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Joints are a necessity in the construction of large structures such as ships. In the context of
Fibre Reinforced Plastics (FRP), joints present a site of potential weakness due to material
and geometric discontinuities. This problem is most significant in out-of-plane joints were
stresses can occur in the materials weaker through-thickness direction. It is important
therefore that the behaviour of these type of joints is fully understood. A substantial body
of literature exists concerning their static behaviour but very little exits concerned with their
long term fatigue behaviour. The aim of this thesis is to present an understanding of the
long term fatigue behaviour of a particular out-of-plane joint, the single skin tee joint.

Initially a review is presented of the current knowledge concerning the load transfer
mechanisms of tee joints. This highlights the substantial knowledge available on tee joint
static behaviour and also establishes what is still not clearly understood. A review is then
presented of the fatigue damage mechanisms of FRP materials including what 1s known
currently of in-plane joints and out-of-plane tee joints. This highlights the lack of
understanding surrounding the long term behaviour of FRP tee joints and establishes possible
damage and failure processes which could occur in these joints.

As a first step in understanding the fatigue behaviour of tee joints, further static
experimentation of four different joint configurations is presented. This helps fill the gaps
in the knowledge of static load transfer mechanisms using thermoelastic and photoelastic
techniques to produce novel full field pictures of through-thickness stress and strain
distributions. The static experimental results also provide a first point on the fatigue load-life
curve for each joint configuration. Extensive fatigue experimentation is then presented for



the same four tee joint configurations. Uniquely, load-life curves and stiffness degradation,
residual strength degradation and energy dissipation through life results are presented for the
tee joints subjected both to constant loading and two-step loading fatigue. Damage processes
and failure mechanisms are also highlighted in detail, as never before.

Theoretical analysis of the tee joints is presented in two parts as internal behaviour
predictions and global behaviour predictions. Internal behaviour is modelled using Finite
Element Analysis (FEA). The results are used in a novel manner for tee joints to provide
a means of understanding and predicting the damage processes and failure mechanisms seen
during experimentation. Global behaviour is modelled using a new method based on energy
dissipation as a damage indicator. This method gives relatively good predictions of two step
load fatigue lives compared to existing theoretical approaches. Further more a second new
method of global fatigue behaviour prediction 1s proposed for use as a design tool. This
approach gives a means of producing a design envelope of tee joint design solutions for a
given application. Within the bounds of this investigation the method gives very good
predictions of constant load fatigue lives.
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1.0 Introduction

Today’s trend 1n the marine industry is for faster, lighter vessels, carrying larger payloads
with greater longevity. This has led to an increasing interest by Naval Architects in more

unconventional materials for the construction of vessel structures. A particular material
which is in growing use by both high performance naval and commercial ships is fibre
reinforced plastics (FRP). This has the unique potential of allowing designers to tailor
material properties to optimise their structural designs.

To afford flexibility in the construction of large structures, such as ships, requires the
inclusion of joints. When FRP materials are being used their low specific stiffness can
require the inclusion of further joints for the addition of structural reinforcements.

Bonded or laminated joints between two structural members represent a zone of potential
weakness in context of FRP materials. The weakness in this case is caused by the absence
of load bearing fibres across bonded surfaces and through the occurrence of stress
concentrations associated with joint geometry and production considerations. It is important
then that their behaviour when subjected to typical in-service loads is completely understood.

FRP joints can be split into two general groups, either in-plane or out-of-plane joints. The
primary function of an in-plane joint 1s to transfer tensile loads between two in-plane panels.
In the marine industry these types of joints have generally been used to join prefabricated
modules and to carry out repairs. The coverage of in-plane joints in the literature is fairly
exhaustive, addressing their behaviour when subjected to static and impact loads and long
term fatigue. See for example Matthew et al. (1982). The primary function of an out-of-
plane joint is to transmit flexural, tensile and shear loads between two out-of-plane panels.
In the marine industry these types of joints are very common and have generally been used
to join bulkheads or stiffeners to the hull of a ship. There has been an emergence of a wide
body of literature concerning the static behaviour of out-of-plane joints. See for example
Junhou and Shenoi (1996). There 1s however, a conspicuous lack of work concerning the

long term behaviour of these joints.

The long term behaviour of joints i1s currently of particular importance as the oldest FRP
ships reach their design lives and new ships are designed for minimum weight with the
requirement of longer design lives and lower through-life repair bills. Consequently the aim
of this investigation is to understand the long term fatigue behaviour of a particular out-of-
plane joint, the single skin tee joint. The main objectives are to understand the physical
characteristics of FRP under fatigue, to extend this to the performance of tee joints in an
experimental context and to identify failure mechanisms, to develop modelling techniques

to characterise their long term cyclic behaviour and to propose an approach for incorporating



fatigue characteristics in tee joint design.

A typical single skin tee joint is shown in figure 1.1. The joint itself is formed by hand
laminating strips of reinforcing cloth (or overlaminates) either side of the joint to form a
double (or boundary) angle connection. The load transmission is done entirely through the
cloth-resin plies and any filleting resin within the boundary angle.

To establish what 1s known at present about the load transfer mechanisms of tee joints and
to identify any shortcomings in that knowledge, current design guidelines, experimental
investigations and theoretical modelling concerning these joints are examined. Any
shortcomings are addressed 1n a programme of static experimentation. This experimentation
is also used in understanding the fatigue behaviour of the tee joints in terms of damage
initiation and mechanisms.

To understand the fatigue mechanisms and behaviour of FRP materials and joints, there is
a progressive examination of fatigue behaviour; from continuous fibre laminates through to
marine type laminates, on to in-plane lap joints and then finally to the current understanding
of out-of-plane tee joints. This highlights the lack of knowledge concerning single skin tee
joint fatigue behaviour.,

As an 1mtial step in the derivation of a method for defining fatigue damage accumulation in
tee joints, the various theoretical techniques currently available for laminates are examined.
This includes methods based on stiffness and strength degradation and energy dissipation.
An assessment 1s made as to the applicability of the various techniques to tee joints in light

of the current understanding of their behaviour.

Experimental evaluation of static stress and strain distributions utilising novel techniques,
combined with theoretical investigations of the internal behaviour of various tee joint
configurations using finite element analysis (FEA), highlight in detail joint behaviour and
damage mechanisms. Extensive experimental evaluation of the fatigue performance of the
same tee joint configurations then produces load-life data, stiffness and strength degradation
and energy dissipation data. From this data it is possible to determine the influences of
geometric configuration on fatigue strength and damage mechanisms.

The data produced from the experimental programme is combined with currently available
theoretical techniques and a novel theoretical approach to produce a damage accumulation
method for use in the fatigue assessment of tee joints. The data is also combined with data
from other sources, to produce a set of novel design curves that allow preliminary predictions
of static and fatigue strength for a large range of tee joint configurations.



2.0 Tee Joints
2.1 Background
2.1.1 Marine Applications

A typical stiffened single skin ship structure 1s shown in figure 2.1. The structure comprises
a large number of different out-of-plane connections including frame to shell, bulkhead to
shell, stiffener ends, stiffener intersections, deck edges and so on. These connections can be
split into two main types. The first is the laminated tee joint where two orthogonally placed
pre-fabricated panels are connected and there is access to both sides of the joint. The second
is the top-hat stiffener joint where a pre-fabricated stiffener is connected to a panel and there
is only access to one side of the joint.

The two joint types are required to transmit direct and shear forces and bending moments
caused by normal hydrostatic and wave loads together with hydrostatic pressure loads under

damage conditions.

The construction of the tee joint and top-hat joint 1s similar. Typically a joint i1s formed with
a pure resin fillet over-laminated with strips of reinforcing cloth to form boundary angles.
The geometry of the joints results in an out-of-plane loading being applied to the curved
boundary angles which in turn causes interlaminar stresses. FRP materials have an inherently
low interlaminar strength due to the lack of reinforcing fibres orientated normal to the
laminae. As a result these joints are susceptible to delamination within the curved
overlaminate at relatively low loads, when compared to the in-plane strength of the material.

2.1.2 Design Guidelines

Various sources of design guidelines are available to help in the design of out-of-plane joints.
One of the earliest sources 1s the "Marine Design Manual for Fibreglass Reinforced Plastics”
by Gibbs and Cox (1960). This manual covers both tee joints and stiffener joints and gives
recommended arrangements and design examples. It recommends that a low density fillet
be inserted between the members being joined to reduce the rigidity of the connection. It
also suggests that the dimensions of the overlaminates should be "minimum consistent with
strength requirements” to be "determined by test”, although a minimum overlap of S0mm is

recommended.

Early work on FRP marine structures in the U.K. centred around the design of the Royal
Navy Minehunters. The extensive analysis conducted by the Ministry of Defence in support
of its minehunter programme formed the impetus to the drawing up of naval engineering



standards. Standard NES140 gives detailed guidelines on the design of structural
intersections. It specifies that the thickness of the overlaminate, t, is to be at least half, and
preferably two-thirds, the thickness of the thinnest member being joined. The length of the
overlaminate overlap should be at least 100mm, and preferably 150mm. The radius of the
fillet is specified as t + 20mm and the gap between the members being joined is specified
as less than t, except over short lengths. In addition guidelines are also given on lay-up and
stacking sequence. It states that the overlaminates are to be made up of two layers of CSM
plus one layer of woven fabric reinforcement, repeated as necessary such that, with the
addition of at least two layers of woven reinforcement to the outside of the joint, the desired
thickness is achieved.

Probably the most usual source of design guidelines utilised by designers in the marine field
are the Classification Society Rules.

Lloyd’s Register of Shipping (LRS) rules (1983) state that for vessels greater than 30m 1in
length "the scantlings are to be determined by direct calculation ". For shorter vessels
guidance is given on the design of both top-hat stiffener joints and tee joints. For tee joints
it is stated that the overlaminate should overlap onto the members being joined by a
minimum of "50mm + 25mm per 600 g/m” of reinforcement". In addition the weight of the
laminate forming each angle should be at least 50% of the weight of the lightest member
being joined, or 900g/m* of chopped strand mat (CSM) or equivalent, whichever is greater.
Explicit guidance on the resin fillet radius is not given, however it is stated that in bonded

joints, polyester or epoxide resins should be used and that "the contact area is to be as large
as practicable”. Guidance is also provided with regard general lay-up and stacking sequence,

in particular that the first layer laminated onto a pre-cured surface should be chopped strand
mat (CSM).

The American Bureau of Shipping (ABS) rules (1978) are applicable to GRP vessels under
61m in length. Both top-hat stiffener joint and tee joint design guidance is given. For tee
joints it is stated that the overlaminate thickness should be one-half the thickness of the
thinner of the two laminates being joined, provided it exceeds a certain minimum value
gerrned by the length of the vessel. The overlaminate overlap is specified as being not less
than 15 times its thickness. As with the LRS rules guidance on the lay-up and stacking

sequence suggests that the first layer laminated onto a pre-cured surface be CSM.

The Det Norske Veritas (DNV) rules (1991) utilise a unique approach in that no formulae
is given for the direct derivation of scantlings. The rules offer instead tables of loadings,
allowable material properties and maximum limiting stresses from which the overlaminate
details are to be determined. The method by which this is to be achieved 1s left to the
designer to determine, although certain minimum requirements are specified. The resulting

4



calculations and derived scantlings are then to be submitted for approval.

2.2 Characterisation of Behaviour Through Experimentation

Until recently there has been liftle work concerned with the characterisation of the behaviour

of tee joints. The work has been predominantly application specific, in that a particular
design of joint has been modified in one direction only to enable it to achieve the necessary

level of performance required by the particular application being considered.

Early work was conducted by the structure manufacturers to overcome particular problems
within their own products. In the marine field this experience was collated and used as the
basis for the Marine Design Manual from Gibbs and Cox (1960).

A large experimental programme was conducted prior to the construction of the first of the
Royal Navy’s minehunters, HMS Wilton, with regard to many aspects of FRP construction,
Dixon et al. (1972), Smith (1972), Harrhy (1972). This highlighted the weakness of out-of-
plane joints as frames were found to debond from the shell under shock loading tests. The
solution adopted to overcome this problem was to through-bolt the connections. Following
the development of the larger Hunt Class MCMV’s it was decided that improvements should
be made to the joints performance, Chalmers et al. (1984), Pitts and Dorey (1984), Green and
Bowyer (1981), Dodkins (1989). This involved disposing of the bolts and replacing the filled

polyester fillet with a flexible urethane acrylate fillet. Tee joint test specimens were
subjected to 45° pull-off tests (the 45° loading represented a tank under hydrostatic pressure)
and then the joints were tested in full scale tank structure tests subjected to explosive
loading. These tests resulted in a bonded joint with a similar ultimate static strength to that
of the bolted joints. Initial failure however, was still by delamination of the overlaminate.
The inclusion of these joints in the Sandown class of SRMH’s highlighted problems with
premature delaminations in the tee joints in certain areas of the ships. A further experimental

programme was undertaken with the aim of delaying the delaminations, detailed in Vosper
Thorneycroft (UK) Ltd Report No. D/89-452 and Report No. D/89-455. Modification of the
overlaminate resin system from pure polyester to a polyester/urethane acrylate mix was found
to be the solution. The resin improved the toughness and flexibility of the overlaminates and
hence was found to delay the onset of delamination. The mode of failure remained the same,
however, with delamination occurring well before the final failure of the joint.

Work in the aeronautical field has been mainly directed towards bonded tee joints

incorporated in wing structures. A comprehensive study of the behaviour of a spar-wingskin
joint has been carried out by Cope and Pipes (1978). The investigation involved developing

the correct size and shape of epoxy insert around which the spar was laid. The test method
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used to assess the tee joints was a vertical pull-off. The results showed that radiused inserts
were much better than triangular ones, and the larger the radius, the stronger the joint.

Arguably, the most rigorous investigation into the behaviour of tee joints up to now, was
performed by Hawkins (1995). This work followed on from the experimentation undertaken
within the UK minehunter programmes. The 45° pull-off was again used to simulate the
loading patterns experienced by the tee joints. A radial test method was adopted allowing
geometric and material variables to be investigated within a limited programme of testing.
This method produced test specimen types where each type varied from the "common" type
by one feature only. The joint chosen to be the hub of the variants featured a pure fillet
only, with no overlaminate and was designated sample C. Variations from this sample were
made by changing either the fillet radius, the gap between the members being joined, the
preparation of the tee-piece or by the addition of an overlaminate. In addition to these
variants the joint designs in current use were also tested.

The details of each specimen type tested are given in table 2.1. All the base plates to be
joined were the same polyester resin with E-glass woven fabric reinforcement and all fillets
were produced from urethane acrylate resin. Samples A, L and M had overlaminates based
on polyester resins, whilst samples B, F, J and K used a urethane acrylate/polyester resin mix
in the overlaminate.

The thick overlaminate joints were seen to be prone to premature failure by delamination.
This progressed through the laminate as load was increased until final failure occurred when
the overlaminate detached from the fillet, and the fillet failed. Premature delamination was
not seen in the thin overlaminate joints and hence final failure was catastrophic with no clear
order of failure. The pure resin samples all failed within the fillet, sometimes preceded by
detachment of the fillet from the web or flange. In all cases final failure initiated from the
tension side of the fillet on the outer face.

It was observed from the test results that the fillet radius and overlaminate thickness were
very significant joint variables, with all others being considerably less significant. Increasing
fillet radius was seen to increase the ultimate strength, failure deflection and joint stiffness.
The incorporation of a thin overlaminate was seen to produce similar effects to increasing
fillet radius with an increase in stiffness, strength and failure deflection. Increasing the
overlaminate thickness was seen to increase joint stiffness, but no concrete conclusions could
be reached as to its effects on joint strength and failure deflection. Increase in gap size and
modification of the end of the tee-piece seemed to have little effect on joint stiffness, but
increased joint strength and failure deflection. These changes also appeared to increase
scatter in the failure values making the improvements in performance unreliable. Finally,
modification of the overlaminate resin was seen to cause a delay in initial delamination and

6



hence an increase in strength and also failure deflection, but little change to joint stiffness.

In addition 1t was noted that there was a relationship between the quality of construction and
the design of the joints. Large radius and thin overlaminate joints tended to lend themselves
to more consistent production and hence a more consistent performance. This was reflected
in their narrow band of experimental scatter. Furthermore it was pointed out how joint
flexibility enhanced joint performance. This was contrary to the design guidelines which
promote the use of stiff joints through the use of excessively thick overlaminates.

2.3 Theoretical Modelling of Mechanical Behaviour

As with the experimental work, very little theoretical work had been concerned with tee
joints behaviour and performance, until recently. The complex geometries associated with

tee joints lend themselves to numerical techniques, hence all the theoretical analyses have
been performed using finite element methods.

Smith (1972) and (1990), performed a two dimensional plane strain finite element
idealization of a bulkhead/shell connection incorporating a single boundary angle. The joint
was subjected to a vertical pull-off load and a 90° bend simulating flooding loads.
Distributions of tensile and shear stresses were computed across the bonded interfaces of the
joint. These showed high stresses were likely to be present at the ends of the boundary angle
overlaps.

In their study of aircraft spar-wingskin joints Cope and Pipes (1978) used two dimensional
finite elements for their idealization. Verification of the model was achieved by comparing
applied load to experimental strain measurements taken from the wingskin. A reasonable

correlation was found to exist. The mode of failure was predicted to be debond of the fillet
from the overlaminate. This mode could not be confirmed by experiment, however, due to
the catastrophic nature of failure, which made the determination of the location of failure
initiation difficulit.

Gillespie and Pipes (1978) also investigated aircraft spar-wingskin joints. They too used two
dimensional finite elements in a plane stress idealization. Three types of joint were studied,
a joint with no-insert, with a titanium insert and a graphite-epoxy insert between wingskin
and spar. The joints were subjected to a pull-off load applied as a pressure load to the
wingskin. Verification of the models was achieved by comparing predicted load-deflection
response and strength with experimentally determined results. Relatively good agreement
was found to exist, although the finite element analysis was unable to predict the bilinear

load-deflection response of the joints containing inserts. The joint strength predictions were

7



based on interlaminar failure at the base of the spar.

In the most recent investigation into tee joint behaviour, Hawkins (1995) used three
dimensional non-linear finite element idealization to illustrate the internal behaviour the joints
types detailed in table 2.1 and hence determine their load transfer mechanisms. In addition
he performed a parametric study showing the effects of critical design variables on joint
performance. The joints were all subjected to a 45° pull-off load. Verification of the models
was achieved by a comparison between the predicted load-deflection responses and
experimental results. Furthermore a comparison was made between predicted stress levels,
material strength values and experimentally determined joint strengths. Reasonable
correlation was found to exist.

Comparison of the stress distributions for the different joint types at a constant load, showed
that in the thick overlaminate joints in-plane stresses in the overlaminate were approximately
50% of the ultimate strength of the laminate, whilst the stresses in the fillet were around
65%. The interlaminar stresses in the overlaminate however, were found to be 100%,
indicating possible failure by delamination. Fillet stresses in the pure fillet samples were
found to be between 80% and 90% of ultimate. In the thin overlaminate joints overlaminate
in-plane stresses were found to have increased slightly compared to the thick overlaminate

joints, and the fillet stresses were similar to the pure fillet joints. The interlaminar stresses
in the overlaminate however, were found to have reduced by 60%.

The parametric study was based on the variation of the fillet radius, the overlaminate
thickness and the gap size, as these were deemed to be the variables having the most
influence on joint performance. The results are given as a series of design curves in terms
of overall deflection, maximum stress in the fillet, maximum overlaminate in-plane stress,
and maximum overlaminate interlaminar stress, for a constant load of 12.5 kN. Figure 2.2
shows the results for the variation in overlaminate thickness and fillet radius. The gap size
is constant at 20mm. It was found that increasing overlaminate thickness and fillet radius
caused overall deflections and in-plane stresses in the overlaminate to decrease. In addition
the increase in overlaminate thickness also caused a decrease in fillet stresses and increase
in overlaminate interlaminar stresses. Investigations into the variation of gap size found it
to have no significant effect on overall deflections or stresses in the overlaminate. The
stresses in the fillet however, increased with increasing gap size, but this effect was reduced
by the increase in fillet radius.

2.4 Discussion

A substantial amount of work has been directed towards understanding the load transfer



mechanisms of tee joints. From the aeronautical field to the marine field, whether through
experimentation or theoretical modelling, the knowledge gained up to now has been
extensive. Unfortunately, at present, the design guidelines available do not reflect this. Most
guidelines are based on experience and give no guidance on some important design variables
such as fillet radius. Infact if the base plates to be joined are the same thickness and
material as the overlaminate, which tends to be the case, the majority of the guidelines could

be reduced to two simple rules; use CSM as the first overlaminate layer and construct the
overlaminate so that its thickness is half that of the base plates being joined. This guidance
may actually be detrimental to the joints behaviour because it produces an inherently stiff

joint. As Gibbs and Cox (1960) first advised and further investigations have agreed, the aim
of the joint design should be to "reduce the rigidity of the connection".

All the experimental investigations into tee joints are in general agreement with each other,
they show that thick overlaminates lead to delaminations well before final failure of the joint.
Furthermore they show that the overlaminate thickness and fillet radius are crucial geometric
variables governing joint performance. All the data available relate to load-deflection or just
ultimate failure load. Much has been learnt from these investigations about the influence of
geometric variables on joint performance, however there is little experimental knowledge of
the actual load transfer mechanisms, particularly load paths and internal stress and strain
distributions.

Theoretical modelling of tee joints has been restricted to finite element analysis (FEA) only.
This is due to the complicated nature of tee joint geometry and construction. The finite
element approach has allowed a detailed understanding of the stress distributions within tee

joints. Importantly, Hawkins (1995) has shown that relative interlaminar stresses in the
overlaminates can be extremely high. These stresses have been taken to be the most likely
cause for the delaminations observed in the experimental investigations.

Computational limitations at the time of each FEA investigation, have meant that the mesh
of the FEA models tend to be rather coarse, hence there is not an element per layer of
laminate and elements have had to be used in a deformed shape around the curved boundary
angles. This will have caused approximations to be made during solving and averaging of
the results. In addition, in some cases there was a significant lack of accurate material
property data available, which would have caused approximations in the modelling and hence
further approximations in the results. There also tended to be little substantial model
verification, with the assumption that if a single point measurement of deflection or strain
is similar to the FEA result then the rest of the stress and strain results should be correct.
These shortcomings in the way the FEA models have been produced has meant that although
the relative stress values and distributions predicted are likely to be correct, the actual
magnitudes of stress predicted may be unreliable.
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3.0 Fatigue Processes in Fibre Reinforced Plastics

3.1 Continuous Fibre Laminates
3.1.1 Unidirectional Laminates

The simplest form of composite material is one with all the reinforcing fibres aligned in a
single direction. Curtis (1989) points out that the application of such composites is limited,
due to the poorer mechanical properties in directions other than normal to the fibres.

Damage mechanisms, produced by tensile fatigue loading of unidirectional laminates, have
been extensively investigated by Talreja (1987). For loads applied parallel to the fibres he
divides the damage mechanisms into three types as shown in Figure 3.1. Firstly, at stresses
exceeding the strength of the weakest fibre in the laminate, fibre breakage occurs (Figure
3.1a). This causes shear stress concentrations at the fibre matrix interface close to the broken
fibre. The interface may then fail, leading to debonding of the fibre from the surrounding
matrix. This debonded area acts as a stress concentration site for longitudinal tensile stress.
If the stresses in this area exceed the fracture stress of the matrix a transverse crack will form
in the matrix. The second and third damage mechanisms involve cracks initiated from flaws
in the matrix which grow until they encounter an interface. The matrix damage is controlled
by applied strain due to the constraint provided by the fibres. At sufficiently low strains
cracks are confined to the matrix alone, increasing only in numbers (Figure 3.1b). At higher
applied strains the stress at a crack tip might exceed the fracture stress of fibres, leading to
fibre failure and allowing matrix cracks to grow. If a crack is long enough, the shear stress
at its tip may become sufficient to cause a fibre matrix interface to fail bringing about a
diversion of the crack into the fibre direction (Figure 3.1c).

As the numbers of fatigue cycles increases initiated matrix cracks will propagate. Isolated
fibres are rendered ineffective load carriers, causing fibres to become locally overloaded and
static failures occur. Close to failure, matrix and interfacial damage cause extensive
longitudinal splitting parallel to the fibres, leading to a characteristic brush-like failure.

Dharan (1975) investigated the fatigue mechanisms of a unidirectional glass fibre-epoxy
material. He concluded that the fatigue response could be divided into three distinct life
ranges. In the first region (less than 200 cycles), there was a small dependence of the fatigue
life on cycling. Observation of the specimen during the first cycle showed that in addition
to a progressive increase in matrix cracks with stress, the peak stress was high enough to
precipitate large numbers of fibre failures within the material. Failure occurred by the
coalescence of local fibre breaks which then propagated in a few cycles to connect other such
regions until the specimen failed catastrophically. In the second region (200 to 10° cycles),
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matrix cracks were still formed in the first cycle. Several random fibre breaks were also
observed, but not in large numbers. As cycling progressed, one (or more) surface crack was
seen to propagate perpendicular to the tensile axis breaking fibres in its path until it was
large enough to satisfy the criterion for fibre matrix interfacial shear failure. When this
occurred, delamination began, leading to eventual failure. In the third region (greater than
10° cycles), the applied stress was below the matrix crack initiation stress and none of the
few specimens tested failed.

Loading inclined to the fibres has been assessed by Talreja (1987). For off-axis angles
between 0° and 90° the tip of a crack initiated in the matrix will be subject to two
displacement components, 1.e. an opening normal to the fibres and a sliding parallel to the
fibres. This will lead to mixed mode crack growth parallel to the fibres. At an off-axis
angle of 90° the crack growth will occur in the opening mode only. This will lead to
debonding of the fibre matrix interface, referred to as ’transverse fibre debonding’.

3.1.2 Cross-Ply Laminates

More useful composite materials are formed by the combination of several laminae (or plies)
in various directions, with a lay-up based on the design load requirements. The damage
development in such composites under tensile fatigue loading has been discussed by
Reifsnider and Talug (1980). The initial damage consists of matrix cracking along the fibre
direction in the off-axis plies. These cracks form through the thickness of the plies by
transverse fibre debonding. The cyclic stress level controls which plies will form cracks and
the number of loading cycles influences the number of cracks formed. The cracking process
continues until each off-axis ply has attained an equilibrium or saturation crack spacing
consistent with the development of, what Reifsnider and Jamison (1982) term the
Characteristic Damage State (CDS). When the CDS has formed no new transverse cracks
form independently in the off-axis plies. The existing cracks in a particular ply act to reduce
the stress locally, to the extent that the material between adjacent cracks cannot be subjected
to a stress sufficient to cause the formation of another intermediate crack. The regular crack
spacing is characteristic of the material and the laminate’s stacking sequence, but independent
of the load history.

As transverse cracks form they initiate short microcracks observed running perpendicular to
the primary transverse cracks. These microcracks are caused by tensile stresses ahead of the
transverse cracks. They are located at or near the ply interfaces and tend to cluster in zones
centred around the transverse cracks.

The interlaminar shear and normal stresses which vanish in regions remote from the edges
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of undamaged laminates are observed to take on non-zero values in damaged regions,
Reifsnider and Talug (1980). As the fatigue cycles increase delamination occurs. This is
caused by the growth of interlaminar cracks driven by the interlaminar stresses in regions
where transverse and microcracks cross. Delamination can contribute to crack growth by

allowing cracks in adjacent plies to connect up with one another by climbing along the ply
interfaces. This type of crack growth 1s also greatly enhanced by the through-the-thickness
tensile stresses which tend to pull the ply interfaces apart.

Continued cycling results in regions of high crack connectivity and high crack density
developing. One of these regions is generally the final fracture site. The terminal event of
separation usually consists of large scale fibre breakage and debonding in the plies aligned
with the principal tensile stress, Talreja (1987).

3.2 Marine Type Laminates

3.2.1 Chopped Strand Mat Laminates

Owen and Dukes (1967) examined the tensile fatigue behaviour of laminates of E-glass
CSM and a general purpose polyester resin. They observed a series of damage events similar
to those of continuous fibre laminates. The first type of damage was debonding of the
fibres lying at 90° to the direction of load caused by a breakdown in the fibre matrix
interfacial region (transverse fibre debonding). With continued loading damage spread to
fibres aligned at progressively smaller angles to the applied load. It was seen that damage
could be initiated at any point along a fibre and did not seem to be particularly associated
with fibre ends. Further damage involved intensive resin cracking which occurred in the
resin rich zones of the material. Cracks were predominantly perpendicular to the applied
load and appeared to originate from some of the debonds. These transverse resin cracks in
turn caused debonding of fibres aligned with the applied load wherever these were intersected

by the transverse cracks.

Owen and Howe (1972) observed that the number of resin cracks tended to become saturated
at some point during the fatigue life. This then 1initiated the development of debonds which
spread among the aligned fibres, increasing in number sharply before failure. Bourban et al.
(1989) found a similar sequence of damage events when testing glass CSM set within three

different epoxy resins.

An early investigation was made by Owen and Smith (1968) into the effects of varying glass
content and test frequency when fatigue loading CSM. They found that at short life times
increasing the glass content increased the fatigue strength, but at longer life times the glass
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content became less important. The long-life behaviour was found to be dependant primarily
on the resin. Increasing the test frequency was found to considerably change the fatigue
strength of CSM. This Owen and Smith associated with a significant increase in internal
temperature rise at each applied stress amplitude which caused a change in the damage

process within the matenal.

3.2.2 Woven Fabric Laminates

Woven fabric reinforcement consists of two sets of interlaced yarns where the longitudinal
direction of the fabric is termed the warp and the transverse direction is referred to as the
weft. The yarn crossovers are commonly referred to as undulations.

In fabric-reinforced laminates the earliest signs of damage take the form of transverse fibre
debonding and among the weft fibre strands and resin cracking in the resin-rich zones of the
material, Beaumont (1990). Continued cycling leads to the development of intensive damage
in the form of delamination located at the undulations.

Tanimoto and Amijima (1975) performed tensile fatigue tests on a series of satin woven glass
reinforced polyester laminates loaded in the warp fibre direction. They divided the fatigue
process into three stages; stage one involved the initiation of transverse cracks in the resin
phase of the laminates at the centre of the undulations (see figure 3.2a). During this stage

the transverse crack density was seen to gradually reach a constant value. The second stage
involved the propagation of the transverse cracks through the weft fibre strands up to the

adjacent longitudinal fibres where they initiated longitudinal cracks (see figure 3.2b). The

third stage involved the longitudinal crack density also becoming constant up until the fatigue
life was reached at which stage the specimen failed suddenly.

Schultz et al. (1987) performed tensile fatigue tests on a fabric-reinforced laminate loaded
in the weft fibre direction. As would be expected, during early fatigue cracks were initiated
and developed along the transverse threads, in this case in the warp direction. These cracks
were considered to initiate at the centre of the undulations. Cracks are seen to initiate in the
undulated region because there is a lower stiffness than in the surrounding regions where
straight fibres are present. The lower stiffness causes a maximum strain to appear at the
centre of the undulation, Ishikawa and Chou (1983). Further damage involved the
development of longitudinal cracks which increased both in length and density. At the
undulation of warp and weft threads delamination developed being initiated at cross sections
of transverse and longitudinal cracks. As soon as delamination occurred the stiffness of the
laminate decreased considerably leading to final failure.
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3.3 Loading Effects

3.3.1 Loading Configuration

Compressive fatigue of composites is not thoroughly understood, Curtis (1989). Less
information 1s available mainly because the compressive testing of these materials presents

many problems, such as the need to support the specimens from undergoing global
macrobuckling. An experimental study of compression-compression fatigue has been

undertaken by Grimes (1981).

In compression, the fibres remain the principal load bearing elements, Curtis (1989). They
must, however be supported from becoming locally unstable and undergoing a microbuckling
type of failure by the matrix and fibre matrix interface. Matrix and interfacial damage
develops for much the same reasons as for tensile loading, but the greater demand on the
matrix and interface causes greater strength degradation during compressive fatigue. In
addition, local matrix and interfacial damage leads to fibre instability in compressive loading
which is more severe than the fibre isolation mode which occurs in tensile loading.

The worst fatigue loading condition for composite materials is tension-compression loading.
The poorer behaviour that is observed, 1s because many of the laminate off-axis plies develop
intra-ply damage which causes local layer delamination at relatively short lifetimes. In the
compression half cycle tensile induced damage can lead to local layer instability and layer

buckling, before resin and interfacial damage within the layers has initiated fibre
microbuckling. Thus fatigue lives in tension-compression loading are usually shorter than

for other loading configurations.

Flexural bending fatigue of composites is another subject where little information is
available. The main reason for this is that designers tend to use inplane properties to predict
fatigue lifetimes of materials subjected to flexure. Scholte (1993) points out however, that
flexural fatigue can produce poorer behaviour than inplane fatigue. This is due to the large
stress gradient through the thickness of a laminate, which causes significant shear stresses
to occur at the interface between fibres and resin.

3.3.2 Stress Ratio

The stress ratio R, 1s defined as the ratio of minimum applied stress to maximum applied
stress. Mandell and Meier (1983) studied the effect of varying this ratio for glass reinforced
epoxy laminates under tensile fatigue. They found that as the stress ratio increased towards
R = 1 the fatigue lifetimes of the laminates increased.
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Poppen and Bach (1996) present constant life diagrams for three different glass fibre
reinforced laminates (see figures 3.3a, 3.3b and 3.3c). Lines originating from the origin
represent a constant stress ratio. The y-axis represents a stress ratio of R = -1 (symmetric
tensile/compressive loading) the intersection with the x-axis is the static strength value of the
laminate. It can be clearly seen that for each of these laminates an increase in stress ratio

again leads to an increase in fatigue lifetimes.

3.3.3 Frequency

The effect of load frequency during the fatigue of composites has been investigated by
various authors, Mandell and Meier (1983), Saff (1983), Sun and Chan (1979), Reifsnider
et al. (1977). They have all indicated that the frequency of cyclic loading has a significant
effect on the fatigue life of fibre reinforced composite materials. In general they have found
that decreasing load frequency decreases the fatigue life of a laminate due to damage
developing more rapidly at lower frequencies. Saff (1983) concludes that matrix-dominated
lay-ups are more sensitive to load frequency than are fibre-dominated lay-ups. He relates
the sensitivity of given lay-ups to the stress state in the matrix. Curtis (1989) discusses the
hysteresis heating effects related to fatigue frequency. He states that laminates dominated
by mainly continuous fibres in the test direction develop small strains and there 1s little
hysteresis heating. However, resin dominated laminates, with few or any fibres in the test
direction, show larger strains and thus marked hysteresis heating. He concludes that the
effect of fatigue loading rate is negligible for most continuous fibre composites tested in the
fibre direction, as long as hysteresis heating is also negligible. The main exception 1s glass-
reinforced plastic (GRP) in which there is a significant loading rate effect, believed to be due

to the environmental sensitivity of the glass fibres.

3.3.4 Environment

One concern in the incorporation of GRP into marine construction programs is the long term
durability of the material in a salt water environment. Penetration of fibre reinforced plastics
by water occurs both by diffusion through the matrix and by capillary flow through defects
and along imperfect fibre matrix interfaces, Smith (1990). Higher absorbtion levels will
occur if the laminate contains damage in the form of matrix cracking and fibre debonding.
More detrimental than environment alone is the combined effect of stress and environment.

Tensile stress coupled with salt water immersion can result in stress corrosion of the glass
fibres. This results in the growth of microscopic cracks in individual fibres which leads to
catastrophic fracture of the laminate.

Hofer and Skaper (1985) studied the effect on the fatigue endurance of a GRP laminate when
submerged in salt water. They examined two glass fibre/polyester laminates and two glass
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fibre/epoxy laminates. The results of the tests undertaken showed that for the polyester
laminates there was an initial gradual degradation in residual strength followed by a sharp
loss in residual strength. The loss was so severe that most specimens failed during the
subsequent stress cycling phase. The drop off in residual strength of the epoxy laminates

was seen to be much less abrupt.

3.4 Material Effects
3.4.1 Resin Type

Several investigations, Surendra (1987), Owen and Rose (1970), have been made concerning
the contribution of matrix properties to the fatigue of fibre-reinforced composites. These
have shown that the mixing of flexible resin with a general purpose polyester resin has little

effect on the fatigue life of a laminate. In addition, resin cracking in fatigue is not
suppressed by increased flexibility, although the onset of cracking and fibre matrix debonding

is delayed.

Echtermeyer et al. (1995) compared the tension-compression fatigue behaviour of glass
reinforced laminates made with polyester and phenolic resins. they concluded that the two
resin systems exhibited similar fatigue characteristics. However, as opposed to the polyester
laminates, the phenolic laminates were found to develop some damage during the
compressive part of the fatigue cycle. This was attributed to the presence of micropores in
the resin which are often created during curing of phenolic resin. It was argued that the
pores could collapse under compression and allow some microbuckling of adjacent glass

fibres.
3.4.2 Fibre Type

The use of aramid fibres instead of, and combined with glass fibres has lead to significant
increases in fatigue life compared with traditional glass fibre laminates, Howson et al.
(1992). This has also been seen to be true for carbon fibre and hybrid carbon/ glass fibre
laminates, Bach (1996). The glass fibre laminates tend to be more susceptible to damage,
this may be due to the fact that the greater stiffness of the carbon fibres reduces the strains
within the laminate resin delaying resin cracking. Within the hybrid carbon/ glass fibre
laminates the carbon fibres carry more of the applied load reducing the stress in the glass

fibres.
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3.4.3 Stacking Sequence

The stacking sequence of a laminate indicates the lay-up of the individual plies forming the
laminate. For continuous fibre composites this will be a combination of plies with different
fibre orientations to the direction of applied load. For marine type laminates it will possibly
be a combination of woven fabric plies at various orientations and chopped strand mat plies.

Echtermeyer et al. (1996) studied the influence of different fabric stacking sequences by
performing fatigue tests on a glass stitch bonded combination mat and four laminates of
inlaid construction having straight glass fibres held together by polyester yarns. All the
Jaminates were produced using polyester resin. They found that fibre orientation and fabric
type affected fatigue strength, but the fatigue strain to failure was very similar for all the
glass laminates, as long as some fibres ran in the load direction. Laminates with no fibres
in the load direction failed much earlier than fabrics with some fibres in the load direction.

3.5 Bonded Joints

3.5.1 Lap Joints

In-plane joints are commonly used by the aerospace industry in the construction of aircraft
structures. In the marine industry their use is limited to applications such as, providing a
connection between prefabricated hull units and the repair of damaged laminate.

An insight into the behaviour of these type of joints was given by Smith (1972) using finite
element analysis of a butt-strap connection. Figure 3.4 shows the connection and the
calculated distributions of direct and shear stresses acting across the bonded interfaces for
the joint statically loaded in bending and also in tension. As can be seen both types of
loading induce tensile (peeling) and shear stresses which reach their maximum values near

the lap ends.

Imanaka et al. (1988) investigated the importance of the complex stress distributions found
within in-plane connections with relation to their fatigue strength. This was achieved by
conducting fatigue tests on standard single lap joints with different lap length and adhesive
layer thickness. Figures 3.5a and 3.5b show the tensile and shear stress distributions in the
adhesive layer of the lap joint with adhesive thickness t = 0.1mm. The results indicated that
the fatigue strength of adhesively bonded lap joints can be well characterized by the
maximum tensile stress in the adhesive layer. Furthermore, maximum tensile and shear stress
increase with the increase in lap length and the decrease of adhesive layer thickness.
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Johnson and Mall (1985) and Tiu and Sage (1986) investigated the effect of joint geometry
on fatigue strength. Tiu and Sage conducted fatigue tests on three different double lap joint
configurations, the standard square-ended joint, the inverse taper joint and the radiused joint
(a customized taper joint). The standard joint’s fatigue strength was low. The mode of
failure was a crack which started in the adhesive fillet at the end of the lap and then
continued down into the composite for a short distance before propagating along the fibre
direction until final failure occurred, see Figure 3.6a. The radiused joint configuration was
intended to relieve the stress concentration by a gradual change in cross-section. It was
found to be effective because the fatigue strength was improved by some 50%. The mode
of failure was different from the standard joint, being entirely interlaminar failure of the
composite 1n the lap initiating at the radiused surface, see Figure 3.6b. The inverse taper
joint retained the gradual change in section of the lap whilst increasing the glue-line
thickness to relieve the shear stress in the adhesive. The joint showed only a slight increase
in fatigue strength over the standard joint. Failure occurred by the initiation of a tensile
crack in the fillet which propagated down into and then along the base plate, finally
delaminating the composite, see Figure 3.6¢. It was therefore concluded that the radiused
joint appeared to be the best configuration for fatigue applications. A similar conclusion was
drawn by Johnson and Mall who conducted tests on single lap joints with varying angles of
lap taper. They found that a taper of 5° resulted in a 50% improvement in the debond
resistance of the joint compared with no taper.

3.5.2 Tee Joints

Out-of-plane connections are used extensively in marine construction, whether it be for the
attachment of stiffeners or bonding of decks and bulkheads to the hull shell. The study of
the fatigue behaviour of these types of joints has however been fairly limited.

One of the earliest investigations was presented by Dixon, Ramsey and Usher (1972) and was
part of the design development work for the construction of the Royal Navy’s first GRP
minehunter HMS Wilton. Tests were performed on various bolted and unbolted bonded
connections including frame to shell, frame to keel, deck to shell and bulkhead to shell joints.
Figure 3.7 shows the bulkhead to shell joint test specimen details. Two test configurations
were employed and these consisted of a compression load applied to the top of the web with
the flange clamped and a bending load applied at 90° to the top of the web also with the
flange clamped. Although the test results were very limited a number of conclusions could
still be made. Firstly, the fatigue lives of the connections were considered adequate, this was
in relation to the minesweeper requirement that structural connections should be able to
withstand 10* cycles at 50% and 10° cycles at 25% of their ultimate static failure load, Smith
(1972). Secondly, fatigue had no significant effect on the subsequent static strength of the
connections. This was apparently true even in those cases where resin crazing and/or
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delamination had occurred in the joint overlaminates during the fatigue loading. Thirdly,
some of the connections experienced a significant and progressive loss of stiffness during the

fatigue loading.

In a study by Scholte and van-Leeuwan (1977) a single type of bulkhead to shell connection
was subjected to a series of fatigue tests. Figure 3.8 shows the test specimen details. Two
specimens were tested statically and a further eleven specimens were tested at different
applied fatigue loads. The loading was tensile-compressive with minimum to maximum load
ratios of R = -0.5 and R = -1. Due to hydraulic limitations the cycle frequency used was
varied from 0.6 Hz at high loads to 1.15 Hz at lower loads. Figure 3.9 shows the results of
the fatigue tests in terms of double amplitude load vs number of cycles to failure. The
damage mechanisms were similar for static and fatigue loading with delamination of the
overlaminates and disbonding of the glass pins during static loading and fatigue cycling.
Near final failure a disbond occured at the fillet/flange interface leading to peeling of the
overlaminate from the flange and separation of the joint. For specimen no. 11 fatigue
loading was only continued up to 10’ cycles at which point the specimen was subjected to
a static test. From the results of this test it was concluded that fatigue did not cause a
significant reduction in joint strength even though the joint had developed a number of large
cracks during fatigue loading. In addition to this a number of other conclusions were made.
Firstly, fatigue loading caused a substantial loss of overall joint stiffness. In one case a 30%
loss of stiffness was noted at only half the fatigue life of the specimen. Secondly,
delamination and crack formation started at a very early stage of the fatigue life. In eight

of the specimens cracks were initiated on the first cycle. Thirdly, some specimens had small
defects prior to testing but these did not seem to significantly influence the results.

In a very recent study by the Defence Research Agency (DRA) Dunfermline, into defect
tolerence of FRP structures, Defence Research Agency Report No. DRA/SMC/CR963033
(1996), included in it an investigation into the fatigue of tee joints, Defence Research Agency
Report No. DRA/SMC/TR963012 (1996). The main aim of this work was to evaluate
whether damage in the form of overlaminate root whitening, had any effect on the fatigue
performance of tee joints representative of those found in the Royal Navy’s Single Role Mine
Hunters. The joint test specimens were constructed entirely using polyester resin, with
overlaminates of 11 plies having the lay-up of 2 Chopped Strand Mat (CSM), 1 Woven
Roving (WR), 2 CSM, 1 WR, 2 CSM, 3 WR. A typical specimen is shown in figure 3.10.
The joints were loaded at 45° in compression, with a stress ratio of R=0 and a frequency of
1 Hz. Figure 3.11 shows the results of the tests in terms of stress at the overlaminate root
versus number of cycles to failure. The stress at the root was derived from a strain gauge
positioned at the surface of the overlaminate on the tension side of the joint. It was
concluded from the S-N results that root whitening damage had little effect upon the fatigue

performance of these tee joints. Defence Research Agency Report No. DRA/SMC/TR963013
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(1996) evaluated the failure mechanisms induced by the fatigue testing and concluded that
the principal failure mechanism was severe delamination occurring along the interface
between the fillet and first CSM overlaminate ply on the tension side.

3.6 Discussion

It is obvious from the large number of variables associated with all composite material that
the variation of anyone of these variables whether fibre, resin, loading or lay-up can have a
significant effect on the behaviour of the material during fatigue loading. A general
underlying behaviour can be identified, however, for most laminate types. In general damage
is initiated on the first loading cycle and cracks form perpendicular to the direction of
loading. The crack formation then progressively changes direction until cracks are formed
parallel to the applied load, at which point final failure begins. Increasing frequency and
stress ratio in general increases fatigue lives. Generally stiffer laminate lay-ups, i.e fibre
dominated laminates are less susceptible to damage and hence less fatigue sensitive.

The knowledge concerning fatigue of laminates is extensive. The knowledge surrounding
the fatigue behaviour of joints, particularly tee joints is however, very limited.

The understanding of lap joint fatigue behaviour is mainly confined to failure mechanisms
for various joint designs. Although 1t is known that the stresses have maximum values at

the end of the laps and designing to reduce these stresses, whether with radii or tapers can
result in significantly improved joint performance.

The understanding of tee joint fatigue behaviour is based on a very small number of fatigue
test results. Surprisingly 1t has been found in two separate studies that fatigue loading does
not cause a significant reduction in joint strength, but it does cause a significant loss of
stiffness. These conclusions have however, been based on only one or two test specimen
results with no detailed analysis of how the strength or stiffness varies over the lifetime of
the joint configurations. There is no quantification of the scatter present in the results and
no calculation as to the percentage of fatigue life that the joints have experienced before they
are statically loaded. Unfortunately this makes the conclusions unreliable.

The work up to now on fatigue behaviour of tee joints has been limited to application
specific investigations and little understanding of the behaviour of these joints has been
established. Load-life data 1s very limited, the understanding of the fatigue mechanisms and
processes is inadequate and the understanding of the effect of geometric variables on fatigue
performance is practically non-existent.
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4.0 Fatigue Modelling of Fibre Reinforced Plastics

4.1 Load-Life Representation
4.1.1 S-N Equations

An important first step in modelling the fatigue behaviour of a material is to characterise its
constant stress or strain fatigue life. A large number of models exist in the literature with
various approaches, but each has a similar purpose and that is to fit a curve to experimental
fatigue life data. The models available can be sorted into three general types; straight line
fits, power law fits and inverse power law fits.

Metal fatigue has been studied for many years and several empirical fatigue models have
been established for describing S-N curves, these include the Basquin law, the conventional
straight line in S-N and the Manson-Coffin law.

The Manson-Coffin law is a power law based on plastic strain amplitude,

= ¢/2N)" (4.1)

eap

where ¢€,, is the plastic strain amplitude, 2N is the reversals to failure, €, is the fatigue
ductility coefficient and c is the fatigue ductility exponent.

Basquin’s relation is a power law based on applied stress,

o, = 0f2N)° (4.2)

where o, is the applied stress, o, 1s the fatigue strength coefficient and b is the Basquin’s
exponent.

The conventional S-N curve, straight line fit is,

s =k log(N) + d (4.3)

where s is the applied stress normalised withrespect to the ultimate static stress, k is the slope
of the S-N curve and d is the s-intercept of the S-N curve.

There has been some success in applying the Basquin relation and the conventional S-N
model to composite materials. The application of the Manson-Coffin model directly would
however, be difficult due to the complexity of defining plastic strain for this type of material.
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Models relating specifically to composite materials have been proposed by Hahn and Kim
(1976) and Hwang and Han (1986).

Hahn and Kim proposed the power law,
Ko °N =1 (4.4)

where o, is the applied stress, N 1s the number of cycles to failure and K and d are model
parameters or ‘'material constants’. This model is similar to the Basquin’s relation.

Hwang and Han proposed the inverse power law,

N = [B(1-5)]¥° (4.5)

where B and c are the model parameters. This equation was derived using the concept of
fatigue modulus combined with a strain failure criterion.

Appendix A gives a comparison of the application of these models to various composite data.
4.1.2 Statistical Characterisation of Scatter

Variability of testing, material characteristics and specimen preparation results in a large
degree of scatter in the basic fatigue data.

It has been found that scatter 1n fatigue life can be statistically explained using a log-normal

distribution, as with regression analysis, or a Weibull distribution. Whitney (1981) put
forward a procedure which allows the generation of an S-N curve using a distribution of this
type. Firstly, a classical empirical power law was used to model the S-N curve of the
material under investigation, the model having a set of unknown parameters. The fatigue life
data, N, at each stress level was then fitted to a two-parameter Weibull distribution. The

distribution was of the form,
R(N) = ex[,[_(ﬂ)ﬂ] (4.6)
N,

where, R(N) is the reliability of N (probability of survival), N, is the Weibull location or
scale parameter (Characteristic life) and « is the Weibull shape parameter. The maximum
likelihood estimator (MLE) method combined with a data pooling scheme was used to
determine the shape parameter, a, and characteristic life, N,. Finally, a straight line was fit
to the log S versus log N, data to determine the power law model parameters. Whitney went
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on to estimate the effect of sample size on the Weibull parameters. He found that the values
of N, where not radically effected by sample size, but the shape parameter o was very
sensitive. From his comparisons of sample size it would seem that sample numbers of 20
per stress level are desirable for reasonable results. This approach enables a family of S-N
curves to be found each corresponding to a particular level of reliability. These are known

as P-S-N (probability-stress-life) curves.

Sendecky) (1981), proposed a method again using the Weibull distribution. As with
Whitney’s method an assumed fatigue model was used to describe the S-N curve. An
assumption of strength life equal rank was made which states that in a group of experimental
specimens the strongest specimen will have the longest fatigue life. This was used to allow
the transformation of the fatigue data into equivalent static strength data. A Weibull
distribution was then fit to this data and the MLE method was used to estimate the shape and
location parameters. These parameters then allowed the unknown parameters in the fatigue

model to be obtained. As the Weibull distribution was fit to all the data at once, less
samples were required per stress level than for Whitney’s method. However, only one S-N

curve is produced using Sendeckyj’s method.

Barnard et al. (1988) also assumed strength life equal rank and showed that the fatigue
scatter was a direct consequence of the variation in the static strengths of individual test
specimens. They also showed that the scatter was a function of applied stress and an inverse
function of the slope of the S-N curve. They propose that the static and fatigue distributions
are two-parameter Wiebull distributions and that the correlation between the two distributions
is the S-N curve. They go on to show how it is possible to generate P-S-N curves from only

a limited amount of fatigue test data.

4.2 Stiffness Degradation

In chapter 3.0 it was shown that numerous defects within a composite laminate may
contribute to the eventual failure of the material. This progressive build-up of damage causes
a degradation in the mechanical response of the material which is manifested as a reduction
of stiffness. Estimation of the change in stiffness therefore, can be a useful measure of

damage development and residual life.

Highsmith and Reifsnider (1982) used an analytical shear lag model to estimate the
degradation 1n stiffness for a specified crack density in glass/epoxy cross-ply laminates. The
shear lag model involved introducing a transverse crack into the off-axis ply of a laminate.
At the crack surface the stress in the ply is zero, but away from the crack the stress becomes

non-zero; load was assumed to be transferred back into the cracked ply via shear transfer
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across the resin-rich boundaries of the un-cracked plies. With a specified crack density in
the off-axis ply of a laminate the shear lag model could be used to calculate the contribution
to the overall load carried by that ply and hence its degraded stiffness could be determined.
The overall laminate stiffness could then be modelled using the reduced stiffness value of
the cracked ply and a laminate analysis. They found that for the [0,90] laminates agreement
between theory and experiment was reasonably good, however the analysis was somewhat
conservative in that it overestimated the stiffness change. In the case of the [0, 45] laminate
agreement between theory and experiment was not good. This was believed to be due to
other damage modes that were observed, which the analysis did not account for.

Talreja (1985) also proposed a modelling technique based on the association between
stiffness degradation and crack density. He used a continuum damage mechanics approach
to modify the stiffness matrix of a composite laminate to account for damage. His method
allowed residual stiffness of a laminate to be calculated given the crack density and certain

material constants. For orthotropic laminates these constants were determined from measured
values of Youngs moduli, Poisson’s ratio and shear moduli for the undamaged and damaged

state at a known crack density. Talreja suggests that a cross-ply laminate is the most suitable
configuration for determining these constants. Comparison of his theory with experimental
observations for glass/epoxy and carbon/epoxy laminates demonstrated good accuracy.

Yang et al. (1990) approached the problem of stiffness degradation from a more practical
view point. They put forward an approach that predicts the residual stiffness degradation of
specimens in service from base-line laboratory data and in service measurements. The
assumption was made that the residual stiffness degradation rate was a power function of the

number of fatigue load cycles, such that

dE(n) _ -E(0)Qvn*"! (4.7)
dn

where, n is the number of cycles, E(0) is the initial stiffness and Q and v are random
variables that depend on applied stress level, loading frequency, stress ratio and the
environment. From experimental investigation they found that Q and v were strongly
correlated and v was a function of applied stress level. Integration of equation (4.7) and
substitution of relationships for the random variables, based on stress independent parameters,

led to,

E(n) = E(0)[1-(a, +a,8,+a,Ba)(m)*""] (4.8)

where, a,,8, and a, are the stress independent parameters, ¢ is the applied stress level, and
B is a random variable. Experimental data indicated that the distribution of both E(0) and

B could be represented reasonably well by a lognormal distribution. Residual stiffness
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degradation for a specimen was then predicted using either a linear regression analysis or
Bayesian approach. Agreement between experimental and theoretical results was found to
be reasonable.

Hwang and Han (1986,1989) proposed the concept of fatigue modulus to predict fatigue life.
This concept is shown schematically in figure 4.1. Elastic modulus at the nth cycle is

obtained from a line nm. Fatigue modulus, F, at the nth cycle 1s obtained from the slope of
the line on’. Therefore

F(n) = —° (49)

where o, is the applied stress and €(n) is the resultant strain at the nth loading cycle. They
suggest that the fatigue modulus and conventional secant modulus will differ considerably
~ for matrix dominated composites, such as CSM laminates, but for unidirectional composites,
differences will be small.

Hwang and Han assumed that the fatigue modulus degradation rate, dF/dn, was a power
function of the number of fatigue load cycles, such that

— = =Acn°! (4.10)

where, A and c are constants. This was integrated and a strain failure criterion was adopted,
such that final failure was assumed to occur when the fatigue resultant strain reached the
static ultimate strain. This resulted in the fatigue life equation, equation (4.5) given in
section 4.1.1. The power function was further generalised to create seven different fatigue
life equations.

Yang et al. (1992) combined the residual stiffness degradation model of Yang et al. (1990)
and the fatigue modulus concept to produce a fatigue modulus degradation model suited to
matrix dominated composites. The model was therefore,

F(n) = FO)[1-(a,+3,a,+a,Ba)n™"™] (4.11)

where F(0) is the initial fatigue modulus at n = 0. They go on to suggest that for matrix
dominated composites the stress-strain relation will tend to be nonlinear, thus the initial

fatigue modulus will be a function of the applied stress and static secant modulus. The
stress-strain relation is assumed to be modelled by,
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¢ = B(l-e™) (4.12)

where P and r are model parameters. This then leads to an expression for initial fatigue
modulus, such that

g
F(0) = ——2 _FE(0)
oo B ] (4.13)

pB-a,

The residual fatigue modulus degradation for a specimen was then predicted using either a
linear regression analysis or Bayesian approach. Agreement between experimental and
theoretical results was found to be reasonable. This theory is taken further by Lee et al.
(1993), and a fatigue life prediction equation 1s developed using a fatigue modulus failure
criterion.

4.3 Strength Degradation

The build-up of damage within a composite laminate not only changes stiffness but also
changes the strength of the laminate. Knowledge of the strength of a structure in service 1s
very important as it can dictate the frequency of inspections and component maintenance or
replacement. Prediction of the change in strength of a composite subjected to fatigue has
therefore been investigated extensively.

One of the earliest studies of strength degradation in composite materials was by Halpin et
al. (1973). They proposed a degradation equation based on the crack propagation of
homogeneous materials and introduced the *Wearout’ type residual strength degradation
model. Hahn and Kim (1975) followed on from this work and introduced the concept of rate
of change of residual strength, with no reference to any crack growth. They used a rate-type
equation which assumed that residual strength decreases monotonically with increasing

fatigue life, so that,

I = —Acr-m (4.14)

where o, is residual strength, A is a parameter which is a function of applied stress and m

is a constant. This equation was integrated and a residual strength failure criterion was
introduced. This stated that fatigue failure occurs when the residual strength reduces to the
applied stress. From this a relation was developed between the static strength, o,, and the

fatigue life, N, such that,
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N = (67" -a""Y(m+1)D (4.15)

where D is a parameter which is a function of applied stress, 0,. This relation implied that
the strength life equal rank assumption was valid. Equation (4.15) was then used to develop
a fatigue life distribution based upon a truncated static strength distribution.

Yang and Liu (1976) used a similar approach to Hahn and Kim (1975) to develop a residual
strength degradation model for cyclic fatigue. They assumed the static strength distribution
followed a two parameter Weibull distribution and then developed the fatigue life
distribution. With this distribution and a S-N curve relation (equation (4.4)) they established
an equation for the stress dependent function, equivalent to Hahn and Kim’s parameter D.
This then led to the residual strength degradation model,

0,°=0° - B°Kan (4.16)
where K, d and c are constants and P is the characteristic ultimate strength derived from the
static strength distribution. Constants K and d are derived from the S-N relation and constant
c is equivalent to m+1 in Hahn and Kim’s model. Application of the residual strength
degradation model to a limited number of carbon/epoxy cross-ply laminates gave reasonable

results.

Yang (1978) expanded the theory of Yang and Liu (1976) to account for stress ratio. In this
case the model parameter equivalent to Hahn and Kim’s parameter D, was assumed to be a
function of applied stress and stress ratio. The equation defining this parameter was derived,
which then led to a residual strength degradation model. This model was similar to equation
(16) except the parameters K and d were implicit functions of stress ratio.

Chou and Croman (1978) introduced the *Sudden-Death’ model as a limiting case of residual
strength degradation. The model was based on the assumption that the strength of the
specimen does not change with each fatigue load cycle. Only when the cycles are close to
the fatigue life will the strength then drop drastically in a short number of cycles. As with
Wearout models an assumption was made of strength life equal rank. The sudden-death
model was then established by replacing the residual strength degradation model suggested

by Yang and Liu (1975) with,
g, =0 (4.17)

They suggested that this model may be useful for describing the behaviour of unidirectional
composites where the decrease in residual strength 1s less than for composites of general lay-
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up.
Chou and Croman (1978) went on to identify a number of limitations of the degradation

model of Hahn and Kim and Yang and Liu. They suggested it was overly restrictive and
introduced a degradation model with an open parameter which could accomodate different
residual strength distributions. Initially they assumed the static strength and fatigue life
distributions followed the two parameter Weibull distribution. A degradation model was then

introduced of the form,
e e
3 B N, N

where o and , are the static strength and fatigue life shape parameters, respectively and f
and N, are the static strength and fatigue life scale parameters, respectively. The parameter
i allows the model to be fit to various experimental residual strength results. A value of i
= oo was shown to produce the sudden-death model. They point out that the model is unable
to accommodate an increase in residual strength, a behaviour which has been observed in a
few composite materials.

4.4 Energy Approaches

The application of a load to a material produces strains. The effect of these strains is to
increase the energy level of the material itself. Strain energy, U, is defined as the energy
absorbed by the material during the loading process. The work done, W, on the material by
the applied load is defined by the area under the load-deflection curve. According to the law
of energy conservation the strain energy will be equivalent to the work done.

Removal of the applied load will cause the material to either partially or fully return to its
original shape. Thus, during unloading, some or all of the strain energy of the structure may
be recovered in the form of work. In an ideal material below the elastic limit all of the
stored strain energy will be recovered as work done in resuming the structure to its original
shape. In a real material some of the strain energy will be dissipated in driving damage
processes and as heat. This dissipated energy will create a hysteresis loop in the load
deflection curve.

Due to its non-homogeneous nature, damage in fibre reinforced composite materials is
characterised by complex damage zones involving cracks in many directions formed by
matrix micro-cracking, fibre fracture, fibre/matrix debonding and fibre pull-out (see chapter
3.0). Other damage may include localized yielding and viscoelastic behaviour (creep). Each

of these damage processes will require energy and this must be supplied through the work
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done by the external forces. Beaumont (1989) noted that the failure mechanism which
contributes most to the total work to fracture the composite will depend on the material
properties of the matrix and fibres.

Wu (1974) studied the global energy balance of a composite material under load. He
suggested that for composite materials the global energy balance should account for the
energy dissipation due to all the various damage processes. He separated the incremental
strain energy into reversible and irreversible parts. The two parts accounted for the
incremental elastic strain energy and the plastic or viscoelastic strain energy. The irreversible
strain energy was further partitioned into the dissipation local to the crack tip and global
dissipation. The energy dissipated due to the crack propagation was also partitioned. As has
been established in chapter 3.0, for a crack in a heterogeneous solid such as a composite, the
crack growth can be entirely confined in the fibre or in the matrix. In these cases the
propagation energy will be equivalent to the cohesive energy of the fibre or the cohesive
energy of the matrix. For the case where the crack growth is in the interface between the
fibre and matrix, the propagation energy will be equivalent to the adhesive energy between
the fibre and matrix. In general, the energy required to propagate the crack can consist of
one or more of these quantities. The global energy balance due to the incremental growth
of one crack from length A to A+dA was therefore expressed as,

dW - dU = dU, + dU, + (dy + dy" + dy™) (4.19)

where U, is the dissipation local to the crack tip, U, is the global dissipation, y," and y,™ are
the cohesive energies of the fibre and the matrix, respectively and Y. is the adhesive energy
between the fibre and matrix. The bar denotes reversibility and the tilde denotes
irreversibility. The total energy dissipated by all the damage was then the summation of all
the incremental dissipation energies.

Wu pointed out that the LHS (left-hand-side) of the global energy balance can be determined
simply by geometric interpretation of the load displacement diagram, specifically from the
area bounded by the hysteresis loop. The determination of the terms on the RHS (right-hand-
side) however, would be rather more complex. A possibility suggested by Wu (1974) and
Beaumont (1989) was to solve for the RHS by performing independent experiments, where
there is a systematic variation of fibre volume, adhesion strength and laminate geometry. If
the sensitivity to fracture of these variables was identified then the RHS could conceivably
be solved as a system of simultaneous equations.

In the study of metal fatigue hysteresis energy has been used extensively to characterise
fatigue behaviour and predict fatigue life, Feltner and Morrow (1961), Halford (1966), Chang
et al. (1967), Stowell (1965). The assumption <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>