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Abstract

Pressure vessels are currently the limiting factor in the hydrogen distribution chain. The
pressure vessels are preferably made out of composite materials to achieve practical weight to
strength ratios and avoid hydrogen cracking in steels, which is the alternative material. While
composites are more environmentally stable and stronger, they are inherently more complex
mechanically. To allow full use of the composite materials potential, better modelling and
structural integrity monitoring methods needs to be developed.

In this work, methods have been developed to better model and monitor damage from
mechanical loads on composite materials, with particular application to filament wound
materials such as used in pressure vessels. The goal of the work is to allow better use of
composite material’s potential in hydrogen pressure vessels. The methods may achieve this by
allowing better lifetime estimates and structural integrity monitoring along with increased
understanding for the failure mechanisms.

The failure mechanisms and progressive fatigue damage was studied using digital image
correlation (DIC) applied on split disk fatigue tests of pressure vessel cut outs. As part of this
work a novel method for monitoring damage progression was used and suggested on the
experimental level.

The DIC data was used to estimate S-N curves for the fiber direction on the local level using a
novel method that may also be used as a damage monitoring method. The S-N curves were
used as input for a fatigue damage model formulated as a user material subroutine (UMAT) in
the finite element software Abaqus capable of modelling fatigue damage in composite
materials. The UMAT and the experiment matched in terms of damage development.
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Introduction

Research problem and motivation

The work in this thesis has the goal of contributing to increasing the capacity of hydrogen
pressure vessels and ease the testing and verification regimes, particularly for vessels with
wear and small damage. The research problem rests on the following arguments.

e A better understanding is necessary to answer how and how much wear and small
damage in the laminate can be tolerated and dealt with. Currently replacement is
required, not allowing for repair.

e Mechanical fatigue in composite components and particularly in filament wound
composites is not well enough understood.

e Better understanding is necessary to optimize testing regimes. The testing and
verification requirements are a cost driver for hydrogen pressure vessels.

Better understanding is achieved through a cycle of trial and error with learning as a result.
The work presented herein is a result of trial and error through a three year period. Figure 2
illustrates the work cycle. The results are in the form of two main deliveries:

e An Abaqus UMAT user subroutine capable of simulating fatigue in composite
components, with main appliance to pressure vessels.

e A monitoring method based on digital image correlation capable of monitoring
fatigue damage and residual strength in composite materials.

The deliveries answer the industrial problem in the following ways:
e The UMAT can simulate how the vessels behave under high pressures over time.
e The structural integrity around worn and damaged areas can be monitored with the
digital image correlation method, answering the damage state and structural integrity

and condition of the vessel.

e The monitoring method can give better estimates of fatigue material properties than
current testing standards.

The deliveries have been developed on the experimental stage. Industrial full scale testing still
remain along with more experimental case studies to further verify the developed methods.
The most valuable takeaway from the work is the concepts and ways of thinking as much as
the final deliveries.

Testing and development of the methods have been described in three research articles:

Paper I - Filament wound composite fatigue mechanisms investigated with full field DIC
strain monitoring.

Paper II - Estimating S-N curves for local fiber dominated fatigue failure in filament wound
pressure vessels

Paper III - Progressive Fatigue Failure Analysis of a Filament Wound Ring Specimen with a
Hole
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Figure 2 The cycle of trial and error in the work presented in this thesis along with what paper belongs to which
part of the circle.

Background

Introduction to composites

Composites are materials with several constituents that do not mix in production. They can
consist of any two or more types of material. In this work the focus is on fiber reinforced
polymers. The composite then consist of a matrix material; the polymer, and a fiber material
which is usually carbon or glass fiber. Figure 3 shows the typical configurations.
Unidirectional continuous or weaved (continuous) configurations are typical for high
performance applications, ranging from pressure vessels to skis. Randomly distributed
configurations may be found in less performance critical applications such as recreational
boat hulls.



Unidirectional Randomly distributed Weave

Continuous Discontinuous Long fibers Short fibers

m— Fibers l:l Matrix material

Figure 3 Different types of fiber reinforced polymers. The matrix material is typically epoxy and the fibers either
carbon or glass fibers.

Unidirectional materials are commonly produced as a layup of several layers, together they
make up a laminate. The layers serve different purposes, contributing to the stiffness in the
direction which they are placed. Figure 4 shows a simple laminate consisting of a layup of
two layers at right angles.

Layer 2 (90°)

Layer 1 (0°)

Matrix

s Fiher
0°
Figure 4 A simple laminate consisting of a layup of two layers.

The laminates are commonly produced by vacuum infusion. Prepreg manufacturing may be
another alternative, where mats with layer(s) are pre impregnated with epoxy from the
producer and commonly hardened by heat (thermosetting epoxy). In vacuum infusion, fiber
mats are laid on top of each other in the wished configuration and epoxy is infused through
the layup using a vacuum pump. The resulting layup can be as in Figure 4 if two
unidirectional mats are laid on top of each other at a right angle. All layers are impregnated
simultaneously using this method and this method is typically used for a wide range of
applications from Formula 1 cars to skis. This production method is however not the preferred
method for pressure vessels, then filament winding (FW) is used. In filament winding, one or
more strands of fibers (typically up to eight strands) are wound onto a rotating mandrel. The
fibers/strands are impregnated with epoxy continuously as they are wound, which is in
contrast to vacuum infusion. Figure 5 shows a schematic of the method and Figure 6 the
filament winding machine at NTNU used for the work in this thesis. Using the FW production
method it is not possible to achieve exactly straight angles (0° and 90°) using conventional
winding techniques. The very low angle layers are limited by the shape of the mandrel and the
friction of the impregnated fibers against the mandrel. The high angle layers can however get
close to 90°, usually 89°, but then without any winding around the cone part of the mandrel.
When winding around the cone part, the layers get a woven layup of +6. The mandrel may be
4



left inside the structure or removed. Often it is left as a pressure liner or as part of the
loadbearing structure or both.

Winding eye (rotates
according to speed of
ry and winding pattern)

)

Mandrel \
Dry fiber in

Impregnation chamber (moves in x
and y according to speed of ry and
winding pattern)

axis is labelled “W” on the impregnation chamber.

Besides the production method itself, filament wound materials differ from vacuum infused
layups in a number of ways on the microscopic scale. While the vacuum infusion production
method is very controlled and stepwise, the filament winding production methods’ variables
are usually harder to control. The fibers will vary how they arrange themselves as they land
on the mandrel and epoxy will never be impregnated equally throughout the process due to
variations in the fiber and the curing process. A filament wound laminate will therefor be
prone to more imperfections and variations in properties throughout the material than a
comparable vacuum infused laminate. These variations are the focus of a large part of the
work in this thesis.

Composite pressure vessels for hydrogen storage

Pressure vessels for hydrogen storage are divided into four main categories, type I — V,
described in Table 1. The gas is preferably stored compressed, allowing for rapid refueling on
par with liquid fuels. Due to the weight to strength ratio of carbon fiber composites and the

5



added security of having a liner, the type IV is the preferred alternative for storage. At high
pressures, a type IV vessel may store 4 times as much hydrogen relative to the weight of the
vessel than a type I or II [1]. The work in this thesis is based on type IV cylinders, only
considering the composite material. Due to the novel nature of carbon fiber composites,
testing and approval standards drive costs and likely limit the use of the material s full
potential [2, 3, 4, 5, 6, 7]. Better monitoring, modelling and testing methods may cut approval
costs and allow for safer transport of hydrogen.

Table 1 Composite pressure vessel types.

Name Description

Type I All metal

Type II All metal, but with composite overwrapped
reinforcement in the hoop direction.

Type 111 Fully composite cylinders with metallic liner.

Type IV Fully composite cylinders with plastic liner.

Type V Fully composite cylinders without plastic liner.

Interest in composite pressure vessel research has increased the past years as industrial
interest has increased. The interest was expressed for automotive applications as early as 2003
by The U.S. Department of Energy (DOE) [8, 9] launching the ‘National Hydrogen Storage
Project’. The project allocated governmental funding to research along with industry partners
and set clear performance goals on the storage solutions. The type IV pressure vessel storage
solution was a big part of the research and showed promise. Today the type IV can be found
in commercially available vehicles at the target pressure expressed by DOE of 700 bar,
proving that investments in the technology gives results.

So far the type IV research efforts have for the most part focused on vessels for onboard
storage in automobile applications and how the tank design may be optimized in smaller
cylinders. One research project in particular stands out, the OSIRHYS IV project. The project
was aimed at developing and validating models and methods for design and optimization of
high pressure type IV vessels [10]. Despite the project only focusing on the static case (not
fatigue), it proved how finite element analysis may predict and optimize vessel design. The
current academic status is that the static load case is possible to model with a high degree of
accuracy in pressure vessels, but the fatigue case remains at large unexplored. This is no
surprise considering the complex nature of composite materials, adding the time component
naturally increases the complexity to a point where it is hard to handle. The models in the
OSIRHYS IV project were full scale and with enough detail to catch all effects.

In 2017 the Norwegian Research Council launched MoZEES (Mobility Zero Emissions
Energy Solutions). MoZEES is a Norwegian Research Center on Zero Emission Energy
Systems for Transport (Mobility Zero Emissions Energy Solutions). The project focus on
battery and hydrogen value chains. This PhD is part of the hydrogen value chain.

Fatigue and damage mechanisms in composites

The distribution and development of damage, strain and stress fields over time in a composite
component subjected to cyclic loading is dependent on how the forces are distributed within
the material between the fiber and the matrix. While the fibers carry the load, the matrix
distributes the load between the fibers. Throughout cycling, the amount of fiber failures and
matrix failures will gradually increase [11]. At some point, enough fiber failures will have
coalesced to form a macro failure, upon which the laminate is visibly destroyed. Before this
stage, failure occurs on the micro level.

Fatigue failure propagation is schematically explained in Figure 7 for a small piece of
composite loaded in the fiber’s direction at high and low load. Depending on the loading and
the properties of the fiber and the matrix, the failure will propagate with varying extent of
matrix splitting/debonding to interconnect weaker imperfections in the fiber and in the matrix
[11]. Ideally, the failure would propagate as a straight crack, however, material imperfections
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make the crack change direction. Figure 8 shows the different failure mechanisms and
imperfections relevant for this work schematically. How the fiber imperfections are
distributed depends on the production and is as such a fiber property [12], the matrix voids are
introduced in the production of the laminate and is a laminate production property. The
filament winding production process induces a particularly high amount of matrix voids and
imperfections compared to vacuum infusion.

For low loads in the fibers’ direction, matrix damage needs to travel further than for high
loads to find large enough imperfections in the fiber to travel through. Pardini et. al. found
that for single strand tests of GFRP and CFRP the static failure load decreased with increase
in fiber length as more and bigger weaknesses were exposed to loading [13]. Mandell et. al.
[14] found that the S-N curves of perfect glass fibers have a slope of 3% in a linear log
diagram, a lot less than 10%, which was found as the slope for the composite material in the
same study. The results of Mandell and Pardini confirm that fatigue grows through
imperfections in the fibers, as imperfection free fibers have superior fatigue life.

The nature of the matrix failures connecting the fiber failures can vary between all the
mechanisms described in Figure 8, including delamination. Work by Seyhan [15] indicates
that high cycle/low load fatigue is more prone to fiber debonding, while low cycle/high load
fatigue favors matrix splitting to a greater extent. It is important to keep in mind that
schematics and theory are often displayed in the 2D format, however, failure is a 3D
phenomen and must be treated as such, therefore it is very likely a combination of all failure
mechanisms that leads to final catastrophic failure. However, as indicated by Seyhan, it is to
be expected that different failure mehcanisms may dominate at different loads and loadcases
as outlined in Figure 7.

Unstrained laminate, theoretical distribution Strained laminate at cycle N, theoretical
of fiber imperfections propagation of damage
-~ T A L L -4 1 A~ L
L, T~ T j I L A~ 4 1 L
I | A 1 _~ I L A 1 7~
”~ "~ %X X%rv A~
A L 4 L A L 4+ L
1 ) L 4 X
L T I L ~ | rv%% X [x jg X o xxf
™~ T % Pl T T
| ) A A ’V)g 1. X/-v 7
O I T O SR P | A1 g
] S N 0 G A A N A T 0 IR A G P % U S G
1 T b L L i I~ L L Lx 1
~ ™~ A L P A
A L4 Ao L L
4 + x - * +
A T I~ I~ u A T I‘v% i ~ %fvx %“ AT
L J L LT i X L A A L oL
T v T e A~ ~ A 1T T * e A~
LT 4 | Av 4+ 4 x| F
A4 L A L
™~ I 7~ I %
L L X
A A L1 W A A LA T
A T I L L | " A T i " 1 | L
-~ Initial fiber imperfection

______ Failure propagation at low load
—————— Failure propagation at high load
% Crack tip

Figure 7 Schematic of failure propagation for high and low load at an arbitrary cycle.

The matrix also contains imperfections, voids being the most important. In an otherwise
uniformly loaded laminate, locally uneven strain fields will be induced through variations in
fiber volume fraction, initially broken fibers and void content. The locally uneven strain fields
will drive damage in the matrix and consequently in the fibers. The higher the void content,
the faster the matrix will split, delaminate or debond with the fibers. Fiber failure will induce
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shear in the matrix along the fibers and the degree of shear will depend on how far the failure
needs to travel before it finds the next imperfection to travel through.

UMAT (microscopic)

Malnxvolds | 4
=
|
/

!
|
Fiber
|mper1emnn )
! Matrix
: splitting
| Matrix
| cracking
\
!
|
/
|
1
Flberhllure [
1
4

Matrix meklng

R S R

Macro matrix crack (visible crack)

Delamination

Figure 8 Damage mechanisms and imperfections in a composite.

Seeing as the matrix acts as the load distributor for the fibers, progressive matrix failure
throughout cycling will alter the initial strain fields. Given a geometric strain concentrator,
such as a hole or some arbitrary initial damage, strain concentrations may move throughout
cycling. This can be advantageous, potentially alleviating geometric strain concentrators from
design or damage. Complementing this is work by Plumtree et. al. [16] who observed that for
short cycle fatigue, the failure propagation will favor fiber failure to a higher degree and the
redistribution will be less and global failure more sudden.

The failure mechanism explained above have theoretically been described with the shear lag
theory and several modifications of this [17]. The shear lag theory describes how forces are
distributed in a fiber that is embedded in a matrix with varying degrees of debonding.
Imperfections in a composite can vary from production batch to batch, it is therefore
somewhat difficult to apply the shear lag micromechanics model to predict failure given a
specific material [17]. By employing high frequency DIC, the strain trends and material
behavior should be observable and explainable with the outlined micromechanics.

Basic challenges

The main challenge with the work has been the broad scope and the search for an absolute
answer formulated for industry and also academia. That means finding methods that are
simple enough for industrial implementation while still fulfilling the quality requirements of
scientific work. Finding a balance between the two and striking a line of pragmatism has been
the key to success. For example, common testing procedures could easily have set two
pressure vessel materials apart. However, developing methods that has the potential to predict
the lifetime and capacity of any pressure vessel and material has required looking beyond
already established testing and modelling methods. It has required being innovative while not
complicating the problem too much, again finding the fine line of pragmatism necessary for
industrial use.

Steel is the most common material to compare with composites. If weight to strength is an
issue, composites may serve as a viable alternative to steel in designs. Design wise,
composites are markedly different from steels. Composites are also fairly novel materials
compared to steels, using them in design therefor raises several questions that the steel
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alternative may answer in a more exact manner using established procedures. Fatigue life is
one of the issues where composites behave differently from steels and where steels have
established procedures and standards to account for fatigue issues analytically [18]. Figure 9
illustrates the difference in fatigue behavior for a composite and a steel plate with a hole
loaded cyclically over time. The main differences between the two are:

e Composites will have a gradual change of structural response throughout cycling.
Steels will, in comparison, be relatively stable up until failure, at least compared to
composites.

e The strain and stress distribution may change markedly in a composite component
throughout it’s lifetime, substantially more than yielding in a metal (yielding is not
illustrated in Figure 9).

e Variations in material properties in a composite component may give variations in
progressive fatigue damage throughout the component in question.

Steel Composites
Stable strain distribution and structural Unstable strain distribution and structural
response throughout lifetime response throughout lifetime
f F.D f F,D f F,D
F = Force

D = Displacement

e & H H
- >

N N AN

Dmax Dmax

Cycles Cycles

Figure 9 Difference in strain distribution and structural behavior for a steel and a composite.

There are in other words two main issues to consider in fatigue of composite materials, it’s
progressive nature and it’s variation. While a steel component will be subject to a short period
of crack growth towards the end of life, a composite component may have crack growth
occurring steadily throughout it’s lifetime. While a crack in a steel component affects the
loadbearing capacity, a crack in a composite may not to the same degree. The reason for the
difference is that a crack in a composite will prefer to evolve in the weaker of the two
constituents; the matrix, as outlined in section Fatigue and damage mechanisms in
composites. Though the matrix is extensively cracked or damaged, the component in question
may still have a high residual strength, as the fibers may at large be intact. The strain and
stress fields will however change as the matrix cracks. Seeing as the matrix contains a varying
amount of imperfections, particularly with the filament winding production method, the
damage progression will vary, as outlined in Figure 9.

A damaged matrix may or may not be critical depending on the application. For steels, up
until crack initiation, the structural integrity and constitutive behavior of the component in
question is stable. Life until crack initiation is taken as the design life. Only in special cases
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can crack growth be allowed. Strain and stress state for fatigue calculations can therefore be
taken from a static model as the mechanical behavior does not change throughout the lifetime.
For a composite component, the same approach may not be valid if matrix cracking is allowed
for the application in question. Models of the component, analytical or numerical, have to
take into account the change of the strain and stress fields as the matrix accumulates damage.
Progressive fatigue damage models are needed when investigating fatigue damage in
composites.

Numerical models using the finite element analysis (FEA) is the most used method to model
components in industrial and academic work. The FEA method can model explicitly or
implicitly formulated problems. The explicit method are used for time dependent events
where the mass of the system plays a crucial role, typically impact modelling. Implicit
methods are used for quasi static loading where the mass is arbitrary. While fatigue damage is
a time dependent mechanism, the mass of the system is commonly not critical to the structural
response, it is at large a quasi-static system loaded in a cyclic fashion. Implicit modelling is
therefor the preferred analysis method. The key challenge when modelling progressive fatigue
damage using FEA is the brittle nature of matrix cracking, making for a negative tangent
stiffness locally upon cracking. While the explicit method may handle some negative stiffness
locally due to mass damping, the implicit method is not capable of this. The iterative schemes
are not capable of finding a solution when the stiffness changes suddenly on the local level
[19]. Getting around the issue of modelling brittle failure in implicit models was solved and
the method presented in Paper III. The method is, as most modelling, an approximation
justified with experimental data.

Paper I explores how fatigue damage evolves in filament wound materials and provides a
basic understanding; highlighting how the larger part of the fatigue life is dominated by
matrix damage as outlined in Figure 9. It was found that catastrophic fiber failure in fatigue
may first occur when the matrix material is sufficiently damaged for fiber rupture to travel
through the structure.

In order to properly model fatigue damage, correct and descriptive material properties are
needed. Fatigue properties are typically taken from coupon testing, both for metals and for
composites. For metals, this approach is sound, the local strain field at the neck is easy to
measure and stable up until crack initiation, soon followed by crack propagation and
catastrophic failure. For a composite component, the strain field around the neck region may
evolve throughout cycling and first point of failure may move as outlined in Figure 9 and
Paper 1. Paper II addresses this issue and presents a method for finding local fatigue properties
that can be used as input in finite element analysis. The paper utilize DIC of split disk fatigue
tests to investigate local strains in the material. Paper II focuses at large on the fiber direction,
attempting to describe catastrophic failure. Paper II also investigates the inherent variation in
static and fatigue properties for filament wound composites. It was concluded that
catastrophic failure may be described by higher S-N curves relative to that found by common
standards.

Paper III uses the fatigue properties from Paper II and shows the correlation between
experiment and model.

There are three main conclusions from the work presented in this thesis:
Variation in material properties in filament wound components may be extensive.
e The fiber may locally be much stronger than what is found in common coupon tests.

It is possible to use pragmatic approaches to model damage in composite pressure
vessels.
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Past work

Past work on fatigue in composites

The larger part of research on fatigue in composites has been done on flat laminates with
simple layups and no or simple imperfections. The huge amount of possible combinations of
material parameters makes it a difficult topic to study taken the initial complexity of fatigue
into account. Most papers try to come up with other ways to formulate the S-N curve other
than the log-log or linear log shape or try to improve the Miner fatigue cycle counting.
However, thus far both mentioned approaches remain the benchmark in academics and
industry. Talreja et. al. [11] give a good introduction explaining the basic principles of
composite fatigue. For an overview of the more recent research, Degrieck and Paepegem [20]
give an excellent review. Degrieck sums up the research in three major categories; the
conventional S-N approach, models for reduction of stiffness and strength and progressive
failure models. The first two operate on the global level, giving the fatigue life of the
composite component with all its layers as one unit. The progressive failure models differ
from the two others in that they take into account material damage mechanisms such as
matrix cracking and delamination and how these spread during fatigue loading, much like
crack propagation in linear elastic fracture mechanics for metals. The progressive failure
models are not limited to a certain layup and as such are more universal and also very well
suited for numerical implementation in simulation software. The work in this thesis is based
on simple progressive failure models.

The review of Degrieck and Paepegem leaves the reader somewhat baffled by the shear
amount of developed models, which has perhaps become a problem of research on fatigue of
composites. It is easy to make a model applicable for specific (load) conditions and specific
materials; however the field lacks general applicable progressive failure models. For
generality, simplifications such as using the Miner rule and S-N curve approach as for metals
is more or less the only option for design. However, there is much research indicating that
standard models for fatigue as adopted from metals lacks accuracy, sparking research often
resulting in too specifically constrained models, as mentioned. More general alternatives to
the Miner approach were proposed quite early by Broutman and Sahu [21] and Hashin and
Rotem [22], both models along with the Miner approach and a new model proposed by
Epaarachchi are compared with general composite materials and relevant load cycling by
Epaarachchi and Clausen [23]. Considering the use of classic S-N curves, Mandell et al. [24]
carried out a large amount of fatigue tests on composites intended for wind turbines and
concluded the findings on a trend basis that gives a good indication of what S-N curve
parameters are reasonable to use.

Considering fatigue of damaged composite specimens, particularly relevant for pressure
vessels sustaining wear and damage during their lifetime, less research has been carried out as
most studies deal with flat nondamaged specimens. However, for a pressure vessel application
there are many useful constraints that limit the scope. It is reasonable to assume that all of the
fatigue loading will be in tension-tension and that the relevant layups will be close to a cross
ply layup (0°/90°). Also, for a damaged specimen it is reasonable to assume that the load will
be very high in the area surrounding the damage, albeit with the same load ratio. From an
application point of view, the residual burst pressure of the vessel given a damage will be
equally relevant as knowing remaining cycles/lifetime, limiting the scope to the residual
strength models. As such, if the residual strength at a certain cycle number considering
damage is possible to calculate, calculating the residual strength at lifetime will also be
possible given a cumulative damage criterion, such as the Miner rule [25]. For numerical
modelling purposes, such as in a finite element model, it will be required to not only know
when and how the laminate will fail in a given direction, but also know how the mechanical
constants will evolve in case of failure. This brings up the relevance of the progressive failure
models which describe how the mechanical properties are degraded. Provided a solid
understanding of the numerical engine of choice, pragmatic approaches can be applied for
degradation of mechanical properties and accumulation of damage.
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Regarding already existing residual strength models, Philippidis and Passipoularidis [26]
made a review of residual strength models and compared them to experimental data. They
interestingly found that despite many models having great complexity, they did not deviate
noteworthy from a linear degradation as proposed by Broutman and Sahu [21] in the early
days of research on fatigue in composites. Philippidis and Passipoularidis made a short and
consise conclusion that describes the state of the art well, cited here.

“The main conclusion is that the use of complicated phenomenological models requiring
large experimental data sets for implementation does not necessarily pay back in terms of
accurate predictions and consequently simple models requiring limited experimental effort
should be preferred.” Philippidis and Passipoularidis [26].

Philippidis however noted that it is reasonable to distinguish between residual strength and
fatigue performance for high loads/low cycle and low loads/high cycle, which others also
have found [27, 28]. A linear degradation will predict fair residual strength for high loads,
while it will be on the safe side for lower loads. For this purpose, residual strength models are
usually divided into sudden death and wearout models [29]. Sudden death models entail that
the initial strength of the laminate is upheld until just before it breaks and are best applicable
for low-cycle fatigue. Wearout models suggest a more gradual decrease of the strength and
are better suited to describe high-cycle fatigue. While it is of interest that the pressure vessel
can sustain a large amount of cycles as damaged, the stress and strain surrounding the damage
will still be high, therefore research on low and high cycle fatigue is equally relevant. Harik et
al. [30] investigated this and found that the S-N curve steepens at high loads indicating that a
damaged specimen will have a quick propagation of damage until it is eventually distributed
over a larger area or possibly fails. Bunsell and Thionnet have several publications addressing
pressure vessels and their residual life if damaged, such as ref. [31] with Blassiau as main
author. However, they are also very specific with fairly elaborate models. Perhaps more
pragmatic is the work by Weng et. al. [32]. Weng developed a fatigue model based on
micromechanics that seems to predict fatigue life for both filament wound and vacuum
infused specimen reasonably well, however, that is provided a stable load ratio and fatigue
load. It is important to underline that the model by Weng only works on the micromechanic
level and is not capable of modelling anything but simple square specimen.

After a damage criterion has been breached, some way of degrading the constitutive material
properties will have to be employed in order to model progressive damage in a numerical
model. The simplest method is to degrade by a factor, for example 90 % reduction of
longitudinal E modulus in case of fiber failure. Shokrieh and Lessard [33, 34] successfully
proved the validity of this pragmatic approach. Shokrieh and Lessard made a numerical model
where failure modes were identified and the constitutive material properties degraded by a
constant factor upon breaching of the failure envelope defined by residual strength. They
compared their model with experimental data and found a satisfying correlation. The failure
criteria models employed were reasonably simple, using root squares of relevant stresses in
respective directions to define failure. Degradation of residual strengths were done by
employing a modification of the fatigue model developed by Adam et. al. [35]. This model is
based on a logarithmic degradation and is fairly complex using many parameters. More
elaborate models for degradation of mechanical properties have been employed analytically
and numerically by others [26, 36, 37, 38, 39, 40, 41, 42]. However, consensus is still split on
what approach yields the best results and seems to depend a lot on the loadcase, at least if
compressive loads are considered.

Considering theories for accumulation of damage, there are models for both residual fatigue
life and residual strength. These are equivalent as proved by Hashin [25]. The most well
known theory for accumulation of fatigue damage is the classic Miner rule [43], which is the
established standard for metals. The biggest dispute regarding accumulation is how the load
block sequence influence fatigue life. The dispute boils down to whether a high load block
before a low load block is worse than the opposite. In real life applications of course this
debate is somewhat arbitrary as the component likely will experience many different loads
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over time. Despite much work on the field and many proposed theories, the Miner rule still
remains as the benchmark [29].

Besides the accumulation of damage, the degree of mulitaxiality is a key parameter to study.
At large, fatigue damage can either occur in the matrix or in the fiber. However, how the
different strain and stress components affect both of these two and how they may interact is a
hot topic for research. On the theoretical level this is taken care of by several progressive
failure models that take into account the different failure mechanisms. However; to what
degree they are able to capture the full effect is questionable as most studies have a limited
scope experimentally. Currently there is no standard approach, however many studies attempt
to approach the problem by modifying already existing theories for multiaxial loading for
static failure and use them in fatigue. One such study exemplifying this approach is that by
Liu and Mahadevan [44]. They combined the Tsai-Hill static failure criterion with the Miner
damage rule to construct a multiaxial accumulative fatigue damage criterion, which predicted
fatigue failure reasonably well. Another is that by Shokrieh and Lessard [45, 46], they
conducted a thorough review of the most basic theories of composite fatigue and suggested
their own based on a combination of already existing theories. Shokrieh and Lessard pointed
out that most existing theories need unreasonably many input parameters, making them
inconvenient and hard to apply, at least for the industry.

Perhaps the biggest difference between fatigue and static failure is the importance of the
matrix material in fatigue damage. For both fatigue and static loads, fiber failure is most often
regarded as the most critical failure. However, the stress and strain concentrations in the fiber
will depend on how the matrix distributes the forces between the fibers, for fatigue this may
change significantly over the fatigue lifetime, as shown in Figure 9. As the matrix gradually
cracks and weakens, the stress and strain concentrations can relocate, allowing for fatigue
failure of the fiber in another location than what would be assumed based on the stress and
strain distribution in the non-fatigued state [47, 48].

Despite all the available research, little work has been carried out using currently employed
failure criteria by industry design engineers. Seeing as there is little consensus as to what
other alternatives should be chosen, basing research on currently used standards for fatigue of
composite components is highly relevant and a good baseline for further development in the
field and in the industry, essentially answering how accurate those are. What is perhaps also
lacking is employing fatigue models on datasets that have a high degree of randomness and
not tailored to test specific aspects of a model. Most research tests models on carefully chosen
load schemes such as two blocks of high and low load in near perfect specimen. It would be a
step forward to test non-ideal specimen. Employing methods that generate large datasets from
experiments, such as DIC, make this approach possible.

Modelling of damage in composites

Modelling of mechanical problems in the context of the current research front is typically
seen as a problem formulated for computation by computers through some framework,
typically the finite element analysis framework. The word “modelling” brings up images of
complex 3D models with strain and stress fields displayed as a contour map over the analyzed
part. This is a somewhat fairytale image of reality. The computational framework needs to
deal with material models that look quite a bit more boring than fancy 3D-renderings. Luckily
the material models can be formulated in a much simpler manner than what the 3D-rendering
looks like. While all of the theories presented by Degrieck and Paepegem [20], mentioned
above, are models in that they attempt to model reality using some predefined input, a FEA
model is also a model. The two look quite different. The FEA model, despite it’s apparent
complexity, may be based on any of the models reviewed by Degrieck and Paepegem. The
above chapter is as such also about models, this chapter however, will attempt to give an
introduction to the computational models that have been made to model mechanical fatigue in
composites.

The key problem in computational frameworks when dealing with progressive failure in
composites is the brittle nature of the failure mechanisms combined with the time dependent
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nature of fatigue damage. Both fiber and matrix typically fail in a brittle manner by cracking
in some form, as demonstrated in Figure 7 and Figure 8. There are at large two ways to deal
with this behavior. Either by cracking modelled as separation between elements or modelled
as changes in the stiffness in the integration points, typically using a user defined material
model. Most FEA programs already provide routines and methods to deal with the separation
approach, though most commonly only with a force/displacement dependent behavior, not
time/fatigue dependent. For the separation approach, the crack direction needs to be known as
not all elements can be allowed to separate, this would be very computationally expensive,
though not impossible. Recent developments in such models have managed to satisfactorily
predict matrix damage dominated fatigue crack propagation in laboratory test specimen
having simple geometries and known direction of crack propagation, e.g. Turon [49] and
Nixon-Pearson et. al. [50].

While the separation approach essentially splits the structure and is a physical representation
of a crack, modelling the cracking as changes to the stiffness in the integration point yields
one big challenge, a discontinuous and negative local stiffness curve upon cracking. Attempts
of simplifying the matrix crack growth by smearing matrix cracking over a larger region and
modeling it by plastic behavior with a user defined material model were reported for the static
case by NASA [51], Flatscher et. al. [52] and Gagani et. al. [53]. It is however difficult to tell
whether the plasticity approach matches experiments only for the particular geometry of the
specimen investigated or whether it is a general way to model the material. This is due to the
fact that the material is not plastic on the size of the elements, it is inherently brittle. Perhaps
the most promising method to approach the problem in a fatigue context is by using cycle
jumping as explored by Koch et. al. [54], also used and explained in Paper III. Koch found
that a cycle jump approach with constant properties for each loading cycle had to be applied.
Degradation was carried out between the jumps according to the size of the cycle jump. A
similar approach is used in this work. Turon [49], perhaps the most extensive work done on
composite fatigue FEA models thus far, also had to use the same approach and his PhD gives
a good in depth review of the method, a short form which can be found in Paper II1.

Recently there have been attempts at combining the two approaches using a user defined
element subroutine (UEL) on elements in between the normal elements to allow for
separation between all the elements of the model. The UEL acts as glue in between the
elements of the model and make them separate when enough energy is supplied to the UEL
using classical fracture mechanics theory. This is basically the same approach as when
modelling with a predefined crack direction, however, it is a large step forward to have the
pre definition apply to the whole model, enabling the crack to grow “freely”. For the static
case, Rozylo [55] satisfactorily managed to model crack propagation without predefined crack
directions using the cohesive zone modelling approach in combination with an UEL with
promising results.

Still, all the above mentioned models are relatively academic and not easy for the average
design engineer to implement or to get the correct input data for. The models have been
developed with lab experiments in mind and not real designs. In this PhD work, the model
was developed with the design engineer in mind and then tested on a complex lab experiment.
This work therefor has a somewhat different format than most academic publications covering
the topic, having a wider scope and less in detail investigations of the experimental results and
modelling. This work would however not have been possible without the past academic
literature going in depth in DIC and Abaqus in particular.

There are currently some commercially available composite mechanical fatigue numerical
frameworks available, most notably FEMFAT [56] and Fe-safe [57]. While the models offer
simple and fast fatigue evaluations, they do not include progressive damage and do fatigue
analysis based on a static solution. The models are only tested on simple lab coupon specimen
and lack experimental comparisons with local strain fields. Recent developments have
expanded a modified smearing approach into mechanical fatigue, most notably by Koch et. al.
[54]. This takes progressive fatigue damage into account.
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Prior application of DIC on composite materials

Monitoring of strain using DIC has been done successfully before and comparable
experimental data is readily available. One of the more thorough studies using DIC in a
composite fatigue context is that by Broughton et. al. [S8]. Broughton investigated fatigue of
flat GFRP specimens using DIC and found considerable redistribution of strain in the
specimen during cycling. However, due to software limitations, the test had to be stopped for
each DIC image and the images were only taken every 10 000 cycle, not capturing the end of
life strain development. Employing more powerful software to synchronize the test machine
with the image acquisition software was successfully done by Giancane et. al. [59], but lacked
further analysis of results. Muc et. al. [60] conducted fatigue tests in the longitudinal direction
of pressure vessel cutouts using 3D DIC and found that the results were consistent and easily
comparable with FEA. Makeew et. al. conducted short beam shear fatigue testing with DIC
[61, 62] and conducted thorough analysis of the results obtaining consistent fatigue data.

Though DIC provides good comparison with numerical models, little work has been done
investigating the potential that lies in using the strain output from the DIC directly to evaluate
fatigue behavior. This approach is equivalent to running the fatigue damage material model of
a numerical model on strain not from the numerical model, but from the DIC. Essentially
removing all assumptions related to the material behavior demanded by a numerical model,
only focusing on the actual damage model. Employing this approach allows for checking
more models than in a numerical model, due to that implementation and runtime is much
shorter. The traditional process of comparing strain output with a numerical model is
illustrated schematically in Figure 10 on a specimen tested in tension with a hole. As can be
seen, the fatigue degradation model is implicated by several assumptions other than those
directly in relation with the fatigue model itself. This poses a major challenge. Additionally,
the strain distribution is symmetric in the numerical model. If an asymmetric distribution is to
be achieved that resembles the DIC, even more assumptions would have to be added,
implicating the fatigue model further. With educated guesses, the assumptions can be made
just, and the approach as such defended. However, an alternative method that better isolates
the degradation model would be advantageous.
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Figure 10 Schematic showcasing the problem encountered when comparing a numerical model with DIC strain
data on a specimen with a hole tested in tension.

Paper II and Paper III outline an alternative method that instead of applying the fatigue
degradation model to the strains from the numerical model only, applies it also on the strain
history from the DIC. The method allows finding S-N curves that apply locally. Provided that
the DIC software is set up correctly this eliminates the additional assumptions associated with
the numerical model and introduces the asymmetry as it is in the actual specimen. Both
standalone and particularly if combined with a numerical model as in Paper III, this approach
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validates the fatigue degradation model in a way that leaves little room for educated guesses
and arbitrary assumptions. For the more traditionalist researcher this approach may seem
ardous and arbitrary as it is impossible to have control of each DIC data point. However, even
though it may well be that there are some data points that are false, the shear amount of data is
so large that it very much trumps this argument. Another argument for employing this sort of
testing is that it’s in line with current developments on the cutting edge of data processing and
research in general. Taking it one step further, the strain to cycle curves of each individual
point can be used to extract multivariable S-N curves. Combined with modern data processing
tools, such as machine learning and neural networks, this holds great potential. Vassilopoulos
and Bedi [63] used an adaptive neuro-fuzzy inference system (ANFIS) on a big dataset from
normal fatigue tests of composites and managed to successfully predict S-N curves for any
combination of ply angle and stress ratio, proving that modern data processing tools holds
great promise within this field. Further, Golewski et. al. [64], recently managed to estimate
the fracture toughness in concrete using DIC by tracing crack propagation and crack tip strain.
Expanding the methods used by Golewski and combining it with big data algorithms on DIC
data from fatigue testing may one day enable very accurate estimates of progressive fatigue
failure mechanisms and S-N curves. The work in this thesis may inspire to taking such
approaches into the composite fatigue field.

Materials and Methods

Materials

Composite pressure vessels are commonly made out of CFRP. In the work in this thesis,
GFRP has been used instead. In the composite group at NTNU we have one GFRP composite
material that has seen extensive work by several PhD candidates and master students through
an eight year period. Characterizing a composite material is a time consuming process and not
necessarily as straight forward as for a metal. Using already established material data can
therefore be very advantageous from a time and work focus perspective. The GFRP material
was therefor used instead of CFRP. The material is the HiPerTex W2020 fiber produced by
3B [65] with resin Epikote MGS RIMR 135 mixed with curing agent Epikure RIMH 137,
both produced by Momentive [66]. CFRP and GFRP behave fairly similarly mechanically as
they are both a strong fibrous material embedded in a weaker matrix. Research on GFRP is
therefore equally relevant for CFRP, at least when considering general methods for modelling
and monitoring damage in composites.

Split Disk Testing

The split disk test setup is a way of testing tensile properties in the hoop direction of specimen
with ring geometry. It consists of two disks that are pulled apart. It is a convenient method of
testing cut outs from pressure vessels or other tubular components. Pressure testing of the
vessels on the other hand is a cumbersome process as only one vessel can be tested per vessel
produced. The split disk setup is simple and may test several specimen from the same vessel.
Figure 11 and Figure 12 shows the split disk test setup used in this thesis.
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Figure 11 The split disk test setup used in this thesis. White tape is used on the steel tension arms to hinder
reflections of light for DIC cameras.
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Figure 12 Schematic of the split disk test with DIC camera setup along with dimensions and the layup of the tested
ring specimen.

The main challenge with the split disk setup arises from bending occurring in the split, as
outlined in Figure 13. The bending is the main weakness of the split disk setup and is what
constitutes the main challenge when using the split disk for estimating tensile properties. The
bending will affect different layups differently depending on their stiffness and the resulting
stress and strain in the material can be difficult to estimate exactly. For monitoring and
studying damage development however, the bending effect is convenient as it concentrates
the damage development around a relatively small known area. Particularly when combined
with an imperfection, such as a hole, as used in this work, the area that will develop damage is
very predictable. This is in contrast to classic tab test specimen of flat composites, which
traditionally often fail at the grips, making damage monitoring inconvenient.
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Figure 13 Schematic representation of the mechanical equilibrium in between the splits in the split disk setup.

Despite the apparent simplicity of the split disk setup, many papers are concerned with
finding alternatives to the split disk test. These papers mostly investigate ways to obtain direct
measure of the hoop strength avoiding the natural stress concentrations caused by the split in
the classic split disk test setup. Such test rigs usually require tight tolerances on specimen
geometry and are complex compared to the standard split disk test fixture [67, 68, 69].

DIC

DIC (Digital Image Correlation) is a technology for reading full field strain from images of a
deformable body. It relies on recognizing patterns in an area of interest (AOI). Th,ese patterns
are normally in the form of speckles. Figure 14 outlines the method and will be explained in
the following. To the left in the figure is a typical AOI over a speckle pattern over some
deformable body. The AOI is divided into squares with a certain size. The squares are called
subsets. The subset size is relative to the speckle pattern and should ideally contain three or
more speckles of relatively even size [70]. The speckles in the figure vary quite a lot in size
and the speckle pattern is as such sub ideal. The step size says how many subsets are put on
top of each other, adding vector points without reducing the subset size. There are there for
two ways to increase the resolution, smaller subset size or smaller step size. However, it is
only the subset size that decides what variations in strain over the body that is recorded, while
the step size will give more data points, advantageous for noise cancelling, for example. To
the right in the figure is the deformed state of the speckle pattern. The deformation of the
subsets are given as vectors in the vector points using classic deformation gradient theory.
The method is as such comparable to classic finite element analysis with elements being
subsets and integration points steps. For the work in this thesis the Vic-2D software from
Correlated Solutions was used to post process the images and give strain data files. Vic-2D is
an industry standard DIC software.
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Figure 14 Explanation of the Digital Image Correlation principle.

Post processing DIC
While the strain field data was acquired using Vic-2D, smoothing and further use of the strain
data was done using Python scripts developed by the composite group at NTNU.

For the interest of the python competent reader, some details will be provided on how the data
was dealt with. As anyone would understand, the files and data were of a big size and the way
they were handled greatly influenced runtime of the scripts, which was considerable.

The data was organized in python as nested dictionaries. The dictionaries were organized as
follows:

dict[index][load][cycle]=[X,y,exx,eyy,exy]

Index denotes which data point (vector point in Figure 14), load is the load at which the image
was taken and cycle at which cycle. x,y is the location in Cartesian coordinates referenced to
the undeformed state and is unique for the index. The x,y is referenced to the undeformed
state so they do not change. exx, eyy and exy are the in plane strain components. As such,
each of the dots/vector points in Figure 14 would be assigned an index, going from 1 to the
total amount of datapoints in one image (typically 30 000). The index could have been
dropped, but was included as a quality assurance measure.

With such large amounts of data, relatively complex algorithms may be applied, such as those
used in the field of computer science. This was however out of scope for the work and the
algorithms used were of a simple nature. DIC, python and a lot of data are used. Most
conveniently, the large amount of data made it possible to smooth the data without neglecting
natural variations in strain and also to interpolate in between voids in the data. Figure 15
shows smoothing on an arbitrarily chosen strain to cycle curve from the data. As seen, the
smoothing yields what is arguably a fairly reliable curve, though this can obviously always be
discussed. Some parts of the DIC pattern on the samples were difficult for the image
recognition software to recognize in every image, making for some occasional blank spots in
the data. These were possible to interpolate over, using data from images where the software
was able to process the areas, a good example of how the large amount of data was used to
estimate missing data with a high degree of certainty. Figure 16 shows the interpolation
schematically on a strain to cycle curve with apparent voids. The strain to stress curve ends
short of the global failure when there was no data after this point and is thus labelled as a
“local failure”. The interpolation and the smoothing were the two operations that laid the
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foundation for Miner sum calculation and strain curve extraction as presented in the papers.
For the research, being able to extract reliable strain curves from any point or region in a fast
and convenient way made it possible to get a good and detailed understanding of the damage
mechanisms.
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Figure 15 Smoothing on a strain to cycle curve from a DIC datapoint.
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curve for all data points.

In short, the three following actions were enabled through python scripting:

e Smoothing strain data over the time domain.
o Investigating line slices and areas of interest.
e Miner damage calculation.

A resolution sensitivity study was carried out to confirm that the chosen subset size was
sufficiently small to catch the strain at the strain concentrations over the time domain. The
resolution was checked for all cycles for all samples. The study was simply done by trying
smaller subsets until the strains converged, as for a mesh sensitivity study in a finite element
model. Having too small subset sizes gives slow processing and possibly noisy data, therefor
it is important to choose a size that is sufficiently small to capture the strain of interest while
not being too small to introduce noise.
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UMAT and modelling progressive fatigue damage in finite element software
Modelling of damage was done with a Material User Subroutine (UMAT) in Abaqus. UMAT
works on the integration points and replace the Abaqus standard constitutive material models.
In it’s simplest form it takes in the strain increment vector and updates the stress increment
vector. It updates the stress increment by defining the Jacobian matrix. This is shown in
equation (1) and (2) with the directions being ply-specific as shown in Figure 17. Figure 18
shows the information flow chart of an element and where in the flow the UMAT belongs.
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Figure 17 coordinate system of the UMAT.
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Figure 18 Where in the finite element analysis information flow chart the UMAT exists.

UMAT is written in the FORTRAN language (a file may be named Materialmodel.for). The
UMAT file is a text file and cannot be executed by itself. For Abaqus to be able to read and
use an UMAT file it needs a compiler (Intel Fortran). The Abaqus software needs to be set up
to call the compiler upon use of an UMAT file.

Results

Here the key findings from the work will be presented. While the papers in Appendix A, B
and C present results on their own, this section aims at showing how the results from all three
may be combined to give a more solid foundation for the conclusions. For more detailed
results, see the appended papers.

Paper I - Strain field redistribution and matrix damage

In Paper [, basic failure mechanisms of composite fatigue was investigated. A high cycle
fatigue split disk test was run and monitored with DIC. In Paper I it was concluded that
damage spreading in the matrix material redistributes strain fields. Matrix damage occurred
long before initiation of fiber failure and was found to be steadily ongoing throughout the
whole fatigue life. Further it was concluded that damage in the matrix material eased travel of
progressive fiber failure and that fiber failure preferred to evolve in areas with matrix damage,
even if there were areas with higher strain in the fiber direction elsewhere in the structure, but
with less extensive matrix damage. The conclusion was drawn based on the graph in Figure
19 with results from the highlighted regions in the DIC strain plot in Figure 20. The graph
shows how the peak strain location moved throughout the test inside the four regions while
the SCF lowered until catastrophic failure. The only way for the location to move and SCF to
lower is by matrix damage, as schematically explained in Figure 21 with how loss of shear
transfer may reduce strain concentrations. As seen in Figure 19, the peak strain was 5000
micro strain higher throughout the test in the orange rectangle, it however had less strain
redistribution (less matrix damage) and therefor did not fail before the black rectangle, which
had extensive strain redistribution/matrix damage.
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Paper II - Local fiber S-N curve

In paper II an S-N curve for the fiber direction was found through damage calculation on DIC
data. There were two main novel methods in this paper: damage calculation on DIC data and
definition of local S-N curves.

The damage calculation on DIC data was initially suggested as a method to avoid matching of
strain from FE analysis with DIC strain data by changing parameters in the FEA failure
criteria to achieve better correlation. The initial idea being to test how coupon test S-N curves
predict damage on actual strain to cycle curves as in a FEA model using a Miner damage
accumulation rule. It was however found that the coupon test curves predicted very
conservative damage predictions, near useless for FEA implementation. A novel method was
suggested to find S-N curves for the fiber direction that applied locally and could be used as
input in a FEA model for prediction of fiber failure. The method was inspired by, amongst
others, He et. al. [61]. He used an iterative algorithm that changed the parameters of a static
finite element model of a composite SBS test to match DIC data from a static SBS test. A
static FEA model is relatively exactly defined and He’s approach is therefor relatively straight
forward. A FEA model of a fatigue experiment is less so, as outlined in Paper III that is
concerned with modelling. He’s approach is there for not possible to copy for a fatigue load
case. However, calculating the Miner damage on the peak strain per cycle from the DIC data
from the experiment is similar to the way damage is calculated in the numerical model. The
two damage calculations should therefor match given that the numerical model is reasonably
well defined in geometry and constitutive behavior.

DIC data differ from traditional cycle to strain curves from common fatigue testing in three
ways that makes finding local S-N curves different from normal coupon testing:

e There are many more strain to cycle curves in a typical DIC dataset than in an
experimental test program of 10 to 100 specimens.

e The DIC curves are not constant.
The DIC curves have no defined failure cycle.

The first is an obvious strength. The two other represent challenges that need novel methods
to overcome. The ideal case would be 30 000 cycle to strain curves with constant strain and
defined failure cycles. This would be equivalent to gradual fiber failure occurring over
constant strain in the monitored experiment and the possibility to record this failure. This
argument would be practically valid had there been gradual fiber failure in the structure and
constant strain. Both of these arguments are false, as proven in Paper 1. Gradual damage
occurs in the matrix and fiber failure occurs only over a short cycle span towards end of life in
the investigated specimen. The redistribution of the strain fields combined with loss of
stiffness from less stiffness contribution from the matrix gives large changes in the stress and
strain distribution throughout the experiment. The Miner damage accumulation rule may be
used to overcome variable strain curves. The aim then being failure at a Miner number of 1.0.
The issue of a non-defined failure cycle may be overcome by looking at failing areas/regions
instead of failure cycles, as all the strain curves last until the global failure cycle. Some areas
develop fiber failure while other areas don’t. In the areas that do not develop fiber failure, the
Miner damage rule should have a value below 1.0 throughout the whole fatigue life. In the
areas that do develop fiber failure the Miner damage rule should have a value above 1.0.
While the Miner damage accumulation rule has a very defined value for failure; 1.0, it is still
subject to the same variation in fatigue properties as an S-N curve, which can be a decade or
more for GFRP. A decade scatter is the difference in Miner sum between 0.1 and 1.0 or 1.0
and 10.0. This makes studying failing and non-failing areas more convenient than bothering
with the exact value of the Miner sum. In the following a summary of Paper I is given
highlighting how the issues discussed above were dealt with in practical terms.

In Paper 11, three specimens were fatigue tested at constant load. The specimens failed at 40
820, 65360 and 127 768 cycles and are called A to C respectively. All three specimens had
very defined regions that contained failure, three to four in each specimen outlined in Figure
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22. The red areas developed fiber failure first and green failed shortly after the red. The
remaining part of the specimen showed little fiber damage. It was concluded that any S-N
curve should predict damage in the red areas.

To evaluate the S-N curves, exposure factor was used instead of Miner sum. Exposure factor
is defined in equation (3) and (4). It is the strain divided by the residual strain in the point of
interest. Residual strain is given by the Miner rule following Hashin’s residual strain
calculation [25].

The found S-N curve predicted damage (exposure factor above 1.0) at close to catastrophic
failure as shown in Figure 23 for the three specimen. To evaluate different S-N curves over
the time dimension, the width of the failing regions with exposure factor above 1.0 was used
as measure. This is outlined in Figure 24 for Specimen C with the damaged width of three S-
N curves in Figure 25. The A curve has the origin strain in the log-log S-N curve at 22150,
which was the static failure strain found when lab testing at NTNU’s lab. Curve B has got the
origo strain at 33 000 microstrain, reported as the static max strain by the fiber producer. S-N
curve D has got the origo strain at 57500 microstrain, which gave a correct damaged width at
the failure cycle. The S-N curves are displayed in Figure 26. Seeing as curve D had the
correct damaged width at the failure cycle it was concluded to be the correct curve to use for
input in the Finite Element Analysis. It is considerably higher than the other S-N curves, this
is due to the local nature of the measuring, using DIC. Locally, strains can be much higher
than the mean used in normal tab test, either from the test machine displacement or from
traditional strain gauges, explaining the difference. See Paper II for further details.

Specimen A Specimen B Specimen C

Figure 22 Areas containing failure of the specimens in paper II, red indicates the sections containing first fiber
failure.
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Figure 23 Exposure factor over specimen A-C at close to catastrophic failure for the local S-N curve.
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Exposure factor over Specimen C
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Figure 24 Exposure factor projected over failure of the C specimen.
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Figure 25 Damaged width of the first failing cross section in Specimen C for various S-N curves. The A and B are
using nominal reported coupon test properties from the NTNU lab and the fiber producer, while the black curve is
the curve that was found that most correctly predict damage in the DIC images.
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Figure 26 S-N curves for damage calculation.

Paper III - Novel method of modelling progressive fatigue damage

Paper III outlines a novel method for modelling progressive fatigue damage in composites.
While almost all past work attempts to match the global constitutive behavior in model and
experiment, the presented model both takes in the global and local behavior. The model was
compared with Specimen C having a failure cycle of 127 814 cycles. In the past two papers, a
failure cycle of 127 768 was reported for Specimen C, however, this was when the last DIC
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image was taken and mistakenly taken for the failure cycle. The discrepancy was due to a data
bug and the actual failure cycle was found to be 127 814 on a later stage. The failure cycle is
however arbitrary to the goal of the work, which is the process leading up to catastrophic
failure. This data bug has there for not been put any emphasis on in the papers. However, it
comes to light when doing a review of all three papers and in the spirit of research honesty it
is therefor commented here.

Fatigue damage was modelled using cohesive surfaces for macro matrix cracking and an
UMAT user material subroutine for micro damage. Only selected cycles were simulated using
a simplified cycle jump approach. The cohesive surface formulation was not subject to any
fatigue degradation rules during the analysis, but had the fracture energy and contact strength
globally reduced to take into account fatigue damage. The UMAT reduced the failure strain in
the respective directions based on max strain failure criteria and log-log S-N curves. While
the matrix properties were taken from standard coupon testing, the fiber S-N curve was as
described in Paper II. Though the respective directions were treated individually, reduction of
matrix associated properties (all directions apart from the fiber direction) followed peak
exposure factor in the matrix associated directions. Fiber failure only followed the exposure
factor in the direction of the fiber. Table 2 shows how the stiffness was degraded using
stiffness degradation factors S;; after failure for the individual directions based on the value of
the exposure factor f;; as defined in equation (3) — (6) M is the Miner sum and « the slope of
the log-log S-N curves.

Table 2 How reduction factors are changed depending on failure criterion.

S13 | Sop | S33 | Sip | S13 | Saa
Fiber failure (f;; > 1.0) 0.1 101 |01 0.1 |O0.1 |0.1
Matrix failure (f55, f33, f12, f13 01 f23 > 1.0) 09 101 (0.1 |01 |0.1 |0O.1
1
0 0
Eres,11 0 0 0
% 1
1 0 000
[fll‘l Eres22  Eres22 . 0 0 0 £11
|f22 | Y13 0 €22
f33 _ Eres,33 €res,33 . €33 3)
fiz 1 0 0 €12
|f13 | Eres,12 €13
£, 00 0 €23
0 0 O 0 : 0
00 O res,13
0 0
Eres,ZB-
Eresij = En[1—MN]® )

E; Si1 O 0 0. 0 0 Eqq
[Ezz] [0 s, 0 o 0 0 ] [Ezz]
E33 _ 0 0 Ss 0 0 0 |, E33 )
Gy 0 0 O Si2 0 0 G1z
Gi3 0 0 0 0 S35 0 Gi3
G, 000 0 0 Syl LGyl
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V12 S22 0 0 V12

|:V13:| = [ 0 513 0 ] * [V13] (6)

Va3 0 0 Sy Va3
Due to variations in matrix properties as outlined in Paper I, the FEA model of the split disk
was run with five material cases called A-E. A had original material properties and D had
very reduced properties in the matrix direction, with the origin of the matrix S-N curves
reduced down to 40% of the original value. E was run without degradation in the fiber
direction, as this was found to greatly increase runtime while also not being representative of
the experimental fiber failure. Table 3 and Table 4 summarize the reduction factors, see Paper

111 for more extensive explanation of the factors and modelling method. Figure 27 shows the
model, it’s 1/8 to reduce analysis time.

Table 3 Material cases for model A — D.

Factor applied to Factor Factor applied | Stiffness degradation
nominal static values | appliedto | to fracture factor of fiber upon
and S-N curve origin | contact energy matrix failure, S;,, see
(%7, ESar €950, strength (Gp, Gs, Gy) Table 4.
53?35, “3102' 5103: é203) (tn ts te)
Model A | 1.0 02,7 0.6 | 0.6 0.9
Model B | 0.6 Gor 0.6 | 0.6 0.9
Model C | 0.6 G,,7 * 0.36 | 0.36 0.6
Model D | 0.4 G507 * 0.36 | 0.36 0.6
Model E | 0.6 Gy 0.6 | 0.6 0.7

Table 4 Stiffness reduction factors for Model C, D and E.

511 SZZ 533 512 513 523

Fiber failure (fy; > 1.0) 0.1 (A-D)/1.0 (E) 0.1 01010101

Matrix failure (fy3,33,121323 > 1.0) | 0.6 (Cand D)0.7 (E) | 0.1 [0.1 [0.1 [0.1 [0.1
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Figure 27 FEA Model mesh and geometry.

Strain field comparison of the FEA model and the experiment is shown in Figure 28 from
cycle 80 000. The matrix damage model D curve approaches the strain curve from the black
rectangle (green curve), while Model A with original properties approach the curve from the
red rectangle with little matrix damage (orange curve). It can be seen that the reduced matrix
property model (Model D) clearly gives an uneven and higher strain curve than the original
matrix property model (Model A). After 80 000 cycles, the models were not able to capture
the strain fields as the bottom hoop layer failed, see Paper III for further details.
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Figure 28 FEA models and strain curves over the most and least strained cross sections in Figure 20, the black
and red rectangles.

The global behavior expressed through cross head displacement is shown in Figure 29. The
displacement curve does show how the five models all match the displacement from the
experiment apart from model D, which shows a markedly more compliant behavior.
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Figure 29 Cross head displacement in model and experiment compared.

It was concluded that Model E, with the fiber degradation removed, was the most fit for use
model. It had low runtime while managing to highlight what regions would later develop
matrix damage. From Paper I it was proven that the regions with the most extensive matrix
damage would later develop fiber damage, and as such model E could there for be used by
design engineers to find regions susceptible to this. Evidently, if there is low loads in the fiber
direction and high loads in the matrix direction, this argument will be false. However, for
pressure vessels, the fibers are oriented to carry the main bulk of the load and as such Model
E would be useful. While not simulating fiber failure directly, Model E could still plot where
the exposure factor in the fiber direction exceeded 1.0 and this first happened a decade before
catastrophic experimental failure, same as for the other models. Using first integration point
with exposure factor above 1.0 as design criteria would yield a sufficient safety factor towards
catastrophic failure and would anyway make simulation of the actual catastrophic failure
superfluous, further supporting use of Model E.

Conclusions
The work has produced novel methods and results documented in three papers.

The first paper proved how fatigue damage in filament wound materials is largely driven by
damage progression in the matrix. It was found that matrix damage eases progressive fiber
failure and is the key parameter for predicting likely point of fiber failure in high strain areas.
A monitoring method for composite components with particular appliance to pressure vessels
was suggested and proven on an experimental specimen, tracing the strain concentration
factor and strain field change expressed as shift of strain concentration over time. As matrix
damage changes the strain distribution, tracing the strain shift and SCF over time indicates if
matrix damage is evolving or not.

The second paper made further use of the DIC results used in Paper I and suggested a novel
method for finding S-N curves based on DIC strain data. The method is based on tracing the
Miner damage over regions containing fiber failure. An S-N curve was capable of predicting
failing regions in three specimens. The S-N curve was considerably higher than what would
be expected from conventional tab testing, an attribute of the local scope of the investigation.

To further investigate the S-N curve in Paper II and the damage mechanisms found in Paper I,
a finite element analysis was made of the split disk experimental setup and a fatigue
degradation method was developed. Paper III describes the model and the results. While the
model itself was as equal in geometry as possible to the split disk and used conventional
methods for modelling, the degradation method was novel. The degradation method consisted
of a micro damage modelling method using a user material subroutine (UMAT) and a macro
damage method using conventional cohesive surfaces in Abaqus. The UMAT used the max
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strain failure criterion, log-log S-N curves and the Miner fatigue damage accumulation rule to
account for fatigue damage. To handle the brittle nature of matrix and fiber failure, a cycle
jump approach was used. Variations in matrix properties in the experimental data were
handled by running five models with matrix properties ranging from full down to 40% of the
original properties. The models matched the strain fields from Paper I with different matrix
damage. The good match proved how variations in matrix properties and spreading of matrix
damage was the key reason for the strain field redistribution observed in Paper I.
Interestingly, fluctuations in the strain fields observed in the first failing regions in the
experiment was also present in the FEA model with the poorest matrix properties. The finding
further supports that matrix and fiber failure are strongly linked. The S-N curve from Paper II
managed to predict fiber failure within a decade of the observed experimental failure using
the developed modelling approach and the principle of first fiber failure. The model fell short
of correctly modelling catastrophic fiber failure due to the sudden nature of this process.
However, being able to model the onset of fiber and matrix damage fairly accurately is
already an improvement and probably sufficient for most practical applications.

Suggestions for future work

Numerical and Experimental work

While the tested ring specimen in this work had a fairly complex strain distribution, they had
a very defined point of failure, the advantage of using the split disk setup. Ideally, an
experimental setup would be developed with the point of failure predictability of the split disk
without the complex strain fields arising from through thickness strain fields at the splits. In
this way, more specific failure mechanisms could be monitored. Flat coupon specimens are
perhaps the most obvious alternative, however, they traditionally fail at the grips when testing
with composites and they perform poorly with curved specimen from filament winding.

Regardless of the test method, the most important prospect lies in the way data are handled
from the experiments. The more information that can be acquired, the less assumptions have
to be made. While recording peak strain throughout cycling may estimate the S-N curve
locally and give information on progressive failure, it still gives little information about the
evolution of the constitutive properties. If in addition to recording the peak strains, also the
strain at intermittent loads were recorded, the stiffness of each point may be correlated to the
damage state in the point. The concept is outlined in Figure 30. This will give extensive
datasets, but while the peak strain frames may be shot with the same frequency as in this
work, the intermittent frames may be done less often, giving a small increase in data with a
potentially big gain. If combined with the numerical matching method of He et. al. [61], it is
possible to get very exact answers to constitutive behavior and it’s degradation over time. The
work will be very much of a data handling format, but this is also the nature of modern
science. Within the somewhat chaotic field of composite fatigue it has big potential.
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Figure 30 A load vs time curve with red dots indicating when the DIC cameras should fire in a method that may
give more information on the damage state’s effect on the constitutive behavior.

The perhaps biggest challenge model wise is how to handle the brittle nature of progressive
failure in composites. This is hugely challenging and in essence an impossibility using
conventional iterative schemes without predefined crack lines. The ideal model would
evidently load up once and iterate on time and damage. Progressively reducing stiffness in
integration points as damage progressed, not needing the cycle jump approach. The cycle
jump approach, despite it’s weaknesses, does have some advantages, particularly if combined
with data from DIC monitoring as outlined in Figure 30. In essence, the cycle jump approach
follows a load vs time curve more or less as in Figure 30. By comparing not only the peak
strains per frame, but also the strain in the loading phase, even more accurate comparisons of
model and experiments can be made than in Paper III. If combined with numerical methods
such as that proposed by He et. al., iterative matching between model and experiment can be
done at different cycles.

The goal of numerical and experimental matching and comparison is to reduce the amount of
assumptions in between experiment and model. The most basic experimental observation is
limited by the human capacity as a monitoring tool, visual inspection and perhaps hearing. By
making a model that is equal in geometry and has failure occurring at the same place as the
experiment, the human capacity is used to close to it’s full potential. The perhaps next step is
having a displacement to load or time curve from the test machine that may also be matched.
This is so far most experimental and model matching goes in research. By using assumptions
on the cross section and stress/strain distribution, a stress/strain or S-N curve may be acquired
from the displacement and load data. Using DIC, the point by point surface strain may be
acquired and matched with the model leaving fewer assumptions. This is evidently an
advantage, but for materials with many imperfections it may also reveal a very chaotic reality
that is challenging to apply exact definitions to, necessary for modelling. This is evident in the
DIC data from the split disk testing and modelling.

Finding methods to handle the chaotic nature of composites is difficult and to better match
model and experiment is the aspect that may yield the biggest challenge. A FEA model
demands discretely defined areas of material properties with clear borders in between. An
actual component have a chaotic distribution of imperfections and the borders between
stiff/soft and strong/weak material may be randomly drawn. However, given material failure
in one key area or point, the progression may be dependent on the material properties in the
neighboring material and a global reduction of properties may be used instead of discretely
defined regions. This is in essence the approach used in Paper III, handling the strain curves’
variation by a parameter study. With better matching of model and experiment, the size of the
parameter variation may be more exactly defined and also, perhaps equally interesting, the
distribution and extent of weak material in a structure may be more exactly defined.
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Monitoring - NDE

While the experimental and modelling work demands extensive resources and time to
improve, Non Destructive Evaluation, NDE, or monitoring of damage in composites with
particular focus for pressure vessels may demand less resources to develop. This is largely
due to the recent advent of data handling tools such as Python which has enabled the normal
engineer to handle data in a way that was left to data scientists before. The DIC data
evaluation method outlined in Paper I and II may serve as a basis for further work.
Monitoring could be either done over an area with wear or at known weak spots in vessels. A
speckle pattern painted over such an area and images taken evenly throughout the use of the
vessel may give information on the stability of the strain fields. A graph such as in Figure 19
with measures that was proven to single out the most critical regions outlined in Figure 20 in
Paper I may be produced for a monitored vessel. In the advent of a steadily falling SCF and
movement of the strain concentration, the monitored area clearly would contain spreading of
damage and this would be a warning sign to the integrity. The advantage of the method is that
the pressure of the vessel upon monitoring would be arbitrary and a sequence of DIC frames
over some time enough to judge the damage state of the area of interest.

Provided images from peak pressure, a Miner sum could be calculated as in Paper Il and a
plot of theoretical damage produced and updated with each new DIC frame. Figure 31 has got
the strain shift from Figure 19 over the black rectangle in Figure 20 plotted along the
damaged length from the same area in Paper II. As seen, the two correlate and both may serve
as a valuable tool for integrity monitoring. The fact that the two correlate gives the
theoretically calculated damage some physical evidence and the two in combination gives a
very good view of the severity of damage in the area of interest.
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Figure 31 Damaged length from Paper II and peak strain shift from Paper I plotted in the same figure.
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Abstract: Fatigue of filament wound materials was investi-
gated using Digital Image Correlation DIC monitoring every
50t cycle of a high cycle fatigue test of a split disk ring
sample. The ring was cut from a filament wound glass fiber
reinforced polymer pressure vessel and had a hole. The
strain field redistributed over time, lowering and moving
strain concentrations. The redistributive behavior was most
extensive in areas that later developed local fiber failure,
which soon led to catastrophic failure. Microscopy was car-
ried out on partially fatigued material. Damage evolved as
matrix cracks and matrix splitting of groups of fibers and
complete debonding of single fibers. This occurred at bor-
ders of voids and matrix cracks, easing progressive fiber
failure. It was concluded that fatigue in filament wound
composites has an extensive matrix damage phase before
final failure. Fibers could locally withstand strains close
to and above the static failure strain for considerable num-
ber of cycles if little local strain field redistribution was
observed. The used method was able to detect changes
in the strain fields that preceded catastrophic failure. It
was concluded that DIC combined with the post processing
methods presented may serve as a valuable tool for struc-
tural integrity monitoring of composite pressure vessels
over time.

Keywords: Composites; Filament Winding; Fatigue; Digital
Image Correlation; Progressive damage; Strain Fields

1 Introduction

Composite pressure vessels are widely used for transport-
ing and storing gas, especially hydrogen. Understanding
how fatigue damage initiates and grows is critical for this
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application and for further development of predictive mod-
els. The current design/verification standards demand full
scale testing of every new pressure vessel design driving
up development cost. Additionally there are very tight tol-
erances on wear and damage from use, leading to potential
premature decommissioning. A better understanding of the
long-term properties can optimize the use of composite ma-
terials and simplify the testing requirements, giving leaner
and cheaper designs [1-6].

Testing of composite pressure vessels can be simplified
by testing of curved filament wound samples as an alter-
native to tedious full scale testing of the vessels. Currently,
the split disk method is perhaps the most pragmatic and
easy to use. The method does introduce complexities that
need addressing. Most critical being the influence of the
split on the through thickness strain fields. Prior research
suggests that the strain concentration introduced through
friction between the split of the disk and the specimen is
negligible provided that the friction between sample and
disk is low [7, 8]. However, through thickness strain concen-
trations will arise from bending [9]. These will be located
at the outside surface at the split and inside surface at the
center, as indicated in green squares and lines in Figure 1.
The hole in the specimen was introduced to further con-
centrate the strain simulating damage in a pressure vessel.
The hole concentrates the strain to four known points as
indicated by black circles in Figure 1.

The non-homogenous nature of composites, such as
variations in the fiber and matrix distribution, makes tradi-
tional single point strain monitoring methods insufficient,
such as strain gauges. Knowledge of the entire strain field
would be needed. This particularly applies when studying
damage evolution, where strain fields may change over time
due to progressive damage development. With the advent
of ever larger processing power of computers it is now pos-
sible to use full field strain monitoring technologies with a
data acquisition frequency suitable for fatigue testing. One
such high-resolution monitoring method is Digital Image
Correlation (DIC) strain monitoring.

Matrix voids and layer thickness in particular tend to
vary extensively throughout the layup when using filament
winding [10]. Layer thickness will naturally affect the local
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Figure 1: Schematic illustrating the strain concentration from bend-
ing in a split disk sample in green squares and lines and the further
concentration introduced with a hole. Arrows and circles further
highlight the strain concentrations.

strain fields through varying amounts of loadbearing ma-
terial. Matrix voids affect the mechanical properties and
strength of unidirectional composite materials to a great ex-
tent, particularly under cyclic loading, as shown by several
recent publications [11-15]. It is therefore to be expected
that fatigue damage in a filament wound component will be
dominated by matrix damage and also have a considerable
scatter and variation in mechanical properties, lifetime and
strain fields. The possible spatial variation of properties
makes DIC a particularly useful monitoring method, since
DIC can monitor the entire surface of the test specimen.

DIC has been shown to be a powerful tool for monitor-
ing composite fatigue. Prior studies utilizing DIC [16-18]
have concluded that there is extensive strain field evolu-
tion and damage development throughout the fatigue life.
Post processing high frequency DIC data is however com-
putationally expensive. Little effort has so far been made
to tailor the post processing to better highlight fatigue dam-
age growth of composites besides acknowledging that it
can be extensive and progressive. For static properties how-
ever, some efforts have been made. He et al. [19] used DIC
of short beam shear tests combined with a finite element
iterative algorithm to find mechanical constants. He’s al-
gorithm matched the FEA strain field with the DIC strain
field by iteratively changing the mechanical constants and
a consistent convergence was found.

DIC is a good candidate for structural integrity moni-
toring of pressure vessels. A potential alternative is optical
fibers embedded in the vessel’s laminate. They have re-
cently been tested as an integrity monitoring tool for fatigue
and impact damage, most notably by Munzke et al. [20] and
Saeter et al. [21]. Both studies found that while the tech-
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nology provided the desired information and gave good
indication of the structural integrity, noise and measure-
ment failure from wear on the optical fibers was an issue.
In addition, the embedding of the optical fibers into the
pressure vessel is an elaborate process. Unlike DIC, optical
fibers or strain gauges may only capture the strain in the di-
rection they are mounted, while DIC captures the full field
strain in all directions. Post processing signals from opti-
cal fibers using the Rayleigh Backscatter method, virtual
gauge lengths may be down to 5 mm. The Rayleigh method
is the optical fiber post processing method that gives the
highest spatial resolution, on par with conventional strain
gauges. The virtual gauges may be placed with 1 mm inter-
vals, giving 1.5 mm overlap [21, 22]. The DIC on the other
hand have a spatial resolution that is only dependent on
the speckle pattern and camera resolution, in theory this
may therefor be down to the atomistic level. In practical
engineering terms using conventional equipment, the res-
olution can easily be down to 0.5 mm gauge length, with
intervals that can easily be 1/10 of the gauge length, such
as used in this study. The only drawback of DIC is that it
may not perform measurements at the very high frequency
regime which strain gauges may be able to. However, DIC
is a rapidly evolving technology and any weaknesses of
today may be solved tomorrow. Advanced software is freely
available on the net [23-25] and it is seeing a rapid develop-
ment commercially, such as being embedded in commercial
cellphones [26]. It’s therefore a technology with a high sci-
entific potential. Identifying its possible appliances, such
as for structural health monitoring of pressure vessels and
damage development in composites, is the first step on the
way to introduce DIC to new fields, where it may give high
gains.

This paper investigates mechanical fatigue in a fila-
ment wound ring with a hole tested by the split disks
method monitored with DIC. The hole was introduced to
investigate how fatigue damage evolves around a strain
concentrator, simulating damage in a pressure vessel. The
study looks into the changes of the surface strain field with
increasing number of cycles around several strain concen-
trators to explain the scatter and evolution of fatigue dam-
age that may be inherent with filament wound materials.
This paper also suggests how the DIC post processing meth-
ods used may serve as a valuable structural integrity moni-
toring tool for pressure vessels in use.
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2 Experimental setup

2.1 Split disks

The fatigue test was performed on a composite ring cut
from a pressure vessel loaded by a split disk in a tension
rig. The split disks and the sample had equal dimensions;
50 mm wide and 140 mm in diameter, see schematic in
Figure 2. The disks were split by an 11 mm gap, as can be
seen in Figure 2. The split disk setup with sample installed
can be seen in Figure 3. To minimize the friction between
the sample and the disks, industrial grease was used as
lubricant. The split disk rig was designed for loads up to
100 kN, roughly twice the testing load.

DDia 20 mm

}Dia 20 mm

Figure 3: Split disk setup with composite ring installed. Cameras
on each side and strong lights to provide enough light for the short
shutter speed.
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2.2 DIC setup

Figure 3 shows the DIC setup, a system from isi-sys. Two
cameras were employed, one on each side of the split disk
to be sure to capture damage development on both sides.
2D DIC was used as only the area around the hole was of
interest, here the total curvature over the camera frame
was deemed too low to necessitate 3D DIC. The shutter
speed was set as low as possible without compromising
brightness. Strong light sources were used to accommodate
the short shutter speed. The cameras where synchronized
against the test machine’s force output, taking pictures at
peak load. The image acquisition period (cycles between
each picture) was 50 cycles.

The DIC resolution was checked and peak strain was
found to converge for the chosen resolution. When using
DIC to capture steep strain gradients in high strain areas,
some noise will result [27, 28]. A running average over 1000
cycles was used to smooth the strain data in each point.

2.3 Loading scheme

The test sample was fatigue loaded with a sinusoidal load
vs. time sequence. The maximum load was 40 kN and the R-
ratio was 0.1. Failure occurred at 127815 cycles. The R-ratio
of 0.1is typically used in testing and is a reasonable R-ratio
for a pressure vessel in use, with pressures ranging from
almost empty to full. The load frequency was set to 1 Hz.
This is quite low, but any higher frequency caused exces-
sive frictional heat and subsequent heat affected epoxy, as
investigated during preliminary tests on other rings from
the same pressure vessel.

3 Materials and fabrication

3.1 Samples

The split disk test sample was cut from a filament wound
pressure vessel wound with a layup of [+895, +15°, +89°;,
+15°]. Using the filament winding production method, it
is not possible using conventional approaches to manu-
facture laminates with exactly straight angles in the hoop
direction and particularly the axial direction; which has
to be helically wound. 89° (nearly hoop) and 15° (nearly
axial) were the highest/lowest angles that were possible to
produce without compromising on quality given the fila-
ment winding machine and mandrel used. The layup was
chosen based on the following requirements.
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Base the layup on a [~90°,~0°], layup as this is a
commonly used layup in pressure vessels.

Avoid extensive matrix splitting along the fibers in
the loadbearing layers.

No more than four hoop layers to avoid exceeding
the maximum force limit of the test machine.

¢ Have the inner layer as a non-loadbearing layer to
hinder any friction between the splits of the disk and
the inner layer affecting the loadbearing layers.

No more than two helical layers to keep production
time within the pot life of the epoxy. (Winding helical
layers is time consuming.)

Keep overall thickness low to hinder too big variation
in through thickness strains.

Experience suggests that having only hoop layers in the
layup induces extensive matrix splitting along the fibers
when testing with the split disk method. Essentially split-
ting the sample into several smaller samples. This is partic-
ularly true for samples with a natural strain concentration
inducing shear strains, such as the hole used in this study.
Axial layers hinder this behavior as they can transfer some
of the shear, particularly if distributed evenly across the
layup. With the epoxy, filament winding machine and fiber
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used in this study the [+895, +15%, +895, +157] was judged
as being the best compromise given the mentioned con-
straints.

The geometry of the sample can be seen in Figure 4, 6
indicates winding angle. The 20 mm hole was machined
with a 20 mm milling tool, 40200-HEMI produced by Seco
Tools, which assured minimal fiber and matrix damage
around the circumference. To ensure a smooth exit of the
tool at the inside of the sample, the holes were machined
with a polyethylene liner tightened against the composite
ring.

The fiber in the vessel was HiPerTex W2020 produced
by 3B [29] with resin Epikote MGS RIMR 135 mixed with
curing agent Epikure RIMH 137, both produced by Momen-
tive [30]. The winding mandrel, a 140 mm outer diameter
polyethylene pipe with steel domes was cut and extracted
after winding. The epoxy does not bond to polyethylene
and the coefficient of thermal expansion is higher for the
PE than the epoxy, making for easy extraction of the liner
when cooled to or below freezing. Curing was done for 15
hours at 80°C.

z \
| ——
,~=-=3.7mm
A A
] ]
I ]
L ]
180° +/-2° 20.0 mm
____________________ \i e et e s e
\\\ 90°
\\140.0 mm
\9 °
L~ 0

Fibers not in scale
to showcase layup

Figure 4: Composite ring sample geometry.
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Figure 5: Microscopy of the pressure vessel.

Figure 6: Detailed microscopy showing individual fibers.

3.2 Material characterization

A material characterization was carried out using burn-off
testing and microscopy to assess the fiber volume fraction,
void content and typical variation in layer thickness. The
burn-off test gave a fiber volume fraction of 0.52 using the
procedure described in ASTM D3171 - 15 [31]. However, as
noted by E. Hugaas [32], when using burn-off testing, any
voids will give an artificially high fiber volume fraction.
Looking at the microscopy picture in Figure 5 it is evident
that the void content is considerable and the actual volume
fraction of fibers is consequently lower. Figure 6 shows de-
tailed microscopy down on the individual fiber level. Con-
sequently the actual volume fraction of matrix is also low,
while the volume fraction of free space is relatively high.
The fiber volume fraction measured here is typical for many
structures made by filament winding while it would be high
for typical flat panels made by vacuum assisted resin infu-
sion or pre-preg consolidation.

Also evident in the microscopy is a considerable vari-
ation in layer thickness. As strain rather than stress is the
property of interest for the work in this paper, the volume

Table 1: Material properties.

Material Value Perillo Value 3B Unit
parameter [10] [29]
E; 33.06 (38.6) - GPa
Xt 732 (855) - MPa
€1t 22150 31000- Microstrain
(X¢/E1) 33000

fraction matters less as the failure strain of the fiber is not
affected. However, it will influence the fatigue properties
through faster matrix crack growth with more voids [14].
Table 1 shows properties of the used material previously
measured by Perillo [10], along with the maximum strain
for the fiber from the fiber supplier, 3B [29]. The maximum
stress in fiber direction for the data from Perillo was linearly
converted to maximum strain by equation (1). Only the max-
imum fiber strain was available from the fiber supplier as
they do not have test data for this particular combination
of constituents. As can be seen, there is a big difference
between 3B’s and Perillo’s maximum strain. The deviation
is likely due to a more idealized test setup for the supplier’s
data and more careful handling of the fibers than in the
filament winding machine.

B -3t

6y

4 Results

4.1 DIC

Line slices were used to investigate strain development over
the highest strained cross sections. Figure 7 shows schemat-
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Schematic line slice plot at cycle N
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Figure 7: Schematic description of a line slice.
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Figure 8: Line slices over hoop strain contour plot at failure. First
point of failure in the surface material is indicated by the voids
inside the black line slice. Notice also the shear splitting along
the tangent to the hole, leaving the center with little load bearing
material.

ically how line slices were defined and how the shift of peak
strain was defined on the line slices. The peak strain shift
was used as a measure of strain field redistribution. Due
to the inherent non-uniform strain distribution, line slices
had to be defined over a width as well as a length to capture
all relevant strain fields that would otherwise be located at
the intended line slice provided a perfect material.

The line slices were located at the interesting areas with
strain concentrations shown in the contour plot given in
Figure 8 for hoop strain within 50 cycles from the failure
cycle. Shift of peak strain and Strain Concentration Factor
(SCF) plots for the slices can be seen in Figure 9. The peak
strain shift zero value is relative to where the peak strain
was in the first cycle recorded by the DIC (therefor all strain

Average strain over line slice

shifts starts at 0 mm). Catastrophic failure was initiated
as fiber failure inside the black line slice indicated by the
voids in the left side of the slice. Fiber failures developed
over the last 400 cycles before catastrophic failure. Exten-
sive shear splitting along the tangents to the hole can be
seen as tangential white voids. The shear splits were initi-
ated already during the first cycle and grew progressively
throughout cycling. Note: Bending lowers the strain in the
center as depicted in Figure 1.

The strains along the cross section in the line slices with
most and least strain redistribution are shown in Figure 10
and Figure 11 for different fatigue cycles. The line slices are
the black and orange line slices shown in Figure 8.

4.2 Microscopy

At ultimate failure the ring specimen broke into two parts
on only one side near the hole. All strain evaluations pre-
sented above were done for the side that failed. The other
side had similar partial damage developing near the second
hole. This side was used for investigating partial damage
by microscopy. Small samples could be cut out and pol-
ished for the investigation having internal damage from
fatigue that is not affected by the final catastrophic failure
happening on the other side of the ring specimen.

Figure 12 shows microscopy from the bottom hoop layer
close to the split of the intact side of the ring, a cross section
with high strains where it was deemed likely to also find
damage. As can be seen there is extensive matrix cracking
(red lines) running between voids in the matrix and along
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SCF and peak strain shift plot
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Colors correspond to line slice colors: SCF (Full lines) ~— — — - Peak strain shift (dotted lines)

Figure 9: SCF (Maximum strain/average strain) over line slices with the peak strain shift. As can be seen, the SCF is proportional to the
redistribution and is steadily falling and lower for the areas with the most redistribution, black and green.
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Figure 10: Maximum hoop strain over the black line slice with location of peak strain over the line slice thickness plotted. As can be seen
there is extensive redistribution occurring.
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Max hoop strain within orange line slice
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Figure 11: Maximum hoop strain over the orange line slice with location of peak strain plotted, despite high local strains, there is little
redistribution due to low strains in the area surrounding peak strain at 10 mm.

Figure 12: Microscopy of the most strained intact side of the ring with matrix cracks indicated. The green square refers to Figure 13.

the layer interfaces as delamination. This supports the work
by Plumtree and Shi [33] and Maragoni et al. [12, 14] who
found that matrix voids ease matrix cracking in fatigue and
that matrix cracks prefer to propagate in between voids.
Figure 13 shows the green area outlined in Figure 12.
The areas highlighted in red can be seen to contain
debonded fibers and some split of groups of fibers. What
may be fractured material can also be seen to be spread as
“dust”. The matrix splitting and debonding can be seen to
have nucleated from the walls of matrix voids and cracks.
Figure 14 shows the fracture, where the DIC results are
from. Due to the evidently chaotic nature of the fracture,
SEM or microscopy of the fracture was impractical. The mi-
croscopy of the damaged material in Figure 12 and Figure 13

was found sufficient to give support to the findings from
the strain graphs. The image of the fracture does however
highlight where and how catastrophic failure progressed.
As can be seen, fiber failure follow the high strain areas in
the DIC images outlined with the same colors as in Figure 8.
The fiber failures can be seen to “jump” from side to side
across the center, likely as an effect of where matrix dam-
age extended across the sample. Inside the black rectangle
in Figure 14 it is possible to identify the first fiber failure
observed as voids inside the black rectangle in Figure 8, the
fiber failure is outlined with red arrows in the figure.
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Figure 13: Zoomed area from Figure 12. As can be seen, fiber groups
have split from the bulk material and some fibers have completely
debonded; here fiber failures can easily interconnect. Red circles
highlight the most damaged areas.

Figure 14: Image of the failed specimen with fiber failure origins
outlined in colored squares. The final fracture line runs along both
upper and lower side of the specimen and the fiber failures “jump”
across the center of the specimen. First fiber failure from the DIC
contour plot in Figure 8 is outlined.

Filament wound composite fatigue mechanisms = 409

4.3 Discussion

There is a varying redistribution of strain near the hole for
the different line slices and a marked lowering of the Strain
Concentration Factor (SCF), as presented in Figure 9. The
largest shift of the position of the peak strain was 12.5 mm
happening in the black line slice. The change of SCF was
only from 1.2 to 1.05. The highest change in SCF was from
about 1.35 to 1.1 for the red and yellow line slices. In both
cases the peak strain position remained constant through
most of the fatigue life and changed by 6 to 10 mm over the
last few hundred cycles. Somewhat surprisingly the first
fiber failure happened in the black line slice. This slice has
the lowest SCF and lowest peak strain, evident by compar-
ing Figure 10 and Figure 11. The black line slice did however
have the highest average strain over the cross section, also
evident by comparing Figure 10 and Figure 11.

For fiber failure to progress through the layup and
cause loss of structural integrity (catastrophic failure), the
matrix has to be sufficiently damaged for fiber failures to
coalesce [34, 35]. Considering the fact that fiber failure in
this test is sudden, the redistribution of strain is likely an
attribute of matrix damage. Supporting this is also the fact
that any fiber failure would likely increase the SCF, not
lower it, such as for a propagating crack tip. Matrix damage
on the other hand reduces the shear stiffness, hindering
forces to be transferred between fibers and thus lowering
the effect of geometric strain concentrators. The effect is
schematically explained in Figure 15. Matrix damage also
includes delamination, as indicated in the figure, but which
is difficult to measure directly by DIC. The reason why the
orange line slice can sustain higher point wise strains than
the black is likely due to less matrix damage development,
as evident by the smaller strain shift and higher SCF for
this area.

For both the orange and the black line slice, peak strain
is at or above the ultimate static strain to failure of 22150
microstrain (obtained from standard coupon testing) for a
considerable span of cycles, almost 9000 cycles. The orange
line slice has strains in the vicinity of the strain to failure
reported by the fiber’s producer when approaching the last
cycles before failure, about 30000-35000 microstrain. This
is around 5000 microstrain higher than the black line slice
for the same cycle. Again, the orange line slice can likely
sustain such high strains due to it having a relatively small
amount of matrix damage locally so that any fiber failure
may not progress. For both the black and the orange line
slices, the high strain relative to the average coupon test
strain is an attribute of that the actual strains are measured
locally. The strains are not averaged over a larger area or es-
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Figure 15: Effect of loss of shear stiffness through matrix damage on the strain distribution around a notch.

timated based on global displacement from a test machine,
as in a coupon test.

Looking at the microscopy in Figure 5 the void content
is extensive (but typical for many filament wound struc-
tures), which is also apparent in the damaged cross section
in Figure 12. As evident in Figure 13 fibers and groups of
fibers have debonded at matrix cracks and voids, where
they are initially free at one side. Compared to the non-
fatigued microscopy in Figure 5 and Figure 6 the difference
is evident, it contains no cracks and debonding. Debond-
ing is a known failure mechanism in fatigue of compos-
ites [33, 36]. The fact that debonding prefers to occur inside
voids and along matrix cracks however explains why voids
are detrimental to fatigue performance, as concluded by
several past studies [11-15]. Not only do voids facilitate
faster propagation of matrix cracks, they also serve as nu-
cleus for fiber debonding. The extent of voids in the mi-
croscopy further explains why the strain redistribution is
extensive and damage apparently matrix driven. Further,
the apparent variation in void content, fiber density and
layer thickness explains why damage development varies
to such a great extent over the specimen. The variation is an-
other attribute of the filament winding production method.

Composites are often used as replacement for steel in
design. Fatigue life in design of steel components is usu-
ally calculated as life until crack initiation. This is done at
hotspots, which are highly stressed points with a geometric
strain concentrator [37], such as the hole in this study. Upon
crack initiation, damage progression is rapid and the struc-
tural integrity is soon lost. Fatigue damage in composites

is different, as demonstrated in this study. Fatigue damage
initiates in the matrix. Matrix damage does not necessarily
evolve at points with a high strain concentration factor, it
will prefer to evolve in areas with high overall strain, be-
cause this increases the likelihood of a locally weakened
matrix (e.g. by a void) being exposed to a high strain cre-
ating local damage. When the matrix is sufficiently dam-
aged, fiber failure may rapidly progress through the mate-
rial, comparable to the crack growth phase for steels. While
the strain distribution changes little for steel components
under fatigue loading before crack initiation, composites
may undergo major strain field changes as fatigue matrix
damage redistributes strain. Fatigue in composites therefor
has an additional phase before the crack initiation phase,
the matrix damage phase. This phase has been suggested
before [38], but not measured directly on the strain field
evolution as here. Depending on the component’s shape,
laminate buildup and loading condition, this phase may be
critical or not. For components designed to withstand shear,
matrix cracking is critical. Matrix cracking is not critical in
the main cylindrical part of pressure vessels, because the
inner liner keeps the vessel tight. The fibers are the load-
bearing constituents, especially in a cross ply layup in an
even stress/strain field without stress concentration points.
In such a layup, matrix damage will lessen the effect of geo-
metric strain concentrators as the strain field redistributes
and will be positive in this respect.

An aspect of the presented work that is not taken into
account is the size and shape of the introduced defect, and
how this may affect the strain fields and damage develop-
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ment. While damage progression naturally will vary with
the imperfections’ geometry it is unlikely that it will devi-
ate on the basic principles outlined here; matrix damage
and redistribution. Therefor the aspect of the defect shape
and size has not been subject for investigation, finding the
failure mechanisms and how they may be monitored is the
focus of this work.

Due to the inherent big local variation in void content
of filament wound composites and not knowing where the
regions with high void content are, matrix damage growth
will always be difficult to analytically estimate. Conserva-
tive worst-case situations may be modeled, but they may
predict quite wrong damage development. Statistical meth-
ods may be used to model different distributions of voids,
but such models will be complicated. This work has shown
that monitoring strains by DIC may be a good alternative
to modelling in some cases. As laid out in the introduction
it may serve as a good in-service health monitoring tool
of composite pressure vessels. Any change in the strain
field would be a warning of damage having developed. If
the new strain field remains constant with time (increasing
number of cycles) it would indicate a somewhat weakened
but stable structural integrity. If the strain field changes,
the peak strains shift, more severe fiber dominated damage
may eventually develop.

Strain monitoring with DIC will always depend on the
speckle pattern and resolution of the cameras. The two
are the main assumptions for the method’s functionality.
In this work, the DIC resolution was as fine as possible
given the used speckle pattern. Provided a finer speckle
pattern, the resolution could naturally have been finer and
more detailed strain data acquired. A resolution sensitivity
study was however carried out and strain field convergence
was found for the chosen resolution. When working in the
fine resolution regime of any speckle pattern noise may
result [28]. The strength of the used method when working
in the fine resolution regime is it’s noise reduction over the
time dimension, the alternative being smoothing over the
space dimension in each frame. When smoothing over the
space dimension, strain is compared to the neighboring
strain, which will be different from the strain in the data
point of interest to start with. When smoothing over time,
the strain in the same point should remain reasonably sta-
ble over the averaged cycles (here 1000). Any noise reduc-
tion will make the strain in the datapoint converge towards
the actual value and not the neighboring average strain, as
for smoothing over the space dimension. The smoothing
over time is only possible due to the high frequency of the
data. The necessary resolution when dealing with compos-
ites will depend on the material and geometry. For other
constituents and geometries the damage development may
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happen at a smaller scale than for the GFRP material in this
work and a higher resolution necessary to find the same
mechanisms as here. The question is however at what scale
it is necessary to observe damage mechanisms in a material
or in a geometry. Damage may occur that is non critical to
the strain fields and the structural integrity. In this study,
the fact that the strain redistribution clearly develops most
extensively for the material sustaining damage first sug-
gests that the resolution is sufficiently fine. Studying strains
in the matrix associated directions may also open up for a
clearer picture of how the material behave. For this study
this was not done out of a scope consideration, but is a
good suggestion for further work.

Either standalone or in combination with other health
monitoring technologies DIC may serve as a valuable struc-
tural integrity tool for pressure vessels. Compared to the
optical fiber structural health monitoring method suggested
by Munzke et al. [20] the presented method has much less
noise and is able to give more detailed information on why
and how damage develops, at least on the experimental
stage. In order for optical fibers or single point strain gauges
to catch the same mechanisms, they have to be placed
where damage develops and in relatively big numbers. A
strain gauge or optical fiber placed where damage was ini-
tially thought to develop may therefore not properly catch
the strain field development in case the strain field changes
with damage. Optical fibers would not be able to give curves
with this little noise and this resolution. The fluctuations
in the DIC strain would not be possible to catch using 5
mm gauge length, very easily concluded by simply imagin-
ing 5 mm strain gauges placed over the x axis in the strain
curves in Figures 10-11. Optical fibers with the Rayleigh
backscatter method would also not be able to capture strain
in anything but a static loadcase. The acquisition time is far
longer than the shutter speed of the used cameras for DIC,
giving noise if the load is changed during the acquisition.
Additionally, for such high strains, the running reference
method would have to be used and still then strains in the
30 000 microstrain range would be close to the failure strain
of the optical fiber itself [21]. The running reference method
would demand stepwise static loading and make fatigue
testing extremely time consuming. Strain gauges would be
the only practical alternative for monitoring. DIC and strain
gauges are hardly comparable as one gauge may give one
datapoint out of a thousand or more for the DIC and in only
one out of three directions (fiber, matrix and shear). Addi-
tionally, the durability issues with the optical fiber reported
by Munzke and also Saeter [21] is evidently not a problem
with DIC, being much more convenient to implement. On
top of all this, the amount of data available when using DIC
compared to any other method allows the data processing



412 — E.Hugaas and A. T. Echtermeyer

competent user to play with the data and find trends that
is not possible to discover with other methods, such as the
redistribution found in this study. The authors do however
recognize that full scale testing may give different results
and that strain field development may not be as easy to
catch in an industrial vessel as in experiments or in dif-
ferent experimental geometries for that matter. More work
is needed testing the methods and technology on actual
pressure vessels, also using through thickness methods for
comparison.

The DIC system used here is already outdated com-
pared to the cutting edge technological development on
the DIC front. It is a technology with big industrial and
consumer interest, with algorithms and methods available
as open source [23-25] or embedded in commercial hard-
ware such as cell phones, for example for facial recogni-
tion [26]. Besides investing more work in quantifying ac-
ceptable strain changes, the principles outlined here may
serve as a basis for developing a damage detection system
relying on an emerging technology with high scientific, in-
dustrial and consumer interest. Provided an area of interest
in a pressure vessel with known high strains (valve, small
damage from use etc.), the post processing concepts out-
lined in this work may be sufficient information to judge
the integrity and potential damage development provided
a high resolution image.

5 Conclusion

A split disk fatigue test of a ring with a circular hole cut from
a filament wound glass fiber reinforced pressure vessel was
carried out. The strain field around the hole was measured
by Digital Image Correlation (DIC) at peak load for every
50 cycle. The test lasted 127 000 cycles. It was found that
progressive damage in the matrix redistributed strain in the
fiber direction throughout the test until catastrophic fail-
ure. The redistribution was observed through monitoring
Strain Concentration Factors (SCFs) and shift of peak strain
location over critical cross sections, both of which lowered
and moved with increasing number of fatigue cycles.

While matrix damage redistributed and lowered strain
in the direction of the fiber it also eased travel of progressive
fiber failure. The area showing most strain redistribution
was the area to develop fiber failure first. Other areas with
less strain redistribution did not develop fiber failure de-
spite having a higher SCF and strain in the fiber direction
in single material points.
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Strains could be close to the ultimate strain over consid-
erable cycle spans provided little matrix damage developed
locally.

Through microscopy it was found that fatigue damage
of the matrix material progressed as debonding of single
fibers along borders of matrix cracks and voids. Fatigue of
composites occurs in three phases: a stable phase, a ma-
trix damage phase and a sudden fiber failure phase; which
marks the end of fatigue life. The strain redistributive be-
havior of the matrix damage phase may be advantageous in
fatigue sensitive applications creating a stable and evenly
distributed strain field. Matrix damage may lower strain
around any damaged area and make it converge to the far
field strain over time, removing the initial strain concen-
tration. Better control of the structural integrity and higher
confidence in lifetime evaluations may result from monitor-
ing damaged areas and weak spots in commercial pressure
vessels with DIC combined with the post processing meth-
ods presented in this study. Considering the rapid growth of
image recognition technology, research on such technology
for structural integrity monitoring may yield high scientific
and commercial gains.
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Modeling the effect of fatigue is important for predicting remaining life of damaged filament wound composite
pressure vessels. This study shows how S-N curves can be measured that describe local fiber dominated fatigue
failure on the scale of 0.25 mm near stress concentrations caused by a hole representing damage.

High frequency Digital Image Correlation DIC was applied to measure strain fields in rings tested by the split
disk method. The rings were cut from a glass fiber reinforced polymer pressure vessel. A hole was cut into the
rings to simulate damage in the laminate of the pressure vessel.

The Miner sum cumulative damage is calculated based on strain histories measured by DIC and several as-
sumed S-N curves. The S-N curve giving Miner sum damage closest to the experimentally observed local failures
in several samples is taken as the S-N curve describing the material’s behavior best. The local S-N curve was
considerably less conservative than nominal S-N curves obtained from standard coupon testing. Its origin was a

factor 2.5 higher.

1. Introduction

While local failure progression due to fatigue at large occurs in the
matrix material, modeling local fiber dominated failure is important for
knowing when and how catastrophic failure occurs [1-3]. This work
is part of a larger program to better understand the long-term behav-
ior of damaged composite pressure vessels and concentrates on filament
wound composites. If composite pressure vessels are found to have dam-
age in their load bearing laminate they are basically discarded and re-
placed by new ones. A better understanding of the remaining life with
damage would help to make better decisions on the severity of damage.
This study describes how S-N curves for local fiber dominated failure ob-
tained from split ring specimens with a hole can be obtained and used
to evaluate damage around strain concentrators in pressure vessels and
as input for numerical analysis tools. The approach to obtain the S-N
curves is unusual, deviating from common test procedures.

Typically S-N curves are measured from coupon samples cut out from
flat plates tested in tension [4]. Samples are typically made from fabrics
not representing the filament winding process well, but they tend have
fairly homogenous characteristics throughout the specimen. One fatigue
result is obtained per test with an ideally even (but cyclic) stress/strain
level throughout the test volume. Strain gauges may be applied, but
give only point-wise strains. Giancane et. al. [5] showed that strains in
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a coupon test may vary extensively over the surface and may be much
higher towards the grips than in the neck section, where strain gauges
are typically placed [4,5]. This indicates that typical coupon testing
gives conservative strain to failure curves. This is beneficial for design
purposes, but hinders use of the materials full potential.

Fatigue testing samples with a stress raiser, such as a hole, change
the situation. The strain field is not even anymore but shows a signifi-
cant strain concentration. The strain field also changes with increasing
number of fatigue cycles due to damage development (matrix crack-
ing, splitting, undulation and delamination and progressive fiber failure)
([6]; Shen & Han, 2018). This occurs even in layers where the fibers are
unidirectional and in the loading direction, as this paper shows. Fiber
failure in the loadbearing layers will occur somewhere in small desig-
nated regions given by an unfavorable combination of high local strains
and a statistically weak part of the material, as opposed to a coupon
test, where failure may occur anywhere in the area between the grips
just at a statistically weak spot [7]. In other words there will be a more
direct correlation between the local strain and point of failure. The chal-
lenge with introducing a hole is the behavior of composites redistribut-
ing strain with increasing number of cycles. Since the fatigue strain at
a point varies due to damage development it is not possible to relate
the number of cycles of failure at that point to one fatigue strain and to
build an S-N curve.
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This study presents a method that is capable of building an S-N curve
from tests with a hole using high frequency DIC data. The high frequency
DIC is capable of identifying local fiber failure and find local strain to
cycle curves for the failing material points. Utilizing a back calculation
method based on Miner sum calculations on the individual strain to cy-
cle curves a best fit S-N curve is found. For a material with no statistical
variation of properties each point of local fiber failure should show the
same Miner sum value. The initially guessed S-N curve needs to be now
changed until all failing points give a Miner sum value of 1. This fatigue
curve describes local fiber failure. It is different from the S-N curve ob-
tained by coupon tests that describes the catastrophic failure. In reality
the scatter of material properties must be taken into account.

Other damage accumulation rules do exist, however, the Miner dam-
age rule is the currently used rule in standards and industry [8]. Choos-
ing the Miner sum approach is therefore a good starting point. But
the presented method has good promise for comparisons of different
damage rules. More sophisticated machine learning methods have been
used to estimate and predict fatigue behavior, such as that by Wang
[9]1, Rodriguez [10] and Mohanty [11] et al.. These methods do, how-
ever, use much less data than in this study and the results are fairly
application specific. Combining machine learning and Al methods with
DIC and other full field monitoring methods holds great promise for ad-
vanced fatigue lifetime modeling. This paper could provide data for that
work.

Composite materials exhibit statistical variation in their properties
like any material. Local variations related to the production process,
such as void content, fiber density and fiber alignment also contribute
to the scatter of properties. The number of cycles to failure for local
fiber failure will, therefore, also vary. The ideal S-N curve mentioned
above describing all local fiber failures does not exist. But it is possible
to find an S-N curve that describes the local fiber failures on average
and in a conservative way. The method presented here highlights how
typical coupon test S-N curves are highly conservative for predicting
local damage.

In this study it is not necessary to predict how the strain field changes
during fatigue due to damage development as in a numerical model, be-
cause the strain field is measured directly by DIC. The aim is to obtain
an S-N curve that can predict local fiber failure and subsequent catas-
trophic failure when enough local fiber failures have accumulated. The
S-N curve for local fiber failure can be used in the future for modeling
progressive failure under fatigue with finite element analysis. The S-N
curve is found by a parameter study approach.
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Fig. 1. Schematic of the DIC setup. Note that only the
data from the camera monitoring the side that finally
failed was used in this work.

2. Materials and methods
2.1. Experimental setup

Four ring specimen with a hole cut from a filament wound pressure
vessel were tested with a split disk setup. The hole was introduced to
simulate damage. The split disk method was used as a simple and prag-
matic alternative to costly pressure testing of the actual vessels. The ring
specimen reflect well the material properties of the filament winding
process. Flat coupon specimens, as typically used for fatigue testing, are
difficult to produce with the filament winding process, since the fiber
tension and alignment is hard to control [12]. Such specimens are often
seen as not properly representing the properties of the filament wound
component [12].

The tests were monitored with a system from Isi-Sys. Stingray F504B
ASG cameras from Allied Vision Technologies (5 MP resolution) were
placed on each side of the split disk setup. The cameras focused on the
area around the hole, measuring 50*30 mm. Vic-2D, Digital Image Cor-
relation (DIC) software, was used to analyze the images giving strain
components. Fig. 1 shows the geometry of the setup and ring.

The split disks were manufactured from steel with a diameter of 140
mm and a width of 50 mm, the same as the ring specimen. The gap
between the disks was 11 mm. Two cameras were employed, one on
each side of the split disk setup as shown in Fig. 1. Both sides of the setup
were monitored as it was not known which side would fail. Only the
data from the camera on the failing side was used in the work presented
in this article. Note, it is not known at the start of the experiment on
which side of the ring failure will happen. The cameras were set to cover
an area of roughly 50 mm by 30 mm on each side. As shown by M.
A. Sutton et. al. [13] in plane 2D DIC strain errors are proportional
to the out of plane motion relative to the distance from the camera to
the specimen. Meaning that if the camera is placed far away from the
specimen the error is less if there is any out of plane motion. For the ring
specimen, the out of plane motion was small and the cameras placed far
away (1.5 meter) relative to the potential out of plane motion. Also,
the area in the camera frame was in good focus with only one camera.
This allowed using a 2D system with sufficient measurement accuracy
instead of a stereo system, simplifying the image processing. Using more
than two cameras would have been beyond the capabilities of the image
processing system. The cameras were timed to the load signal of the test
machine taking pictures at peak load. The timing was checked using an
external camera.
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Fig. 2. Schematic of typical strain concentrations in a split disk test with a hole
in the sample. Strain concentrations from bending are highlighted in green and
the concentrations from the hole are highlighted in red. Arrows are used to
further highlight the strain concentrations.

Table 1

Constituents and details on materials and production.
Constituent Name/Type Producer
Glass Fiber HiPerTex W2020 3B [15]

Resin Epikote MGS RIMR 135
Curing agent  Epikure RIMH 137

Momentive [16]
Momentive [16]

Curing time 15 hours at 80°C. -
Mandrel 140 mm (outer) diameter In house
polyethylene pipe
Domes Steel In house

The split disk setup concentrates strain at the edges of the slit-disk on
the outer surface and in the center inner surface due to bending [14], in-
dicated in green in Fig. 2. The hole further concentrates the strain along
the red squares. The setup therefor renders defined areas of expected
failure.

2.2. Materials and pressure vessel fabrication

The pressure vessel was manufactured on a Mikrosan fila-
ment winding machine at NTNU. A polyethylene liner was used
as a mandrel for winding. The layup was [+893, +157, 4893, +157]
(Hoop/Axial/Hoop/Axial) from the outside to the inside of the ring
(x89; fibers are on the outside), similar to a cross ply layup as found
in most pressure vessels. Emphasis was put on having a hoop layer on
the surface, enabling monitoring of a loadbearing layer with the DIC. No
transition layers were used, the winding process was started anew for
each layer. Also, the hoop layers had no woven pattern as for the axial
layers. The hoop layers were as such wound with no filament running
over the domes. The non woven nature of the hoop layers minimized
any undulation of the fiber and made the fiber angle as close to the
loading direction as possible. Fig. 3 shows the winding of the first ax-
ial layer of white glass fibers onto the black liner. Table 1 outlines the
constituent materials. The ring cut outs were 50 mm wide. The liner
was easily extracted from the cut outs as polyethylene does not bond
to the epoxy. The holes were cut into the rings with a milling tool for
composites (Seco Tools 40200-HEMI). They had a diameter of 20 mm.
The geometry of the disks and the split disks can be seen in Fig. 1.

The strain to failure in fiber direction was measured previously in
our laboratory for coupons made from the same fibers as used here. It
varied between 22000 and 27000 microstrain for six test specimens,
with the mean at 22150 microstrain. The fiber producer reports a strain
to failure of 33000 mocrostrain [15]. The producer’s strain to failure is
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considerably higher than the properties measured in our laboratory. The
discrepancy is likely due to the manufacturer testing a more perfectly
made material. Static and fatigue properties of the matrix were reported
by A. Kraukalis et. al. in [17].

A microscopy study was carried out to assess variations in layer
thickness and void content, properties that affect strain distributions.
Looking at the microscopy image in Fig. 4 it can be seen that there is
a considerable amount of voids in both winding directions and a con-
siderable variation in layer thickness. The void content was not inten-
tionally made high, despite the evidently high void content, standard
procedures for filament winding production was followed. Similar im-
perfections have been observed in other filament wound structures [12].
Due to the high void content, no burn-off test was carried out to esti-
mate fiber volume fraction as this would be artificially high with that
much air/voids in the material. Also, the fiber volume fraction does not
affect the results, which are strain based and not stress based.

2.3. DIC post processing

Digital Image Correlation, DIC, was used to measure the hoop strain
(strain in the loading direction) on the surface of the outer layer. The test
samples were painted with a speckle pattern and images (photos) taken
with a 50 cycles period at maximum load. The cameras were triggered
with the Fulcrum capture mode of Vic-2D using the load signal from the
test machine as input. Vic-2D from Correlated Solutions was also used to
analyze the images. A resolution sensitivity was run and a subset of 27
with a step size of 4 was found sufficient to capture the strain fields. The
data was further exported from the software for post processing, where
a resolution of 4 points per mm? was used which was found sufficient
to match the original resolution of the step and subset size.

Some noise reduction was used on the data, employing a running
average over 1000 cycles as shown on a representative strain vs cycle
curve from a single data point in Fig. 5. Due to using a high resolution
on the DIC images and variations in light over the testing time, some
noise was present in the raw data.

2.4. Residual strain and Miner sum damage calculation

The DIC data contained strain at about 6000 points per frame (per
measurement). In the following, frame is denoted i and strain as e. Look-
ing at only one point, the strain at frame 116 is then £!1°. It was assumed
that the strain ¢ stayed near constant between two measurements. For
each point and each measurement i the Miner sum was calculated using
a strain based S-N curve, see Eq. 1.

i i
S Nya(e)

N(&') is the number of cycles at strain &; that is cycles between two
measurements i — 1 and i at the strain el measured by the DIC. Nfaﬂ(gi) is
the number of cycles to failure for the strain €'. Nyy;(¢') is obtained from
the S-N curve describing local fiber dominated fatigue failure. How this
S-N curve is obtained is described in the results section. When the Miner
sum reaches 1, theoretical failure happens.

All S-N curves are given by the general double logarithmic form in
Eq. 2, alternatively formulated as Eq. 2.1.

log (£9) log (o)
a a

1
N fai = (i) @.1)

£

10g (N yqir) = @)

In case the S-N curve has a cutoff at the static strain, typical for glass
fiber reinforced composites [3,7,18,191, Eq. 3 applies.

log (£9)  log(e)
,,

—_ fore<é
log(N41) = a 3
og( fml) { log(l) fore> ¢ @
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Fig. 3. Winding of the first axial layer of the pressure
vessel. Rings for testing were cut from the cylindrical
part.

Fig. 4. Microscopy with layer borders shown in red
and the bottom and top of the laminate shown in green.
Many voids (black) are in the material. The outside of
the vessel is in the top of picture. (Outside the green
lines is potting resin holding the sample in place for
polishing).

25000 30000 35000 40000 45000
3

Fig. 5. Noise reduction example from a representative strain vs cycle curve of a single data point.

a describes the slope of the S-N curve, £9 is the origin of the curve
at cycle 1 and ¢ is the maximum static strain. If there is a cutoff, the
failure cycle falls to 1 cycle as expressed by log (1) in Eq. 3.

Many studies have attempted to find composite material specific
damage accumulation rules and S-N curves. Despite the effort, the same
approach as for steel is still the preferred method in industry [8]. That
is using the Miner damage accumulation rule and log log S-N curves. T.

P. Philippidis and V.A. Passipoularidis [20] made a review of residual
strength models and compared them to experimental data. They made
a short and concise conclusion that describes the state of the art well,
cited here.

“The main conclusion is that the use of complicated phenomenolog-
ical models requiring large experimental data sets for implementation
does not necessarily pay back in terms of accurate predictions and con-
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Fig. 6. Contour plots of hoop strains (vertical direction) of a static test measured by DIC in the ring specimen near the hole (black) at catastrophic failure (right)
and just before (left). Failed material is shown as white. Failure initiated at the red square. The highest strain was observed in the green square.

sequently simple models requiring limited experimental effort should be
preferred.” Phillipidis [20].

The value of the Miner sum is often referred to as fatigue damage.
However, this damage parameter has no direct physical meaning. It also
does not reflect the remaining number of fatigue cycles to failure or
remaining strength, because they will depend on the magnitude of the
fatigue strain applied in the future. A Miner sum value of 1.0 is per
definition the value for failure, however, the Miner sum may be bigger or
smaller at failure depending on the scatter in fatigue properties inherent
with the material. A more useful parameter is Hashins residual strength
[21]. It calculates at which strain ¢4, the material would fail if only
one more cycle would be applied, expressed in Eq. 4.

i N(&') a
Eresiauar = EC[1 = M| =% 1= 3 ——— @
residual ~ Nfu:l (6,)
Further an exposure factor f is defined in Eq. 5 as:
) i
=== ®)

E:‘es[dual

If a strain ¢! is applied to a point in the sample, the exposure factor
£t describes how close the point is to failing. If f should exceed 1, local
fiber failure would happen provided a perfect material without scatter.

3. Results
3.1. Static test results

A quasi static test was performed to obtain the static strain to failure.
The contour plot of strain in the hoop direction when the ring failed and
at the frame before is shown in Fig. 6. Initially the strain concentrations
are at the two points described by the equator of the hole. Damage devel-
ops at these locations already at small loads as splits in the matrix along
the fibers tangent to the hole. The splits are observable as white streaks
tangential to the hole in the DIC contour plots in Fig. 6. Delamination
and transverse matrix cracks also develop with increasing load and con-
tribute to redistributing the initial strain field. Individual delaminations
and transverse matrix cracking are, however, difficult to observe experi-
mentally from the DIC data, as they develop inside the laminate and are
only indirectly affecting the strain field. After splitting initiates, the peak
strain concentration moves to the edges of the split disks from bending,
indicated in green in Fig. 2. The shear splits may propagate further into
the material, but due to the bending of the area between the disks, the
strain concentrations do not follow the shear crack tip further. This is
beneficial, keeping the peak strain within the DIC frame. It is contrary
to coupon testing, where the shear split may travel with the peak strain

concentration all the way to the grips and give an invalid test. The de-
tails of the damage development are not scope of this paper, since the
effect of the damage on the strain concentration is measured directly by
the DIC.

A surprising result is that the highest strain of 40 000 microstrain
is found near the upper left split, while failure initiated at about half
that strain of 22150 microstrain at the lower right split in Fig. 2. These
two areas of interest (AOI) are marked by a green and red square respec-
tively. The load vs. strain curves for these two areas are plotted in Fig. 7,
the two small circles indicate the two DIC frames in Fig. 6. The strain
difference is big and is likely due to a varying distribution of imper-
fections, voids in particular as evident from the microscopy picture in
Fig. 4. Variations in laminate thickness and delamination development
are also important. Undulation of the fibers below the hoop layer may
also contribute to strain changes. The strain to failure at the point where
catastrophic failure initiated matches the strain to failure of 22000 to
27000 microstrain obtained from coupon tests in our laboratory The
coupons were cut from flat plates made with the same constituent mate-
rials by filament winding. The measurements from conventional coupon
specimen represent the lower bound of the material’s strain to failure
obtained over a fairly large measurement volume (the gauge section
of the coupon test). The scatter of the strength obtained from different
coupon tests describes the variation of the lower bound of the material s
strain to failure. However, the strain at the other strain concentrations
of the ring specimen tested here was nearly a factor two higher without
causing any failure. This shows that the material can be locally much
stronger than would be expected from a conventional test. Failure hap-
pens at the point where the material is locally weakened (due to voids
etc.) Note: The DIC measures local strain with a resolution of about
0.5 x 0.5 mm?. The strains on a microscale, e.g. around voids, may be
higher, but are not detected.

3.2. S-N curve methodology

The aim of the test program was to find S-N curves that describe
local fatigue failure of the fibers in the laminate. Three fatigue tests of
rings with a hole were carried out. Strain fields at maximum load were
measured frequently with DIC, as shown in Table 2.

While the static S specimen was analyzed in the above section, this
section focuses on the fatigue specimens A - C. Contour plots of the
maximum strain in hoop direction shortly before catastrophic failure
are shown in Fig. 8. Regions where local fiber damage developed and
accumulated are indicated by the black boxes. The black boxes are called
here line slices and will be explained further down. White spots inside
the line slices indicate local fiber failure. Similar to the static tests, the
highest strain concentrations at failure are located at the edges of the
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Fig. 7. Cross head load plotted against local strain curves of the ring specimen. The red and green curves represent where the specimen failed and where it had its
highest strain, as indicated by the red and green squares in Fig. 6. DIC frame A and B indicate the left and right contour plot in Fig. 6.

Table 2
Failure cycle, loads and DIC frequency.

Sample  Load (kN)  Load ratio Frequency Failure cycle  DIC frequency
N 80.0 Started at 0.0 kN load 1 mm displacement/min 1 (Static) 1 per sec after 10 kN
A 45.0 0.1 (min load = 4.5 kN) 1Hz 40820 1 image per 25 cycles
B 43.0 0.1 (min load =43 kN) 1Hz 65360 1 image per 25 cycles
C 40.0 0.1 (min load = 4.0 kN) 1 Hz 127768 1 image per 50 cycles
Sample A Sample B Sample C
15 15
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Fig. 8. Contour plot of hoop strains (vertical direction) measured by DIC in the ring specimen near the hole (black) close to fatigue failure. Failed material is shown
as white. Catastrophic fiber failure initiated in the line slices (black boxes) after accumulation of local fiber failure in the line slices. Failure is shown for three

specimens A, B and C failing after 40820, 65360 and 127768 cycles respectively.

split disks. There are also prominent shear cracks extending along the
tangent to the hole for all specimens. Contrary to the static test how-
ever, the strain is more spread out, and the strain concentrating effect
of the hole is non-existent upon failure. Fig. 9 shows the strain across
the line slice in Specimen C for different numbers of cycles and shows
how the strain concentration lessens and moves over time. Fig. 10 shows
the contour plots at the corresponding cycles. At 364 cycles the highest
strain is located close to the split that grew vertically (in load direction)
out of the hole. This strain concentration moves progressively towards
the edge of the specimen while also gradually lowering relative to the
average strain over the line slice. Finally it ends up close to the edge of
the specimen where a separate strain concentration develops and final

failure occurs. This shows that local damage developing under fatigue
(matrix cracking, delamination, fiber-matrix debonding) is beneficial for
reducing the strain concentrations and can cause fiber failure away from
the expected point of failure. As seen in the contour plots however, the
strain concentration along the equator of the hole stays close to the
hole throughout the cycling. Here the mean strain is too low for matrix
cracking to occur and the strain field stays relatively stable. It further
highlights how matrix damage changes the load distribution between
the fibers.

The aim of this paper is to find S-N curves that describe local fiber
failure on the scale of about 0.25 * 0.25 mm, as typically used in model-
ing. Local fiber failure happens very shortly before catastrophic failure.
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Fig. 9. Strain across the line slice on the upper left in specimen C (see Fig. 8). The edge of the hole is located at -10 on the x-axis. The highest strain moves from the
edge of the hole towards the outer edge of the specimen.
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Fig. 10. Contour plots for the four strain curves in Fig. 9.
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Fig. 14. Normalized damaged length for specimen C for the SN curves given in Table 3.

By measuring strains directly by DIC over the entire lifetime of the spec-
imen the proper strains experienced by the fibers at every point (within
the resolution of the DIC system) throughout the specimen are mea-
sured directly. The reasons for the changes of the strain do not need to
be known, which is an advantage of using DIC.

S-N curves are normally found by regression of stress or strain vs.
cycles to failure data from coupon testing. The standard coupon sample
has an even strain field and will fail at the weakest point, as described
for the static results. This approach is sound for conservative design es-

timates in the industry, but it falls short of giving the full picture of the
material s behavior in the presence of strain concentrations as needed in
numerical models for describing damage development. Understanding
the behavior of components with strain concentrations requires knowl-
edge of the local properties throughout the specimen, not just the weak-
est spot in a larger volume obtained from coupon tests.

Fatigue testing a specimen with a hole and using DIC measurements
allows measuring the local strains vs. number of cycles at many points of
the test specimen. If the strain field would not change, local S-N curves
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Fig. 15. Normalized damaged length for sample A for the SN curves given in Table 3.

could be obtained by just measuring local strains vs. number of cycles
to local failure. However, as shown in Fig. 9 and Fig. 10, local strains
change with increasing number of cycles, prohibiting the direct mea-
surement of S-N curves at local points. This necessitates an approach
for obtaining S-N curves that can take into account varying strains over
time.

In this study the varying strains are handled by calculating the Miner
sum from the local cyclic strains measured by DIC and an assumed S-N
curve. The Miner sum is calculated and updated after every DIC mea-
surement interval. It is assumed that the strain is constant within a mea-
surement interval, which should be a reasonable assumption consider-
ing the large number of measurements. This approach is equivalent to
how fatigue damage may be handled in existing models, numerical and
analytical. However, numerical models have to adopt a cycle jump ap-
proach that assumes and estimates damage over a large range of cycles
[22]; simulating each cycle is too numerically expensive. By instead cal-
culating the Miner damage on the actual strains in the specimen from
high frequency DIC, a more accurate evaluation of the S-N curve and
damage rule emerges with a lot less assumptions than in an equivalent
numerical model.

Since first local fiber failure and catastrophic failure happened
within a short cycle span, around 500 cycles for all tests, the proper
S-N curve should also predict catastrophic failure. Catastrophic failure
is here assumed to happen when the whole length of the line slices have
a Miner sum/exposure factor over 1.0. Looking at where the line slices
are located, this means that the whole cross section on one side of the
hole has theoretically failed. This choice is further supported by the even
strain fields in Fig. 9 and the fact that fiber failure occurred away from
the hole.

To evaluate the choice of different S-N curves for properly describing
fatigue damage and catastrophic failure with the Miner sum approach,
the length of local theoretical fiber damage along a line slice was deter-
mined, as explained in Fig. 11. For each point along the length of the
line slice at each cycle, the algorithm searches over the width of the line
slice for an exposure factor above 1.0. If it finds this, the length point
along the line slice is set as damaged. For the ideal S-N curve, the dam-
aged length should be equal to the line slice length upon catastrophic

10

Table 3
S-N curve parameters.
Parameters
Name
Origin (microstrain) ~ Slope  Cut-off (microstrain)
A 22150 0.1 22150
B 33000 0.1 33000
C 40000 0.1 40000
DL 52222 0.1 40000
D 57500 0.1 40000
D - 0.07 41254 0.07 40000
D - 008 46141 0.08 40000
D-012 71643 0.12 40000
D-0.14 89719 0.14 40000
DH 63312 0.1 40000

failure. Any curve that predicts a damaged length over the whole line
slice before failure is conservative.

The presented method assumes that once a local point has a miner
sum/exposure factor over 1.0, local fiber failure may happen at this
point. When a whole cross section has a Miner sum/exposure factor
over 1.0 fiber failure may progress over the cross section and initiate
catastrophic failure.

3.3. Evaluating different S-N curves

In order to find a suitable S-N curve that can predict failure of the test
specimen, the S-N curves listed in Table 3 were investigated. Note, cyclic
fatigue strains are given as maximum strains, not amplitude strain. A
traditional S-N curve has two variables; origin and slope. In case the
origin is higher than the static strain to failure, a cutoff at the failure
strain is necessary, as described in Eq. 3. Cutoffs are common for glass
fiber composite material systems [7]. The S-N curves are also shown in
Fig. 12.

The S-N curve “A” represents a typical S-N curve obtained from
coupon testing. The static strain to failure of 22150 microstrain from
coupon lab testing is used as the origin and the slope of the curve is 0.1,
as typically found for glass fiber laminates [3,18,23-28]. The slope of
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Fig. 16. Normalized damaged length for sample B for the SN curves given in Table 3.

Table 4
Summary of the different S-N curves damage prediction at the failure cycle.
Specimen A Specimen B Specimen C

S-N Curve  Damaged length At cycle fraction =~ Damaged length At cycle fraction =~ Damaged length At cycle fraction
A 1.00 0.02 1.00 0.56 1.00 0.07
B 1.00 0.21 1.00 0.93 1.00 0.44
C 1.00 0.60 1.00 0.94 1.00 0.71
DL 1.00 0.92 1.00 0.97 1.00 0.99
D 0.93 - 0.95 - 1.00 0.99
D -0.07 1.00 0.95 1.00 0.97 1.00 0.99
D - 0.08 1.00 0.98 1.00 0.99 1.00 0.99
D - 0.12 0.76 - 0.44 - 0.97 -
D-0.14 0.57 - 0.16 - 0.97 -
DH 0.54 - 0.16 - 0.59 -

the S-N curve for local failure should arguably be the same as for fail-
ure in larger volumes from a coupon test. This approach has also been
applied by other studies investigating local properties (Eliopoulos & P.
Philippidis, 2011). This investigation tested only three fatigue samples,
which is not enough to establish the slope of the global S-N curve reli-
ably, but it is sufficient to show the concept of obtaining S-N curves for
local fiber failure. However, for the three tests, the typically used slope
of 0.1 was found as the best regression fit based on the load vs. cycle
data, as plotted on the second axis in Fig. 12. Most studies ([3,18,23-
271; Eliopoulos & P. Philippidis, 2011; [29]) use a log linear formulation
for the S-N curves with a slope of 0.1, but the difference compared to a
log-log S-N curve is small as shown in Fig. 13. A log linear formulation
could have been used, but the best experimental fit was found with the
log-log presentation in this study.

Fig. 14 shows the damaged length vs. number of cycles in the line
slice for specimen C. The S-N curve “A” predicts that the entire length
has failed after about 1000 cycles, while the real catastrophic failure
happened at 127768 cycles. The traditional S-N curve as typically mea-
sured from coupon tests would predict a far too short lifetime. Predic-
tions of the lifetime for samples A and B were also much too short.
Fig. 15 and Fig. 16 shows the damaged length for samples A and B and
Table 4 summarize the results.
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The same analysis was done for the other S-N curves. These curves
were shifted up relative to the “A” curve with the origin at 33000, 40000
and 52222, 57500 and 63312 microstrain respectively. All curves with
an intercept higher than 40000 microstrain have the designation “D”.
DL and DH represents a low and high S-N curve while “D” curves with
a designated number have a slope variation. The slope variation curve
were scaled according to best fit around the applied load data assum-
ing the D curve and the applied load data coalesced. This can be seen
in Fig. 12 as the D curve and the best fit to the applied load data coa-
lesce at all cycles after the cutoff cycle of the applied load curve. The
cutoff is different for the applied load curve and the D curve and there-
for the axis for the applied load data is shifted to above the maximum
static load. Note, a cutoff was applied as given in Eq. 3, because the
static strain to failure for the strongest part of the material cannot be
exceeded.

It can be seen from Table 5 and Fig. 14 - Fig. 16 that S-N curves “B”,
“C” and “DL” gave too extensive damage predictions for all specimen.
Curve “D” (with a slope of 0.1) gave damage predictions very close to
the entire cross section and DH gave a damaged length short of the
cross section. The “At cycle fraction” column tells at what fraction of
the catastrophic failure cycle in Table 2 the S-N curve predicted failure
across the whole line slice.
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Fig. 18. Contour plots of exposure factor at catastrophic failure for slope sensitivity S-N curves for sample A.

To check the sensitivity of the results to the slope, the slope of the “D”
curve was changed from 0.07 to 0.14 as shown in Table 4. It can be seen
that the C specimen’s damage is not affected by the slope sensitivity,
while A and B is to a great extent. This is due to that A and B have
higher strains and a shorter cycle span where fatigue damage occurs.
Looking at the S-N curves in Fig. 12 it can be seen that it is particularly
for the low cycle regime where the slope variation shows the biggest
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differences. It is however remarkable that the D-curve’s slope of 0.1
gives the most consistent damage prediction, in line with the slope found
from literature and from the global load test data.

The difference in damage development between specimen A, B and C
is due to a less sudden failure of the bottom hoop layer for Specimen C,
giving a slower transfer of force from the bottom to the top hoop layer
compared to A and B. It is evidently not possible to monitor the bottom
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Fig. 19. Contour plots of exposure factor at catastrophic failure for slope sensitivity S-N curves for sample B.

Sample A Sample B

hoop layer by any practical means, but it was observed visually that this
layer failed more gradually for Specimen C.

Applying the exposure factor from Eq. 5.0 it can be shown how close
the fibers are to failure theoretically. The exposure factor will change
depending on the S-N curve used for calculating the Miner sum. Fig. 17,
Fig. 18 and Fig. 19 show the contour plots of exposure factors for sam-
ples C, A and B respectively just before catastrophic failure. Exposure
factors for specimen C are given for all S-N curves. Specimens A and B
show only exposure factors for the slope sensitivity S-N curves.

Comparing the results with Fig. 19, where the experimental catas-
trophic failure is shown allows evaluation whether the predicted accu-
mulated local fiber damage from the chosen S-N curves corresponds to
the experimental failure.

Using the S-N curves “A”, “B” and “C” in the exposure factor cal-
culations overestimates damage; almost the whole sample is red, also
reflected in the failed length graph in Fig. 14 - Fig. 16. This is further
confirmation that these S-N curves are not suitable to predict local fiber
failure. The damage calculated for the D curves are all reasonable. All
show local fracture across the width on one side of the hole and most
damage where the sample actually failed. Evident by looking at the time
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Fig. 20. Photos of the catastrophic fracture of
the three samples. The main initial fracture sur-
faces are outlined in red squares. Further dam-
age resulted from pulling the specimen apart
and are highlighted in green.

Sample C

history expressed in the failed length graphs, the D curve (with a slope
of 0.1) gives the most consistent damage prediction across specimens.
Variations of the slope around 0.1 can be seen to give less consistent
damaged length prediction. The ability of predicting the progression of
fiber failure is as important as identifying initial location of damage.
The D curve can be seen to predict red areas in the contour plots also
where the green squares are located in Fig. 20 for the C and B samples.
For the A sample, the exposure factor is highest on the side of the hole
where the damage progressed (bottom left).

Since the “A” curve is representative for an S-N curve obtained from
coupon data for the material, it can be seen that such a curve would
largely overestimate the local fiber damage development in the sam-
ple. When attempting to model fatigue damage growth numerically, us-
ing the right local fatigue properties will be critical for the success of
such models. The method described here allow obtaining such local S-N
curves for fiber failure in a still conservative way and highlights how
standard coupon test S-N curves may be insufficient for describing local
damage development.

Knowing the local S-N curves for fiber failure may also allow using
the DIC measurements as a Non Destructive Evaluation NDE method.
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If the strain field under a known load can be measured periodically,
the fatigue lifetime calculations can be made as described here. Which
areas are most likely to develop fiber failure can be predicted in a real
component. This would also allow estimating the remaining number of
cycles to failure.

4. Conclusions

Ring specimens cut from the cylindrical part of GFRP filament wound
pressure vessels worked well for characterizing local fiber dominated fa-
tigue failure around a strain concentration created by a hole. The split
disk setup offers a simple alternative to pressure testing of the vessels.
Changes of the strain concentrations were measured with Digital Im-
age Correlation (DIC), allowing measurement of the entire strain field
around the hole for increasing number of fatigue cycles. Production de-
fects such as voids and thickness variation and possible undulation of
fibers caused considerable local variations in the strain field that could
be identified by the DIC method. However, the reasons for the changes
of the strain do not need to be known. The DIC always measures the
proper actual strain that causes local fatigue failure on the surface.

The maximum local static strain to failure found through DIC mon-
itoring of static tests was found to be about two times larger than the
weakest spot, a much larger variation in properties than would be ex-
pected from traditional coupon testing.

The DIC measurements showed that the strain concentrations get
significantly reduced compared to the static strain field with increasing
number of cycles. The reduction in strain concentrations was attributed
to various forms of matrix damage developing during cycling of the spec-
imen.

S-N curves describing local fiber damage could be found by compar-
ing predicted Miner sum fatigue damage based on the DIC strain data
and experimentally found failures. Accumulation of local fiber damage
across the width of the specimen between hole and edge could be identi-
fied as the condition for catastrophic failure, i.e. the specimen breaking
into two parts.

The slope of the S-N curve describing local fiber damage was the
same as typical slopes for glass fiber laminates obtained from coupon
specimens. However, more experimental ring test results would be
needed to confirm this.

The origin of the S-N curve describing local fiber damage is signifi-
cantly higher (more than a factor 2) than would be expected from stan-
dard coupon data used to characterize catastrophic failure. This means
that local fatigue properties need to be properly accounted for in any
characterization of the development of fatigue damage in the presence
of strain concentrations.
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Abstract: A progressive FEA mechanical fatigue degradation model for composites was developed
and implemented using a UMAT user material subroutine in Abaqus. Numerical results were
compared to experimental strain field data from high frequency digital image correlation (DIC) of
split disk fatigue testing of pressure vessel cut outs with holes. The model correctly predicted the
onset and evolution of damage in the matrix as well as the onset of fiber failure. The model uses
progressive failure analysis based on the maximum strain failure criterion, the cycle jump method,
and Miner’s sum damage accumulation rule. A parameter study on matrix properties was needed to
capture the scatter in strain fields observed experimentally by DIC. S-N curve for the matrix material
had to be lowered by 0% to 60% to capture the experimental scatter. The onset of local fiber failure
had to be described by local S-N curves measured by DIC having 2.5 times greater strain than that of
S-N curves found from standard coupon testing.

Keywords: finite element analysis; material models; fatigue; filament winding; digital image
correlation

1. Introduction

There is an urgent need for composite pressure vessels that can safely and economically
transport hydrogen at 700 bar [1,2]. The technology and design standards exist; however,
cost is high due to very strict testing and acceptance requirements [3-5] even at lower
pressures. For the acceptance tests, a perfect structure is assumed. However, during a
vessel’s lifetime, small damages such as a minor impact damage may occur from use. It is
currently an unknown how much damage can be tolerated in the vessels due to unknown
mechanical fatigue resistance. Damaged vessels are replaced by new ones, which is very
costly, especially for large vessels.

Today’s pressure vessels have a static strength exceeding the design pressure of 700 bar
by a factor of about 2.5 or more as required by the design standards. The factor was also
identified by Berro et al. in the OSIRHYS IV project [6]. Uncertainties of the effect of
the presence of damage are largely related to mechanical fatigue. Numerical analysis in
combination with well-chosen experimental data are the key to better understand how
damage and fatigue may affect the mechanical performance and strength [6]. In turn,
better numerical models may answer how much wear and damage can be tolerated on in
use vessels, avoiding early and costly decommissioning as well as reducing costly testing
requirements of new designs

Mechanical fatigue in composites causes complex progressive damage development
that sets it apart from more conventional materials such as steel. Progressive failure or
damage is defined as damage in the material that occurs over a defined time span. In a
tensile test the time span is the loading time and progressive failure in the material typically
occurs towards the end of that time span just before the specimen fails. In a fatigue test of
a metal, the progressive damage will typically occur towards the very last few cycles as a
crack is initiated and propagates. In a composite, however, progressive fatigue damage
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looks rather different from a metal. Instead of damage and crack propagation occurring
over a very short cycle span towards end of life, mechanical fatigue damage in composites
occurs steadily over the whole lifetime, gradually changing the structural behavior and
redistributing loads [7]. The dominating mechanism for changing strain fields under fatigue
is the development of matrix cracking over time [8-10]. Matrix cracking/matrix damage
is seen here in its widest meaning, including cracks in the polymer part of the composite,
delamination, and fiber-matrix debonding. Developing matrix cracks change how forces
are distributed between the load bearing fibers and cause the strain fields to change.
Initiation and propagation of the various forms of matrix cracks is a complex phenomenon.

Traditionally, fatigue of composites has been divided into two segments, high cycle
fatigue (HCF) and low cycle fatigue (LCF). The domains of the two are defined by the
failure mechanism which dominates in the final rupture of the material in question. HCF is
dominated by matrix damage, while LCF by fiber failure [8,11-13]. Notably, a relatively
large volume of the material is characterized using this traditional approach. The volume is
the typical size of the gauge section of a test specimen of roughly 1000 mm?. In this study,
as will be explained later, fatigue is described locally around a fiber bundle, addressing a
volume on the scale of a typical element in a FEA, which can be 0.2 mm? or less. When
developing a finite element model to describe such local fatigue damage in a component,
some highly stressed material (near a defect or geometric stress concentrator) may fail after
few cycles as “low cycle fatigue”, while material in the lower stressed regions may be in
the “high cycle fatigue” domain. As such, a component that catastrophically fails after
many cycles fails globally in the HCF domain, but it may have local material that also fails
in the LCF domain. A FEA material model addressing local fatigue failure has to take local
low and high cycle fatigue into account.

High and low cycle fatigue is, however, defined for the composite material, while the
FEA model in this study considers fibers and matrix by themselves, though with some
interaction effects. Since the matrix is much weaker and traditionally degrades faster due
to fatigue than the fiber (higher slope of the S-N curve [14]), local matrix degradation
will naturally dominate in the global high cycle fatigue range. Local fiber failure will be
prevalent in the low cycle fatigue range. This study focuses on modeling a global high
cycle fatigue experiment.

When using finite element models to model matrix cracking, both initiation and prop-
agation needs to be predicted, including the propagation direction. Recent developments
in such models have managed to satisfactorily predict matrix damage dominated fatigue
damage propagation in laboratory test specimen having simple geometries and known
direction of crack propagation, e.g., Turon [7] and Nixon et al. [15] based on the method
suggested by Harper et al. [16]. Attempts to simplify the matrix crack growth by smearing
matrix cracking over a larger region and modeling it by plastic behavior were reported
for the static case by NASA [17], Flatscher et al. [18], and Gagani et al. [19]. It is, however,
difficult to tell whether the plasticity approach matches experiments only for the partic-
ular geometry of the specimen investigated or whether it is a general way to model the
material. For the static case, Rozylo [20] satisfactorily managed to model crack propaga-
tion without predefined crack directions using the cohesive zone modelling approach in
combination with a user element subroutine (UEL) with promising results. Still, all of
the above-mentioned models are relatively academic and not easy for the average design
engineer to implement or to get the correct input data for. The models have been developed
with lab experiments in mind and not real designs. In this study, the model was developed
with the design engineer in mind and then tested on a complex lab experiment. This study
therefore has a somewhat different format than most academic publications covering the
topic, having a wider scope and less in detail investigations of the experimental results and
modelling. This study would however not have been possible without the past academic
literature going in depth in DIC and Abaqus in particular.

There are currently some commercial composite mechanical fatigue numerical frame-
works available, most notably FEMFAT [21] and Fe-safe [22]. While the models offer simple
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and fast fatigue evaluations, they do not include progressive damage and do fatigue analy-
sis based on a static solution. The models are only tested on simple lab coupon specimen
and lack experimental comparisons with local strain fields. Recent developments have
expanded a modified smearing approach into mechanical fatigue, most notably by Koch
et al. [23]. This takes progressive fatigue damage into account. The inherent discontinuity
in the stress/strain relationship upon matrix cracking and fiber failure yields challenges
in finite element analysis when attempting to reduce the material stiffness at integration
points during a constant load. Koch found that a cycle jump approach with constant
properties for each loading cycle had to be applied. Degradation was carried out between
the jumps according to the size of the cycle jump. A similar approach is used in this work.
While Koch compared the model to global experimental data, this work aims to estimate
the local experimental strain data as obtained from digital image correlation monitoring of
the modelled test specimen. The discrepancy between local and global properties was most
notably highlighted by Sevenois et al. [24]. Sevenois argued that matrix crack initiation and
propagation on the local scale happens long before catastrophic failure of typical composite
fatigue test specimen. As noted by others [25-27], matrix voids affect the mechanical
fatigue properties to a great degree, which was also found in the presented work here.
This effect is also present in other similar materials such as concrete, where nanoparticles
can be added to fill the voids and reduce microcracking [28]. Matrix voids induce matrix
cracking on the micro level. It is essential to establish when matrix cracking is initiated
on the local level to estimate fatigue life in a finite element model. However, so far this
has not been taken into account and global cycles to failure for the material are used as
input for local properties in most mechanical fatigue models. Sevenois also highlighted the
scale problem. For example, atomistic bonds break long before any typical matrix crack is
initiated in the structure. In engineering terms damage causing changes to the structural
behavior on a component level is important. In this work the scale of interest is that of
strain field changes observable through standard scale in DIC (digital image correlation).
Sevenois also argued that detailed local models and sophisticated failure criteria fall short
of modelling anything but a perfect structure. Matrix voids and variations in fiber volume
fraction throughout the structure will make the real damage development complex. In this
work, all the above has been acknowledged and addressed through parameter studies on
matrix material properties. The resolution of the DIC method enables comparison between
model and experiment on a very detailed level, taking into account local variations in
material properties. For the fiber properties, local material properties were successfully
found using a damage calculation method on the DIC data. Good correlation was found
between model and experiment using the local fiber properties. The DIC methods used in
this study have been elaborated in two articles explaining how to trace progressive failure
in composites [29] and how to estimate a local S-N curve using DIC data [30]. DIC has
recently been proven to be a valuable tool in estimating material parameters such as the
fracture toughness [31] by tracing crack propagation visually. The very direct observation
method (visual) and the vast amount of data make DIC a measurement method with
huge potential for more exactly estimating and monitoring material parameters. That is,
provided that the user has the ability to take advantage of the data using modern data tools.

This study suggests a simplified modeling approach that could be sufficient for
understanding how local strain fields develop under fatigue loading in the composite
material and how this may affect the global behavior. The modelling approach was
implemented as a combination of cohesive surfaces and UMAT (user material subroutine)
in Abaqus. A few simplifying methods were used:

i.  Micro matrix failures were modeled using a continuum damage approach as changes
in the stiffness matrix without directionality of the cracks.

ii.  Macro (visible) matrix failures were modeled as discrete cracks permitted to propagate
along predefined surfaces when certain strain states are met. They were used for
through-the-thickness cracks in a ply and for delamination. Only selected macro
cracks were modelled.
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iii. Discontinuities in the stiffness due to crack growth were modeled using an on and off
loading approach in combination with simplified cycle jumping [15,16].

iv. A range of polymer matrix properties were modeled to investigate the natural varia-
tions of material properties.

2. Experimental Setup

1 outlines the experimental split disk setup with vital dimensions included. The two
holes, located at both sides of the disk, were designed to simulate extreme damage in
the composite, and a tension-tension load control fatigue loading with an R-ratio of 0.1
was imposed.

The test rings were cut from filament wound specimen with a layup of hoop/axial /hoop /axial
fibers as seen in cut A of Figure 1. The fiber orientation angles were [£89%, £15°1, £:89°5, £15°],
typical for filament wound pressure vessels [6]. Figure 2 shows winding of the first axial
layer. The fibers were HiPerTex W2020 glass fibers from 3B [32] and the resin was Epikote
MGS RIMR 135 mixed with curing agent Epikure RIMH 137 [33]. The thickness of each
layer was found through microscopy of the cross sections and is described in Figure 1. The
holes were cut with a composite specific milling tool; 40200-HEMI produced by Seco Tools.

AF
t=37mm

F/2
Camera [ Camera
T I S J/ \' T
SR [ J
Camera frame
Camera Camera
F

Fibers not in scale
to showcase layup

thoop = 0.73 mm
taxiat = 1.12mm

Outer surface

thoop = 0.73mm
taxiat = L12mm

Figure 2. Winding of the first axial layer of the pressure vessel.

Figure 3 shows the test setup in the laboratory. The cameras were timed against the
load signal and images were taken at peak load with a frequency of 50 cycles between each
image. The DIC data were post processed using Vic-2D from Correlated Solutions. Python
scripts developed by the composite group at NTNU were used for extracting results and
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performing data analysis. The resolution of the processed data was 4 points per mm?. Ade-
quate resolution was found through a sensitivity study trying several different resolutions.

Figure 3. Cameras and test rig with specimen installed. High intensity light was used to accommodate
the short shutter speed.

3. Failure Criteria
3.1. General Approach

Failure criteria predict the onset of defined failure mechanisms. Once a state variable
(here strain) in the material reaches the limit set by the failure criterion, the constitutive
properties are degraded. The scale at which the failure criteria apply also needs to be
defined. The scale on which the criteria operate can range from that of the component (load
displacement curve from a test machine) and down to the atomistic level. A finite element
analysis as used in this study typically represents the mesoscale.

This section describes the failure mechanisms and failure criteria used on the different
scales and how the changes in properties are reflected in the constitutive relations. The
following failure mechanisms were modeled:

i.  Micro fiber failure
ii.  Micro matrix cracking (tensile and shear)
iii. Macro matrix cracking (shear failure)
iv.  Macro Delamination

An UMAT material model handled the micro failure criteria inside the elements.
Macro failures were modeled by a cohesive surface contact definition in Abaqus assuming
that the plane of possible failure is known in advance. Figure 4 illustrates the domains of
the two methods. Additionally shown are typical imperfections in a ply and sub-categories
of micro and macro failure.

UMAT (microscopic)

Matrx volds | 4
/ l_(~_
\
/
/
!
Fiber
imperfection ;
S
L T —
| Iaix
| cading
3 /
!
|
&
I
/
Fiber failure It
/ \
L /

Matrix cracking.

Macro matrix crack (visible crack)

Delamination

Figure 4. Overview of the failure mechanisms and which modelling method covers which mechanism.
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3.2. Modelling Micro Damage with UMAT
Mechanical fatigue was described by a strain-based S-N curve in the log-log format,
Equation (1):
log (éff) = log<éi(j)) — agjlog(N) (1)

where ég and ouj are the intercept and slope of the S-N curve respectively and subscript ij
denotes the strain components as defined in Figure 5. The number of cycles to failure Ny,
was defined as in Equation (2):

1

20N\ o

i\ L pe

Ny = (81?) for gj < & ?)
1 for 5ij Z éij

Figure 5. Definition of material directions/components.

If the static strain to failure &; was less than éiQ a cut-off was added to the S-N curve.
Since the strain field changes with the development of partial damage under cycling,
the Miner sum M was used, expressed in Equation (3).
Given k number of loadblocks with N¥ cycles in each load block at s% strain in each
load block:
k Nk

kgl Neait (Eﬁ) o

Mij =

NX is the number of cycles at strain 55 and Ny (55) is the number of cycles to failure

at strain s}‘ k denotes the strain blocks in the Miner sum calculation. A Miner sum of 1.0 is
equivalent to breaching the S-N curve failure envelope.

Instead of only calculating the Miner sum, which is a non-physical number, it was
useful to define an exposure factor fjj, see Equation (4). The factor describes the ratio of
load to material strength at the applied strain ¢;; after a certain strain history described by
the Miner sum. Failure happens when fij > 1.

= @

Eres,ij
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€res,ij is Hashins’s residual strain [34], expressed in Equation (5). It describes the strain
to failure after partial fatigue if the material should fail in the next single cycle. It is a direct
consequence of the Miner damage rule given in Equation (3).
&
20 &Xij al : NK
Eres,ij = & [1 - Mij] =8 |1 Z X ®)
k=1 Niaj1 (Eij>

The exposure factor enables the introduction of a partial degradation of the material
before the particular failure mechanism has happened.

The exposure factor varies for the different strain components since applicable strains
and S-N curves may differ. The full set of exposure factors are given in Equation (6). Note
that the matrix dominated strains €5, and e33 are influenced by the strain €17 in the fiber
direction due to the Poisson’s effect, as follows from Equation (6). The opposite coupling
is however neglected since this coupling gives neglectable differences in €1; due to the
stiffness difference between longitudinal and transverse direction. As the failure criteria
were defined such that failure in one matrix associated component or plane (22, 33, 12, 13,
or 23) gives failure in all matrix associated components, the coupling between &3, and e33
was also neglected.

- 1 -
iU 0 000
fu R A S 00 0 o
f2n €res2?  Eres2 €2
P V13 0 1 000
33 — €res,33 €res,33 €33 6
f 19 o |7 ©)
12 0 0 O Eres,12 12
f13 000 0 Ere1513 0 €13
f23 00 0 0 1 €23
L €res,23

The consequence of failure is a specific change of the set of orthotropic elastic proper-
ties of the ply for each failure mechanism. The elastic properties were changed by stiffness
reduction factors Sy as given in Equations (7) and (8a,b).

Ey Sy 0 0 0. 00 B,
Ex» 0 S» O 0 00 Ex»
B | _| 0 0 S 000 | Es -
Goo 0 0 0 Sip 0 0 Goo
G 000 0 S5 0 Gi3
G 000 0 0 Sy G
V12 Sz 0 0 V12
Vi3 = 0 513 0 * Vi3 (8a)
Va3 0 0 Sy Vo3
E E E
Va1 = 22 % Vip, V31 V31 = — k Vi3, V3 V32 = —o % V3 (8b)
Eqq Eq Ex

The Young 's and shear moduli are denoted Ejj and G;; and the Poisson ’s ratios are
vij. How the stiffness reduction factors were changed is described in Table 1. The choices
behind the factors and their interaction will be explained below.

Table 1. How reduction factors are changed depending on failure criterion.

Sn S22 S33 S12 S13 S23

Fiber failure (f;; > 1.0) o1 01 01 01 01 o0l
Matrix failure (f2p, f33, f12, f13 or f3 > 1.0) 0.9 0.1 0.1 0.1 0.1 0.1
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for largest f,, 55 :0.8 < fn_23 < 1.0 then Sy 23 = 4.6 — 4.5f;;and Sy = 1.4 — 0.5fy;

As can be seen in Table 1, the factors changed the stiffness extensively, from full
stiffness to 10% stiffness. To ease the change, the stiffness was gradually reduced from
the intact to the failed value over an exposure factor span from 0.8 to 1.0, as expressed
in Equation (9). This is schematically shown in Figure 6 for a reduction from 1.0 to 0.1.
Particularly for elements with an exposure factor fluctuating about 1.0, the softening eases
the iterative scheme, avoiding distorted elements with a large internal stiffness difference.
The largest exposure factor of components 22, 33, 12, 13, and 23 was used as basis for
reducing the constitutive properties in these components, in accordance with Table 1.

if all fl] S 0.8 then Sl] =1.0

if f11 :0.8 S f11 S 1.0 then 811,23 =4.6— 45f1] (9)

ifany f,, 53 > 1.0 then Sy _»3 = 0.1and Sy; = 0.9

0 0.2 0.4 0.6 0.8 1 12 14

Exposure factor
Figure 6. Schematic showing the change of stiffness with exposure factor.

3.3. Modeling Macro Damage with Abaqus Contact Definitions

Delaminations and macro shear cracks penetrating the entire thickness of a ply were
described as macro damage, see Figure 4. Delaminations may occur between all the
layers. The layers were therefore modeled separately with Abaqus’ cohesive surface
contact defined on the interfaces. Macro shear cracks were known to develop and extend at
four locations in the test specimen. They initiated at the equator of the hole and extended
in the loading (hoop) directions along the shear strain bands. Modelling the location of the
cracks directly into the FE models significantly simplified the modeling approach.

Abaqus’ cohesive surface definition was used with a triangular traction-separation
response, illustrated in Figure 7 with the values from the normal direction (tn, Gn). The
separation is defined in mm between the two surfaces. The triangle is defined by an initial
elastic stiffness (K) defined by the characteristic element length as given in Equation (11).
Upon reaching the maximum stress (t), the contact stiffness is reduced according to the
fracture energy G. The elastic stiffness (K) was defined according to suggestions by
Diehl [35]. Diehl found that the contact stiffness in the elastic regime was best described
using a factor of 0.05 on the characteristic element length as described in Equation (11).
The characteristic length was defined as the mean element length, d, along the shear crack
in the finest meshed region of the model, giving a d of 0.255 mm. Based on suggestions
by Perillo [36] on the used material, the Benzeggagh-Kenane (BK) mixed mode behavior
was used along with an energy mixed mode ratio with a BK exponent of 1.4. While the
cohesive surface definition needs a defined crack path (here the ply interfaces and shear
bands), it is possible to model fatigue macro cracks independently using cohesive zone
modelling, CZM [7]. This approach does, however, demand user defined elements (UEL).
While this approach is perhaps a closer representation of reality and would not necessitate
pre-definition of the shear cracks and ply interfaces in the model, there are several reasons
why this approach could not be used in this study. Primarily it is due to the fact that
it is, to the authors” knowledge, only possible to run one user defined script (UEL or
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UMAT) at a time in Abaqus. Further, CZM is very computationally expensive and would
make the runtime impractical. The basic theory is however the same for CZM and the
surface definition, with separation between elements and damaged defined with fracture
energy. Rozylo carried out a thorough study on CZM in Abaqus and how it could model
progressive cracking in buckling experiments in [20]. Rozylo found that the CZM approach
was able to match the experiments well. Despite Rozylo carrying out idealized experiments
the strain fields were complex giving promise to the CZM for future work.

25

ty, ts Or ty, here value for t, displayed

Separation stress ¢ (MPa)

G = area in blue

& (Implicitly
given by K,t and G)

8o (Implicitly
given by K and t)

0 0.01 0.02 0.03 0.04 0.05 0.06
Separation & (mm)
Figure 7. The shape and variables in the traction-separation response. The values on the axis are for
the normal component in the traction separation contact definition.

To account for mechanical fatigue in the cohesive surface definition, the contact
properties were reduced. The separation stress and the fracture energy were scaled with
a factor of 0.6. This factor, 0.6, was chosen based on the graph in Figure 8 showing the
S-N curve for the matrix shear with the globally reduced property in red. Details on how
the S-N curve was found are given in the Material Properties section. The red line is set
close to the convergence of the matrix S-N curve within the cycle span of interest, from
0-100,000 cycles; as the specimen failed at 127,814 cycles. Any strain above this threshold
will lead to failure within very few cycles relative to the cycles to failure. The scaling
method was done as there is no fatigue definition built into the standard delamination
crack definition of Abaqus and it was not possible to the authors” knowledge to run a
separate user subroutine on contact properties and micro damage UMAT simultaneously.

th = 6’221" x0.6 = 200, ts =t = 'fu * 0.6 =21.6 (10)
K= _ K =-5_K=-1
N = d%005/ 8 — dx005" "t = dx005 (11)
d = 0.255 mm

Gn =0.83%0.6 =05

Gs=Gt=315 % 06=19 (12)



J. Compos. Sci. 2021, 5,251

10 of 32

16,000

14,000

12,000

10,000

8,000

Strain (microstrain)

6,000
4,000

2,000

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 100,000
Cycles
——Matrix shear S-N curve — —60% of origin and shear strain to failure
Figure 8. S-N curve for the matrix shear plotted against the reduction factor on the delamination
properties. See the Material Properties section for further information on the S-N curve.

4. Cycle Jump Method
4.1. Overview

Fiber and matrix material have little or no yielding once the failure criterion is met.
Upon failure they cease to carry the load and the stress-strain curve is discontinuous as a
result, shown schematically in Figure 9. The ideal fatigue-degradation material subroutine
would iterate the stiffness based on the applied cycles and stress. The local stiffness for
each cycle would be decided by a changing and discontinuous stress/strain curve as
displayed in Figure 9. As cycles i increase, ° “and * . would become lower. Upon reachlng

and , the routine would have to be able to handle a negative tangent stiffness. Negatlve

tangent stiffness is in theory impossible using conventional iterative schemes. The fatigue
material subroutine outlined above is therefore impossible. The problem was avoided in
the presented work by using a cycle jump method, similar to that explored by Harper and
Koch [16,23].

1

o G
=N

Normalized stess

o
=~

0 0.2 0.4 0.6 0.8 1 12 14
Normalized strain -

Figure 9. Schematic of a stress/strain curve for a typical fiber or matrix material normalized to the
failure stress/strain.

4.2. Implementation

The cycle jump approach has two distinct phases: (i) loading and offloading and
(ii) cycle iteration, similar to that explored by Koch [23]. In the loading phase, peak
exposure factors and strain in all integration points are recorded. Stiffness is kept constant
and not changed as the load is increased to avoid local negative tangent stiffness. When the
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peak load is reached, the offloading and cycle iteration phase is initiated. Here the Miner
sum is calculated on the peak strains from the loading phase and the exposure factors
are changed with cycles. The stiffness is still kept constant in this phase, as the structure
offloads to the strain and stress state before loading. Upon initiation of the next loading
phase the stiffness is changed according to the new exposure factors from the cycle iteration
and the procedure is repeated. In case of simulations with varying fatigue load, this can be
achieved by loading to different loads.

Referring to Equations (6)—(8a,b), eX

res,i and S;; are kept constant during the loading

phase and £§ is changed, following the strains in the integration points. During the
offloading and cycle iteration phase, 55 is kept constant at the peak strains recorded in
the loading phase. sﬁ is therefore free from the strain in the integration points and the

structure is left to unload by itself. Now elr‘esidualrij
the given iteration. Upon initiation of the next loading phase, Sij is changed according to
Equation (9).

Due to the cohesive surface contact definition, the unloading phase may yield singu-
larities in the stiffness matrix. To overcome this, damping was introduced in this phase to
have the structure relax without causing singularities.

Figure 10 shows the cycle jump approach explained schematically. The damping
is evident in Figure 10 as the displacement curve lags behind the loading curve in the
offloading and cycle iteration phase. As the iterative scheme is dependent on the structural
response from the damping, the numbers of cycles where results are available in the
offloading and cycle iteration phase are not fixed; however, at the end of this phase/step
they are. The cycle jumps were chosen based on experimental data in this work.

is changed according to the cycle in

1.4 |
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sndstrain  and aigue phase |G
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Figure 10. Schematic curves showing how the stiffness changes according to fatigue damage based
on the peak strain in each in-tegration point based on the past cycle block.

For complicated models the runtime is long even with high memory and high CPU
capacity computers; therefore the cycle jumps has to be placed with care and at critical
points in the load history. In most cases this is at the start and end of the component’s
lifetime. At the start there will be initial matrix cracking and at the end of life there will be
extensive fiber failure [37]. In between, the strain distribution will be relatively stable and
cycle jumps may be relatively big as a result. Given a load to displacement history from an
experiment, it is therefore advisable to place the loading phases at cycles where changes
occur in the load to displacement history. Due to the long runtime, it is time consuming to
study several different cycle jumps. This study implemented only four well-chosen cycle
jumps. Despite this coarse approach, the method gave a good indication of where damage
initiated and how this damage affected the strain distribution and material behavior over
time. A further expansion of the method would be to include an automatic cycle jump
procedure. This could be done by assigning a maximum damaged volume and having
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the loading phases occur when damage extends over this specified volume. As such, the
method would be completely independent of experimental data. This was done with
success by Koch et al. [23] on simple models; however, it was not explored in this work
due to the high computational cost. Alternatively, cycle jumps could be set at decreasing
intervals until the results of a few cycle jumps converge. This procedure would be easy to
implement, but would also require high computational times using a model as big as in
this study.

4.3. Material Properties

Material properties of an orthotropic ply with transverse isotropic behavior were used
for FEA modeling. A summary of all material properties is given in Table 2. Two main
assumptions were made:

i.  The plies have transverse isotropic behavior as per classic composite material models.

ii.  Only material properties in the tensile direction were considered. The ring on the
split disk experienced some compressive stresses. However, since these stresses were
small and not in critical regions for the structural integrity, they were not considered
and simply modeled with the tensile fatigue data.

Most of the material properties were measured in our laboratory during previous
projects from standard coupons made of the same glass fiber and epoxy matrix. Data were
obtained for unidirectional flat materials. Filament wound materials have a curvature and
are strictly speaking not unidirectional. Properties were scaled to apply to filament wound
material using a FEA approach by Perillo et al. [38]. The static properties in the direction of
the fiber and matrix (Eq1, E2p, 61171, 611¢, 6221, 622C, T12) Were linearly scaled to account for
differences in the fiber volume fraction between the filament wound material in this study
and that of Perillo.

Table 2 shows the material properties and the methods used to obtain them. Only
one static property was measured for this particular study: the maximum static strain to
failure of the fibers. Compared to the original maximum static strain found by Perillo
of 22,150 microstrain [38], the value reported here of 40,000 microstrain is considerably
greater. The value was found from DIC strain measurements taken from static split disk
tests [30]. Upon catastrophic failure, 40,000 microstrain was the highest strain recorded.
This maximum strain deviated by a margin of almost two from strain at the exact point of
failure of 22,150 microstrain, similar to what was found by Perillo from standard coupon
testing. The weakest point had similar properties to data obtained by coupon testing, as
coupon tests measure the weakest part of the sample. The DIC data showed however that
the local strains can be much greater without causing failure. The greatest local strain
(40,000 ms) was used for the fatigue analysis.

Fatigue properties were described by strain-based S-N curves for the three in-plane ma-
terial components of an orthotropic ply: fiber, transverse, and shear components. Figure 11
shows the three individual S-N curves in a linear strain presentation. In all cases the S-N
curves could be well described by the log-log presentation as given in Equation (1). All
testing was done for an R-ratio of 0.1 (tension-tension). This is the most relevant loading
condition for pressure vessels being cycled between nearly empty and full.

Through-the-thickness shear (intralaminar shear) was measured on Short Beam Shear
SBS specimen cut from the filament wound vessel with geometry according to the ASTM
D2344M standard. The slope of the log-log S-N curve was found by linear regression
according to Equation (1). Figure 12 shows the data points and curve fit of the SBS testing.
The slope of the curve is 0.051. Nearly the same slope (0.054) was found for the same
constituents tested on flat specimens by Gagani [19].
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Figure 11. Three S-N curves for the fiber and the matrix directions.
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Figure 12. S-N curve for the shear component with data points.

Fatigue properties for in plane matrix cracking were not measured, but taken from
the intralaminar shear data. The slope from the shear data was used for the tensile matrix
curve with the origin from the static properties. Using the same slope in both tensile and
shear S-N curves is controversial; however, it has been shown before that the slope in the
tensile matrix direction is in general low [8], as was also found for the shear.

DIC monitoring of the SBS and split disk testing revealed a high discrepancy between
local and global fatigue failure and a large scatter in matrix properties. To account for
the variations in local properties, a parameter study on the matrix fatigue properties was
done and is reported in the Results section, changing the intercept/origin strain of the
S-N curves. The parameter study made the exact knowledge of the matrix dominated S-N
curves less critical, as the properties were changed in the analysis anyway to capture the
experimental scatter.

Local fatigue properties of the fiber were obtained by using DIC data from testing
of three split disk ring tests with a hole [30]. Strain based S-N curves were found by an
iterative process. Local fiber failures were predicted using Miner sum calculations on the
DIC strain data, as in Equations (1)—(3). The predictions were compared with the measured
failure of the samples. The S-N curve was changed until a good match between predictions
and experiments was achieved. Details of the procedure are given in [30]. The S-N curve
giving the best fit with the experimental data had a slope of 0.1, the same as usually
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measured for this type of material using standard coupon data [10,11,39-43]. However,
the origin of the local S-N curve had to be greater than for typically obtained S-N curves
to match the experimental data. The local S-N curve for fiber failure had to be shifted up
by about a factor three compared to typically reported curves from coupon testing. This
resulted in an intercept of the S-N curve for one cycle that is greater than the static strain
found from DIC data, giving a cut-off of 30 cycles on the S-N curve.

Table 2. Material parameters.

Material Parameter Value Units Test Method Source

Elastic stiffness properties

Eqq 33.06 GPa ASTM D3039 [38]
Exn 9.423 GPa ASTM D3039 [38]
Ess Ex» GPa Assumption [38]
ASTM
G2 2630 GPa D3518/D3518M-13 (381
Gi3,Go3 Gz GPa Assumption [38]
Static properties

E11T 40,000 Microstrain DIC data from static testing [30]
&11c 354 MPa ASTM D3410 [38]
811c 10,725 (611¢/E11) Microstrain ASTM D3410 [38]
GooT 334 MPa ASTM D3039 [38]
G337 6207 MPa Assumption [38]
20T 3545 (62o7/E) Microstrain ASTM D3039 [38]
€331 Eo01 Assumption [38]
pYe 96 MPa ASTM D3410 [38]
G33C [pole Assumption [38]
Zy%e 10,182 (692c /E22) Microstrain ASTM D3410 [38]
33C £0c Assumption [38]
112 36 MPa ASTM D3518 [38]
T13, T3 12 Assumption [38]
g1n 13,681 (t12/G12) Microstrain ASTM D3518 [38]
213, €23 g1 Assumption [38]

Fatigue properties

égﬂ 57,500 Microstrain DIC data from fatigue testing [30]
&hc & Simplification
Q%T, QO%T, é%%, €3O3C EoorT Microstrain Simplification and assumption
£, ?_103, €53 g1 Microstrain Simplification and assumption
1T 0.1 - DIC data from fatigue testing
X11C 11T - Simplification
1 0.05121 - ASTM D2344/D2344M Figure 12
02T, 022C, X33C, 33T, 13, %23 o2 - Simplification

Cohesive surface contact definition

th 67 % 0.6 *= 20.0 MPa Assumption [38]
ts 112 %0.6 *=21.6 MPa Assumption [38]
tt ts Assumption [38]
Gn 0.83 % 0.6 *= 0.5 N/mm ASTM D5528 [38]
Gs = Ge 3.15% 0.6 *= 1.9 N/mm ENF (End Notched [38]

Flexure) test [44—-46]

* See section FEA model for factor explanation.
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5. Finite Element Model
5.1. Geometry

The composite ring was modelled as a 1/8 model with the geometry in the schematic
in Figure 1. The model can be seen in Figure 13. The layers (hoop/axial/hoop/axial)
were modelled with five elements thickness each, as can be seen in Figure 14. Each layer
was defined through the composite layup function in Abaqus. The layers were defined in
this function as 10 + layers (+15°, —15°, +15°, ..., —15° and +89°, —89°, +89°, —89°, ...,
—89°), essentially smearing the properties.

Figure 13. D Model of 1/8 of the split disk. The disk is represented by the rigid surface under
the laminate.

Figure 14. Detail of mesh in split disk model. To the left is from the middle axial layer, to the right is
from the upper hoop layer.

The ring was meshed using hexagonal eight node reduced integration elements,
C3D8R and had 223,734 elements. As explained in the Failure Criteria section, the layers
had a cohesive surface contact definition defined between them to model delamination.
The crack (along main shear band) evident in the top hoop layer in Figures 13 and 14 also
had the cohesive surface contact definition as explained in the same section. The crack was
only present in the hoop layers, while the axial layers were meshed as shown to the left in
Figure 14.



J. Compos. Sci. 2021, 5,251

16 of 32

5.2. Loads and Constraints

Table 3 gives detailed constraint definitions with reference to Figure 15 for sur-
face name definitions. The cylindrical coordinate system is defined with a radial and
a tangential vector.

Table 3. Overview of constraints using normal symmetry.

Rotational Constraints

Surface Displacement Constraints (Around Axis)
A Z Local -
B T Local -
C T Local -
D Free -
R Local (with 0.05 friction
E coefficient in T and Z -
direction)
Center reference point X, Z Global X, Z Global

A D
Local cylindrical
coordinate system

-

Global Cartesian

R E
coordinate system T
Y yA
I<Z
X

Reference point

Figure 15. Overview of constraints, surface names, reference point, and the cylindrical coordinate system.

6. Results
6.1. Experimental Results

This study compares experimentally obtained strain fields to FEA modeling of one
composite ring with a hole as shown in Figure 1, tested with the split disk test method in
fatigue. The strain fields in the vicinity of the hole were measured by DIC every 50 cycles.
The sample failed at 127,814 cycles, shortly after the last DIC frame at 127,768 cycles.

Figure 16 shows the cycles to displacement curve from the test machine. The dotted
lines are the cycle jumps in the FEA model; these will be further explained in the FEA
results section. Catastrophic layer failure/fiber failure in the individual layers happened
over relatively short cycle spans indicated by sudden displacement jumps in the curve.
The layer failures are highlighted with arrows and text in Figure 16.

There were four regions around the hole in the disk that concentrated strain. The
regions are highlighted in Figure 17 over the contour plot of hoop strain close to catastrophic
failure. The first fiber failure has already occurred as indicated by the white gap above
the black rectangle. The gap was first visible at about 122,000 cycles, roughly 6000 cycles
before catastrophic failure of the surface layer. This large fiber failure led to the sudden
jumps in the displacement curve visible in Figure 16. It initiated progressive fiber failure
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that ripped the layer across the region indicated in the black line slice in Figure 17 before it
progressed to the other side of the hole.

235

Catastrophic failure in
surface hoop layers

Bottom hoop Iayer\

on left side failing

\
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Figure 16. Cycle to displacement curve and cycle jumps.
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Figure 17. Hoop strain contour plot around the hole at cycle 127,768, shortly before catastrophic
failure. The four rectangles highlight the four strain concentrations around the hole.

Intuitively there should be only two regions that concentrate strain, one on each side of
the hole at the equator. Macro splits (matrix cracks through the thickness of a ply) develop
at these points after very few cycles and the splits grow rapidly in the load direction. The
splits and bending of the material between the splits move the strain concentrations to the
ends of the splits [47] at the four regions shown in Figure 17.

Provided a perfect material, the four regions around the hole should have equal strain
fields throughout the test and equal damage development. Figure 18 shows the strain
curves over the length of the four regions at selected numbers of cycles. Cycle 350 was
the first recorded cycle by the DIC (cycle 1 was not recorded). The x-axis is in absolute
values (note: no negative x values), 10 mm is at the edge of the hole, and 24-26 mm is at
the outer edge of the specimen. The curves are evidently not equal. Particularly at cycle
80,000, a factor 1.5-2 difference can be seen between the regions. The differences are due to
variations in void content in the matrix, fiber density, and layer thickness; these variations
can easily be seen under the microscope, as shown in Figure 19.
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Figure 18. Hoop strain curves from the regions in Figure 17 for different cycles.

Outside surface

Figure 19. Microscopy of the split disk specimen. As can be seen there are many voids (black) and a big variation in layer

thickness over the cross section.

It can be seen in Figure 18 that the strains measured by DIC have a quite pronounced
strain concentration at the splits, at the 10 mm position, at a low number of cycles. With
increasing number of cycles, the average strain increases but the strain concentration
diminishes or moves even to the outer edge of the specimen. This effect is due to matrix
damage spreading in the material changing the constitutive properties of the material [29].

6.2. FEA Results

The goal of the FEA modelling was to predict the correct strain field and damage
development throughout the fatigue life of the specimen caused by the chosen failure
mechanisms using their fatigue failure criteria with corresponding material properties.
As shown in Figures 17 and 18 the specimen had big variations in the shape of the ex-
perimentally measured strain field over the surface. To capture the variations, the FEA
model was run for four cases with different matrix material properties and one case with
the failure mechanism in the fiber direction disabled. Tables 4 and 5 show the chosen
variations of properties in the models. Model A had nominal properties as defined in the
Material Properties section. Models B-D had degradation on matrix properties down to
40% of the original values. In addition, the matrix damage effect on stiffness in the fiber
direction was lowered down to 0.7 for the fiber for Model C and D, while Model E had
the property degradation in the fiber direction disabled. The properties for the models
are a representative selection of a parameter study that explored what correlated best
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with the range of experimental results. All models apart from Model A evidently deviate
from the assumed physics of the problem, as defined in the Failure Criteria section. It
was, however, interesting to explore what degradation was necessary to better capture the
experimental results.

Table 4. Parameters for Models A to D for FEA simulations.

Factor Applied to Stiff D dati
Nominal Static Values Factor Applied to Factor Applied itfness Degradation
. . Factor of Fiber upon
and S-N Curve Origin Contact Strength to Fracture Energy R
20 20 20 Matrix Failure, Sq1,
(e EnTinc (tn, ts, te) (Gn,Gs,Gt)
A0 20 20 20 see Table 5
ot by i)
Model A 1.0 oor * 0.6 0.6 0.9
Model B 0.6 G017 % 0.6 0.6 0.9
Model C 0.6 6201 * 0.36 0.36 0.6
Model D 04 aor * 0.36 0.36 0.6
Model E 0.6 0.6 0.6 0.7
Table 5. Stiffness reduction factors for Model C, D, and E.
Sn S» S33 S12 S13 Sy
Fiber failure (f;; > 1.0) 0.1 (A-D)/1.0 (E) 0.1 0.1 0.1 0.1 0.1
Matrix failure (f22/33/12/13'23 > 10) 0.6 (C and D)/07 (E) 0.1 0.1 0.1 0.1 0.1

Variations in layer thickness were not included in this analysis as this is difficult to
model correctly, but the effect was modeled indirectly as reduced matrix properties. The
shear crack reduction factors were chosen based on the same evaluation as for models
AtoE.

FEA fatigue calculations were done using the cycle jump method as described previ-
ously. Figure 16 shows the cycle jumps over the cycle to displacement curve. The jumps
were placed at interesting points in the cycle to displacement curve. Fiber/layer failure
manifests itself as displacement jumps in the experimental curve. An increasing amount of
matrix failure is expressed as the gradual increase in displacement between the fiber/layer
failures particularly prominent over the first 10,000 cycles. The analysis cycle jumps were
put before or at critical changes to the displacement curve. The cycle 1 jump is there to
estimate the initial state, the cycle 10,000 jump to capture the initial matrix damage, the
cycle 80,000 jump to capture the state just before first layer/fiber failure, and the cycle
127,000 jump to capture the state just before catastrophic failure at 127,814 cycles.

Ideally, more cycle jumps should be put between 80,000 and 127,000 cycles, considering
the relatively big increase in the displacement. Due to analysis time this was, however, not
feasible. The analysis time for one set of material parameters was six days on a fast 8 slot
64 GB RAM computer with an Intel Xeon W-2155 3.3 GHz CPU.

An example for comparing hoop strain fields calculated by the FEA with measured
DIC data is shown in Figure 20 for Model D at 80,000 cycles. The most highly strained
regions are qualitatively similar. However, the absolute values only match at a few locations.
This is to be expected since the experimental data show quite high variations in the four
sectors around the hole. The FE model produces the same results in each sector due to
assumed symmetries.

Running the FE analysis for each matrix cracking material model described in
Tables 4 and 5 allowed comparing the FEA against experimental data for different matrix
properties. Figures 21-24 show the lowest and highest experimental strain across the most
highly strained cross sections outlined in Figure 18 compared to the experimental results
for the four models A, B, C, D, and E for cycle 1, 10,000, 80,000, and 127,000 respectively.
The full colored curves correspond to colors of the regions in Figure 17. There is generally
good agreement between experimental data and FEA calculated strains for all but the
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127,000th cycle. The models fall between the extremes from the experiment for the 1st,
10,000th, and 80,000th cycle. This shows that the chosen matrix material models represent
the various degrees of random material variations of the matrix properties fairly well.
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Figure 20. Hoop strain contour plot of FEA Model D at 80,000 cycles (left) compared to the experimentally measured strain

(right). The color scale for the strains is the same in both plots. Both plots are for the outer ply.
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Figure 21. Lowest and highest hoop strain at cycle 364 from Figure 18 compared to the analysis
results at cycle 1.

While the low strain curve from the experiment is relatively smooth throughout
cycling (Figures 21-24), the high strain curve is not. The high strain curve has also got
considerably greater mean strain. The strain curves when using matrix crack models C
and D can be seen to have the same uneven shape and also a greater mean strain. The
unevenness and greater magnitude are due to more matrix damage. It is interesting to
see that the modeled strains start to fluctuate for the highly degraded matrix properties,
even though the model treats the properties as the same throughout the model. The black
curve in Figure 18 has the same tendency, which is the curve from the region with first
observed fiber failure and also catastrophic failure. While the matrix properties are well
described using the chosen envelope of degradation in models A-D, it is evident from
the 127,000 cycle curves in Figure 24 that strain fields after the bottom hoop layer failure
are not as well described as when predominantly matrix damage is present as for cycles
1-80,000. The experimental strains are about 40% greater than the simulated strains after
first experimental layer failure. Model D can also be seen to have a substantial fiber failure
at 127,000 cycles, which the other models do not have. It is, however, not consistent with
where the experimental fiber failure occurred, which was at about 22 mm along the length
axis in Figure 24, as commented in the Experimental Results section. The fact that the
fiber failure location deviated from the experimental results was the main motivation for
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disabling the fiber failure degradation in Model E. Additionally, the drastic stiffness change
of fiber failure caused an extensive runtime for Model D.
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Figure 22. Lowest and highest hoop strain at 10,000 cycles from Figure 18 compared to the analy-
sis results.
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Figure 23. Lowest and highest hoop strain at 80,000 cycles from Figure 18 compared to the analy-
sis results.

Figure 25 shows the peak exposure factor for the 22, 33, 12, 13, and 23 (matrix)
components for the outer ply. The maximum was in all cases in the 22 direction. There is a
region to the right of the hole at the split with a high exposure factor, corresponding with
the high experimental hoop strain region in Figures 21-24. As can be seen, models A-E
predict an increasing amount of matrix damage. It can be seen that the degree of strain
fluctuations in the model’s hoop strain graphs corresponds to the degree of matrix damage.

The FEA calculations for the onset of fiber failure (first recorded fiber exposure factor
above 1.0 in any integration point) are shown in Table 6, from Equation (6). Initial fiber
failure was predicted to happen in the inner hoop layer in all cases, same as in the experi-
ment. For Model A and B it was predicted at the equator of the hole, while for models C-E
it occurred at the end of the splits. The table and cycle numbers will later be discussed and
suggested as design criteria.
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Figure 24. Lowest and highest hoop strain at 127,000 cycles from Figure 18 compared to the analy-
sis results.
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Figure 25. Exposure factor for matrix dominated fatigue failure (22 component of the surface ply). The scale is from 0 to 1.

Figure 26 shows the FEA calculated exposure factor in the fiber direction for model
A, D, and E at 80,000 cycles for the bottom hoop layer. While Model A has relatively little
damage in the fiber direction, Model D can be seen to have extensive damage, nearly half
the load bearing cross section of the layer has an exposure factor above 1.0. Model E falls
in between the two others. Model B and C are not shown; these were also in between A
and D in damage extent. Catastrophic failure of the ring happened at 127,814 cycles. At
that number of cycles the FEA predicted strains were lower than the experimental strains,
as described above, so the accuracy of the FEA model was not too good anymore. This is
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. P

10 000 cycles

evidently due to the fact that catastrophic failure of the bottom hoop layer in the model is
very difficult to model correctly. Any exposure factor evaluation in top hoop layer is there
for difficult to evaluate and will not be presented.

Table 6. First fiber failure in models A-D.

Model Onset of Fiber Failure Location
Model A 19,930 cycles Hole equator
Model B 19,930 cycles Hole equator
Model C 16,390 cycles Split
Model D 11,400 cycles Split
Model E 11,400 cycles Split

80 000 cycles 127 000 cycles

Figure 26. Exposure factor in the fiber direction of the bottom hoop layer at 80,000 cycles. Only one side of the shear crack

is shown as damage developed there.

While the strain plots give a good overview of the local behavior of the ring specimen,
the displacement curve gives a good indication of how changes to the local stiffness
affect the global behavior. Figure 27 shows Models A-E compared to the displacement
from the experiment. All models predict a rapid increase in displacement within the first
10,000 cycles. This increase is due to developing matrix damage, making the sample more
compliant. The experimental curve shows that this damage develops much faster, mostly
within the first cycle. The discrepancy is due to the fact that the cycle 1 step was run
without any damage in the FEA analysis. This is different from the experiment, where the
cycle 1 loading gave initial matrix damage and evidently greater displacement than the
models. The models converge with the experiment after the second step at 10,000 cycles.
Putting in more cycle jumps would reduce the discrepancy, but since the focus of this study
is not on the short-term behavior, no further investigations of this phase were done.

Further matrix cracking created a gradual increase of displacement for all models. The
increase was lowest for model A and highest for model D, as would be expected from the
material properties used in the models given in Table 4. The experimental data show a
mainly flat curve up to 80,000 cycles and then a gradual increase in displacement. However,
within an error of about 10% models A, B, and C match the experimental data, models C
and E being the best. Model D gives a much too compliant behavior.
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Figure 27. The displacement differential from the experiment and test compared.

The displacement curves show that the models did not properly account for spread-
ing of fiber failure. Displacement increases due to matrix cracking were, however, rela-
tively well described, as evident between 1 to 10,000 cycles. The experimentally observed
jumps in the displacement curve due to fiber failure are difficult to capture with such few
cycle jumps.

The macro shear crack length is shown in Figure 28. The crack length is defined
as the length of the crack where the cohesive parameters 8¢ /tn/t:/ts in Figure 7 were
exceeded. The shear crack length as defined by the gaps in the DIC contour plot (see
Figures 17 and 20) is shorter than this, as voids first come when there is a visual shear
crack. It can however be seen that shear crack modeled by FEA extended outside the frame
of the DIC (15 mm) for all the models at almost all cycles.

Crack length along circumference (mm)

1 10 100 1,000 10,000 100,000
Cycles (Logarithmic)
—A 8 ~—L D —E

Figure 28. Shear crack length (length that has breached 8 in Figure 7) along the circumference of the
FEA model.

Delaminations were not measured experimentally except for some visual investigation of
the edges of the ring specimen during testing (see Figure 29). The cracks highlighted with red
arrows in Figure 29 are evidently macro cracks, but were not included in the model as they
have much less effect on the strain distribution in the loadbearing layers compared to cracks in
the hoop layers, while also being harder to predict. Figure 30 shows the delaminations in the
models between layer 3 and 4, as they were the most extensive. As can be seen, the delami-
nations differ from the experiment when comparing Figures 29 and 30. The delaminations in
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the experiment run through the equator between layer 3 and 4 and are more extensive than in
the model. The discrepancy is likely due to the fact that the macro cracks created free edges
inside the specimen which delaminations could grow from due to more shear stress in the
layer interfaces. The cracks on their own reduced the bending stiffness while also causing
delaminations to grow and are the likely reason for the apparent low bending stiffness of the
material in the split. The low bending stiffness gives the low strain in the center of the disk in
the experiment compared to the model, as shown in Figure 20.

Figure 29. Macro cracks (red arrows) extending through the middle axial layer with delamination on

f

8/6y (maximum)
Layer 3/Layer 4

either side of the middle axial layer (green arrows).

10,000 cycles 80,000 cycles 127,000 cycles

Model A

Model D

1.0

9.167 1071
8.333+ 107!
7.500 107!
6.667 107"
5.833+107"
5.000+10"
4.167 1071
3.333+ 1071
2.500+ 107!
1.667 = 1071
8.333 1072

Model E

Figure 30. FEA delamination between the most delaminated layers in the model, layer 3 and 4, as indicated in the schematic.
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7. Discussion

The experimental strain field measurements performed by high frequency DIC have
shown that the local variations in material properties significantly change the strain.
Figures 17 and 18 show the differing strains in the highly strained and critical regions.
Using simple symmetry arguments, the strains in the four quadrants around the hole of
the ring test should be the same for a component with identical material properties.

The local changes in material properties are a result of the production process and
natural variations in material properties. Especially for the filament wound material inves-
tigated here, local variations in fiber content, fiber placement, and presence of voids are
quite pronounced, amplifying these effects compared to better-controlled materials, such as
prepregs. However, to some extent these variations are present in all composite materials.

Modeling the random variations of the material s behavior is a challenge. This work
used a simplified approach by modeling the ring specimens several (five) times with a
constant set of material properties for each modeling run. The initial matrix properties and
their degradation characteristics were changed for the different runs. The high frequency
DIC measurements allowed comparing experimental fatigue strains with FEA simulations
on a high level of detail.

Looking at up to 80,000 cycles, the comparison showed that the nominal material
properties (model A) described the least damaged parts of the specimen well. Model D
with degraded properties described the most damaged part of the specimen well. Model B,
C, and E were between the two. Modeling the entire specimen with a constant set of matrix
properties is not ideal, as it deviates from the real physical conditions, but the agreement
between experiments and FEA shows that this simplified approach manages to capture
the strain envelope reasonably well. The approach should be sufficient for most practical
purposes. Model D was the only model that had enough fiber damage to show on the strain
curves, with strains in the fiber direction up to 0.8%. However, the fiber failure occurred
at a different spot from the experiment. Seeing as the modeling method did not capture
fiber failure correctly, Model E was run without any degradation of fiber failure associated
properties and with degradation of matrix properties in between Model D and Model C.

The FEA calculates that the first local fiber failure happens already at 10,000-20,000 cycles
for all models. This is the first point in the models with an integration point showing
an exposure factor above 1.0 for the fiber direction. Due to the initial matrix cracking
phase being more or less the same for all models, the first registered exposure factor above
1.0 falls within a short cycle window. However, as stated above, it was concluded that the
method falls short of modelling catastrophic fiber failure correctly. The reason being that
the experiment consisted of many strong and weak fibers, while the model treats all fibers
the same. Such a drastic event as fiber failure therefore becomes difficult to model correctly
due to statistical variations in the experiment. To model it better, some failure criteria that
initiate fiber failure when a region of a certain size has an exposure factor above 1.0 may be
better. However, this is a computationally expensive approach. The modelling method in
Model E may therefore be the most fit for purpose as it gives the user an idea of how big a
region may give fiber failure without the added computational cost of modeling the failure
(relative to the other models, Model E was computationally faster with less iterations).
Knowing when the exposure factor in the fiber direction reaches 1.0 in the model may be
a good design input, as it occurs about a decade before catastrophic failure, which gives
a reasonable safety factor for design purposes. Most importantly, the modelling gives a
good indicator of how the strain fields will develop throughout the fatigue life. As can be
seen, the general trend is the same for all models, with a flattening of the strain field with
increasing cycles and damage. Considering the material model’s poor ability to correctly
model the progression of fiber failure, but good capability to model matrix damage, it can
be said that it is more fit for modelling components with a high cycle fatigue issue rather
than low cycle.

After initial local fiber failure, further local fiber failures develop according to the
FEA. As shown in Figure 26, the region with local fiber damage spreads mainly in the
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loading/hoop direction along the splits and across the width of the specimen. The first
global response from fiber damage between 80,000 and 90,000 cycles, as seen in Figure 16, is
due to an accumulation of local fiber failure that can connect via matrix damage to create a
more global crack. The current FEA model is not capable of describing the accumulation of
fiber damage properly, as element deletion or contact breaching has to be used in addition
to stiffness reduction of the elements to properly characterize the failed regions. Such
routines are computationally expensive. The FEA model should be accurate up to first
fiber failure. Afterwards, the model shows reasonably well what is happening in the ring
specimen, but it should be seen more as a qualitative characterization. Model D and E
with the weak matrix describe much more fiber damage than models A, B, and C with a
stronger matrix, as would be expected.

Catastrophic failure happens at 127,814 cycles; a decade after the first fiber failure
was predicted. The progressive development of damage leads to fluctuations in the strain
field across the width, both in FEA predictions and in experimental DIC measurements.
It seems that these fluctuations indicate the onset of serious fiber damage, damage that
leads to a global response of the structure. The first fluctuations were already seen for
the C, D, and E models at 80,000 cycles, see Figure 23. The fluctuations are very pro-
nounced at 127,000 cycles, see Figure 24, even though the absolute strain values between
experiment and FEA do not agree too well. These fluctuations could potentially be used
as a non-destructive evaluation (NDE) method indicating imminent catastrophic failure.
Qualitatively it can be observed that local fiber failures develop and spread without causing
a recognizable global response. Matrix damage increases in parallel. Once a combination
of local fiber damage and sufficient matrix damage exists, the benign local fiber failures
can rapidly combine into global fiber damage causing macroscopic/ catastrophic failure.

The FEA used here addresses all failure mechanisms and degradation of material
properties after failure, creating a full progressive mechanical fatigue analysis. It is based on
very simple maximum strain failure criteria and easily obtained material data. Nevertheless,
the set of input data needed is large, as shown in Table 2. The good agreement with
experimental results up to first fiber failure is an indication that the modeling approach
was successful. It is worth looking at some of the simplifications made. All micro failure
mechanisms, axial and shear matrix cracking, and local fiber failure, are described by simple
non-interacting maximum strain criteria. The scatter in experimental data, especially the
large effects of locally varying material properties, dominates the result, making the simple
failure criteria adequate. Whether the simple criteria would also work under more complex
multiaxial loading conditions is currently unclear and would need further experimental
work to find the answer. In principle the cycle jump approach described here can be easily
extended to more complex failure criteria if needed.

Another simplification was to prescribe in advance that the dominant shear crack
would develop from the equator of the hole in the ring specimen parallel to the load direc-
tion in the hoop layers. This simplification reduced the computational effort significantly.
For simple and well-defined loading conditions, the position of the shear cracks can be
easily estimated in advance and possibly confirmed by simple experiments. The experi-
mentally observed axial cracks were not modeled in advance and subsequently ignored by
the FEA. It was argued here that these cracks were not critical for the ring specimens tested.
In principle such cracks could be easily added. If the loading directions are completely
unknown, the prescribed crack direction can be a severe limitation and the macro shear
crack will matter more, as investigated by Turon [7].

The planes in which delaminations would develop were prescribed in the same way
as for the shear cracks. This simplification should work well under most loading conditions.
However, the method for defining the macro matrix crack and delamination is somewhat in
contrast to other studies covering this topic, taking a highly simplified approach. Figure 28
shows the crack length defined through breaching of 5 in Figure 7. Compared to the gaps
in the strain field in Figure 20 it may appear that the actual shear crack is shorter than the
modeled; however, the gaps may appear long after the material has cracked and certainly
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long after the elastic regime defined by § is breached. The gaps simply indicate when
the DIC is not able to pick up any displacement in the speckle pattern. The key role of
the shear crack from a strain distribution perspective is to hinder transfer of shear strain
across the crack line leading to a greater strain at the 10 mm position in the strain graphs
in Figures 21-24. The strain at the 10 mm position in the curves in Figures 21-24 varies
very little even though the C and D models have a shear crack twice as long as the A and B
models. This indicates that for the split disk ring, the shear crack length is not critical for
getting the right strain field in the peak strain regions as long as the crack is longer than a
certain minimum. This is an attribute of the modeled geometry. In other applications the
macro shear crack will matter more, as investigated by Turon [7]. For future work, it could
be possible to combine the methods from the UMAT in this work into a UEL with CZM.
As demonstrated by Rozylo [20], the CZM approach is robust and able to predict crack
paths in complex strain fields. With the cycle jump approach in the UMAT presented here
it would be possible to make a UEL that takes into account both macro and micro cracking,
making for a very robust progressive fatigue model. The runtime would very likely be an
issue; however, simpler models than the one in this study would be sufficient to serve as
a proof of concept and with the computers of tomorrow runtime may not be a worry in
the future.

Another simplification was the use of the cycle jump method. As found in previous
studies, the method seems to work well. The analysis steps were chosen here based
on experimental results. It was a convenient way to identify the critical steps, but only
possible if experimental data are available. To increase applicability and improve accuracy,
a better estimation of cycle jumps would be needed. This could be done by convergence of
strain or damage over time by running several models with different cycle jumps. These
models could be more coarsely meshed or only contain parts of the full model. More
elaborate approaches to estimate cycle jump size and position already exist for simpler
models [7,15,23] and should be possible to implement on larger models as well.

It seems a good balance of simplicity of the FEA and accuracy of the results was found
for this study. Adding more complexity to the FEA, especially fiber matrix interaction
effects and cycle jump iteration schemes, may get closer to the physics of the behavior of
the composite, but also increases dramatically the computational effort. Whether a more
complex model will improve the results remains to be seen, because usually further uncer-
tain assumptions need to be added on a detailed level. The variation in material properties
remains in all cases and requires using a worst-case approach for design calculations at
the end.

Traditional design calculations would use S-N curves for fiber dominated failure
obtained from coupon tests and apply them to the stress/strain concentration points in the
structure. For this material an S-N curve with the origin at 22,150 microstrain [36] would
yield very conservative first fiber failure estimates. In this study the highest strain near the
hole was around 1.5 to 1.8%. This would lead to 100 to 1000 cycles to failure, far below the
actual catastrophic failure. The reason for the mismatch is using an S-N curve describing
large catastrophic failure on the scale of a few cm to local non-critical damage development
at a stress concentration.

The FEA shown here uses an S-N curve describing local fiber failure taking local
material variations of the matrix into account. This curve is more realistic for use in
stress/strain fields with large gradients. Since the accuracy of the FEA currently drops after
first local fiber failure, a designer could use the first fiber failure for the weak material D as
a design criterion. The predicted cycles to failure are then 10,000, which are much more
than predicted by the traditional method. It should still be a reliable approach, because
the FEA is fully capable of reproducing local strain fields. This approach is basically
designing for first ply failure, a method widely used for static analysis. The approach has
been applied before in the FADAS mechanical fatigue model for simple test coupons by
Passipoularidis et al. [48]. The FEA can be used further to estimate the location of final
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catastrophic failure and it could indicate how the strain fluctuations would look that would
develop as a warning before catastrophic failure.

8. Conclusions

A finite element analysis (FEA) material model describing mechanical fatigue of com-
posites by a progressive degradation model using the cycle jump method was developed.
It is aimed at pressure vessel applications and focuses on fatigue behavior under tensile
load cases, such as that found in industrial pressure vessels. It uses typical failure criteria
for transversely orthotropic materials and degrades the stiffness in each material direc-
tion based on the Miner sum damage calculation with log-log S-N curves. The model
is relatively simple and requires only the typical input parameters used for composite
laminate analysis.

Strain fields from FEA were compared with DIC strain fields from split disk testing
of a composite ring specimen. Extensive variations in damage development and strain
fields were measured by DIC over the specimen due to variations in void content, layer
thickness, and fiber volume fraction. The strain in the four regions around the split disk
hole varied with a factor of 1.5 to 2 at the most over the course of cycling. To address
the variations, the FEA model was run with a parameter study on matrix properties. The
most damaged regions (with strain 1.5 to 2 times higher than the least damaged) were
best modeled by using S-N curves for matrix properties degraded by 40% compared
to the original values. The original values described damage in the regions with less
defects well. The experimental strain fields fell at or between the modelled material
cases, showcasing how much variation there can be in a typical filament wound material.
Considering the 1.5 to 2 factor difference, a reduction of 40% in strength for the matrix can
be considered reasonable.

Initial fiber failure could be characterized by an S-N curve measured locally (about
0.5 mm range) by DIC. Despite the curve ‘s high strength values, fiber failure was predicted
conservatively within a decade of the experimental failure, much better than using tradi-
tional S-N curves obtained from typical coupon specimens. The model did, however, fall
short of being able to correctly describe catastrophic fiber failure (accumulation of local
fiber failures), due to its relatively simple nature and the sudden nature of catastrophic
fiber failure. The experimental results showed that regions developing fluctuations in the
strain fields were the areas where catastrophic fiber failure was initiated. The weak matrix
model showed the same fluctuations in the FEA. These fluctuations can be measured by
DIC and can be used as a warning for eminent failure. The results indicate that fiber failure
and matrix failure are linked.

It can be concluded that the developed model is sufficient to model the complex strain
and damage state in a split disk test if run with weak and strong matrix properties. The
model is able to show how the strain fields develop and what shape the fields will attain in
regions suspect to catastrophic fiber failure.
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Glossary
General Material Direction
Specific
Material direction, with examples: ij
Fiber direction - 11
Matrix direction - »
In plane shear direction - 12
Through thickness direction - 33
General sign of peak/max value " -
Tensional property T §T
Compressive property C e
Strain € &jj
Residual strain Eres Eresij
Cycles N -
E-modulus E Ej
Shear modulus G Gjj
Traction components:
Normal component (Mode I) n
First shear component (Mode II) s
Second shear component (Mode I1I) t
Max traction t tn, ts, tt
Contact stiffness K K, K, K¢
Fracture energy G Gn, Gs, Gt
Separation & On, Og, Ot
Max separation o¢ Otn, Ofs, Oft
Max elastic separation I Son, 00s, Oot
Property at a given number of cycles N N {1\1
Exposure factor i
Slope of S-N curve o o
Origin of S-N curve o 5
Cumulative damage (Miner sum) M M
Property in a load block in a Miner sum. k
Example of symbols:
Intercept in tensional fatigue curve for fiber S
Max static strain in tensional transverse (matrix) direction Eoo1
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