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Abstract 

 

Glass fibre reinforced polymers (GFRP) are obvious candidate materials for use in the 

structures of ocean energy devices due to their corrosion resistance, high strength and 

low cost. The polymers normally used in GFRP can absorb up to 5% water by weight 

when immersed for long periods and this can reduce the tensile strength of the material 

by 25% or more. The thesis describes a combination of experiments and modelling 

studies undertaken to (i) quantify the degradation in fatigue strength due to moisture 

saturation in a number of candidate materials, (ii) seek to understand the damage 

mechanisms which are important in the degradation of the material strength by 

moisture saturation and (iii) predict the degradation in tidal turbine blade life due to 

water saturation. 

 The experimental work involved the fabrication of quasi-isotropic (QI) coupons of 

vinyl-ester or epoxy / E-glass and vinyl-ester / Advantex-glass using the vacuum 

assisted resin transfer moulding process followed by post curing at elevated 

temperature for 4 hours to ensure full cure of the laminate. Approximately one half of 

those coupons were acceleration aged in warm water for up to 2 years to simulate 

immersion in 12° C seawater for 15 to 20 years. The rest were stored at normal room 

temperature and humidity for a similar length of time. Constant amplitude fatigue 

testing of both dry and wet coupons established the stress-life curves for the materials 

and thereby quantified the degradation in the fatigue strength due to water saturation 

of the materials. The modulus of the coupons was also monitored during the fatigue 

testing to establish the damage levels due to fatigue cycling. A number of other 



 

xiii 

 

experimental studies were also performed to investigate the effects of applied stress 

during ageing and different glass fibre material on the fatigue strength of the material. 

A preliminary fatigue design methodology for tidal turbine blades was developed 

using a tidal velocity model, a hydrodynamic forces model, a structural finite element 

model and a strain-life fatigue model. The methodology is applied here for the 

preliminary design of a three-bladed tidal turbine concept, including tower shadow 

effects, and comparative assessment of pitch- and stall-regulated control with respect 

to fatigue performance. This methodology was also used to predict the effect of 

moisture saturation on blade life for both pitch- and stall-regulated turbines.  

A multiaxial fatigue damage model for fibre reinforced polymer composite materials 

has also been developed. The model combines (i) fatigue-induced fibre strength and 

modulus degradation, (ii) irrecoverable cyclic strain effects and (iii) inter-fibre fatigue. 

The inter-fibre fatigue aspect is based on a fatigue-modified version of the Puck 

multiaxial failure criterion for static failure. The model is implemented in a user 

material finite element subroutine and calibrated against fatigue test data for 

unidirectional glass fibre epoxy. Validation is performed against the fatigue tests on 

epoxy / E-glass coupons in the experimental programme. The model is successfully 

validated across a range of stress levels. The model predicts both modulus degradation 

and fatigue life of GFRP laminates during constant amplitude fatigue cycling. It also 

predicts the fatigue strength knockdown factor due to moisture saturation of the 

materials. 
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A  coefficient of power law fit to fatigue test data 

B  exponent of power law fit to fatigue test data 

BEM blade element momentum theory 

    coefficient of drag for the aerofoil  

      parameters which control the shape of the degradation curve after IFF 

CFRP  carbon fibre reinforced composites 

    coefficient of lift for the aerofoil  

CLD constant life diagram 

CLL constant life line 

CLT classical laminate theory 

     ,        factors helping to control the shape of the modulus response before IFF 

D drag force generated by a stream tube on the blade section inside it 

D diffusion constant of the material 

D fatigue life damage level accumulated at any point in the loading history 

E activation energy   

   elastic modulus of the ply in the fibre direction   

    degraded fibre direction fatigue modulus   

     fibre direction fatigue modulus at the start of the final cycle 

     original fibre direction fatigue modulus 

    elastic modulus of the ply transverse to the fibre direction  

    longitudinal elastic modulus of the fibre  

    elastic modulus of the matrix  

Ex elastic modulus of the laminate in global x direction 

Ey elastic modulus of the laminate in global y direction 

    original transverse modulus during the linear part of the response   

          transverse fatigue modulus at IFF initiation  

     degraded transverse fatigue modulus   

      
      

 transverse fatigue modulus at IFF initiation with only    applied  

    axial (thrust) force acting on each blade element 

   tangential (torque) force acting on each blade element 
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         strain exertion, current strain level / strain level at IFF initiation  

      stress exposure, a measure of the fraction along the path to IFF failure 

  
      stress exposure if only the current normal stress were applied   

  
       stress exposure if only the current shear stress were applied   

     
    stress exposure threshold below which no transverse damage occurs 

     
     stress exposure threshold below which no shear damage occurs  

G12 in-plane shear modulus of a ply 

GFRP glass fibre reinforced polymer 

GRP  glass reinforced polyester 

Gxy in-plane shear modulus of the laminate 

     original shear modulus during the linear part of the response   

          shear fatigue modulus at IFF initiation  

      degraded shear fatigue modulus   

      is the fatigue degraded shear secant modulus   

       
       

  shear fatigue modulus at IFF initiation with only shear loading applied  

h thickness of the laminate 

IFF inter fibre fracture 

    is the reference diffusion rate coefficient  

kd,H diffusion rate at high temperature    ) 

kd,L diffusion rate at low temperatures    ) 

L lift force generated by a stream tube on the blade section inside it 

L/D lift over drag ratio 

m  number of fatigue cycle blocks  

M percent moisture content at any time 

    mass flow rate through the stream tube   

        functional dependence of bending moment on tidal current velocity  

      reference bending moment  

      final water saturation level of the composite   

N  number of blades on the turbine  

    number of cycles to failure   

Nf,j number of cycles to failure at stress level of the j
th

 turbine revolution 

Nf,k  number of cycles to failure for the k  increment of tidal cycles 
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CHAPTER 1 

 

Introduction 

 

 

1.1 General 

In 2007 the Intergovernmental Panel on Climate Change (IPCC) reported that “Most 

of the observed increase in global average temperatures since the mid-20th century is 

very likely due to the observed increase in anthropogenic greenhouse gas 

concentrations.” [1]. Global emissions of greenhouse gasses need to approximately 

halve by mid century in order to keep global average temperature rise below 2° C 

which is the internationally agreed upon goal. Carbon dioxide from fossil fuel 

combustion makes up 56% of total greenhouse gas emissions [2] and the EU has set a 

target of 80% reduction in total carbon emissions by 2050 [3]. The electricity 

generation system is widely seen as an area where renewable energy can replace fossil 

fuels with minimal impact on the end user and will therefore be expected to do more 

than its share in reducing fossil fuel usage. When looking for renewable energy flows 

on the planet, the oceans are recognised as an area where large energy resources exist. 

1.2 Marine renewable energy 

A recent report on renewable energy resources available in the oceans finds large 

quantities of wind, wave, and marine current energy [4].  

A significant number of offshore wind turbines have recently been installed but the 

current projects are really a version of land based turbines as their foundations are on 

the seabed. The first floating platforms for wind turbines have recently been launched 

and the UK and US governments have just announced their intention to collaborate on 

research in this area. Floating wind turbines can be located in deeper water than fixed 

foundation turbines and will therefore be deployable over a larger area of the oceans. 
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The total amount of wave energy on the planet is vast even if one limits it to water 

depths under 50m so that devices can be easily anchored (e.g. 15 TWhr/yr around 

Ireland alone [5]). The first modern wave energy device was the Salter duck which 

converts rocking motion into hydraulic energy and thence into electric power. Point 

absorbers (e.g. Wavebob see Figure 1.1) extract power from the relative motion 

between masses in a device as it is shaken up and down by the waves. There is a line 

absorber (Pelamis see Figure 1.2) which uses the relative motion between long floats 

to extract power. Surge type devices (e.g. OE Buoy see Figure 1.3) use the motion of 

the water into and out of a chamber to pump air through a turbine thereby extracting 

power. Oyster (see Figure 1.4) is a flap type device which is fixed to the seabed in 

shallow water and is flopped over and back by the waves, extracting power using 

hydraulic cylinders. There are also overtopping devices where the wave carries water 

up a slope into a higher reservoir from which it passes through a hydro turbine on its 

return to the sea. Finally there is a very interesting concept that attempts to use 

hydrofoils to extract energy from waves [6]. This would have the advantage of 

reduced solidity in the device allowing it to weather storms more easily as it presents 

less surface area for extreme waves to push around. Having said that, the high wave 

shutdown time is actually quite short (on the order of 5% for most devices) and many 

devices have simple strategies to deal with these events. Many of these concepts have 

been well tested at the ¼ scale size and full scale turbines are being designed and built 

and some have already booked places for testing at the UK wave energy test centre.  

Marine current energy (including tidal and larger scale flows like the Gulf Stream) is 

also a significant resource and it has a number of advantages; first that it is very 

predictable in its output, second it has no “storm” conditions to contend with and 

thirdly, tidal resources are generally close to shore so that underwater electricity 
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transmission requirements are greatly reduced. There are not quite as many flavours of 

tidal devices as there are wave devices, nevertheless there are a few different concepts. 

First is the underwater wind turbine style device with two or three blades on a 

horizontal axis which can be either in front of the tower (upstream) or downstream 

(see Figure 1.5). Other turbines remain fixed in yaw and accept the tidal flow in either 

direction, for example, the Seagen turbine shown in Figure 1.6 pitches its blades 

through 180° to interact with the ebb tide. The second turbine concept has a high 

solidity open centre multi-blade rotor (see Figure 1.7). The rotor is the only moving 

part in the turbine, its outer rim contains permanent magnets which make up the 

armature of the generator. The fixed structure supports the rotor disk around the rim 

and contains the generator stator which absorbs the power from the turbine disk. This 

turbine is also deployed in a fixed position on the sea bed, aligned with the tidal flows, 

and can accept flows in either direction. The third type are similar to vertical axis wind 

turbines and can either maintain a vertical axis or can be laid over on their side so that 

the axis is parallel to the sea bed (see Figure 1.8). They have the advantage that they 

do not have to be yawed as the tide turns and yet maintain the advantage of lifting type 

blades. There have also been proposals for interesting concepts like an underwater kite 

and oscillating hydrofoils but the advantages of rotating turbines working in an 

essentially bidirectional flow appear hard to beat. 

1.3 Glass Fibre Reinforced Polymer 

One of the many challenges associated with marine renewable energy is material 

choice for the structures of the devices. The combination of hostile environment, large 

forces at high cycles and the need for lowest possible installed cost mean that the 

choice of materials is limited. Glass fibre reinforced polymers (GFRP) are good 

candidate materials for these applications.  
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The glass fibres used in GFRP materials are between 10 and 20 microns in diameter as 

shown in Figure 1.9. At this diameter the fibres are very flexible because even the 

tightest bend at a macro level is many times the fibre diameter and this allows the fibre 

to conform to the bend with ease. By drawing the glass out into long thin fibres the 

flaws, which normally make glass weak and brittle, become very far apart along the 

fibre and, in between, the fibres are very strong (~2 GPa) and reasonably ductile (~ 

2.5% strain at fracture). Immediately after drawing the fibres are coated with size 

compound and gathered into a bundle (or strand) of up to 1,500 filaments. These 

strands are later combined into rovings and then either woven into cloth (see Figure 

1.10) or stitched side by side in layers into multiaxial fabrics. 

The most common polymers used for composite matrices are the thermosetting type 

(e.g. polyester, vinylester and epoxy). These are initially low viscosity fluids and can 

penetrate into the centre of the bundles and wet out all the glass fibres. The polymer is 

then cured, using a chemical or heat as a catalyst, causing irreversible cross linking of 

the material. The other type of polymers commonly used for GFRP matrix are 

thermoplastics (e.g. polypropylene, nylon) which are solid at room temperature and 

must be heated to become fluid enough to flow around the glass fibres. Even when 

heated their viscosity remains higher than thermosetting resins impeding their ability 

to wet out fibre bundles. For this reason they are often extruded into fibres themselves 

and comingled with the glass fibres to decrease the distance they must flow to coat the 

glass fibres. To date fibre volume fractions of approximately 30% are routinely 

achieved with thermoplastic resins but this is well below the 50 to 60% which is 

needed to achieve the best GFRP performance. The main benefit of thermoplastic 

GFRP is that it is recyclable via heating and remoulding whereas thermosetting GFRP 

is not.  
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The polymer matrix materials have tensile strengths of the order of 50 MPa and 

therefore while the composite is very strong in the fibre direction it is quite weak when 

loaded perpendicular to the fibres. The solution involves layering the material in a 

laminate with the fibres in different directions in different plies, thereby providing the 

stiffness and strength in all the necessary directions. At first glance it may seem that 

there are an endless number of permutations and combinations of ply angles and 

thicknesses available which can lead to confusion about the exact material properties. 

While there are specialist areas with unique requirements, in reality there are only four 

angles commonly used in GFRP manufacture: 0°, 90°, 45° and 135°. With regard to 

the relative thicknesses of the plies it is useful to focus on a couple of particular 

laminates configurations. The first, shown in Figure 1.11, is a quasi-isotropic (QI) 

laminate, which has equal number of fibres at all 4 angles mentioned above. This 

laminate has equal strength and stiffness in all directions so it is useful where the loads 

are multidirectional, or a conservative approach is desired. Epoxy matrix QI laminates 

have fatigue strength between 250 and 125 MPa as shown in Figure 1.12. The other 

common laminate has 55% of the fibres at 0° and the rest divided between 45° and 

135°. It is useful when the loads are essentially uni-directional but with some 

multiaxiality or uncertainty as to load direction. Epoxy / E-glass laminates of this kind 

have fatigue strengths between 500 MPa and 200 MPa when the load is aligned with 

the 0° plies. Also shown in Figure 1.12 is the fatigue performance of UD epoxy / E-

glass with 50% fibre volume. This shows the upper bound for this material in fatigue 

lies between 800 MPa and 350 MPa. 

1.4 Moisture resistance of GFRP 

GFRP is obviously quite water resistant given its popularity as a material for building 

boats, pipes, tanks etc. however it is not completely impervious to water and does tend 
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to absorb a small amount (approx. 1 to 3%). The water diffuses into the polymer 

matrix causing it to swell slightly and become somewhat more flexible and weaker. It 

will fill any small voids or imperfections which tend to occur with lower cost 

production methods. The water will also attempt to dilute any unreacted constituents 

of the polymer and the resulting osmotic pressure can cause damage to the laminate. 

Organosilane coupling agents are added to the size compound to improve fibre-matrix 

adhesion and prevent stress corrosion cracking (SCC) of the fibres. However when a 

composite is saturated with water, the effectiveness of silane coupling agents is 

reduced and a reduction in fibre-matrix bond strength or an increase in SCC may 

occur. 

The expected design life of marine renewable energy devices is between 10 and 20 

years and in order to fully utilise the structural material it is necessary to have 

information on the immersed performance over this timeframe. Unfortunately there are 

no reports available of experience with heavily loaded GFRP structures operating in 

this environment. In addition there are no reports in the literature of fatigue test 

programs on the candidate laminates and GFRP materials that will be used in marine 

renewable energy devices. Consequently designers of these devices will be forced to 

be quite conservative in their structural design, leading to increased cost. In order to 

obtain some strength data to facilitate the design of these devices there is a need to 

perform accelerated ageing of GFRP. The most common way to do this is to age the 

material in hot water. However many of these polymers have glass transition 

temperatures less than 100° C and if the ageing temperature is too high it will cause 

heat damage to the polymer. Therefore in the work described herein the ageing 

temperature has been kept quite low (30° C and 40° C) and the time extended 
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somewhat (approx. 1 year) so that an aging factor of at least 10 can be achieved 

without having any unwanted temperature degradation. 

1.5 Scope 

The aim of this work is to develop a methodology whereby the effect of moisture on 

the fatigue strength of a GFRP material can be determined and to separate the effects 

on the constituents of the material so that an accurate model of the material can be 

constructed. The method involves the use of accelerated aging of a representative 

laminate of the material by immersing it in warm water for an extended period. A 

fatigue test regime is then used to find the change in fatigue strength of that particular 

laminate due to water saturation as well as the evolution in fatigue damage displayed 

by the change in coupon modulus during fatigue testing. A finite-element based multi-

axial fatigue damage model of the representative laminate is employed to investigate 

the effects of the moisture on the material. This is a ply-by-ply approach with a user 

defined material subroutine (UMAT) modelling the non-linear behaviour of the 

elements in each ply. Validation of the model is performed using the results from the 

dry fatigue test series. This is followed by adjustment of the parameters to model the 

degradation in fatigue behaviour due to moisture saturation. 

Chapter 1 provides a general introduction to the thesis. Chapter 2 reviews the relevant 

literature regarding fatigue damage of GFRP, the effects of moisture on the fatigue 

performance of GFRP, and the modelling of fatigue damage in GFRP. Chapter 3 

presents a preliminary methodology for the design of GFRP tidal turbine blades, 

including a hydrodynamic model of a tidal turbine which determines the blade 

geometry and predicts the blade loading, an FE model of a blade, and a fatigue model 

to predict blade life. Chapter 4 presents a multi axial fatigue damage model of glass 

fibre reinforced epoxy laminates based on the stress exposure approach at a ply-by-ply 
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level using a user defined material subroutine within a finite element code. The model 

is calibrated using data from the literature and validated against fatigue tests 

performed here on quasi-isotropic epoxy / E-glass laminates. Chapter 5 details the 

immersion aging approach used, the experimental method and results obtained from 

wet and dry fatigue tests on a number of different composite materials. It also 

describes the method and results of testing on vinyl-ester / E-glass coupons which 

were subjected to a constant tensile stress during their immersion ageing period. 

Chapter 6 provides a conclusion to the thesis and makes recommendation for future 

work. 
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1.6 Figures 

 

Figure 1.1. Wavebob wave energy device. 

 

 

Figure 1.2. Pelamis wave energy device. 

 

 

 

Image removed from electronic version for copyright reasons. 

Content removed due to copyright restrictions 

 



Chapter 1. Introduction 

 

10 

 

 

Figure 1.3. OE Buoy wave energy device. 

 

 

Figure 1.4. Oyster wave energy device. 
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Figure 1.5. Downstream Tidal Turbine. 

 

 

 

 

Figure 1.6. Seagen Tidal Turbine. 
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Figure 1.7. Open Hydro Tidal Turbine. 

 

 

 

Figure 1.8. OPRC tidal turbine. 
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Figure 1.9. SEM image of glass fibre. 

 

 

 

Figure 1.10. Woven glass cloth. 

 



Chapter 1. Introduction 

 

14 

 

 
Figure 1.11. [±45°/90°/0°] Quasi-isotropic layup. 

 

 

 

 

Figure 1.12. Fatigue performance of various composite laminates. 

 



 

 

CHAPTER 2 

 

Literature Review 

 

 

2.1 General 

Kleist, Slayter and Thomas developed the modern, low cost, glass fibre production 

process in the 1930s and the fibres were first combined with phenolic resin in 1937 to 

successfully produce sheet metal dies for aircraft parts [7]. Polyester resins developed 

in the 1940s were combined with glass fibres to make GRP (glass reinforced 

polyester) as part of the war effort. However it took the development of 

organofunctional silane sizes over the following 20 years to prevent moisture (even 

just humid air) rapidly aging and weakening GRP composites (see Figure 2.1) [8].  

GRP was rapidly adopted by the pleasure boat industry because of its corrosion 

resistance and suitability for low volume manufacturing of complex curves. It also 

found niche markets for lots of other products but its use in wind turbine blades is the 

primary use as a structural material. Other thermosetting polymer matrices (e.g. vinyl-

ester, epoxy) were developed and some thermoplastic polymers (e.g. polypropylene, 

nylon) have also been used with glass fibre reinforcement. Glass fibre reinforced 

polymers, including all those polymers just mentioned, have high strength to weight 

ratio, good fatigue resistance, good stiffness to weight ratio, relatively low cost and 

good corrosion resistance which has made them the only material choice for wind 

turbine blades for the last 20 years. Only recently, with blade lengths exceeding 50 m, 

have the much more expensive carbon fibre reinforced polymers (CFRP) started to be 
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used for spar caps in wind turbine blades because of their superior strength and 

stiffness [9]. 

Watt, Phillips and Johnson developed the process to make high strength, high modulus 

carbon fibres from polyacrylonitrile fibres and patented it in 1963 [10]. CFRP became 

the material of choice for high performance applications because of its very high 

specific modulus and strength. In particular the military and aerospace applications 

created a significant research effort into CFRP and composites in general. However 

the basic mechanism of pyrolizing organic filaments to create carbon fibres is very 

energy intensive which leads to their high cost [11]. In the renewable energy field 

weight saving is not as critical a factor as in aerospace and the additional cost of 

carbon fibre make it uncompetitive with glass fibre for most renewable energy 

applications. As mentioned previously in respect of wind turbine blades, there are 

situations when carbon fibre plies can be used to augment a mostly GFRP structure 

[12]. In these cases the increased stiffness and strength of carbon fibre are useful in 

highly loaded locations of the structure but the increased cost will keep its use to a 

minimum. Other fibres (e.g. Aramid, Basalt) have the same difficulty in competing 

with low-cost glass fibre for renewable energy applications. It is not expected that they 

will be used in any significant volume in the short to medium term. 

There are a number of choices for glass fibres in composite laminates. Standard E-

glass still forms the vast majority of glass fibres used because of its low cost and 

relatively high performance. Owens Corning have developed a new glass fibre 

(Advantex, Owens Corning, Toledo, Ohio, USA) with manufacturing process and 

chemistry which is claimed to both reduce harmful emissions (fluorides, CO2, NOx) 

during manufacture and to have a composition (Boron free) that is much less 

susceptible to SCC. AGY (AGY Corporation, Aiken, South Carolina, USA) have 
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recently introduced S-3 UHM glass fibre [13] which they claim has a 40% higher 

modulus than E-glass to partner with their already GL approved S-1 glass with 45% 

increased strength and 25% higher modulus. Other innovations in the glass fibre area 

include Rodpack (NEPTCO, Inc., Pawtucket, RI, USA) spar cap elements that are pre-

cured with highly collimated glass fibres and bonded to a carrier sheet so that they act 

like a fabric and can be incorporated into spar cap layups to improve performance 

[14].  

Long fibre glass reinforced polymers (exclusively dealt with here) have a few key 

factors that control their fatigue performance and a large number of factors that have 

small impacts on the performance. The key factors include volume fraction of glass 

fibre, glass fibre material, matrix material, and layup pattern. Minor factors include 

fabric type, manufacturing method, and mean stress effects.  

2.2 Strength and Stiffness of GFRP 

Individual glass fibres have a tensile strength of over 2 GPa and a tensile modulus of 

70 GPA to 100 GPa depending on the exact glass composition. In the fibre direction of 

UD laminae the stiffness can be closely approximated using the volume ratios of the 

glass and polymer and their respective moduli, the so-called rule of mixtures: 

               
(2.1) 

where    is the elastic modulus of the ply in the fibre direction,    is the fibre volume 

fraction,   is the matrix volume fraction (       ),    is the longitudinal elastic 

modulus of the fibre, and    is the elastic modulus of the matrix 

Estimation of the transverse stiffness is usually performed with the Halpin-Tsai 

equation  
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 (2.2) 

where   depends on loading condition, shape, aspect ratio and packing density of the 

reinforcement; with a suggested value of 2 [15]. The shear modulus can be found from 

a similar Halpin-Tsai equation (replace E by G) with     recommended. When these 

UD laminae are stacked at various angles to form a laminate they can be assumed to 

be perfectly adhered to one another and their moduli in the global axes directions can 

be added to give a good approximation for the laminate stiffness. Appendix 1 contains 

the details of classical laminate theory (CLT), which calculates in-plane and bending 

stiffness, deflections, strains and stresses within the individual plies. CLT is a good 

approximation for laminate behaviour up to the point when cracks start to appear in 

the laminate (approximately 0.35% strain). 

Prediction of the strength of GFRP plies or laminates is not as easy or as accurate as 

the stiffness predictions just discussed. The largest influence on strength of UD GFRP 

is the volume fraction of glass fibres in the material and the strength varies 

approximately linearly with glass volume fractions between 30% and 60% [15]. 

Assuming a constant glass fibre volume fraction in the composite the strength of a UD 

ply is then heavily influenced by matrix material strength and the matrix to fibre 

(interface) bond strength. The matrix polymer has a critical function in sharing the 

loads between the fibres and in reducing the effect of individual breaks in fibres. In the 

case of individual fibre breaks or small group breaks under a tensile load, the polymer 

is normally well adhered to the glass fibres and grips the fibre on either side of the 

break. Over a length of a few millimetres a cylindrical pattern of shear stresses 

between the polymer and the fibre transfers the load back into the broken fibre and it 
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quickly resumes its role as a contributor to the strength of the material. In a relatively 

short distance the material is at full strength again, this is the so-called shear-lag effect 

[16]. Any stress concentration effects associated with the fibre break tend to be rapidly 

dissipated by disbonding and fibre bridging of the nearby fibres [17]. The compressive 

failure in the fibre direction of UD plies is related to the shear modulus of the matrix 

material as it restrains the tendency of the fibres to buckle under load [15]. In the 

transverse direction, the composite strength depends primarily on the strength of the 

matrix and to some extent on the strength of the interface. Transverse strength of UD 

GFRP is on the order of 20 times less than the fibre direction strength [17]. Therefore 

in almost all applications a laminate is created by placing plies at angles to one another 

so that the material is reinforced in all possible load directions. 

The multiaxial strength of laminates is dependent on the layup of plies in a particular 

laminate. Many models for the strength of laminates have been proposed and the 

recent worldwide failure exercise showed differences of a factor of ten between 

different models [18]. The model submitted by Puck [19] was seen to be of the best 

predictors of the experimental data [20] and has a micromechanical basis which is 

credited to Hashin [21]. This theory is covered in detail in Chapter 4.  

2.3 Fatigue of Unidirectional GFRP 

The unidirectional ply is the basic building block of high performance composite 

laminates. The mechanisms of fatigue damage in unidirectional composites have been 

shown to have three distinct regions (see Figure 2.2) where the mechanisms of damage 

are different [22]. In the lowest stress region (III) the strain is less than that needed to 

progress any matrix crack (below the endurance limit of the matrix material) and 

although there is inevitably some small damage due to weak fibres, manufacturing 
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defects etc. it does not grow at any appreciable rate and the number of cycles to failure 

is essentially infinite.  

In the medium stress region (II) the strain is high enough that cracks perpendicular to 

the fibres progress through the matrix under the combination of strain and cycling. 

These cracks are stopped or diverted by the fibres through a combination of 

mechanisms but they do cause breakages in nearby fibres due to the stress 

concentration effect of the crack. Fatigue cycling continues to progress the matrix 

cracks albeit sometimes parallel to the fibres which helps to link up the fibre breaks to 

form a damage network. Finally remaining undamaged material is unable to sustain 

the load and fracture occurs.  

In the high stress region (I) the maximum strain in the cycle is within the scatter band 

of static failure and therefore the strains are high enough to break the fibres directly. 

The number of cycles to failure depends on the random accumulation of fibre breaks at 

any cross-section reducing the strength of the material below the applied stress. In 

carbon fibre reinforced composites (CFRP) region 1 can extend from 1 to 1,000 cycles 

or more but in UD testing of GFRP as shown in Figure 2.3 it is less than 100 cycles. 

Similar results are also seen in cross ply laminates at high loads [23] as the 90 degree 

plies are extensively cracked and carry little or no load. 

2.4 Fatigue of GFRP laminates 

The multidirectional nature of laminates obviously complicates the fatigue damage 

mechanisms in these laminates but a basic pattern has been reported in the literature. 

Matrix cracking parallel to the fibres or inter fibre failure (IFF) is first seen in the most 

off-axis plies under tensile loading. The simplest case is a cross ply laminate which is 

loaded parallel to one of the fibre directions or a quasi-isotropic laminate which has 



Chapter 2. Literature Review 

 

21 

 

some plies at 90° to the load. These IFF cracks are seen to have a regular spacing 

termed “characteristic damage state” [24] which depends on the strain level and is 

fully developed early in the fatigue life of the specimen. In standard tensile coupons 

they always initiate at coupon edges [25] and the first cracks immediately extend to 

full width and thickness. Early IFF cracking appears to be significantly suppressed (up 

to 2 decades) in structures with no free edges [23][26]. As the stress level increases the 

material between the first cracks again reaches its failure level and new cracks are 

formed usually approximately half way between the existing cracks [27]. This quasi-

static process continues until the maximum stress is reached on the first cycle and 

thereafter continues to be driven by the fatigue cycles. However as the crack density 

increases, cracking is no longer instantaneous across the laminate but proceeds 

steadily with each fatigue cycle [28] until saturation is reached and no more new 

cracks are formed.  

At slightly higher strain levels the less off-axis plies (e.g. 45°) also sustain IFF damage 

during fatigue (see Figure 2.4). It is seen to be accompanied by interlaminar 

delamination at the intersection of cracks in different layers in both [0/±45]s laminates 

[29] and quasi-isotropic [0/90/±45]s laminates [25] although early work did not find 

this affect[27]. Finally the 0° ply will experience longitudinal cracks parallel to the 

fibres (again IFF) due to the transverse tensile stress developed within this ply by the 

restriction of its Poisson contraction by the 90° plies [17]. This latter affect is not 

common in fatigue as most fatigue loads are not high enough to cause it to occur.  

Most of the IFF cracking takes place in the first 25% of fatigue life and the significant 

drop in stiffness is complete with only a minor reduction in stiffness after this point 

[30]. The 0° plies sustain some damage while the IFF cracking takes place and the 

damage rate is increased somewhat as they absorb the load shed by the cracked plies. 
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Therefore, for 75% of the fatigue life of the laminate it is the damage in the 0° plies 

which is important and indeed it has been shown that the fatigue behaviour of all 

GFRP materials is broadly similar to the fatigue behaviour of glass fibre bundles [31] 

under tension. 

Given the significant investment required for a fatigue test programme it is tempting to 

assume that fatigue strength reductions will follow the changes in static strength, but 

Talreja [32] has pointed out that the damage mechanisms are different in fatigue and 

therefore it is an unreliable assumption. A large report on fatigue testing of GFRP 

laminates [33] recommends that static test results not be included in any log-log curve 

fit to the fatigue data as it tends to skew the curve.  

 

2.5 Effect of loading variables on GFRP fatigue life 

Off axis loading of laminates is impossible to avoid in real structures and has therefore 

received considerable attention, particularly in the modelling sphere. The Tsai-Hill 

elliptical static failure theory for unidirectional laminates is simple to use and is shown 

to be accurate when both longitudinal and transverse stresses are positive [17]. 

However it is not as successful when used for laminates and appears to be significantly 

non-conservative for biaxial compression [20].  

Biaxial testing has shown that QI CFRP laminate tubes have no loss in tensile strength 

at any orientation [34]. Free edges of rectangular quasi-isotropic GFRP coupons were 

found to cause large anisotropic effects in tensile testing [35]. Fatigue testing of a 

[06/452/-452] laminate at various angles off the 0° direction show large reductions in 

fatigue strength but appear to be broadly in line with the reduction in quasi-static 

tensile strength measured at the same angles [36]. Similar testing on woven cross-ply 
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GFRP laminates shows that fatigue strength, as a fraction of ultimate tensile strength 

(UTS) at the same angle, increases by 25% as the off axis angles increase to 45° [37].  

Mean stress effects have a significant effect on the fatigue performance of composite 

laminates. This is usually represented by constant life lines on a Goodman diagram 

and by the stress ratio (R) given by the quotient of minimum stress and maximum 

stress in the cycle. Data shown in Figure 2.5 [33] and replicated elsewhere [38] show 

that the constant life lines (CLLs) follow a complicated pattern which change shape as 

the life increases. In particular, it is shown that, for high cycle fatigue, compressive 

mean stress is less detrimental and tensile mean stress is more detrimental than would 

be expected by the classical triangular Goodman lines. 

In the experiments that determine the CLLs discussed above the fatigue loading is 

applied at constant amplitude until failure. However in most applications there are 

multiple levels of fatigue stress applied to a structure. Miner’s rule, or the Palmgren-

Miner linear damage accumulation rule, is the simplest method of combining the effect 

of different fatigue cycles on particular location in a structure. The damage (D) 

accumulated at any point in the loading history is given by: 

   
  
  

 

   

 (2.3) 

where    is the number of cycles accumulated at fatigue stress   ,    is the number of 

cycles to failure at fatigue stress    and failure is expected when D = 1. 

Experiments have shown that random spectrum loading can reduce life by over 50% as 

compared to spectra that progress from high fatigue stress to low fatigue stress or 

progress from low to high [39]. This is seen as a key deficiency of Miner's summation 
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method but Miner’s rule is still widely used due to its simplicity, however work on 

fatigue damage evolution continues [40][41]. 

2.6 Effect of moisture on GFRP 

The most common resin used with glass fibre reinforcement is orthophthalic polyester. 

This material is used extensively in the pleasure boat industry due to its low cost and 

ease of use. A resin rich layer (“Gel coat”) of isophthalic polyester is normally applied 

to the outer surface of boat hulls to reduce the ingress of water. GFRPs using these 

resins are the least durable of the thermosetting resins when immersed in water. After 

approximately a year in room temperature water they are reported to have lost 20% of 

their bending strength [42] and after 4 years this is reported to have reduced to 70% of 

their initial value [43]. Accelerated aging in higher temperature water (50° - 65°C) is 

reported to have reduced (i) shear strength by an average 35% [44] and (ii) 

compression after impact by 50% [45]. A number of investigators have reported 

hydrolysis (leaching of matrix constituents) from these laminates [43] [44] [46]. 

Postcure has been shown to reduce hydrolysis considerably [47] and to improve 

performance when dry or saturated, e.g. retains 83% of strength after 2 years in 30° C 

water [48]. 

Vinyl-ester resins are reported to absorb less water than other resins [49] [44]. For this 

reason they are often developed and used for applications involving water immersion 

or contact (e.g. Scott Bader Cystic resins). Glass-fibre reinforced vinyl-ester is used 

extensively in filament wound pipe and tanks where its resistance to water and 

corrosive liquids combined with a medium price level make it very cost competitive. 

Vinyl-ester may also be a good candidate for fatigue applications involving long-term 

immersion in water, where its water resistance protects the glass fibres from water 

damage, allowing the glass fibres to maintain most or all of their strength and fatigue 
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performance. Vinyl- ester / E-glass composites have been found to maintain their 

mechanical properties slightly better than polyester resins and, combined with their 

higher initial performance, means they enjoy a 32% static strength advantage over 

orthophthalic polyester after 2 years in water [48] .  

Epoxy resins are reported to absorb water at approximately the same rate as other 

resins but instead of saturating after a few months they are reported to continue to 

absorb water until they contain almost 2.5% moisture by weight [44]. In the Ampreg 

22 epoxy resin, used here to manufacture some of the coupons, the hardener type (i.e. 

speed of cure) can change the moisture uptake from 1.92% with the fast hardener to 

0.62% with the slow hardener. Tests on carbon/epoxy composites find evidence of a 

long term absorption mechanism superimposed on the normal Fickian diffusion 

process, attributed to a process of “molecular relaxation”, whereby additional volume 

is formed and then filled by water [50]. Epoxy / E-glass composites have been shown 

to lose from 8% to 30% of their shear strength after 18 months in room temperature 

water, with the lower number achieved by post cured laminates[44][49]. The tensile 

strength of notched epoxy E-glass composites has been found to decrease by 13% after 

125 days in room temperature water and by 47% after 42 days in 57° C water [51]. 

While epoxy resin composites are degraded somewhat by water immersion there is 

still a significant initial performance advantage, particularly in fatigue [52], which may 

help them to remain the best choice for many applications. 

There are a number of characteristics mentioned in the literature with respect to aging 

coupons in water. Void content can have a large effect on the weight of water 

absorbed [53] and this may partially account for the warning that per cent by weight of 

water absorbed is not a good predictor of mechanical property loss [54]. Distilled 

water is more aggressive than seawater in penetrating composites [55] and may have 
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different damage mechanisms [44]. Accelerated aging by increasing the temperature of 

the water is desirable but difficult to calibrate [56] and can possibly introduce 

additional damage mechanisms as the ageing temperature nears the glass transition 

temperature (Tg) of the material. 

In addition to the effects of moisture degradation of the material discussed above there 

may also be effects due to fatigue cycling while immersed in water. A couple of 

investigators have reported that cycling while immersed may reduce fatigue life by as 

much as a decade [57][58]. It is proposed that the cause is hydrodynamic effects from 

water in cracks in the laminate opening and closing [57]. 

The other material which is important for water immersion applications is the size 

compound applied to the fibres. This is a combination of chemicals and materials 

which are applied to the glass fibres immediately after they are drawn. It contains film 

formers to protect and lubricate the fibre during processing and importantly the silane 

coupling agent which improves the glass / resin bond and prevents or reduces SCC. 

These size compounds can be resin/application specific or more general use “multi-

resin” formulations [59]. The exact formulations are proprietary, making comparison 

between different manufacturers difficult. To date, there does not appear to be any 

particular size compound formulation which is outstanding for water immersion 

applications; however, choosing the best size compound for the resin / glass 

combination should ensure optimum performance. A more detailed discussion of this 

topic is included in Chapter 5.  

2.7 Modelling of GFRP fatigue life 

An extensive review of modelling of fatigue in GFRP (over 60 models) has divided 

the work among three broad approaches [60]. First is a testing approach where life 
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predictions are based on test data of the exact or similar material, second is the 

phenomenological approach where predictions are based on the stiffness and residual 

strength behaviour, and thirdly a progressive damage approach where damage in the 

UD lamina is predicted and incremented until a final failure state is reached, thereby 

predicting fatigue life. 

The testing approach to fatigue life estimation is by far the most widely used as it is 

recommended by standards agencies for use in wind turbine blade design [61][62]. 

There are significant libraries of test results [63][64] available to use with this method 

and companies perform extensive coupon testing of the specific materials used in their 

particular blades. The technique is constantly being refined to include effects like 

spectrum loading [65] [66] and complex constant life diagram (CLD) results as shown 

in Figure 2.5 [67].  

Strength obviously degrades during fatigue and an early model proposing that it 

degrades linearly per cycle in constant amplitude fatigue was successful in predicting 

the fatigue life of laminates exposed to fatigue cycling at more than one load level 

[68]. While many variations have been proposed since (e.g. [69]), a recent review 

concludes that it is still very useful due to its simplicity and conservative results [70]. 

Key problems with all residual strength methods are the large scatter in the residual 

strength test results [71] and complexity of the degradation patterns as shown in Figure 

2.6 [72].  

Stiffness of GFRP laminates degrades significantly during fatigue cycling, usually in 

an S-shaped fashion. Total stiffness loss during this process is of the order of 10 to 

20% [73]. Some models seek mainly to describe the shape of the stiffness degradation 

[74]. Others use stiffness degradation to predict fatigue life. The technique has been 

used to predict the life of particular wind blade laminates [75] and it has been extended 
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to a group of similar laminates [76]. These models have the advantage that they predict 

the stiffness degradation of the structure as it is damaged but a disadvantage is that 

they do not have an inherent failure point. A combined stiffness and residual strength 

degradation model can overcome this deficiency [77] but does not appear to have been 

used on GFRP laminates. 

The main drawback of the models discussed up to this point is their lack of flexibility 

in dealing with different laminate layups and/or loading patterns. Micromechanical 

approaches that predict the response of the laminate based on damage mechanisms in 

the individual UD plies offer a potential solution. The simplest approach is to degrade 

the matrix properties based on observed levels of cracking [78] and use CLT to 

integrate the results. Others have considered two damage mechanisms, namely matrix 

cracking and interlaminar delamination [79], and Reifsneider proposed the 

representative volume element to homogenise complex damage mechanisms into 

computationally efficient forms for use at larger scales [80]. Fracture mechanics 

approaches have been presented to predict matrix cracking behaviour [81] and fibre 

failure [82]. Energy approaches have been used to model delamination [83] and 

stochastic methods have been used to enhance existing techniques [84]. 

2.8 Conclusion 

The theory for fatigue strength of GFRP can be used to make reasonable predictions 

for the fatigue strength of a particular material under particular loads when some test 

data is available as a base for those predictions. Unfortunately the gap between the test 

result and the predictions that can be reliably based on that result is still quite small. A 

lot of work is ongoing to improve those predictive capabilities and to reduce the 

amount of testing required to produce reliable fatigue life estimates. Composite 

materials usage is increasing significantly in many industrial sectors at the current time 
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and it is expected that computer aided design tools for composite laminates will 

incorporate many of the non-linear predictive theories in the near future. 

Most of the investigations into the effects of water saturation on the durability of 

GFRP laminates described above are of a preliminary nature. They are performed on 

readily available materials, at high ageing temperatures and are normally simple 

tensile tests. While these tests do indicate that water saturation has a detrimental effect 

on strength they tend to vary widely in quantifying exactly how much effect there is. 

Much of this variation can be attributed to differences in materials and manufacturing 

quality and there are not many studies that claim to have used state of the art materials 

and processes. Therefore in keeping with the objectives of this thesis, to quantify the 

degradation in fatigue strength of GFRP materials in marine renewable energy 

applications, the materials and processes have been chosen to create state of the art 

GFRP laminates and to age and test those materials in a way that reflects their use in 

the emerging field of marine renewable energy.  
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2.9 Figures 

 

 

Figure 2.1. Effect of Silane sizes on strength of GRP [8]. 

 

 

 

Figure 2.2. Fatigue mechanisms of Unidirectional GFRP [32]. 
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Figure 2.3. Fatigue test results from 0° loading of UD epoxy / E-

glass [33]. 

 

 

 

Figure 2.4. Schematic of cracking in QI laminate [25]. 
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Figure 2.5. CLD for wind blade laminate [33]. 

 

 

Figure 2.6. Residual strength degradation after fatigue [72]. 

 

Content removed due to copyright restrictions 

 

Content removed due to copyright restrictions 

 



 

 

CHAPTER 3 

 

Preliminary Fatigue Design Methodology for GFRP Tidal Turbine Blades 

 

 

3.1 Introduction 

The emerging field of marine renewable energy is naturally turning to composite 

materials because of their perceived non-corrosive properties in the harsh saltwater 

environment as well as their high specific strength and stiffness. Tidal turbines are to 

the forefront due to their reliable and predictable power delivery to the grid and the 

absence of overload conditions. A number of different designs of tidal turbines are 

already at utility scale trials. A low-solidity, two-bladed turbine, similar to wind 

turbines, and a high solidity, multi-blade, ducted rotor are presently undergoing 

customer testing [85]. Wave energy converters are also under consideration with a 

number of devices at full size prototype stage [86]. Glass-fibre reinforced polymers 

GFRP are candidate low-cost materials for the blades of tidal turbines and the energy 

collection surfaces of wave devices. It is therefore important to understand the 

durability and performance of such materials for these applications. A 10 rpm tidal 

turbine would see approximately 4 million revolutions per year and wave devices will 

encounter approximately the same number of waves. Therefore fatigue failure will 

need to be considered in the design of these devices.  

The structural properties of GFRP materials depend on orientation of the fibres, 

polymer type and fibre/polymer volume fraction. One of the main advantages of fibre 

reinforced materials is the ability to align the strong, stiff fibres with the main loads 

and thereby use the material to its maximum advantage. There are situations, however, 

particularly in relation to emerging technologies e.g. marine renewable energy, where 
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(i) the loads are not very well understood, or (ii) the loads are complex and multi-

directional in nature, for which quasi-isotropic laminates can be used. The typical QI 

layup has equal numbers of fibres at 0, 45, 90, and 135 degrees although many other 

configurations are possible. Often QI laminates are used for an entire structure or they 

can be implemented locally on other laminate types by adding extra plies of 

reinforcement around high stress features (e.g. holes). As suggested by the name, QI 

laminates can be considered to be isotropic for all in-plane properties (at least for 1
st
 

order approximations). The tensile strength of QI laminates is primarily determined by 

the volume fraction of glass fibre in the laminate which normally varies between 30 

and 60%.  

Just as fibre orientation and volume fraction control the static strength of a composite, 

these are also are the primary determinants of fatigue strength. In fact in many cases 

fatigue strength is normalised by UTS and it is generally shown that the progressive 

fatigue zone starts around 1,000 cycles at approximately 80% of UTS, and drops to 

approx. 25% of UTS at over 1 million cycles [87]. The matrix and size also have an 

influence on both the UTS and fatigue strength with some resins being developed 

specifically for additional fatigue strength [88] thereby changing the UTS to fatigue 

strength relationship slightly (~ 8%). Service temperature will impact both UTS and 

fatigue life in equal measure at least to an initial approximation [87]. Unfortunately 

UTS prediction is not an exact science but approximations are available [89]; static 

testing is quicker than fatigue testing, and the equipment and skill needed are less 

sophisticated. Other materials-related influences are the detrimental effects of woven 

fabrics, tightly-stitched fabrics and high volume fractions (above 40% for dry fabrics, 

above 60% for prepreg) [38]. Low velocity, high mass impact can damage composite 

laminates [90] and provide nucleation sites for fatigue damage accumulation. 



Chapter 3. Preliminary Fatigue Design Methodology for GRRP Tidal Turbine Blades 

 

35 

 

Fatigue testing of coupons using various measurement techniques provides insight into 

the fatigue behaviour of GFRP. High frequency cyclic loading (>10 Hz) has been 

shown to cause autogenous heating and early failure [33] so that low frequency testing 

is necessary. Constant rate of strain application (RSA) testing is recommended and can 

help speed up testing at high cycles [87]. Waveform (Triangular, Sinusoidal, of Square 

wave) has been shown to have some effect at low cycles [23] but little effect at high 

cycles [87].  

Despite a vast and fascinating variety of proposed configurations for tidal (or marine 

current) turbines [91] it must be conceded that the standard wind turbine configuration 

(horizontal axis, upwind, 3 bladed, pitch regulated) will be the benchmark against 

which all other proposals for tidal turbines are measured. Hydrodynamic design of 

tidal turbine blades can be expected to follow a similar pattern to that of wind turbine 

blades. Blade element momentum approaches have already been verified [92] and 

investigation of cavitation shows that it should not be a problem [93]. Blade element 

momentum theory (BEM) is used for preliminary design of wind turbine rotors [94] 

following a method suggested by Glauert using tip loss factors according to Prandtl. 

Modelling wake rotation improves the accuracy of BEM and Van Briel has detailed a 

technique to avoid numerical difficulties near the hub [95]. Detailed design of wind 

turbine rotors uses specialised aeroelastic codes [96]. 

This chapter develops a methodology for preliminary design of tidal turbine blades 

based on a minimum number of input parameters to predict the fatigue life of blades. 

In particular the method details a hydrodynamic model which generates an optimised 

blade shape for any size turbine when given water velocity and number of blades. It 

also calculates the forces that are exerted on that blade by the water flow. A tidal flow 

model predicts the water speeds that the turbine will operate in and finite element and 
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fatigue life models are used to estimate blade fatigue life. The method is applied to the 

preliminary investigation of a number of design aspects for tidal turbines. All of the 

models used in the methodology are relatively simple and run very quickly but allow 

adjustment of the key parameters so that the designer can investigate the predicted 

effect of changes to those parameters. This work also details the experimental method 

and results of fatigue testing on GFRP laminates manufactured using materials and 

processes which are the current state of the art used in marine renewable energy 

devices.  

3.2 Experimental Method 

3.2.1 Coupon manufacture 

[(45°/135°/90°/0°)2]s laminates were laid up in 800 mm squares and infused with 

epoxy or vinyl-ester resin using the VARTM (Vacuum Assisted Resin Transfer 

Moulding) process. In this process, the mould (flat aluminium plate in this case) is 

prepared by applying a release agent to its surface to prevent the resin from sticking to 

it. The dry glass cloth is then laid up against the mould at the orientations required to 

create the desired laminate. The E-glass fabric used here (Ahlstrom #42007, Ahlstrom 

Corporation, Helsinki, Finland) was a biaxial non-crimp form with 2 plies (each 300 

g/m
2
) stitched together at 90°. The 45° / 135° plies were obtained by cutting an 800 

mm square at a 45° angle out of the above mentioned biaxial fabric used for the 0°/90° 

plies. . Eight layers of this fabric were stacked on the mould to create the 16 ply 

laminate. Resin feed tubes, vacuum tubes and spreader manifolds are placed on top of 

the stack of fabrics and a layer of breather fabric is laid over the top of the entire 

surface to provide a path for the resin to spread across the laminate. Finally vacuum 

bag material is laid over everything and sealed around the edges of the mould with a 

synthetic rubber sealant tape (tacky-tape); the resin feed and vacuum tubing are 
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brought out through the seal as shown in Figure 3.1. The resin feed line is closed with 

a stopcock, a vacuum is applied and the seal all around the mould edge is checked to 

ensure there are no leaks. At this point the quantity of resin needed to infuse the 

laminate (plus an allowance for waste in the tubes) is weighed out in the correct ratio 

and mixed together. The vinyl-ester resin, Scott Bader VE676-03 (Scott Bader 

Company Ltd., Wellingborough, UK), was first mixed with 2% Accelerator G, then 

2% Trignox 239 catalyst (Akzo Nobel N.V., Amsterdam, the Netherlands) was added 

and mixed thoroughly. The resulting mixture was allowed to stand for 5 min to de-gas 

before introduction into the fabric stack. When large mouldings are being made the 

resin is pumped into the mould but in this simple case the end of the resin feed tube is 

just placed into the mixing bucket and the stopcock is opened allowing the vacuum to 

draw the resin into the mould. The resin comes in through the feed tube and is quickly 

spread across the full width by the manifold. The resin mixture is then drawn across 

the breather fabric and down through the stack of glass cloth by the vacuum, creating a 

flow front as seen in Figure 3.1. At a room temperature of 18°C it took approximately 

25 minutes to infuse into the 0.8m x 0.8m x 3.75mm laminate being manufactured 

here.  

This process is repeated to manufacture the epoxy / E-glass laminates. The epoxy resin 

available was the hand lamination formula of Ampreg 22 with slow hardener (Gurit 

Holding AG, Wattwil, Switzerland) which is more viscous than is optimum for resin 

infusion. It was infused at 27°C in order to lower its viscosity and it took 

approximately an hour to infuse into the laminate.  

In both cases when the flow of resin had covered the whole laminate and all the glass 

fabric was infused, the inlet stopcock was closed, stopping the flow of resin into the 

mould. The vacuum continued to be applied for a number of hours (overnight in the 
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epoxy case) until the resin had set and after a room temperature cure for 48 hours, the 

laminates were oven cured at 80° C for approximately 4 hours. Fibre volume fractions 

of 50% were achieved at an average thickness of 3.75 mm. The laminates were cut 

into 25 x 250 mm coupons using a water cooled, diamond-tipped, rotary saw under 

controlled feed rate. 

3.2.2 Fatigue testing 

In general, the fatigue tests were carried out with an Instron 8001 test machine and 

8800 controller (see Figure 3.2), applying a sinusoidal force-time history in tension-

tension mode (R = 0.1), at frequencies of between 3 and 6 Hz. All of the static testing 

and a small number of fatigue tests were carried out on an Instron 8500 test machine 

which also had an 8800 controller. Both machines are equipped with hydraulically-

powered grips and the gripping pressure was adjusted to 50 MPa for all fatigue tests 

and 100 MPa for all static tests. The fatigue test frequency is decreased to maintain a 

constant rate of strain application as the strain level increases helping to ensure that the 

coupon does not overheat. A fan was also used to cool the coupon during testing. A 

radiation thermometer measured less than 10° C temperature rise in surface 

temperature during the highest stress cycling test. The temperature in the test room 

with the 8001 machine is maintained at 21° C and the temperature in the lab which 

houses the 8500 machine varies between 15° and 19° C. Five coupons were tested at 

each of four separate stress levels. Approximately twenty coupons of each material 

were tested over a range of maximum stress levels that caused the coupons to fail 

between 100 cycles and 10 million cycles. The number of cycles to failure and the 

maximum fatigue strain applied to each coupon is recorded thereby producing a strain-

life (ε-N) curve. A power law relationship between maximum initial strain (      ) and 

fatigue life of the form  
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   (3.1) 

where A and B are constants and    is the number of cycles to failure, is found to be a 

good fit for the data (as shown below).  

3.3 Fatigue design methodology 

The turbine blade fatigue design methodology, as depicted in Figure 3.3, is modular in 

nature, consisting of a number of separate models, combined to facilitate the 

hydrodynamic and structural calculations required for preliminary design of a tidal 

turbine blade with respect to fatigue life. A central aspect of the present design 

methodology (and associated testing) is that it is predicated on blade fabrication from a 

fibre-reinforced polymer composite material although clearly, the proposed 

methodology could be readily adapted for alternative materials, e.g. metallic candidate 

materials. With reference to Figure 3.3, the first module in the design process model is 

a tidal model, which predicts the tidal current speed at any time for specified pertinent 

local tidal velocities (typically measured). The output from this tidal model forms a 

key input to a hydrodynamic model (based on a streamtube or blade element 

momentum approach), which in turn computes the radial distributions (for each 

streamtube) of (i) local relative blade-fluid velocities, (ii) axial and tangential blade 

forces, (iii) optimum chord length and (iv) pitch angle. The subsequent structural 

module, based on development of a finite element model of the blade, and driven by 

the output from the hydrodynamic model, is then employed to characterise the strain 

distribution (and hence maximum strain) in the turbine blade. The fatigue model 

accounts for each rotation of the blade explicitly and determines the maximum strain 

in the blade for each cycle. It then takes that maximum strain (and an assumed cyclic 

component), compares them to an experimentally determined strain-life curve for the 
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material and obtains a damage fraction for that cycle. Summation of the damage 

fractions using Miner’s rule gives an estimate for the life of the tidal turbine blade. 

3.3.1 Tidal Model 

Normally there are two high and two low tides of roughly equal magnitude per day 

with the magnitude varying by approximately 40% in a repeating monthly cycle. The 

highest tides, called spring tides, occur when the sun and moon are in alignment. This 

happens twice in each cycle. The lowest tides, called neap tides, also happen twice per 

cycle when the moon is at 90° to the sun [85]. Figure 3.4 shows a typical tide height 

pattern from the west coast of Ireland [97]. Tidal currents become magnified in areas 

where large bodies of water are connected to the main sea by relatively small inlets. 

The water speed depends on the local topography, but if the spring and neap maximum 

velocities are measured, the full cycle can be approximated by a combination of a 

semi-diurnal sinusoid and a fortnightly sinusoidal function [98] [99]. The tidal current 

velocity at any time t is  

                               (3.2) 

where      is the average of the peak tidal velocities,      is half the range of peak 

tidal velocities,    is the angular frequency of the tides, and    is the angular 

frequency of the spring-neap (14.7 day) cycle. Figure 3.5 shows the tidal velocity 

pattern given by Equation 3.2. 

3.3.2 Hydrodynamic Model 

The tidal current flows over the turbine blades creating lift and drag which turn the 

blades and power the turbine. The lift and drag forces can be estimated to a first order 

approximation using a stream tube momentum model [100]. The model, as shown in 

Figure 3.6, assumes a series of isolated concentric tubes within which momentum loss 
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is in balance with the forces acting on the blade. These streamtubes form a group of 

concentrically stacked annuli which extend from well upstream of the turbine to well 

downstream. Figure 3.6 shows the upstream section of one of these stream tubes and 

the mean radius and small radial thickness which define it. For steady state operation 

the fluid forces on the blades inside any stream tube must equal the momentum lost 

from that stream tube 

    
   

 
            (3.3) 

where    is the sum of the axial components of the lift and drag forces on the blade 

element inside the tube, N is the number of blades on the turbine and    is the mass 

flow rate through the tube,    is the tidal current velocity and    is the axial water 

velocity at the rotor disk. The factor of 2 appears in the equation because, as [94] 

shows, half the total reduction in velocity occurs upstream of the turbine blades. A 

similar argument pertains to the relationship between torque and angular momentum 

of the fluid. Within each stream tube the tangential components of the lift and drag 

forces sum to give a torque producing force and this imparts angular momentum to the 

blade. This angular momentum is balanced by an angular momentum of the fluid in 

the opposite direction, causing  rotation, or swirl, of the fluid inside the streamtube. 

Transformation to a rotating coordinate system and making the assumption that the 

relative resultant water velocities are constant allows generation of equations [95] 

giving axial and rotational velocity at the rotor plane, as follows: 

   
  
 
                    (3.4) 
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 (3.5) 

where    is the axial velocity in a stream tube at the rotor disk,    is the tangential 

velocity (swirl) of the fluid in a stream tube at the rotor disk,   is the fraction of axial 

velocity remaining at the downstream exit of the stream tube, and   is the local blade 

speed ratio given by 

  
   

  
 (3.6) 

where    is the angular velocity of the blade, R is the radius, and    is the free stream 

velocity of the fluid. The blade also has a tangential velocity    at the stream tube 

mean radius (R) due to its angular velocity: 

       (3.7) 

The apparent or relative velocity seen by the blade is then (see Figure 3.6): 

      
           (3.8) 

and the angle between the relative velocity and the plane of the rotor is given by: 

       
  

     
 (3.9 ) 

The lift and drag forces generated by a stream tube on the blade section inside it are  

given by the standard formulae [101]: 

  
 

 
    

      (3.10) 
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      (3.11) 

where    and    are the coefficients of lift and drag for the aerofoil selected,   is the 

density of the fluid, S is the chord length of the blade at the stream tube radius and    

is the radial dimension (wall thickness) of the stream tube. The lift force is always 

perpendicular to the fluid velocity and the drag force always parallel. These are 

translated into axial and tangential forces by 

               (3.12) 

               (3.13) 

where    is the axial (thrust) force acting on the blade by that stream tube and    is the 

tangential (torque) force. For maximum power output: 

   
 

 
   (3.14) 

as per the well-known Betz limit [102].  

The hydrodynamic model is implemented in an excel spreadsheet as shown in 

Appendix 2 This model uses a VBA macro to iteratively adjust the chord length of the 

blade, using the goal seek function, to produce a balance between the forces on the 

blade element and the momentum lost by the water in each streamtube. The inputs, 

outputs, and flowchart of the method of the hydrodynamic program are summarised in 

Figure 3.7. The output from the program at each radial increment is: chord length, 

pitch angle, axial force and tangential force on the blade at that radial increment. The 

program also predicts the power output, torque and bending moment at the blade root 

at the chosen water velocity. 
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Control systems have a significant effect on the forces and moments in a tidal turbine 

blade, by regulating the power absorbed by the turbine during high water velocity 

operation. The present hydrodynamic model is used to simulate the two main options 

for controlling power in tidal turbines, namely pitch-regulation (PR) and stall-

regulation (SR). Pitch regulation is a system where the entire blade is rotated about its 

axis to modify the lift coefficient (  ) and thereby the forces on the blade. Stall 

regulated blades have fixed pitch but are designed with a specific radial variation of 

pitch angle so that as the tidal velocity increases, the angle of attack over a portion of 

the blade exceeds the stall angle and lift drops off, reducing the forces on the blade. 

Wind turbine control systems have evolved to full-span pitch control systems in order 

to deal with their large operational range of wind velocities (2.5 – 25 m/s). Tidal 

currents do not exhibit as large a range (typically 0.75 to 4 m/s) and therefore simpler 

control systems may be viable for tidal turbines. 

3.3.3 Structural Model  

In common with modern wind turbines there is a significant structural challenge in 

resisting the loads placed on the turbine blades within the slender aerofoil shape of the 

turbine blade. A set of aerofoil shapes with relatively thick section, 24% of chord 

length, have been developed e.g. NACA 63-421, RISO-A1-24 (see Figure 3.8) to 

achieve good lift and drag performance while maximizing the cross section area 

moment of inertia allowing for good structural characteristics [103]. The present work 

is focussed on the fatigue life of a small "low cost" turbine. This low cost version is a 

5 m radius, 3-bladed, downstream, free-yaw turbine, which has a theoretical maximum 

power of 330 kW in a 2.6 m/s tidal current. This configuration eliminates expensive 

yaw (and possibly pitch) systems and allows for a simple robust construction.  
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A shell element model of the outer 3.5 m of the turbine blade has been constructed in 

the ABAQUS finite element program as shown in Figure 3.9. The blade model starts 

at 1.5 m radius which is the point of maximum chord length on the optimised blade 

geometry predicted by the hydrodynamic model described in the previous section with 

the input parameters shown in Appendix 2. Inboard of this the blade starts to transition 

and connect to the steel hub attachment which involves details outside the scope of 

this study. A short straight section (with a radial dimension of 0.5 m) has been added 

to the blade to mimic the transition section with particular emphasis on minimizing 

any stress concentrations at the connection. The opposite end of this straight section 

has a boundary condition applied that specifies no displacements in any direction. 

Details of stress and strain in this transition section are not reported here, since the 

present work is concerned with the development of a preliminary design capability. 

All elements in the model are 4-node doubly curved shell elements with reduced 

integration. Non-linear geometry capability is not used in this study as the blade 

deviates less than 5 degrees under full load and the areas of most interest near the root 

of the blade have even less deviation than that. A mesh convergence study has been 

performed and shows that the strain results at the mesh density used are essentially 

converged as they have less than 0.1% difference to those found at double the mesh 

density. The aerofoil shape has been simplified in the structural model, representing 

the smooth aerofoil curved surface, shown in Figure 3.8, by a piecewise linear 

equivalent (Figure 3.10) but it maintains a section thickness equal to 24% of chord 

length. Following the practice in the wind turbine industry, e.g. see [104], two shear 

webs have been inserted into the aerofoil shape creating a box section which becomes 

the structural core of the blade. The top caps of this box are 35 mm thick near the root 

(at 1.5 m radius) and taper to 6 mm at the tip. The shear webs and fairings start at 12 
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mm thick (again at 1.5 m radius) and taper to 4 mm thick at the tip. In the finite 

element model the panels of the blade are modelled as shell elements with QI material 

properties from standard laminate analysis [105]. The values chosen here for both 

epoxy / E-glass and vinyl-ester / E-glass are shown in Table 3.1 and Table 3.2. High 

stress locations near the surface are modelled with individual plies. Material properties 

for the individual plies are calculated from the rule of mixtures and the Halpin-Tsai 

equations [15] as also shown in Table 3.1 and Table 3.2. The axial and tangential 

forces calculated by the hydrodynamic model are applied to the FE model as surface 

traction distributions on the spar caps areas of the blade as shown in Figure 3.9. The 

tangential loads are divided equally between each of the spar caps so that their 

resultant goes through the centre of the blade section. The axial load is applied to 

suction side top cap so that the resultant forces act through the quarter chord point (¼ 

of the chord length back from the leading edge of the aerofoil) of each blade section. 

The quarter chord point has been shown to be a good approximation for the location of 

the point through which the resultant of all the pressure forces on an aerofoil appears 

to act [102]. 

3.3.4 Fatigue Model 

The fatigue model focuses on the highest tensile strain in the blade, which is 

predominantly attributed to bending-induced strain. Each cycle of the tide causes a 

slow increase and then a decrease in the maximum strain on the blade – this is a low-

frequency cycle in itself of which there are only two per day. Simultaneously the blade 

experiences a high frequency cyclic load for each revolution of the machine, caused by 

the blocking (‘shadow’) effect of the support tower as shown in Figure 3.11. The 

tower causes a reduction in the water velocity downstream of itself and consequently a 

loss of lift on the blade. Figure 3.12 shows the drop in bending strain in the blade due 
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to this shadow effect. The magnitude of this brief reduction in bending strain depends 

on the geometry of the particular turbine. Obviously if the tower blocks the flow 

completely, the drop in bending moment, and hence strain, approaches 100%. Test 

data on a downstream wind turbine shows a 30% drop in bending moment [106]. 

Wave interaction can also lead to fluctuations in the load on tidal turbine blades. 

Experiments with scaled models of tidal turbines in a wave tank have measured 

flapwise bending moment amplitudes of 50% [107]. For the present study two cases of 

50% and 90% reductions of the bending strains in the tidal turbine blade are 

considered, corresponding to fatigue loading R-ratios (          ) of 0.5 and 0.1 

respectively for the high frequency loading cycle of the combined fatigue cycle shown 

in Figure 3.12.  

There is no generally accepted method for dealing with the effect of mean stress in 

fatigue of composites, i.e. for inferring the ε - N  curves from one (test) R-ratio to a 

different R-ratio. The approach adopted here, to infer the R = -1 and R = 0.5 ε - N data 

from the (measured) R = 0.1 data, is based on that described in [62]. This is based on 

the following assumed behaviour for constant life diagrams as illustrated in Figure 

3.13:  

The Nf = 5000 line joins the R = 0.1 test data point to the material ultimate 

strain,   , data point on the mean strain axis.  

For -1 ≤ R ≤ 0.5, the CLLs are assumed to be parallel to the Nf = 5000 line, 

based on experimental observations, e.g. [108]. 

For the R > 0.5, the CLLs join the R = 0.5 data points to the    data point on 

the mean strain axis. 
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As the material in the turbine blade is essentially linearly elastic the major strains in 

the blade are directly proportional to the flapwise bending moment. Therefore the 

maximum strain at any time j is found from the following equation: 

            
      

    
  (3.15) 

where        represents the functional dependence of bending moment on tidal 

current velocity,      is the reference bending moment and      is the maximum 

strain in the blade when the reference moment is applied.  

The fatigue damage calculation involves contributions from two types of load (strain) 

cycles. The first sums the damage due to the strain cycles caused by the low frequency 

semi-diurnal tidal cycle (which implicitly includes the lower frequency 14-day tidal 

cycle effect), while the second sums the damage caused by the higher frequency 

cycles, due to the tower shadow effect. The fatigue model finds the tidal velocity from 

Equation 3.2 and uses Equation 3.15 to find the maximum fibre direction strain in the 

blade during each revolution of the turbine. In this application, at the high stress 

locations, the flapwise bending stresses are two orders of magnitude greater than the 

transverse or shear stresses. The 0° plies in the spar cap are well aligned with the 

flapwise bending stresses and therefore the direction of maximum principal strains are 

within a few degrees of alignment with the 0° fibres. Therefore the simpler max fibre 

strain fatigue model was used here to reduce computational effort as the multiaxial 

effects are negligible in this case. Once the maximum fibre strain has been identified 

the model uses Equation 3.1, with the identified strain-life fatigue constants, to 

compute the number of cycles to failure at that strain level. For a particular integration 

point (hot spot) in the FE model of the blade, the damage fractions are then summed to 
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find the 7-day damage and hence the turbine life, using a Miner’s rule approach, as 

follows: 

        
 

    

  

      

  
 

    

  

     

 (3.16) 

where        is the damage sustained at that integration point during a 7-day period 

which equals one quarter of the tidal cycle, Nk is the number of tidal cycles during the 

7 day period, Nj is the number of turbine revolutions during the 7 day period, Nf,k and 

Nf,j are the numbers of cycles to failure for a given combination of mean and 

alternating strain during each tide and revolution, respectively; k is the increment of 

tidal cycles, and j is the increment of revolutions of the turbine. The blade life in years 

is then given by  

              
    

             
 (3.17) 

where 7.38 is the exact length of the 7-day period used (1/4 of a synodic month) and 

365.25 is the length of a year in days. 

3.4 Results 

Figure 3.14 shows the strain-life fatigue test results for the epoxy / E-glass and vinyl-

ester / E-glass materials along with the corresponding power law curve fits, as per 

Equation 3.1. The identified fatigue strain-life power-law constants for the two 

materials are given in Table 3.3, along with the inferred R = 0.5 constants, based on 

the mean stress diagram procedure described above. The superior performance of the 

epoxy resin over the vinyl-ester resin is obvious. It is observed during the testing that 

epoxy appears more tolerant of the cracks and minor delaminations that appear at the 
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edges of the coupon during testing. Certainly the epoxy specimens are more obviously 

damaged before final failure as can be seen in Figure 3.15. 

Figure 3.16 shows the predicted radial distribution of blade chord length and pitch 

angle as determined by the hydrodynamic model for the base case set of parameters 

described in Table 3.4. The blade chord length is 750 mm at the tip, with a pitch angle 

of 4 degrees. It tapers and twists to a chord length of 1250 mm and a pitch angle of 20 

degrees at 1.5 m radius. Figure 3.17 shows the radial distributions of tangential and 

thrust forces versus radius as predicted by the same hydrodynamic model, via 

Equations 3.12 and 3.13. The thrust force, which increases linearly with increasing 

radius from about 0.7 kN to about 2.3 kN at the extreme blade radius, is significantly 

larger than the (power-generating) tangential force, which increases asymptotically 

with radius from about 320 N at a small radius to a value of about 410 N at the 

extreme blade radius. These forces cause a flapwise bending moment of 150 kNm and 

an edgewise bending moment of 35.7 kNm at 1.5 m radius from the rotor centre. The 

model uses 45 streamtubes, uniformly distributed along the blade, and assumes that 

the water in each of these tubes has slowed to 1/3 its initial velocity at the exit of the 

streamtube (i.e. ζ = 0.333).  

Figure 3.18 shows the deflected shape of the blade when these forces are doubled (to 

account for a factor of safety of 2) and applied to the FE model described above. The 

tip deflects axially by 334 mm under these loads, which is approximately twice the 

blade aerofoil thickness at the tip. This amount of deflection will not introduce any 

significant error into either the structural or hydrodynamic calculations.  

Figure 3.19 shows that the highest stresses and strains occur near the hub, in the caps 

of the box section spar which form the main structural member of the blade. These are 

primarily caused by the large (flapwise) bending moments due to the thrust force. 
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Bending strains are at their maximum on the outer surface and the maximum principal 

strains are shown in Figure 3.20 to be in the middle of the spar cap. However the ply 

on the surface is at 45° to the blade axis and it is necessary to find the maximum fibre 

strain in a ply in which the fibres are closely aligned to the load direction in order to 

make a legitimate comparison to the experimental fatigue life data. Figure 3.21 shows 

a plot of fibre strains along a section through the midline of the pressure side spar cap 

extending from near the hub to the tip of the blade. The fibres in the three outermost 

plies are at 45°, 135° and 90° to the blade axis (and thereby to the maximum principal 

strain) which reduces their fibre strains. The 4
th

 ply from the surface has its fibres at 0° 

to the blade axis and therefore aligned with the direction of the principal bending 

strains. The maximum fibre strains are predicted in this ply, as shown in Figure 3.21. 

The base case results described above have given the maximum fibre strain in the 

turbine blade at a single (2.6 m/s) water velocity. Equation 3.15 can then be used to 

compute maximum fibre strain at any water velocity given the flapwise bending 

moment at that water velocity and the assumption of linear elasticity in the blade. 

Figure 3.22 shows the predicted dependence of bending moment near the root of the 

blade on water velocity, due to thrust forces calculated by the hydrodynamic model, 

for (i) a PR tidal turbine, (ii) an SR turbine and (iii) an unregulated turbine. Note that 

the base case discussed above is in the water velocity regime where all three control 

systems produce the same flapwise moment. Using the hydrodynamic model to predict 

maximum theoretical power levels for both PR and SR turbines, and integrating over 

the tidal pattern chosen for this study (i.e. see Figure 3.5) will give the energy 

produced by each turbines per year. In order to facilitate an objective comparison of 

the PR and SR turbines, with respect to fatigue damage accumulation, the energy 

output from the PR turbine is matched to that of the SR turbine. This is achieved by 
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identifying the threshold value of water velocity for pitch control, above which blade 

pitch is controlled to give constant flapwise moment (and hence power). The threshold 

water velocity value of 3.05 m/s (see Figure 3.22) has been identified here, using the 

hydrodynamic model described above, for the PR turbine.  

In order to predict fatigue damage accumulation, using Equations 3.1 to 3.16, the 

moment-velocity relationships of Figure 3.22 are fitted with polynomial expressions, 

to allow interpolation with respect to water velocity. The fatigue reference case, 

described in Table 3.5, is analysed by the fatigue model and a fatigue life of 11.6 years 

is predicted for this case. By varying each of the parameters in Table 3.5 the fatigue 

model will give insight into the effects of each of these on the fatigue life. For example 

the effect of strain concentration is investigated by increasing the strain levels in the 

model by a strain concentration factor (SNCF). Figure 3.23 shows the effects of a 

strain concentration at the point of maximum strain in the blade. This strain 

concentration could be as a result of a non uniformity in laminate thickness, a 

reduction in number of plies or geometric discontinuities, such as bolt holes. The 

figure predicts that small increases in maximum strain (stress) have a large influence 

on blade life, with a SNCF of only 1.1 decreasing fatigue life by 50%, for example. 

The fatigue model is also used here to compare the blade life of an SR turbine with 

that of a PR turbine. The fatigue damage fraction for each rotation of the turbine is 

sorted into bins based on water velocity (0.1 m/s increments) and Figure 3.24 shows 

accumulated damage in each water velocity bin for both the PR and SR blades (note 

that the area under each curve, which represents total accumulated damage over blade 

lifetime, is equal to 1.0). The graph shows that the SR blade sustains a lot of damage at 

high water velocities, due to the higher bending strains, whereas for the PR blade, the 

damage at high velocities is significantly lower, due to the lower bending strains. Most 
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of the PR blade damage is sustained at medium water velocities, due to the greater 

number of operational hours in this regime. The fatigue model predicts that a blade 

which survives 20 years on the PR machine will only survive 12.8 years on the SR 

machine.  

Figure 3.25 shows some sample predictions based on different design scenarios for the 

turbine blades, based on the methodology developed here, relative to the predictions 

for the reference case of Table 3.5: 

 As discussed above a SR turbine blade will have a shorter life than an 

equivalent PR turbine blade. However the pitch regulation system is expensive 

and it may be less expensive to oversize the turbine components to deal with 

the higher loads imposed by a stall regulated control system. The fatigue model 

predicts that if the maximum strain in the spar cap of the SR blade is reduced 

by just 5% it will then have a fatigue life equal to a PR blade (of equal energy 

generation). This reduction in strain could be accomplished for example by an 

increase in the laminate thickness of approximately 10%. 

 Vinylester / E-glass has a number of advantages over the Epoxy / E-glass 

material used in the reference case. These include lower cost and increased 

resistance to water penetration. However vinylester matrix composites have 

lower fatigue performance than their epoxy matrix competitors. Using the 

experimental fatigue data for both of these materials (see Figure 3.14 and Table 

3.3) in the fatigue model, and integrating with respect to time history of tidal 

velocity, it is predicted that the maximum strain in a vinyl-ester blade must be 

29% less than in an epoxy blade, to achieve the same fatigue life.  

 The fatigue model has also been used to investigate the effect of increasing 

tower shadow effect. This could be caused by design changes such as moving 
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the blade closer to the tower or increasing the tower diameter. This is 

investigated by changing the constants used with the strain-life equation to 

consider different R-ratios as described in Section 3.3.4. The model predicts 

that that increasing the tower shadow effect from 50 to 90% requires a 

reduction of 15% in the maximum blade strain to maintain the same fatigue 

life.  

 

3.5 Conclusion 

This study presents a methodology for preliminary fatigue design of GFRP tidal 

turbine blades. Uniaxial fatigue testing of two candidate (quasi-isotropic) GFRP 

materials is carried out to facilitate application of the design methodology to the 

design of a three-bladed tidal turbine concept for a range of tidal velocities. Some key 

conclusions from this study are as follows: 

 The epoxy / E-glass material is significantly more fatigue resistant than the 

vinyl-ester / E-glass material.  

 However, due to the low measured slopes of the strain-life curves for both 

materials, it is shown that the blade fatigue life is highly sensitive to maximum 

blade stress and strain level. For example, a 15 % increase in stress is predicted 

to reduce blade life from 20 years to about 5 years.  

 Mean stress effects are shown to be important in the design of a three-bladed 

concept with respect to tower shadow effect. Specifically, with increasing 

tower shadow effect from 50% to 90% (in terms of instantaneous reduction in 

blade strain during blade rotation past tower), the reduction in blade fatigue 

strength (maximum allowable strain) is predicted to be about 15%.  
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 The fatigue performance of an epoxy / E-glass tidal turbine blade, for the three-

bladed concept, with pitch-regulation and including a 50% tower shadow 

effect, is shown to be approximately 30% better than that of a vinyl-ester / E-

glass blade, in terms of maximum allowable strain for a given fatigue life.  

 It is shown that blades on a stall regulated tidal turbine need approximately 

10% thicker laminates than those on a pitch regulated turbine for a given 

design fatigue life. 
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3.6 Tables 

 

Table 3.1. Epoxy / E-glass material properties. 

 

Inputs 

Single unidirectional ply 

properties 

Quasi-isotropic laminate 

[(45\135\90\0)2]s 

Vf 50% E1 38 GPa Ex, Ey 19.3 GPa 

Ef 72.4 GPa E2 11.5 GPa Gxy 7.2 GPa 

νf 0.22 G12 3.5 GPa νxy 0.330 

Em 3.5 GPa ν12 0.285   

νm 0.35     

 

 

Table 3.2. Vinyl-ester / E-glass material properties. 

 

Inputs Single unidirectional ply 

properties 

Quasi-isotropic laminate 

[(45\135\90\0)2]s 
Vf 50% E1 37.9 GPa Ex, Ey 19.1 GPa 

Ef 72.4 GPa E2 11.3 GPa Gxy 7.2 GPa 

νf 0.22 G12 3.4 GPa νxy 0.330 

Em 3.4 GPa ν12 0.285   

νm 0.35     
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Table 3.3. Constants for power law fit to fatigue data. 

 

Material Coefficient (A) Exponent (B) 

Epoxy / E-glass R = 0.1 0.02830 0.0863 

Epoxy / E-glass R = 0.5 0.03507 0.0863 

Vinyl-ester / E-glass R = 0.1 0.02908 0.1063 

Vinyl-ester / E-glass R = 0.5 0.03704 0.1063 

 

Table 3.4. Parameters for base case hydrodynamic model. 

 

Parameter Value 

Water velocity 2.6 m/s 

Number of blades 3 

Router 5 m 

RPM 16 

CL 1.0 

L/D 70 

Angle of attack 7° 

ζ 0.333 

Water density 1025 kg/m^3 

Water viscosity 0.0013155 Pa.s 

Rinner 1.5 m 
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Table 3.5. Parameters for fatigue reference case. 

 

Parameter Value 

Maximum water velocity 4.0 m/s 

Neap max. velocity / Spring max. velocity 60% 

Factor of safety applied to loads 2 

Tower shadow 50% 

Control system PR 

Material Epoxy / E-glass 

Main spar top cap thickness range 35 mm – 6 mm 

Shear web and fairing thickness range 12 mm – 4 mm 
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3.7 Figures 

 

 

 

Figure 3.1. Vacuum assisted resin transfer moulding process. 

 



Chapter 3. Preliminary Fatigue Design Methodology for GRRP Tidal Turbine Blades 

 

60 

 

 

 

Figure 3.2. Instron 8801 fatigue test machine. 

 

 

Content removed due to copyright restrictions 
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Figure 3.3. Flowchart of fatigue life calculation methodology. 
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Figure 3.4. Typical tide height pattern around Ireland [97]. 

 

 

Figure 3.5. Sinusoidal model output for water velocity. 
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Figure 3.6. Schematic of hydrodynamic model concept showing one 

of the 45 concentrically stacked stream tube annuli and the 

associated fluid flow vectors.  

   is the tidal current velocity,    is the axial velocity in a 

stream tube at the rotor disk,    is the tangential velocity 

(swirl) of the fluid in a stream tube at the rotor disk,    is the 

blade tangential velocity at the stream tube mean radius (R), 

   is the angular velocity of the blade,    is the apparent or 

relative velocity of the water,    is the axial (thrust) force 

acting on the blade by a stream tube and    is the tangential 

(torque) force. 
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Figure 3.7. Summary of hydrodynamic model method. 
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Figure 3.8. Cross section view of RISO-A1-24 airfoil [103]. 

 

 

 

 

 

Figure 3.9. FE model of a 5m blade for a 3-bladed, 330kW tidal 

turbine. 

 

 

 

 

R 

Image removed from electronic version for copyright reasons. 
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Figure 3.10. Simplified aerofoil shape used for finite element 

analysis of blade. 

 

 

 

 

Figure 3.11. Tower shadow on downstream 3 bladed tidal turbine. 
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Figure 3.12. Schematic of tower shadow effect (50%) on maximum 

strain in the turbine blade. 

 

 

Figure 3.13. Schematic for constant life extrapolation from R = 0.1 

test data to equivalent R = 0.5 data. 
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Figure 3.14. Test results for QI laminates (R = 0.1). 
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Figure 3.15. Post fatigue-test specimens of (a) vinyl-ester / E-glass 

and (b) epoxy / E-glass. 
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Figure 3.16. Radial distributions of blade pitch angle and chord 

length calculated using hydrodynamic model for 2.6 m/s water 

velocity. 

 

 

Figure 3.17. Radial distributions of axial (FA) and tangential (FC) 

forces from hydrodynamic model at 2.6 m/s water velocity. 
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Figure 3.18. Undeformed and deformed shape of blade at 2.6 m/s 

water velocity, with a factor of safety of 2.0 applied. 

 

 

 

 

 

Figure 3.19. Fibre direction stresses in 45° surface ply under design load. 

 



Chapter 3. Preliminary Fatigue Design Methodology for GRRP Tidal Turbine Blades 

 

72 

 

 

Figure 3.20. Maximum principal strains in the outer surface under design load. 

 

 

Figure 3.21. Fibre strains in the four outermost plies at centreline of 

spar cap (max strain location) along blade operating in 2.6 m/s 

water velocity. 
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Figure 3.22. Predicted effect of water velocity on blade bending 

moment (at R = 1.5 m) for various control strategies, as 

calculated using hydrodynamic model. 
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Figure 3.23. Predicted effect of stress concentrations on blade life for 

pitch regulated turbine in a tidal zone with 4.0 m/s max. 

velocity and 60% neap/spring variation. 

 

 



Chapter 3. Preliminary Fatigue Design Methodology for GRRP Tidal Turbine Blades 

 

75 

 

 

Figure 3.24. Damage accumulation per 0.1 m/s bin for pitch-

regulated (PR) and stall-regulated (SR) epoxy / E-glass turbine 

blades operating in a tidal flow with 4.0 m/s maximum velocity 

and 60% neap/spring variation. 
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Figure 3.25. Comparison of required reductions in maximum strain 

due to various design changes, for a fatigue life equal to that of 

the reference case of Table 3.5. 



 

 

CHAPTER 4 

 

Multiaxial Fatigue Damage Modelling of Glass Fibre Composites 

 

 

4.1 Introduction 

Micromechanical approaches to fatigue modelling are preferred because they offer the 

possibility of being able to model any laminate configuration with any combination of 

applied loads. A convenient level for modelling is the single unidirectional (UD) ply 

level as these models can then be combined in a computer simulation of any laminate 

configuration.  

Talreja described the fatigue damage mechanisms in a UD ply based on strain levels 

and subsequently when it is embedded in a laminate [22]. It was found that matrix and 

interfacial cracking first occurred parallel to the fibres, in the most off-axis ply, caused 

by a combination of transverse normal and shear loading on the ply. In epoxy / E-glass 

cracking started with localised transverse fibre debonding at approximately 0.12% 

strain in 90° plies and became full width (of test coupon) and of ply thickness by 

0.42% strain [25] (termed inter fibre fracture (IFF) [19] ). Fatigue cycling of an epoxy / 

E-glass laminate between 0 and 0.33% strain was found to initiate IFF in the 90° ply at 

the coupon edges around 3,500 cycles and these fractures propagated in both length 

and density at a steady rate [28]. Higher peak (cyclic) strains were found to increase 

the rate and maximum density of IFF in 90° plies.  

Analysis of IFF initiation strain in plies at angles other than 90° is facilitated using 

CLT to calculate the strains in the ply orientation. For example, Talreja presents 

evidence that IFF crack initiation in 45° angle ply epoxy / E-glass laminates occurs at 

0.4% peak fatigue strain in the global 0° direction. Using CLT this corresponds to an 
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in-plane shear strain (   ) of 0.65% and normal strains (   and   ) of 0.07%. Others 

have tested epoxy / E-glass laminate tubes with a torsional loading which places one of 

the laminate plies under pure shear stress [109]. Evidence of IFF initiation is seen in 

this ply when the shear strain reaches 0.8%. The Tsai-Hill criterion is a reasonable 

approximation for data from these kinds of experiments when various ratios of     and 

   are tested [17]. However in a recent comparison of many static failure theories 

against experimental data, the Tsai-Hill criterion was shown to be significantly non-

conservative in predicting IFF in biaxial compression, whereas the Puck criterion was 

shown to be a good predictor of IFF under any loading condition [20].  

The second damage mechanism to appear during fatigue of laminates is delamination 

at the interface between plies [110]. This occurs at free edges, holes or where through-

the-thickness tensile stresses are present [15]. Local delamination also occurs at the 

intersection of cracks at interfaces in QI laminates under uniaxial fatigue [25]. This 

type of failure is more important in laminates without fibres closely aligned to the 

principal load [111]. 

The third damage mechanism is fatigue damage in the fibre direction. As tensile strain 

levels approach the matrix material fatigue limit; voids, early fibre breaks, cracks in 

adjacent plies or other imperfections initiate matrix cracks perpendicular to the fibre 

(e.g. 0.6% strain in epoxy / E-glass [32]). These cracks then act as stress 

concentrations for nearby fibres and cause additional fibre fracture. This damage 

progresses under fatigue cycling and groups of fibre breaks form at each of the 

initiation sites. Growth of these damaged areas is usually slow and most of the fatigue 

life is taken up while these areas slowly grow in size. Longitudinal cracks also form 

and facilitate coalescence of these fibre breaks regions. Finally a network of connected 

cracks form through the ply cross section which leads to failure of the on-axis ply and 
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quickly leads to complete fracture of the laminate. The effects of this are stiffness 

reduction, irrecoverable strain and strength reduction.  

A review of fatigue models in 2001 documented approximately 60 different fatigue 

models [60]. Many of the models were focused on particular laminates or laminate 

types but as computational power has increased, ply-by-ply approaches have become 

increasingly popular as they can be applied to any laminate. The stress exposure 

approach has been used both in static [112] and fatigue models [113][114] using 

bespoke software code. This chapter presents a finite element implementation of a new 

fatigue damage model for a QI laminate undergoing fatigue cycling. A user defined 

material subroutine is developed using a combination of the Puck stress exposure 

technique and fibre direction degradation. This subroutine is implemented in a unit cell 

finite element model of the laminate to predict the fatigue degradation response. The 

results of the model are compared to experimental results measuring modulus 

degradation, irrecoverable strain and fatigue life. 

4.2 Experimental Method 

Quasi-isotropic laminates were manufactured and fatigue tested as described in section 

3.2. In addition to the tests described previously during fatigue cycling the load and 

displacement were monitored continuously and the maxima and minima of both were 

recorded at every 10
th

 cycle. This allowed the drop in tensile modulus and increase in 

irrecoverable strain of the coupon during fatigue cycling to be obtained. Similar results 

were obtained by using an extensometer to measure strain over three slow cycles 

initially at the start of the fatigue test; the extensometer was then removed and the 

fatigue test continued for 5,000 cycles. At this point the coupon was removed from the 

tensile tester, its overall length was measured and compared to its original length to 

find the irrecoverable strain. The coupon was then reinstalled, the extensometer re-
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attached and 3 more slow cycles repeated to obtain the modulus of the material at that 

point in the fatigue life. This procedure was repeated throughout the fatigue life of the 

three coupons tested using this technique. 

4.3 Modelling  

In this chapter modelling of the GFRP laminates is implemented via a finite element 

(FE) methodology as shown in Figure 4.1. The FE code uses elastic analysis to 

calculate the strains at each point in the laminate and to translate those strains into the 

local material coordinates. The user material subroutine developed here then computes 

the (non-linear) behaviour of each material point depending on its stress history and 

number of fatigue cycles accumulated. The subroutine calculates; firstly the fibre 

direction response to on-axis (1-direction) tensile/compressive stresses, and secondly 

the matrix response to transverse normal (2 and 3-direction) stresses and/or shear 

stresses. The FE code then integrates the response of all the elements (Gauss points) 

and checks for global equilibrium and convergence.  

4.3.1 Fibre direction model 

Three fibre direction fatigue effects are modelled in this work; strength degradation, 

modulus degradation and irrecoverable strain (creep). 0° testing of unidirectional 

laminates under tensile or compressive loads provides data on the effects of fatigue on 

the material in the fibre direction. Experimentally derived stress-life (SN) or strain-life 

(ε-N) curves [33] are also employed. 

4.3.2 Fibre direction strength degradation 

The degradation of fibre direction strength during fatigue cycling is assumed to follow 

a simple linear degradation per cycle. This has the advantage that only the expected 

life at each stress level is needed and this can be obtained from the SN curve or 

constant life diagram. A comparison of many candidate models recently concluded that 
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the linear model was preferred based on its simplicity and conservative predictions 

[70]. The residual strength in the fibre direction is given by [68]  

  
    

      
      

  
   

       
  

 

   

 

 

(4.1 ) 

where m is the number of fatigue cycle blocks,     is the number of fatigue cycles in 

block i,   
  is the residual strength after the i blocks,   

  is the static fibre direction 

strength,     
  is the maximum stress during the i

th
 block and Nf is the number of 

cycles to failure in constant amplitude fatigue at     
 . Nf is obtained from the SN 

curve of UD material which is similar to Equation 3.1 but expressed here in terms of 

stress 

        
   

 

(4.2 ) 

and again A and B are constants. 

Figure 4.2 shows a schematic of the drop in fibre direction strength due to a complex 

load history. This schematic is based on the properties of UD 50% Vf GFRP and is 

composed of blocks of different stress levels each with different mean and alternating 

stress levels. Fracture occurs when residual strength degrades to a level at or below the 

stress levels developed during any fatigue cycle.  

4.3.3 Fibre direction fatigue modulus degradation 

Experimental testing has shown that early stage damage occurs during initial fatigue 

cycling in the fibre direction followed by a long period where the damage 

accumulation rate is quite low. Finally the accumulated damage reduces the capacity of 

the material to resist the stresses and there is a relatively rapid drop to failure. The 

modulus of the material is reduced as damage increases. True modulus is difficult to 

measure experimentally in fatigue testing and therefore secant modulus and fatigue 
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modulus are used here instead. Fatigue modulus is defined here as the slope of a line 

which connects the minimum stress-strain point in a fatigue cycle with the maximum 

stress-strain point in the cycle as shown in Figure 4.3. Mao and Mahadevan [74] have 

proposed the following equation to represent the S-shaped damage evolution with 

number of cycles 

    
 

  
 

  

       
 

  
 

  

 (4.3) 

where D is the accumulated damage at n number of cycles, Nf is the fatigue life 

(number of cycles) at the load being applied and q, m1, m2 are material dependent 

parameters. Figure 4.4 shows a schematic of the accumulation of damage during 

fatigue cycling. 

The Mao and Mahadevan damage evolution equation is used here to predict the 

degradation in fibre direction fatigue modulus during fatigue as follows 

             (4.4 ) 

where     is the degraded fatigue modulus,     is the original fatigue modulus and 

    is the drop in modulus between the first cycle and the cycle just prior to failure. 

The magnitude of     depends on the maximum fatigue stress          in the element. 

4.3.4 Irrecoverable strain in the fibre direction 

Figure 4.3 shows the accumulation of irrecoverable strain under fatigue loading with a 

tensile maximum load. This is incorporated into the present fatigue damage model. 

The equation adopted here is based on the assumption that the irrecoverable strain 

(    ) increases in proportion to the change in fatigue modulus. The irrecoverable 

strain accompanying the modulus with damage D is: 
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 (4.5 ) 

where     is the fatigue modulus at the start of the final cycle and     is the creep 

strain at the start of the final cycle. 

4.3.5 Matrix governed response of UD lamina 

Stresses in the lamina coordinate system (1,2,3) are translated into the fracture plane 

coordinate system (1,n,t) using vector transformation in the 2-3 plane as shown in 

Figure 4.5. The n-direction is normal to the fracture plane and the t-direction 

(transverse) is in the fracture plane but perpendicular to the 1-direction (fibre direction) 

which remains unchanged. The fracture plane angle (θ) is found using a critical plane 

approach whereby the stress state is evaluated at all possible fracture plane angles and 

the fracture plane which is closest to failure is deemed to be the critical fracture plane.   

The failure mechanism which is being evaluated in the fracture plane search is IFF 

cracking of the lamina caused by a combination of transverse normal stress (σn) and 

shear stresses (τn1, τnt). Puck [115] has developed equations to predict IFF failure based 

on lamina strengths. These equations are modified here for fatigue degradation using 

the fatigue strengths of the lamina as follows:  

         
   

   
    

 

 

  
   

      
 

 

     
 

  
      

 
   
   

   
    

 

 

  
   
   

   
    

    

           

(4.6 ) 
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(4.7 ) 

 

   
   

   
    

  
 

   
     

  
   
   

   
    

   
  

   
   

      
   
   

         
     

                    

(4.8 ) 

 

   
      

  
      

       
    

 (4.9 ) 

 

     , called the stress exposure, is a measure of the fraction along the path to IFF 

failure. At stresses below IFF,       is less than 1.0; failure is predicted when       = 

1.    
     is the fatigue resistance to     (fibre rolling) shear stress,        is the 

fatigue resistance to     (fibre sliding) shear stress,   
   
    is the transverse tensile 

fatigue strength,   
   
    is the transverse compressive fatigue strength, 

   
   

,    
   

,    
   

,    
   

 are parameters which control the inclination of the failure 

envelope around zero transverse stress and have recommended values between 0.20 

and 0.30 [115]. The transverse and shear fatigue strengths (  
          

   
   , 

      ) are all degraded using a function of the form 
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  (4.10 ) 

where    is the original strength in question,    is the strength at cycle i and        
   

is again given by the SN curve of the UD material for the strength in question with the 

form given in Equation 4.2. 

4.3.6 Matrix fatigue strength of UD lamina 

Tong [25] presented data on number of fatigue cycles to IFF initiation in individual 

plies of an epoxy / E-glass QI laminate under uniaxial fatigue loading at various levels. 

First cycle stress exposure levels have been calculated for the plies in those laminates. 

This analysis used CLT to calculate the transverse and shear stresses in each ply, 

material strength values / inclination parameters for similar laminae [115] and the 

original versions of Equations 4.6 to 4.9 to calculate stress exposure. Figure 4.6 shows 

the results of this analysis; calculated stress exposure levels, at the start of the fatigue 

test, are plotted against the number of cycles at which IFF was observed to occur. 

These data show the resistance to IFF decreases by 40% in 125,000 cycles. Material 

strength values are important inputs to the stress exposure calculation and SN curves 

of transverse direction tensile fatigue cycling [33] show that transverse tensile strength 

degrades by approximately 50% in 100,000 cycles. Therefore for the model developed 

here it is assumed that degrading the transverse and shear strengths using Miner’s rule 

and the fatigue SN curve is appropriate when calculating stress exposure. Figure 4.7 

shows the IFF failure loci in plane stress and its assumed evolution during fatigue 

cycling due to the reduction in material strength. 
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4.3.7 Transverse and shear modulus degradation of UD lamina 

The response of the lamina to combinations of transverse and shear stresses can be 

divided into three regimes. Figure 4.8 shows the typical IFF failure for each of these 

modes. For a typical application of GFRP the stresses in the through-the-thickness (Z) 

direction are very small. In this case the fracture plane in modes A and B is at 0° as 

shown in Figure 4.8.  

In mode A the lamina pulls apart when IFF occurs due to the tensile normal load. Both 

the transverse normal modulus and the shear modulus of the lamina decrease sharply 

due to these cracks which are full ply thickness and rapidly multiply after initiation. 

The secant moduli have after IFF have been modelled previously for quasi-static 

applications as functions of strain exertion [116]. These equations are modified for use 

in predicting fatigue modulus as follows: 

      
     

               
  
              

(4.11 ) 

       
     

               
  
               

(4.12 ) 

 

where     is the degraded transverse fatigue modulus,      is the degraded shear 

fatigue modulus,         (strain exertion) is the ratio of current strain level to strain 

level at IFF initiation (always greater than 1),          and           are the moduli at 

IFF initiation,     and     are the final fractions of the moduli remaining at infinite 

exertion and             are parameters which control the shape of the degradation 

curve.  
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In mode A (cf. Figure 4.7 and Figure 4.8) before IFF there is little or no degradation of 

transverse modulus; however there is significant degradation in shear modulus. There 

are also interaction effects of transverse stresses on shear modulus degradation. The 

shear fatigue modulus before IFF is again described based on an equation originally 

used to model secant modulus degradation [117] and modified as follows: 

      
   

                 
             

   

       
   

 

      

             
       

  

 

(4.13 ) 

where      is the fatigue degraded shear secant modulus,     is the original modulus 

during the linear part of the response,        
       

 is the shear fatigue modulus at IFF 

initiation with only shear loading applied,   
      is the stress exposure if only the 

current shear stress were applied,    is the stress exposure including both normal and 

shear stresses,      
    is a stress exposure threshold below which no damage occurs and 

       and       are factors which control the shape of the response. Equation 4.13 also 

describes the degradation of shear fatigue modulus in modes B and C before IFF.  

Fatigue degradation of transverse modulus in compression (modes B and C of Figure 

4.7 and Figure 4.8) before IFF is given by: 

     
   

                 
            

  

       
  

 

     

           
      

  (4.14 ) 

where     is the degraded transverse fatigue modulus,    is the original modulus 

during the linear part of the response,       
      

 is the transverse fatigue modulus at 

IFF initiation with only normal loading applied,   
     is the stress exposure if only the 

current normal stress were applied,    is the stress exposure including both normal and 
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shear stresses,      
   is a threshold below which no damage occurs and       and        

are factors which control the shape of the response. After IFF in mode B the faces of 

the cracks do not separate as they are pressed together by the compressive (normal) 

stress. Therefore the transverse modulus will not see the sharp decrease typical of 

mode A. In this work it is assumed here that the transverse modulus degradation 

continues to follow Equation 4.14 after IFF in mode B. The shear modulus is expected 

to degrade sharply after IFF in mode B and follow Equation 4.12.  

It has been shown [19] that when out of plane normal stress (σ3 in Figure 4.5)is small 

the fracture planes in modes A and B are always perpendicular to the lamina (θfp = 0°). 

In mode C however the high compressive stresses will cause cracks on a fracture plane 

up to 51°. This can cause a wedge effect leading to delamination and local buckling 

and thereby precipitate failure of the laminate. In this model, if IFF is predicted in 

mode C, total laminate failure is assumed to occur and the analysis is stopped. Before 

IFF in mode C the transverse and shear moduli are assumed to degrade in a manner 

consistent with Equations 4.13 and 4.14. 

4.3.8 FE modelling details 

Figure 4.9 shows a unit cell model of a balanced, symmetric, quasi isotropic GFRP 

laminate ([45/135/90/0]s) to mimic the experimental laminate. The model is a cube 

with 1.92 mm edge length and includes 8 plies with the material orientation in each ply 

specified in 45° increments. Each 0.240 mm thick ply has three 8-node brick elements 

through the thickness. Preliminary mesh convergence studies found that 5 element 

mesh had a 13.8% percent higher maximum stress than this 3 element mesh. This 

indicates a need to include mesh density sensitivity studies in any future work on this 

model. The material behaviour including fatigue damage is implemented here and 

calibrated via a user material subroutine (UMAT) in the commercial FE code Abaqus. 
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Symmetric boundary conditions are used on 3 faces to reduce modelling effort 

resulting in a 1/8
th

 model of the laminate. This unit cell is assumed to be embedded in a 

large QI laminate which experiences uniaxial tensile loading. Therefore it is assumed 

that all faces of the cube remain plane and parallel. This constraint is imposed on the 3 

faces not governed by symmetric boundary conditions using a constraint equation 

which requires the displacement perpendicular to each face to have the same value for 

all nodes of that face. Periodic boundary conditions were also investigated but were 

found to be complex and difficult to implement due to the multiple material 

orientations within the laminate model. In particular, the corners of the 45° and 135° 

plies were particularly troublesome in this respect.  

Initial variation to fibre direction modulus with a maximum level of ± 0.1% is 

randomly distributed in every element of the model in order to introduce a level of 

variability within the model in keeping with the natural variability of the material. An 

initial sensitivity study found that raising the maximum level to 1% had no significant 

impact on predicted life. Following the recommendation by [116] in this model the 

major Poisson’s ratio remains constant (    = 0.24). The Poisson’s ratio between the 3 

and 2 directions is also kept constant (        ). All other ratios are recalculated at 

the beginning of each iteration based on the damage level of the relevant moduli.  

The UMAT described herein is an explicit subroutine; it uses the incoming damage 

level throughout the calculation and the new damage levels calculated by the 

subroutine are only used in the next increment after this increment has fully converged. 

The UMAT assumes that the material is linear elastic with the moduli reduced by the 

damage level stored in the state variable array. The stiffness matrix and stress level 

calculated at the beginning of the UMAT are therefore used as the Jacobian matrix and 

stress vector which are passed back to the main program along with the damage values 
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in the state variable array. It is important to note that when an iteration does not 

converge the damage values generated in that iteration are discarded and the next 

iteration commences with slightly different strain values but the same stiffness matrix.  

The time function within Abaqus is used to keep track of the number of cycles within 

the UMAT; specifically each “second” within a step is counted as a fatigue cycle. This 

has some simple advantages in keeping track of the progress of the analysis but it also 

allows the user to easily enter the number of cycles that a particular step (normally a 

maximum fatigue stress level) would run for. This was designed to allow users to input 

a series of steps to represent blocks of fatigue cycles at different stress levels. In the 

results presented here this feature was used to ramp up the initial fatigue load as a step 

of 0.5 “seconds” duration. Thereafter a second step maintained that load level with a 

very high target step time which normally was not achieved as failure was predicted 

before the target step time was reached. Abaqus Standard uses automatic 

incrementation to adjust the size of the next increment, based on the ease with which 

the previous increment converged. This feature was used to automatically adjust the 

size of the cycle jumping for the different stress levels. It was also advantageous to the 

analysis in that it could start with quite small steps at the beginning of the second step 

when damage was accumulating rapidly and then adjust to very large steps as the 

damage accumulation slowed and convergence was more easily achieved.  

It should be noted that the UMAT is written for a single R ratio (R = 0.1) fatigue load 

case. It is straightforward to adapt the UMAT for arbitrary R ratio fatigue loading. 

This relatively small model (16,480 elements, 97,566 DOF) normally takes 

approximately 2 hours to predict the life of a constant amplitude load case when 

running on 3 processors (i7 920, 2.67GHz, 64bit, 9GB RAM). It would be 

computationally expensive to extend this approach to an entire structure such as the 
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tidal turbine blade modelled in Chapter 3. However a sub-modelling approach could be 

used to predict damage in local areas of a full structure model using this UMAT. The 

sub-model boundary conditions would come from the composite shell elements of the 

full structure model. 

4.3.9 Calibration of material constants for fatigue model 

Table 4.1 shows the material strength values identified for the model. The fatigue 

evolution data used are based on experimental results reported in [33] and [104]. Table 

4.2 shows the values used for the parameters in Equations 4.13 and 4.14. These are 

from refs. [117] and [118] except       
      

 in the case where the transverse stress is 

positive which is given a small nominal degradation. Table 4.3 shows the values used 

for the parameters in Equations 4.11 and 4.12 based on data from [116]. Table 4.4 

shows the values used in degrading the fibre direction modulus based on data 

presented in [119]. 

4.4 Results 

Figure 4.10 shows the measured first and last stress-strain cycles of an R = 0.1 uniaxial 

fatigue test with a maximum stress of 155 MPa for a QI laminate of epoxy / E-glass 

tested here. Both secant and fatigue modulus decrease while irrecoverable strain 

increases during fatigue cycling.  

Figure 4.11 shows the evolution of secant modulus for a fatigue test at 139 MPa 

(maximum stress) compared to predicted (from the unit cell laminate model) secant 

modulus behaviour. Clearly the predicted response captures the overall modulus 

degradation in the first cycle and follows the evolution of degradation with subsequent 

cycles until failure at less than 10
6
 cycles. The degradation in the first cycle is caused 

by matrix micro-cracking before IFF in the 45° and 90° plies and by IFF cracking itself 
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in those plies as they are being loaded for the first time. Figure 4.12 shows the 

predicted transverse stress in a 90° ply in the increment before IFF is approximately 43 

MPa. The shear stress in this ply is essentially zero and therefore it is easy to compare 

this stress level with the static failure value in Table 4.1 (46 MPa) and see that the 

slight increase of stress level in the next increment will cause IFF. The 45° plies  also 

experience IFF during the first cycle at a somewhat higher load level. Figure 4.13 and 

Figure 4.14 show the predicted transverse and shear stresses in the 45° plies when the 

average stress applied to the whole laminate is 123 MPa (note that the 135° plies have 

a equivalent stress state but with negative sign on the shear stress). All the 45° and 

135° plies are therefore in the mode A section of the failure envelope due to the tensile 

transverse stress they are experiencing. Calculation of the stress exposure in these plies 

at the stress levels shown (Equation 4.6) gives a result of 0.93 again indicating that the 

slight increase in stress level in the next increment will precipitate IFF. Indeed this 

does occur and as Figure 4.15 shows all 0°, 45° and 135° plies are predicted to have 

experienced IFF at or before 130 MPa average applied stress. As would be expected 

IFF cracking in mode A causes a large reduction in transverse modulus of the 90° plies 

when it occurs during the first cycle as shown in Figure 4.16 but there is relatively 

little subsequent reduction during continued fatigue cycling. However the shear 

modulus reduction in 45° plies due to IFF is not as large initially (on the order of 20%) 

but, as also shown in Figure 4.16, it is predicted to undergo significant further 

reduction under the influence of fatigue cycling. Figure 4.17 shows that the 0° plies are 

predicted to experience compressive transverse stress and are therefore in the mode B 

section of the failure envelope. However the transverse and shear stress levels in the 0° 

plies are quite low and therefore the stress exposure levels within these plies never 

reaches the threshold value (0.3) for damage initiation. Consequently there is no 
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degradation in transverse or shear moduli in the 0° plies either during initial loading or 

during fatigue cycling. The fibres in the 0° plies actually carry most of the load in the 

laminate and this leads to high stress and therefore damage. Figure 4.18 shows the 

predicted evolution in maximum fibre direction stress in the 0° plies during fatigue 

cycling. At the end of the first cycle the maximum stress is 290 MPa but this rises to a 

maximum of 320 MPa as the damage just talked about in the other plies causes them to 

shed load onto the 0° plies. This higher level stress is maintained for most of the 

fatigue life until near the end when a rapid increase in damage in these 0° plies cause 

them to shed some of the load back onto the other plies. Figure 4.19 shows the 

predicted evolution in fibre direction modulus in the 0° plies, starting with typical early 

damage, followed by a sustained period of slow decline and finishing with a rapid 

decline to fracture.    

It is also possible to predict fatigue modulus with this model. This requires a new set 

of parameters for post-IFF degradation and dropping of the 1-direction creep strain 

from the model. It also requires an assumption that the percentage fatigue modulus 

degradation in transverse and shear before IFF is half that of secant modulus. The 

assumed modulus values at IFF and the new set of parameters for Equations 4.13 and 

4.14 which have been developed here to predict fatigue modulus evolution after IFF 

are detailed in Table 4.5. 

Figure 4.20 shows the predicted fatigue modulus compared to the experimental result 

for the same test as Figure 4.11. The drop in modulus on the first cycle is 2.7 GPa or 

12% at this stress level. The standard method for measuring modulus of a coupon uses 

a straight line fit to the stress strain curve between 0.05% and 0.25% strain. As some 

damage takes place in this region the modulus measured by the standard method will 
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be lower than the initial modulus. In the case of the fatigue test shown in Figure 4.20 it 

is almost 10% lower than that initial modulus.  

If the standard modulus is used as the baseline then the drop in modulus in the first 5 

cycles is found to be 3% and the drop in modulus before failure is 36%. Within the 

laminate model three mechanisms contribute to the drop in modulus during fatigue 

cycling. First, the transverse and shear strength of the material are reduced. This 

promotes increased cracking even though the stresses are constant or reducing. Second, 

the fibre direction modulus reduces which has a direct impact on the stiffness of the 

laminate. Thirdly, the increases in strain caused by these two previous damage 

mechanisms, in turn cause increased damage and loss of stiffness.  

Figure 4.21 shows the comparison of predicted and measured modulus evolution at a 

maximum stress of 219 MPa. In this case the modulus of the coupon is reduced by 

12% from the standard modulus in the first few cycles and by 34% before failure. The 

model accurately predicts the drop in modulus on the first cycle but over predicts the 

drop in modulus before failure by an additional 16%.  

Figure 4.22 shows modulus degradation due to fatigue damage from tests on a QI 

vinylester/E-glass laminate. A 52.5 mm gauge length extensometer, which was 

attached to the coupon at various intervals during the fatigue test was used to measure 

the evolution of modulus. The evolution of irrecoverable strain was evaluated from the 

measured change in length of the coupon. 

In composite laminates during fatigue cycling, the damage tends to be distributed over 

the entire gauge length of the coupon for a significant fraction of the fatigue life. 

Figure 4.23 (a) and (b) show the re-predicted evolution of fatigue damage in a 0° ply 

for the R = 0.1 test with maximum stress of 139 MPa. These figures show that the 

areas with predicted damage at an early fraction of the coupon life do not remain the 



Chapter 4. Multiaxial Fatigue Damage Modelling of Glass Fibre Composites  

 

95 

 

only damage zones steadily growing until fracture. Instead they have a slower rate of 

damage accumulation and other areas with less damage initially then catch up. This 

effect is not seen in fatigue testing of individual unidirectional plies [120], where 

damage tends to remain localised (often at the stress concentration produced by the 

grips) until failure. The pattern of damage distribution continues in the laminate until 

some significant damage accumulates in one area weakening that area below a critical 

level. Subsequently the damage further localises in this area leading rapidly to failure 

of the coupon. This effect can be seen in the sharp decrease in modulus at the end of 

the fatigue life in Figure 4.11 and Figure 4.20. 

Figure 4.24 shows the predicted damage to transverse and shear stiffness of an element 

in this 45° ply. This clearly shows the damage in the first cycle and then further 

cumulative damage during fatigue cycling, leading to low transverse and shear 

stiffness’s in this ply toward the end of the fatigue life.  

Figure 4.25 shows the successful validation of fatigue life predictions given by the 

finite element analysis for QI glass/epoxy coupons under uniaxial tensile (R = 0.1) 

loading, compared with the results from the fatigue test experiments and the median 

curve fit to those data. Clearly, the fatigue damage model gives excellent predictions 

for coupon life. At 219 MPa the secant version of the model predicts a life of 4,240 

cycles; by comparison, for the same life, the median curve fit to the experimental 

results corresponds to a 2% lower stress. At high cycles, a stress of 139 MPa gives a 

predicted life of 345,447 cycles whereas the experimental curve fit would predict this 

life to occur with a 3% higher stress. In terms of fatigue life for a given stress, life 

predictions are within a factor of 2 of those given by the curve fit to the experimental 

results. The model life predictions based on fatigue modulus degradation are slightly 

less accurate but still within the factor of two. 
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4.5 Concluding Discussion 

A new model for fatigue damage evolution in fibre reinforced polymer composites is 

presented. An existing quasi-static method for prediction of (i) inter fibre fracture and 

(ii) its effects on transverse and shear stiffness for quasi static cases has been adapted 

to model the significant damage induced during the loading phase of the first fatigue 

cycle on GFRP laminates. This method is further extended to predict the continued 

damage to those same matrix-dominated moduli during fatigue cycling. Most of the 

damage to the matrix dominated moduli takes place in the off axis plies and the key 

effect is the extent to which load is transferred onto the on-axis plies. The SN curve for 

on-axis fatigue of GFRP has quite a small slope and therefore even small increases in 

the stress experienced by the on-axis plies of a laminate has a large effect on fatigue 

life. Fibre direction damage to both strength and modulus are incorporated into the 

model and creep strain induced by tensile loading is also modelled. All these 

predictions are made at the ply level thereby allowing a laminate of any configuration 

to be modelled and its behaviour under fatigue cycling to be predicted. An example of 

a QI epoxy / E-glass laminate is considered and the results compared to parallel 

experimental testing. The following conclusions are reached:  

 Stiffness degradation in the first few fatigue cycles of QI laminates varies 

between 0% and 10% below the value measured by the standard modulus test; 

the larger value is associated with the higher maximum fatigue stresses. The 

model described herein is able to predict this drop in modulus accurately over 

a range of fatigue stress levels.  

 Overall reductions in laminate stiffness of 25 to 35% before final fracture are 

found with widely distributed damage seen to be the mechanism that 

facilitates this. The model makes good predictions for this phenomenon at 
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lower stress levels but over predicts the degradation by 50% at high stress 

levels. 

 The model is seen to make good predictions for fatigue life with all 

predictions within a factor of two of the experimentally derived fatigue life. 
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4.6 Tables 

 

Table 4.1. Identified strength data for UD epoxy / E-glass lamina 

with Vf =50%. 

 

Parameter Static Failure Value 

Fatigue 

A B 

  
   

 778 MPa [33] 1120 MPa 0.1003 

  
   

 46 MPa [116] 73 MPa 0.1003 

  
   

 145 MPa [115] 185 MPa 0.0407 

    72 MPa [117] 114 MPa 0.1003 

   
  Eqn. 8 Eqn. 8 

   
   

 0.3 [115] 0.3 [115] 

   
   

,   
   

,    
   

 0.25 [115] 0.25 [115] 
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Table 4.2. Pre-IFF secant modulus degradation parameters. 

 

   

      
      

 

tension 

      
      

 

compression 

           
       

      
        

    
      , 

      

             

13.25 GPa 12.6 GPa 10 Gpa [117] 4.6 GPa 
1.52GPa 

[118] 
0.3 [117] 0.6 [117] 

2.0 

[117] 
3.0[117] 

 

Table 4.3. Post-IFF modulus degradation curve shape parameters. 

 

                     

0.03 [116] 0.25 [116] 1.3 [116] 1.5 [116] 5.3 [116] 0.70 [116] 

 

Table 4.4. Fibre direction damage parameters identified from data 

presented in [119]. 

 

   q m1 m2     

                 0.8 0.2 8.7 0.2% 

 

Table 4.5. Fatigue modulus degradation parameters. 

 

      
      

 tension       
      

 compression        
       

                      

12.9 GPa 11.7 Gpa 3.0 GPa  0.001 0.125  1.17  1.5  0.88  0.30  

 

4.7 Figures 
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Figure 4.1. Flowchart of FE subroutine method.  
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Figure 4.2. Schematic of strength degradation in 0° plies during 

fatigue. 

 

 

Figure 4.3. Early and late stress strain cycles during fatigue life of 

UD GFRP after [119]. 
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Figure 4.4. Shape of damage curve for fibre direction modulus 

degradation.  

 

 

 

Figure 4.5. Fracture plane coordinate system after [117]. 
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Figure 4.6. Experimentally observed [25] IFF onset in fatigue of QI 

plies compared to initial stress exposure level. 

 

 

 

Figure 4.7. Evolution of IFF loci of UD GFRP lamina under fatigue 

cycling. 
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Figure 4.8. Typical IFF failure modes of UD FRP lamina after [115]. 

 

 

 

Figure 4.9. Unit cell model of QI epoxy / E-glass 
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Figure 4.10. Measured stress-strain loops of R = 0.1 fatigue test of 

epoxy / E-glass. 

 

 

Figure 4.11. Predicted and measured secant modulus during R = 0.1 

fatigue testing of a QI epoxy / E-glass laminate at 139 MPa 

maximum stress. 
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Figure 4.12. Predicted transverse stress in 90° plies at 74 MPa 

average stress applied to entire laminate. 

 

 

Figure 4.13 Transverse stress in 45° plies at 123 MPa average stress 

applied to the entire laminate. 
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Figure 4.14 Shear stress in 45° plies at 123 MPa average stress 

applied to the entire laminate. 

 

 

Figure 4.15. IFF predicted failure in all 90°, 45° and 135° plies at 

130 MPa average stress applied to entire laminate. 
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Figure 4.16 Predicted evolution of transverse modulus in 90° plies and shear 

modulus of 45° plies during fatigue cycling of QI laminate. 

 

 

Figure 4.17. Predicted transverse stress in 0° plies at peak load on 

the first cycle. 
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Figure 4.18. Predicted fibre direction peak stress in 0° ply during 

fatigue cycling at 139 MPa maximum laminate stress. 

 

 

Figure 4.19. Predicted evolution of fibre direction modulus in 0° 

plies during fatigue cycling at 139 MPa maximum laminate 

stress. 
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Figure 4.20. Validation of predicted fatigue modulus against 

measured fatigue modulus from fatigue testing of a QI epoxy / 

E-glass laminate at 139 MPa maximum stress. 

 

 

Figure 4.21. Validation of predicted fatigue modulus against 

measured fatigue modulus from fatigue testing of a QI epoxy / 

E-glass laminate at 219 MPa maximum stress. 
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Figure 4.22. Extensometer determined stress-strain curves at 

intervals during fatigue testing. 
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(a) 

 

(b) 

Figure 4.23. Two dimensional images of predicted damage in a 0° 

ply from 3D unit cell model of Figure 4.9 at (a) 12,099 cycles 

and (b) 254,184 cycles. 
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Figure 4.24. Predicted transverse and shear stiffness damage in 45° 

ply element. 

 

 

Figure 4.25. Validation of finite element predictions for life against 

experimental results. 

 



 

 

CHAPTER 5 

 

Fatigue Performance of Water Saturated GFRP Composites 

 

5.1 Introduction 

5.1.1 General 

Corrosion is obviously a significant issue for marine renewable energy devices given 

their deployment in the harsh ocean environment. A quick look around any port will 

provide examples of severe corrosion and of work underway to prevent or repair 

corrosion. For marine renewable energy devices the cost of maintenance, either in 

place or including towing to a dock, are so high that zero maintenance quickly 

becomes a design imperative. Glass reinforced polyester (GRP) has a long track record 

of being used in the sea on pleasure boats and high performance glass fibre reinforced 

epoxy, with long fibres and high volume fractions, has been used on racing craft 

because of its good specific strength and stiffness. Glass-fibre reinforced vinyl-ester is 

widely used for tanks and pipes carrying both water and corrosive liquids. Glass fibre 

reinforced polymers are also relatively low cost (~ €3/kg [121] for polyester matrix 

material, up to twice that for epoxies) and therefore obvious candidates for use in 

marine renewable energy devices. Potential applications include tidal turbine blades, 

main structures and energy-collecting surfaces for wave energy devices and various 

nacelles, watertight compartments etc. In some of these applications the standard boat 

construction technique of creating a protective barrier (gel coat) between the water and 

the GFRP may be possible but in many cases it will not. For example Figure 5.1 shows 

a tidal turbine blade which has pressure equalisation holes along its length. While a 

barrier technique may still be possible in this case it would probably be difficult to 

implement and expensive. Barrier layers may also suffer from either abrasion by sand 
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and grit suspended in the water or cracking at strain levels likely to be experienced by 

marine renewable energy devices. Finally it should be noted that it is very difficult to 

produce a barrier that can actually prevent diffusion of the small amount of moisture 

(1–4%) required to saturate GFRP over the 10 to 20 year lifetime of these devices. 

Certainly the standard isophthalic polyester gelcoat is not capable of this level of 

performance. For all these reasons it is conservative to assume that immersed GFRP 

will become moisture-saturated relatively early in its life and it is therefore important 

for a designer to know what degradation in material properties can be expected over 

the life of the machine component. 

5.1.2 Water damage of matrix material 

When seawater comes in contact with a polymer composite, water molecules diffuse 

into the polymer matrix material, filling any small voids and hydrolyzing any 

unreacted components of the polymer. The water molecules also bond with elements 

of the polymer chains reducing crosslink density thereby reducing both modulus and 

glass transition temperature [122]. The composite also swells slightly to a level 

approximately equal to the volume of water absorbed [123]. For laminates with a large 

surface to thickness ratio the 1-D Fickian equation gives the amount of water absorbed 

[124] 

           
     

  
  
 
    

  
(5.1) 

where M is the percent moisture content at any time t,      is the final percentage 

saturation level, h is the thickness of the laminate and D is the diffusion constant of the 

material. The saturation level depends on the particular matrix polymer and varies 

between approximately 1% for vinyl-ester to 3% for epoxy. GFRP composites tend to 

have near Fickian absorption characteristics with deviations from Fickian behaviour 
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attributed to voids, hydrolysis and molecular relaxation [125]. Void content can vary 

more than the small percent saturation discussed above so it should be noted that % 

weight gain is not a reliable indicator of the change in mechanical properties[53]. Post-

cure of the composite, involving soaking for a period at elevated temperatures, is 

recommended to minimise unreacted components thereby reducing hydrolysis. Post-

cure also maximises cross-linking which is important to achieve the maximum 

strength and stiffness in the material. It can be expensive, particularly if ovens are used 

for large structures, but lower cost heating solutions do exist [126] and for high 

performance applications post-cure is definitely recommended. While seawater is 

much more corrosive to many metals than fresh water, studies with SEM on the 

fracture surfaces of GFRP have found no evidence of salt ions inside the composite 

material and conclude that the salt ions do not migrate into the composite [127]. Other 

studies have shown that seawater is slower to diffuse into the matrix but otherwise has 

similar effects to water [55][54][128]. 

5.1.3 Interface damage 

The interface between the matrix polymer and the glass fibres is enhanced by a size 

compound applied to the fibres using a water emulsion immediately after the fibres are 

drawn. These size compounds use a silane molecule as the coupling agent and also 

contain film formers, lubricants, surfactants and anti-static agents [129]. One end of 

the silane molecule bonds well to the glass surface and the other end reacts with 

thermosetting polymers during cross linking [17]. When a composite material is 

immersed in water the size compound absorbs water either through direct contact with 

the water or from the saturated matrix. This hydrolyses some of the bonds between 

matrix and fibre reducing the bond strength and thereby the overall strength of the 

material. Single fibre tests have shown debond lengths increasing by a factor of 15 
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after 30 days in 40°C seawater [130]. After failure the evidence for the reduction in 

bond strength can also be seen by increased fibre pullout. This is particularly evident 

when accelerated ageing at high temperatures is used [131]. Interlaminar shear 

strength (ILSS) and 45° off-axis tests are used as an indication of changes in bond 

strength in UD laminates and have shown reductions of 8 to 38% in room temperature 

water [44][49]. Studies have shown that most of the bond strength recovers upon re-

drying the composite material [44][132]. 

5.1.4 Stress corrosion of glass fibres 

Water is detrimental to the strength of individual glass fibres due to the occurrence of 

stress corrosion cracking (SCC). This occurs when water molecules migrate to the tip 

of cracks or flaws on the surface of glass that is under stress and accelerates the 

cracking process [133]. During the early years of GRP use, SCC caused premature 

ageing of glass fibre composite materials. Water molecules were absorbed into the 

polymer matrix from the normal humidity in the air and found their way to surface 

flaws on the glass fibres causing them to crack prematurely. Around 1950, the silane 

coupling agents mentioned earlier were developed with an ability to bond strongly to 

the fibre surface and to bond with the polymer as shown in Figure 5.2 [134]. This 

blocks the interaction of moisture with the glass, prevents or reduces SCC and resulted 

in considerable improvements in the strength and durability of GRP when it was used 

in humid environments. However when GRP, and even epoxy or vinyl-ester GFRP, 

are immersed in water for long periods they absorb more water than would be 

absorbed from air at normal humidity levels. This means that there is more water 

available at the interface and the protective effect of the silane may not be sufficient to 

prevent SCC from occurring, particularly at higher stress levels or higher 

temperatures. Most of the SCC examples in the literature come from studies where the 
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composite material has been immersed in acid. A comparative study of UD epoxy / E-

glass aged in acid, base, or water presented SEM images showing significant fibre 

disintegration for the composite immersed in acid but no evidence of fibre cracking for 

the samples immersed in water [135]. Some studies on SCC in water-aged composites 

with E-CR (Advantex) fibres show that, at room temperature, the strains needed to 

precipitate SCC activity are at or above the maximum fatigue strains (1.5%) found in 

GFRP fatigue-life curves [136]. When the temperature of the ageing water increases, 

e.g. above 50° C, it stimulates increased chemical activity and in combination with 

residual stresses in the fibre can cause SCC of the fibres to occur even in the absence 

of externally applied stresses. Positive identification of this kind of damage can only 

be provided by SEM but it would certainly be suspected if GFRP materials do not 

regain their strength after re-drying. This has been shown to occur with ageing 

temperatures as low as 71° C [132] but others have found that even boiling water 

ageing effects are mostly reversible [137]. 

5.1.5 Accelerated ageing 

Accelerated ageing will be used to simulate the effect of 20 years in cold (12°C) 

seawater by immersing the samples in warm (30°- 40°C) water for up to two years. 

Movement of moisture by diffusion into the polymer resin and damage processes 

within the composite are accelerated by increasing the temperature of the system. The 

Arrhenius law describes how the diffusion rate (  ) varies with temperature 

       
 
 
   

 

(5.2) 

where:    is the reference diffusion rate coefficient, E is the activation energy, R is the 

universal gas constant (8.3145 kJ kmol
-1

K
-1

), T is the temperature in degrees Kelvin.  

For a higher and lower temperature in the same material an acceleration factor can be 

defined as [56]: 
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(5.3) 

where kd,H and kd,L are the diffusion rates at high and low temperatures respectively. 

Substitution of Equation 5.2 into Equation 5.3 gives the following expression for the 

acceleration factor in terms of the temperatures and the activation energy. 

       
 
  
 
 
 
  
 
 
  
  

 

 

(5.4) 

Selection of the higher temperature    ) to produce a required acceleration factor 

depends on the value of the activation energy (E). A fit has been obtained between a 

number of datasets and an Arrhenius based hygrothermal degradation model [56]. The 

average value for the activation energy of vinyl-ester / E-glass composite is 61 kJ 

kmol
-1

 and for epoxy / E-glass composite it is 93 kJ kmol
-1

.  

Figure 5.3 shows a plot of the acceleration factors for epoxy with the above diffusion 

constant that result from combinations of operating temperatures and accelerated 

ageing temperatures. 12°C has been chosen as the design operating temperature for a 

tidal turbine operating off the coast of Ireland. The graph shows that 30°C ageing 

temperature will cause diffusion-controlled processes to proceed approximately 10 

times faster than at 12°C. Obviously, a higher temperature would give higher 

acceleration factors but this must be balanced with the tendency for higher 

temperatures to cause unintended degradation of the polymer matrix. Figure 5.3 also 

illustrates that ageing at room temperature (20°C) will induce an acceleration factor of 

approximately 3 over the 12°C operating environment. Substituting the diffusion value 

for vinyl-ester into Equation 5.3, the ageing water temperature must increase to 40°C 

to again give an acceleration factor of 10. Therefore immersing vinyl-ester glass 

composite in a water bath at 40°C for one year will cause damage equivalent to 10 

years in 12°C seawater.  
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A corollary to the recommendations for post-cure mentioned earlier is that laminates 

will post cure if placed in warm water. It is therefore important that one does not 

compare mechanical properties taken without post-cure to those obtained after those 

same laminates have been post-cured via immersion in warm or hot water. In the latter 

case, any degradation due to water immersion may well be offset (at least partially) by 

the increase in performance due to the unintentional post-cure. 

5.1.6 The effect of load during seawater ageing 

Segovia et al. [43] have tested the effect of an applied bending strain on an 

orthophthalic polyester / E-glass laminate immersed in room temperature seawater. 

Higher strain levels result in increased water absorption (24%) but only caused 

modulus and bending strength to reduce by 8% relative to unstressed specimens 

immersed for the same time. However there was evidence that the stressed samples 

were continuing to deteriorate while the unstressed samples had reached a plateau after 

3.5 years. Other tests, however, found no additional loss in strength or modulus due to 

stress for samples immersed for 2.2 years in 30° C water [48].  

5.1.7 Effects of pressurisation during ageing 

Materials used for tidal turbine blades will experience pressures of up to 10 bar due to 

depth in seawater. A study on carbon / epoxy material found no difference in water 

uptake or transverse tensile strength between ageing for three months in water at 1 bar 

and at 200 bar [138]. Other studies have found that a vinyl-ester / carbon composite 

absorbed more water and lost 15% flexural strength and modulus when aged for 4.4 

months in 60 bar seawater compared to similar coupons aged at 1 bar [139]. No 

specific studies on high pressure immersion of GFRP have been found in the literature 

but testing by Owens Corning on a GRP fairwater, attached outside the hull of a US 

Navy submarine, reported only 1% loss in dry modulus and strength after 11 years of 
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service [140]. A related issue is the need for fatigue testing to be carried out while the 

coupons are immersed in water. One study on carbon / epoxy laminates found that 

water saturated coupons fatigue tested in air had a longer life than similar coupons 

tested while immersed in water [57]. 

5.1.8 Objectives for this chapter 

The remainder of this chapter will deal with the experimental work undertaken to 

quantify some of the water saturation effects discussed above and with the modelling 

of saturated laminates. The specific objectives for this work were:   

1. To manufacture high quality laminates, similar to those that would be used in a 

tidal turbine blade, and to perform acceleration ageing on these laminates at a 

low temperature in order to reliably mimic the water saturation level found in 

an in-situ tidal turbine blade.  

2. To investigate the effect of water saturation on the tensile and fatigue strength 

of the GFRP materials.  

3. To determine the effect of a constant stress during the ageing process on the 

strength of GFRP materials.  

4. To determine the effect of water saturation on the modulus of the material. 

5. To use the models developed in previous chapters to estimate the fatigue life of 

the saturated material and of an operational tidal turbine blade.   

5.2 Experimental method 

5.2.1 Coupon manufacture 

Epoxy / E-glass and vinyl-ester / E-glass composite coupons were manufactured as 

detailed in section 3.2.1. A laminate of Advantex CR-glass was infused with vinyl-

ester in a similar manner but there are a few differences to note. Firstly, the Advantex 
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material (EQX 1652) was purchased in nonwoven form which has 4 layers of glass 

(412 g/m
2
 each) stitched together to form a heavy cloth which is already laid up in the 

45°/135°/90°/0° pattern. This had the disadvantage that it is not possible to make a 

completely symmetric laminate with this cloth, i.e. when it is flipped over to make the 

symmetric side of the laminate, the 45° plies becomes 135° and vice-versa. The 

second issue is that the roving used for the fabric was heavier that that used for the E-

glass fabric, so the coupons ended up somewhat thicker, at 4.12 mm average thickness 

compared to the 3.75 mm thickness for the E-glass coupons. Finally, the stitching on 

the Advantex fabric was quite tight so the fibre volume fraction of the Advantex 

laminates was 10 % higher than the E-glass laminates. 

5.2.2 Void study 

A 5mm long piece was cut off the end of both epoxy / E-glass and vinyl ester / E-glass 

coupons and potted in a cylinder of epoxy resin for a void measurement study. The X-

face of the piece (normal to the long axis of the coupon) was wet sanded on 

progressively fine abrasive paper, finishing with P1200 grit, so that a smooth flat 

surface was obtained for viewing under an optical microscope. Digital images were 

taken of each cross-section (a 25mm x 3.75mm rectangle) at 175X and viewed to 

identify all voids. The cross-sectional area of each void was measured to determine the 

void content of the laminate at that location. 

5.2.3 Accelerated ageing procedure 

Two water baths were prepared using ordinary tap water and the heater / stirrers 

shown in Figure 5.4. These units have an immersion heater and control system to 

maintain the water temperature, and a pump to circulate the water, thus ensuring that 

the heated water is distributed throughout the entire tank. One tank contains the epoxy 

/ E-glass coupons and is maintained at 30°C. The other heated tank contains vinyl-
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ester / E-glass coupons and is maintained at 40°C. A third unheated tank is used to age 

both the epoxy and vinyl-ester composites at room temperature. The coupons are 

stacked on an aluminium plate in the bottom of the bath (see Figure 5.5) in a way that 

allows maximum water circulation around the coupons while supporting the coupons 

evenly so that there are no unwanted stresses on the coupons while they are being 

aged. Each of the coupons was weighed on a mass balance and the weight recorded to 

a resolution of 0.0001 grams before it was placed in the tank. The average weight for 

the Epoxy / E-glass coupons was 43.872 grams with a variation of up to 4.1%. The 

average weight for the Vinylester / E-glass coupons was 43.596 grams with a 

maximum variation of 1.4%. The coupons were reweighed before testing (after the 

immersion ageing period) to establish the amount of water that had been absorbed 

during ageing. 

5.2.4 Stressed immersed testing 

Figure 5.6 shows a vinyl-ester / E-glass coupon installed in a stressed test 

configuration. The main component of this rig is a heavy duty die spring (Berger R50-

203, Berger Tools Ltd., Kemsing, Kent, UK) which has an OD of 49mm, ID of 26mm, 

length of 203mm and a spring rate of 117 N/mm. Figure 5.7 shows the End Cap of the 

stressing mechanism which is a turned aluminium piece. It has a smaller diameter 

which locates in the ID of the die spring and a larger 12mm thick disk which transfers 

the load from the die spring end into the third component, a 8mm diameter x 40mm 

long stainless steel pin. The end cap has a slot machined in it to allow a 25mm x 4mm 

coupon to pass through. The coupon is modified slightly to work with the mechanism 

by having an 8mm hole drilled in each end. These holes are spaced at the correct 

distance (200.4 mm in this case) to keep the spring compressed to the desired load 

when the mechanism is assembled. During assembly of the mechanism the spring was 
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compressed by 34.2mm and trapped between the end caps and pins inserted in the 

holes in the coupon, thereby applying a 4 kN load to the composite coupon. This 

resulted in a stress of 42.7 MPa and a strain of 0.21% in the 25 x 3.75mm QI vinyl-

ester / E-glass coupons. Before each of the ten coupons was assembled into the 

stressing rig, they were fatigued in air for 10,000 cycles between 0.8 kN and 8 kN. 

This load level was chosen to cause cracking in the 90° plies of the material in order to 

mimic the damage expected to occur in service. Half (5) of the stressed coupons were 

immersed in 40°C water for 20 months, the other half were stored in insulated 

conditions at the same temperature as the water bath.  

5.2.5 Fatigue test method 

In general, the fatigue tests were carried out with an Instron 8001 test machine and 

8800 controller (see Figure 3.2), applying a sinusoidal force-time history in tension-

tension mode (R = 0.1), at frequencies of between 3 and 6 Hz. All of the static testing 

and a small number of fatigue tests were carried out on an Instron 8500 test machine 

which also had an 8800 controller. Both machines are equipped with hydraulically-

powered grips and the gripping pressure was adjusted to 50 MPa for all fatigue tests 

and 100 MPa for all static tests. The fatigue test frequency is decreased to maintain a 

constant rate of strain application as the strain level increases helping to ensure that the 

coupon does not overheat. A fan was also used to cool the coupon during testing. A 

radiation thermometer measured less than 10° C temperature rise in surface 

temperature during the highest stress cycling test. The temperature in the test room 

with the 8001 machine is maintained at 21° C and the temperature in the lab which 

houses the 8500 machine varies between 15° and 19° C. After the coupons had been 

immersion-aged for a number of months sample initial tests were carried out to 

develop the test setup. At first, the wet coupons were just removed from the water and 
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fatigue tested in the normal way. However it was realised that during high cycle 

fatigue testing (lasting a day or more) the coupons dry out due to the combination of 

internal heat generation and forced air cooling of the coupons. Allowing the coupons 

to dry out is not desirable as it has been shown [44] that epoxy and vinyl-ester 

composites recover most of their original strength when they are re-dried after water 

saturation. Two methods of keeping the samples immersed in water during the fatigue 

test, as shown in Figure 5.8 and Figure 5.9 were therefore explored. The first approach 

(Figure 5.8) used a clear acrylic tube which allowed the entire coupon to be viewed 

during the fatigue test. The second approach (Figure 5.9) using a plastic bag pouch 

sealed with waterproof tape proved to be the more satisfactory of the two because it 

allowed the use of the standard hydraulic jaws to grip the coupons.  

Most of the fatigue testing was carried out at constant amplitude in tension-tension (R 

= 0.1) mode. However some coupons were subjected to a 2 block test regime where a 

first block of fatigue cycling between 15.5 MPa and 155 MPa was carried out for 

10,000 cycles and then the coupons were tested to failure in a constant amplitude (R = 

0.1) fatigue test to 180 MPa maximum stress. 

5.2.6 Modelling 

The model developed in Chapter 3 was used to predict the effect of water saturation on 

the fatigue life of a tidal turbine blade with a representational loading spectrum. The 

tidal flow parameters given in Table 3.5 are used again and predictions were made for 

the fatigue life of both pitch-regulated and stall-regulated tidal turbine blades with 

water saturated laminates. The key difference between the dry and wet models is the 

use of the respective stress-life curves in the Miner’s life summation.  

The micromechanical damage model from Chapter 4 was also used to investigate the 

fatigue behaviour of the wet and dry material. Between the development of the 
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damage model and the beginning of work on this chapter, work on the 3D properties 

of UD GFRP [141] and the effect of saltwater ageing on fatigue strength of UD GFRP 

[127] have been published by the group at Montana State University (MSU). The 

“UD” material that was tested at MSU had 6% backing strands perpendicular to the 

majority of glass fibres and had 57% volume fraction. As the experimental coupons 

used here had no backing strands and 50% volume fraction, a CLT calculation was 

used to adjust the MSU properties to give values for the elastic and strength properties 

of the individual plies in the experimental coupons. The adjusted properties are 

presented in Table 5.1. There was also a modification to the technique used to degrade 

the transverse and shear fatigue strengths of the ply material and they are now 

degraded using the following formula  

               
  

   

       
  

 

   

 

 

(5.5) 

where    is the original static strength in question,    is the strength at cycle i,     is 

the number of fatigue cycles in block i and        
   is again given by the SN curve 

of the UD material for the strength in question. In the previous implementation the 

formula decreased the material strength to zero at the end of life whereas Equation 5.5 

degrades the material strengths to the applied stress at the end of life. In effect the 

material strength now degrades somewhat more slowly. All other parameters in the 

model are as detailed in Tables 4.1 through 4.4. The model was used to predict the 

fatigue life of both wet and dry QI epoxy / glass laminates undergoing constant 

amplitude fatigue over a range of load levels.  
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5.3 Results 

5.3.1 Water uptake during immersion ageing 

Figure 5.10 shows the % weight of water absorbed by the epoxy / E-glass coupons 

while they were immersed in the ageing tanks at 30° C and at room temperature. The 

increased diffusion activity stimulated by the higher temperature has enabled the 

coupons immersed in 30° C water to absorb water more quickly and become saturated 

at approximately 0.60% moisture. The coupons at room temperature absorbed water 

more slowly and had not become saturated by the end of the immersion period. Figure 

5.11 shows a similar graph for the vinyl-ester /E-glass coupons. In this case, the % 

moisture saturation is just slightly less than 0.2%. Again the lower temperature ageing 

takes longer to saturate. The vinyl-ester / Advantex coupons on average absorbed 

0.16% of their weight in water during 21 months immersed in 40° water. It should be 

noted that the % moisture absorbed by both the epoxy and vinyl-ester composite 

coupons is significantly lower than results for similar experiments reported in the 

literature [44][49]. The reasons for this are probably twofold. Firstly, the particular 

polymers chosen for this work are recommended by their manufacturers for use in 

immersed applications and it is therefore likely that they have been developed to 

minimise water absorption. Secondly, the laminates from which the coupons were 

taken were manufactured in a composite manufacturing facility with assistance from 

experienced engineers. This produced laminates with low void content which were 

post-cured following the manufacturer’s instructions under optimal conditions.  

5.3.2 Void measurement 

Figure 5.12 shows a digital image taken through an optical microscope at 175X which 

captures two voids in a cross section of a QI epoxy / E-glass laminate. One of the 

voids is also shown at 700X and is obviously hemispherical indicating that it was most 



Chapter 5. Fatigue Performance of Water Saturated GFRP Composites 

 

128 

 

likely formed by a bubble of gas or air. The void measurement study found 0.22% 

void content in the epoxy / E-glass material and did not find any voids at all in the 

vinylester / E-glass material. 

5.3.3 Tensile strength of immersed coupons 

Figure 5.13 shows the results of quasi-static tensile testing of wet and dry vinyl-ester / 

E-glass and vinyl-ester / Advantex glass QI coupons. The wet coupons had been 

immersion aged in 40° C water for 22 months. The dry coupons were stored at room 

temperature for 20 months. The vinyl-ester /Advantex results have been adjusted from 

their 60% volume fraction to the 50% volume fraction in line with the vinyl-ester /E-

glass and epoxy / E-glass coupons. The results show that the E-glass and Advantex 

glass coupons have equal strength. The results also show that both E-glass and 

Advantex fibre reinforced vinyl-ester composites lose 26% of their tensile strength due 

to the immersion ageing. Reports in the literature find similar (~20%) decreases in 

static failure strength of vinyl-ester / E-glass composites after water immersion ageing 

[48][49]. 

5.3.4 Fatigue stress-life curves 

Figure 5.14 shows the results of fatigue testing epoxy / E-glass QI coupons in tension-

tension mode (R = 0.1) for both the wet and dry coupons. The dry coupons were stored 

at room temperature for 20 months and tested in air at room temperature. The wet 

coupons were immersed for 20 months in 30° C water and tested while immersed, in 

the water pouch shown in Figure 5.9, at room temperature. The results show a drop in 

fatigue strength for the water aged and immersed coupons compared to the coupons 

which were aged and tested in normal room temperature air. At high stresses the wet 

aged fatigue strength decreases by 20 to 25% and at high cycles the wet aged strength 

is 8% below the fatigue strength of the dry material. The actual change in fatigue life 
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of a structure will depend on the spectrum of fatigue cycles loads it experiences while 

it is in service. A significant observation during fatigue testing was that all the 

immersed coupons broke in the zone that was actually immersed in water within the 

pouch. This indicates that it is important to keep the coupons (or at least a portion of 

them) wet during testing for best representation of the immersed failure condition, as 

any drying that takes place during the testing tends to be accompanied by a recovery in 

strength. 

5.3.5 Stressed ageing tests and 2 block tests 

Figure 5.11 also shows the % of water absorbed by the vinyl-ester / E-glass coupons 

that were simultaneously stressed and immersion aged. There is no indication of extra 

water absorption due to the applied strain. Creep strain was also measured during this 

stressed coupon test by monitoring the overall length of the coupons. There was a 

small amount of creep (0.05%). A similar value was measured for dry coupons which 

underwent the same stressed test procedure. 

Figure 5.15 shows the results of fatigue tests on wet and dry coupons of vinyl-ester / 

E-glass for both constant amplitude fatigue test at 180 MPa and 2 block test (10,000 

cycles at 155 MPa followed by fatigue at 180 MPa). The first point of interest is that 

these results show no difference in constant amplitude fatigue life between wet and dry 

coupons (approximately 7 x 10
3
 cycles for both). The second point of interest in Figure 

5.15 is the difference between the single block (or constant amplitude) tests and the 

two block tests. This result shows that cycling the coupons for 10,000 cycles at 155 

MPa (the first block of cycles) reduces the number of cycles to failure in the second 

block (at 180 MPa) by 3.5 x 10
4
 cycles which is exactly ½ the average fatigue life at 

180 MPa. The fatigue life at 155 MPa was predicted using Equation 3.1 and the 

constants given in Table 3.2, as 18.2 x 10
4
 cycles. A Miner’s rule calculation indicates 
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that the first block of 10,000 cycles consumes 55% of the fatigue life (damage = 0.55) 

and therefore the average Miner’s cumulative damage to failure of the coupons is 1.05. 

While the individual tests have Miner’s damage values ranging from 0.87 to 1.47, the 

average value of 1.05 gives confidence in the use of Miner’s rule here. 

Figure 5.16 shows the results of fatigue testing of coupons which had been both wet 

and dry stress aged. In order to show a comparison based on the total loading 

experienced by the coupons it is important to account for the first block of fatigue 

cycles in the comparison – otherwise the difference between the wet and dry results 

may be overstated in percentage terms. Therefore using Miner’s rule the block of 

fatigue cycling before stress ageing has been converted to an equivalent 3,778 cycles 

at 180 MPa and added to the results of the fatigue test to failure after stress ageing. 

The results show that stressing to 43 MPa during immersion reduces the fatigue 

strength of the material by 10%.  

5.3.6 Fatigue of vinyl-ester / Advantex glass coupons 

Wet and dry vinyl-ester / Advantex coupons were tested in fatigue at 186 MPa 

maximum stress, R = 0.1 and 4 Hz. The results show a decrease in cycles to failure 

from 4052 to 3014 due to immersion ageing in 40° C water for 22 months. While this 

decrease in life is not large as it might appear (a 4% change is stress level would have 

the same effect), it does show vinyl-ester / Advantex had a decrease in fatigue life 

whereas the  standard vinyl-ester / E-glass coupons had no reduction in life due to 

water immersion ageing when tested at approximately the same stress level. This is 

somewhat surprising because Owens Corning claim that Advantex glass fibres are 

more corrosion resistant than standard E-glass fibres; however it should be noted that 

the Advantex fibres would have a different size compound which may account for the 

lower performance. 
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5.3.7 Fatigue life with tidal turbine blade stress spectrum 

The predicted fatigue life for a blade on a pitch-regulated tidal turbine is plotted 

against maximum stress experienced by the blade in Figure 5.17. when the tidal flow 

is 2.5 m/s. The figure shows that a blade with a maximum stress of 72 MPa, which is 

predicted to have a 5 year “dry” life, will fail, on average, 1.7 years earlier if the blade 

laminates are water saturated. If the thickness of the laminates is increased to reduce 

the stresses in the blade to 63.5 MPa the “dry” life becomes 20 years and the “wet” life 

decreases to 19.1 years when water saturated. This convergence of the wet and dry 

laminate lives occurs because pitch regulation limits the maximum stress in the blades. 

In achieving the longer blade fatigue life (>15 years), stresses are limited to levels 

where the difference in life between wet and dry laminates is very small. Figure 5.18 

shows that the predicted 20 year “dry” fatigue life of a stall-regulated tidal turbine 

blade is reduced to 17 years if the laminate is water saturated. Furthermore, if the 

maximum stress in the blade is 66 MPa, then the predicted “dry” life is 5 years and the 

predicted “wet” life is 2.9 years. In Chapter 3 it was shown that a stall-regulated blade 

with “dry” laminates need only have 10% thicker laminates in order to have equal life 

with a pitch-regulated blade. The results of this chapter show that the laminates would 

need to be an additional 1 to 4% thicker to counteract the effects of water saturation on 

the blade. The results of Figure 5.17 and Figure 5.18 show that, in general, the life of 

water saturated blades is reduced by about 3 years for stall-regulated and about 1 – 2 

years for a pitch-regulated. 

5.3.8 Stiffness drop 

Plasticisation of the matrix material is expected to reduce the modulus of the matrix 

material, in addition to reducing its glass transition temperature. A study was carried 

out to compare the tensile modulus of the wet and dry epoxy / E-glass coupons. The 
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wet coupons had been immersion-aged in 30° C water for a period of 20 months. The 

dry coupons had been stored at room temperature for a similar period. Modulus values 

were calculated from the load cell and crosshead displacement data acquisition during 

the initial extension phase of the first fatigue cycle of the fatigue tests. While this is 

not the ideal way to make modulus measurements it should be noted that all the tests 

were carried out on the same tensile test machine with the same setup in a 

temperature-controlled room. The initial extension ramp was completed in 10 seconds 

and almost 1000 data points were recorded for each coupon during this period. A 

linear fit to the data between 0 and 0.05% strain was used to calculate the zero load 

extension and, following that, a linear fit to the stress strain-curve between 0.05% and 

0.25% (per ASTM D 3030M-08) was performed, to establish the modulus of the 

material. A comparative calibration with extensometer data was carried out and an 

allowance for machine stiffness was incorporated into the method. The results shown 

in Figure 5.19, indicate that the average modulus of the wet coupons is only 1.1% 

lower than that of the dry coupons. CLT analysis of a quasi-isotropic layup similar to 

the test coupons suggests that a decrease in matrix modulus of only 3.4% causes a 

1.1% decrease in tensile modulus of the coupon. The fatigue modulus discussed in 

Chapter 4 was also monitored during the fatigue tests on both the dry and wet 

coupons. Figure 5.20 shows the evolution in fatigue modulus over the life of both wet 

and dry coupons at three different load levels. The graph shows that wet coupon 

stiffness decays in the same way as the dry coupons during fatigue cycling. The only 

significant difference between the behaviour of the wet and dry coupons during fatigue 

cycling is that the wet coupons consistently fail at a lower number of cycles. 
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5.3.9 Damage model results 

Figure 5.21 shows the SN curves generated using damage model predictions of fatigue 

life for a range of constant amplitude fatigue stresses in both wet and dry quasi-

isotropic epoxy / E-glass laminates. This model data is not graphically compared to the 

experimental data as there are some differences in material makeup (fabric, epoxy 

type) and the fatigue strengths are therefore too different to make this comparison 

useful. However the model successfully predicts the stress dependence of the fatigue 

strength degradation due to water saturation and successfully captures  the % 

difference between the wet and dry SN curves.  At a fatigue life of 1,000 cycles, the 

prediction agrees with the experimental finding of a 20% reduction in fatigue strength 

due to water immersion. At 10
5
 cycles fatigue life, the predicted fatigue strength 

reduction is 8% compared with a measured reduction of 10%.  

5.4 Conclusions 

The experimental results reported here have shown a negligible drop (1%) in modulus 

for QI epoxy / E-glass coupons immersed in 30° C water (for accelerated absorption 

effect) for 20 months. Analysis shows that the maximum possible decrease in modulus 

of the polymer due to plasticisation is therefore only 4%. Results show no difference 

in the evolution of fatigue modulus between wet and dry coupons during fatigue 

testing. 

The moisture absorption by the epoxy / E-glass coupons when immersed in 30° C 

water for 20 months was between 25% and 50% lower than reported elsewhere in the 

literature. This is attributed here to (i) use of Ampreg 22 resin with slow hardener 

system which has low moisture absorption characteristics and (ii) the specific 

manufacturing routes employed which produced low void  laminates. Notwithstanding 

this low level of moisture absorption, the fatigue strength of the material was 
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significantly degraded by water immersion-ageing. For a fatigue life of 1,000 cycles, 

the wet fatigue strength is 20% less than the dry fatigue strength, and at 1 million 

cycles the wet fatigue strength is 8% less than the dry fatigue strength, so that the 

effect is also stress level dependent.  

Vinyl-ester /E-glass coupons immersed in 40° C water for a 22 month period absorbed 

only 0.2% water, which is again lower than reported elsewhere, and attributed to the 

same causes. Tensile strength in these coupons decreased by 25% but fatigue strength 

was unaffected. Coupons which were stressed during immersion did not absorb any 

additional moisture but did have a 10% loss in fatigue strength.  

The hydrodynamic-structural tidal blade analysis methodology of Chapter 3 was 

applied to the new immersed specimen data using the cumulative damage model 

(Miner’s rule) and a tidal turbine load spectrum. It was shown that the effect of water 

immersion is to slightly increase the advantage of pitch-regulated turbine blades over 

stall-regulated blades. 

A ply level progressive damage model has been used to model both wet and dry 

laminate fatigue degradation under constant amplitude tensile (R = 0.1) fatigue stress. 

The model is shown to successfully predict the effect of seawater immersion on the 

reduction in fatigue strength across the range of fatigue lives, viz ~20% at 2,000 cycles 

and about 10-12% at 10
5
 cycles fatigue life. 
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5.5 Tables 

Table 5.1. Material constants for progressive damage model. 

 

Parameter Dry Wet 

   46.4 GPa 46.3 GPa 

      14.2 GPa 13.7 GPa 

            3.34 GPa 3.21 GPa 

    0.3 0.3 

    0.35 0.35 

  
       950 MPa 780 MPa 

  
       

 A = 1580 

B = 0.1189 

A = 1023 

B = 0.0887  
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5.6 Figures 

 

Figure 5.1. Seagen tidal turbine blade with pressure equalisation 

holes. 

 

 

 

Figure 5.2. Silane size bonding to glass fibre (inorganic) and 

polymer matrix (organic) [134]. 
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Figure 5.3. Acceleration factor for epoxy / E-glass composite due to 

ageing water temperature. 

 

 

Figure 5.4. Heater / Stirrers used to maintain constant uniform 

temperature in immersed ageing water baths. 
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Figure 5.5. Setup of the ageing water baths. 
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Figure 5.6. Stressed test setup (a) CAD design, (b) as implemented 

 

 

Figure 5.7 End cap for stressing mechanism 

(a) (b) 
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Figure 5.8. Immersed fatigue test setup, acrylic tube with O-ring seal 

 

 

Figure 5.9. Immersed fatigue test setup, polythene pouch with 

waterproof tape. 
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Figure 5.10. Weight of water absorbed by Epoxy / E-glass composite 

during water immersion ageing. 

 

 

Figure 5.11. Weight of water absorbed by Vinyl-ester /E-glass 

composite during water immersion ageing. 
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Figure 5.12. Photomicrograph of voids in QI laminate of epoxy / E-

glass at 175X and 700X (inset). 

 

 

Figure 5.13. Tensile strength of wet and dry vinyl-ester composite 

materials. 
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Figure 5.14. Stress-life curves for wet and dry epoxy / E-glass in R = 

0.1 fatigue tests. 
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Figure 5.15. Wet and dry constant amplitude, R = 0.1, fatigue tests 

compared to wet and dry 2 block fatigue tests on QI vinyl-ester 

/ E-glass coupons. 

 

 

Figure 5.16. Fatigue life of dry stress aged and wet stress aged vinyl-

ester / E-glass coupons. 
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Figure 5.17. Predicted effect of seawater immersion on fatigue life of 

pitch-regulated tidal turbine blade (4.0 m/s max. tidal velocity). 

 

  

Figure 5.18. Predicted effect of seawater immersion on fatigue life of 

stall-regulated tidal turbine blade (4.0 m/s max. tidal velocity). 
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Figure 5.19. Tensile modulus of dry and water aged quasi-isotropic 

epoxy / E-glass coupons. 

 

 

Figure 5.20 Measured modulus degradation during fatigue cycling at 

R = 0.1 of QI epoxy / E-glass. 
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Figure 5.21. Damage model predictions for wet and dry stress-life curves of QI 

epoxy / E-glass coupons in constant amplitude fatigue. 

 

 



 

 

CHAPTER 6 

 

Conclusions and Recommendations 

 

6.1 Conclusions 

6.1.1 Introduction 

This work has investigated a number of the candidate GFRP materials for the 

structures of marine renewable energy devices. Moisture saturation percentages have 

been experimentally determined and fatigue life testing in tension has been performed 

on both water saturated and dry coupons of the materials. A strain-life model has been 

used to predict the life of a representative tidal turbine blade under both wet and dry 

conditions. A non-linear fatigue damage model has been used to predict the (dry) 

fatigue life of the material and to predict the knockdown factor due to water saturation. 

In general this work confirms that GFRP is an excellent candidate material for use in 

the structures of marine renewable energy devices. Moisture penetration was shown to 

reduce the fatigue strength of some of the materials tested at high stress / low cycles 

but the effect was shown to disappear at low stress / high cycles. The fatigue damage 

model predictions are in agreement with the observed degradation in fatigue strength 

due to water saturation. A strain-life fatigue life model shows that the reduction in life 

of a representative tidal turbine blade is of the order of 10% of the design life due to 

water saturation of the GFRP laminate. 

6.1.2 Moisture penetration of GFRP laminates 

Moisture saturation level of GFRP is dependent on a number of factors. The first 

factor is the method and quality of manufacture leading to the number and size of 

voids in the finished laminates. Voids will fill up with water when the laminate is 

immersed and thus have a significant impact on the weight of water absorbed. 
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Secondly, the matrix material is shown in Figure 5.10 and Figure 5.11 to be a factor 

with the epoxy / E-glass composite absorbing three times more water than the vinyl-

ester / E-glass composite. It should be noted that variation within each resin family 

may be quite significant and may be influenced by the hardener type and speed of 

cure. Thirdly, the temperature of the water in which the composite is immersed has an 

effect, particularly within the range of time and temperature under consideration for 

marine renewable energy devices. In particular, for epoxy, it has been shown in Figure 

5.10 that lower temperature immersion slows the diffusion rate of moisture into the 

material so that it may only reach saturation late in the design lifetime of the machine. 

In this case laminates on machines in lower temperature water will have an advantage 

in having less moisture to cope with during the early part of their life. 

6.1.3 Water saturated fatigue performance of GFRP 

The difference between wet immersed and dry non-immersed fatigue strength has been 

shown to be stress dependent. In this work on QI epoxy / E-glass composite coupons 

(see Figure 5.14), the wet fatigue strength at low cycles (< 10
3
) is approximately 20% 

to 25% below the dry fatigue strength and the difference has disappeared by about 50 

million cycles. This disappearance of the fatigue strength wet knockdown factor at low 

stress is advantageous for structural use in marine renewable energy devices because 

of the large number of low stress cycles experienced by these devices. A fatigue life 

analysis of a pitch-regulated tidal turbine blade designed for a life of 20 years showed, 

in Figure 5.17, that only 1 year of life is lost due to saturation of the material. 

6.1.4 Mechanisms of saturated fatigue damage 

Measurements of both dry and wet epoxy / E-glass coupons have shown a decrease of 

only 1% in the elastic modulus for the water saturated coupons (see Figure 5.19). 

Therefore it can be concluded that polymer plasticisation and subsequent stress 



Chapter 6. Conclusions and Recommendations 

 

150 

 

transfer to the 0° fibres is not the primary cause of the loss in fatigue strength of wet 

laminates.  

Monitoring of the stiffness degradation during fatigue testing has shown in Figure 5.20 

that the evolution of modulus degradation of saturated coupons is the same as that of 

dry coupons. This indicates that the resistance to IFF cracking in the off-axis plies is 

also not significantly affected by saturation. It is therefore concluded that it is the 

fatigue strength of the 0° plies in the fibre direction which is primarily affected by 

water saturation.  

Within those 0° plies there are two mechanisms which may be responsible for the 

reduction in wet fatigue strength; (i) reduction in bond strength between fibre and 

matrix, or (ii) SCC of the fibres themselves. While there were no specific tests 

conducted to identify which mechanism predominates, one group of fatigue tests on 

vinyl-ester / Advantex-glass composite showed slightly lower wet fatigue performance 

(see Figure 5.13) than for vinyl-ester / E-glass. Advantex is a corrosion resistant glass 

and is therefore more resistant to SCC than standard E-glass [142]. This suggests that 

SCC is not the cause of the degradation in wet fatigue strength and therefore it can be 

concluded that the most likely mechanism for the degradation in wet fatigue strength 

of GFRP is the reduction in bond strength at the fibre-matrix interface in the 0° plies.  

6.1.5 Distributed damage nature of fatigue damage 

Monitoring of coupon stiffness during fatigue, and visual observation of the coupon 

after fatigue, reveal a pattern of distributed damage in the QI coupons. Finite element 

modelling with a non-linear fatigue damage model shows that in addition to IFF in the 

off-axis plies a significant amount of fibre damage is distributed throughout the 0° 

plies.  
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6.1.6 Cost implications for stall regulated and pitch regulated tidal turbine blades 

The strain-life fatigue model showed that stall-regulated blades need to have 

approximately 15% thicker laminates in order to have equivalent life to pitch-regulated 

blades for tidal turbine applications. The relative costs of thicker laminates verses a 

pitch regulation system should therefore be considered during the design of tidal 

turbines. 

6.1.7 Saturated fatigue performance, epoxy versus vinyl-ester composites 

While not explicitly dealt with earlier, it is clear from comparison of the results of 

Chapter 3 and Chapter 5 that epoxy / E-glass composites maintain their performance 

advantages over vinyl-ester / E-glass composites. Epoxy / E-glass fatigue strength at 

1,000 cycles decreases by 20% when water saturated to about the same value as vinyl-

ester / E-glass fatigue strength (see Figure 5.14). However the decrease in epoxy / E-

glass fatigue strength vanishes by approximately 50 million cycles while the difference 

between the epoxy and vinylester material is largely maintained at high cycles to 

failure (see Figure 3.14). As the number of low stress fatigue cycles is much greater in 

a tidal turbine fatigue spectrum epoxy / E-glass retains its performance advantage over 

vinyl-ester even when the laminates are water saturated. 

6.1.8 Fatigue damage model 

The fatigue damage model of in Chapter 4 successfully predicts the fatigue life of 

epoxy / E-glass QI coupons (see Figure 4.25) and also the fatigue strength knockdown 

factor due to water saturation as shown in Figure 5.21. The model was only tested in 

tension-tension fatigue here. However the micromechanical basis of the model was 

shown elsewhere [18] to work well in compression and therefore is concluded to be 

applicable for both tensile and compressive fatigue modelling. The model also 
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successfully predicted (see Figure 4.11 for example) the evolution of modulus 

degradation during fatigue cycling of quasi-isotropic GFRP laminates. 

 

6.2 Recommendations 

6.2.1 Introduction 

There are two main aspects to the work described in this thesis: the effect of moisture 

saturation and multiaxial fatigue damage for tidal turbine applications. 

Recommendations for some future work in these areas are as follows. 

6.2.2 Testing and immersion ageing: temperature and time. 

At the conservative ageing temperatures selected for this work there were no signs of 

damage due to temperature: however the ageing process took quite a long time. A 

comprehensive test program should be undertaken to determine the maximum 

temperature and shortest time that a composite material can be aged without 

introducing additional damage mechanisms. In addition, the effect of ambient 

temperature during immersed tensile testing should be studied, as it is known that 

moisture and temperature have a synergistic effect. In particular some testing should 

be carried out at representative in-situ temperatures for the devices. 

6.2.3 Compression testing of saturated laminates 

Compression failure is more dependent on matrix properties than tensile failure and 

moisture saturation does affect the properties of polymer matrices. A test program to 

investigate the effect of moisture saturation on compressive fatigue behaviour of 

GFRP laminates is recommended.  
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6.2.4 Fatigue after impact 

Impacts from waterborne debris can be expected on all marine renewable energy 

devices. The outer sections of tidal turbine blades will be particularly vulnerable due 

to their higher velocity. Water ingress into delaminations caused by impact may 

accelerate the progression of damage due to fatigue cycling. A programme of fatigue 

testing after impact should be undertaken to quantify the level of damage sustained by 

a range of impact energies on water saturated GFRP and identify tolerable damage 

levels over the range of expected fatigue stresses. 

6.2.5 Multiaxial coupon development 

Rectangular coupons cut from flat GFRP laminates are not very suitable for fatigue 

testing due to the crack initiation effects from the edges. This is particularly true of 

GFRP as the fibres are not always well aligned due to variability within the 

manufacturing processes. In multiaxial fatigue loading rectangular coupons have 

limited use. Cylindrical and other shapes of coupon should be investigated to develop 

a coupon that eliminates edge effects and allows multiaxial testing on standard tensile 

test machines. Fatigue test data from coupons without edge effects would be 

particularly useful in calibrating damage models. 

6.2.6 Variable-amplitude loading 

The evolution of damage during variable-amplitude loading of composite laminates is 

not well understood despite variable amplitude loading for normal service conditions 

in many applications. A study of this issue is recommended using a tidal turbine blade 

loading spectrum. The fatigue modulus monitoring technique detailed in this thesis 

could be used to monitor damage evolution of laminates during variable-amplitude 

fatigue cycling. 



Chapter 6. Conclusions and Recommendations 

 

154 

 

6.2.7 Multiaxial fatigue testing and modelling 

Similarly, most applications involve a significant amount of multiaxial loading but 

understanding of its effects on fatigue life is limited. Separate investigations into 

Modes A, B and C (Chapter 4) may well be warranted. The multiaxial fatigue model 

detailed here could be used as a starting point for these investigations. 
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Appendices 

Appendix 1. Laminate analysis 

Long fibre composite analysis starts with a single unidirectional ply that is assumed to 

have straight parallel fibres embedded in a polymer matrix. The longitudinal modulus 

   can be found from the rule of mixtures [15], as follows: 

 

                (A1) 

   

where    is the fibre volume fraction,   is the matrix volume fraction (       ), 

   is the longitudinal elastic modulus of the fibre, and    is the elastic modulus of the 

matrix  

The homogeneous Poisson's ratio can be obtained from a similar rule, but the rule of 

mixtures cannot be used to find transverse modulus,    an estimate for transverse 

modulus can be found from the Halpin-Tsai equation, as follows: 

        
      

     
          

  
  
  

  

  
  

  

 (A2) 

where   is a measure of reinforcement with a suggested value of 2 [15]. 

The shear modulus can be found from a similar Halpin-Tsai equation (replace E by G) 

with     recommended. 
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Once the ply properties have been obtained a laminate analysis is possible by 

assuming that the plies are perfectly adhered to one another. This is usually facilitated 

via a matrix form. For a transversely isotropic lamina 

 

  

  
  
   
   

       
       
     

  

  
  
   
  (A3) 

where    (    is the stress, (strain) in the fibre direction,    (  ) is the stress (strain) 

transverse to the fibres,     (   ) is the in-plane shear stress (strain), and [Q] is the 

stiffness matrix. The elements of the stiffness matrix are 

 

 
    

  
        

 

 

(A4) 

 
    

  
        

 

 

(A5) 

 
                              

     
        

 
     

        
 

 

 

(A6) 

                      

 

(A7) 

 

Rotation between the local (1,2) axis to the global (x,y) axis is given by 

  

  
  
   
        

  
  
   

  (A8) 

and 
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  (A9) 

where for c =     , and s =      

       
       
        
            

 ,             
      
       
              

  (A10) 

and   is the angle the 1,2 axis makes with positive x axis of the x,y reference axis of 

the laminate as shown in  

 

Substituting equations A8 and A9 into equation A3 gives 

  

  
  
   

      
   

       
       
     

      

  
  
   
  (A11) 

Which is  
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  (A12) 

 

and     is the stiffness matrix for that ply in the global coordinate system. 

If in-plane responses are all that is required then the laminate stiffness matrix [Q]* can 

be assembled simply by assuming that all plies are perfectly bonded to each other and 

therefore they all undergo the same strains. Multiply each     using the ratio of each 

ply thickness / laminate thickness. Then sum the corresponding element from each 

plies     position by position to give the [Q]* matrix. 

However in the more general case bending moments are also applied to the laminate 

and the response is required. By switching from 'stress' load to 'force per unit length' 

load the in-plane loads (    and bending loads     in 'moment per unit length' ) can be 

combined into a single equation 

 

 
  
 

  
 
  
  
   
  

  

    
  
 

  
 

 

 
 
 
 
 
 
         
         
         

         
         
         

         
         
         

         
         
          

 
 
 
 
 

 

 
  
 

  
 
  
 

  
 

   
 

  
  
    

  
 

  
 

 (A13) 

 where   
  are the midplane extensions, and    are the midplane 

curvatures 

The Aij terms (extensional) of the matrix above are found by multiplying each ply 

     by its thickness and summing the elements of all plies for each position. For the 

Dij terms (bending) the multiplier is the area moment of inertia of each ply. For the Bij 
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terms (coupling) the multiplier is the 1st moment of area. However for symmetric 

laminates the Bij terms of the matrix are zero and are often not computed. 

As one is usually given forces and moments and are looking for the strains the 

compliance form is usually more useful. Full inversion of the 6x6 matrix above is 

possible but very lengthy. Limiting the analysis to symmetric laminates allows use of a 

simpler partial inversion 

  
  

 
 

   
   
  
   

  
 
 
 
  (A14) 

where [a] = [A
-1

] and [d] = [D
-1

].  

Once the curvature has been computed the strains in each ply can be found from 

 

     
      

     
      

       
       

(A15) 

where Z is the distance from the midplane. 

 



 

 

Appendix 2. Streamtube model 

 

 



 

 

 

Appendix 3. UMAT 
 

TYPE 

 

************************************************************************* 

**  UMAT FOR ABAQUS/STANDARD TRANSVERSELY ISOTROPIC GFRP FATIGUE  

**  STRENGTH AND MODULUS REDUCTION FOR 3D ELEMENTS                ** 

************************************************************************* 

************************************************************************* 

** 

** 

** 

*USER SUBROUTINES --- NOTE: THIS FIRST SUBROUTINE IS THE INITIAL CONDITIO 

      SUBROUTINE SDVINI(STATEV,COORDS,NSTATV,NCRDS,NOEL,NPT,LAYER,KSPT) 

      INCLUDE 'ABA_PARAM.INC'  

      DIMENSION STATEV(NSTATV),COORDS(NCRDS) 

      REAL RAND 

      STATEV(1)= (RAND(0)-0.5)*0.001        !RAND gives a number between  

      !STATEV(24)= RAND(0)                     

      !STATEV(25)= Statev(24)                 

        Statev(11) = Statev(1)                                              

      RETURN 

      END 

c 

      SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD, 

     1 RPL,DDSDDT,DRPLDE,DRPLDT, 

     2 STRAN,DSTRAN,TIME,DTIME,TEMP,DTEMP,PREDEF,DPRED,CMNAME, 

     3 NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT, 

     4 CELENT,DFGRD0,DFGRD1,NOEL,NPT,LAYER,KSPT,KSTEP,KINC) 

C             

      INCLUDE 'ABA_PARAM.INC' 

C 

      CHARACTER*80 CMNAME 

      CHARACTER*256 OUTDIR 

C 

      DIMENSION STRESS(NTENS),STATEV(NSTATV), 

     1 DDSDDE(NTENS,NTENS),DDSDDT(NTENS),DRPLDE(NTENS), 

     2 STRAN(NTENS),DSTRAN(NTENS),TIME(2),PREDEF(1),DPRED(1), 

     3 PROPS(NPROPS),COORDS(3),DROT(3,3),DFGRD0(3,3),DFGRD1(3,3) 

C 

      INTEGER :: K, I, J, K1,K2, JSIZ      

C 

      REAL Sdash, b, Jump, Nf, D, delta ,strmax1,strmax2, 

     & Eo1,Eo2,Eo3,Go12,Go13,Go23,E1,E2,E3,G12,G13,G23, 

     & uN12,uN21,uN13,uN31,uN23,uN32,ECRS,RANNO,RAND 

      REAL :: r(5,5) 

C      

      PARAMETER (ZERO=0.D0,ONE=1.D0,TWO=2.D0,THREE=3.D0, 

     &          SIX=6.D0, NINE=9.D0, TOLER=0.D-6) 

C 

      DIMENSION DSTRESS(NTENS), OSTRESS(NTENS) 

      REAL Q(6,6), STSS(6), tran(6), TRRN(6), TSS(6), Qc(6,6) 

       

        CALL GETOUTDIR(OUTDIR, LENOUTDIR)            !returns output direc 

        OUTDIR = OUTDIR(1:LENOUTDIR)//'/0Dry.txt'    !note use of / in fro 

        OPEN(unit=15,file=OUTDIR(1:(LENOUTDIR+9)),status='unknown') 

        OUTDIR = OUTDIR(1:LENOUTDIR)//'/45Dy.txt'    !note use of / in fro 

        OPEN(unit=16,file=OUTDIR(1:(LENOUTDIR+9)),status='unknown') 

        OUTDIR = OUTDIR(1:LENOUTDIR)//'/90DY.txt'    !note use of / in fro 

        OPEN(unit=17,file=OUTDIR(1:(LENOUTDIR+9)),status='unknown') 

c 

      Eo1 = 46.404E3         !modulus 

      Eo2 = 14.18e3 

      Eo3 = Eo2 
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      Go12 = 3.34E3 

      Go13 = Go12 

      Go23 = Go12 

      uN12 = 0.3069        !KNOPS 06 INSISTS THAT THE MAJOR RATIO DOES NOT C 

      uN32 = 0.35        !0.354 CALCS BY HASHIN ADJUSTED FOR Vf GIVE THIS  

c 

      PTPT = 0.30        !P transverse parallel tension REC IN PUCK 07 TAB 

      PTPC = 0.25        !REC IN PUCK 07 TABLE 2A 

      PTTT = 0.25        !P transverse transverse tension REC ON KNOPS CH  

      PTTC = 0.25 

      RTC = 145            ! APPROX 2.8 TIMES THE 46 MPa GIVEN IN kNOPS P623 

      RTTo = 45            ! tRANSVERSE TENSILE STRENGTH 

      RTPSo = 65        ! tRANSVERSE PARALLEL SHEAR STRENGTH FROM TOP OF  

      RTTAo = RTC/(2*(1+pttc)) 

      RTPAo = RTPSo         !KNOPS CH 4 P72 SAYS it is similar to RTTA 

       

      sdeg = -60        ! START DEGREES FOR THE FRACTURE PLANE SEARCH 

      fdeg = 60            ! FINISH DEGREE 

      degi = 1            ! INCREMENT DEGREE - MUST BE POSITIVE 

      JSIZ = (FDEG-SDEG)/DEGI+1 

       

      FEST = 0.3        !fe threshold in shear - as rec by puck 07     

      FESN = 1.7        !exponent in shear calc 

      FESC = 0.6        !coordinate in shear calc  

      GSX = Go12*0.322    ! lower limit of shear secant modulus (ie just at 

       

      FETT = 0.3        ! as above but for transverse 

      FETN = 1.7 

      FETC = 0.6 

      ESXC = Eo2*0.76     ! secant modulus at IFF initiation for transverse 

      ESXT = Eo2*0.95     ! secant modulus at IFfi for transverse tension - 

       

      ETARE = 0.030        !ETA R_G REC SEE KNOPS P631 

      CE = 5.3            !SAME 

      XIE = 1.3         ! SAME 

      ETARG = 0.25 

      CG = 0.7 

      XIG = 1.5 

      ETARF = 0.03 

      CEF = 17.5 

      XIF = 0.5 

         

        R1To = 949.5      !uts  

        UDA = 1580        !1785 is MSU dry but adjust for Vf is 1580,   

        UDB = 0.1189    !0.1189 is MSU dry, 0.0887 is MSU wet 

        E1LS = Eo1        !Slope of fatigue modulus of UD material at cycle 

        E1LF = Eo1/38405*29949    !slope of fatigue modulus of the fina 

        US1 = 0.005652        ! was .0013 UNRECOVERABLE STRAIN OF THE f 

        US2 = 0 !.002627        !was US1 .005195, US2 .001554, US4 .00572 

        US4    = 0 !.00967 

                 

c  

        CycJ = Time(2) - Statev(8)                                !Stv8 is  

 

C    SET UP ELASTICITY MATRIX 1 - TO CALC FP STRESSES     

c 

      DO K1 = 1, 6                    ! Zero the terms in the fake jacobian 

          DO K2 = 1, 6                    ! so that later the transfer goes 

                Q(K2,K1) = ZERO 

          END DO 

          Tran(K1) = STRAN(K1)+DSTRAN(K1)    !Note I use the whole strain 

       END DO 

          STN1T = TRAN(1)                    !STRAN 1 TOTAL - use to degra 

          Tran(1) = Tran(1)-US1*STATEV(1)        !Subtract uncecoverable s 

c   

      IF((STATEV(21) .LT. 0.0).OR.(STATEV(20).LT.1.0)) THEN      !if Stres 

      STATEV(2) = STATEV(12)                                    !STV 12 i 

      statev(4) = statev(14)                                    !STV 14 i 
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      ELSE 

      STATEV(2) = STATEV(13)                                    !STV 13 i 

      statev(4) = statev(15)                                    !STV 15 i 

                            ENDIF 

c    

        RTT = RTTo *(1-Statev(24)) 

        RTPS = RTPSo *(1-Statev(25)) 

        RTTA = RTTAo *(1-Statev(25)) 

        RTPA = RTPS 

        

      E1 = Eo1  !*(1-STATEV(1)) 

      E2 = Eo2  *(1-Statev(2)) 

      E3 = Eo3  *(1-statev(2)*0.35)                !cracks perp to the 2 dir 

      G12 = Go12  *(1-Statev(4)) 

      G13 = Go13  *(1-statev(4)*0.35)               !again cracks are per 

      G23 = Go23  *(1-Statev(4))             

 

      uN21 = uN12*E2/E1                 

      uN23 = uN32*E2/E3 

      uN13 = uN12 

      uN31 = uN13*E3/E1               

             

      Delta=1-uN12*uN21-uN23*uN32-uN31*uN13-2*uN21*uN32*uN13  !see Vincon 

      Q(1,1) = E1*(1-uN23*uN32)/Delta         ! Terms of the stiffness matr 

      Q(2,2) = E2*(1-uN31*uN13)/Delta 

      Q(3,3) = E3*(1-uN12*uN21)/Delta 

      Q(1,2) = (uN21+uN31*uN23)*E1/Delta 

      Q(1,3) = (uN31+uN21*uN32)*E1/Delta 

      Q(2,3) = (uN32+uN12*uN31)*E2/Delta 

      Q(4,4) = G12 

      Q(5,5) = G13 

      Q(6,6) = G23 

C 

C     DETERMINE STRESS INCREMENT 

C 

       STSS(1)=Q(1,1)*Tran(1)+Q(1,2)*Tran(2)+Q(1,3)*Tran(3) 

       STSS(2)=Q(1,2)*Tran(1)+Q(2,2)*Tran(2)+Q(2,3)*Tran(3) 

       STSS(3)=Q(1,3)*Tran(1)+Q(2,3)*Tran(2)+Q(3,3)*Tran(3) 

       STSS(4) = Q(4,4)*Tran(4) 

       STSS(5) = Q(5,5)*Tran(5) 

       STSS(6) = Q(6,6)*Tran(6)        

C 

C      DETERMINE FIBRE DIRECTION DEGRADATION   

c     

        STATEV(5) = STATEV(6)            !STORES NUMBER OF CYCLES AT END O 

        STATEV(10) = STATEV(11)            !STORES RESIDUAL STRENGTH DEGRADA 

        R1TA = R1To*(1-STATEV(11))                !R1 TENSION ACTIVE GOT FR 

 

      IF ((KSTEP.LE.6) .OR. (KSTEP.GT.7)) THEN            !ONLY ENABLE DAMA 

         

            STATEV(6) = STATEV(5) + Time(2)    !TRACK THE NUMBER OF CYCLES I 

             

      IF(STATEV(3).LT. 1.0)THEN                !Fibre fracture flag test (is 

        IF ((STSS(1) .GT. 25.0) .AND. (TIME(2) .GE. .010)) THEN           

          IF(STSS(1) .LT. R1TA) THEN                            ! 

            CycF = 10.0**((LOG10(UDA)-log10(Stss(1)))/UDB)        ! 

            DLf = CycJ/CycF                        !dleta life for this step 

            RDRP = (R1To-STSS(1))*DLf                            !strength 

            R1TAT = R1To*(1-STATEV(11)) - RDRP                    !strength 

            IF((1-R1TAT/R1To) .GT. STATEV(11)) THEN 

            STATEV(11) = (1-R1TAT/R1To)                !Strength degradation 

            IF(sTATEV(11) .GE. 0.99) THEN 

            STATEV(11) = 0.99 

                ENDIF 

                 ENDIF 

            Crat = (R1To - R1TAT)/(R1To - STSS(1)) 

             IF(CRAT .GE. 1.0) THEN 

                CRAT = 1.0 
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             ENDIF  

             IF(CRAT .GT. STATEV(9)) THEN 

                STATEV(9) = crat                    !grab crat at this po 

                    ELSE 

                CRAT = STATEV(9) 

                    ENDIF 

                IF(STSS(1).GT. 1.0)           THEN            !DEGRADE ONLY 

                    Edropm = 0.0736*Stss(1)+8.74             

                                               ELSE             

                    Edropm = 0.0 

                                               ENDIF 

            Sfactr = (0.9*Crat**0.25+(1-0.9)*Crat**12.5)        !this cal 

            IF(SFACTR .GT. .001 ) THEN 

            sFAC = sFACTR/1.0 

            Edrop = Edropm*Sfac                                !This calcula 

                IF (Edrop/100.0 .GT. statev(1))             THEN     

                    IF(Edrop/100 .GT. 0.9999)    THEN 

                        STATEV(1) = 0.9999 

                                            ELSE 

                        Statev(1) = Edrop/100.0                            ! 

                                            ENDIF 

                                                    ENDIF 

                                    ENDIF 

            clf = -eurf*e1lf            !intercept of the final lin fit l 

            xpt = CLF/(E1LS-E1LF)        !X PIVOT POINT 

            ypt = E1LS*XPT                !Y PIVOT POINT 

            slope = Eo1*(1-Statev(1)) 

            CCL = YPT-SLOPE*XPT            !INTERCEPT OF THE CURRENT LINE 

            Unrec1 = -CCL/SLOPE 

                IF (Unrec1>Statev(7))Then 

                    Statev(7) = Unrec1 

                                     Endif 

          ELSE         !LINK TO IF STSS(1) LT R1TA 

            STATEV(22) = STATEV(1)                !Fibre fracture has occur 

            STATEV(1) = STATEV(22)/0.9            !Essentially some estimat 

            sTATEV(23) = STN1T 

            sTATEV(3) = 2.0                        !Set fibre fracture flag 

c            Print*,'Fibre BROKEN', noel, statev(22) 

                        ENDIF    !LINK TO IF STSS(1) LT R1TA 

 

                        ENDIF        !link to stss(1) gt 25.0 

                         

      ELSE                        !LINK TO STATEV(3) .LT. 1.0 - so has had  

            STOP 

        FEF = STN1T/STATEV(23) 

        IF (FEF.GT.1.0)    THEN         

                ETAF=(1-ETARF)/(1+CEF*(FEF-1)**XIF)+ETARF            !USIN 

                 

                ESECF = ETAF*Eo1*(1-STATEV(22)/0.9)                        ! 

            IF ((1.0-ESECF/Eo1) .GT. STATEV(1)) THEN             

                    STATEV(1)= (1.0-ESECF/Eo1)                        !so t 

                                                    ENDIF 

c            PRINT*,'after ETAF FIBRE SECTION', NOEL, ETAF                 

                        ENDIF 

      ENDIF                        !LINK TO STATEV(3) .LT. 1.0 

c   

c END OF SECTION ON FIBRE DIRECTION DEGRADATION 

 

c    Find Fracture Plane angle and stresses, Stress exposure, and transver 

       IF (STSS(2).GE. 0.0) THEN                         

            IF (STATEV(20) .LT. 1.0) THEN        !test if TIFF has already 

C            Print*,'s2 GE 0 and stv20 LT 1.0', noel, time(2) 

                FEXANG = 0.0                        !This assumes that th 

                TG = ZERO     !(SDEG +J*DEGI-DEGI)/180.0*3.141592653589793 

                c = ONE     !cos(TG) 

                s = ZERO    !sin(TG) 

                S_n = Stss(2)             

                T_nt = (c*c-s*s)*Stss(6)     !LAST TERM IS NOT ZERO 
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                T_n1 = c*Stss(4)    !s*Stss(5)+ 

                T_C = (T_NT*T_NT+T_N1*T_N1)**0.5     

                csq = ONE    !T_NT*T_NT/(T_NT*T_NT+T_N1*T_N1) 

                ssq = ZERO    !T_N1*T_N1/(T_NT*T_NT+T_N1*T_N1) 

                PTOR = PTTT/RTTA*csq+PTPT/RTPA*SSQ 

                PCOR = PTTC/RTTA*csq+PTPC/RTPA*SSQ 

                SVTS = (T_NT/RTTA)*(T_NT/RTTA)                    !NOTICE T 

                SV1S = (T_N1/RTPS)*(T_N1/RTPS) 

                FESY = (SVTS+SV1S)**0.5                            ! find th 

                FETY = S_N/RTT                                    ! find th 

                FEX=(((1/RTT-PTOR)*S_N)**2+SVTS+SV1S)**0.5+PTOR*S_N        ! 

                ESX = ESXT 

                 

                    !ADD a section here to degrade the matrix strengths d 

                    RTTcF = 100*(S_N/RTTo+.00001)**(-9.96578)         

                    DLF2 = CYCJ/RTTCF 

                    RttDRP = (RTTo-S_n)*DLf2                            ! 

                    RTTAT = RTTo*(1-STATEV(24)) - RTTDRP                 

                    IF((1-RTTAT/RTTo) .GT. STATEV(24)) THEN 

                       STATEV(24) = (1-RTTAT/RTTo)                !Strength 

                       IF(STATEV(24) .GE. 0.99) THEN 

                         STATEV(24) = 0.99 

                       ENDIF 

                    ENDIF 

                     

                    RTPcF = 100*(T_C/RTPSo+.00001)**(-13.28771)         

                    DLF6 = CYCJ/RTPCF 

                    RTpDRP = (RTPSo-T_c)*DLf6                            ! 

                    RTpAT = RTpSo*(1-STATEV(25)) - RTpDRP                 

                    IF((1-RTpAT/RTpSo) .GT. STATEV(25)) THEN 

                       STATEV(25) = (1-RTpAT/RTpSo)                !Strength 

                       IF(STATEV(25) .GE. 0.99) THEN 

                         STATEV(25) = 0.99 

                       ENDIF 

                    ENDIF 

c                    !END OF SECTION DEGRADING MATRIX STRENGTHS IN FATIGUE 

 

                IF (FEX .LT. 1.0) THEN                                !if   

                    ESRF=(((FETY+FETC*(FEX-FETY))-FETT)/(1.0-FETT))    !CALC 

                    IF (ESRF.GT.0.0 .AND. FEX.GT.FETT)   THEN        !ESRF 

                        ESEC1 = Eo2-ESRF**FETN*(Eo2-ESX)             

                        IF ((1.0-ESEC1/Eo2).GT.STATEV(12)) THEN 

                                   STATEV(12) = 1.0-ESEC1/Eo2            ! 

                             IF (STATEV(12).GT.STATEV(2)) THEN 

                                    STATEV(2) = STATEV(12)  

                                                          ENDIF 

                                                         ENDIF 

                                                        ENDIF 

                                 

                    GSRF=(((FESY+FESC*(FEX-FESY))-FEST)/(1.0-FEST))         

                    IF (GSRF.GT.0.0 .AND. FEX.GT.FEST) THEN               ! 

                        GSEC1=Go12-(GSRF**FESN)*(Go12-GSX)                 

                         IF ((1.0-GSEC1/Go12).GT.STATEV(14)) THEN 

                                   STATEV(14) = 1.0-GSEC1/Go12             

                             IF (STATEV(14) .GT. STATEV(4)) THEN 

                                   STATEV(4) = STATEV(14) 

                                                        ENDIF 

                                                        ENDIF             

                                                        ENDIF 

                              

                ELSE  !WHEN FEX IS Greater Than ONE   - IFF has happened  

c                                !Print*, 'FEX GT ONE IN THE TENSILE ZONE' 

                            STATEV(16) = STATEV(7) 

                            Statev(17) = STATEV(1)    !So these are values  

                            STATEV(18) = STATEV(2) 

                            STATEV(19) = STATEV(4) 

                            STATEV(20) = 2.0                             

                            FEAI = FEX 
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                            ETAE=((1-ETARE)/(1+CE*(FEAI-1)**XIE)+ETARE) 

                            !ETAE = 1-ETAFF+ETAE*ETAFF                     

                            ESECR = ETAE*Eo2*(1-STATEV(18))                 

                            IF ((1.0-ESECR/Eo2) .GT. STATEV(13)) THEN     

                            STATEV(13)= (1.0-ESECR/Eo2) 

                                                        ENDIF 

                            ETAG=((1-ETARG)/(1+CG*(FEAI-1)**XIG)+ETARG)     

                            !ETAG = 1-ETAFF+ETAG*ETAFF 

                            GSECR = ETAG*Go12*(1-STATEV(19)) 

                            IF ((1.0-GSECR/Go12) .GT. STATEV(15)) THEN 

                            STATEV(15)= (1.0-GSECR/Go12) 

                                                    ENDIF 

                ENDIF    !of FEX LT 1 IF STATEMENT  

                   

            ELSE ! FOR STATEV20 LT 1 test - ie stv20 is GT 1 - stresses w 

C                PRINT*,'START TENSILE AIFF SECTION', NOEL 

                Ec1 = Eo1 !*(1-STATEV(17))        !setup to find the exerti 

                Ec2 = Eo2 *(1-Statev(18)) 

                Ec3 = Eo3 *(1-Statev(18)*0.35)                     

                Gc12 = Go12 *(1-Statev(19)) 

                Gc13 = Go13 *(1-Statev(19)*0.35)                  

                Gc23 = Go23 *(1-Statev(19))     

                uNc12 = un12 

                uNc32 = un32 

                uNc21 = uN12*Ec2/Ec1                 

                uNc23 = uN32*Ec2/Ec3 

                uNc13 = uN12 

                uNc31 = uNc13*E3/E1             

                Delta=1-uNc12*uNc21-uNc23*uNc32-uNc31*uNc13-2*uNc21*uNc32 

                DO K1 = 1, 6                    ! Zero the terms in the f 

                  DO K2 = 1, 6                    ! so that later the trans 

                   Qc(K2,K1) = ZERO 

                  END DO 

                TRRN(K1) = STRAN(K1)+DSTRAN(K1)    !Note I use the whole str 

                END DO 

                TRRN(1) = TRRN(1)-US1*STATEV(17)        ! 

                TRRN(2) = TRRN(2)-US2*STATEV(18) 

                TRRN(4) = TRRN(4)-US4*STATEV(19) 

                 

                Qc(1,1) = Ec1*(1-uNc23*uNc32)/Delta          

                Qc(2,2) = Ec2*(1-uNc31*uNc13)/Delta 

                Qc(3,3) = Ec3*(1-uNc12*uNc21)/Delta 

                Qc(1,2) = (uNc21+uNc31*uNc23)*Ec1/Delta 

                Qc(1,3) = (uNc31+uNc21*uNc32)*Ec1/Delta 

                Qc(2,3) = (uNc32+uNc12*uNc31)*Ec2/Delta 

                Qc(4,4) = Gc12 

                Qc(5,5) = Gc13 

                Qc(6,6) = Gc23 

                 

                TSS(1)=Qc(1,1)*TRRN(1)+Qc(1,2)*TRRN(2)+Qc(1,3)*TRRN(3) 

                TSS(2)=Qc(1,2)*TRRN(1)+Qc(2,2)*TRRN(2)+Qc(2,3)*TRRN(3) 

                TSS(3)=Qc(1,3)*TRRN(1)+Qc(2,3)*TRRN(2)+Qc(3,3)*TRRN(3) 

                TSS(4) = Qc(4,4)*TRRN(4) 

                TSS(5) = Qc(5,5)*TRRN(5) 

                TSS(6) = Qc(6,6)*TRRN(6)            !so these are the exe 

 

                FEXANG = 0.0 

                TG = ZERO                                      

                c = ONE                                      

                s = ZERO                                     

                S_N = TSS(2)                                 

                T_nt = (c*c-s*s)*tss(6)                      

                T_n1 = c*tss(4)                                 

                T_C = (T_NT*T_NT+T_N1*T_N1)**0.5             

                csq = ONE                                     

                ssq = ZERO                                     

                PTOR = PTTT/RTTA*csq+PTPT/RTPA*SSQ 
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                PCOR = PTTC/RTTA*csq+PTPC/RTPA*SSQ 

                SVTS = (T_NT/RTTA)*(T_NT/RTTA)                     

                SV1S = (T_N1/RTPS)*(T_N1/RTPS) 

                FESY = (SVTS+SV1S)**0.5                             

                FETY = S_N/RTT     

                 

                 

                FEAT=(((1/RTT-PTOR)*S_N)**2+SVTS+SV1S)**0.5+PTOR*S_N     

                IF (FEAT.GT.1.0)    THEN         

                ETAE=((1-ETARE)/(1+CE*(FEAT-1)**XIE)+ETARE) 

                !ETAE = 1-ETAFF+ETAE*ETAFF 

                ESECR = ETAE*Eo2*(1-STATEV(12))                        !USIN 

                    IF ((1.0-ESECR/Eo2) .GT. STATEV(13)) THEN             

                        STATEV(13)= (1.0-ESECR/Eo2)                        ! 

                                                         ENDIF 

                ETAG=((1-ETARG)/(1+CG*(FEAT-1)**XIG)+ETARG)            !NOW  

                !ETAG = 1-ETAFF+ETAG*ETAFF 

                GSECR = ETAG*Go12*(1-STATEV(14)) 

                    IF ((1.0-GSECR/Go12) .GT. STATEV(15)) THEN 

                        STATEV(15)= (1.0-GSECR/Go12)                     

                                                         ENDIF 

                                ENDIF 

            ENDIF   !FOR STATEV20 TEST 

        ENDIF    !FOR STSS2 GE 0             

         

       IF (STSS(2).LT. 0.0) THEN       !NOT TRANSVERSE TENSION - THEREFOR 

c                PRINT*,'COMP AIFF SECTION', NOEL, time(2) 

                FEXC=0.0 

                FEXANG=0.0 

            DO J = 1,JSIZ 

                TG = SDEG+DEGI*J-DEGI 

                c = cos(TG/180.0*3.141592653589793) 

                s = sin(TG/180.0*3.141592653589793) 

                S_n = c*c*Stss(2)+s*s*Stss(3)+2*c*s*Stss(6)                ! 

                T_nt = -s*c*Stss(2)+s*c*Stss(3)+(c*c-s*s)*Stss(6) 

                T_n1 = s*Stss(5)+c*Stss(4) 

                T_C = (T_NT*T_NT+T_N1*T_N1)**0.5 

                csq = T_NT*T_NT/(T_NT*T_NT+T_N1*T_N1) 

                ssq = T_N1*T_N1/(T_NT*T_NT+T_N1*T_N1) 

                PTOR = PTTT/RTTA*csq+PTPT/RTPA*SSQ 

                PCOR = PTTC/RTTA*csq+PTPC/RTPA*SSQ 

                SVTS = (T_NT/RTTA)*(T_NT/RTTA)                            ! 

                SV1S = (T_N1/RTPS)*(T_N1/RTPS) 

                FESY = (SVTS+SV1S)**0.5                            ! find th 

                FETY = S_N/-RTC                            ! find the fe val 

                FE=(SVTS+SV1S+(PCOR*S_N)**2)**0.5+PCOR*S_N                ! 

                                 

                IF (FE.GT.FEXC)     THEN                            !latc 

                    FEXC = FE 

                    FEXANG = TG          

                    S_NA = S_N 

                    T_CA = T_C             

                    FESYA = FESY 

                    FETYA = FETY 

                                ENDIF                         

            ENDDO 

             !ADD a section here to degrade the matrix strengths during f 

               !IF (Time(2) .GE. 1) Then 

                    RTPcF = 100*(T_CA/RTPSo+.00001)**(-13.28771)        ! 

                    DLF6 = CYCJ/RTPCF 

                    RTpDRP = (RTPSo-T_cA)*DLf6                            ! 

                    RTpAT = RTpSo*(1-STATEV(25)) - RTpDRP                 

                    IF((1-RTpAT/RTpSo) .GT. STATEV(25)) THEN 

                       STATEV(25) = (1-RTpAT/RTpSo)                !Strength 

                       IF(STATEV(25) .GE. 0.99) THEN 

                         STATEV(25) = 0.99 

                       ENDIF 

                    ENDIF 
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                !endif 

c                !END OF SECTION DEGRADING MATRIX STRENGTHS IN FATIGUE    

            IF ((FEXC.LT.1.0).or.(STSS(2).GT.(-RTC*0.4))) THEN        !if < 

                ESX = ESXC                                                  

                ESRF=(((FETYA+FETC*(FEXC-FETYA))-FETT)/(1.0-FETT))    !BIFF 

                    IF ((ESRF.GT.0.0) .AND. (FEXC.GT.FETT))  THEN         

                        ESECC = Eo2-ESRF**FETN*(Eo2-ESX)                ! 

                                                            ELSE 

                        ESECC = Eo2 

                                                            ENDIF 

                    IF ((1.0-ESECC/Eo2).GT.STATEV(12))     THEN 

                        STATEV(12) = (1.0-ESECC/Eo2)                !STV  

                                                        ENDIF 

                STATEV(2) = STATEV(12)                        !makes stv12  

                                                              

                GSRF=(((FESYA+FESC*(FEXC-FESYA))-FEST)/(1.0-FEST)) 

                    IF (GSRF.GT.0.0 .AND. FEXC.GT.FEST)     THEN            

                        GsecC = Go12-((GSRF**FESN)*(Go12-GSX))             

                                                        ELSE 

                        GSECC = Go12 

                                                        ENDIF 

                    IF ((1.0-GSECC/Go12).GT.STATEV(14)) THEN 

                        STATEV(14) = (1.0-GSECC/Go12)                !G_CO 

                                                        ENDIF 

                        STATEV(4) = STATEV(14)                    !use the  

                     

                                     

            ELSE                        !WHEN FEXC IS Greater Than ONE an 

            Print*, 'cracked and comp',Time(2),NOEL,STSS(2)     

                         

            ENDIF !of the FEX LT 1.0 test 

        ENDIF  !of the stss2 LT 0 test      

      ENDIF   !THIS IS FOR THE STEPS 2 AND 5 TEST ON LINE 183         

C 

C      UPDATE STRESS 

C 

       DO K = 1,NTENS 

       STRESS(K) = STSS(K)                    !DO NOT ES1 ETC. - statev's a 

       END DO 

 

c 

C    DETERMINE JACOBIAN 

C 

      DO I=1,6 

       DO J=1,6 

        DDSDDE(I,J) = Q(I,J)                !Update the jacobian at this  

       END DO 

      END DO         

c 

C     This is a 'look ahead' section. To see if transverse stress is compr 

c 

      IF((stress(2) .LT. 0.0).OR.(STATEV(20).LT.1.0)) THEN 

      STATEV(2) = STATEV(12) 

      statev(4) = statev(14) 

      ELSE 

      STATEV(2) = STATEV(13) 

      statev(4) = statev(15) 

                            ENDIF 

        

      E1 = Eo1 !*(1-STATEV(1)) 

      E2 = Eo2 *(1-Statev(2)) 

      E3 = Eo3 *(1-statev(2)*0.35)                !cracks perpendicular to  

      G12 = Go12 *(1-Statev(4)) 

      G13 = Go13 *(1-statev(4)*0.35)               !again cracks are perpend 

      G23 = Go23 *(1-Statev(4)) 

 

      uN21 = uN12*E2/E1                 

      uN23 = uN32*E2/E3 
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      uN13 = uN12 

      uN31 = uN13*E3/E1               

             

      Delta=1-uN12*uN21-uN23*uN32-uN31*uN13-2*uN21*uN32*uN13  !see Vincon 

      Q(1,1) = E1*(1-uN23*uN32)/Delta         ! Terms of the stiffness matr 

      Q(2,2) = E2*(1-uN31*uN13)/Delta 

      Q(3,3) = E3*(1-uN12*uN21)/Delta 

      Q(1,2) = (uN21+uN31*uN23)*E1/Delta 

      Q(1,3) = (uN31+uN21*uN32)*E1/Delta 

      Q(2,3) = (uN32+uN12*uN31)*E2/Delta 

      Q(4,4) = G12 

      Q(5,5) = G13 

      Q(6,6) = G23 

C 

C     DETERMINE STRESS INCREMENT 

C 

         DO K1 = 1, 6                    ! Zero the terms in the fake jaco 

          Tran(K1) = STRAN(K1)+DSTRAN(K1)    !Note I use the whole strain 

         END DO 

          Tran(1) = Tran(1)-US1*STATEV(1)        !Subtract uncecoverable s 

          Tran(2) = Tran(2)-US2*STATEV(2) 

          TRAN(4) = TRAN(4)-US4*STATEV(4) 

           

       STSS(1)=Q(1,1)*Tran(1)+Q(1,2)*Tran(2)+Q(1,3)*Tran(3) 

       STSS(2)=Q(1,2)*Tran(1)+Q(2,2)*Tran(2)+Q(2,3)*Tran(3) 

       STSS(3)=Q(1,3)*Tran(1)+Q(2,3)*Tran(2)+Q(3,3)*Tran(3) 

       STSS(4) = Q(4,4)*Tran(4) 

       STSS(5) = Q(5,5)*Tran(5) 

       STSS(6) = Q(6,6)*Tran(6) 

        

       IF(STSS(2).LT. 0.0) THEN            !this is a system for flaging if  

        STATEV(21) = -2.0 

                           ELSE 

        STATEV(21) = 2.0     

       ENDIF 

                !ADD a section here to degrade the matrix strengths durin 

            IF((Statev(20).GT.1).AND.(STATEV(21).GT.1))THEN                 

                S_n = Stss(2)            !DEFO GE ZERO THEN - NO NEED TO T 

                T_nt = (c*c-s*s)*Stss(6)     !LAST TERM IS NOT ZERO 

                T_n1 = c*Stss(4)    !s*Stss(5)+ 

                T_C = (T_NT*T_NT+T_N1*T_N1)**0.5     

               !IF (Time(2) .GE. 1) Then 

                    RTTcF = 100*(S_N/RTTo+.00001)**(-9.96578)         

                    DLF2 = CYCJ/RTTCF 

                    RttDRP = (RTTo-S_n)*DLf2                            ! 

                    RTTAT = RTTo*(1-STATEV(24)) - RTTDRP                 

                    IF((1-RTTAT/RTTo) .GT. STATEV(24)) THEN 

                       STATEV(24) = (1-RTTAT/RTTo)                !Strength 

                       IF(STATEV(24) .GE. 0.99) THEN 

                         STATEV(24) = 0.99 

                       ENDIF 

                    ENDIF 

                     

                    RTPcF = 100*(T_C/RTPSo+.00001)**(-13.28771)         

                    DLF6 = CYCJ/RTPCF 

                    RTpDRP = (RTPSo-T_c)*DLf6                            ! 

                    RTpAT = RTpSo*(1-STATEV(25)) - RTpDRP                 

                    IF((1-RTpAT/RTpSo) .GT. STATEV(25)) THEN 

                       STATEV(25) = (1-RTpAT/RTpSo)                !Strength 

                       IF(STATEV(25) .GE. 0.99) THEN 

                         STATEV(25) = 0.99 

                       ENDIF 

                    ENDIF 

                !endiF 

            ENDIF 

      Statev(8) = Time(2)                                        !Save for 

       

c                !END OF SECTION DEGRADING MATRIX STRENGTHS IN FATIGUE     
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      IF ((NOEL.EQ.9539).AND.(NPT.EQ.1)) THEN                ! WRITE VALUE 

         IF(stran(2).eq.0) then                                !0 ply use el 

      WRITE(15,3031)'TIME(2)','TRAN1','STN1T','STSS1','TRAN2','STSS2', 

     & 'CYCF','CRAT','EDROPM','SFACTR','CYCJ','DLF','RTPdlf','RTTdlf', 

     & 'STATEV1','STATEV2','STATEV3','STATEV4','STATEV24', 

     & 'STATEV25','STATEV22','STATEV(23)','STATEV(8)','stv9','stv10', 

     & 'stv11','STv12','stv13','stv14','STv15', 

     & 'stv16','stv17','STv18','stv19','stv20','stv21' 

                        ENDIF 

      WRITE(15,3030) TIME(2),TRAN(1),STN1T,STSS(1),TRAN(2),STSS(2), 

     & CYCF,CRAT,EDROPM,SFACTR,CYCJ,DLF,RTPdlf,RTTdlf, 

     & STATEV(1),STATEV(2),STATEV(3),STATEV(4),STATEV(24), 

     & STATEV(25),STATEV(22),STATEV(23),STATEV(8),statev(9),STATEV(10), 

     & statev(11),STatev(12),statev(13),statev(14),STATEV(15), 

     & STatev(16),statev(17),statev(18),statev(19),statev(20),statev(21) 

                                        ENDIF 

      IF ((NOEL.EQ.6084).AND.(NPT.EQ.1)) THEN                ! WRITE VALUE 

         IF(stran(2).eq.0) then                                !0 ply use el 

      WRITE(16,3031)'TIME(2)','TRAN1','TRAN2','TRAN4','STSS2','STSS4', 

     & 'STSS(6)','T_C','FEAT','RTPdlf','RTTdlf','RTT','RTPS','GSECC', 

     & 'STATEV1','STATEV2','STATEV3','STATEV4','STATEV24', 

     & 'STATEV25','STATEV22','STATEV(23)','STATEV(8)','stv9','stv10', 

     & 'stv11','STv12','stv13','stv14','STv15', 

     & 'stv16','stv17','STv18','stv19','stv20','stv21' 

                        ENDIF 

      WRITE(16,3030) TIME(2),TRAN(1),TRAN(2),TRAN(4),STSS(2),STSS(4), 

     & STSS(6),T_C,FEAT,RTPdlf,RTTdlf,RTT,RTPS,gsecc, 

     & STATEV(1),STATEV(2),STATEV(3),STATEV(4),STATEV(24), 

     & STATEV(25),STATEV(22),STATEV(23),STATEV(8),statev(9),STATEV(10), 

     & statev(11),STatev(12),statev(13),statev(14),STATEV(15), 

     & STatev(16),statev(17),statev(18),statev(19),statev(20),statev(21) 

                                        ENDIF 

      IF ((NOEL.EQ.4285).AND.(NPT.EQ.1)) THEN                ! WRITE VALUE 

         IF(stran(2).eq.0) then                                !0 ply use el 

      WRITE(17,3031)'TIME(2)','TRAN1','ESEC1','STSS1','TRAN2','STSS2', 

     & 'FEX','GSEC1','FEAT','RTPdlf','RTTdlf','ESECR','GSECR','S_n', 

     & 'STATEV1','STATEV2','STATEV3','STATEV4','STATEV24', 

     & 'STATEV25','STATEV22','STATEV23','STATEV8','stv9','stv10', 

     & 'stv11','STv12','stv13','stv14','STv15', 

     & 'stv16','stv17','STv18','stv19','stv20','stv21' 

                        ENDIF 

      WRITE(17,3030) TIME(2),TRAN(1),ESEC1,STSS(1),TRAN(2),STSS(2), 

     & FEX,GSEC1,FEAT,RTPdlf,RTTdlf,ESECR,GSECR,S_n_s, 

     & STATEV(1),STATEV(2),STATEV(3),STATEV(4),STATEV(24), 

     & STATEV(25),STATEV(22),STATEV(23),STATEV(8),statev(9),STATEV(10), 

     & statev(11),STatev(12),statev(13),statev(14),STATEV(15), 

     & STatev(16),statev(17),statev(18),statev(19),statev(20),statev(21) 

                                        ENDIF 

3030  FORMAT(36(2x,EN12.3))                                            ! for 

3031  FORMAT(36(2x,A12))         

C                                                                  !2x mean 

                                                                  ! f11.2 m 

c                                                                    ! E12 

      RETURN                                                        ! the 

      END                                                            ! not 

** 


