CHAPTER 4

Analysis

In this chapter, details of the Finite Element Analysis are described. Results of a few
experiments that help to intuitively understand the effect of various parameters that affect

the energy absorbed during the crush experiment are also discussed.

4.1 The Model

The Finite Element Model was based on simple axisymmetric (CAX4) elements and
the initiator was modeled as an analytical rigid surface. Figure 4.1 illustrates the model.
All nodes at the top of the tube were encastered (fixed in all degrees of freedom) while
the initiator was given a displacement in the upward (or) 2 direction. Tube of length of
4 inches, outer diameter and a thickness of 2.5 inches and 0.075 inches respectively was

chosen for the study.
As specified in section 3.3 the interface elements naturally allow us to model friction

between the plies once delamination has taken place. Due to severe contact convergence

problems only two plies were used here to simulate delamination.
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4.2 Concrete Material Properties

The following properties were chosen for simulating material failure in the concrete

material model.

, N
E, Young’s Modulus 2E+10 )
i, Poisson’s ratio 0.3

Strain ratio, see section 2.1.4, Page 27 1.2o0r24

Ultimate Tensile stress, Oy 155E + 6
m

Ultimate Compressive stress, Gyc 155E + 6%
m
A visco—plastic parameter of 1E —4 was used to facilitate numerical convergence, avoid

mesh-dependency and prevent strain localization. Please see [17,18,21-23] for details.

4.3 Interface Element Properties

The interface element required to simulate delamination was given the following prop-

erties as in Table 4.1. (Section 3.3.1, Page 41)

It can be noted that two values are given for Modell interface strength and four val-
ues of strain energy release rates are specified. These values are used to see the effect of
delamination on the energy absorbed. This method of specification of the factors enables
automatic ANOVA studies using softwares. Detailed explanation of these factors are given

in the following section.
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Beta, B 0.967619047
THK1,THK2 0.193506399m
E1,E2 2.0E+10-%
3 80E +6-5
Gl 3521¥
Sr2 20E +6L% (or) 20E +75;
m m
Gll. | 50X (or) 100X (or) 50002 (or) 100002
FRICTION 0.0
N 4
M 4
ND 6
NEP 5
NPS 4
IFDAMG 1

Table 4.1: Interface Properties

4.4 Factors and Their Levels

For preliminary analysis the following factors were considered.

[

. Radius of the initiator (-133 inch and 'I% inch)

N

. Friction between the initiator and the tube (0.0 and 0.3)

w

. Material Strain Ratio (1.2 and 2.4)
4. Strength of the interface (20E + 62 and 20E +7-LY,)
m? m2

5. Relative Displacement Ratio (5 and 10)

(=)}

. Friction between the plies (0.0 and 0.2)

Each factor has 2 levels and this amounts to performing 26 or 64 experiments to per-

form the analysis of variance. The contribution of a certain factor, in percentage is obtained
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by taking the ratio of sum of squares for that factor to the total sum of squares [26]. The
next chapter deals with the details of the procedure to perform the ANOVA and obtain the

contributions.

The first two factors can be considered as model related factors, the third is material de-
pendent factor while the last three are related to delamination. The model and the friction
factors are very direct and are available in the ABAQUS input file to be changed directly.

The specification of other factors are explained below.

4.4.1 Material Strain Ratio

This factor is considered to study the sensitivity of the response to the material strain
energy release rates. Please see Figure 4.2. From section 2.1.4, page 27 we see that the

strain energy release rate depends on the strain ratio through the expression
Ge = : I)(SR 4.1
c—icu( )(SR)e ¢ 4.1)

Therefore for a certain € £ Ou and /, each value of SR we will have a different strain energy

release rate value. Please see section 2.1.3, page 21 to implement this factor.)

In general it is observed that higher values of negative slope in the post failure region
of material models cause serious convergence problems. If the ANOVA study indicates
that the response is significantly sensitive to the strain energy release rate (Area under the

stress vs crack opening displacement diagram) then it would be possible to maintain the
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& 1.2sf 2.48f

Figure 4.2: Illustration of Strain Ratio Factor

strain energy release rate while lowering the value of the negative slope to obtain quicker

numerical results. Figure 4.3 illustrates this.

4.4.2 Strength Of the Interface

This factor has two levels with each level depicting the Modell strength. The lower
strength causes delamination while the higher one does not. By including this as a factor,
the effect of delamination on the total energy absorbed can be studied. This method of

implementing this factor enables automation of the ANOVA study using softwares.
Experiments where delamination is not required to take place may also be run by modi-

fying the input file to not include the interface element. This will save sufficient computation

time and is used in the current work.
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Oui Strength of the Material
R L S : Yoi Crack Opening Displacement

E G_. Strain Energy Release Rate
1
E Cu2:402 combination gives quicker solutions
E

(o A E— i
]

Ugy Ugo

1 -1 -
70’“001 =— Oy2l02 —Gc

Figure 4.3: Purpose of Strain Ratio Factor
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Figure 4.4: Illustration Of Relative Displacement Ratio factor

4.4.3 Relative Displacement Ratio (RDR)

The purpose of this factor is to study the effect of Modell strain energy release rate on
the total energy absorbed. The values of the Relative Displacement Ratio refers to the
ratio of the displacement between the layers at failure to the displacement at complete loss
of interface strength (gé) (Figure 4.4). In Modell these refer to the sliding displacement.

The following expressions together with Figure 4.5 illustrate this factor
1
Gllc = i(ou)ﬁf 4.2)

It is expected that the conclusions from ANOVA for this effect will be helpful in the

same sense as the Strain Ratio factor. The RDR factor is also implemented by changing the
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Oui Strength of the Interface
[ AT O
ul 8; Maximum Relative Displacement
GII_ Mode II Strain Energy Release Rate
Cu2 .8f2 combination gives quicker solutions
P
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2 2

Figure 4.5: Purpose of Relative Displacement Ratio Factor
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value of the Strain Energy release rate in the *UEL PROPERTY keyword. The strain en-

ergy release rate is dependent on the Modell strength and the RDR value. The 8 term can

be eliminated using a constant value for the penalty parameter. The following calculations

clarify this and are useful when using a software to automate the ANOVA study done for

this work.

We know from section 3.3.1, equation 3.39

_ (2)(THK)(ou)
Y= 5
0

Ou _ Y
5 (2)(THK)

and from equation 3.41,

_ (2)(ou)(d) _ (1))

=By ~ (B)THE)  CONSTANT

Therefore B will be a constant for all the analysis.
Now from equation 4.3

Gll; = %(ou)(RDR)SO

(or)

(0%)(RDR)(THK)
Y

GIIC =

4.4)

4.5)

(4.6)

4.7)

(4.8)

In this way, while automating ANOVA studies, the GII. values can be made as a variable,

dependent on RDR and oy factors.
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4.5 Calculations

In this section all the required calculations are shown to facilitate rerunning of analysis

for future research.

4.5.1 Calculation of 3

From the previous sections we know f is a constant for all the analysis that will be

performed for the ANOVA study.

W)(d=5p)

~ E)THK) @9

Where,
d, is the length of a finite element along the interface
L, is the Length of the tube in meters (4' I =0. 1016m)
Ne, is the number of elements along the length of the tube (210 for model used)

(2)(THK)(ou) _ 2%0.193506399 x 2E +7
8¢ B 1E-6

= 7.74025596E + 12 (4.10)

7.74025596E + 12 _zTG“O' 1016
=~ T 2E+10%0.193506399

=0.967619047 (4.11)

4.5.2 Calculation of Material Strain Energy Release Rates

We know that,

1
Ge,SR = 55u(€f)(SR)(I) (4.12)
2
GZ4(SR)(I) _ 2.4025E+16%(1.2)*4.808E —4
e = T = 346.5366 4.13)
2 -
OA(SR)(I) _ 24025E +16+(2.4)+4808E—4 _ o . @14

2E 2x2E+10
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4.5.3 Calculation of Mode II Strain Energy Release Rates

From section 4.4.3

2
62)(RDR)(THK
Gl g = L E2ITEE) @15)
4E + 14 %5%0.193506399
¢,2E+7,5 7.74025596E + 12 (4.16)
4E + 14 % 10%0.193506399
11 = = 4.
Gllc,2E+7,10 7.74025596E + 12 100 @.17)

The following calculations are required only if analysis requiring no delamination are
performed with a high value for the interface strength (useful while automating ANOVA
through softwares). Analysis where no delamination is required can be easily and effi-

ciently run by modifying the input file to not include the interface element.

4E +16%5%0.193506399

GIl = = 5000 4.18
¢,2E+8,5 7.74025596E + 12 (4.18)
4E + 16 % 10 %0.193506399
11 — = 10000 .
Gllc2E+8,10 7.74025596E + 12 I (4.19)

4.6 Preliminary Analysis

As indicated previously, due to a high degree of non-linearities, convergence was a se-
rious problem with all the analysis in this work. All the analyses did not run to completion
due to these non-linearities. Several analysis were performed to determine the robustness
of the finite element software to various values of these factors. Two such experiments that
enabled to determine final values of one factor and also helped in deciding the the total final

initiator displacement are discussed below.
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4.6.1 EXPERIMENT 1

In this experiment two tubes of same dimensions were crushed using two initiators of
different radii (%inch and —I%inch). The initiators were forced to cover a distance of 1.5

inches. Other properties used for this experiment are tabulated in Table 4.2

No delamination element was used for this experiment. The Energy absorbed for higher
radiussed and lower radiussed initiator was 319.38J and 192.32J respectively. This indi-
cates that the lower radiussed initiator increases the energy absorbed.The peak load is also
higher for the lower radiussed initiator. Please see Figure 4.6 and Figure 4.7 and Table 4.3

From the above results it can also be observed that the contribution of friction is approxi-
mately the same for both the experiments. This concludes that the interaction between the

radius effects and friction effects are negligible.

The time required for the analysis using the ]36 inch radius initiator was as long as 2
days and around 20,000 increments was needed. It hence was agreed that a -155 inch radius

initiator would be used for all the analysis in the ANOVA study.

E,Young’s Modulus 2E +10 vaZ

u,Poisson’s ratio 0.3

Strain ratio 1.2

Ultimate failure stress,0;; 155E + 6"%

Friction coefficient 0.3

Table 4.2: Values used for Experiment 1
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Figure 4.6: Force vs Deflection with -l%inch radiussed initiator
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Figure 4.7: Force vs Deflection with T%inch radiussed initiator



Usual features of a typical force deflection diagram can be noticed in Figure 4.7. It can
be divided into three main zones.
Zone I: In this region there is a steady increase in the load as the tube is deformed. This
indicates that the tube is deforming elastically. The first drop in the load around 4KN cor-
responds to the beginning of material failure.
Zone II: This zone indicates a steady increase in the load along with failure taking place in
the tube. The zone directly leads into the sustained crushing zone (ZONE III).
Zone III: In this zone sustained crushing is seen to be taking place, where the load oscil-

lates about a mean crushing load indicating progressive failure of the tube.

4.6.2 EXPERIMENT 2

In one of the experiments the —153 inch radius initiator was used and delamination was
allowed to take place with an interface strength of 2E + 7'%]2, a strain ratio of 2.4 was used
in this case. No friction was used, between the plies and between the tube and initiator.
This analysis died with the displacement of the initiator being only 0.69375 inches. This
was the analysis with the lowest value for the final initiator displacement. After careful
inspection of the deformed configuration (Figure 4.8) and the ABAQUS message file it

was concluded that contact between the plies caused severe convergence problems. Since

Radius | Total Energy | Energy Absorbed due | Percentage contribu-
Absorbed to Frictional Effects tion of friction

%inch 319.38J 145J 45.4

%nch 192.32J 92.2J 47.7

Table 4.3: Results for Experiment 1
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Figure 4.8: Illustrating delamination

the delamination code used in this work does not have the capability to write required data
into a restart file, analysis involving delamination could not be restarted if they died due
to problems in numerical convergence. It is however true that responses used for ANOVA
must be for a certain final initiator displacement. It was therefore agreed that response up

to 0.69375 inches of initiator displacement would be used for the ANOVA study.
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CHAPTER 5

Analysis of Variance

5.1 ANOVA

Analysis of variance (ANOVA) is a well known method in the field of design and anal-
ysis of experiments. The use of ANOVA here, is to know which factors contribute sig-
nificantly to the variability in the response. This is called Factor Screening. For sake of
continuity a brief description on the procedure to perform ANOVA is described in this chap-
ter. For details on ANOVA please see [26]. Finally results of ANOVA are tabulated and
are described in detail. A section describing future extension of this work for automated
analysis of variance is given with a motivation for incorporating localization limiters” in

material models for composite materials involving softening.

Let a response say Energy absorbed, during crushing of the tube be assumed to be
dependent on five factors such as, A, B, C, D, E. These factors can be qualitative (Pres-
ence/absence of delamination) or quantitative (numerical values). Let each of these factors
have only two levels each. This means that we want to study the response for 2 values of
each of these factors. This will give us atotal of 222 %2 %2 = 25 =132 experiments to
be performed and are referred to as a full factorial study. Apart from each of the factors
individually affecting the response (Main Effect), there may be interactions (Interaction
effect) among these factors. If it is known in advance that interaction of certain factors do

not affect the response, then a subset of the 25 =132 experiments could be performed and
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this is called fractional factorial study.

If the experiments were performed in a laboratory with testing equipments, each of
these experiments would be performed more than once in order to negate the effect of
random errors that creep in due to several uncontrollable factors. However, performing
experiments on a computer give rise to deterministic responses. Hence each of the 32 ex-

periments need to be performed only once.

The basic idea of Analysis of variance stems from dividing the total variability into
its component parts. The total corrected sum of squares (SST) is taken as a measure of
variability. It is the sum of squares of the differences between individual treatment values
and the grand averages. The total sum of squares is taken as the sum of squares of the
differences between treatment averages and the grand averages (SSTreatment) Plus the
sum of the squares of the differences of observations within treatments from the treatment
average (SSE). Clearly SST,carment 1S @ measure of differences between treatment means,
while SSg can be only due to random error. Since computer experiments are deterministic,

this term vanishes. So we have:

SST = SSTreatment .1

The SST = SSTreatment are €qual to the sum of squares due to each effect (including

Main effect and interaction effects). This gives:

SST = SSTreatment = SSA+SSB+SSC+SSp+SSE +SSAR-vvvvvn- +5SpBcDE (5-2)
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Bl B2

Cl1 C2 Cl C2

D1 D2 Dl D2 D1 D2 D1 D2
El| E2| E1|E2 |El1 |E2 |El |[E2 |El |[E2 |E1|E2 |E1|E2 |El |E2

Al | (1)] e d| de | ¢ ce | cd | cde | b be | bd| bde | bc| bce|bcd | bede

A2 a| ae | ad |ade | ac | ace| acd| acde| ab | abe| abd| abde| abc| abce| abcd| abcde

1, 2 indicate low and higher levels of the factor

Figure 5.1: Labeling the responses

Here, $S4,85g,8Sc,SSp,SSE are the sum of squares of the main effects while SS4p....
etc, are the sum of squares of the interaction effects. Thus the contribution of each effect to
the total variability is simply found by taking the ratio of the sum of squares for that effect

to the total sum of squares.

SS
ABCE (5.3)

Contributiongsgcg = SS
T

Calculation of the sum of squares for each effect is done using contrasts for each effect

in the following manner.

Each response is labeled as g, b, ¢, d, ¢, ab, ...... abde,.....abcde. Please see Figure 5.1.

The presence of an alphabet indicates a higher level for that factor and absence of that
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alphabet indicates a lower level of that factor. For example, abce indicates the response
that was obtained for the experiment that used high levels of factor A, B, C, E and a low

level of factor D. A simple method to calculate the contrast is given by,
Contrastagcp = (a—1)(b—1)(c—1)(d—1)(e+1) 54

=abcde+ cde+bde+ade +bce+ ace+abe+e+abcd + cd+ bd + ad + bc +ac+ab+(1)

—a—b—-c—abc—d—abd — acd — bcd — ae — be — ce — abce — de — abde — acde — bcde
(5.5)

Note: (1), indicates response, when all factors are at a low level

Once the contrasts are estimated, the effects and the sum of squares are estimated as fol-

lows:

1
SABCD = 2—4(ContrastABCD) (5.6)

1
S$ABCD = 55 (Contrasty BCD)? (.7)

5.2 Results and Discussion

The various factors considered to study the sensitivity of the response are tabulated in
Table 5.1. ANOVA was performed using method described in the previous sections.

Low values, of factor E is assumed, as higher values did not give satisfactory responses
interms of final initiator displacement. The analysis failed to converge for higher values
for this factor and restart was not possible due to reasons specified in section 4.6.2, Page
65. Even with the current values, each analysis completed to different extents. It was
hence decided to use responses for only 0.69375 inches of the final initiator displacement

(Experiment 2, previous chapter) for the ANOVA. Due to this reason the force deflection
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Factor Label | Factor Description Levels | Values
A Friction between ini- 2 0.0and 0.3
tiator and tube
B Strain Ratio 2 1.2and 2.4
C Delamination 2 Presence and absence
D Relative Displacement 2 Sand 10
Ratio
E Friction between plies 2 0.0and 0.2

Table 5.1: Factors and their levels

diagrams shown henceforth may not show sustained crushing or (ZONE III). It can also
be noted that factors D and E have relevance only if delamination takes place, hence only

20 experiments need to be performed.

The responses for each experiment and the contribution to the variability from each

factor is given in Tables 5.2 and 5.3.

It is found that the contribution from the interaction effects to the total variability of the
response are negligible. The Main Effects of factors A, B, C have significant contribution

while the other factors have no contribution at all.

From Table 5.3 it is evident that about 61.97% of the variability in the response can
be attributed to friction between the tube and the initiator, 10.39% to the strain ratio factor
and 25.55% to delamination. It is observed that the presence of delamination decreases
the total energy absorbed and and has a significant contribution to the variability in the
response. It can be hence concluded that numerical modeling of delamination is crucial for

accurate represention of the failure of composite tubes. In this work it was observed that
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Experiment | Response(Joules)
1) 25.67
a 48.79
b 35.54
ab 62.5
c 40.76
ac 74.21
be 51.55
abc 88.2
d 26.5
ad 499
bd 36.2
abd 62.8
cd 40.76
acd 74.21
bed 51.55
abcd 88.2
e 27.2
ae 50.1
be 39.7
abe 64.3
ce 40.76
ace 74.21
bce 51.55
abce 88.2
de 27.1
ade 51.1
bde 37.2
abde 65.8
cde 40.76
acde 74.21
bcde 51.55
abcde 88.2

Table 5.2: Response for Each Experiment

delamination takes place during the early stages of the crush thus decreasing the overall

stiffness of the tube causing low peak forces and hence low energy absorption. Figures 5.2
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Factors | Contribution (%)
A 61.97
B 10.39
C 25.55
D 0
E 0.06
AB 0.18
AC 1.73
AD 0.01
AE 0
BC 0
BD 0
BE 0.01
CD 0
CE 0.06
DE 0
ABC 0
ACD 0.01
ADE 0.01
AEB 0
AEC 0
BCD 0
BDE 0
BEC 0
CDE 0
BDA 0
ABCD 0
ACDE 0.01
BCDE 0
CABE 0
DBAE 0
ABCDE 0

Table 5.3: Contributions of each factor

and 5.3 illustrates this.
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Figure 5.3: Force vs Deflection for Experiment (c)
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The friction factor (A) plays a vital role and positively increases the energy absorbed.
This can be observed from Figures 5.4 and 5.5. Fiction between the plies factor (E) does
not affect the response significantly and may be neglected in this case. However, it is im-
portant to increase the number of plies to know the effect of this factor in greater detail.

Material strain energy release rate ( factor B) describes about 10.39% of the variability

—

[—— rerce ve betiection tor mxper imant iac) |

x10")

vTvl—vT‘rIfIW

5.00

4.00

| I |

3.00

LA LA L

Force (N)

1.00 -

o.wllllllllllllAll
0.00 8.00 1600 2400 3200 [x109

Displacement (m)

Figure 5.4: Force vs Deflection for Experiment(ac), High friction coefficient

in the response and plays a vital role. This suggest that a higher material strain energy
release rates increases the energy absorbed by the tube during failure. The sensitivity of
the response to this factor enables to improve the convergence of the analysis, as specified
in section 4.4.1, Page 55. This phenomenon is demonstrated in the next section. Delami-
nation strain energy release rate (D) does not affect the response at all and hence suggests

that it can be neglected. However, it may be important to consider more plies for a more
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Figure 5.5: Force vs Deflection for Experiment (c), Low friction coefficient

convincing conclusion on this factor.

5.2.1 Effect of Strain Ratio

It was mentioned in 4.4.1, page 55 that decreasing the negative slope, in post failure
region of the stress—strain diagram can cause improved convergence, if the ANOVA results
indicate high sensitivity to the Strain Ratio factor. From Table 5.3 it can be seen that there
is 10.39% of contribution through the strain ratio factor to the variability in the energy ab-

sorbed.

To verify the effect of strain ratio, three experiments were conducted. For all three
experiments strain energy release rate of 346.5366 was considered. The strain at complete

loss of strength was considered at three different strain ratios (1.2, 2.4 and 4.8). Please see
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Figure 5.6.
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Figure 5.6: Effect of Strain Ratio

For a constant strain energy release rate the modified strength was found using the fol-

lowing derivation.

Ge = %0 FI(SR)E ¢ (5.8)

_ Lo usmf 5

_ [2GcE
O'f = I(SR) (5.10)

For the three different strain ratios, the strengths, energy absorbed and number of incre-

ments required to complete the analysis for 1.25 inches of final initiator displacement are

tabulated in Table 5.4. It is observed that maintaining the strain energy release rate while
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lowering the negative slope in the post failure region improves convergence. An increase
in the Strain Ratio by a factor of 2, improves convergence by nearly 50% (in terms of the
number of increments) while the decrease in the energy absorbed is 13%. This indicates
that a careful choice of the strain ratio, will help improve convergence without compromis-

ing on the results.

SR | Strength, in Pa | Response, (J) | No. of Increments | Time to complete
1.2 155E+6 84 5833 7.7 Hrs

2.4 | 109.601E+6 73 2837 2.5 Hrs

4.8 77.5E+6 51 1998 1Hr 40 min

Table 5.4: Effect of Strain Ratio

Figures 5.7 through 5.12 show the deformed shapes and the force deflection diagram
of all the three analyses. Large values of the strain ratio, cause strain localization as can
be observed in Figure 5.9, at regularly spaced intervals. This strain localization manifests
itself as huge drops in the load deflection diagram (Please see Figure 5.12). Such a behav-
ior does not represent the response curve correctly and hence places a limit on the choice
of the Strain Ratio value. The cause of this strain localization is attributed to the reduced
viscoplastic effect. In other words, the introduction of rate dependency by viscoplastic
regularization of the constitutive equations acts as localization limiters”. Quicker conver-
gence due to high Strain Ratio negates the viscoplastic effects and causes strain localization.

Please see [21-23] for further details.

78



1
11711
T
H11
H+H
HH
H gﬂ'l-\l 3. All tactors [op4elminac ion wsed_ic)
+ exper iment$_acdelam. tandard §.3-1 Tee Wov 04 -3 003
i Step. Step-1
T emnt’ 3023 Step Thme = 1\
Detormed Var: UV Deformatiom Scele Pac! {]

Figure 5.7: Deformed shape , Strain Ratio = 1.2

H ciment 3 (c). All factors lov and o Gelemination|is used, this is o test ¢
Teet_SR2 odb  ABAGUS/Standard &3 1 Tue wov|04 1e:15:01 EST 2003
' Step: 3Jtep 1
2037 Step Time = 1.000

Incremsat

Deformed var: U Detormarica Scale Pactor: 1.000ee0
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In Table 5.5, error in the Energy absorbed (compared to Energy Absorbed for a Strain

Ratio of 1.2), and the improvement in number of increments required to complete the anal-

ysis is tabulated for several values of Strain Ratio. Figure 5.13 is a graphical representation

of the same data. For a Strain Ratio 1.3, the error in the Energy absorbed is 8.43% while

there is a 35% reduction in the number of increments required to complete the analysis and

a 22% reduction in time required to complete the analysis.

SR | Response, | No. of In- | Hrs.  to | Strength, | Error % Im-|% Im-
)] crements | complete | MPa in Re- | prove- prove-
sponse, ment in | ment in
% No. of | time
Inc.
1.2 |84 5833 7.7 155 0 0 0
1.376.92 3846 6.00 148.919 8.43 34.06 22.08
1.4 75.19 3318 5.5 143.502 10.49 43.12 28.57
1.5 76.31 3189 4.25 138.6362 | 9.16 45.33 44 81
1.6 | 74.22 2793 3.17 134.233 11.64 52.12 58.87
2.0 | 76.86 3012 4.5 120.062 8.5 48.36 41.56
24|73 2837 2.5 109.655 13.10 51.36 67.53
2.8170 2521 3.42 101.47 16.67 56.78 55.63
3.2 | 68.33 2567 3.42 949177 18.65 55.99 55.63
3.6 | 62.48 2130 3.25 89.489 25.62 63.48 57.79
4.0 | 62.16 2128 3.00 84.896 26.0 63.52 61.04
4.4 | 63.94 1376 2.0 80.946 23.88 76.41 74.03
4.8 | 51 1998 1.66 71.5 39.29 65.75 78.44

Table 5.5: Effect of Strain Ratio, (Detail)

It is true that number of increments is not the best representation for the convergence

rate nor is it directly proportional to the time required to complete the analysis. This is

because each increment may have different number of iterations depending on whether the

guessed solution is within the convergence radius. The trend that has been established in

82




80 T T T
*
7N
’ N
70+ ’ ~ E
7 ~N
s »
- - — ¥
-~
60 | .7 -4
- -
— -
7
/ =< - - .
sot , —
& +
+«
2 sl ! :
8 ’ -
> /
[« _r’ ’
4
30 ! ’ 5
[ ’
) -,
! - -~
20| ! o 4
! _ -
|[ -~ -
-~
- - - -
10 | . - —~ -
L] —e— Error in Energy Absorbed
" —+-_Improvement in convergence
L L L h T T

o 4
1 1.5 2 25 3 3.5 4 4.5 S
Strain Ratio

Figure 5.13: Improvement in convergence through high Strain Ratio

this study only indicates that it is possible to obtain quicker converged solution with a lower

sacrifice in the accuracy of the response (Energy Absorbed), with a careful choice of the

Strain Ratio.

5.3 Conclusion

As aresult of the work done, it is evident that obtaining responses for quasi-static crush
problems is very challenging due to high degree of non-linearity. However , “’localization
limiters” like visco plastic algorithm come to our rescue and help to obtain meaningful so-
lutions with some effort. Convergence due to contact may be overcome by having a finer

mesh for the slave surface than the master surface (please see Figure 3.3.1 .

83




ANOVA results enable us to conclude that delamination is a significant factor affecting
the response. It decreases the overall stiffness of the tube and decreases the energy that can
be absorbed by the tube. Numerical modeling of delamination is crucial to accurately rep-
resent failure of composite tubes during crushing. Factors like friction contribute to nearly
50% of the total energy absorbed and this is consistent with the literature [2] and [3]. Other
factors like friction between plies and the RDR factor do not affect the response in this

case. Use of several plies may lead to a different conclusions for these factors.

5.4 Scope for future Research

As described, ANOVA was done using Ms Excel and all the analysis needed to be car-
ried out separately from the command prompt. It is also possible to automate the process
using softwares. This was attempted in this work using a software called HEEDS (Heirar-
chial Evolutionary Engineering Design System) developed at Red Cedar Technology, East
Lansing, Michigan, for advanced optimization problems. HEEDS is also capable of per-
forming ANOVA once the variables (Factors) and their levels are specified. HEEDS allows
the user to rag the design variables and the response. The user can also specify a tool or
many tools that will be used to evaluate the design and output the response. Once all such
evaluations are carried out HEEDS writes out in an output file the contribution of each ef-
fect. All factors except delamination (presence and absence) are quantitative and can be
directly ragged, to set up the problem in HEEDS. The delamination factor can be imple-
mented using the methods described in sections 4.4.2 and 4.5.3, by varying the strength
of the interface strength to effect delamination. This work may be extended to perform

advanced ANOVA studies using HEEDS.

84



Though convergence and mesh sensitivity are crucial problems in softening material
models in numerical analysis , methods to overcome these can be implemented in mate-
rial models used to simulate failure in composite structures. Some methods available for
this purpose are suggested and explained in [18,21-23]. As a motivation for furthering
improvement in building material models involving softening it should be interesting and
useful to incorporate concepts of localization limiters” and objective methods of specify-

ing the softening behavior.
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