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Abstract 

 

Fretting is a key concern in the fatigue design of the pressure armour layer of 

flexible marine risers, due to the combination of extreme global dynamic loading 

conditions and the local geometrical-tribological conditions in the nub-groove contact 

regions. This thesis presents experimental characterisation, global-local computational 

modelling and the development of a stand-alone analytical design tool for fretting 

fatigue and wear in the pressure armour layer of flexible marine risers. Extensive 

experimental testing is carried out to identify tribological and mechanical properties of 

pressure armour material. The effects of grease-lubricant, contact conformity and 

loading conditions on fretting behaviour are investigated on cylinder-on-flat specimen 

configurations. A newly-designed fretting rig provides testing under partial and gross-

slip conditions with high contact pressure, low slip conditions, representative of riser 

nub-groove contact loading conditions. A pre-service flexible marine riser is dissected 

to extract pressure armour material for monotonic tensile and fatigue testing.  

A global-local computational methodology for analysis of the pressure armour 

layer in flexible risers is presented. The methodology consists of a hierarchy of models, 

including a global riser dynamics model, a three-dimensional riser sub-model, an 

axisymmetric nub-groove local contact model and cylinder-on-flat fretting contact 

models of test geometries. This allows, for the first time, quantification of key fretting 

variables, such as contact pressure, relative slip and sub-surface stresses in this complex 

geometry, under representative loading conditions. Fatigue lives are calculated using 

the three-dimensional critical plane Smith-Watson-Topper (SWT) multiaxial fatigue 
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indicator parameter. It is shown that operating pressure and bending-induced axial 

displacement significantly affects predicted crack initiation. It is also shown that 

friction coefficient has a significant effect on predicted trailing-edge tensile stresses in 

the pressure armour layer and, hence on fretting crack initiation in risers. A combined 

fretting wear-fatigue finite element model has been developed using an adaptive 

meshing technique and the effect of bending-induced slip is characterised. It is shown 

that a surface damage parameter combined with a multiaxial fatigue parameter can 

accurately predict the beneficial effect of fretting wear on fatigue predictions.  

A design study is conducted using the framework outlined in this thesis. The 

key functional relationships between global riser variables (running conditions) and 

local nub-groove fretting variables are identified. This facilitates identification of the 

critical riser curvatures for minimum predicted numbers of cycles to crack initiation for 

different riser design geometries. Furthermore, a weight function method for crack 

propagation is implemented for various riser geometries, to allow prediction of total 

fretting fatigue life. Running condition fretting maps for different riser geometries are 

thus developed. Interestingly, the resulting predicted fretting fatigue lives are found to 

be in the same range as tensile armour layer plain fatigue lives. 

A stand-alone, computationally efficient, analytical fretting wear-fatigue model 

is developed. The model solves for frictional contact surface and sub-surface tractions 

and stresses using quadratic programming and theory of elasticity; fretting fatigue 

predictions are calculated using the SWT multi-axial fatigue indicator parameter and 

transient wear is modelled using the Archard wear equation. The analytical solution is 

validated against finite element incremental wear and crack initiation predictions for 

fretting in the nub-groove region. This provides a computationally efficient design tool 

for fretting in the pressure armour layer of flexible marine risers. 
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 Background 

Flexible marine risers have transformed the oil and gas industry since their 

introduction in the 1970’s by enabling the use of floating production units for oil 

extraction at deeper sea levels (up to 3,000 m) and at higher pressures (up to 140 MPa) 

in comparison to the conventional rigid structures. This has also allowed the oil and gas 

industry to maintain a supply of hydrocarbon to the global market despite global 

consumption increasing by over 50 % in the past 15 years (BP Global, 2017). Since the 

introduction of flexible marine risers, they have become widely used within the oil and 

gas industry; it is estimated that up to 99% of FPSO (floating, production, storage and 

offloading) vessels use flexible pipes to some extent. A schematic of flexible riser 

usage in an oil field is depicted in Figure 1.1. 

 

Figure 1.1. Deepwater production, storage and offloading system (MCS Kenny 2014). 
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Flexible marine risers are a key component in the delivery of offshore 

hydrocarbons from the seabed to seawater level, typically to a floating structure, such 

as a production platform or vessel. Flexible risers rely on a complex, composite cross-

sectional architecture of helically-wound, interlocking steel wires and polymer layers to 

give a unique combination of high bending flexibility, axial and torsional stiffness and 

internal pressure resistance, as well as internal and external corrosion resistance 

(Sullivan, 2009) (see Figure 1.2). Failure of flexible risers due to fatigue is a major 

concern and better prediction of fatigue failure in the sub layers of flexible risers under 

service operating and extreme conditions is required, both in terms of (i) safety to the 

environment and personnel, and (ii) economic considerations. For example, the cost of 

a single flexible of 1000 m length is approximately €1.3 million. Failure of these sub 

layers due to fatigue is one of the main concerns during the service lifetime of the 

flexible riser. The effect of fretting wear (surface damage) and fretting fatigue 

(cracking) is a potential problem that is difficult to analyse and solve, so it is not 

presently considered during design of flexible risers. One of the layers, which is 

susceptible to fretting fatigue damage is the pressure armour (Burke and Witz, 1995). 

Fretting has a large potential to nucleate fatigue cracks in the pressure armour layer. For 

the inter-locking steel wires, micro-articulation of nub and groove mechanical contacts 

plays a key role in achieving this complex combination of exceptional mechanical and 

structural properties. Normal forces keep the nub and groove of the pressure armour in 

contact. The inner normal force is due to internal pressure in the flexible riser and the 

outer normal force is due to the tension of the tensile armour wire of the flexible riser 

(see Figure 1.3). 
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Figure 1.2. Schematic of flexible risers in an oil field and cross section of a flexible 

marine riser (courtesy of Wood Group Kenny). 

 

Fretting action along the contact surfaces is produced by shearing loads due to 

bending of the riser. This gives rise to a micro-scale frictional contact phenomenon 

leading to micro-scale surface damage, typically, a combination of wear and fatigue 

micro-crack nucleation, ultimately leading to loss of function and fatigue cracking and 

failure. The predominance of wear or fatigue crack nucleation is dependent on a large 

number of mechanical and physical variables (Dobromirski, 1992) so that the 

development of a combined modelling and experimental capability is critical for a 

scientifically-based service life prediction (design) methodology. Fretting behaviour in 

the pressure armour layer of flexible marine risers has been recently identified as a 

critical aspect of riser design which requires further research (Lange and Berge, 2004). 

The American Petroleum Industry (API) design codes recommend a safety factor of 10 

for fatigue design of pressure armour layers (API, 2009), to account for the 

uncertainties associated with fretting, among other factors. Løtveit and Bjaerum (1994) 

identified fretting of the pressure armour wire as a potential failure mode for flexible 
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marine risers. Since then little or no research has been published on this aspect of riser 

design despite significant advances in the understanding of fretting more generally, e.g. 

(Hills, 1994). 

(a) 

 

(b)

 

Figure 1.3. Schematics of loading conditions on the pressure armour layer; Δ - relative 

slip between wires; pe - external pressure on the layer; pi - internal pressure on the 

layer; θ – global riser bending. 
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Fretting contact conditions can be classified according to slip regime 

(Dobromirski, 1992), depending on the slip amplitude as follows: (i) gross slip (for 

limiting friction conditions), (ii) partial slip (below limiting friction) and (iii) stick 

regime. The slip regime depends specifically on the applied combination of normal 

(clamping) load and tangential load or displacement. In the case of pressure armour 

layers, the normal load is primarily due to internal and external fluid pressures 

(hydrocarbon and hydrostatic) and the tangential load (displacement) is due to bending 

moment, axial load, torque or a combination of all three, due to vessel motions, wave 

and current effects on the riser deformation.   

Glaeser (1981) reported that billions of dollars could be saved if wear and 

fatigue life of engineering components could be improved. Since then great 

improvements have been made in the knowledge of fretting wear and fatigue 

performance of components, such as spline couplings, used in aerospace engineering 

(Ding et al., 2007a; Wavish et al., 2009), gas turbine dovetail joints (Ruiz et al., 1984), 

steel wire ropes (Cruzado et al., 2010) and other industrial applications. The problem of 

fretting fatigue in flexible marine risers has received relatively little attention. Féret and 

Bournazel (1987) presented a theoretical approach to calculate stresses, contact 

pressures and slip between tensile armour layers of flexible pipes under axisymmetric 

loading. However, the issue of fretting of the pressure armour wire is of concern to the 

oil and gas industry; Burke and Witz (1995) presented an excellent review of the 

problem at an industrial conference. More recently, Perera et al. (2007) presented an 

experimental method for fretting of the pressure armour layer of unbonded flexible 

pipes. 
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 Framework for design tool for fretting in flexible marine 

risers 

A key design challenge for pressure armour layers in flexible risers is the 

determination of the optimum nub-groove contact geometry and loading conditions for 

resistance to fretting crack nucleation. However, this requires the development of a 

combined experimental-computational methodology to establish the relevant material 

tribological characteristics (viz. coefficient of friction and wear coefficient evolutions 

and dependencies on stroke-load combinations), fatigue characteristics (low- and high-

cycle fatigue), as well as an identification of the relevant local loading conditions 

(contact pressure or load, tangential stroke or slip, substrate stresses) for representative 

global (riser) loads, viz. bending moment, axial load and external and internal pressure 

conditions. A framework for the formulation of a fretting design tool for flexible 

marine risers developed in this work is represented in Figure 1.4; an additional key 

aspect here is a riser dissection process to establish the relevant contact geometry, 

which is of critical importance. Details on each aspect of this methodology will be 

outlined in subsequent chapters. 

 

 Aims and objectives 

The primary aim of this research is to characterise and simulate fretting 

behaviour of pressure armour nub-groove contacts in flexible marine risers, in order to 

develop a framework for design of flexible marine risers against fretting. The key 

elements to this work are: 
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Figure 1.4. Flowchart representation of the framework for the development of a flexible 

riser design tool. 

 

1. A key objective is to experimentally characterise the mechanical and 

tribological properties of pressure armour material under representative 

loading conditions. These tests will also seek to investigate the effects of 

contact conformity, contact pressure and stroke on the gross-slip fretting 

behaviour of dry and grease-lubricated cylinder-on-flat contacts. 

2. Global dynamic analysis of flexible risers to identify local bending 

(curvature) and load time histories for typical design load risers. 

3. The development of a frictional contact finite element model for the nub-

groove contact including fretting fatigue crack initiation life prediction using 

a multiaxial fatigue model is also a key objective. The effect of fretting wear 

on calculated fretting fatigue crack initiation life will be investigated using 
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finite element adaptive meshing techniques. A surface damage parameter 

combined with a multiaxial fatigue parameter will be used to predict the 

effect of wear on fretting fatigue predictions. 

4. Develop a fretting wear test rig at NUI Galway to allow measurement of 

coefficient of friction and wear coefficient under representative conditions 

for flexible risers. 

5. Implementation of the framework outlined in Figure 1.4 in a realistic riser 

design case study. This will allow, for the first time, fretting wear and 

fatigue analysis to be conducted for a real-life riser application, including 

global-local dynamic riser analysis. 

6. The development of a computationally efficient fretting fatigue life design 

tool to be used in the design of flexible marine risers against fretting is a key 

goal of this work. This design tool will need to simulate fretting wear and 

calculate the predicted fretting fatigue life for any geometry and loading 

conditions faster than the alternative, finite element method, while retaining 

the accuracy of a finite element model. This is achieved through 

optimisation techniques and cycle jumping for wear simulations. This will 

provide designers with a tool for detailed fretting analysis of frictional 

contacts and geometry and loading optimisation. 

 

 Layout of thesis 

Chapter 2 contains a detailed background and review of the literature relevant to 

this research work, incorporating descriptions of frictional contact mechanics 

modelling, as well as wear, fatigue and fretting. Chapter 2 also discusses experimental 



Chapter 1: Introduction 

 

9 

methodologies employed by other researchers to investigate the wear, fatigue and 

fretting performance of materials. Finally, a discussion on modelling of flexible marine 

risers and the key areas to be addressed in this thesis will be presented.  

Chapter 3 discusses the design of a new fretting rig in NUI Galway, beginning 

with a review of methods employed by other researchers to experimentally investigate 

fretting behaviour. This review examines specimen geometry and alignment, methods 

of controlling and generating reciprocating (tangential) displacement and methods of 

applying normal loading. The requirements for the new test rig are outlined. Details of 

the development of the new test rig are given, including the design, drive line and 

actuator, specimen geometry and application of normal load, measurement of 

displacement and tangential force, control of the test rig, data acquisition and 

postprocessing.  

The experimental characterisation of pressure armour material is outlined in 

Chapter 4. This includes the dissection of a riser to provide geometric and material 

details for computational models, as well as specimens for monotonic tensile and low-

cycle fatigue tests. Experimental tests conducted on pressure armour raw material 

(before being drawn and cold formed into the pressure armour profile) on the new NUI 

Galway fretting test rig are discussed. The effect of grease lubricant on the fretting 

behaviour of a cylinder-on-flat fretting configuration is also discussed in Chapter 4. Dry 

and grease-lubricated fretting tests were conducted at the University of Nottingham. 

The effects of contact conformity (i.e. different possible riser nub-groove contact 

geometry designs), contact pressure, displacement amplitude and lubrication on the 

fretting behaviour of representative cylinder-on-flat contacts are investigated. Results 

from the NUI Galway fretting rig and fretting tests conducted at the University of 

Nottingham are compared.  
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A finite element modelling methodology for frictional contact is outlined in 

Chapter 5. This methodology is calibrated against analytical solutions for contact 

mechanics and implemented in an axisymmetric riser model. The axisymmetric riser 

model is designed to focus on the nub-groove frictional contact region in the pressure 

armour layer. A plasticity material model incorporating non-linear kinematic hardening 

(NLKH) based on experimental results from Chapter 4 is introduced. Fatigue crack 

initiation life predictions are made using the multi-axial critical plane Smith-Watson-

Topper (SWT) parameter. A three-dimensional riser model is developed to investigate 

the effect of global riser bending, from global riser dynamic analysis, on local pressure 

armour nub-groove fretting conditions.  

A combined fretting wear-fatigue model is described in Chapter 6. An adaptive 

meshing technique is implemented to explicitly model wear in a cylinder-on-flat finite 

element model. The effect of wear on substrate stresses and predicted life to crack 

initiation is examined. A surface damage parameter, Dfret, is combined with the SWT 

multiaxial fatigue parameter to accurately predict the beneficial effect of fretting wear 

on fatigue crack initiation predictions in the gross slip regime. This provides a 

computationally efficient design tool for fretting in the pressure armour layer of flexible 

marine risers. 

Chapter 7 presents a case study of different flexible marine riser geometries in a 

hybrid riser configuration under various extreme sea-state loading conditions. A global-

local modelling methodology is implemented to predict the critical locations for fretting 

damage in the risers. Number of cycles to crack initiation and total life predictions are 

calculated.  
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Chapter 8 presents an analytical design tool, EASY-FRET (Engineering 

Analysis SYstem for FRETting). This design tool can model frictional fretting contact 

for any contact geometry and loading conditions under partial or gross slip regimes. It 

also simulates wear and calculates fretting fatigue life using the critical plane approach 

of the multi-axial SWT fatigue parameter. Validation of EASY-FRET design tool 

results against finite element predicted pressure and stress distributions as well as 

predicted fatigue life to crack initiation are presented. This design tool provides a 

computationally efficient method of modelling fretting wear and fatigue and for 

geometry optimisation against fretting damage. 

Chapter 9 outlines the conclusions of this work and overall discussions are 

provided. Recommendations for future work are also made. 
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Chapter 2: Literature review 

   

2.1. Introduction 

The design and characterisation of the fretting behaviour of a component require 

a combined experimental-computational approach. This will establish the relevant 

tribological (friction and fretting wear) and mechanical (fatigue) characteristics, as well 

as the identification of relevant local contact loading conditions (contact pressure and 

tangential stroke) for representative contact geometries. Such information is required to 

improve the current state of knowledge with regard to fretting in the pressure armour 

nub-groove contact of flexible marine risers and hence, to provide riser designers with a 

design framework for the accurate prediction of fretting fatigue service life of the nub-

groove component of risers including the effects of wear.  

The following review and discussion of the literature focus on the primary 

factors affecting fretting wear and fatigue performance of materials. In particular, this 

chapter presents the technical background of the experimental characterisation and 

computational models developed in this thesis and a review of the literature relevant to 

flexible marine riser modelling and characterisation. Firstly, friction is introduced and 

various methods of measuring coefficient of friction in fretting applications is 

reviewed. In Section 2.3, contact mechanics is reviewed, including known pressure 

distributions for three general contact mechanics cases, generalised solutions are also 

presented and the effect of stress gradient is discussed. Methods of simulating wear are 

reviewed in Section 2.4. Fatigue of metals will be discussed, including fatigue indicator 



Chapter 2: Literature review 

13 

parameters, fatigue mechanisms and notch fatigue analogy for contact mechanics. A 

review of fretting is presented in Section 2.6, including numerical and analytical 

methods for modelling fretting fatigue and fretting wear. Section 2.7 reviews 

experimental characterisation of the fretting behaviour of materials, with a particular 

focus on rig development. The modelling and experimental techniques employed by 

other researchers and industry for flexible marine risers are reviewed in Section 2.8. 

The final section of this chapter highlights how this thesis will build upon the current 

literature to improve the understanding of fretting in the pressure armour nub-groove 

contact of flexible marine risers. 

 

2.2. Friction 

Friction is defined as the resistance encountered in one body when moving over 

another. Leonardo da Vinci was one of the first to study the tribology of sliding (dry) 

friction. However, the laws of sliding friction are named after Amontons, who 

described them in 1699. The laws of sliding friction are as follows: 

• Tangential force (Q) is proportional to the normal load (P): 

PQ   (2.1) 

where μ is the frictional coefficient. 

• Friction force is independent of the apparent area of contact. 

Coulomb added a third law in 1785: 

• Friction force is independent of sliding velocity. 
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It has been observed that the tangential force to initiate sliding is greater than 

the sliding tangential force. Therefore, the coefficient of static friction is greater than 

the coefficient of dynamic friction. Once steady-state sliding is achieved, it is found 

that the coefficient of friction is independent of the sliding velocity for most situations. 

In fretting tests, the cyclical tangential behaviour is often plotted in the form of 

fretting loops i.e. graph of tangential force versus tangential displacement with respect 

to number of cycles. Examples of fretting loops are presented in Figure 2.1. The shape 

of the fretting loop depends on various parameters, such as the test rig stiffness, 

material elastic modulus and the geometry of the wear scar during testing.  

Traditionally, the coefficient of friction (CoF) used by researchers was based on 

the Coulomb-Amontons’ friction law. This method is applicable for an idealised 

experimental fretting loop, as indicated in Figure 2.1(a), with CoF given by: 

P

Q
CoF

*
  

(2.2) 

 

where Q* is the measured tangential (frictional) force during sliding and P is the 

applied normal load. 

Fouvry et al. (2004) observed that the tangential force does not remain constant 

through the sliding part of the fretting loop, as illustrated in Figure 2.1(b). It was 

suggested (Fouvry et al., 2004) that the peaks at the end of each sliding section of the 

fretting loops are caused by ploughing which occurs during fretting when material 

build-up occurs at the wear scar edges. To minimise the influence of the ploughing 

effect on calculation of CoF, Fouvry et al. (2004) proposed that the energy dissipated 

per cycle could be used to define a coefficient of friction which is more representative 
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of the overall behaviour of the contact. The energy coefficient of friction (ECoF) 

(Fouvry et al., 2004) is defined as follows: 

*4 P

E
ECoF d  (2.3) 

where Ed is the dissipated energy per cycle (area of the fretting loop, see Figure 2.1(b)) 

and *4  is the total sliding distance per cycle (Fouvry et al., 2004). The maximum 

contact slip, δ*, can be derived by measuring the displacement at zero force, as 

illustrated Figure 2.1. 

 

(a) (b) (c) 

Figure 2.1. Schematic diagram of (a) an ideal fretting loop in the gross slip regime, (b) 

fretting loop with high tractional force peak at the ends of gross slip, and (c) fretting 

loop demonstrating the method of calculating GICoF, illustrating parameters defined in 

the text. 

 

Jin et al. (2016) observed that the tangential force increases during the whole 

gross sliding stage and reaches a maximum at the ends of the stroke, which resembles a 

hook-like feature (see Figure 2.1(c)). A new method to determine a coefficient of 

friction, which is independent of system stiffness and geometry evolution of the wear 
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scars, was proposed (Jin et al., 2016). The geometrically independent coefficient of 

friction (GICoF) is defined as the CoF (Q*/P) at the point where the slope of the wear 

scar is zero (marked A in Figure 2.1(c)); this point in the fretting loop is that which also 

lies on the line Q = SΔ (as illustrated in Figure 2.1(c)), where S is the stiffness of the 

fretting rig, as described by Jin et al. (2016). 

 

2.3. Contact mechanics 

2.3.1.  Introduction 

Contact mechanics is the study of the deformation of solids in contact. Hertz 

(1882) studied contact stresses of two normally-loaded, non-conforming, elastic solids, 

as described in Johnson  (1985). The main assumptions of Hertzian contact are: 

• Surfaces are continuous and non-conforming. 

• The strains are small. 

• Surfaces are frictionless so that only normal pressure is transmitted between 

them (q = 0, where q is the shear traction due to friction). 

• The bodies are infinite elastic half-spaces (a ≪ l). i.e. the dimension of the 

contact (a) is small in comparison to the dimensions of each body length, l, i.e. 

distance in the y-direction in Figure 2.2. 

• The dimension of the contact (a) is small in comparison to the radii of the 

curvature of the surfaces i.e. a ≪ Ri, (i = 1, 2). 

Solutions for the two-dimensional (2D) elastic half-space case of cylinders in 

contact and the three-dimensional (3D) case for two contacting spheres are given by the 
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Hertzian theory. The flat punch with round edges on flat contact has been examined by 

Jäger (2002) and Ciavarella and co-workers (Ciavarella et al., 1998; Ciavarella and 

Macina, 2003). 

 

2.3.2.  Sliding cylinder-on-flat 

When two parallel cylinders are in contact with each other, they deform 

elastically, producing a contact area. This deformation is shown in 2D schematically in 

Figure 2.2. 

Hertz developed an analytical solution for the contact pressure and width for cylinder-

on-cylinder contacts. These can also be used for cylinder-on-flat contacts, where the 

flat can be considered as a cylinder of infinite radius. Under normal loading the bodies 

deform, resulting in a contact width 2a (Figure 2.2), where a is given by: 

*

*4

E

PR
a


  (2.4) 

*R and *E are the compound radius of curvature and modulus, respectively, given by: 

21

* 11

RR
R   (2.5) 

2

2

2

1

2

1

*

111

EEE

 



  (2.6) 

where Ri, νi and Ei are the radius of curvature, Poisson’s ratio and Young’s modulus of 

body i, respectively, and i = 1, 2. The contact pressure distribution for two cylinders is 

given by: 
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2

0 1)( 









a

x
pxp  

 

(2.7) 

 

where x is the horizontal distance from the centre of contact (see Figure 2.2). The 

contact pressure has an elliptical distribution with a maximum at the centerline (x = 0) 

and reducing to 0 at the contact edges, given by –a ≥ x ≤ a. The maximum pressure is 

given by p0: 

a

P
p



2
0   (2.8) 

where P is the applied normal load per unit length, as illustrated in Figure 2.2. 

 

Figure 2.2. Schematic of two cylinders, of radii R1 and R2 in contact under normal load, 

P, giving a contact width of 2a. 
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For a case of pure sliding, and assuming Coulomb-Amontons’ Law (described 

above) for sliding friction, the tangential traction is given by: 

)()( xpxq   (2.9) 

 

2.3.3.  Partial slip cylinder-on-flat 

When a tangential force, Q, with magnitude less than the limiting frictional 

force, μP, is applied to two bodies in contact under normal loading, no gross sliding 

motion takes place. A stick region occurs in the centre of the contact with slip regions 

on the edges of contact (as illustrated in Figure 2.3). For the stick region (–c ≤ x ≤ c), 

q(x) < µp(x), resulting in no relative motion between the bodies within this region; in 

the slip zones c ≤ |x| ≤ a, q(x) = µp(x). Separately, Cattaneo and Mindlin (1938, 1949) 

combined normal and tangential loading of a Hertzian contact, to derive an analytical 

solution for the partial-slip case. 

The magnitude of the tangential force (Q) determines the size of the stick 

region. The stick region for partial-slip of contacting cylinders is given by: 

P

Q

a

c


 1  (2.10) 

where c is the contact semi-width of the stick region, Q is the tangential force applied 

(see Figure 2.3(a)) and a, P and µ are as described for the sliding cylinder-on-flat 

earlier (Section 2.3.2 and Figure 2.2). 

The contact shear acting on the stick region (–c ≤ x ≤ c) is given by )('' xq : 
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2

2

0 1)(''
c

x
p

a

c
xq    (2.11) 

The contact shear acting in the slip zones, (c ≤ |x| ≤ a) is given by )(' xq : 

2

2

0 1)('
a

x
pxq    (2.12) 

Equations (2.11) and (2.12) ensure that the stick-slip conditions for partial slip are 

satisfied. Contact shear using superposition of the load distributions for the stick and 

slip zones is given by: 

)('')(')( xqxqxq   (2.13) 

Contact pressure and shear traction distributions for a cylinder-on-flat gross and 

partial-slip cases are shown in Figure 2.3(b). The cylinder radius is 6 mm, with a CoF 

of 0.8, under 50 N/mm normal load (P) and a tangential force (Q) of 25 N (for the 

partial-slip case). 

 

(a) (b) 

Figure 2.3. (a) Schematic of the stick-slip zones for cylinder-on-flat partial slip regime 

and (b) contact pressure and shear distributions for a cylinder-on-flat gross- and partial-

slip cases. 
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2.3.4.  Punch-on-flat 

The contact pressure distribution for a 2D case for a flat punch-on-flat contact, 

as shown in Figure 2.4(a), under normal loading conditions is given by (Johnson, 

1985): 

22
)(

xa

P
xp





 (2.14) 

This pressure distribution has singularities at the contact edges i.e. x = ±a (see Figure 

2.4(b)). 

 

(a) (b) 

Figure 2.4. (a) Schematic of a punch-on-flat contact, (b) normalised contact pressure 

distribution of punch on flat contact. 

 

The pressure singularity at the contact edges leads to stress singularity also. For 

real materials, however, plasticity will occur at the contact edges due to these high 

localised stresses. Mugadu et al. (2002) presented a solution for the stress state at the 

contact edge for complete contacts, punch-on-flat, for example, using an asymptotic 

approach. The stress state at the apex is defined in the following: 
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r


  (2.15) 

where K is a generalised stress intensity factor related to the overall geometry, λ(f, φ) is 

the eigenvalue and fij(θ) is the eigenfunction; r, θ and φ are defined in Figure 2.5.  

 

Figure 2.5. Apex of an angled flat-on-flat contact. 

 

2.3.5.  Crossed-cylinders 

If two cylinders of equal radii, R, are in contact and lie on perpendicular axes 

(as shown in Figure 2.6(a)), the contact problem is equivalent to the contact between a 

sphere of radius, R and an elastic half-space (as shown in Figure 2.6(b)) (Johnson, 

1985). The contact area will be circular, with a radius of a, given by: 
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where *E  is given by Equation (2.6) and P is the normal load. The pressure distribution 

is given by: 

2

0 1)( 









a

r
prp  (2.17) 

where r is the distance from the centre of contact and p0 is the maximum pressure given 

by: 
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Figure 2.6. Schematic of (a) crossed-cylinders and (b) sphere-on-flat contacts. 

 

2.3.6.  General solution 

In general, contact stresses are transmitted through normal pressure and shear 

loading. A schematic of a generalised loading case is shown in Figure 2.7. For both 
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stress components at a point (s, z) are given by integrating over the loaded region (see 

Figure 2.7).  

 

Figure 2.7. An elastic half plane loaded over a distance –b < x < a by a normal pressure 

p(s) and tangential traction q(s) distributed in an arbitrary manner. 

 

Substrate stresses are obtained through the application of elasticity theory 

(Mossakovski, 1954; Mossakovskii, 1963) for concentrated normal and tangential loads 

at distance s from the point x = 0 acting on an element of width ds and integration over 

the contact region for distribution of normal and shear traction. The two-dimensional 

Cartesian stress components are given by (Johnson, 1985; Switek, 1984): 
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where a, b, z, s, ds and x are illustrated in Figure 2.7. 

Figure 2.8 presents the effect of depth (z) below the contact surface on (a) 

tensile and (b) shear stress distributions for a punch-on-flat gross-slip contact (Switek, 

1984) calculated using Equations (2.14) and (2.19) - (2.21). High values of trailing edge 

tensile stresses are observed close to the surface; similar results for trailing edge tensile 

stresses also occur in cylinder-on-flat contact. High stress gradients can also be seen, 

i.e. the stress decreases rapidly with depth (z). Figure 2.8 also shows that the stress 

gradient depends on the contact width, this is known as a contact size effect and will be 

discussed later. 

 

Figure 2.8. Normalised substrate stress distributions at depth z below the contact 

surface for punch-on-flat contact. 

 

2.4.  Wear 

2.4.1. Introduction 

Wear occurs when two contact surfaces moving over each other cause the 

progressive removal of particles from the surface. Bhushan and Gupta (1991) divided 
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wear into six main categories: adhesion, abrasion, fatigue, erosion, corrosion and 

electrical arc. Adhesive wear occurs when wear debris transfers from one surface to 

another. In many engineering applications, surfaces slide over each other and the 

resulting wear is associated with the presence of hard particles. This wear is called 

abrasive wear (Hutchings, 1992). It has been argued (Godet, 1984) that mechanisms 

such as adhesion and abrasion are only particle detachment mechanisms, whereas a real 

wear process should be governed by both particle detachment and elimination of wear 

particles. The concept of “third body flow” is described as the process where particles 

transport from inside the contact to outside; this takes into account the effect of the 

debris layer on wear. 

 

2.4.2.  Archard wear equation 

The Archard wear law (Archard, 1953) is the most commonly used wear law 

and it has been shown to successfully predict sliding wear across a wide range of 

material (Archard and Hirst, 1956) and loading conditions. It is based on the 

assumptions that contact between two surfaces occurs where asperities touch and that 

the true area of contact is equal to the sum of all the individual asperity contact areas. 

This area is proportional to the normal load, and it is assumed that local deformations 

of asperities are plastic (Hutchings, 1992).  

The normal load, δP, supported by a single asperity contact, which is assumed 

to be circular in plan view with radius, a, is given by: 

2apP yield   (2.22) 
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where pyield is the yield pressure for the plastically deforming asperity. Continuous 

sliding leads to the individual asperities going in and out of contact continuously. Wear 

occurs when fragments of material from the asperities detach. The volume of material 

removed by wear, δV, is assumed to be proportional to the cube of the contact radius, a. 

This implies that the shape of the wear particle is independent of its size. However, for 

the formulation of the Archard wear equation, the volume can be taken as 

hemispherical, with a radius of a. Therefore, the volume of material removed is: 

3

2 3a
V


   (2.23) 

The average volume of material worn away per unit sliding distance due to sliding one 

asperity pair through a distance of 2a (i.e. sliding the asperity pair in and out of 

contact), is given by: 
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3
   (2.24) 

where κ is the proportion of asperity contacts that give riser to wear particles. The 

overall wear volume per unit sliding distance (Q) and total normal load, P, are given 

by: 

  2

3
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  (2.25) 

 2apP yield   (2.26) 
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The factor of 1/3 is combined with the proportionality constant, giving K = κ/3, and it is 

assumed that the yield pressure of the asperities is equal to the hardness of the material, 

H, giving: 

H

P
KQ   (2.28) 

In fretting, the wear volume per unit distance slid, Q, is given by: 

H

P
K

N

V
Q 

*4 
 (2.29) 

where V is the wear volume, K is the dimensionless wear coefficient, N is the number 

of cycles and with a contact slip amplitude of * , as shown in Figure 2.1. The term 

K/H is referred to as the dimensional (units: MPa-1) wear coefficient (k).  

One limitation of this equation is that it has been shown that the Archard wear 

equation is predicated on sliding conditions and therefore, is not strictly applicable to 

partial slip conditions (Fouvry et al., 2003). 

 

2.4.3. Energy wear method 

Fouvry et al. (2003) have proposed an alternative method of predicting wear 

using dissipated energy. In this method, the interfacial shear work is considered to be 

the controlling parameter in the calculation of wear volume. The advantage of this 

method over the Archard wear equation is that the energy wear method can be used 

across a range of fretting load-stroke combinations and slip regimes (especially partial 

slip, for example). The energy wear method is described by the following equation: 
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 dEV   (2.30) 

where α is the dimensional (units: MPa-1) wear coefficient,  dE is the accumulated 

dissipated frictional energy. It can be shown that, in the gross slip regime, the Archard 

equation and energy method are equivalent for an appropriate choice of Archard 

coefficient, i.e. 


H
K  . However, the two methods do not give the same results in the 

partial slip regime unless K/H is modified to be a function of contact slip. 

 

2.5. Fatigue of metals  

2.5.1. Introduction  

ASTM (2013) defines fatigue as “the progressive, localised permanent 

structural change occurring in a material subjected to conditions which produce 

fluctuating stresses and strains at some point or points which may culminate as cracks”. 

Under fatigue loading, failure of materials can be observed at loads less than the 

monotonic yield strength of the material.  

Fatigue can be categorised into either high-cycle fatigue (HCF) or low-cycle 

fatigue (LCF), depending on the number of cycles to failure, Nf. The total life, Nf, is 

represented as the sum of the number of cycles to crack initiation, Ni, and the number of 

cycles for the crack to propagate to a detectable or critical length, NP, where Nf = Ni + 

NP. 
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2.5.2.  Fatigue mechanisms 

Metals contain numerous grains, each with its own mechanical and directional 

properties. Slip in grains has been observed under both monotonic and cyclic loading, 

but with different slip profiles; it was shown (Forsyth, 1969; Stephens et al., 2000) that 

both slip band intrusions and extrusions occur on the metal surface when it experiences 

cyclic loading. These slip band intrusions cause micro-scale stress concentrations, 

which lead to the development of cracks. It has been shown (Kennedy, 1963) that more 

slip lines occur and thicken as the number of load cycles increases for a pure 

polycrystalline nickel. It has been found that fatigue cracks grow from persistent slip 

bands (Forsyth, 1969). Fatigue cracks initiate in local slip bands followed by the two 

stages of fatigue crack growth: Stage I and Stage II (Forsyth, 1969) (see Figure 2.9). In 

Stage I, the micro-fatigue cracks tend to grow in a plane of maximum shear stress. In 

Stage II, as the cycle number increases, the fatigue cracks tend to grown along planes of 

maximum tensile stress. Finally, fracture occurs.  

 

Figure 2.9. The two stages of crack growth. 

Stage I crack growth

Stage II crack growth

Free surface
Loading direction
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2.5.3.  Stress-strain based approaches 

Wöhler (1858; 1860) was the first to carry out a systematic study on fatigue. A 

relationship between stress and fatigue life was observed; the stress range has a greater 

influence on fatigue life than the peak stress (Wöhler, 1870). From this work, S-N 

(stress Vs number of cycles to failure) curves were proposed to estimate fatigue lives; 

this S-N curve method is still used today. Goodman (1919, 1962) proposed a simplified 

theory relating the mean stress to fatigue life. Gerber (1984), Soderberg (1930) and 

Morrow (1930) proposed different relationships between the mean stress and 

alternating stress for a given fatigue failure lifetime (see Figure 2.10). The constant life 

line equations in the Haigh diagram (σa verses σm) proposed by Goodman, Gerber, 

Söderberg and Morrow are as follows: 

Goodman:      1
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where σy is the yield stress, σUTS is the ultimate tensile stress, σf is the true fracture 

stress, σe is the endurance limit for a given life, typically infinite (Nf = 106 cycles), σa is 

the alternating stress and σm is the mean stress. 
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Figure 2.10. Constant life relationship between mean stress and alternating stress for a 

given fatigue failure lifetime by different researchers.  

 

Basquin (1910) developed the stress-life approach, by observing a log-log 

relationship between stress amplitude and the fatigue life for high-cycle fatigue (HCF).  

b
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where Δσ is the stress range, f'  is the fatigue strength coefficient and b is the fatigue 

strength exponent. 

At high amplitudes of cyclic stresses and strains, low-cycle fatigue (LCF) 

becomes the dominant fatigue regime. Due to the high strains in LCF, stress is no 

longer effective to characterise the material damage. Coffin (1954) and Manson (1954)  

formulated a relationship similar to Equation (2.35) between the plastic strain 

amplitude and the number of cycles to failure.  
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where Δε is the plastic strain amplitude, f' is the fatigue ductility coefficient and c is 

the fatigue ductility exponent. 

By using Hooke’s Law to express the stress range in terms of elastic strain 

range Δεe, the Basquin and Coffin-Manson relations were combined to provide a total 

strain-life approach. Thus, the total strain range can be related to the fatigue life as 

follows:  
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where Δε is the total strain range.  

Total fatigue damage is evaluated using different fatigue indicator parameters 

(FIPs). One such FIP, the Smith-Watson-Topper (SWT), was proposed by Smith et al. 

(1970) and can be derived from (Equation (2.37). SWT is given as: 
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  (2.38) 

where σmax is the maximum normal stress in a fatigue cycle.  

The above SWT approach was developed for uniaxial fatigue cases where the 

largest principal stress is much greater than the other principal stresses. However, 

fatigue is a multiaxial problem in most engineering applications. There have been many 

efforts to develop a scientific approach to multiaxial fatigue. Brown and Miller (1973) 

first suggested the combined use of maximum shear strain range and tensile strain 

normal to the plane of maximum shear. The use of shear stress could be justified due to 
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observations that crack initiation tends to be shear driven. The strain normal to the 

plane is used due to its effect on crack propagation. 

Multiaxial fatigue is further complicated by the potential for non-proportional 

loading, such as in fretting. Under proportional loading conditions the principal stresses 

remain in constant proportion to each other, and hence the angle of the principal axes 

remains constant throughout the fatigue cycle. Non-proportional or out-of-phase 

loading results in extra cyclic hardening due to the rotation of principal axes. The 

critical plane approach was developed from the work of Brown and Miller (1973). It is 

based on the physical observation that fatigue cracks initiate and grow on certain planes 

within a material, where the crack growth and orientation depend on the normal stresses 

and/or shear stresses and strains on these planes (Shang et al., 2006). The planes on 

which most fatigue damage occurs are called critical planes. This approach overcame 

the limitations of the Brown and Miller (1973) approach with respect to the increased 

damage associated with out-of-plane loading. 

Fatemi-Socie (FS) is an alternative FIP based on strain range (Fatemi and Socie, 

1988), Δγ, and also includes mean stress effects, as follows: 
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where Δγmax is the maximum shear strain range, αFS is the normal stress sensitivity, σmax 

is the maximum normal stress, σy is the material yield stress, G is the shear modulus 

and τc, by, γc and cy are parameters similar to the ones used in the SWT equation, where: 
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  3'
fc    (2.41) 

bby   (2.42) 

cc y   (2.43) 

Both SWT and FS parameters can take crack initiation and propagation into 

account. For tensile cracking the parameter should include maximum principal strain 

amplitude for crack initiation and maximum normal stress on the plane of maximum 

principal strain amplitude for propagation. For shear cracking failure modes, the 

parameter should include shear strain amplitude for crack initiation and maximum 

normal stress on the plane of maximum shear strain amplitude for crack propagation. 

The advantage of SWT and FS as FIPs is their ability to consider the effect of 

mean stress on crack initiation and propagation. A negative or zero mean stress has a 

beneficial effect on crack growth, while a positive mean stress increases the fatigue 

damage per cycle. Another benefit of using SWT or FS is that they both include LCF 

and HCF, thus both elastic and plastic material responses are considered.  

 

2.5.4.  Fatigue crack growth 

Linear elastic fracture mechanics (LEFM) focuses on the stress required for a 

crack to grow through a structure based on elastic isotropic assumptions. It is 

impossible for engineering components to be produced with perfectly smooth surfaces 

and free from defects. However, it is possible to detect cracks of a certain measurable 

crack length. From this initial crack length, growth equations can be used to estimate 

the fatigue life of the component. The Paris-Erdogan law (Paris and Erdogan, 1963) 
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describes the log-log property of the majority of the curve shown in Figure 2.11, known 

as ‘Stage II’ growth. It is proposed that the crack growth in this region is given as: 

mKC
dN

da
)(  (2.44) 

where C and m are material constants, 
dN

da
 is the change in crack length per cycle 

(crack growth rate), a is the crack length and ΔK is the stress intensity factor, given by:  

aYK   (2.45) 

where Δσ is the stress range equal to (σmax – σmin) and Y is a geometrical factor. 

Plotted on a log-log plot, a linear relationship between crack growth rate,
dN

da

,
 

and stress intensity factor, ΔK, can be seen. However, two additional non-linear 

regimes of crack growth exist above and below Stage II crack growth (see Figure 2.11) 

(Suresh, 1998). 

Stage I crack growth represents short crack growth which occurs at a much 

faster rate than in the Paris regime (Stage II). ΔKth is the threshold stress intensity factor 

below which crack arrest occurs. Once ΔK increases beyond this threshold value, the 

rate of crack propagation increases. 

Stage II crack growth is linear and is described by the Paris-Erdogan law. It can 

be seen from Figure 2.11 that the Paris-Erdogan law cannot accurately predict the 

propagation rates for short cracks. 

Stage III occurs as ΔK approaches the fracture toughness of the material KIC, at 

which point unstable crack growth ensues, leading to sudden fracture.  
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Figure 2.11. Schematic of typical crack growth behaviour. 

 

2.5.5.  Short crack growth 

Short cracks were observed to propagate at a faster rate than long cracks 

(Suresh, 1998). The El-Haddad method (1979) of short crack growth incorporates a 

threshold crack length, ath. This threshold crack length represents the transition from 

short crack growth (SCG) to long crack growth behaviour (LEFM can be used as 

described above), as shown in Figure 2.12 (Kitagawa and Takahashi, 1976). The 

threshold crack length is calculated as follows: 
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where σe is the fatigue limit of the material and ΔKth is the threshold stress intensity 

factor for a > ath. The EL-Haddad approach is an empirical method that allows for SCG 

prediction by substituting for a in Equation (2.45) for a < ath, as follows:  

)( thaaYK    (2.47) 

 

Figure 2.12. Schematic of the Kitagawa and Takahash diagram for SCG (Kitagawa and 

Takahashi, 1976). 

 

This crack growth prediction methodology has also been implemented within a 

weight function method (Fett and Munz, 1997; Houghton et al., 2009) for mixed-mode 

cracking analysis. Researchers (Houghton et al., 2009; McCarthy et al., 2013) have 

implemented this technique in frictional contact FE models for crack growth prediction 

in fretting based on the work of Nicholas et al. (2003) who analysed crack growth for a 

rounded punch-on-flat fretting test rig. 
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2.5.6. Fracture mechanics-contact mechanics analogy 

High stress gradients are observed in Figure 2.8, these stress gradients are also 

shown to be dependent on contact size. This section will review the analogy between 

fracture mechanics and contact mechanics studied by researchers; this, in turn, provides 

a method of investigating contact size effects in fatigue life prediction. It can be seen in 

Figure 2.8 that with most highly loaded point is at the contact edge; this is the case for 

many fretting geometries. If the contact is incomplete, such as in the case of rounded 

punch-on-flat, and the most highly stressed point is at this contact edge, the normal and 

shear tractions will be zero at this point, resulting in an almost uniaxial stress state, i.e. 

only stresses parallel to the surface exist at this point (Johnson, 1985). Giannakopoulos 

et al. (1998) investigated an analogy between the stress field at the corner of a rigid 

punch-on-flat and that at the tip of an elastic crack. It was shown (Giannakopoulos et 

al., 1998) that this crack analogy model gives good correlation between life prediction 

and fretting fatigue experiments. Researchers have also made the analogy between the 

stress state at the contact edge of a rounded punch-on-flat contact and that in a notch 

(Giannakopoulos et al., 2000) (see Figure 2.13). Nowell and Dini (2003) showed that 

the stress gradients at the trailing edge of a rounded punch-on-flat contact match closely 

with the notch stress gradients over the first 100 μm for stresses perpendicular to the 

crack. Nowell et al. (2006) used short crack growth theory to show that the analogy 

between a notch and fretting contact can be used to predict fretting fatigue strength for 

different contact configurations. The method was validated against experimental results 

(Dini et al., 2006). This method also predicted the contact size effect.  
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Figure 2.13. Analogy between stresses at a contact and at a notch. 

 

The fracture mechanics-contact mechanics analogy has suggested that it is 

possible to apply traditional notch fatigue life prediction methods to fretting fatigue 

problems (Nowell et al., 2006). Three approaches suggested in the literature are (i) 

point, (ii) line and (iii) area methods (Taylor, 2001). The point method is used in 

fretting fatigue by calculating the chosen multiaxial FIP, SWT or FS, for example, at 

equally spaced points at a fixed depth below the contact surface, as shown in Figure 

2.14(a).  The line method averages the multiaxial FIP over a unidimensional critical 

depth, dc, along the critical plane direction, as shown in Figure 2.14(b). The volume 

averaging method was developed by arguing that high stresses are sustained over a 

critical volume, such as a microstructure grain. In fretting, a square element (in 2D) at 

the crack initiation site has been used as the area (or volume in 3D) to average the 

multiaxial FIP, as shown in Figure 2.14(c). Araújo and Nowell (2002) compared two 

critical plane fatigue models (FS and SWT) to predict observed experimental results for 

various cylinder-on-flat radii and contact sizes. It was shown that multiaxial FIP such 

as SWT and FS can provide an over-conservative life prediction for tests that 

experience more rapidly varying contact stress fields, i.e. smaller contact size. 
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However, the use of a critical averaging dimension, dc, of the order of grain size of the 

material can give more realistic estimates for the fatigue life across a range of contact 

sizes. This suggests that the averaging method can predict the contact size effect 

(Araújo et al., 2004; Araújo and Nowell, 2002). Sum et al. (2005) showed that mesh 

refinement (element size ≈ grain size) combined with the critical plane approach in a 

fretting finite element model can also capture stress gradient effects associated with 

different contact cylinder-on-flat sizes.  

 

2.6. Fretting 

2.6.1.  General 

Fretting occurs in a wide range of mechanical assemblies, such as 

osteosynthesis plates and screws (ASTM International, 2014), bolted and riveted joints 

(Szolwinski et al., 2000), steel wires (Cruzado et al., 2013, 2010), blade-disc dovetail 

connections in gas turbines (Ruiz et al., 1984), spline couplings in gas turbines used in 

aero-engines (Ding et al., 2007a; Leen et al., 2002) and in the pressure armour layer of 

flexible marine risers (Burke and Witz, 1995; Perera et al., 2007; Ye and Saevik, 2001). 

Examples of fretting damage are presented in Figure 2.15. A fretting fatigue crack in an 

experimental test specimen is illustrated in Figure 2.15(a), showing fretting direction, 

wear scar and debris, the crack nucleation site and the crack face (McCarthy et al., 

2013). Figure 2.15(b) shows an example of a fretting fatigue crack between teeth in a 

spline coupling (Ding et al., 2007c). 
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(a) 

 

(b) 

 

(c) 

 

Figure 2.14. Schematic of (a) point, (b) line, and (c) volume averaging methods. 
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There are three main sliding regimes associated with fretting: partial slip (PSR), 

gross slip (GSR) and mixed slip (MSR) (Vingsbo and Söderberg, 1988). The sliding 

regime depends primarily on normal load, relative displacement amplitude and CoF 

(Dobromirski, 1992). Typical fretting maps are shown in Figure 2.16 and 2.17. Fretting 

generally occurs when relative motion is less than 300 µm; above this slip amplitude, it 

is categorised as reciprocating sliding. In general, fretting fatigue (cracking) occurs in 

MSR and PSR, and fretting wear is predominant in GSR. Fretting maps (see Figure 

2.16 and 2.17)  proposed by Vingsbo and Söderberg (1988) show that fretting damage 

evolution strongly depends on slip amplitude and normal load. 

  

(a) (b) 

Figure 2.15. Examples of fretting damage in (a) a fretting fatigue specimen (image from 

McCarthy et al. (2013)), and (b) a spline coupling teeth (image from Ding et al. 

(2007b)). 

 

Figure 2.16 illustrates that there is little effect of wear in the stick region and 

since there is no relative motion, high fatigue life can be observed. Partial slip occurs as 

the slip amplitude increases. Wear remains low in this slip regime, but fatigue life 

decreases significantly due to increasing shear-traction and associated trailing-edge 
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tensile stresses, as well as surface damage. Also, low slip means that damage tends to 

be localised e.g. at the stick-slip interface or contact edges and slip zones. Material 

removal is low so that contact stresses remain high and little or no stress relief occurs. 

In gross-slip, wear becomes the predominant damage mechanism and fatigue life 

increases; this has been attributed to embryonic cracks being “worn away” before they 

nucleate to a significant length (Jin and Mall, 2004) and also due to wear-induced 

redistribution of contact stresses (e.g. Madge et al., 2008). This increase in fatigue life 

has also been shown experimentally (Magaziner et al., 2004).  

 

Figure 2.16: Schematic fretting map shows the effect of slip regime on fatigue life and 

wear rate (Vingsbo and Söderberg, 1988). 

 

Figure 2.17(a) shows the running condition fretting map (RCFM); this 

illustrates the relationship between normal load, displacement amplitude and different 
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fretting regimes. The material response fretting map (MRFM) (Figure 2.17(b)) shows 

the typical damage response for materials (Fouvry et al., 2003; Zhou and Vincent, 

1999) describing the characteristics of PSR and GSR. Cracking is observed to occur in 

PSR, with the damage taking place within the slip band and near the trailing edges of 

contact (Araújo and Nowell, 2002). In the GSR, larger frictional energy is dissipated 

and this generates more wear volume than in PSR. 

 

(a) (b) 

Figure 2.17: Schematics of (a) running condition fretting map (RCFM) and (b) the 

material response fretting map (MRFM) for different combinations of displacement 

amplitude and normal load 

 

Major efforts have been made on researching fretting fatigue and wear in 

mechanical components. The Cattaneo-Mindlin (Cattaneo, 1938; Mindlin, 1949) 

solution for partial slip (see section 2.3.3) has proved invaluable in the analysis and 

design of Hertzian contacts within engineering with respect to fretting fatigue. More 

recently researchers (Ciavarella et al., 1998; Ciavarella and Macina, 2003) have 
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developed analytic solutions for rounded punch-on-flat contact cases. However, in 

engineering, real mechanical components are often much more complex due to their 

geometry and/or loading conditions. For these components, analytical solutions do not 

suffice to solve the fretting problem; thus experimental and computational modelling 

must be considered. In some cases, experimental modelling may not be a viable option 

due to either economic or time reasons. Numerical simulation of engineering 

components experiencing fretting has become increasingly popular due to increasing 

computational power availability. Computational modelling has been used for a wide 

variety of fretting problems, such as gas turbine blade/disc dovetail joints (Papanikos et 

al., 1998), railway axles (Ekberg, 2004), riveted panels (Szolwinski and Farris, 1996), 

spline couplings (Leen et al., 2003), steel rope (Cruzado et al., 2013) and hip implants 

(Zhang et al., 2013a). 

 

2.6.2. Fretting fatigue 

There are many different fatigue damage parameters (or FIPs) (Li et al., 2015), 

such as SWT and FS parameters as previously discussed (Section 2.5.3). Fretting is a 

multiaxial fatigue problem, so that critical plane approach (Szolwinski and Farris, 

1996) is often used to predict fretting fatigue life. This approach finds the maximum 

value for a FIP over a number of different planes and thus predicts life based on the 

critical plane. Many researchers have used this critical plane approach to successfully 

predict fretting fatigue life (Araújo and Nowell, 2002; Sum et al., 2005; Zhang et al., 

2011).  

A contact size effect for fretting fatigue life prediction was observed in 

experiments carried out by Araújo and Nowell (2002) on Al4%Cu and To-6Al-4V; it 
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was observed that under nominally similar stress conditions, the fretting fatigue life 

increased as the contact width decreased. This is consistent with the previous theory 

that crack initiation is dependent on the volume of material stressed and on the stress 

gradient (Neuber, 1958). Araujo and Nowell (2002), for example, applied a volume 

averaging process on the FIP parameter (SWT and FS) to qualitatively explain the 

contact size effect observed experimentally. The length-scale of the process volume is 

comparable to the size of the material microstructure.  

Sum et al. (2005) modelled an experimental spline coupling geometry under 

complex loading conditions using elastic-plastic response with regard to fretting 

performance. They predicted partial slip under large bending moments and the 

predicted stick-slip boundary was consistent with the fretting fatigue crack locations 

from the experiments. This work showed that it is possible to capture the contact size 

effect in fretting through detailed finite element modelling. This is due to the FE 

simulation averaging the stress field over an element volume; this is similar to the 

volume averaging method implemented by Araújo and Nowell (2002). 

Fretting fatigue life prediction is related to the process by which micro-cracks 

nucleate and develop until macroscopic crack initiation. At this stage, the fretting 

fatigue crack propagation becomes more rapid and fracture mechanics can then be 

implemented. Cracks can cause local steep stress gradients; therefore, crack growth can 

be modelled using fracture mechanics as described previously (see Section 2.5.4). 
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2.6.3. Fretting wear 

As stated previously, fretting wear is the progressive material removal from 

connecting bodies. As wear takes place, the profile of the contact evolves, and thus the 

contact pressure and sub-surface stresses also evolve. Therefore, it is important to know 

the effect of wear on the fretting behaviour of a mechanical component. Figure 2.16 

shows the interaction between fretting wear and fatigue life. Contact geometry plays a 

role in fretting wear. 

McColl et al. (2004) and Ding et al. (2004) developed and experimentally 

validated an FE-based approach for fretting wear simulation (via incremental material 

removal) using the Archard wear equation (described in Section 2.4.2). This method 

was applied to a Hertzian geometry to predict the wear-induced evolution of contact 

geometry and its associated effect on contact surface and sub-surface variables, such as 

contact pressure, slip and sub-surface stresses. Key fretting phenomena due to material 

removal, such as the effect on slip amplitude on the evolution of multiaxial contact 

stresses and FIPs (SWT and FS) were predicted. (Ding et al., 2007b) developed a finite 

element model to simulate the effect of debris on fretting wear by considering the 

accumulated debris on the fretting interface as a layer structure with mechanical 

properties; this model also incorporated migration of the wear particles within the 

fretting surface. Madge et al. (2007a, 2007b) combined the Archard wear simulation 

with a finite element based multiaxial fatigue prediction to successfully predict the 

effect of fretting wear on fretting fatigue life in the elastic conditions, with 

experimental validation against Hertzian round-on-flat and rounded punch-on-flat 

fretting fatigue cases for Ti-6Al-4V. Mohd Tobi et al. (2009) used linear and nonlinear 
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kinematic hardening models to show the evolution of plastic strain effects on 

incremental plasticity during fretting wear. 

Wear coefficient calculations are normally based on experimental tests; the 

Archard wear coefficient is a function of wear volume, stroke and normal load. The 

Archard wear coefficient is found to vary depending on slip regime (gross or partial) 

and for different loads. Madge et al. (2007a) and Ding et al. (2009) have extrapolated 

the Archard wear coefficient based on experiments (Magaziner et al., 2004) and 

modified it with the cycles jumping factor numerically.  

Numerical fretting wear models have also been developed. Hills et al. (2009) 

presented a solution for long term wear for Hertzian contact. They assumed that the 

wear has proceeded for a long time so that the final modified contact is wholly adhered. 

Nowell (2010) expanded this research to focus on transient wear and presented an 

efficient numerical method based on quadratic programming which can be used to 

analyse fretting wear. More recently, Dimaki et al. (2014) presented a rapid simulation 

methodology for fretting wear based on the method of dimensionality reduction 

(MDR). A three-dimensional contact is transformed into a one-dimensional profile 

using MDR (Heß, 2013; Popov and Heß, 2014); the incremental wear in each point of 

the contact area can then be calculated using the Reye-Archard-Khrushchov wear 

criterion (Archard and Hirst, 1956; Khrushchov and Babichev, 1960; Raye, 1860). Both 

of these approaches provide alternatives to a full finite element analysis, thus is much 

less computationally expensive. 
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2.6.4. Surface damage parameter for fretting 

Surface damage has been studied by a number of researchers for different 

engineering applications such as dovetail joints between blade and disc of a typical gas-

turbine (Ruiz et al., 1984) and spline couplings (Ding et al., 2007c).  

Ruiz (1984) proposed two fretting parameters, F1 and F2, that can affect fretting 

wear and fretting fatigue, respectively. These parameters combine mechanical variables 

such as relative slip amplitude, δ, surface shear traction, τ, and sub-surface tensile stress 

parallel to the surface σ, in the form of 1F  and 2F . F2 combines a surface 

damage parameter (τδ) and sub-surface stress (σ). Based on experimental and FE results 

(Ruiz et al., 1984), a relationship between F2 and fretting fatigue life was proposed as: 

2

40

40
F

k
NN   (2.48) 

where N40 and k40 are the fatigue life and F2 parameter obtained for the 4 - 40 kN 

loading range, respectively. The F2 parameter was successful in predicting the crack 

nucleation position at the contact edge.  

The F2 parameter is a simplified parameter and does not account for the 

transition from one slip regime to another and the associated change in fatigue life 

(Ding et al., 2011). Neu and Pape (1998) found that the F2 parameter failed to observe 

that cracks tend to grow initially at an oblique angle and did not account for the local 

multiaxial stress state. From this, Vidner and Leidich (2007) developed an enhanced 

Ruiz fretting fatigue damage parameter (FFDP), with a combined energetic-multiaxial 

enhancement parameter (eFFDP), where specific frictional power was assumed to 

control fatigue damage. 
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At the same time, a modified SWT approach was developed (Ding et al., 2007c) 

which incorporates the effects of slip on crack initiation and surface wear damage, 

using a fretting fatigue damage factor, Dfret.  

Two empirical damage parameters were proposed: Dfret1 and Dfret2, given by: 

m
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fret PD


*
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1 1


  (2.49) 

where Δ* is applied displacement amplitude, P is applied normal load, δth is a threshold 

limit beyond which wear becomes dominant and there is no crack formation, and r and 

m are two further tribological constants.  
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where  C1  is an empirical estimation of enhanced possibility of crack formation 

under frictional work, τδ.
 

n

th


1  is introduced to characterise the effects of fretting 

wear. (τδ)th is the threshold limit beyond which wear becomes dominant over cracking. 

The Dfret parameter is implemented with the SWT as follows: 

freta DSWT   max
 (2.51) 

The modified SWT parameter gives more accurate predictions for fretting fatigue life 

and locations. Dfret1 shows good correlation between test data and fretting fatigue life in 

terms of the running condition of contact displacement and normal load. A linear 

relationship between Dfret1 and fretting fatigue life is presented which provides a 

reasonably quick and accurate means to estimate fretting fatigue life from running 
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conditions. Dfret2 is a more complex parameter which has the ability to capture the 

effect of relative slip on fretting fatigue life and fretting fatigue contact size effect. 

 

2.6.5.  Role of lubrication in fretting 

There are many methods for reducing friction and thus, reducing or preventing 

fretting damage and wear while still allowing relative displacement between contacting 

surfaces; these include lubrication, surface texturing or thin film coating. Different 

forms of lubrication are used for reducing fretting damage, for example, solid (powder 

graphite, polymeric film), liquid (oil) or semi-solid (grease) lubricants. Under fretting 

conditions, where slip amplitude is small, lubricant penetration into the contact can be 

limited. It has been shown (Warmuth et al., 2016) for oil-lubricated fretting that the 

concept of covered width (i.e. the width of contact which never comes out of contact 

throughout a fretting stroke) can be used to identify regimes of fretting behaviour where 

the oil is continuously replenished into the contact area to provide a protective 

tribofilm. In this work (Warmuth et al., 2016), it was argued that lubrication was only 

effective when the covered width fell to zero. McColl and co-workers (McColl et al., 

1995; Shima et al., 1997) investigated the effect of lubricant viscosity and slip 

amplitude on the lubrication process. It was shown that, for grease-lubricated contacts, 

the fretting regimes depend on pressure and the penetration of the lubricant into the 

contact zone, and hence, on the formation of a lubricant tribofilm. Zhou et al. (Zhou 

and Vincent, 1999; Zhou et al., 1998) showed that, in lubricated fretting, the higher the 

viscosity of the lubricant the slower the transition towards a low tribofilm-lubrication 

interface. It was also shown that the coefficient of friction depends on slip amplitude 

for grease-lubricated fretting: lower friction values were observed for tests carried out 
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at larger displacement amplitudes. Recently, Haviez et al. (2015) quantified the 

tribological response of grease-lubricated fretting contacts using a friction energy wear 

approach for partial slip, gross slip and near reciprocal sliding cases. It was shown that 

for grease-lubricated fretting, wear volume is mainly controlled by metal-on-metal 

contact and can be formalised using a modified effective friction work approach. 

Grease lubricant has been shown to restrict oxygen from the contact area, 

preventing oxide debris from developing (McColl et al., 1995; Wang et al., 2011). 

Fretting damage is dependent on oxygen penetration into the contact area (Wright, 

1952; Zhou and Vincent, 1999). Wright (1952) found that the concentration of oxygen 

in the air is about six times that in lubricant and that the rate of oxygen diffusion within 

lubricant is approximately proportional to the inverse of its viscosity. Neyman and 

Sikora (2008) have shown that for fretting contacts with higher viscosity lubricants, 

higher wear rates are observed. This has been attributed to the exclusion of oxygen 

from the contact, restricting the production of beneficial oxidised wear particles, which 

reduce the wear rate since wear particles are less abrasive than steel-on-steel fretting 

(Neyman and Sikora, 2008). The presence of lubricant at the fretting contact also 

hinders the escape of debris from the contact (Neyman and Sikora, 2008). 

Characterisation of grease-lubricated fretting wear behaviour can be undertaken using 

standard test methods (ASTM International, 2011, 2010). 
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2.7. Experimental characterisation of fretting behaviour 

2.7.1. Introduction 

In engineering, experimental testing is essential for the identification of relevant 

material properties, as well as calibration and validation of numerical modelling 

techniques. In this section, a review of various experimental techniques employed by 

researchers to characterise fretting will be discussed. Fretting is difficult to replicate in 

a laboratory environment due to the small displacements required to cause crack 

initiation and/or wear. Typically, two different experimental rigs are used to investigate 

fretting behaviour, i.e. fretting fatigue rigs to investigate crack initiation and fretting 

wear rigs to investigate wear.  

 

2.7.2. Fretting fatigue rigs 

Simplified test rigs are often designed to study particular loading parameters 

such as contact pressure or pad displacement. De Pauw et al. (2011) provides a review 

and classification of fretting test rigs. A schematic of fretting fatigue is shown in Figure 

2.18. A constant normal force (P) puts an indenter (pad) into contact with a fatigue 

specimen. The indenter is moved cyclically with an amplitude of Δ. Fretting fatigue 

(cracking) takes place if the resulting contact slip is typically in the partial slip regime. 

Fatigue is introduced to the specimen by an alternating bulk stress, σapp. 
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Figure 2.18. Schematic of fretting fatigue experimental set-up 

 

Initially, bridge-type fretting pads arrangements were used (Goh et al., 2006; 

Pape and Neu, 1999) to replicate fretting fatigue under lab conditions. This was due to 

the simple arrangement that could be easily adapted for different materials, pad radii, 

contact pressures and displacements. Jin and Mall (2004) used a variation of the bridge-

type arrangement, which was first introduced by Nishioka and Kenji (1972). In this 

arrangement, the fretting pad has two feet (similar to pads in Figure 2.19)) on either 

side of the specimen that are clamped in place but are not in contact with the frame or 

rig. The relative displacement in the contact zone is provided due to the larger cyclic 

displacement in the specimen relative to the fretting clamps; this leads to friction 

induced displacement at the contact. McCarthy et al. (2013) used a proving ring as the 

clamping mechanism for the fretting pads, as shown in Figure 2.19.  

Wittkowsky et al. (1999) proposed a method for calculating relative slip δ* 

using the following formula (also see Figure 2.20):  

 DCextAB  *  (2.52) 

where: 

σappσapp

P

Δ
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DCDC Ql   (2.54) 

where δAB is the displacement between A and B (see Figure 2.20), δext is the 

displacement measured by the extensometer and δDC is the compliance of the fretting 

pad fixture system. P, Q, α, S, E are the normal force, tangential force, compliance 

constant, cross-sectional area and Young’s modulus, respectively. lAB and lDC are the 

distances from points A to B and D to C, respectively.  

 

Figure 2.19. Simple schematic highlighting the fatigue specimen clamped between the 

fretting feet and cyclically loaded (σapp) within the servo hydraulic testing machine 

along with the load history (image from McCarthy et al. (2013)). 
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Figure 2.20. Representative schematic of (Jin and Mall, 2004) fretting fatigue rig. 

 

Experimental rigs have been designed to replicate loading scenarios true to 

those imposed on in-service components, such as: the combined cycling and torque of 

aero engine spline couplings (Houghton et al., 2009; Wavish et al., 2009) and dovetails 

in turbine blades (Conner and Nicholas, 2006; Golden, 2009; Golden and Calcaterra, 

2006; Golden and Nicholas, 2005; Ruiz et al., 1984). 

Kartal et al. (2011) used digital image correlation to measure displacement close 

to the contact interface in the test rig shown in Figure 2.21 (Mulvihill et al., 2011). This 

method provides whole field deformation of a surface by cross-correlating surface 

features in two slightly different images obtained before and after a load is applied 

remotely. This test rig has been used to test materials, and contact geometries such as 
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those used in the aero-space industry, turbines. This test rig was designed using D-

shaped bronze holders between two rails, which formed adjustable grips (Mugadu et al., 

2002b); this insures that the tangential force is applied along the plane of the contact 

and no rocking moment occurs in the contact region.   

 

(a) (b) 

Figure 2.21. Linear fretting test setup (Kartal et al., 2011; Mulvihill et al., 2011): (a) 

pad and specimen geometry (dimensions in mm), and (b) schematic diagram of the 

pads and specimen mounted in the testing machine (image from Mulvihill et al. (2011). 

 

2.7.3. Fretting wear rigs  

The primary purpose of conducting fretting wear tests is to identify friction and 

wear coefficients, therefore, gross slip conditions are necessary. For a fretting wear rig, 

the displacement of the fretting pads must be controlled while they are in contact with 

the specimen. Normal loading is generally applied using dead loads or a spring system. 

Different forms of actuation can be used to oscillate the fretting pads, such as 

electromagnetic vibrator force transducers (Ding et al., 2009) or magnostrictive or 
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piezoelectric actuators (Leonard et al., 2012). The tangential force is typically measured 

with a force sensor. A linear variable differential transformer (LVDT) or differential 

variable reluctance transducer (DVRT) can be used to measure the pad displacement. 

The local relative slip between the pad and the substrate is an important parameter in 

fretting life. However, as in fretting fatigue rigs, the local displacement at the contact 

surface of the specimen is different from the global applied displacement, Δ*; this is a 

result of rig compliance (Jin and Mall, 2004). The following equation has been 

developed to estimate local slip, δ* (Sabelkin and Mall, 2005):  











RIG

CoF

C

C
**  (2.55) 

where CRIG is the effect of rig compliance and CCoF is the effect of CoF on compliance. 

Fridrici et al. (2001) modified extensometer measurements with a compliance factor to 

obtain the local relative slip where a tension-compression hydraulic machine applied 

displacement to the specimen.  

Pearson (2013) developed a gross-slip fretting wear test rig for cylinder-on-flat 

test specimen pairs with tangential displacement applied using an electromagnetic 

vibrator (EMV) and a dead weight normal load, as shown in Figure 2.22(a - b). This 

test rig has the capacity to test at elevated temperatures, up to 650⁰C (e.g. Pearson, 

2013; Warmuth et al., 2016), this is ideal for testing of high-temperature components, 

such as spline couplings. Researchers using this rig (e.g. Lemm et al., 2015) typically 

define the contact slip, δ*, from fretting loops, as the measured the displacement at zero 

force, as illustrated in Figure 2.22(c). 

Fouvry et al. (e.g. 1996) developed a fretting wear test rig that can test in PS, 

MS and GS regimes, as illustrated in Figure 2.23. This allows for fretting behaviour of 
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materials to be studied based on a fretting map approach. In this work, local contact 

displacement is estimated using the following equation: 

)()()( tCQtt   (2.56) 

where C is the system compliance determined by subtracting the theoretical contact 

compliance from the measured compliance, as described by Fouvry et al. (1995). 

 

(a) 

  

(b) (c) 

Figure 2.22. (a) Illustration of the main components of the fretting apparatus used in 

this study (Pearson, 2013), (b) crossed cylinder-on-flat specimen configuration often 

utilised in fretting tests, (c) idealised fretting loop indicating maximum local contact 

slip, δ*. 
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(a) (b) 

Figure 2.23. (a) Fretting maps; running condition fretting map (RCFM); material 

response fretting map (MRFM) (Heredia and Fouvry, 2010), (b) fretting wear setup 

used by Fouvry et al. (e.g. 1996, 1995), (image from Heredia and Fouvry (2010)). 

 

2.8. Flexible marine riser technology 

2.8.1. Modelling of flexible marine risers 

The introduction of flexible marine risers to the oil and gas industry has allowed 

for hydrocarbon extraction at higher pressures and deeper waters that the alternative 

rigid steel risers. The complex cross-sectional design of flexible risers give them a 

much lower bending stiffness than rigid structures, this leads to increased ability to 

undergo large deformations due to sea current loadings, vortex-induced-vibrations 

(VIV), motions of the FPSO and during installation. However, the complex design of 

flexible risers also leads to difficulty in the analysis of the structure under these loading 

conditions. Efficiency and accuracy are required in calculating the structural response, 
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as well as energy dissipation due to frictional slip between layers, the hysteretic 

response and the fatigue damage. There are currently two methods of riser analysis, 

namely, analytical and finite element models. 

Analytical models have the benefit of being relatively efficient, however, often 

are limited to a particular range of applications due to simplifying assumptions made 

during their formulation. Féret and Bournazel (1987) developed a theoretical model to 

calculate the stresses and contact pressures between layers due to asymmetrical loads 

and also, the stresses and relative slip between layers due to bending. This model 

assumed small displacements and strains and that the layers remain in contact 

constantly, with a constant interlayer contact pressure. Harte and McNamara (Harte and 

McNamara, 1993; McNamara, 1992) developed an analytical model composed of 

individual isotropic and orthotropic layers, each with a unique stiffness for bonded 

risers. The total stiffness matrix for the whole model was calculated by the summation 

of all the stiffnesses. The model was designed to give detailed deformations and 

stresses in various layers so that wear, slip, rupture and debonding may be estimated. 

However, this model does not include contact or frictional effects. Witz and Tan 

(1992a, 1992b) researched the axial-torsional and flexural structural behaviour of 

flexible risers assuming frictionless contact between layers. It was found (Witz and 

Tan, 1992b) that the lay angle of helix layers is critical to the risers resistance to “Bird-

caging” and that the lay angle has a significant influence on the axial-torsional load-

displacement relationship. “Bird-caging” is failure that occurs when tensile armour 

layers buckle radially, usually due to compressive axial loading of the riser, and layer 

separation occurs. This work was then extended (Witz and Tan, 1992a) to investigate 

the flexural behaviour of marine cables, umbilicals and flexible risers. It was shown 

that the flexural response of these structures is dominated by relative movement 
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between layers once a critical curvature is exceeded. They presented a hysteretic 

bending moment-curvature relationship for generic flexible structures.  

MCS International (now Wood Group), developed a finite element package 

(Flexcom) to analysis offshore structures under dynamic loading. A general finite 

element solution for problems involving articulated offshore loading towers and 

attached mooring arms was presented by Haverty et al. (1982). This solution could be 

extended for other applications. McNamara and Lane (1984) presented an efficient 

method for the analysis of the linear and non-linear static and dynamic motions of 

offshore systems. This method was based on the FE approach using convected 

coordinates for arbitrary large rotations and includes loads such as buoyancy, gravity, 

random waves, currents, ship motions and Morison’s equation. This was later extended 

to the 3D frequency domain computational dynamic analysis of deep-water multi-line 

flexible risers (McNamara and Lane, 1992). Lane et al. (1986) found excellent 

agreement between results from time domain and frequency domain finite element 

programs, showing that frequency domain is a reliable and accurate technique for a 

broad range of applications. More recently, advanced frequency domain analysis of 

SCR (steel cantenary riser) fatigue (Lane et al., 2001) and CALM (cantenary anchor leg 

mooring) buoys offloading system (Lang et al., 2005) is compared to time domain 

results with a high level of accuracy.  

O’Brien et.al (1988) presented a 3D finite element model of marine risers, 

pipeline and offshore loading towers based on the separation of the rigid body motions 

and deformations of elements under conditions of finite rotations. The finite element 

model was validated against independent calculations for the case of a vertical 

cantilever under bi-directional loading and axial torque. Computational efficiency and 

accuracy was achieved through a single-step implicit time integration operator with a 
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variable increment size and by assuming an equivalent single layer representing all 

layers of the riser. McNamara et al. (1988) developed a method for the static and 

dynamic analysis of flexible risers and pipeline in the offshore environment under large 

displacement due to wave and vessel motions. A hybrid beam element formulation was 

developed where axial force is combined with the corresponding axial displacements 

via a Lagrangian constraint. In the same year, McNamara and O’Brien (1988) also 

presented a review of flexible marine riser design process including static and dynamic 

analysis. Newly defined measures of beam deformations (O’Brien et al., 2002) to 

provide precise measure of rotation deformation to convected axes have been 

developed; these new terms do not assume that the deformation rotations behave as 

vectors, as assumed in previous models. This development increased the robustness of 

the analysis technique, allowing for larger time steps with rapid convergence. The issue 

of accuracy of finite element for flexible beams undergoing extreme states of 3D finite 

displacements and rotations, i.e. during installation of flexible pipe, severe operational 

loading conditions or emergency deployment situations, was addressed by O’Brien et 

al. (2003). Smith et al. (2007) developed a state-of-the-art bending hysteresis model as 

part of an analysis tool to allow inherent over-conservatism in design procedures to be 

removed, resulting in safe use of lower-cost solutions. Connaire et al. (2015) used the 

method of convected coordinates, Euler-Bernoulli beam theory, the principal of virtual 

work and finite element method to develop two quasi-rotation measures. These 

measures allow for accurate definitions of coupled axial, bending and torque response 

for beams with significant deflection. This allows for the accurate FE analysis of subsea 

risers with computationally sensitive load cases and highly non-linear loading regimes 

using fewer elements compared to alternative solutions.  
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From this work, other finite element programs were also developed. DeepRiser 

is a FE analysis based on non-linear hybrid beam finite elements; the software can 

accurately model contact between risers and lateral hull guides (Lang et al., 2001). FE 

results have been compared to full-scale offshore measurements (Lang et al., 2001). 

The FE results were shown to have reasonable agreement with the measurements and 

areas of response sensitivity in the software were highlighted. The advancements made 

in computational efficiency and accuracy has allowed for the development of on-board 

operational guidance technology to be developed. Riser management system 

incorporates advanced FE models of the riser system, coupled with measured riser 

response data to predict the operational envelope for the vessel under the prevailing 

metocean conditions in pseudo-time (Lang et al., 2006). Lang et al. (2007) presented an 

on-board simulation tool designed for use on dynamically positioned drilling rigs that 

can be used to plan deployment or retrieval and drift running operations. 

Other researchers have focused on developing local riser FE models using 

existing commercial finite element packages, such as Abaqus. For example, simplified 

finite element models have been presented to investigate failure mechanisms such as 

burst (Neto et al., 2013) dry and wet collapse (Neto, 2015, 2011; Neto et al., 2016) and 

failure due to crushing loading (Malta et al., 2013). 

 

2.8.2. Experimental testing of risers 

Risers and their materials are tested by the manufacturer prior to installation of 

the riser in an offshore environment. These tests include global and local strength, 

fatigue capacity and material corrosion (DNV, 2003). Damage detection, such as 

rupture and leakage, is also used to identify failure modes. Testing and monitoring of 
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the riser’s integrity also take place during operation (Myren, 2007). The majority of 

experimental testing in the literature is fatigue testing, focusing in particular on the 

tensile armour layers and welded joints. Osawa et al. (2013) developed a fatigue testing 

machine for fatigue testing on welded joint specimens subject to wave loading with 

high-frequency vibration. Saevik (2011) describes the MARINTEK full-scale test rig to 

investigate dynamic stresses and fatigue in flexible marine risers. The test rig applies 

tension loading via a hydraulic cylinder and bending moment via two further hydraulic 

cylinders. De Sousa et al. (2012) presented an experimental program to analysis the 

fatigue performance of a 6 inch flexible riser with broken tensile armour wires. It was 

found that increased number of broken wires (up to 5) significantly reduces the fatigue 

life of the pipe. Researchers (Clarke et al., 2011; Jacques et al., 2010) applied non-

destructive testing techniques to a flexible riser in a full-scale dynamic loading test, as 

shown in Figure 2.24. One of the techniques used was readings from optical fibre 

sensors based on Bragg gratings (Figure 2.24(b)) and acoustic emission for direct 

comparison. 

Perera et al. (2007) performed fretting tests on pressure armour specimens. 

These tests consisted of two interlocked pieces of profiled pressure armour wire 

subjected to axial stress, which represented hoop stress; the nub-groove contact was 

pressed together with a controlled normal pressure and controlled tangential 

displacement was applied to the specimen. 
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Figure 2.24. (a) Schematic drawings of the test frame with riser assembly and actuator 

and (b) photograph of test setup showing several NDT techniques including acoustic 

emission and optical fibre Bragg grating (image from Jacques et al. (2010)). 
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2.8.3. Fretting in flexible marine risers 

Løtveit and Bjaerum (1994) identified fretting of the pressure armour wire as a 

potential failure mode for flexible marine risers. The problem of fretting in the pressure 

armour layer of flexible marine risers was presented by Burke and Witz (1995) at an 

industrial conference. Here, the problem of contact mechanics, frictional contact and 

wear were highlighted as areas that required further research. To the author’s 

knowledge, Perera et al. (2007) were the first to investigate fretting in the pressure 

armour layer of flexible marine risers, plotting contact pressure distributions and 

experimentally characterising the fretting behaviour. This research described a full-

scale experimental test program on pressure armour layer nub-groove contacts. These 

experiments showed that it was possible to generate fretting in the pressure armour 

samples under certain conditions (high normal load and low displacement amplitude). 

Fretting cracks initiated at the contact edges, where high contact pressure was 

predicted. Significant surface damage due to wear was also observed for gross slip 

cases. However, Perera et al. (2007) concluded that the issue requires further 

investigation. Since then little or no research has been published on this aspect of riser 

design. 

2.9.  Summary and conclusions 

The literature on fretting is quite extensive, with a sizable proportion of 

developments in this literature developed during investigation into fretting of specific 

components, such osteosynthesis plates and screws, bolted and riveted joints, steel 

wires, blade-disc dovetail connections in gas turbines and spline couplings in gas 



Chapter 2: Literature review 

69 

turbines used in aero-engines. Researchers have developed numerical and 

computational techniques to predict the fretting wear and fatigue performance of 

frictional fretting contacts. Experimental rigs have been developed to investigate 

fretting fatigue and tribological (friction and fretting wear) behaviour of materials. 

These computational and experimental methods can be adapted for investigation into 

the fretting behaviour of various contacts, such as nub-groove contacts in flexible 

marine risers. Various methods of modelling flexible marine risers and experimental 

fatigue testing to identify fatigue behaviour of risers have been discussed in this 

chapter. However, there is a notable shortcoming in the literature in relation to 

investigations into fretting in the nub-groove contact of the pressure armour layer in 

flexible marine risers. The following highlights these shortcomings and outlines how 

this thesis will address these specific gaps in the current literature. 

A significant amount of work has been carried out to date on fretting of 

simplified contacts, such as cylinder-on-flat revealing a significant effect of loading 

conditions on the slip regime and hence, on predicted wear and life of a component. 

The framework proposed in Figure 1.4 outlines the fundamental requirements to 

incorporate such effects within a fretting design tool, namely: 

• Identification of the relevant fretting geometry of the nub-groove contact

within the pressure armour layer, 

• Determination of key tribological (friction, wear) and mechanical (yield

strength, ductility, fatigue) parameters via experimental analysis of 

pressure armour material under realistic loading conditions, 
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• Development of representative nub-groove contact finite element models 

for partial- and gross-slip conditions and investigation into the contact 

pressure, slip and substrate stresses of the fretting contact, 

• Implementation of a combined wear-fatigue finite element model to 

determine the influence of loading conditions on wear and hence, on 

predicted fatigue life of the nub-groove contact.  

• Development of an analytical fretting wear and fatigue design tool. 

As different loading conditions can result in significantly different damage 

mechanisms, and hence, predicted lives as shown in Figure 2.16 and 2.17, there is a 

need to develop an understanding of the loading conditions on the pressure armour 

layer and in particular on the local nub-groove contact. This will facilitate 

representative material testing and hence, accurate simulation of fretting in the nub-

groove contact. To date, no research has investigated the effect of global riser dynamic 

loading conditions on the local nub-groove fretting wear and fatigue behaviour of the 

pressure armour material. Building on the current literature for other components, this 

gap will be bridged by the development of a fretting wear-fatigue modelling framework 

for the accurate prediction of pressure armour layer fretting service life in flexible 

marine risers. 

There has been relatively little research on the fretting performance of pressure 

armour material, hence it is necessary to characterise the fretting performance of the 

material experimentally. For the first time, a suite of laboratory experiments will be 

conducted on pre-service and representative pressure armour layer material. This will 

require the dissection of a section of pre-service riser for extraction of pressure armour 

material, design of test specimens from the formed material, characterisation of 
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chemical composition of the material and identification of representative material. 

Monotonic tensile and low-cycle fatigue testing will be carried out on the pre-service 

material. Dry and grease-lubricated fretting wear tests will be conducted, using a well-

established test rig, on representative pressure armour material. Further fretting wear 

tests will also be conducted on pre-formed pressure armour material on a newly 

developed fretting wear test rig. The test program will provide relevant critical 

parameters, such as coefficient of friction, wear coefficient and fatigue parameters to be 

used in computational models. 

As it can seen from the review of the literature on modelling of flexible marine 

risers, there is a need within the industry for computationally efficient modelling 

techniques that can provide significant accuracy for the analysis of risers. Therefore, a 

fretting design tool will be developed that is, (i) computationally efficient, (ii) robust 

for use with various contact geometries and loading conditions, and (iii) accurate. This 

thesis will outline the step-by-step approach to the development of a design 

methodology and fretting design tool for the pressure armour layer of flexible marine 

risers. 
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Chapter 3: Design of fretting test rig 

3.1. Introduction 

In this chapter, a review of fretting rig design is discussed, the requirements for 

a new test rig are outlined and the development of a new fretting rig is presented. A 

variety of novel experimental fretting test rigs have been developed to investigate the 

variables that affect fretting behaviour. A fretting rig must be able to: 

i. Apply a fixed normal load as a clamping force between specimens.

ii. Apply a (typically) controlled (unidirectional) micro-scale reciprocating

tangential displacement (or force) between the specimens, with the 

superimposed normal load. 

iii. Be capable of high frequency testing, in order to allow large numbers of

fretting cycles in reasonable time frame. 

Some rigs have been designed to allow real time control of the normal load, 

tangential displacement and frequency (Fouvry, 2001; Kartal et al., 2011); high-

temperature fretting tests and humidity controlled tests have also been developed 

(Pearson, 2013). 

In addition to the mechanical requirements for the design of fretting test rigs, 

the test rig must be capable of measuring and recording the cyclical variation of: 
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i. Displacement at the contact (or as close to the area of contact as 

possible). 

ii. Tangential force. 

The sampling frequency of these measurements must be large to provide high 

resolution hysteresis fretting loops (see figure 2.1), which are used to identify fretting 

parameters, such as friction and energy dissipation.   

 

3.2. Review of fretting wear rig designs 

 Specimen geometry and alignment 

There are no standards for fretting test rigs design, therefore, researchers have 

developed a variety of test rig designs. A variety of fretting contact geometrical test 

configurations have been previously developed. These can be divided into three basic 

categories: point contacts (e.g. sphere-on-flat), line contacts (e.g. cylinder-on-flat) and 

complete contacts (e.g. flat-on-flat) (see Figure 3.1). A rounded flat-on-flat geometry is 

often investigated in fretting tests also (e.g. Mulvihill et al., 2011), this contact is not 

defined as a line or a complete contact. Each of these cases has benefits and drawbacks 

with respect to fretting wear characterisation. Fouvry and co-workers (Fouvry et al., 

2009; Merhej and Fouvry, 2009) have demonstrated that the wear coefficient is 

dependent on the radius of curvature for cylinder-on-flat and sphere-on-flat 

unlubricated fretting.  
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(a) (b) (c) 

Figure 3.1. Diagram of the three main types of experimental fretting contacts, (a) point 

contact, (b) line contact, and (c) complete contact. 

 

A point contact can be either a sphere-on-flat (Figure 3.1(a)) or crossed cylinder 

geometry. The point contact is a widely used geometry throughout the literature  (Barril 

et al., 2002; Bill, 1983; Hamdy et al., 1981; Johnson, 1955; Leonard et al., 2012; Marui 

et al., 1998; Mohrbacher et al., 1995; Ramesh and Gnanamoorthy, 2006; Söderberg et 

al., 1986; Tomlinson et al., 1939; Tomlinson, 1927). The major advantage of this 

geometry is the natural self-alignment behaviour of a point contact; this simplifies the 

test design and also improves the repeatability of tests. The elastic contact surface and 

substrate stresses in the unworn geometry can be defined using analytical solutions 

developed by Hertz (1882), Cattaneo (1938) and Mindlin (1949) (see Chapter 2 Section 

2.2). However, as wear develops the contact becomes three-dimensional, increasing its 

complexity and making it more difficult to analysis and, therefore, interpret.  

A common line contact fretting test geometry is a cylinder-on-flat geometry 

(Figure 3.1(b)). Although not as widely used as the point contact, there are numerous 

examples of test rigs that employ this geometry configuration (Barril et al., 2002; 

Fouvry, 2001; Halliday, 1956; Halliday and Hirst, 1956; Iwabuchi, 1991; Lemm et al., 

2015; Leonard et al., 2012; McColl et al., 2004; Mugadu et al., 2002; Pearson, 2013). 

(a) (b) (c)
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Similar to the point contact, the elastic surface and sub-surface stresses can be found by 

using analytical solutions (Cattaneo, 1938; Hertz, 1882; Mindlin, 1949). A line contact 

theoretically, maintains its two-dimensional nature, in the direction of the line contact 

(i.e. across the specimen width) as a wear scar develops, making the evolving contact 

less complex to analyse compared to a point contact. Also, profilometry of a wear scar 

from a line contact is easier that other specimen geometries, since no corrections for 

specimen geometry are required for the flat specimen.  

An example of a complete contact (Figure 3.1(c)) is a flat-end punch pressed 

against a flat substrate in perfect alignment. Such a contact is representative of many 

engineering applications contacts, such as shaft-hub connections (Shen et al., 2013), 

and some types of riser nub-groove geometries (Saevik and Ye, 2009); however, there 

are significant alignment challenges associated with these types of geometries. Even so, 

there are many examples of researchers utilising such contacts in experimental test rigs 

(Aldham et al., 1985; Barril et al., 2002; Kartal et al., 2011; Leonard et al., 2012; 

Mulvihill et al., 2011; Ohmae and Tsukizoe, 1974; Tomlinson et al., 1939; Uhlig et al., 

1953; Varenberg et al., 2002; Wavish et al., 2009). 

 

 Drive line and reciprocating displacement 

Two main types of reciprocating displacement have been used in fretting rigs, 

namely (i) rotational, (ii) linear. Rotational fretting rigs were commonly used in early 

fretting rigs (Halliday, 1956; Halliday and Hirst, 1956; Johnson, 1955; Tomlinson, 

1927; Tomlinson et al., 1939; Uhlig et al., 1953). For this set-up the contact 

displacement is a function of radial distance from the centre of the contact; Waterhouse 

(1922) claimed that this allows for tests to be conducted at different displacement 
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amplitudes simultaneously. The main advantage of a rotational fretting rig is that once 

the axis of rotation is defined, (large) input displacement amplitudes can be reduced to 

fretting scale motions using a lever arm mechanism; similarly contact displacement 

measurements can be amplified to measurable levels. This was a major advantage prior 

to the introduction of highly accurate micro-nano scale sensors. However, a 

disadvantage of using rotational displacement is that the center of rotation will have 

zero angular displacement amplitude. Rotational fretting rigs can also be implemented 

in an attempt to approximate linear displacement, as shown in Figure 3.2. This is 

achieved by using a large radius of motion in relation to the contact displacement 

amplitude.  

 

(a) (b) 

Figure 3.2. (a) Schematic of apparatus used by Johnson (1955). Normal load is 

provided by dead weight, W. Static shear forces are applied by strings T . Oscillating 

shear forces are applied by torsional vibration of the disk I and the displacements 

measured by the pick-up P and amplifier A, (b) Ball (B) on flat (F) specimen 

configuration in the test rig. 
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For linear fretting rigs, the reciprocating displacement is typically provided by a 

linear actuator. In a similar manner to rotational fretting rigs, the linear motion must be 

constrained using a bearing or a joint. However, joints can be vulnerable to fretting 

damage, e.g. they may have a tolerance of similar magnitude to the applied fretting 

displacements. In order to ensure no out-of-plane motion takes place, ball bearings 

(Antler, 1982; Budinski, 1982), non-contacting hydrostatic-bearings (Kennedy et al., 

1982) and flexible vanes (Lemm et al., 2015; Pearson, 2013) have been used. Flexible 

vanes have been shown to easily introduce unexpected and undesirable degrees of 

freedom to a test rig, due to their compliance in directions other than the primary 

direction of flexure (Berthier et al., 1988).  

Numerous methods of generating reciprocating motion can be found in the 

literature. The primary method of providing rotational motion is a cam and electric 

motor configuration (Budinski, 1982; Colombié et al., 1984; El-Sherbiny and Salem, 

1982; Smallwood et al., 1988; Uhlig et al., 1953; Varenberg et al., 2002). Tests can be 

conducted at a range of displacement amplitudes simply by changing the cam used for 

each test. There are a variety of methods of producing direct linear motion for fretting 

tests, including electromagnetic vibrators (EVMs) (Halliday, 1956; Hamdy et al., 1981; 

Iwabuchi, 1991; Lemm et al., 2015; Pearson, 2013), magnetostrictive vibrators 

(Vingsbo and Schön, 1993), hydraulic rams (Aldham et al., 1985; Kusner et al., 1982), 

oscillating lead screws (Antler, 1982; Bailey et al., 1954) and piezoelectric stacks 

(Barril et al., 2002; Leonard et al., 2012; Marui et al., 1998; Söderberg et al., 1986). 

The primary benefit of a source of direct linear motion is the reduced number of 

linkages required to control the motion compared to rotational motion; this can allow 

for active control of the displacement throughout the test. 
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 Applying normal loading 

There are three primary methods of applying normal loading during a fretting 

test: 

(i) Dead-weight: this is the simplest form of applying a constant normal 

load during testing. Some samples of dead-weight loading used in 

fretting risers can be found in the literature (Hamdy et al., 1981; Lemm 

et al., 2015; Marui et al., 1998; Pearson, 2013; Tomlinson, 1927; 

Varenberg et al., 2002). Figure 2.18 shows an example of dead-weight 

normal loading (Pearson, 2013). 

(ii) Hydraulic methods: hydraulic mechanisms for applying normal load are 

widely used (Aldham et al., 1985; Fouvry, 2001; Kartal et al., 2011; 

Mugadu et al., 2002; Mulvihill et al., 2011; Uhlig et al., 1953). This 

methodology allows for control of the load and also, for testing at high 

normal loads. However, the use of hydraulics to apply normal load 

during fretting tests requires pressurised fluid, which can be a source of 

faults and break-downs. Figure 2.21 shows an example of hydraulic 

normal loading (Mulvihill et al., 2011). 

(iii) Spring loaded: An example of the use of springs to apply normal loading 

is the use of a proving-ring (as shown in Figure 2.19); this is common in 

fretting fatigue test rigs (McCarthy et al., 2013). Examples of spring-

loaded normal loading in fretting wear test rigs can be found in (Barril et 

al., 2002; Kusner et al., 1982; Tomlinson et al., 1939). One problem 

with the use of springs, is that as a wear scar develops and evolves, the 
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load will decrease. Therefore, it may not be possible to achieve a 

constant load during fretting wear.  

 

3.3. Requirements for new fretting test rig 

A cylinder-on-flat fretting fatigue test rig was previously developed by 

McCarthy et al. (2013), using a proving-ring mechanism to apply normal load, with a 

bulk fatigue stress applied to a dog-bone test specimen using the Instron Servo-

hydraulic machine in NUI Galway (as shown in Figure 2.19). Fretting pads as indenters 

on the dog-bone test specimen were used to represent fretting fatigue conditions. 

However, this test rig did not allow for local (close to the contact) displacement to be 

measured since no extensometer or DVRT was used. Also, little wear was observed in 

the specimens. Hence, wear tests were carried out using a tribometer (Zhang et al., 

2013). This test rig allowed for testing of a ball-on-flat specimen under normal loads of 

up to 10 N and reciprocating tangential displacements of ± 2 mm. For tests conducted 

at 2.25 Hz, the data acquisition was 35 Hz (Zhang, 2013); this implies that there were 

only 15 or 16 data points per cycle. This test set-up is not a fretting test, since the 

tangential displacements are too high, the normal loads are low and the data acquisition 

is not sufficiently accurate.  

Hence, there was a requirement for development of a fretting wear test rig to 

provide an experimental capability at NUI Galway for fretting testing of pressure 

armour wire of flexible risers and for other more fundamental fretting research. The 

following features were considered essential for the new fretting rig design: 
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1. Controlled oscillating contact displacements of the order of 

micrometres. 

2. Normal applied load to achieve contact pressures of 500 MPa to 1500 

MPa to represent typical engineering applications of interest, using dead 

weight loading since it has been proven to be reliable. 

3. Ability to control the frequency of the tests. 

4. Closed loop control of the applied displacement amplitude. 

5. The data acquisition for displacement and force measurements must be 

sufficient to get reliable fretting loops at high operating frequencies (up 

to 20 Hz). 

6. The data must then be stored in a format that is easy to process using 

standard common desktop software including, MS Excel, Fortran, 

MatLab, DIAdem, for example. 

For the purpose of designing a new fretting rig in NUI Galway, a linear drive 

line has been chosen, with a piezoelectric actuator to provide the linear motion. The 

normal load will be applied using a dead load, for simplicity and proven track record. 

The specimen geometry selected for the new design will be crossed cylinders initially, 

since there are less alignment issues associated with crossed-cylinders specimen 

compared to other possible geometries, but the specimen connection will be designed 

so that alternative geometries can be investigated also. 
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3.4. Development of new fretting rig 

 Design 

A new fretting test rig was designed and developed to measure coefficient of 

friction and quantify fretting behaviour of materials. Figure 3.3 and 3.4 are schematics 

of the newly designed fretting rig in NUI Galway with the main rig components 

labelled. The main components include a linear drive line with a piezoelectric actuator 

to produce reciprocating displacement and a collet to fix the test specimen in place, 

dead weight normal loading and displacement (DVRT) and force sensors connected to 

a PC via a data acquisition unit. The following sections will provide a description of 

these components. 

 

Figure 3.3. Design of fretting rig, without dead weights. 
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Figure 3.4. Fretting rig with dead weight normal load applied, zoom in on piezoelectric 

actuator and force sensor. 

 

 Drive line and actuator 

Based on the expected displacements in the nub-groove region of flexible 

marine risers, a linear drive line was chosen for this new test rig. This allows for testing 

of pressure armour material under realistic testing conditions. This set-up also limits the 

number of connections along the drive line, and therefore, fewer areas in the rig where 

fretting can take place. Using a linear drive line also allows for greater control of the 

applied displacement. 

The actuator used to produce the reciprocating displacement is an amplified 

piezoelectric actuator manufactured by Cedrat Technologies (part no. APA40SM). The 

principle of a piezoelectric actuator is based on the deformation of a ceramic stack 

caused when the stack is electrically charged. The ceramic stack is aligned along the 

major axis of the actuator (see Figure 3.5(a)). A small displacement of the major axis 

then creates a large displacement along the minor axis (as shown in Figure 3.5(a)). This 

actuator can operate under high forces (up to 172 N blocking force) and low 

displacements (stroke of ± 15 μm) with high resolution (in the range of nm) and has a 
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predicted life greater than 1010 cycles.  The resonance frequency of the actuator is 4100 

Hz. These properties, in particular, low stroke, make the piezoelectric actuator ideal for 

use in a fretting rig. The actuator is driven using a linear amplifier (LA75A) (see Figure 

3.5(b)). The linear amplifier is designed to drive capacitive loads like piezoelectric 

actuators with extremely low noise. A strain gauge sensor (SG75-1) was included with 

the actuator to provide closed loop feedback along with a PID (Proportional, Integral, 

Derivative) controller (UC45), explained later in Section 3.4.6.  

  

(a) (b) 

Figure 3.5. (a) Piezoelectric actuator (APA40SM) with strain gauge sensor (SG75-1) 

and (b) Linear amplifier (LA75A) and strain gauge signal conditioner. 

 

A linear bearing was used to carry the weight of the driving shaft, and allows 

accurate, low-friction linear relative movement, thereby minimising bending of the 

actuator. The linear bearing used is self-lubricating and therefore, causes minimal 

additional frictional force during testing.  
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 Specimen and normal load application 

A crossed cylinder configuration has been implemented in this design. This 

configuration has less alignment problems compared to alternative specimen 

geometries discussed previously (Section 3.2.1). The crossed-cylinder configuration 

consists of two stationary cylindrical specimens (top and bottom) and one reciprocating 

cylindrical specimen (middle) (see Figure 3.6). Therefore, there are two pairs of wear 

scars per test. The bottom stationary specimen is clamped to the base of the test rig; the 

top stationary specimen is clamped to the loading platform. The middle, reciprocating 

specimen is held in the rig using a collet that is attached to the drive shaft. The 

reciprocating specimen can be modified to allow for cylinder-on-flat tests. 

 

Figure 3.6. Photograph of crossed-cylinder specimen and dead weight normal loading. 

 

Normal load is applied to the specimen using dead weights on the loading 

platform. The loading platform slides on four posts and bushings; these bushings 

prevent lateral motion during the fretting tests (see Figure 3.6).  
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 Displacement measurement 

The displacement can be measured at two points in the test rig: (i) at the 

actuator, from strain gauge (SG75-1) readings, and (ii) at the free end of the 

reciprocating specimen from a highly accurate DVRT (Differential Variable Reluctance 

Transducer). Since the location of the DVRT measurement is closer to the contact than 

the strain gauge, it provides more accurate measurement of contact displacement and 

therefore, is used for postprocessing analysis. The DVRT is clamped in place during the 

tests with the spring-loaded tip touching the free end of the specimen. The DVRT must 

be powered on 20 minutes prior to testing taking place, to allow for signal stabilisation. 

A polynomial fit for sensor output (x) in volts versus displacement (Δ) in μm has been 

derived from calibration of the DVRT (Equation (3.1)). This polynomial fit gives an 

error of less than 0.1 μm in the displacement measurement (see Appendix A for 

calibration certificates).  

655

432

000346283.000626209.0448693.0

60274.117884.36586.3629.10311.255

xxx

xxxx




 (3.1) 

A graphical representation of this relationship is shown in Figure 3.7. This has been 

incorporated into the programming system used for data acquisition explained later. 

Calculations were conducted to ensure that the operating frequency would not 

cause lift-off of the DVRT arm tip (i.e. lose contact) from the specimen due to the 

increased inertia of the DVRT arm. Assuming a sinusoidal displacement profile, the 

DVRT will remain in contact with the reciprocating specimen at frequencies lower than 

the critical frequency of, ωcrit: 
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*

*






m

kTs
crit  (3.2) 

where k is the spring stiffness of the internal spring in the DVRT, taken here as 1.5 × 

10-2 Nm-1, Δ* is the displacement amplitude (15 μm), m is the mass of the arm tip of the 

DVRT, taken here as 0.004 kg and Ts is the pre-load force (1 N) in the DVRT spring at 

the zero position. The critical frequency for lift-off of the DVRT is ~250 Hz, which is 

far in excess of the test frequencies expected for the rig, thus precluding DVRT arm tip 

lift-off. 

 

Figure 3.7. Relationship between DVRT sensor output in volts and displacement, as 

described in Equation (3.1). 

 

 Tangential force measurement 

A dynamic (piezoelectric) force sensor is mounted on the drive line to measure 

the tangential force due to the actuator. The resolution of the sensor is 0.0311 N, with a 

maximum force in compression of 4448 N and a maximum force in tension of 222 N. 
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The force, Q, is linearly proportional to the sensor output, x, as follows (see Appendix 

A for calibration certificates): 

xQ 023.0  (3.3) 

One disadvantage of using a piezoelectric force sensor is that it is not able 

measure static loads. This is due to the nature of the sensor, i.e. a change in force is 

required to produce a signal from the sensor. The time constant for the force sensor 

used here is 5 s; this makes the piezoelectric sensor suitable for quasi-static loading in 

the newly designed fretting rig i.e. no constant force is expected for greater than 5 s 

during fretting testing. This gives a minimum operational frequency of approximately 

0.1 Hz.  

It can be seen from Figure 3.3 that the force sensor is located behind the 

actuator; therefore, the force measured by the sensor is the reaction force from the 

actuator. The force sensor also measures an additional inertial force (FI) due to the 

acceleration of the mass of the moving components (m). 

maFI   (3.4) 

here m is known to be 1.1 kg. The acceleration can be calculated from the operating 

frequency (2 Hz) and displacement amplitude (15 µm). This gives an inertia force of < 

1.85 N; this is accounted for in the postprocessing stage. The calculation of the inertial 

force has been validated via zero contact force tests. In addition to this, a zero contact 

force test of 100 cycles is conducted prior to each fretting experimental test to verify 

the exact inertial force for each test; this accounts for any change in FI due to different 

test specimen. 
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 Control 

The control of the piezoelectric actuator has been programmed by the author in 

LabView, a programming language developed by National Instruments (NI). It is a 

multi-platform graphical programming language, where the program is represented 

graphically instead of by text. LabView allows for communication with NI devices, 

such as the data acquisition device used for this test rig (NI USB-6009). The NI USB-

6009 has analog and digital input and output terminals; this allows for an output signal 

to be sent to the device while simultaneously reading input signals. 

All reference to input signals in this section refer to signals from the NI USB-

6009 to drive and control the actuator, likewise, all reference to output signals refer to 

signals from the sensors to the NI USB-6009 and onto the PC data acquisition program. 

A schematic of the rig layout and control is shown in Figure 3.8. A PC sends a 

signal to the actuator via the NI USB-6009 (shown in green in Figure 3.8), this voltage 

then passes through a linear amplifier before getting to the actuator. Output signals 

(shown in purple in Figure 3.8) from each sensor (force, SG75-1, DVRT) are passed 

through signal conditioners to convert the current produced by the sensors to voltage, 

which is read by the NI USB-6009. The sensor output signals are then sent to the PC 

via the NI USB-6009. 

To control the actuator, an analog signal is sent to the linear amplifier (LA75A) 

via the NI USB-6009. For the purpose of tests conducted for this work, a sinusoidal 

signal has been used; however, this can easily be changed. The LA75A amplifier allows 

for also links up to a Cedrat Technologies software “Highly Dynamic Precise Motion 

45” (HDPM45) for PID control of the signal (see Figure 3.9). A PID (proportional, 

integral and derivative) controller continuously calculates an error value as the 
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difference between a desired set-point and a measured process variable and applies a 

correction based on proportional (P), integral (I), and derivative (D) terms, respectively. 

The PID controller ensures optimum response behaviour of the actuator to its input 

commands, reducing error in velocity, acceleration and position.  

 

Figure 3.8. Schematic of rig layout and overall control and data acquisition using a PC 

and LabView NI USB-6009. 

 

The signal sent to the LA75A can be between -1 V and +7 V, this is then 

amplified linearly to the actuator to between a minimum voltage of -20 V and a 

maximum voltage of 150 V; the HDPM45 program allows for control of the linear 

amplifier. These voltage differences cause the ceramic stack to expand (or contract), 

resulting in motion of the drive line. 

A sinusoidal input signal is written into the graphical user interface (GUI) in 

Figure 3.10 for the actuator, following the work of Pearson (2013). A limitation of the 

NI USB-6009 is it allows a maximum of 150 samples per second to generate a signal 
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(i.e. input to drive the actuator); this limits the maximum frequency of the actuator (to 

20 Hz for a sinusoidal wave). However, this maximum frequency can be increased to 

75 Hz by using a triangular signal rather than sinusoidal; it can be increased further by 

using a different DAQ. 

The relationship between the input voltage to the actuator and the displacement 

can be found in the calibration certificate for the actuator in Appendix A. 

 

Figure 3.9. HDPM45 software interface, for control of the actuator. 

 

 Data acquisition and post-processing 

Data acquisition from the sensors is conducted in parallel with the generation of 

the input signal that drives the actuator via the NI USB-6009. The LabView GUI 

(graphical user interface) is shown in Figure 3.10. This program allows for the 
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production of a signal of between 0 and 5 V to be sent to the LA75A while also reading 

in the output signals from the strain gauge at the actuator (SG75-1), force sensor and 

DVRT. The readings are stored in “.lvm” (LabView measurement) format, and a new 

file is written once the file size exceeds 0.8 GB. This allows multiple files per test and 

therefore, tests to be conducted up to a large number of cycles. The LabView program 

also allows for real time monitoring of the input signal to the actuator and sensor 

outputs, and of test progress via the progress bar or cycle counter. The sensor output 

signals are recorded at 500 Hz, this ensures 250 data points per fretting cycle for tests at 

a frequency of 2 Hz.  

 

Figure 3.10. LabView program GUI. 
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Figure 3.10 shows the LabView user interface for control of the test rig and data 

acquisition. Labels 1 - 9 are defined as follows: 

1. LabView commands to Run, Refresh, Stop and Pause the program. 

2. Channel parameters for input (sinusoidal) signal to actuator. This allows the 

user to pick the channel on the NI USB-6009 for the output signal, it also 

allows for a minimum and maximum voltage to be specified as well as the 

offset (from 0 V) and amplitude of the output signal. 

3. Waveform parameters allows for the frequency of the output signal to be set 

by specifying output rate in ms and number of points per cycle (maximum 

150, due to DAQ USB-6009 digital to analog converter (DAC)).  

4. Number of cycles for the test. 

5. File location of the .lvm results files for the test. 

6. Real time visualisation of (top) the input wave to the actuator and (bottom) 

the output signals from the sensors (force in N, DVRT in μm and SG75-1 in 

μm). 

7. Stop button to stop sending the output frequency to the actuator. 

8. Progress bar and cycle counter for tests. 

9. Stop button to stop logging input data from the sensors. 

The force sensor and DVRT signals are passed through a 5th order Buttersworth 

low pass frequency filter (Pearson, 2013). A post-processing program has been written 

in MatLab which incorporates the frequency filter, and also plots the evolution of 

fretting loops, CoF (Coulomb, 1821), ECoF (Fouvry et al., 2004) and GICoF (Jin et al., 

2016) with number of fretting cycles (as described in Chapter 2). 
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3.5. Summary and conclusions 

A review of experimental methodologies for fretting has been presented. This 

includes specimen geometry and selection, methods of generating and controlling 

reciprocating micro-scale displacement required for fretting and methods of applying 

normal load. 

The requirements for a newly designed test rig in NUI Galway have been 

outlined. A review of previous methods used by researchers in NUI Galway has also 

been discussed. The design of the new fretting rig has been presented and details on 

specimen geometry, actuation, normal load application, force and displacement 

measurements, control of the rig and data acquisition have been presented. 

The use of a piezoelectric actuator allows for displacements of ± 1 to 15 μm and 

a maximum tangential force of 172N (typical of riser nub-groove contact conditions); 

this is significant improvement on the capabilities of previous test rig used for fretting 

wear tests in NUI Galway. A piezoelectric force sensor and DVRT are used to measure 

the tangential force and displacement, respectively. The LabView program allows for 

simultaneous actuator control and data acquisition to take place. Any input wave shape 

(i.e. triangular, sinusoidal or square) at frequencies from 0.1 to 75 Hz can be used to 

drive the actuator. The LabView GUI allows for the selection of amplitude, frequency 

and number of cycles of the output sinusoidal wave to the actuator, as well as real-time 

visualisation of the input (to the actuator) and sensor output signals and a progress bar 

with a cycle counter. A postprocessing program has been written which incorporates a 

frequency filter and graphs the fretting loops from test data and calculates the 

coefficient of friction value using three methods, CoF, ECoF and GICoF. In the next 

chapter, fretting wear test results from this test rig will be presented. 
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Chapter 4: Fretting and fatigue experimental 

characterisation of pressure armour material 

4.1. Introduction 

This chapter presents the results of fretting and fatigue experimental testing of 

pressure armour material. The primary focus of this work is to characterise the 

tribological (friction and wear) and mechanical (yield strength, ductility, fatigue) 

performance of the material. The test programs have been designed to experimentally 

simulate nub-groove contact of the pressure armour layer, as detailed in Figure 1.4. The 

results from these tests will allow for identification of parameters such as friction and 

wear coefficients, elastic material properties and low-cycle and high-cycle fatigue 

parameters. 

Various material forms were used for testing; this was due to limitations in 

material availability and test rig specimen requirements. Section 4.2 describes the 

material used and the manufacture of specimens for each test. This section also outlines 

the primary rationale behind each test conducted. 

In the manufacturing of flexible risers, grease-lubricant is often used as the 

pressure armour layer is being laid. Therefore, it is possible that grease will remain in the 

nub-groove contact of this layer throughout the service life of the riser. The effect of 

grease-lubrication investigated using the University of Nottingham (UoN) fretting wear 

test rig is discussed in Section 4.3. The effect of geometry and loading conditions on 
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grease-lubricated fretting variables, such as the evolution of friction coefficient and wear 

volume, is also studied. A description of testing conducted on the newly-designed fretting 

rig described in Chapter 3 is given in Section 4.4. This section provides details of tests 

conducted for partial and gross-slip regimes under high contact pressure. Test conditions 

and results for the UoN and the newly-designed test rig at NUI Galway are compared in 

Section 4.5. 

Mechanical testing of pre-service riser pressure armour material is outlined in 

Sections 4.6. Results from mechanical testing provide material data for input into 

analytical and computational models, such as Young’s Modulus, yield stress, ultimate 

tensile strength. Low-cycle fatigue results allow for a plasticity material model to be 

defined and also, LCF parameters to be used within a multiaxial fatigue model. 

 

4.2. Material and specimen manufacture 

4.2.1. University of Nottingham test specimen 

Fretting wear experiments were conducted on 080M40, a pearlitic steel with 

essentially the same chemical composition and hardness as that used in the pressure 

armour layer of flexible marine risers (see Table 4.1). A general-purpose grease (AFB-

LF Grease, THK), developed with a Li-based consistency enhancer, using refined 

mineral oil as the base oil, was used as the lubricant throughout this work. The test 

methodology employed was based on ASTM standard test methods (ASTM 

International, 2011, 2010). A cylinder-on-flat specimen configuration was used to 

represent the pressure armour wire nub-groove contact, as illustrated in Figure 4.1. The 
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flat and cylindrical specimens were ground on a linear and cylindrical grinder, 

respectively, giving a roughness (Ra) of 0.1 to 0.3 m for the flat specimen and of 0.4 to 

0.7 m for the cylindrical specimen. 

 

Table 4.1. Chemical composition of 080M40 steel (from data sheet). 

Element Fe C Mg Si P S 

Weight 

(%) 

Balance 0.36-0.44 

0.60-

1.00 

0.10-

0.40 

0.050 Max 

0.050 

Max 

 

 

(a) (b) 

Figure 4.1. Local nub-groove conditions represented as crossed cylinder-on-flat 

specimen configuration utilised in fretting tests. 

 

4.2.2. Newly designed fretting rig test specimen 

Fretting experiments were conducted using the newly-designed fretting test rig 

described in Chapter 3 on pre-drawn pressure armour, pearlitic steel material supplied by 
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NV Bekaert SA, Belgium. This material has the same chemical composition as the riser 

material; however, the microstructure is different to that of the cold formed pressure 

armour wire profile. A crossed cylinder specimen configuration was used, as described 

in Chapter 3 and shown in Figure 4.2. This configuration allows for high contact pressure 

tests to be conducted, representative of nub-groove contact pressures. The specimens 

were ground giving a roughness (Ra) of 0.4 to 0.7 m. The test methodology employed, 

here was also based on ASTM standard test methods (ASTM International, 2011, 2010). 

    

(a) (b) 

Figure 4.2. (a) Picture of the crossed cylinder configuration of the newly-designed 

fretting rig at NUI Galway, (b) schematic of the loading conditions on the cylindrical 

specimen in the test rig. 

 

4.2.3. Tensile and low-cycle fatigue test specimen 

A pre-service flexible marine riser was dissected to obtain pressure armour wire 

material to manufacture test specimens (see Figure 4.3(a)). The pressure armour is 

helically wound at approximately 85⁰ to the longitudinal section of the riser. This 

material was used for monotonic tensile test and low-cycle fatigue (LCF) test specimen. 

A modified fatigue specimen geometry, based on the ASTM E606-04 (2010) standard 

R = 6 mm

Δ*

P
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for strain-controlled fatigue testing, has been designed to facilitate the use of formed 

pressure armour wire, following straightening. Figure 4.4 illustrates the test specimen 

geometry used for these tests. The measured chemical composition of this material is 

presented in Table 4.2.  

Details of the riser dissection process are provided in Appendix B. 

 

(a) (b) 

Figure 4.3. (a) Helically wound pressure armour wire in the dissected riser, and (b) 

pressure armour layer material extracted from the pipe 

 

Table 4.2. Measured chemical composition of pressure armour material. 

Element Fe C Mg Si P S 

Weight 

(%) 

98.2 0.38-0.43 

0.75-

0.77 

0.30-

0.31 

0.012- 

0.015 

0.006-

0.008 

(a) (b)
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Figure 4.4. Test specimen used for monotonic tensile and low-fatigue tests. 

 

4.2.4. Test material and specimen summary 

Table 4.3 presents a summary of the various materials for each test, a description 

of each material is also provided. The tests include: fretting wear at the University of 

Nottingham (UoN), fretting tests at NUI Galway and monotonic and low-cycle fatigue 

(LCF) tests. The desired parameters from each test are also provided; these include wear 

and fatigue coefficients, Young’s modulus, yield strength, ultimate tensile strength, 

ductility and Coffin-Manson constants.  
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Table 4.3. Summary of material used for testing. 

Test Material Rationale 

Fretting wear 

(UoN) 

080M40 – a representative 

pressure armour material 

Wear and friction coefficients 

for cylinder-on-flat 

configuration 

Fretting (NUI 

Galway) 

Pre-drawn pressure armour 

material (NV Bekaert SA, 

Belgium) 

Wear and friction coefficients 

for high contact pressure cases 

Monotonic 

tensile 

Pressure armour material from 

pre-service riser 

Young’s modulus, yield 

strength, ultimate tensile 

strength, ductility 

LCF Pressure armour material from 

pre-service riser 

Coffin-Manson constants, cyclic 

behaviour for plasticity model 

 

4.3. Effect of grease-lubrication on fretting variables 

4.3.1.  Introduction 

This section paper presents an experimental investigation into the effects of 

contact conformity, contact pressure and displacement amplitude on the gross-slip 

fretting behaviour grease-lubricated cylinder-on-flat contacts in the context of flexible 

marine riser pressure armour wire, and compares behaviour with that observed in 

unlubricated conditions. Characterisation of friction and wear is critical to fretting fatigue 

life prediction in flexible risers since friction directly controls trailing-edge fretting 
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stresses and hence fatigue crack initiation, on the one hand, and on the other hand, 

directly affects wear via relative tangential slip (displacement). Wear can have a 

beneficial or detrimental effect on fatigue crack initiation and propagation, depending on 

relative slip and slip regime.  

 

4.3.2. Test conditions and procedures 

The UoN fretting test rig used is described in detail elsewhere (Jin et al., 2015; 

Pearson, 2013; Warmuth et al., 2015). The flat specimen is mounted on the lower 

specimen mounting block (LSMB) which is stationary and the cylindrical specimen is 

mounted on the upper specimen mounting block (USMB) (Pearson, 2013). For the 

lubricated tests, grease was applied to both the flat and cylindrical specimens before the 

specimens were brought into contact. No more lubrication was applied during the testing 

process; this represents the method by which grease can enter the nub-groove contact 

region of flexible risers during laying of the pressure armour wires in the riser 

manufacturing process. A dead-weight and lever configuration was used to load the 

USMB, resulting in a normal load, P, being applied to the (cylindrical) specimen. The 

layout and components of the rig can be seen in Figure 2.22(a). The linear displacement 

of the cylindrical specimen is achieved via USMB using an electromagnetic vibrator 

(EVM). The displacement of the USMB (cylindrical specimen), Δ, is monitored and 

controlled throughout the test using a capacitance displacement sensor mounted on the 

LSMB, to achieve a specific displacement amplitude, Δ*. 

The tangential force, Q, is measured and recorded throughout the test by a 

piezoelectric load cell which is connected to the quasi-stationary LSMB (see Figure 
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2.22(a)). Both displacement and load sensors have been calibrated (both externally and 

in-situ) under static conditions. The load and displacement signals are sampled at a rate 

of two hundred measurements per fretting cycle for all of the experiments (Pearson, 

2013). 

Real-time visualisation of the fretting loops allows for monitoring of the fretting 

contact behaviour throughout the test. A gross-slip fretting loop is shown in Figure 4.5. 

The measured displacement amplitude, Δ*, is always slightly larger than the contact slip 

amplitude, * due to rig compliance and elastic deformation of the specimen since the 

fretting contact region is separated from the location of the displacement sensor. * can 

be derived by measuring the displacement at zero force, as illustrated Figure 4.5. There 

are many methods of measuring the coefficient of friction, (Coulomb, 1785; Fouvry et 

al., 2004; Jin et al., 2016), for example. In this work, the ECoF parameter proposed by 

Fouvry et al. (2004), is used. It was observed (Fouvry et al., 2004) that the tangential 

force does not remain constant through the sliding part of the fretting loop, as illustrated 

in Figure 4.5, and thus they proposed that the energy dissipated per cycle could be used 

to define a coefficient of friction which is more representative of the overall behaviour 

of the contact.  

The energy coefficient of friction (ECoF) (Fouvry et al., 2004) is defined as 

follows 

*4 P

E
ECoF d  

(4.1) 

where Ed is the dissipated energy per cycle (area of the fretting loop, see Figure 4.5) 

(Fouvry et al., 2004). 
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Figure 4.5. Schematic diagram of fretting loop with high tractional force peak at the 

ends of gross sliding. 

 

Cylinder-on-flat fretting tests were conducted with cylinder radii, R, of 6 mm 

(less-conforming contact pair) and 160 mm (more-conforming contact pairs). The flat 

specimen has a width, W, of 10 mm, as seen in Figure 4.1 (this defines the contact length). 

Experiments were conducted for a range of Hertizian contact pressures, po, and applied 

displacement amplitudes, Δ*, as summarised in Table 4.4. The experiments were 

conducted with and without grease lubricant at ambient temperature (typically 22oC), at 

a frequency of 20 Hz, for a duration of 100,000 cycles. 

 

4.3.3. Estimation of wear volume and surface topography 

Following the methodology of Jin et al. (2015) and Warmuth et al., (2015), the 

test specimens were swabbed lightly with methylated spirits to remove loose debris and 
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residual grease after testing. The profile of the wear scar on each specimen was scanned 

and measured using a Bruker Contour GT-I interferometer (vertical resolution ~ 0.15 nm 

and lateral resolution of 4 m). The scan area is depicted in Figure 4.6; the scan area 

includes part of the unworn surface (away from the wear scar). This allows for a reference 

surface to be defined (Elleuch and Fouvry, 2002) (see Figure 4.7). 

 

Table 4.4. Summary of the fretting test parameters. 

Lubricant temperature Ambient 

Cylinder radii, R 6, 160 mm 

Displacement amplitudes, Δ* 15, 30, 50, (100) m 

Test duration, N 100,000 cycles 

Normal Load, P 250, 500 N 

Hertizian contact pressure, po 370 & 525 (6 mm radius), 70 

& 100 (160 mm radius) MPa 

Initial contact width, a 43 & 61 (6 mm radius), 221 & 

313 (160 mm radius) μm 

Oscillation frequency 20 Hz 

Lubricant Dry, Li-based grease 

 

Specific wear (Archard wear coefficient) and transfer rates for the contact pair 

are calculated as follows:  
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*4 PN

V

dN

dV 

  (4.2) 

*4 PN

V

dN

dV 


 

(4.3) 

where δ* is the average test slip amplitude, P is the normal load, N is the number of 

cycles per test, 
V  and 

V are the total wear and transfer volumes, respectively, for the 

contact pair, given by: 

  cylflat VVV
 

(4.4) 

  cylflat VVV
 

(4.5) 

where 


f latV  and 


clyV are the volumes of the void below each reference surface is the wear 

volume for the flat and cylindrical specimens, respectively (see Figure 4.7). Similarly, 



f latV  and 


cylV  are the volume of (transferred) material above the reference surfaces for the 

flat and cylindrical specimens, respectively (see Figure 4.7). Note that this may contain 

displaced metal or oxide debris, and therefore, may be originally from either specimen. 

The energy wear coefficient, α, (as described in Chapter 2) is defined as follows: 






dE

V
  (4.6) 

where Ed is the energy dissipation per fretting cycle as shown in Figure 4.5. 

Since this work focuses on the effect of loading conditions, contact conformity 

and lubrication on fretting wear behaviour of pressure armour material, it is essential to 

determine the error associated with each wear coefficient. This allows for any differences 
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to be deemed significant or irrelevant. The overall error can be calculated if the error of 

the individual input factors is known (Doebelin, 1975). For a given function, F, with n 

independent variables, u1, u2,… un. 

),...,,( 21 nuuufF 
 (4.7) 

and the variables have errors of
nuuu  ,...,, 21
, respectively. The probable overall 

error is given by: 
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(4.8) 

For the Archard wear coefficient, errors in V-, P and δ* were considered. Using Equations 

(4.2) and (4.8) and, the probable overall error is: 
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(4.9) 

where ±ΔV-, ±ΔP and ±Δδ* are the errors associated with V-, P and δ*, respectively. 

 

Figure 4.6. Illustration of the area measured by profilometry with respect to the fretting 

wear scar. 
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Figure 4.7. Illustration of the definition of wear and transfer volumes in a fretting scar 

for both the flat and cylindrical specimen (Warmuth et al., 2016). 

 

4.3.4. Characterisation of wear scars and debris 

The nature of the fretting wear scars was characterised using scanning electron 

microscopy (SEM) (Philips XL30 SEM). Back scattered electron (BSE) images were 

used to distinguish oxide from metallic material (Jin et al., 2015; Warmuth et al., 2015). 

Iron oxide (debris which forms in the wear scar) has a lower average atomic number; 

therefore, it appears darker in the BSE image than the steel. The identification of oxide 

was confirmed qualitatively by energy-dispersive X-ray spectroscopy (EDX) analysis. 
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4.3.5. Effect of lubrication 

Figure 4.8 shows the development of ECoF over the duration of the tests for R = 

6 mm with P = 250 N, for the dry fretting cases. An initial rapid rise in ECoF was 

observed over the first ~500 cycles; this then falls gradually to a steady value over the 

next ~9000 cycles. Similar results were observed for all dry fretting tests. The measured 

range of stabilised ECoF for all unlubricated tests was from 0.61 to 0.68, indicating little 

effect of tangential displacement for the tested conditions. Figure 4.9 presents graphs of 

dissipated energy against wear volume for dry fretting tests. The energy wear coefficients 

are 5.5 × 10-5 and 1.4 × 10-5 for 6 mm and 160 mm radius specimen, respectively. 

 

Figure 4.8. Plots of development of ECoF with number of fretting cycles for dry 

fretting contacts with cylinders of radius 6 mm, applied displacements of 15, 30 and 50 

µm and normal load of 250 N (po = 370 MPa). 
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(a) R = 6 mm 

 

(b) R = 160 mm 

 

Figure 4.9. Energy dissipation Vs wear volume for (a) 6 mm and (b) 160 mm radius 

cylinder-on-flat dry fretting tests. 
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Figure 4.10(a) shows the development of ECoF over the duration of the tests for 

R = 6 mm with P = 250 N, for grease-lubricated cases. A significant effect of tangential 

displacement was observed; specifically, ECoF was found to decrease with increasing   

tangential displacement (dynamic riser curvature). Comparison of Figure 4.10 (a) and 

Figure 4.10 (b) shows that extrusion of grease from the contact increased for larger 

normal load (500 N) i.e. ECoF value rises faster. At the lower load (Figure 4.10 (a)), a 

steady ECoF of 0.12 was measured for displacement of 50 µm, whereas, at lower 

displacements (30 and 15 µm), the ECoF was higher and more unsteady. The ECoF 

values after 105 cycles were 0.26 ± 0.08 at 30 µm and 0.40 ± 0.18 at 15 µm. The 

detrimental effect of low tangential displacement (15 µm) is observed for higher normal 

load (500 N) test also (Figure 4.10 (b)) where a low ECoF value of ~0.13 ± 0.08 was 

measured for displacement of 50 µm, but at lower displacements (30 and 15 µm), the 

ECoF was higher and more unsteady. The ECoF values after 105 cycles were 0.21 ± 0.49 

at 30 µm and 0.38 ± 0.4 at 15 µm. Overall, lubrication retention in the contact is promoted 

by lower normal load and larger tangential displacements. The most detrimental case is 

the combination of high normal load (500 N) and low tangential displacement (15 µm). 

As can be seen in Figure 4.10 (b), this case gives more unsteady and large ECoF values. 

Specific wear rates (Archard wear coefficients) for tests with 6 mm radius 

cylindrical specimens are presented in Figure 4.11. For dry tests, the specific wear rate 

increases with tangential displacement. However, for grease-lubricated conditions, 

specific wear rate falls as displacement amplitudes increases. At lower normal load (250 

N), the dry specific wear rates were higher than grease-lubricated values (Figure 4.11(a)). 

However, slightly higher Archard wear coefficient was observed for lubricated tests at 

higher normal load (500 N) and at lower displacements (15 μm and 30 μm) than the 

corresponding dry cases (see Figure 4.11(b)). 
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(a) P = 250 N 

 

(b) P = 500 N 

 

Figure 4.10. Effect of tangential displacement on evolution of ECoF with number of 

fretting cycles for grease-lubricated contact, with radius 6 mm and normal loads of (a) 

250 N (po = 370 MPa) and (b) 500 N (po = 525 MPa). 

 

Figure 4.12(a) presents the average 2D wear scar across the worn flat specimen 

surfaces for both dry and grease-lubricated tests conducted with 6 mm radius cylindrical 

specimens with a normal load of 250 N and a displacement amplitude of 50 μm. Figure 
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4.12(b, c) presents BSE images of the fretting wear scars on these flat specimen. The 

damage is reduced considerably for the grease-lubricated condition compared to the dry 

condition; in dry conditions, extensive damage can be observed with the surface being 

largely covered with an oxide debris layer, whereas in the lubricated case, there is 

evidence of only very slight damage and no evidence of any oxide debris formation. 

(a) P = 250N 

 

(b) P =500 N 

 

Figure 4.11. Archard wear coefficient, k (specific wear rate), including error bars 

calculated from Equation 9, for dry and grease-lubricated tests with cylinder of radius 6 

mm, an applied displacement of Δ* and normal loads of (a) 250 N (po = 370 MPa), and 

(b) 500 N (po = 525 MPa). 
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(a) Wear profile 

 

(b) BSE image of dry fretting 

 

Direction 

of stroke 

 

(c) BSE image of grease-lubricated fretting 

 

Figure 4.12. (a) Wear profiles and (b, c) BSE images (plan view) of the flat specimen 

wear scars at high magnification for cylinder radius 6 mm, normal load 250 N (po = 370 

MPa) and applied displacement 50 µm, under dry and grease-lubricated conditions. 
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Figure 4.13 presents fretting loop evolution for the test cases presented in Figure 

4.12. The fretting loops show that gross slip occurs for these tests; the peak tangential 

force is lower for the grease-lubricated case compared to the dry case; this is consistent 

with the ECoF values presented in Figures 4.8 and 4.10. 

(a)   Dry 

 

(b) Grease-lubricated 

 

Figure 4.13. Fretting loop evolution for cylinder radius 6 mm, normal load 250 N (po = 

370 MPa) and applied displacement 50 µm, under (a) dry and (b) grease-lubricated 

conditions. 
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4.3.6. Effect of loading conditions 

Figure 4.14 presents the effect of applied displacement on evolution of ECoF for 

a more conforming contact geometry (R = 160 mm) with the same normal loads examined 

in the tests with the less conforming contacts (R = 6 mm) (presented in Figure 4.10). For 

grease-lubricated cases, at both of the applied loads examined, full lubrication (as 

observed for tests with R = 6 mm and a displacement amplitude of 50 μm (see Figure 

4.10)) was not observed at either applied load. Hence, the test matrix was extended to a 

higher displacement amplitude (100 μm). With the inclusion of this higher displacement 

amplitude, the general behaviour for the more-conforming contacts is observed to be very 

similar to that observed with the less-conforming contacts, namely that a low value of 

ECoF can only be maintained once the applied displacement amplitude is greater than a 

certain value. Moreover, in cases where a low value of ECoF cannot be maintained 

(similar to work by McColl et al. (1995) and Haviez et al. (2015)), ECoF rises more 

quickly with higher applied load and with lower applied displacement amplitude. It is 

also notable that in these cases, the rate at which ECoF rises is lower for the more-

conforming contacts (Figure 4.14) than it is for the less-conforming contacts (Figure 

4.10).  

The specific wear rates (Archard wear coefficients) for tests with the more-

conforming contact geometry (R = 160 mm) are presented in Figure 4.15. for the 

lubricated tests (with values for the unlubricated tests presented alongside to provide 

context). For grease-lubricated cases with high ECoF values, viz. with displacement 

amplitudes of 15 μm and 30 μm (see Figure 4.14), the specific wear rate is higher than 

or close to the corresponding dry fretting tests. The specific wear rate decreases 
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significantly (by around an order of magnitude) for the grease-lubricated tests at the 

largest amplitudes.  

(a) P = 250 N 

 

(b) P = 500 N 

 

Figure 4.14. Effect of tangential displacement on evolution of ECoF with number of 

fretting cycles for grease-lubricated contact, with radius 160 mm and normal loads of 

(a) 250 N (po = 70 MPa) and (b) 500 N (po = 100 MPa). 
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(a) P = 250 N 

 

(b) P = 500 N  

 

Figure 4.15. Archard wear coefficient, k (specific wear rate), for dry and grease-

lubricated tests with cylinder of radius 160 mm, an applied displacement of Δ* normal 

load of (a) 250 N (po = 70 MPa) and (b) 500 N (po = 100 MPa). 

 

Average 2D wear scars across the worn flat specimen surfaces following grease-

lubricated tests with the more-conforming contact geometry (R = 160 mm) are presented 
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these tests are presented in Figure 4.16(b, c, d). With higher loads, lubrication becomes 

less effective and more fretting damage is observed. However, increasing tangential 

displacement from 50 μm to 100 μm reduces the damage considerably.  

Figure 4.16 presents fretting loop evolutions for these tests. The fretting loops 

show that gross slip occurs for these tests; an increase in the tangential force occurs at 

the end of the sliding part of the fretting loop for tests where a rise in ECoF is also 

observed i.e. Figure 4.16(a - b). Fretting loops in Figure 4.16(c) are steady throughout 

the test, this is consistent with the steady (low) ECoF observed for this test in Figure 4.14. 

 

4.3.7. Durability of the low friction conditions 

Low friction and damage has been observed under certain conditions in the tests 

run for 105 cycles. In other cases, following 105 cycles, ECoF had risen to high values 

(around 0.5) whereas in other cases again, it had risen from its baseline (fully-lubricated) 

value, but was still relatively low. As such, two cases were selected for extended testing 

to examine how ECoF would continue to develop. Tests were conducted with both 6 mm 

and 160 mm radius specimen under 250 N normal load and 50 µm tangential 

displacement for 106 cycles; Figure 4.18 shows the development of ECoF for these tests. 

A constant and low value of ECoF of ~0.12 was observed for the less-conforming contact 

(R = 6 mm) with no indication of any changes over this test duration. For the more-

conforming contact (R = 160 mm), the ECoF rises (consistent with the results plotted in 

Figure 4.14(a)) and continues to do so, reaching a value of ~ 0.24 at around 6.5 × 105 

cycles, whereupon it continually fell to a value of ~ 0.18 after 10 × 105 cycles. 
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(a) Wear profile 

 

(b) P = 250 N po = 70 MPa Δ* = 50 µm 

 

(c) P = 500 N po = 100 MPa Δ* = 50 µm 

 

(d) P = 500 N po = 100 MPa Δ* = 100 

µm 

 

 

Direction of stroke 

 

Figure 4.16. (a) Wear profiles and (b, c, d) BSE images (plan view) of the flat specimen 

wear scars high magnification for cylinder radius 160 mm and grease-lubricated 

conditions. 
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(a)  P = 250 N (po = 70 MPa), Δ* = 50 µm 

 

(b) P = 500 N (po = 100 MPa), Δ* = 50 µm 

 

(c) P = 500 N (po = 100 MPa), Δ* = 100 µm 

 

Figure 4.17. Fretting loop evolution for cylinder radius 160 mm and grease-lubricated 

conditions. 
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Figure 4.18. Development of ECoF for extended tests (106 cycles) for grease-lubricated 

contact cylinders of radius R with applied displacement 50 µm and normal load 250 N. 

 

4.4. Discussion 

The ECoF values after 105 cycles for grease-lubricated tests are lower than the 
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In contrast, the results for lubricated-fretting tests show that the fretting behaviour 

depends more significantly on loading conditions and contact geometry (see Figure 4.9 

and 4.14). For a lubricant to provide effective protection, it must (i) penetrate the contact, 

and (ii) remain in the contact area to provide a protective film. It was previously shown 

(Warmuth et al., 2016) for oil-lubricated fretting that the concept of covered width can 

be used to identify regimes of fretting behaviour where the oil is continuously replenished 

into the contact area to provide a protective tribofilm; in this work (Warmuth et al. 2016), 

it was argued that lubrication was only effective when the covered width (i.e. the width 

of contact which never comes out of contact throughout a fretting stroke) fell to zero. 

However, in the current work with a grease lubricant, this does not appear to be 

applicable; full and stable lubrication is observed for the following cases: (i) R = 6 mm, 

P = 250 N and Δ* = 50 μm; (ii) R = 160 mm, P = 250 N and Δ* = 100 μm; (iii) R = 160 

mm, P = 500 N and Δ* = 100 μm. And in these three cases, the covered width is greater 

than zero (the smallest value of the covered semiwidth is for the first of these three cases 

where it is 16 µm).  

Despite the failure of this concept to describe the behaviour of fretting in grease 

lubricated conditions, there are obvious trends in the behaviour observed. There is a clear 

link between the applied displacement and the evolution of ECoF with fretting cycles 

(shown in Figure 4.10 and Figure 4.14). For the less conforming contact (6 mm radius), 

friction is low in all cases initially (see Figure 4.10). For the smallest tangential 

displacement (15 µm) the lubricant is pushed out of the contact by the fretting action 

which results in a rise in ECoF and wear rate which is approximately the same as that 

observed in the the dry case (Figure 4.11). As tangential displacement is increased to 30 

µm, the evolution of ECoF indicates that it takes longer (more fretting cycles) to remove 

the lubricant from the contact (Figure 4.10) and the wear rate is correspondingly smaller 
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(Figure 4.11). At a tangential displacement of 50 µm, the ECoF indicates that the 

lubricant is effectively retained in the contact (Figure 4.10), and that this behaviour 

appears to be stable for the long-term (Figure 4.18); there is also a commensurate 

reduction in specific wear rate (Figure 4.11). In addition, it is clear that the extrusion of 

grease is more rapid as the applied load is increased. 

Comparison of Figure 4.10 and Figure 4.14 indicates that for the more 

conforming contact (160 mm radius), it takes longer (more fretting cycles) to extrude the 

grease out of the contact, i.e. the rise in ECoF takes longer than for less conforming 

contacts due to the larger distances over which the grease must be extruded (larger elastic 

contact width) and the lower contact pressures. Again, with the more-conforming 

contacts (Figure 4.14), it is observed that the extrusion of grease from the contact is 

accelerated by increased normal load. For the more-conforming contact, full and stable 

grease lubrication requires a higher displacement amplitude (100 μm) than was required 

for the less-conforming contact (50 μm). However, an extended test of a more-

conforming contact where ECoF had been seen to initially rise (Δ* = 50 µm and P = 250 

N) demonstrated that changes in surface morphology due to fretting could result in that 

contact developing a state of full and stable lubrication (Figure 4.18).  

For fretting design of the nub-groove contact in flexible risers, reliable 

determination of ECoF is important for sliding regime and fatigue stresses. If friction is 

over-estimated, this will lead to under-prediction of contact slip and hence, slip regime 

(i.e. partial slip instead of gross slip conditions). In contrast, if friction is under-estimated, 

slip will be over-predicted, leading to possible over-prediction of fatigue life (in gross 

slip regime) if beneficial wear effects are accounted for (see Chapter 6).  
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Jin and Mall (2002) have presented an experimental study on the effects of 

contact geometry and normal load (for a rounded punch-on-flat and a round-on-flat) on 

the fretting fatigue (with substrate fatigue load) behaviour of Ti-6Al-4V. It was shown 

that (minimum) fretting fatigue life is independent of contact geometry and normal load. 

It is convenient to consider fretting damage as having two contributions, a tribological 

contribution and a mechanical contribution. This work has highlighted the dependence 

of tribological effects of conformity (and other variables), highlighting, in particular, the 

beneficial effects of less conforming contacts (lower contact widths) under grease 

lubrication conditions for friction and wear. FE predictions (presented in Chapters 5 and 

6) show that low values of nub-groove coefficient of friction (e.g. ECoF = 0.1) increase 

fretting fatigue life by up to 107 cycles in comparison to high values (e.g. ECoF = 0.8). 

In contrast, however, previous work by Zhang et al. (2011), for example, demonstrated 

the detrimental effect of smaller contact conformity (width) on the mechanical 

contribution to fretting damage (including the mechanical effects of wear), on the 

assumption of friction (and specific wear rate) being independent of contact conformity. 

It is suggested here that, on the one hand, smaller contact width leads to decreased 

tribological damage under grease-lubrication conditions, whereas, on the other hand, a 

smaller contact width leads to increased mechanical damage; these opposing effects may 

(in certain situations) cancel each other out, which is consistent with the observation of 

Jin and Mall (2002) of a negligible overall effect on minimum fretting fatigue life.  

These results highlight the effects of contact conformity and displacement 

amplitude on tribological damage for flexible riser design. It is clear that, in order to 

reliably design for optimum fatigue life in flexible risers, both tribological and 

mechanical aspects need to be considered. This can potentially be achieved by designing 

the riser nub-groove conformity so that the contact width is small compared to the nub-
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groove displacement, and hence, low coefficient of friction values will be achieved under 

grease-lubricated conditions, but subject to analysis of the mechanical damage 

implications.  

 

4.5. Fretting wear tests using piezoelectric fretting rig 

4.5.1.  Introduction 

In this section, fretting tests conducted on crossed cylinder specimen using the 

NUI Galway fretting rig are presented. The material tested was supplied by NV Bekaert 

SA, Belgium; this is pressure armour material supplied in rod form, prior to being cold 

formed into the pressure armour profile. Crossed cylinder specimen geometry was 

chosen to facilitate tests to be conducted under high contact pressure loading cases and 

for testing under partial and gross slip conditions. The experimental set-up results from 

these tests will be compared and contrasted to the dry fretting tests described in the 

previous section (from cylinder-on-flat tests at the University of Nottingham). This will 

also allow for validation of results from the newly-designed piezoelectrically-actuated 

fretting rig. The fretting tests conducted at UoN and NUI Galway have facilitated fretting 

testing to be conducted under the range of loading and geometrical conditions possible 

in the nub-groove contact of the pressure armour layer of flexible marine risers, and 

identification of tribological parameters, such as wear and friction coefficients. 
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4.5.2. Test conditions and procedures 

The fretting test apparatus used is described in Chapter 3. Two stationary 

cylindrical specimens were mounted, one to the base of the rig and the other to the loading 

platform. The reciprocating cylindrical specimen was mounted in the collet on the drive 

line. A dead-weight configuration on the loading platform was used to provide a constant 

normal load, P, throughout the test. The layout of the rig components can be seen in 

Figures 3.2, 3.3 and 3.5. As described in Chapter 3, the linear displacement of the 

reciprocating specimen is achieved using a piezoelectric actuator. This displacement, Δ*, 

is also measured close to the contact using a DVRT throughout the test. Similarly, the 

tangential force is measured using a piezoelectric force sensor. The load and 

displacement signals are sampled at a rate of 250 per fretting cycle for all the experiments 

(i.e. 500 Hz). 

As shown in Figure 3.9, real-time visualisation of sensor outputs allows for 

monitoring of the fretting contact behaviour throughout the test. This data is processed 

to give fretting loop evolution for each test; an idealised gross slip fretting loop is shown 

in Figure 4.19(a). An example of a partial slip fretting loop is shown in Figure 4.19(b). 

The measured displacement amplitude (at the DVRT), Δ*, is not the same as the contact 

slip due to elastic deformation of the specimen and rig compliance. Since the fretting 

contact region is separated from the location of the displacement sensor, the measured 

displacement amplitude, is always slightly larger than the contact slip amplitude, δ*; this 

is due to elastic deformation of the specimen and rig compliance. The contact slip 

amplitude (δ*) can be derived by measuring the displacement at zero force, as illustrated 

in Figure 4.19.  
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(a) (b) 

Figure 4.19. Schematic diagram of an ideal fretting loop in the (a) gross slip regime, 

and (b) partial slip regime. 

 

Experiments were conducted for a range of normal loads, P, represented by the 

weight of each loading block. A summary of the fretting parameters is provided in Table 

4.5. Tests were conducted at ambient temperature (typically ~20 ⁰C), at a frequency of 2 

Hz for a duration of 300,000 cycles. Using Young’s modulus of 189 GPa and a Poisson’s 

ratio of 0.33 for this steel, Hertzian contact mechanics (Hertz, 1882) for crossed cylinder 

contacts were used to predict the initial contact semi-width, a, and initial maximum 

contact pressure, po. The values of a and po are presented in Table 4.5 for the test 

conditions examined. Contact semi-width ranges from 81 μm to 157 μm and maximum 

contact pressure ranges from 891 MPa to 1729 MPa.  
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Table 4.5. Summary of the NUI Galway fretting test parameters. 

Test temperature Ambient (typically 20⁰C) 

Cylinder radii, R 6 mm 

Displacement amplitudes, Δ* 1 to 6 m 

Test duration, N 300,000 cycles 

Normal load, P 12 to 90 N 

Maximum Hertzian pressure, po 890 to 1730 MPa 

Initial contact width, a 80 to 157 μm 

Oscillation frequency 2 Hz 

Lubricant None 

 

4.5.3. Characterisation of wear scars and debris 

After testing, the specimens were swabbed lightly with methylated spirits to 

remove loose debris, following the methodology of other researchers (Jin et al., 2015; 

Warmuth et al., 2015). A 2D profile of the wear scar was measured using a Taylor-

Hobson Surftronic 3+ profilometer (vertical resolution of 10 nm). The measurement 

lengths for the specimen are shown in Figure 4.20; the scan length includes part of the 

unworn surface (away from the wear scar). This allows for a reference surface to be 

defined (Elleuch and Fouvry, 2002).  

V  is the total wear volume, for the two contact pairs, given by: 

  4321 VVVVV
 (4.10) 
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where 

iV  is the volume of the void below each reference surface, i; for each test, there 

are two pairs of wear scars, and therefore, four wear scars and reference surfaces in total. 

The wear volume for the crossed-cylinder test specimen is calculated by assuming the 

wear scar geometry is axisymmetric about its centre. The measured area is revolved 

around the centre axis of the wear scar (as shown in Figure 4.20(a)) and the volume is 

calculated using a numerical integration method. The assumption that the wear scar is 

perfectly axisymmetric will lead to errors in the volume measurement. This could be as 

large as ± 20%, based on the variation about the centre axis of the 2D wear profiles. This 

is significant and can lead to an over- or under-prediction of wear rate. Since the 

specimens are cylindrical, the curved reference surface of the specimen is accounted for 

in the revolution and calculation of the wear volume, as shown in Figure 4.20(b). 

 

(a) (b) 

Figure 4.20. Schematic of (a) the plan view and (b) the end view of the wear scar from 

crossed-cylinder tests, showing example wear scar. 

 

4.5.4. Results  

Figure 4.21 presents the measured evolution of ECoF with number of fretting 

cycles for crossed-cylinders with normal loads. Development of frictional coefficient 
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(ECoF) for gross slip fretting is presented in Figure 4.21(a); the stabilised ECOF values 

ranges from 0.59 to 0.65 in GS. At higher normal loads, the ECoF value is lower, 

resulting in partial slip conditions. Development of traction coefficient (ECoF) for partial 

slip fretting is presented in Figure 4.21(b). The ECoF is unstable for the test conducted 

with a normal load of 43 N (contact pressure ~ 1350 MPa); this is consistent with the MS 

fretting loops shown in Figure 4.24(b). In partial-slip, the stabilised ECoF value reduces 

with increased normal load. 

Figure 4.22(b - c) presents optical microscopy images of the wear scars from 

crossed-cylinder tests conducted for GS and PS conditions (contact pressures of 1270 

MPa and 1600 MPa). These images are at low magnification due to the curved surface 

of the cylindrical specimen; therefore, it is difficult to focus the image at larger 

magnifications. The wear scars in Figure 4.22 are circular, this indicates that there is good 

alignment between the crossed-cylinders specimen i.e. aligned at 90⁰ to each other. The 

reddish-brown colour in the images indicates iron oxide debris in the wear scars. 

A plot of wear volume, V, against total dissipated energy, ΣEd, for crossed-

cylinder tests is presented Figure 4.23. As total energy dissipation increases, the total 

wear volume also increases. The energy wear coefficient is given by the slope of the 

graph and is calculated as 6.3 × 10-9 MPa-1.  

Measured fretting loop evolutions for (a) GS, (b) MS and (c) PS conditions are 

presented in Figure 4.24. Gross slip loops are observed for the low contact pressure (1270 

MPa); partial slip occurs at higher contact pressure (1600 MPa). Mixed-slip fretting loops 

are observed for the test conducted with a contact pressure of 1350 N (Figure 4.24(b)). 
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(a) GS 

 

(b) PS 

 

Figure 4.21. Measured evolution of ECoF and tration coefficients with number of 

fretting cycles for specimen with normal load of P for (a) gross-slip (contact pressure 

between 890 and 1270 MPa), and (b) mixed and partial slip conditions (contact 

pressure between 1350 and 1730 MPa). 
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(a) Wear scars 

 

(b) Gross slip 

 

(c) Partial slip 

 

 

Direction 

of stroke

 

 

Figure 4.22. (a) Measured 2D wear scar for partial- and gross-slip tests, (b - c) optical 

microscopy images of wear scars for tests with partial (contact pressure of 1600 MPa) 

and gross slip conditions (contact pressure of 1270 MPa). 
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specimen in gross slip give a friction coefficient of 0.59 - 0.68. As the normal load 

increases, giving partial slip conditions, the ECoF value decreases (as shown in Figure 

4.21). The wear scars for the crossed-cylinders are round and symmetric as shown in 

Figure 4.22. This shows that there is good alignment between specimen, i.e. the 

reciprocating specimen is at 90⁰ to the stationary specimens. This allows for the 2D wear 

profile to be revolved about the centre axis to give a 3D wear profile, and hence, wear 

volume calculation. Energy wear coefficient is calculated as 6.3 × 10-9 MPa-1 from PS 

and GS results, as shown in Figure 4.23, with ~73 % accuracy. The threshold energy, 

Ed,th, is the energy required for wear to take place, this energy is used in the formation of 

a tribologically transformed structure (Saufer et al., 2000). 

Figure 4.23. Plot of wear volume, V, against total dissipated energy, ΣEd, for crossed-

cylinder tests 
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(a) Gross-slip  

 

(a) Mixed-slip 

 

(c) Partial-slip 

  

Figure 4.24. Measured evolution of fretting loop for tests with (a) gross slip conditions 

(contact pressure of 1270 MPa), (b) mixed slip conditions (contact pressure 1350 MPa), 

and (c) partial (contact pressure of 1600 MPa). 
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4.6. Comparison of fretting tests 

4.6.1. Comparison of rigs 

A crossed-cylinder configuration was employed for fretting testing in the newly 

designed test rig in NUI Galway. The fretting rig piezoelectric actuator is limited to a 

maximum of 200 N tangential force; therefore, in order to ensure safe loading of the rig, 

normal load, P, was in the range of 12.2 N to 89.2 N. This loading resulted in maximum 

initial (unworn) contact pressures between 891 MPa and 1729 MPa. These pressures are 

similar to the maximum contact pressure in flexible marine risers under normal riser 

operating conditions for internal fluid pressure (25 to 30 MPa). The contact semi-width 

was between 81 μm and 157 μm. The piezoelectric actuator gives low applied 

displacements i.e. Δ* < 10 μm. These loading conditions allowed for testing in GS and 

PS. The loading conditions are representative of pressure armour contact pressures (see 

Chapter 5). However, the contact geometry of crossed cylinders is not representative of 

the contact in the pressure armour wire in flexible marine risers (see Figure 4.3(b)). See 

Table 4.6 for normal applied load, P, applied displacement, Δ*, peak unworn contact 

pressure, po, unworn contact semi-width, a and slip regime for 6 mm crossed-cylinders 

tests at NUI Galway. 

In contrast, the University of Nottingham fretting test rig uses an EVM and a 

lever-arm configuration to apply normal load, giving higher normal load and applied 

displacement values than the NUI Galway test rig. However, the specimen configuration 

means that higher contact pressures are achieved using the NUI Galway test rig. 

Cylinder-on-flat specimen configuration was used to better represent the nub-groove 

contact in flexible marine risers. Two contact conformities were examined; the less 

conforming contact had a cylinder radius of 160 mm and the more conforming contact 
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radius 6 mm cylinder specimen. Normal loads, P, of 250 N and 500 N were used to 

achieve maximum contact pressures of 371 MPa to 525 MPa and 72 MPa to 102 MPa 

for the 6 mm and 160 mm radius cylindrical specimens, respectively. Initial contact semi-

widths of 43 μm and 61 μm were calculated for the 6 mm radius cylinder contact and 221 

μm and 313 μm for the 160 mm radius cylinder contact. The EVM applies larger applied 

displacements than the piezoelectric actuator, giving GS conditions for all tests 

conducted on the University of Nottingham test rig. See Table 4.6 for applied 

displacement, Δ*, peak unworn contact pressure, P0, unworn contact semi-width, a and 

slip regime for 6 mm and 160 mm cylinder-on-flat tests at University of Nottingham. 

Overall, testing has been conducted on three contact geometries (6 mm crossed-

cylinders, 6 mm and 160 mm cylinder-on-flat), giving initial, unworn, peak contact 

pressures of between 72 MPa and 1729 MPa and semi-widths between 43 μm and 313 

μm. Using applied displacements between 1 μm and 50 μm has resulted in both PS and 

GS test conditions. 

 

4.6.2. Comparison of dry fretting results 

Stabilised ECoF values for all GS dry fretting tests are between 0.59 and 0.68 

(see Table 4.7). The ECoF development with number of fretting cycles is similar for both 

test rigs, NUI Galway and University of Nottingham (UoN) (see Figure 4.8 and Figure 

4.21(a)). For all tests, ECoF value is initially 0.4 - 0.7 representing material transfer and 

adhesion during metal on metal contact. An increase in the ECoF is then observed due to 

abrasive action during the accumulation of oxidised debris. The ECoF stabilises to a 
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constant value (0.59 - 0.68) as the abrasive action decreases due to the formation of 

compacted debris. 

 

Table 4.6. Applied displacement, Δ*, peak unworn contact pressure, po, unworn contact 

semi-width, a and slip regime for 6 mm crossed cylinders tests at NUI Galway and 6 

mm and 160 mm cylinder-on-flat tests conducted at the University of Nottingham. 

Test 

6 mm crossed 

cylinders (NUI 

Galway) 

6 mm 

cylinder-on-

flat (UoN) 

160 mm 

cylinder-on-

flat (UoN) 

Typical 

values for 

riser contact 

Δ* (μm) 1 to 6 15 to 50 15 to 50 0 to 200 

po (MPa) 891 to 1729 371 to 525 72 to 102 500 to 2000 

a (μm) 81 to 157 43 to 61 221 to 313 40 to 100 

Slip regime PS and GS GS GS PS and GS 

 

Wear coefficients calculated here depend on contact geometry (see Table 4.7). 

For the point contact (crossed-cylinders) the wear coefficient is lower than for the line 

contact (cylinder-on-flat). The less conforming cylinder-on-flat contact (6 mm) has the 

largest value for wear coefficient. The energy wear coefficient is higher than the Archard 

wear coefficient for all gross slip tests. Merhej and Fouvry (Fouvry and Merhej, 2013; 

Merhej and Fouvry, 2009) showed an asymptotic decrease of wear rates associated with 

increasing contact size.  

A greater range of Archard wear coefficients are calculated for the cylinder-on-

flat cases; this is due to the larger range of loading conditions for cylinder-on-flat tests. 
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There is a greater error associated with the energy wear coefficient results from the 

crossed-cylinder tests due to the assumption that the wear is axisymmetric. However, 

since Archard wear coefficients were only calculated for GS cases, there is less of a range 

of loading conditions for the crossed-cylinder than for the cylinder-on-flat cases. 

The data point fit to the energy wear coefficient plot (see Figure 4.23) is 73% for 

the crossed-cylinders compared to 97% and 82% for the 6 mm and 160 mm cylinder-on-

flat cases, respectively. The lower percentage fit for the crossed-cylinder tests can be 

attributed to the greater error associated with the wear volume calculated for these tests. 

 

Table 4.7. Stabilised ECoF values, Archard wear coefficient and energy wear 

coefficient for 6 mm crossed-cylinder (NUI Galway test rig) and 6 mm and 160 mm 

cylinder-on-flat (University of Nottingham test rig) specimen configurations. 

Test 

6 mm crossed-

cylinders 

(NUIG) 

6 mm cylinder-

on-flat (UoN) 

160 mm 

cylinder-on-flat 

(UoN) 

Stabilised ECoF 

(GS) 

0.59 - 0.65 0.6 - 0.63 0.61 - 0.68 

Archard wear 

coefficient (MPa-1)  

1.36 × 10-9 -  

2.04 × 10-8 

1.17 × 10-9 -  

3.12 × 10-8 

1.17 × 10-9 -  

1.12 × 10-8 

Energy wear 

coefficient (MPa-1)  

6.3 × 10-9 5.5 × 10-8 1.4 × 10-8 
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4.7. Tensile and low-cycle fatigue tests 

4.7.1. Test conditions and procedures 

Monotonic tensile tests have been conducted on the pressure armour material 

extracted from a pre-service flexible marine riser, using the NUI Galway Instron 8500 

servo-hydraulic testing machine with hydraulic grips. The tensile test was conducted 

using displacement control at a rate of 1 × 10-3 mm/s per mm gauge length; a video 

extensometer was used to measure the strain in the gauge region of the specimen. 

A programme of low-cycle fatigue (LCF) tests has been conducted on pressure 

armour material extracted from a pre-service flexible marine riser. Strain-controlled 

cyclic tests were carried out using the Instron 8500 servo-hydraulic testing machine, with 

servo-hydraulic grips and a contact extensometer for strain feedback. Tests were 

conducted at strain ranges of 0.8%, 1%, 1.25% and 2%. A cyclic strain ratio Rc of -1 and 

a strain rate of 0.01 s-1 were used.  

 

4.7.2. Results 

Measured tensile behaviour of the pressure armour material is presented in Figure 

4.25(a). The elongation at failure was measured to be 18.9%, the yield strength is 748 

MPa, the ultimate tensile strength is 903 MPa and the Young’s modulus was measured 

as 189 GPa. Localised necking at the crack site is observed, as shown in Figure 4.25(b). 
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(a)  

 

(b) 

 

Figure 4.25. (a) Measured tensile test stress-strain curve for pressure armour material, 

(b) Failed tensile test specimen showing localised necking. 
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Figure 4.26(a) presents the measured evolution of the cyclic stress range for LCF 

tests at controlled cyclic stress ranges of 0.8%, 1%, 1.25% and 2%. The material 

cyclically softens; this is consistent with other cold formed steels (Hassan et al., 1994). 

Initial softening occurs within the first 100 cycles. Thereafter, a stabilised stress range 

occurs until a sudden drop in stress range, corresponding to the termination of the test 

due to a 20% load drop in tension; this is taken as failure. Figure 4.26(b) presents detailed 

evolution of stress-strain hysteresis loops for ±0.5% applied stress range; cycle 2060 is 

the last cycle before failure. 

The Coffin-Manson (as described in Chapter 2) fit to experimental data is 

presented Figure 4.27(a). The Coffin-Manson (1954) relationship between plastic strain 

amplitude and the fatigue life for low-cycle fatigue (lCF) is as follows:  

c

ff
p

N )2(
2

'





 
(4.11) 

where Δεp is the plastic strain amplitude, f
' is the fatigue ductility coefficient 

and c is the fatigue ductility exponent. Stabilised hysteresis loops for each strain range 

tested are presented in Figure 4.27(b). From Figure 4.27(a), Coffin-Manson constants        

( f
'  and c) were obtained and used in a computational fatigue model (described later in 

Chapter 5). Coffin-Manson constants for the pressure armour material are provided in 

Table 4.8.  
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(a) 

 

(b) 

 

Figure 4.26. (a) measured evolution of the cyclic stress range for LCF tests at 

controlled cyclic stress ranges; (b) evolution of stress-strain hysteresis loops for ±0.5% 

applied stress range. 
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(a) 

 

(b) 

 

Figure 4.27. (a) LCF experimental test results with Coffin-Manson fit; (b) measured 

hysteresis loops for different controlled strain-ranges. 
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Basquin parameters ( f
' and b) have been estimated from monotonic tests data 

(see Figure 4.25) using the universal slopes method (Cruzado et al., 2013; Manson, 

1965). This method gives estimated fatigue coefficients based on monotonic tensile test 

results for ultimate tensile strength, σUTS, e.g. 
UTSf  9.1'  , and 12.0b . Basquin 

(1910) relationship between stress amplitude and the fatigue life for high-cycle fatigue 

(HCF) is given by: 

b

ff N )2(
2

'




 

(4.12) 

where Δσ is the stress range, f
'  is the fatigue strength coefficient and b is the fatigue 

strength exponent. 

 

Table 4.8. SWT parameters from LCF testing of pressure armour wire ( f
'  and c) and 

universal slopes method ( f
' and b). 

Parameter Value 

f
'  1710 MPa 

f
'  0.2355 

b -0.12 

c -0.5742 
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4.8. Summary and conclusions 

Experimental characterisation of pressure armour material has been discussed in 

this chapter. An outline of the materials used and specimen design is provided. 

Characterisation of both tribological (friction and wear) and mechanical (monotonic and 

fatigue) properties is critical to fretting fatigue life prediction in flexible risers. The 

experimental results and observations (i.e. nub-groove geometry) of this chapter will 

provide a basis for the modelling of fretting in the pressure armour layer of flexible 

marine risers, as outlined in Figure 1.4. 

Dry and lubricated fretting tests have been conducted at the University of 

Nottingham fretting wear test rig. These tests were on two different cylinder-on-flat 

contact geometries, and hence, representative of pressure armour nub-groove contact in 

flexible marine risers. For dry tests, friction was found to be independent of loading 

conditions and geometry; however, wear rate increases with applied displacement. The 

effect of Li-based grease on ECoF and wear coefficient has been investigated. It is shown 

that friction and wear are higher for dry conditions than for grease-lubricated conditions. 

If grease can be retained in the contact by fretting displacements above a critical value, 

low conformity and low normal load, low wear rates and coefficient of friction are 

observed.  

Fretting tests have been conducted on the newly designed fretting rig, described 

in Chapter 3. These tests utilised crossed-cylinder specimen geometry, giving large 

contact pressures, representative of contact pressures in the nub-groove contact region of 

flexible marine risers. PS and GS fretting conditions were tested since the slip conditions 

in the nub-groove contact can range from stick to gross-slip. A comparison between NUI 

Galway and University of Nottingham test rig test conditions and results is discussed. 
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The UoN test geometry is more representative of the nub-groove contact; however, the 

loading conditions (contact pressure, contact semi-width) tested at NUI Galway are more 

representative of the loading conditions in flexible marine riser nub-groove contacts. 

Monotonic and LCF tests were conducted on pressure armour wire material from 

a pre-service flexible marine riser. The dissection process of the pre-service riser 

provided an example nub-groove geometry for finite element models and also material 

for testing. Monotonic tests provided Young’s’ modulus, yield stress, ultimate tensile 

strength and ductility parameters for the riser material. LCF tests provided data for the 

identification of Coffin-Manson coefficients and also allowed for the development of a 

plasticity material model to be implemented in the finite element modelling of the 

pressure armour layer; this will be described in Chapters 5 and 6. 
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Chapter 5: Modelling of fretting in pressure 

armour layer 

5.1. Introduction 

This chapter describes the development of a model for fretting contact using 

analytical and finite element (FE) computational methods. A 3D riser segment model 

for the analysis of global riser bending is developed, allowing for determination of 

relative slips and contact pressure due to dynamic motions of flexible riser in marine 

environment. Fretting models for cylinder-on-flat are presented and a comparison 

between analytical and FE models is conducted. The development of a simplified 

pressure armour layer axisymmetric finite element model is discussed. The pressure 

armour model uses a round-on-flat nub groove contact based on measurements from the 

riser dissection (described in Chapter 4). A J2 plasticity material model is introduced for 

the pressure armour. The material model has been calibrated against LCF test data for 

pressure armour material. Crack initiation predictions are made for nub-groove fretting 

contact, using the three-dimensional critical plane Smith-Watson-Topper multiaxial 

fatigue parameter (Sum et al., 2005). 3D global riser modelling combined with sub-

modelling techniques are discussed and validated against nub-groove contact conditions 

from axisymmetric models. The effect of non-symmetric loading on nub-groove contact 

conditions is investigated using 3D riser modelling techniques. 
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5.2. Modelling of fretting contact  

5.2.1. Analytical model  

The analytical model used for validation of the FE model is the general solution 

for contact mechanics, as described in Chapter 2 (Section 2.3.6). This allows for 

comparison of substrate stresses between analytical and FE fretting models. Schematics 

of the fretting geometry modelled in shown in Figures 4.1(b) and 5.1. Equations 2.19 to 

2.21 have been implemented using a numerical integration scheme to allow prediction 

of stresses for arbitrary two-dimensional contact pressure and shear tractions. This is 

employed here to validate the computational contact model for a cylinder-on-flat 

contact under partial and gross slip conditions. 

 

5.2.2. Cylinder-on-flat finite element model 

Finite element models have been developed for gross-slip and partial-slip 

cylinder-on-flat contact cases. The loading conditions are shown in Table 5.1. The 

finite element code used is Abaqus, the general-purpose, nonlinear finite element (FE) 

code.  

Table 5.1. Loading conditions: Gross and partial-slip case. 

Slip regime Normal Load 

(kN/mm) 

Tangential stroke (GS) 

or Load (PS) 

Gross 50 10 µm 

Partial 50 25 kN 
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A 2D, plane strain assumption has been assumed for each case. The material 

used is a carbon steel, with Young’s modulus of 200 GPa and a Poisson’s ratio of 0.3. 

The radius of the cylinder is 6 mm based on test specimen dimensions used for fretting 

wear tests as described in Chapter 4 and conducted by other researchers (McCarthy et 

al., 2013; Warmuth et al., 2015).  

A coefficient of friction (CoF) of 0.8 is used, based on the assumption that after 

a sufficient number of cycles, surface modifications within the slip zone will raise the 

local CoF from an initial value of approximately 0.3 to a stable value, typically between 

0.7 and 0.9, as described in Hills et al. (1996) and McColl et al. (2004), for example. 

This CoF behaviour with fretting cycles is consistent with experimental results 

described in Chapter 4. 

Since the analysis is a frictional contact problem, two-dimensional, 4-noded, 

quadrilateral, plane strain elements are used due to their accuracy and stability for these 

loading conditions (McColl et al., 2004). A mesh sensitivity study was used to establish 

a converged mesh; the resulting mesh is highly refined in the contact region, becoming 

coarser further from the contact area, as shown in Figure 5.1. The contact element size 

is approximately 4 µm × 4 µm. The transition between fine mesh and coarse mesh is 

achieved by reducing the mesh density through an unstructured mesh interface region 

between the fine and coarse mesh regions (see inset Figure 5.1).  

The dimensions of the substrate material were made significantly larger than the 

contact area so that the assumption of an elastic half-space remained valid. The bottom 

edge of the substrate was restrained in the z-direction and the left and right edges were 

restrained in the x-direction (see Figure 5.1 for axis definition). The normal load per 
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unit length, P, is applied to the cylinder, with a superimposed cyclic tangential load (Q) 

for PS or displacement () for GS applied as shown in Figure 5.2.  

 

Figure 5.1. Mesh refinement and loading conditions for cylinder on flat contact. 

 

 

Figure 5.2. Applied stroke and loading condition 
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The master-slave algorithm with finite sliding contact within Abaqus was used 

to define the surface interaction for both models. The maximum allowable penetration 

depth between master and slave nodes was set to 1 µm. The adjustment tolerance for 

the initial geometry was set to 0.001 µm. Since the Coulomb-Amontons’ law is 

assumed for sliding friction, the exact stick condition is ensured by implementing 

Coulomb friction based on the Lagrange multiplier contact algorithm.  

 

5.2.3. Comparison between finite element and analytical models 

Figure 5.3 shows a comparison of the analytical and FE results for the cylinder 

on flat sliding contact case. These samples are presented for instant A of the loading 

cycle (see Figure 5.2). The results are sampled for the set of integration points closest to 

the surface (depth z = 4.8 µm). Qualitatively, the FE solution predicts the peak trailing 

edge tensile stress at the same location as the analytical solution. The location of 

maximum shear stress differs by less than 1% between the two models. The FE solution 

predicts peak trailing edge tensile and maximum shear stresses that are 1% and 7% 

lower, respectively, than the analytical solution. 

Figure 5.4 shows the comparison between analytical and FE solutions for the 

partial-slip case for the same time instant and depth. The FE solution again predicts the 

peak trailing edge tensile stress at the same location as the analytical solution and the 

predicted location of maximum shear stress differs by 10% between the two models. 

The FE solution predicts the same trailing edge tensile stress values; however, the FE 

maximum shear stress is 14% lower than the analytical solution. This is attributed to 

small differences between the contact shear distribution predicted by the FE model and 

the corresponding analytical distribution. 
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(a) (b) 

Figure 5.3. Comparison of xx and xz stress results from FE to the analytical solution 

for sliding case (P = 50 kN, Δapp = 10 µm). 

 

 

(a) (b) 

Figure 5.4. Comparison of xx and xz stress results from FE to the analytical solution 

for partial-slip case (P = 50 kN, Δapp = 1 µm). 

  



Chapter 5: Modelling of fretting in pressure armour layer 

153 

5.3. Local pressure armour layer fretting FE model 

5.3.1. Axisymmetric riser model 

Figure 5.5 shows the axisymmetric FE model developed for the flexible riser 

section with pressure armour wire nub-groove contact. The riser model has been 

developed based on riser data from flexible riser data sheets (provides riser 

specification, e.g. OD, ID etc). The model was designed to focus on the nub-groove 

contact region of the pressure armour wire. Thus, the internal and external layers are 

modelled as two monolithic layers. The contact region of the pressure armour wire was 

modelled as a round nub-on-flat groove. 

The pressure armour wire of a flexible pipe is helically wound at an angle of 

approximately 5° with the circumferential direction of the pipe, i.e. approximately 

circumferential to the pipe. Hence, it is assumed that the helix angle of the pressure 

armour wire can be ignored for the purpose of these simulations, so that the riser can be 

modelled as axisymmetric. Furthermore, a repeated axial segment of the riser pressure 

armour wire was modelled to reduce computational time (see Figure 5.5).  

A detailed mesh refinement study was carried out to ensure convergence with 

respect to contact variables and substrate stresses in the nub and groove region. The 

element size in the contact region is 2 µm × 2 µm. 4-node bilinear axisymmetric 

quadrilateral elements (CAX4) are used. The contact interactions are described in 

Section 5.2.2. 
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Figure 5.5. Boundary conditions and loadings on the pressure armour wire model. 
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studied also corresponds to the range in observed CoF values experimentally under dry 

and grease lubricated conditions (as discussed previously in Chapter 3). 

 

5.3.2. Pressure armour material model 

Both elastic and J2 plasticity models have been investigated for the pressure 

armour axisymmetric model. The elastic properties used in the models are shown in 

Table 5.2; these are results from monotonic tensile tests described in Chapter 4. 

The J2 plasticity model incorporates non-linear kinematic hardening (NLKH) to 

simulate the Bauschinger effect combined with nonlinear isotropic hardening (or 

softening), as described in (McCarthy et al., 2014; Sweeney et al., 2014). The model is 

based on the von Mises yield function: 

    )(:
2

3 2

1

pl

eqrkf 







 x'σ'x'σ'  (5.1) 

 

where σ'  and x'  are the deviatoric stress and deviatoric back-stress tensors, 

respectively, k is the initial cyclic yield stress and r(
pl

eq ) is the isotropic hardening 

function, where 
pl

eq  is the equivalent plastic strain given by: 


plplpl

eq dd εε :
3

2
  (5.2) 

Isotropic hardening (softening) evolution is given by: 

    pl

eq

pl

eq drQbdr    (5.3) 
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where Q is the saturation value of the isotropic parameter and b is the rate of decay 

towards saturation. The non-linear evolution of back-stress x is given by the Frederick-

Armstrong rule for the Bauschinger effect: 

pl

eqp dCdd  xx 
3

2
 (5.4) 

The J2 constants, shown in Table 5.2, were identified using the results of the 

low cycle fatigue tests carried out on the pressure armour layer material, extracted from 

the pressure armour wire material, as described in Chapter 4. The identification process 

used here for the cyclic plasticity constants is described in detail by Barrett et al. 

(2013), for example, among others. A comparison between the measured experimental 

and FE hysteresis stress-strain loops for the strain-controlled test conditions is shown in 

Figure 5.6.  

 

(a) (b) 

Figure 5.6. Experimental and FE fretting loops for (a) 2% strain range, and (b) 0.8% 

strain range. 
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Table 5.2. Elastic-plastic material constants. 

Parameter Value 

σy 750 MPa 

E 189 GPa 

ν 0.3 

Q -130 MPa 

b 15.48 

C 48.3 GPa 

ϒ 154 

 

5.3.3. Local nub-groove contact results 

Figure 5.7 shows the highly localised von Mises contact stress concentration 

predicted for the pressure armour layer.  

 

Figure 5.7. Von Mises contour plot of riser model. 
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After a sufficient number of cycles (McColl et al., 2004), surface modifications 

(tribological transformations) within the slip zone cause an increase in the local CoF 

from an initial low value (e.g. ≤ 0.3, approximately) to between 0.7 and 1.0 dependent 

on stroke, load and other factors (McColl et al., 2004). Figure 5.8 and Figure 5.9 shows 

the effects of CoF on substrate stresses in the groove of the pressure armour layer for 

(a) the elastic FE model, and (b) the elastic-plastic FE model. For a higher CoF ( ~ 

0.8) the predicted peak tensile stress location (Figure 5.8) in the elastic-plastic model is 

further out, from the contact edge, than for lower CoF values and the elastic model. 

There is a significant reduction (relaxation) in trailing edge tensile stress and maximum 

shear stress (Figure 5.9) for the elastic-plastic models in comparison to the elastic 

models. 

 

(a) (b) 

Figure 5.8. Comparison of axial stresses for different CoFs for (a) elastic model, and (b) 

elastic-plastic model (pint = pd, Δapp = 10 µm). 

 

Figure 5.10 shows the effects of CoF on contact slip in the groove of the 

pressure armour layer for (a) the elastic FE model, and (b) the elastic-plastic FE model. 

There is a significant effect of CoF on contact slip amplitude. All values of CoF are 
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predicted to give gross slip under these loading cases; the values are close to the applied 

displacement. As the CoF increases, the contact slip decreases. The occurrence of 

localised negative contact slip in the +x region can be attributed to elastic and elastic-

plastic deformation due to the change in slip direction during the cyclic loading history. 

 

(a) (b) 

Figure 5.9. Comparison of shear stresses for different CoFs for (a) elastic model, and 

(b) elastic-plastic model (pint = pd, Δapp = 10 µm). 

 

 

(a) (b) 

Figure 5.10. Comparison of contact slip for different CoFs for (a) elastic model, and (b) 

elastic-plastic model (pint = pd, Δapp = 10 µm). 
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5.4. Fatigue model 

5.4.1. Fatigue indicator parameter 

For fretting fatigue cracks, the stress range is a primary parameter for the 

calculation of fatigue life. High shear stress (xz) ranges are generally considered to be 

responsible for fatigue crack initiation, and high tangential (trailing edge) stress (xx) 

ranges for Mode I fatigue crack propagation. Since the contact loading is cyclic, a 

material point can experience a high shear stress and a low (compressive) tangential 

stress at one instant in a cycle, and subsequently at a later instant (e.g. half-cycle later) a 

low shear stress and a high (tensile) tangential stress; this behaviour increases the 

possibility of crack formation and growth due to fretting. Fretting fatigue crack 

initiation and growth can occur under both low and high cycle fatigue conditions, 

depending on local stresses, material strength, frictional and wear conditions, etc. 

The Smith-Watson-Topper (SWT) fatigue parameter (Smith et al., 1970) 

considers both the Coffin-Manson equation for low cycle fatigue (LCF) and the 

Basquin’s equation for high cycle fatigue (HCF), as follows. 

cb

iff

b

i

fa NN
E

SWT 


 )2('')2(
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2

2

2

max 


 (5.5) 

where max is the maximum normal stress on the critical plane (for mean stress effect), 

a is the maximum normal strain amplitude on the same plane, E is Young’s modulus 

’f and b are fatigue strength coefficient and exponent, ’f and c are the fatigue ductility 

coefficient and exponent, and Ni is the number of cycles to crack initiation. The total 

number of cycles to failure (Nf) is given by:  
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pif NNN   (5.6) 

Np is the number of cycles of crack propagation prior to failure (typically taken as the 

occurrence or measurement of a 2.5 mm long crack).  

 

5.4.2. Critical plane approach 

The critical plane approach for multiaxial fatigue has been previously 

successfully applied to the complex multiaxial stress-strain histories associated with 

fretting fatigue prediction (e.g. Madge et al., 2008; Sum et al., 2005; Zhang et al., 

2012). The critical plane approach essentially identifies the plane of the greatest fatigue 

damage at a material point, in terms of the chosen fatigue parameter, in this case, the 

SWT parameter.   

Figure 5.11 shows the procedure used to determine the critical plane and SWT 

life from FE simulation output (see Sum et al., 2005). Stress and strain time history data 

is read in from elements at the surface of the substrate for each time increment in each 

step. Data from the top row of integration points are used for the calculation of SWT 

life, as the stresses and strains are most critical close to the surface for fretting fatigue. 

In the two-dimensional case, the stresses and strains are then transformed for 36 

different planes (5° apart) using the following transformation equations. 

ii 
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(5.8) 

where '11  is the transformed stress normal to the plane at angle θi, 11, 22, and 12, 

are the untransformed normal and shear stresses. '11  is the transformed strain normal 
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to the plane at angle θi, while 11, 22, and 12, are the untransformed normal and shear 

strains. 

This gives stresses and strains for 36 different planes (5° apart, from 0° to 180°) 

for each element at every time increment. Next the maximum normal stress, max, and 

the strain range, a are found. a is calculated as the difference between the 

maximum and minimum strain values over the full period of a load cycle. SWT values 

are calculated for each element; the maximum SWT value gives the minimum predicted 

fatigue crack initiation life. Ni is calculated by solving Equation (5.5) using the 

Newton-Raphson method. 

3D implementation of the critical plane SWT was described by Sum et al. 

(2005). More complex stress transformations are required for the three-dimensional 

cases, as the extra dimension introduces another plane which must also be considered in 

the critical plane calculation. Thus, the plane must be defined by two angles θh and θv as 

shown in Figure 5.11. Direction cosines of a normal, n to the plane are given by: 

;sinsin hvxn   ;cos hyn 
 vhzn  cossin  (5.9) 

The transformed normal stresses and strains for a given plane defined by n are 

given by: 
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(5.11) 

The present implementation of the SWT critical plane approach has been 

previously validated against fretting fatigue test results for Ti-6Al-4V (Ding et al., 

2007b) for cases with wear (Zhang et al., 2011) and without wear (Ding et al., 2007b); 

it has also been validated against continuum damage mechanics (Zhang et al., 2012) for 
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fretting fatigue of Ti-6Al-4V. It has also been shown to give good results for the 

prediction of tensile crack formation for combined cyclical axial and torsional loading 

(Shang et al., 2006).  

 

Figure 5.11. Orientation of unit normal vector n defined by θh and θv and 

implementation of critical plane SWT (adapted from Sum et al., 2005). 

 

Figure 5.12 shows a comparison of the present 3D critical-plane fatigue 

prediction method for Ti-6Al-4V alloy fretting fatigue test data (Jin and Mall, 2004) for 

partial-slip. The prediction gives good correlation with the experimental data for this 

case where cracking is the primary damage mechanism. 
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Figure 5.12. Multiaxial fretting fatigue (SWT) validation against experimental results 

for Ti-6Al-4V under partial slip (Jin and Mall, 2004). 

 

5.4.3. Fatigue constants for pressure armour material 

A programme of low-cycle fatigue (LCF) tests has been conducted on pressure 

armour material extracted from a pre-service flexible marine riser (see Chapter 4). Tests 

were conducted at strain ranges of 0.8%, 1%, 1.25% and 2%. These tests have provided 

Coffin-Manson constants (ε’f and c) for the computational fatigue model (see Table 

5.3), as described in Section 4.7.2.  

Computational work in this thesis focuses on crack initiation; however, 

experimental tests (described in Chapter 4) typically give total life to observable cracks. 

Following Sweeney et al. (2014), a damage approach has been implemented for back-
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calculation of approximate Ni for each experimentally applied strain range. Figure 5.13 

shows the experimental damage curves evaluated as: 

soft

D
max,

1



  (5.12) 

where 
softmax,  is the maximum peak tensile stress after initial cyclic softening takes 

place for each LCF test. A value of 0.008 is chosen for Dc, critical damage for crack 

initiation, based on a circumferential crack with a depth equal to the standard element 

size (10 μm) initiating at the free surface. Ns in Figure 5.13is the number of cycles for 

initial cyclic softening to take place. The resulting Ni data points are shown along with 

experimental Nf data in Figure 5.14. The Coffin-Manson fits for both crack initiation 

and failure are also shown in Figure 5.14. The Coffin-Manson constants ( f'  and c) for 

crack initiation are presented in Table 5.3. 

 

Figure 5.13. Damage evolution during LCF tests, where Ns is the number of cycles for 

initial cyclic softening to take place. 

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0 1000 2000 3000 4000 5000 6000

D

N-Ns

2%

1.25%

1%

0.80%

D = Dc

2 %
1.25 %

1 % 0.8 %



Chapter 5: Modelling of fretting in pressure armour layer 

166 

 

Figure 5.14. LCF experimental test results with Coffin-Manson fit for crack initiation 

and failure. 

 

The universal slopes method (Cruzado et al., 2013; Manson, 1965) has been 

used to estimate the Basquin constants (
f' and b) for the computational fatigue model 

(see Table 5.3). The universal slopes method, in which the slopes of the plastic and 

elastic lines are universalised as -0.6 and -0.12 respectively for all materials, has been 

widely used, (Cruzado et al., 2013; Del Llano-Vizcaya et al., 2006) for example. This 

method gives estimated high-cycle fatigue (HCF) coefficients based on monotonic 

tensile test results for ultimate tensile strength. The universal slopes method has been 

shown to give a conservative estimate for the fatigue parameters (Park and Song, 1994). 

For the universal slopes method, about 80% of the data fall within a scatter band of a 

factor of 3 for both HCF and LCF for a large amount of test data obtained from 

experiments carried out on a range of different steels (Park and Song, 1994); this is 

approximately the same scatter found for different estimation methodologies.  
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HCF constants from the universal slopes method are for number of cycles to 

failure. The number of cycles to crack initiation was back-calculated following the 

approach used previously (Houghton et al., 2009; Madge et al., 2008; McCarthy et al., 

2013). Using the Paris equation and El-Haddad correction (El Haddad et al., 1979) for 

small crack growth, the number of cycles for a crack to propagate, Np, from 10 μm to 

failure (defined as 2.5 mm) was calculated, Np was then subtracted from the number of 

cycles to failure calculated using the Basquin equation and universal slopes constants. 

This gave the number of cycles to crack initiation and hence, Basquin constants for 

crack initiation were found. The Basquin constants (
f'  and b) for crack initiation are 

presented in Table 5.3. 

 

Table 5.3. Identified low- and high-cycle fatigue constants for pressure armour wire, for 

crack initiation and failure. 

Parameter Initiation Failure 

f'  1633 MPa 1710 MPa 

f'  0.11 0.24 

b -0.11 -0.12 

c -0.52 -0.57 

 

5.4.4. Crack initiation lives for pressure armour layer  

The predicted effects of CoF and axial displacement on SWT crack initiation 

life for the elastic and elastic-plastic models are presented in Figure 5.15(a). The 

predicted number of cycles to crack initiation decreases considerably as CoF increases. 
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For a low CoF ( ≤ 0.3) some differences in the predicted life for the elastic and elastic-

plastic models are predicted; this is mainly attributed to high plastic shear strain in the 

nub-groove contact region. However, for higher CoFs ( = 0.5 to 0.8), negligible 

difference is predicted. 

Figure 5.15(b) shows the effect of bending induced axial displacement on crack 

initiation in the pressure armour layer. As the applied axial displacement increases, the 

predicted number of cycles to crack initiation decreases, reaching a minimum (almost 

constant) value for large displacements. For low axial displacements (1 to 5 µm), the 

elastic-plastic model is predicted to give longer life than the elastic model; however, for 

higher applied axial displacements (10 µm) both models lead to similar life predictions.  

 

(a) (b) 

Figure 5.15. SWT predicted lives showing the effect of (a) CoF (Pint = pd, Δapp = 10 µm) 

and (b) bending induced axial displacement (pint = pd, CoF = 0.3) for elastic and elastic-

plastic models. 
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and pl, where pd > po > pl. Increasing pressure is predicted to cause significantly 

increased fatigue damage and hence, reduced life to crack initiation. All cracks are 

predicted to initiate at an angle of between 5° and 10° to the z-axis (see Figure 5.5), at 

the edges of contact, which is typical of fretting contacts. 

 

Table 5.4. Predicted effect of internal pressure on fatigue life to crack initiation for 

elastic and elastic-plastic models (µ = 0.3, Δapp = 10 µm). 

pint 

Minimum life –elastic 

model (cycles) 

Minimum life –elastic-

plastic model (cycles) 

pd 8.6 × 103 2.7 × 103 

po 9.4 × 104 8.1 × 105 

pl 1.9 × 106 2.9 × 107 

  

5.5. 3D riser modelling 

5.5.1. Sub-modelling approach 

Sub-modelling is a technique often used to model a problem that is too large to 

simulate with a conventional modelling approach in FE. It is an FE technique used to 

get more accurate results in a region of the model. Creating a sub-model required two 

steps, as follows: 

• Create and analyse the global model (typically with a course mesh).  
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• Create the sub-model (with a greater level of mesh refinement than the 

global model) and drive the boundaries of the sub-model with time-

dependent variables that were saved during the analysis of the global model. 

Sub-modelling is used here to obtain an accurate, detailed solution for the nub-

groove contact variables (pressure, shear, slip) and substrate stresses in the nub-groove 

region under non-symmetric global riser loading, i.e. bending. This technique has been 

previously used for the analysis of contacting bodies (Rajasekaran and Nowell, 2005) 

and fretting fatigue in aero engine spline couplings (Houghton et al., 2009). 

 

5.5.2. Global model details 

The “global” model used for the sub modelling approach is shown in Figure 

5.16. This is a riser cross-section model comprising of the repeated unit element used 

for the axisymmetric model described earlier revolved helical at 85⁰ to the transverse 

section of the riser. Periodic boundary conditions are used for nodes on the top and 

bottom surfaces ensure the repeated element linear momentum of the system is 

conserved. The other boundary conditions on the model are as shown in Figure 5.16 

and as described by Neto and co-workers (Neto, 2015, 2011; Neto et al., 2013). Nodes 

on the z = 0 and x = 0 planes have zero displacement in the z-direction and x-direction, 

respectively. Tie constraints are used to tie the top and bottom surfaces to reference 

points (RP1 and RP2 in Figure 5.16); loading conditions, such as axial displacement 

and bending moment, are applied to RP2. Internal and external pressures were applied 

to the inner and outer surface of the riser, respectively. Elastic material properties were 

used for this model, as detailed in Table 5.2.  
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Figure 5.16. Boundary conditions for global model. 

 

Contact interaction was defined as discussed in Section 5.3.1. The master-slave 

algorithm for finite sliding contact within Abaqus was used to define the surface 

interaction for both models. The maximum allowable penetration depth between master 

and slave nodes was set to 1 µm. The adjustment tolerance for the initial geometry was 

set to 0.001 µm. Since Coulomb-Amontons’ Law is assumed for sliding friction, the 

exact stick condition is ensured by implementing Coulomb friction based on the 

Lagrange multiplier contact algorithm. The contact between the outer layers and 

pressure armour layer and between the inner layers and pressure armour layer are 

assumed to be frictionless; this is due to an anti-wear layer tape that is used between 

metallic layers in the risers. The coefficient of friction in the nub-groove region is 

modelled as 0.7; this is the measured dry fretting friction coefficient measured in 

Chapter 4.  
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Eight-node brick element with reduced integration (C3D8R) elements were 

used. The average element size for this model is 2 mm. The mesh is refined at the nub-

groove contact; here, the average element size is 50 μm. Figure 5.17(a) and Figure 

5.18(a) shows the mesh size and structure. 

 

   (a) (b) 

Figure 5.17. (a) Global riser model showing one revolution of helically wound pressure 

armour wire, and (b) 1⁰ segment sub-model of helically wound pressure armour wire 

showing cut surfaces for sub-model driven boundary conditions. 

 

5.5.3. Sub model details 

The sub-model used for the sub modelling approach is shown in Figure 5.17. A 

1⁰ segment of the global model described above is “cut” away and modelled with a 

finer mesh. The displacement of the cut surfaces (Figure 5.17(b)) is driven using sub-

model boundary conditions based on time-dependent variables that were saved during 

the analysis of the global model. Periodic boundary conditions, tie constraints loading 
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conditions, material properties and contact conditions used for the sub model are as 

described for the global model above.  

(a) 

 

(b) 

 

Figure 5.18. (a) Course mesh used for the global model, and (b) fine mesh used for the 

riser sub-model. 

 

Eight-node brick element with reduced integration (C3D8R) elements were 

used. A more refined mesh is used for the sub-model than for the global model. The 

average element size for this model is 0.5 mm. The mesh is refined at the nub-groove 

contact; here, the average element size is 4 μm. Figure 5.17(b) and Figure 5.18(b) 

shows the mesh size and structure. 
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5.5.4. Validation of 3D modelling technique 

The sub-modelling finite element approach was validated against results from 

the axisymmetric model of Section 5.3.1 for fretting contact in the nub-groove of the 

pressure armour layer. Internal and external pressures of 27.5 MPa and 4 MPa, 

respectively, were applied to the risers, combined with cyclic axial displacement of 

amplitude 5 μm. 

There was good correlation between both modelling techniques. The peak 

contact pressure and slip are identical for both models (see Figure 5.19). The contact 

width (2a) differs by 4 μm between the two models.  

 

(a) (b) 

Figure 5.19. Comparison between contact variable results from axisymmetric model 

and sub-model for (a) contact pressure, and (b) contact slip. 

 

Figure 5.20 presents a comparison between (a) axial and (b) shear stress 

distributions from the sub-model and axisymmetric model. Again, this shows good 

correlation between modelling techniques. However, the trailing edge tensile stress is 

30 % lower for the sub-model than for the axisymmetric model.  
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(a) (b) 

Figure 5.20. Comparison between substrate stresses results from axisymmetric model 

and sub-model for (a) axial and (b) shear stress. 

 

5.5.5. Effect of bending moment on nub-groove contact conditions 

The primary benefit of using the 3D model over the axisymmetric model is that 

the effect of non-axisymmetric loading, such as bending moment, on contact conditions 

can be investigated. In this section, the effect of a bending moment of ± 750 MPa about 

the z-axis, as shown in Figure 5.21, is discussed. This bending moment is a typical 

bending moment from global dynamic riser curvatures results from Flexcom (as 

described later in Chapter 7). Both the internal and external nub-groove contacts, as 

shown in Figure 5.22, are investigated. Material, contact conditions, internal and 

external pressure and mesh size are as described for the global riser analysis in Section 

5.5.2. 
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Figure 5.21. Schematic of bending moment about the z-axis, direction of θ used in 

results graphs. 

 

 

Figure 5.22. Schematic of pressure armour layer, indicating Nub 1 and Nub 2 for 

results. 
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Figure 5.23 presents the effect of riser bending on nub-groove contact slip (in 

the axial direction, y-direction in Figure 5.21) circumferentially, where θ is as shown in 

Figure 5.21 and Nub 1 and Nub 2 are described in Figure 5.22. Contact slip is positive 

for negative θ and negative slip is observed for positive θ. This is as expected for the 

loading conditions, where the bending moment results in a range of contact slip 

conditions around the nub-groove region. However, the contact slip is unstable in the 

circumferential direction. This can be attributed to the coarse mesh used for this model. 

It is recommended here that the global model be used to identify areas for further 

investigation, such as areas where partial slip conditions may occur.  

Figure 5.24 presents the effect of riser bending on nub-groove peak contact 

pressure (in the axial direction, y-direction in Figure 5.21) circumferentially, where θ is 

as shown in Figure 5.21 and Nub 1 and Nub 2 are described in Figure 5.22. Peak 

contact pressure increases for negative θ compared to the peak contact pressure for the 

case without bending moment (~600 MPa as shown in Figure 5.19(a)). For the case 

without bending moment, the peak contact pressure is constant (~600 MPa) in the 

circumferential direction. The peak contact pressure is unstable in the circumferential 

direction; again, this can be attributed to the course mesh used for this model. Negative 

slip is observed in Figure 5.23 for positive θ; here, there is reduced contact pressure; 

contact pressure is ~ 0 MPa for some regions and other regions experience lift-off of 

the nub-groove contact.  
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Figure 5.23. Effect of angular position, θ, as shown in Figure 5.21, on nub-groove 

contact slip due to global riser bending moment, M. 

 

Further investigation is required to investigate the effect of a range of global 

dynamic riser loading conditions, i.e. internal and external pressure, axial displacement 

and bending moment, on nub-groove contact conditions, i.e. contact slip and pressure. 

This will provide a running condition fretting map for fretting in the nub-groove contact 

region based on global riser conditions. A schematic of a RCFM is provided in Figure 

2.17, this map gives the slip regime (PS, MS or GS) based on displacement amplitude 

and normal load; in the case of risers, both nub-groove displacement amplitude and 

normal load are dependent on a combination of internal and external pressure, as well 

as riser bending moment. 
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Figure 5.24. Effect of angular position, θ, as shown in Figure 5.21, on nub-groove 

contact pressure due to global riser bending moment, M. 

 

The computational (CPU) times to run the global and sub-model on an Intel® 

Core™ i7-3770 processor with 8 cores for parallel processing are ~ 2.8 and ~ 2.2 hours, 

respectively. The diameter of the riser modelled is 6 inch (152.4 mm), the 

computational time increases significantly for increased riser diameters. The CPU time 

increases to ~ 3.6 and ~ 5.5 hours for the global and sub-model, respectively, for a riser 

of diameter 9 inches (228.6 m). 
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5.6. Summary and conclusions 

An analytical frictional contact model for a Hertzian cylinder-on-flat geometry 

based on the theory of elasticity has been developed; this can be adopted as the basis 

for an analytical fretting fatigue life prediction model for the nub-groove contact region 

of the pressure armour layer flexible risers. Frictional contact FE models of the 

Hertzian contact have also been developed. The FE model is shown to be in general 

agreement with the analytical results for Hertzian contact in both partial and gross slip 

regimes, in terms of minimum tangential and shear stresses, locations and peak values. 

An axisymmetric FE model of the flexible riser cross-section is developed 

incorporating a pressure armour wire contact. This revealed a highly-localised and 

severe trailing-edge tensile stress concentration due to fretting action. Cyclic plasticity 

and low-cycle fatigue characterisation of pressure armour wire material, in terms of J2 

plasticity material constants and Coffin-Manson fatigue constants, has been conducted. 

Attention has been focused on prediction of crack initiation; the modelling of material 

plasticity had an effect on predicted crack initiation lives.  

 Crack initiation predictions have been calculated using a 3D critical plane SWT 

fatigue indicator parameter. CoF evolution and increased bending induced axial 

displacement are shown to have a significant and detrimental effect on the trailing-edge 

tensile stresses responsible for fatigue crack initiation. However, in flexible marine 

risers, higher values CoF may result in lower contact displacements; hence the 

detrimental effect of high CoF may be counteracted by lower axial displacements. The 

work presented in this chapter does not include the effects of fretting wear. At high 

contact displacements (gross slip regime), wear can have a beneficial effect on 
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predicted fretting fatigue life. Fretting wear effects on contact variables and predicted 

crack initiation life will be investigated in the next chapter. 

A 3D riser model is presented using sub-modelling techniques to accurately 

predict nub-groove contact conditions. This has allowed the effect of non-symmetric 

loading, such as bending moment, on nub-groove contact conditions to be quantified, 

for the first time. 



Chapter 6: Combined fretting wear and fatigue model for pressure armour wire contacts 

182 

Chapter 6: Combined fretting wear and fatigue 

model for pressure armour wire contacts 

 

6.1. Introduction 

In this chapter, a framework for prediction of combined fretting wear and 

fretting fatigue for frictional contact in pressure armour wire material of flexible marine 

risers is outlined. The methods implemented are based on similar previous 

developments by Madge et al. (2008, 2007a), combining FE-based fretting wear 

simulation, based on the work of McColl et al. (2004), with the critical-plane approach 

of Sum et al. (2005) for fretting fatigue multiaxiality. Furthermore, in order to facilitate 

more rapid design for combined wear-fatigue effects, a fretting fatigue surface damage 

parameter, originally proposed by Ding et al. (2011, 2007), has been implemented for 

the pressure armour wire material. This provides a computationally efficient design tool 

for fretting in flexible marine risers. 

 

6.2. Modelling fretting wear 

6.2.1. Adaptive meshing techniques 

The fretting wear model implemented here uses an adaptive meshing 

methodology, with the Abaqus FE code. This has been implemented within the 
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UMESHMOTION user subroutine to simulate the fretting wear process, based on the 

Archard wear equation (as described in Chapters 2 and 4), first proposed by McColl et 

al. (2004). The fretting wear depth is calculated by applying Archard’s equation to the 

local contact conditions along the contact area. The Archard equation was chosen since 

it can easily be adapted for specific loading conditions, i.e. only one test is required to 

identify a specific wear coefficient for constant CoF conditions; whereas, multiple tests 

are required to identify an energy wear coefficient, α, and the threshold energy, Ed,th, 

(Pearson and Shipway, 2015). Another advantage of the Archard wear equation is that 

the Archard wear coefficient can be easily identified from experimental results from the 

literature (e.g. Mohd Tobi et al., 2011); therefore, riser designers can investigate 

various materials for optimum design of the pressure armour layer. The local wear 

depth, using a modified Archard wear equation, is given by (Madge et al., 2008; 

McColl et al., 2004): 

),(),(),( txtxpktxh l   (6.1) 

where Δh(x, t), p(x, t) and δ(x, t) are the incremental wear depth, contact pressure and 

relative slip at a point x on the contact surface at time t and kl is the local wear 

coefficient. McColl et al. (McColl et al., 2004) describe how the FE simulation of wear 

requires a local wear coefficient, lk , which is expressed as the wear per unit local slip 

per unit local contact pressure. However, this is different to the conventional wear 

coefficient, k, defined in terms of worn volume per unit displacement per unit load (as 

described in Chapters 2 and 4).  It has been argued (McColl et al., 2004; Paulin et al., 

2008) that there is a close relationship between the local wear coefficient lk  and the 

experimentally determined volumetric wear coefficient k. 
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To reduce the computational time for fretting wear simulations, a cycle jumping 

technique (Johansson, 1994; Mary and Fouvry, 2007; McColl et al., 2004; Öqvist, 

2001) was employed, where it is assumed that the contact pressure and slip 

distributions remain constant over ΔN cycles. Therefore, Equation (6.1 becomes: 

),(),(),(  xxpNkxh l  (6.2) 

where τ is the time within on “cycle” corresponding to ΔN wear cycles. Wear 

simulation is conducted for a total number of cycles, Nt. The implementation of this 

wear simulation algorithm in Abaqus is represented in the flowchart of Figure 6.1 and 

the adaptive meshing technique is depicted in Figure 6.2.  

 

Figure 6.1. Methodology for implementation of the adaptive meshing technique to 

predict fretting wear damage, where Nt is the total number of fretting cycles modelled. 
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Figure 6.2. Movement of finite element mesh to simulate material removal due to wear 

via adaptive meshing methodology (based on Cruzado et al., 2013). 

 

The adaptive meshing technique is validated here against 6 mm radius cylinder-

on-flat experimental profiles of wear scars measured, as described in Chapter 4, for a 3 

mm radius cylinder-on-flat geometry which is intended to be representative of the nub-

groove contact in the pressure armour layer (see Figure 6.3). The coefficient of friction 

and wear coefficient of friction used here are 0.7 and 1.1×10-8 MPa-1, respectively, as 

found for dry fretting test results in Chapter 4. Otherwise, FE contact model conditions 

are the same as in Chapter 5, Section 5.3.1. The material modelled in this chapter is 

modelled as elastic; this is a limitation for consistency with use of cycle jumping, since 

plasticity accumulation could not be correctly computed using cycle jumping. It is 

worth mentioning, however, that both the elastic and plastic models where shown to 

lead to similar predicted number of cycles to crack initiation in Chapter 5. 
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(a) (b) 

Figure 6.3. (a) Cylinder-on-flat FE model representation of nub-groove contact for wear 

simulation; (b) loading history for normal load, P and applied displacement, Δapp. 

 

In Figure 6.4, a comparison is made between the finite element simulated wear 

scars and experimentally measured fretting wear scars for R = 6 mm under two 

different loading conditions: (a) P
 
= 500 N, Δapp = 30 µm; and (b) P  = 250 N, Δapp = 

15 µm after 105 cycles of fretting. These loading conditions give a range of contact 

pressures and relative slips that are representative of nub-groove contact conditions. 

There is a reasonable correlation between the FE simulated wear scar and the 

experimentally measured wear scar. The FE model over-predicted maximum wear 

depth by 11 % (in Figure 6.4(a)) and 13 % (in Figure 6.4(b)) in comparison to the 

measured experimental values. The width is under-predicted by 6 % in Figure 6.4(a), 

and over-predicted by 24 % in Figure 6.4(b). In this study, as a simplification, wear of 

the cylindrical indenter and the effects of debris are not explicitly simulated (Ding et 

al., 2007b). Therefore, the effect of debris “pile-up”, for example, as is evident in the 

experimental wear scar shown in Figure 6.4(b), is not captured in the FE wear 

simulation. 
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Figure 6.4. Comparison between FE simulated and measured wear scars for R = 6 mm 

after 105 cycles at 20 Hz and: (a) P = 500 N, Δapp = 30 µm; and (b) P = 250 N, Δapp = 15 

µm. 

 

6.2.2. Effect of wear on fretting variables 

Figure 6.5 presents the evolution of predicted wear with fretting cycles for a 3 

mm cylinder-on-flat model under normal load (P) of 50 N/mm and displacement 

amplitude (Δapp) of 10 µm; these loading conditions give gross slip, and therefore, wear 

is the dominant fretting damage. Figure 6.6 presents the corresponding predicted 

contact pressure evolution for the 1st, 25,000th, 100,000th and 200,000th cycles. It can be 

seen that, as wear evolves, the contact width is predicted to widen and the contact 

pressure is predicted to redistribute over a wider area; therefore, the peak pressure is 

dramatically reduced and the pressure becomes much less concentrated with increasing 

cycles. 
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Figure 6.5. FE wear simulation results for gross slip (P = 50 N/mm and Δapp = 10 µm) 

condition showing predicted evolution of wear scar. 

 

 

Figure 6.6. FE wear simulation results for gross slip (P = 50 N/mm and Δapp = 10 µm) 

condition showing evolution of contact pressure. 
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and (b) shear (τxz) stresses is presented in Figure 6.7 for the extreme stroke position 

(e.g. A in loading history of Figure 6.3(b)). The contact width is predicted to increase 

from 100 to 360 µm over 2 × 105 fretting cycles, causing a 55 % decrease in trailing 
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located in the centre of contact; however, as the contact width increases, the shear stress 

is redistributed to an almost uniform value across the contact, which is dramatically 

reduced relative to the unworn case (about 75 % less that the initial peak value).  

 

(a) (b) 

Figure 6.7. FE wear simulation results for gross slip (P = 50 N/mm and Δapp = 10 µm) 

condition showing predicted evolutions of (a) tensile stress (σxx) and (b) shear stress 

(τxy) at extreme stroke position, (A in loading history of Figure 6.3 (b)). 

 

6.3.  Combined wear-fatigue model 

6.3.1. Wear-fatigue damage accumulation 

Due to the evolving geometry and stress fields associated with fretting wear, a 

fatigue damage accumulation model is required for prediction of fretting fatigue life. 

The Miner-Palmgren rule is used to calculate the damage accumulation, as follows: 
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SWTi (given by Equation 5.5). When D = 1, a crack is assumed to have initiated at the 

SWT-predicted location, orientation and number of cycles. Within the present FE 

methodology, D is calculated at the location of the centroid of the first row of surface 

elements in the unmodified mesh (prior to wear taking place). 

As discussed in detail by Zhang et al. (2013), in the adaptive meshing technique 

in the FE simulation, the centroidal position (same as Gauss point position for 4-noded 

reduced integration quadrilateral elements) of each surface element changes from cycle 

to cycle, due to movement of the mesh. Therefore, is necessary to track the same 

centroidal position from cycle to cycle (see Figure 6.2) in order to consistently 

accumulate damage at specific material points. Hence, following Zhang et al. (2013), a 

material point mesh (MPM) has been defined, independent of the FE mesh, to calculate 

the damage accumulation. In this method the MPM has fixed coordinates; the SWT 

damage is calculated at the centroid of each element and linearly interpolated back to 

the MPM for calculation of accumulated damage. The spacing for the MPM is 

determined from the initial location of each element centroid for the unmodified mesh, 

following Cruzado et al. (2013). 

 

6.3.2. Wear-fatigue life predictions 

The initiation SWT constants shown in Table 5.4 as back-calculated from the 

total life constants, using the method proposed by Madge et al. (2008) based on El-

Haddad modified Paris equation (El Haddad et al., 1979) for short crack growth are 

been used. Fretting crack initiation life predictions have been calculated for element 

centroidal (integration point) positions at a depth of 5 µm below the surface of the 

substrate. When a damage of 1 is predicted for an integration point close to the surface, 
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the element is deemed to have reached crack initiation, with a crack length of 10 µm. 

This work focusses on the interaction and competition between fatigue crack initiation 

(damage) and wear-induced material removal, potentially leading to either exacerbated 

initiation conditions (partial slip) or ameliorated conditions (gross slip). Crack 

propagation is not explicitly considered here.  

Figure 6.8 presents the predicted effect of applied displacement on crack 

initiation life with and without the effects of wear-induced material removal. In the 

partial and mixed slip regimes (Δapp < 4 µm), the predicted crack initiation life is 

essentially the same for both models.  However, in the gross slip regime, exclusion of 

wear effects is seen to significantly underestimate life relative to the “with wear” case. 

Including wear effects leads to a dramatic increase in life (to almost 108 cycles) with 

increasing stroke (displacement), relative to the minimum value in the partial slip 

regime. In all cases, the fretting fatigue cracks are predicted to initiate at the edge of 

contact and the predicted (critical plane) angle for crack initiation is between 10° and 

30° to the horizontal.  

The predicted increase in crack initiation life, when wear is included, is 

attributed to the redistribution of stresses, due to the evolution of the contact geometry 

and widening of the contact width. This trend is consistent with the fretting schematic 

of Vingsbo and Söderberg (1988), where, as wear rate increases, the predicted fretting 

fatigue life increases.  Hence, for flexible marine riser design, fretting wear is predicted 

to be an important consideration, particularly in gross-slip conditions, to avoid overly-

conservative prediction of crack initiation.  

 



Chapter 6: Combined fretting wear and fatigue model for pressure armour wire contacts 

192 

 

Figure 6.8. Predicted effect of applied tangential displacement on crack initiation life: 

(i) without effect of wear, and (ii) with effect of wear. 
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geometry, based on the original work of Ding et al. (2011) for aeroengine spline 
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where Dfret is a surface damage factor given by Ding et al. (2011): 
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where C, m, and 
th)(  are material parameters; τ and δ are the local contact shear and 

slip, respectively. (τδ)th has been estimated here as a value slightly greater than the 

value at the partial slip -gross slip transition, based on FE simulations and following 

Ding et al. (2011). For τδ < (τδ)th, the unmodified SWT value is used (i.e. Dfret = 1); for 

τδ > (τδ)th, the SWT-Dfret value is used (Equation (6.4). 

The material parameters C and m were identified here (and by Houghton et al. 

(2009)) by applying a least squares minimisation method to the following objective 

function: 

  
i

iAMiD SWTmCSWTmCF
2

,, ),(),(  (6.6) 

where ),(, mCSWT iD  is the Dfret-predicted SWT value at sample (element 

centroid) point i, iAMSWT , is the corresponding wear-simulated SWT value (using the 

adaptive meshing technique). The resulting material parameters identified here for the 

pressure armour layer are presented in Table 6.1. A comparison of the wear-simulated 

SWTmax from the previous section, and the corresponding maximum SWT-Dfret value, 

(from the least squares minimisation method) is shown in Figure 6.9.  
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Figure 6.9. Comparison between effect of applied fretting displacement on SWT, as 

predicted by Dfret approach and explicit FE wear simulation approach.  

 

Table 6.1. Dfret parameters for pressure armour wire. 

Parameter Value 

(τδ)th 0.4 MPa mm 

C 0.05 MPa-1 mm-1 

m -0.85 
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reduction in computational expense. Table 6.2 compares the computational (CPU) time 

for explicit wear FE simulation of 250,000 cycles and the contact model excluding 

wear used for Dfret; simulations were conducted on an Intel® Core™ i7-3770 processor 

with 8 cores for parallel processing.  

 

Figure 6.10. Comparison between effect of applied fretting displacement on crack 

initiation life, as predicted by modified SWT-Dfret approach and explicit FE wear 

simulation approach. 
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6.5. Summary and conclusions 

A finite element computational methodology for combined fretting wear-fatigue 

analysis of riser material is developed. The method combines fretting wear simulation 

using an adaptive meshing technique with critical plane multiaxial fatigue life 

prediction. The fretting wear simulations are validated against cylinder-on-flat fretting 

wear experimental test results. 

The effect of tangential displacement on fretting crack initiation life was 

investigated. Increased tangential displacement is shown to have a beneficial effect on 

predicted life to crack initiation. However, experimental validation is required to 

investigate the increase in life to crack initiation in GSR due to beneficial effects of 

wear, i.e. fretting cycles up to 107 to 108 (test duration of between 6 and 60 days at a 

test frequency of 20 Hz) for applied displacement of ±30 μm. 

A fretting wear-fatigue design parameter was shown to successfully capture the 

effects of wear and tangential displacement on fretting crack initiation life as predicted 

by the explicit wear fatigue approach. The major benefit of this parameter is the 

reduced computational expense, since wear does not have to be explicitly modelled. 
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Chapter 7: Global-local fretting analysis of 

flexible risers 

 

7.1. Introduction 

This chapter presents analysis of fretting in the nub-groove contact region for a 

realistic flexible riser design based on data provided by the industrial partners, Wood 

Group Kenny. Global riser analyses are presented to provide loading conditions for 

local finite element nub-groove fretting analysis. Predictions are made for numbers of 

cycles to crack initiation and crack propagation, thus providing total fretting fatigue 

lives for the risers. Running condition fretting maps (RCFM) are developed for three 

riser geometries. The effects of riser specification (internal diameter) and sea-state 

load-case are investigated. The aims of this case study are to (i) apply the experimental 

results and modelling methodologies of this thesis to a realistic industrial design, and 

thus, (ii) assess the service life of the nub-groove component of candidate risers under 

realistic environmental conditions.  

 

7.2. Methodology 

Figure 7.1 shows the framework for the methodology implemented here. Global 

and local analysis are combined to predict the fretting fatigue life of the pressure 
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armour wire nub-groove contact. The global analyse are conducted using the software 

code Flexcom, to predict dynamic riser response, such as time histories of axial tension, 

F(t), and riser curvature, κ(t), in response to dynamically-imposed vessel motion and 

sea-state loading conditions. Geometrical and analytical models are used to identify 

local FE (axisymmetric) riser model loading conditions, such as applied displacement, 

Δapp(t) and additional pressure pa(t), based on global riser curvature, κ(t), and axial 

tension, F(t), respectively, as shown in the flowchart of Figure 7.1. Local nub-groove 

fretting contact is analysed using the FE axisymmetric model, as described in Chapter 

5. Fretting fatigue life is predicted from the resulting contact stresses, slips and surface 

traction results using the Dfret-SWT parameter of Chapter 6. Hence, wear is not 

explicitly modelled, thus reducing the computational time for local fretting analysis. 

Crack propagation is estimated using a weight function approach and hence, total life is 

obtained for the fretting regions of the risers. 

 

Figure 7.1. Framework for fretting life prediction in flexible marine risers. 
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7.3. Global riser analysis 

7.3.1. General 

This study focuses on a single line hybrid riser (SLHR) with a flexible riser 

jumper connecting to a floating production, storage and offloading vessel (FPSO) as 

shown schematically in Figure 7.2; three different dynamic flexible riser jumper 

geometries have been analysed. The water depth from the seabed to MSWL (mean sea 

water level, as shown in Figure 7.2) is 2030 m. This is close to the boundary between 

what is considered to be deep and ultra-deep (> 2,133 m) drilling. As oil reserves in 

shallower waters deplete, the oil and gas industry are pushed to extract oil at depths that 

were once considered too deep for hydrocarbon exploration and extraction. The 

configuration of SLHR with riser jumpers is often used to extract hydrocarbons at ultra-

deep seas; this is because the flexible riser jumpers fully decouple the SLHR from the 

vessel motions; in turn, the vessel motions are decoupled from the wellhead at the 

seabed, making hydrocarbon extraction safer. 

Cyclic loading in the dynamic flexible risers due to wave and current loading 

create axial tension and curvature variations along the risers, leading to micro-scale 

motion between nub-groove contacts in the pressure armour wires. The full study of the 

behaviour of the flexible dynamic jumpers requires the consideration of long term 

cyclic loading.  

Global riser analysis was conducted using the software Flexcom, the 

development of which was discussed in Section 2.8.1. Flexcom uses an established 

finite element formulation, incorporating a hybrid beam-column element with fully 
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coupled axial, bending and torque forces, e.g. see Lane et al., (2001, 2005), O’Brien et 

al., (2003, 2002), Smith et al., (2007) and Connaire et al., (2015). 

 

7.3.2. Riser configuration and geometrical properties 

The SLHR and riser jumper configuration of this case study is shown 

schematically in Figure 7.2. The FPSO and SLHR hang-off points are typically critical 

sections for fatigue along the flexible riser due to the high tensions and curvature 

variation. Sag bend location can also be critical for fatigue also, due to the high 

curvature variation in this area. However, the full length of the risers is analysed here 

since critical fretting conditions (PS) may not necessarily coincide with the locations of 

maximum loading or displacement.  

 

Figure 7.2. Schematic of SLHR and single riser jumper configuration. 
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The three flexible riser jumper geometries (11 inch, 9 inch and 6 inch) 

investigated here are listed in Table 7.1. The inner diameter is based on the required 

capacity and internal pressure of the riser. The external diameter (detailed in Table 7.1) 

is used for calculation of drag and buoyancy of the riser. The internal diameter and pipe 

mass are used to calculate the buoyancy contribution of the internal fluid; the pipe mass 

also influences the resultant axial force. The internal fluid properties (density and 

internal pressure) for each riser jumper are also provided in Table 7.1. Other geometric 

properties used for the global riser analysis are provided in Table 7.2. The external 

(hydrostatic) pressure, which is dependent on depth, and therefore, location along the 

riser, is zero at the FPSO hang-off; at the SLHR hang-off point, external pressure is 2 

MPa. 

The submerged sections of the risers experience hydrodynamic forces due to the 

environmental loading. Generally, drag forces are dominate for extreme waves and 

inertia forces are dominant for smaller waves. Drag and inertia coefficients are included 

in the global analysis, modelled as 1.2 and 1.8, respectively, for all riser geometries. 

 

Table 7.1. Riser geometrical and internal fluid data. 

Riser 
Inner diameter 

(mm) 

Outer diameter 

(mm) 

Internal fluid 

density (kg/m3) 

Internal pressure 

(MPa) 

11 inch 279.4 404.5 1100 27.3 

9 inch 222.25 336.95 285 32.4 

6 inch 152.4 362.8 267 27.5 
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Table 7.2. Riser geometrical data. 

Riser EI (Nm2) GJ (Nm2) EA (N) Mass (kg/m) 

11 inch 13.4 × 103 133.5 × 103 125 × 106 279 

9 inch 37.1 × 103 371 × 103 95.2 × 106 208 

6 inch 49.1 × 103  491 × 103 66.2 × 106 165 

 

7.3.3. Vessel and environmental loading 

The vessel motions due to the wave action are modelled using vessel response 

amplitude operations (RAOs). The motion of all points on the vessel are calculated 

using rigid body dynamics from a reference point (typically vessel center of gravity) 

and the associated RAOs. A vessel has six degrees of freedom, three translational and 

three rotational, as shown in Figure 7.3. The RAO data for all six degrees of freedom 

used for this study were obtained from a database of typical FPSO data for this type of 

riser configuration and sea conditions (courtesy of Wood Group Kenny).  

 

Figure 7.3. Definition of vessel degrees of freedom for RAOs. 
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A piecewise linear current profile is used to model the horizontal current 

velocity distribution that can vary in magnitude and direction with depth. The current 

velocity-depth profile is shown in Figure 7.4. For this study, the direction of the current 

is assumed to be constant, 0⁰ from the y-axis (see Figure 7.3).  

The riser system is subjected to six sea state (regular Airy wave) load cases 

defined by wave height and period (as shown in Table 7.3). These wave heights and 

periods are representative of extreme dynamic loading on the flexible riser jumper from 

swell and sea wave conditions (Wood Group Kenny metocean data). A riser can 

experience up to 106 cycles of each load-case in a year of operation. 

 

Figure 7.4. Assumed current velocity versus height above seabed. 
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7.4. Global-local loading conditions  

7.4.1. General 

This section describes analytical and geometrical models employed to establish 

global-local relationships, such as (i) global axial force to local nub-groove contact 

pressure and (ii) global riser curvature to local nub-groove slip, as shown in the 

flowchart of Figure 7.1. 

Table 7.3. Definition of regular wave load-cases for design study. 

Load case Wave height (m) Wave period (s) 

1 2.78 11.5 

2 2.36 10.54 

3 2.78 11.65 

4 1.74 6.94 

5 0.93 6.94 

6 1.74 14.81 

 

To the author’s knowledge, there are no existing methods to identify nub-

groove fretting conditions, in particular, contact slip, based on global riser dynamic 

analysis results. The work of Burke and Witz (1995) identified fretting as a damage 

mechanism in the nub-groove contact region; however, the nub-groove contact loading 

conditions were not quantified. Perera et al. (2007) performed fretting wear tests on 

pressure armour wire to quantify the fretting behaviour; however, the loading 

conditions used were not based on global riser analysis. Féret and Bournazel (1987) 

presented a theoretical approach to calculate stresses, contact pressures and slip 
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between tensile armour layers of flexible pipes under axisymmetric loading. However, 

the pressure armour layer nub-groove articulations are driven by global riser curvatures 

rather than axisymmetric loading conditions; therefore, the theoretical approach used by 

Féret and Bournazel (1987) can not be used for pressure armour layer nub-groove 

contacts. The aim of this section is to quantify the global-local response and hence, 

provide data for the formulation of material response fretting maps (MRFM) and 

running conditions fretting maps (RCFM). 

 

7.4.2. Global riser axial tension  

A key design criterion for flexible risers is the avoidance of buckling which 

occurs under compressive loading. Hence, risers are designed, using software such as 

Flexcom, to prevent compressive axial forces. Flexible risers are designed so that each 

layer has a specific function. The function of the tensile armour (wire) layers is to 

support the axial tensile forces experienced by the riser. The lay angle of the tensile 

armour layer is typically ±30 to ±40⁰ (to the longitudinal axis of the riser) helically 

around the riser; therefore, tensile forces on this layer cause the wires to straighten 

slightly. This straightening causes a pressure on layers under the tensile layer, such as 

the pressure armour layer. Therefore, global axial tensile force causes an additional 

external pressure on the pressure armour layer, pa, expressed using an analytical 

solution (Lanteigne, 1985), as follows: 

pa

w

w

a R
R
Fm

p
π

α
α

2
)cos(
)(sin2










=  
(7.1) 

205 



Chapter 7: Global-local fretting analysis of flexible risers 

where m is the number of tensile armour wires in the tensile armour layer, Fw is the 

axial force in each tensile armour wire, Rw is the radius at which the tensile armour 

layer lies with a lay angle of α and 2πRpa is the circumference of the pressure armour 

layer. This analytical solution has been validated against finite element models and 

used extensively, e.g. (Hoffman et al., 2001; McNamara, 1992) within the oil and gas 

industry.  

 

7.4.3. Global riser curvature 

In this section, a geometrical model is presented to relate global riser curvature-

applied displacement for a local FE model of the riser nub-groove contact, as outlined 

in Figure 7.1, is described. In order to develop this model, some assumptions are made, 

as follows: 

• Plane sections remain plane 

• The outer pressure armour layer slides relative to the inner layer under 

bending 

• No ovalisation of the riser occurs under bending 

• The angle of rotation, θ, remains small (Rθ ≈ l, see Figure 7.5) 

• The length of riser modelled, l, is small with respect to the bend radius, 

R 

• Pure bending occurs about the centre line of the riser 

• Only elastic behaviour occurs (i.e. plasticity is neglected) 

• No additional nub-groove contact pressure occurs due to riser bending 
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The length of the riser section modelled, l, in the simplified axisymmetric model 

is 15 mm, as shown in Figure 7.7, and the minimum bend radius of a riser is typically 

1.5 to 3 m (this is the storage radius of the pipe - the bend radius during operation is 

much larger). Therefore, the angle of rotation, θ, remains small (maximum 0.3⁰ to 

0.6⁰), and the section of the riser modelled is small compared to the bend radius (~ 1 

%). A schematic of the geometrical model used to develop the riser curvature-applied 

displacement, κ-Δapp, relationship is shown in Figure 7.5, where curvature κ, is given by 

the inverse of bend radius, R. 

 

Figure 7.5. Schematic of effect of bending on riser section and the geometrical model 

used to relate riser curvature to local applied displacement. 

 

From the geometrical construction (model) of Figure 7.5, the angle of rotation, 
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≈ −

R
l 2/sin2 1θ  (7.2) 

where l and R are as shown in Figure 7.5. Assuming that the outer pressure armour 

layer slides as a rigid body relative to the inner layer, the relative applied displacement, 

Δapp, can be approximated as follows, for small θ: 

θθ RyRapp −±≈∆ )(  (7.3) 

where y is the distance from the central riser axis to the nub-groove interface, as shown 

in Figure 7.5. In riser design, the riser curvature, κ, is typically used; therefore, 

Equations (7.2) and (7.3) can be rewritten as: 







≈ −

2
sin2 1 lκθ  (7.4) 

θ
κ

θ
κ

11
−






 ±≈∆ yapp  (7.5) 

Figure 7.6 presents the linear relationship between riser curvature, κ, and applied 

displacement, Δapp, described by Equations (7.4) and (7.5) (for the 6 inch riser).  

 

Figure 7.6. Linear relationship between riser curvature and applied displacement for the 

6 inch riser.  

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.00 0.01 0.02 0.03 0.04 0.05

κ (m-1)

Δapp(mm)

208 



Chapter 7: Global-local fretting analysis of flexible risers 

7.5. Local nub-groove analysis 

7.5.1. Finite element analysis 

Following the work of Section 7.4.3, the local nub-groove slip, δ, can then be 

identified as a function of applied riser displacement, Δapp, from the axisymmetric riser 

model of Figure 7.7. The FE model details are outlined in detail in Section 5.3.1.  

In this study the internal and external pressure for the riser are outlined in Table 

7.1, the additional pressure due to the straightening of the tensile armour wires, pa, 

given by Equation (7.1), is also modelled. The cyclic applied displacement, ±Δapp, is 

identified by substituting Δκ for κ in Equations (7.4) and (7.5), where the global 

curvature range, Δκ, is given by: 

minmax κκκ −=∆  (7.6) 

where κmax and κmin are the maximum and minimum curvatures that occur at a specific 

point on the riser throughout the dynamic simulation, as described in Section 7.3, 

respectively. The riser curvature histories in this study are typically symmetrical about 

the neutral axis of the riser (shown in results section, Figure 7.9). 

 

Figure 7.7. Axisymmetric riser model. 
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7.5.2. Crack initiation 

The numbers of cycles to crack initiation (10 μm crack) have been calculated 

using the methodology outlined in Section 6.5. This implements the fretting damage 

parameter proposed by Ding et al. (2011), Dfret, along with critical-plane SWT for the 

nub-groove fretting contact in flexible marine risers as outlined in Figure 7.1. 

Therefore, wear is not explicitly modelled here. 

 

7.5.3. Crack propagation 

This section describes the estimation of crack propagation using a weight 

function approach, as outlined in Figure 7.1. The total fretting fatigue life can then be 

calculated by the sum of crack initiation and propagation lives. The weight function 

approach was used for PS regime, where it is assumed that wear rate is low and 

therefore, wear has little to no effect on substrate stresses. Since wear is not explicitly 

modelled, the contact stress gradient in the nub-groove contact region is expected to 

reduce up to a depth where constant stress is observed (far from the nub-groove contact 

surface). In an attempt to capture the effect of fretting stress relaxation occurs due to 

wear, stress reduction factors have been estimated based observations from the explicit 

wear modelling of Chapter 6, this is described in Appendix E. These estimated stress 

gradients have been used here to estimate crack propagation in the gross-slip regime. 

The weight function method used for PS is described below. In fretting 

experiments, cracks have been observed to grow at a shallow angle initially, typically 

between 5⁰ and 20⁰, (Dubourg and Lamacq, 2000), being influenced by the contact 

load. The crack will grow in this manner for up to 3-grain sizes (Khotsyanovskii, 
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2010). Next the direction of the crack propagation changes to approximately 

perpendicular to the contact surface; here the propagation direction is influenced by the 

bulk stress in the pressure armour wire. This crack growth behaviour is depicted in 

Figure 7.8. 

 

Figure 7.8. Direction of crack initiation and propagation. 

 

Due to stress gradients close to the contact surface in fretting, crack propagate is 

a complex issue (McCarthy et al., 2013). Houghton et al. (2009) used weight functions 

based on the work of Nicholas et al. (2003) to analyse the mixed mode cracking of Ti-

6Al-4V to predict multiaxial fretting fatigue. Crack location was found from SWT 

critical plane calculations, then local stress ranges were identified for Mode I and Mode 

II crack propagation. The weight functions, hI and hII, for Mode I and Mode II crack 

growth, respectively, are defined as (Fett and Munz, 1997): 
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where ρ = x/a and α = a/W, a is the crack length, x is the distance along the crack, W is 

the specimen width and Aυμ is the influence coefficient for each weight coefficient (Fett 

and Munz, 1997). Mode I and Mode II stress intensity factors are defined as: 

∫ ∆=∆
a

IxxI dxaxhxK
0

),()(σ  (7.9) 

∫ ∆=∆
a

IIxyII dxaxhxK
0

),()(σ  (7.10) 

where Δσxx and Δσxy are the local FE-predicted normal and shear stresses during crack 

growth in Mode I and Mode II, respectively. The effective stress intensity factor is: 

2
,

2
, effIIeffIeff KKK ∆+∆=∆  (7.11) 

where: 

( )( )n
IeffI RKK −−∆=∆ 1

, 1  (7.12) 

where R is the stress ratio > 0 and n is a material constant, where 0 < n > 1. In this 

work, n was chosen to be 0.5. The incremental crack growth, Δa, is defined by: 

( ) NKKCa m
theff ∆∆−∆=∆  (7.13) 

where ΔN is a cycle jumping factor. The process crack growth calculation is 

incrementally repeated until the crack length, a, propagates to a length of 2 mm. 

Previously published Paris coefficients for a dual phase pearlite-ferrite cold-formed 

steel were used here (Li et al., 2014). This methodology has been validated against 
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results obtained from the Paris equation (see Section 2.5.4) for a plan fatigue case. This 

method includes the El-Haddad correction for short crack growth (El Haddad et al., 

1979). 

 

7.6. Results 

7.6.1. Global analysis 

Key output variables from the global analysis are (i) time histories of riser 

curvature and axial tension and (ii) envelopes of the minimum and maximum riser 

curvatures and axial tensions along the length of the riser. This data allows for detailed 

design of flexible risers based on dynamic responses to various sea state loadings. 

Examples of these results are presented here for the 6 inch riser under load case 1. 

Normalised time histories of resultant rise curvature (κ/κmax), axial tension 

(F/Fmax) and internal and external pressures (p/pmax) results from dynamic riser analysis 

are shown in Figure 7.9; these results are from the SLHR hang-off point. The internal 

and external pressure remain constant with respect to time. In all load-cases, riser 

curvature is seen to be 180⁰ out of phase with axial tension. The riser curvature is 

symettric about the neutral axis of the riser, and the axial force is in tension at all times. 
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Figure 7.9. Time histories of normalised results from dynamic riser analysis. 

 

The minimum and maximum axial force and riser curvature along the length of 

the 6 inch riser under load case 1 are presented in Figure 7.10 and 7.11. Note that l in 

these plots is the length of the riser, measured as curvilinear distance along the riser 

from the FPSO hang-off point (see Figure 7.2). The end-point (l = 550 m) corresponds 

to the SLHR hang-off point. Clearly, the predicted location of maximum axial tension 

and riser curvature values are at the SLHR hang-off point. The SLHR has a more 

dynamic response to the sea-state loading than the FPSO, therefore, the SLHR hang-off 

point is the most dynamically loaded point on the flexible riser. The results from all 

other load-cases analysed for the three risers are consistent with these also. The 

complete set of axial tension and curvature envelopes for all risers and load cases are 

given in Appendix C. 
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Figure 7.10. Envelope of minimum and maximum axial tensile force along the length 

of the 6 inch riser jumper. 

 

 

Figure 7.11. Envelope of minimum and maximum riser curvature along the length of 

the 6 inch riser jumper. 
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7.6.2. Global-local loading conditions 

A typical FE predicted relationship between nub-groove contact displacement 

(δ) and riser curvature range (Δκ) is shown Figure 7.12. These responses are obtained 

by calculating an applied load, Δapp, from global riser curvature results and Equations 

(7.4) and (7.5). This value of Δapp is then applied to the local FE riser model (see Figure 

7.7), from which nub-groove contact slip, δ, is predicted. The curvature-slip response 

shows two types of trends depending on slip regime for finite sliding friction; a 

quadratic trend is observed for PS and a linear trend is observed for GS. To achieve slip 

i.e. overcome friction, a certain threshold curvature range, Δκth, is required; above these 

threshold values, curvature-slip response is much “softer”, i.e. a smaller change in 

curvature results in a larger change in slip. The value of Δκth depends on riser geometry 

and loading conditions. 

This combined geometrical-FE method, as described in Figure 7.1, has been 

compared to the 3D riser model of Chapter 5. There are differences between the two 

method, as shown in Figure 7.12 This is due to assumptions associated with both 

techniques. However, it is important to note that both methods gave results similar 

curvature-slip responses. For this study, the geometrical-FE method has been used. The 

analysis of curvature-slip relationship is one that requires further computational 

investigation and full-scale validation, if possible. Figure 7.13 shows the combined 

geometrical-FE predicted effect of internal pressure on the curvature-slip relationship 

(6 inch riser under 4 MPa external pressure, a nub-groove CoF of 0.7). As internal 

pressure increases, the curvature required to cause a specific slip increases.  
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Figure 7.12. Comparison of geometrical and 3D FE models to obtain curvature-slip 

relationship for the 6 inch riser with nub-groove CoF of 0.7. 

 

 

Figure 7.13. Effect of internal pressure on the curvature-slip relationship (6 inch riser 

under 4 MPa external pressure, a nub-groove CoF of 0.7). 
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Similarly, Figure 7.14 presents the effect of CoF on the curvature-slip 

relationship (6 inch riser under 25 MPa internal pressure, 4 MPa external pressure). 

This shows a linear relationship for the frictionless case and a combined quadratic-

linear relationship for non-zero CoF. As CoF increases, the curvature range required to 

cause gross-slip (Δκth) increases. The PS-GS transition occurs at larger contact slips as 

CoF increases. Figure 7.15 shows the curvature-slip relationship for the different size 

risers. Again, the effect of decreasing riser diameter is the same as that of increasing 

internal pressure and increasing CoF. 

 

Figure 7.14. Effect of CoF on the curvature-slip relationship (6 inch riser under 4 MPa 

external pressure and with nub-groove CoF of 0.7). 
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Figure 7.15. Curvature-slip relationship for the different risers used in this study. 
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The Δκ-δ relationships shown above can be described by the following 

equations, for PS and GS: 

 CBA +∆+∆= )()( 2 κκδ   (PS) (7.14) 

 CB +∆= )( κδ   (GS) (7.15) 

where A, B, and C for each riser geometry and nub groove sliding regime are given in 

Table 7.4. Partial slip occurs at Δκ values less than Δκth. 
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Table 7.4. A, B, and C for each riser geometry and nub-groove sliding conditions 

Riser A B C B C Δκth 

 (PS) (GS)  

6 inch 3933.6 7.160 -0.0043 1097.7 -9.7293 8.92 × 10-3 

9 inch 1024.4 11.418 -0.0022 1655.1 -8.9727 5.46 × 10-3 

11 inch 17902.8 18.65 -0.0006 18.65 -0.0006 3.65 × 10-3 

 

Figure 7.16 shows an example of the accuracy of the Δκ-δ fit using Equations 

(7.14) and (7.15) to data for 6 inch riser. This plot shows very good agreement between 

the combined geometrical-FE predicted curvature-slip relationship and the fit using the 

polynomial equations. 

 

Figure 7.16. Curvature-slip relationship fit to data using Equations (7.14) and (7.15) for 

6 inch riser. 
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The predictive methodology has been applied to the various dynamic load cases 

for each riser diameter. The results for maximum predicted slip for each riser are shown 

in Table 7.5 For the minimum loading conditions along the riser lengths, stick is 

predicted, whereas for the maximum conditions along the riser lengths, gross slip is 

typically predicted. Therefore, along the riser length, stick, partial slip and gross slip 

conditions are experienced for most load cases. Load case 5 results in maximum nub-

groove contact displacements closest to PS-GS transition. Typically, the larger wave 

heights (see Table 7.3) result in larger nub-groove slips, i.e. load cases 1 to 3; this is 

due to larger vessel and SLHR motions associated with wave loading, and hence, larger 

global riser dynamic motions occur compared to load cases with lower wave heights, 

i.e. load cases 4 to 6. 

 

Table 7.5. Minimum and maximum nub-groove contact displacements for each riser 

and load case. 

Load 

case 

6 inch riser 9 inch riser 11 inch riser 

δmax (μm) δmax (μm) δmax (μm) 

1 22.8 83 192.1 

2 45.4 65.1 192.1 

3 78.1 81.9 188.7 

4 40.5 44.6 101.8 

5 2.1 3.3 4.4 

6 29.2 27.2 87.8 
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7.6.3. Predicted life to crack initiation 

Figure 7.17 presents the predicted number of cycles to crack initiation against 

nub-groove displacement for all three risers. At lower contact slips (< 2 μm) the 11 inch 

riser is most critical (lower predicted life); however, as contact slip increases (> 4 μm), 

the 6 inch riser is more critical in terms of predicted number of cycles to crack 

initiation.  

 

Figure 7.17. Number of cycles to crack initiation against nub-groove displacement for 

all three risers. 

 

Figure 7.18 presents the effect of riser curvature range, Δκ, on predicted number 

of cycles to crack initiation for all three risers. The difference between the riser 
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Figure 7.15. Figure 7.18 is an example of a RCFM; this can be used to identify the 

number of cycles to crack initiation from global riser curvature response. 

Figure 7.18 also shows critical curvature range (Δκcrit) that relate to lower 

predicted lives (Ni < 5 × 104) for each riser. The smaller diameter (6 inch) riser has a 

large range of Δκcrit than the larger diameter risers (9 inch and 11 inch). These Δκcrit 

values can be used in conjunction with global riser analysis results (from Flexcom) to 

identify locations of the riser where fretting fatigue cracking are likely to occur. For all 

load cases, 𝛥𝜅𝑐𝑟𝑖𝑡 occurs closest to the SLHR hang-off point (between 0.1 m and 5 m 

from hang-off point) for each of the risers. It must be noted that these values for Δκcrit 

are specific to each of these risers under the loading conditions outlined above and with 

a nub-groove CoF of 0.7.  

 

Figure 7.18. Number of cycles to crack initiation against dynamic riser curvature for all 

three risers and definition of Δκcrit for each riser case. 
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The predicted number of cycles to crack initiation for each load case and riser is 

presented in Figure 7.19. The 11 inch riser is typically most critical riser, in terms of 

predicted number of cycles to crack initiation, compared to the smaller diameter risers 

(9 inch and 6 inch). The load case with the most difference between predicted riser 

lives is load case 5, this corresponds to the load case with the lowest wave height and 

period. The predicted number of cycles to crack initiation is considerably low. 

However, the location where Δκcrit occurs along the riser length is short relative to the 

length of the riser, typically ≤ 2 m compared to overall riser length of 550 m. This is 

approximately 0.4 % of the riser length that is critical for fretting design. 

 

Figure 7.19. Predicted numbers of cycles to crack initiation for all load cases and all 

three risers. 
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7.6.4. Crack propagation 

Figure 7.20 presents the predicted number of cycles to crack initiation and 

propagation against nub-groove displacement for the 6 inch riser. Estimated 

propagation life is much longer than predicted initiation life (typically by two orders of 

magnitude). This is due to the fact that the high fretting stresses are highly localised 

close to the nub-groove contact surface (shown in Figure 5.7), and therefore, have little 

influence as the crack propagates. Figure 7.21 presents the effect of riser curvature 

range, Δκ, on predicted number of cycles to crack initiation and propagation for the 6 

inch riser. Figure 7.22 presents the effect of riser curvature range, Δκ, on predicted 

number of cycles to crack initiation and propagation for all risers. This is an example of 

a RCFM and can be used to identify the number of cycles to failure from global riser 

dynamic response. 

Figure 7.20. Effect of nub-groove contact slip on number of cycles to crack initiation 

and propagation for the 6” riser.  

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

0 2 4 6 8 10

N
um

be
r o

f c
yc

le
s

Contact displacment (μm)

Initiation

Total

δ (μm)

N

107

106

105

104

103

108

Ni

Np

225 



Chapter 7: Global-local fretting analysis of flexible risers 

 

Figure 7.23 presents the predicted number of cycles to failure for all three risers 

and all load cases. There is a significant increase in life for all risers and load cases 

compared to predicted initiation life (shown in Figure 7.19). There is less scatter 

between the results for failure than for initiation, this because crack propagation is 

dominant over crack initiation since stresses perpendicular to the surface decrease 

rapidly, resulting in similar predicted propagation lives for all risers and load cases. 

 

Figure 7.21. Effect of global riser curvature on number of cycles to crack initiation and 

propagation for the 6 inch riser.  
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Figure 7.22. RCFM for predicted number of cycles to failure for dynamic curvature 

range for all three risers. 

 

 

Figure 7.23. Predicted numbers of cycles to failure for all load cases and all three risers. 
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Currently, there is no standard procedure for the analysis of fretting in the 

pressure armour layer. Typically, risers are analysed for fatigue behaviour of the tensile 

armour layer. For this study, the fatigue life of tensile armour layer has also been 

predicted using Layercom, a tensile armour layer fatigue predictive tool developed by 

MCS International (now Wood Group). The lives predicted for the tensile armour layer 

ranged from 5.9 × 105 to 1.3 × 107. This is a similar range to the total fretting fatigue 

life predicted for the pressure armour layer in this study (see Figure 7.23). The load 

cases investigated here are extreme loading scenarios; by modelling stochastic sea 

states, less conservative and more realistic life predictions can be calculated using the 

same predictive methodologies for both fatigue of the tensile armour layer and fretting 

fatigue of the pressure armour layer.  

 

7.7. Summary and conclusions 

The fretting analysis methodology of this thesis has been implemented in a 

realistic riser jumper case study. Global riser analysis has been conducted on three riser 

geometries and six load cases have been investigated for each riser. Global riser 

dynamic curvature and axial tension histories have been related to local nub-groove 

loading conditions. Critical dynamic riser curvatures, that result in low predicted lives, 

have been identified for the various riser geometries. The number of cycles to crack 

initiation have been predicted for the six load cases for each riser. Predictions of the 

total number of cycles for failure of the pressure armour wire have been calculated 

using weight functions. The use of the Dfret-SWT method allows for fretting fatigue life 

predictions to be made in PS and GS; however, computationally efficient, incremental 
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modelling of wear is required to accurately predict substrate stresses for the predictions 

of crack propagation using the weight function method employed here for GS. The total 

lives predicted for fretting fatigue in the pressure armour layer have been compared to 

fatigue lives of the tensile armour layer. Predicted pressure armour layer fretting fatigue 

lives are in the same range as the fatigue lives of the tensile armour layer. 
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Chapter 8: EASY-FRET: An analytical fretting 

wear-fatigue design tool 

8.1. Introduction 

EASY-FRET stands for Engineering Analysis SYstem for FRETting; it uses an 

analytical elasticity theory methodology implemented within a quadratic programming 

method following the work of Nowell (2010) in MatLab™ to simulate wear and 

frictional fretting contact for two-dimensional contact geometries and loading 

conditions, including partial and gross slip regimes, for example. Fretting fatigue life is 

calculated using the critical-plane multi-axial SWT fatigue parameter, described in 

previous chapters. EASY-FRET is a computationally efficient method for modelling 

fretting wear and fatigue and for geometry optimisation against fretting damage. The 

benefit of this design tool, for industry application, in particular, is that it does not 

require finite element software or expertise and requires minimal inputs from the 

designer.  

Nowell (2010) presented an efficient numerical method based on quadratic 

programming to analyse transient wear problems. In this chapter, this analytical 

solution to calculate contact pressure from initial geometry and loading conditions is 

expanded to include the calculation of substrate stresses and fretting fatigue life. The 

analytical design tool is validated against finite element results presented previously in 

this thesis. EASY-FRET will allow for the accurate and computationally efficient 
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modelling of fretting in the nub-groove contact in flexible marine risers, as depicted in 

Figure 1.4. EASY-FRET is readily adaptable for different fretting geometries and 

loading scenarios.  

 

8.2. Analytic model 

For a 2D contact between bodies, quadratic programming (Nowell, 2010) can be 

used to predict the contact pressure for a given contact geometry with an initial gap 

function, ho, as shown in Figure 8.1. Under a normal load, P, the two bodies undergo 

vertical displacements, v1(x) and v2(x) for bodies 1 and 2, respectively. Therefore, the 

gap function in the loaded state, h(x), is:  

)()())()(()()( 12 xvxhxvxvxhxh oo   (8.1) 

 

Figure 8.1. Round and flat bodies in contact with initial gap function ho. 
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For contact conditions, pressure is positive and the gap function is zero, as 

follows: 

0)( xp

    

0)( xh  (8.2) 

For non-contact conditions, pressure is zero and the gap function is positive, as 

follows: 

0)( xp

    

0)( xh  (8.3) 

The object function, I, for quadratic programing is given as the product of the 

pressure and gap functions, as follows: 

 dxxhxpxhxpI )()()()(  (8.4) 

I is minimised subject to constraints, as described by Equations (8.1) to (8.3). For an 

elastic half-space, the integral of the pressure distribution is equal to the normal load, as 

follows: 

 dxxpP )(  (8.5) 

To convert these equations to a standard quadratic programming problem, the 

pressure is discretized; this is achieved by dividing the possible contact area into M 

triangular pressure elements, each of magnitude, pi. These triangular elements are 

positioned so that they overlap, as shown in Figure 8.2; this gives a piecewise linear 

representation of pressure. The object function now becomes: 




M

i
iihpI

1
 (8.6) 

where hi is the gap at the center of pressure element i. The constraints now become: 

ioii vhh   (8.7) 
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(8.9) 

where 2b is the width of each pressure element.  

The relationship between vertical displacement and pressure for a single 

triangular pressure element is given by Johnson (1985): 
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The constant C is fixed by the datum chosen for normal displacements and can be 

chosen arbitrarily. The discretized displacement to pressure relationship is: 





M

i

iijj pDv
1  

(8.11) 

where Dij is the influence function, obtained by substituting )( ijbx   in Equation 

(8.10).  

The contact pressure distribution can now be found by minimising Equation 

(8.6) subject to constraints described by Equations (8.7) to (8.10) 

The change in surface profile due to wear can be described using the gap 

function calculation as follows: 

)()()( 11 ininin xdzxhxh    (8.12) 

For the Archard wear equation, the change in normal profile, dz, is given by: 

)()(4 xpNkdz    (8.13) 

where k is the Archard wear coefficient, as described in Chapters 2 and 6. 
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Figure 8.2. Overlapping triangular elements for discretization of pressure distribution 

 

This optimisation methodology has been implemented in MatLab™, which also 

includes the calculation of substrate stresses based on the theory of elasticity described 

earlier (see Chapter 5). 

The two-dimensional Cartesian stress components are given by (Johnson, 1985; 
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where a, b, z, s, ds and x are illustrated in Figure 2.7. 
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The critical-plane multi-axial fatigue SWT parameter, as described in Chapter 5, 

has been implemented to calculate the fretting fatigue life to crack initiation. Damage 

accumulation is calculated using the Miner-Palmren rule, as described in Chapter 6. A 

flowchart of EASY-FRET is provided in Figure 8.3. 

 

Figure 8.3. Implementation of EASY-FRET design tool for fretting. 
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between contact pressure distributions from EASY-FRET and analytical (i.e. Hertzian) 

solutions (Johnson, 1985) for (a) punch-on-flat, (b) wedge-on-flat, and (c) cylinder-on-

flat. Clearly EASY-FRET gives identical solutions to the analytical for all geometries; 

peak pressures and contact widths from both methods are essentially the same for all 

cases. 

 

8.3.2. Stress distributions 

The EASY-FRET substrate stress distributions are compared here to the FE 

results for PS and GS regimes described in Chapter 5, viz. 6 mm radius cylinder-on-

flat, with a normal load of 10 N/mm and (i) a tangential displacement of 10 μm for the 

PS case, and (ii) a tangential force of 25 N for the GS case.  

Figure 8.5 shows the comparison for the cylinder-on-flat sliding contact case. 

The FE results are sampled at the set of integration points closest to the surface (depth z 

= 5 µm); EASY-FRET stresses are also calculated at this depth with 200 triangular 

elements along the contact width, as depicted in Figure 8.2. The EASY-FRET predicts 

the peak trailing edge tensile stress and maximum shear stress at the same location as 

the FE solution. The peak trailing edge tensile and maximum shear stresses are slightly 

under-predicted by EASY-FRET relative to the FE results, by approximately 12% and 

3%, respectively. 
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(a) Punch-on-flat 

 

(b) Wedge-on-flat 

 

(c) Cylinder-on-flat 

Figure 8.4. Comparison of normalised pressure distributions calculated using EASY-

FRET and known analytical solutions for different contact geometries. 
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(a) (b) 

Figure 8.5. Comparison of xx and xz stress results from EASY-FRET with FE solution 

for gross-slip case (P = 50 kN, Δ = 10 µm). 

 

Figure 8.6 shows the comparison between EASY-FRET and FE solutions for 

the partial-slip case for the same time instant and depth. EASY-FRET again predicts 

the peak trailing edge tensile stress and maximum shear stress at the same location as 

the FE; EASY-FRET peak trailing edge tensile and maximum shear stresses are 9% 

lower and 10% higher, respectively, than the FE. 

 

(a) (b) 

Figure 8.6. Comparison of xx and xz stress results from EASY-FRET with FE solution 

for partial-slip case (P = 50 kN, Q= 25 N/mm). 
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8.3.3.  Wear simulation  

Change in contact profile due to wear is simulated, as described by Nowell 

(2010) and by Equations (8.12) and (8.13); this new contact profile is then used to 

calculate the contact pressure, as described by the flowchart of Figure 8.3. Similar to 

the work presented in Chapter 6, cycle jumping is used to speed up the wear simulation. 

This section presents the effect of cycle jumping on solution stabilisation within EASY-

FRET and also comparisons of EASY-FRET and FE results for pressure and stress 

redistributions due to wear effects. 

Ding et al. (2004) discusses the possibility of instability occurring in the results 

if too large a ΔN is used. Therefore, a critical value of cycle jumping was introduced, 

ΔNcrit. The value of ΔNcrit was found to depend on different input parameters, such as 

tangential displacement and wear coefficient. Ding et al. (2004) found that the 

instability can be more directly interpreted in terms of a maximum allowed wear depth 

per increment, Δhcrit. In this work, Δhcrit has been calculated for a 6 mm radius cylinder-

on-flat contact with a normal load of 50 N/mm, tangential displacement of 10 μm, and 

CoF of 0.7 as shown in Figure 8.7.  

This rapid wear simulation methodology has been validated against 3 mm 

radius cylinder-on-flat FE stress distributions described in Chapter 6. Figure 8.8 

presents the comparison of contact pressure for the 1st, 25,000th, 100,000th and 

200,000th cycles found using EASY-FRET and FE. There is good correlation between 

EASY-FRET and the FE results. As wear evolves, the contact width widens and the 

contact pressure is redistributed over a wider area for both models; therefore, the peak 

pressure is dramatically reduced and the pressure is much less concentrated than for the 

initial fretting loading. EASY-FRET under-predicts the wear, and hence, over-predicts 
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the contact pressure; this can be attributed to the assumed constant contact slip in the 

EASY-FRET simulation. 

 

Figure 8.7. Influence of incremental wear depth, Δh, on computational stability 

 

 

Figure 8.8. EASY-FRET and FE wear simulation results for gross slip (P = 50 N/mm 

and Δ* = 10 µm) condition showing evolution of contact pressure. 
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The effects of the redistribution of contact pressure on (a) tensile (σxx) and (b) 

shear (τxz) stresses predicted using EASY-FRET and FE are presented in Figure 8.9. 

Since the contact pressures are overpredicted by EASY-FRET, the substrate stresses are 

also overpredicted, in comparison to the FE results. However, EASY-FRET captures 

the effect of wear. The EASY-FRET contact width after 2 × 105 fretting cycles is 4% 

smaller than the FE results. This causes the EASY-FRET trailing edge tensile stress and 

shear stress to be 17 % and 14 % higher, respectively.  

 

(a) (b) 

Figure 8.9. EASY-FRET and FE wear simulation results for gross slip (P = 50 N/mm 

and Δ* = 10 µm) condition showing evolution of (a) tensile stress (σxx) and (b) shear 

stress (τxy) at extreme stroke position. 
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cracked so that initiation crack length is 10 µm. Figure 8.10 presents a comparison 

between EASY-FRET and FE predicted effect of applied tangential displacement on 

crack initiation life. EASY-FRET gives a conservative life prediction in the GS regime, 

this is due to the slight under prediction of wear, and hence under prediction of contact 

pressure and substrate stresses (Figure 8.8 and 8.9). However, the minimum life is 

over-predicted, compared to FE results, using EASY-FRET in the MS regime. The 

predicted life calculated using EASY-FRET is approximately twice as high as than that 

predicted using FE methods. However, it must be stated that in terms of component life 

design, there is very little difference between 1.5 × 104 and 3.1 × 104 cycles since, 104 

is considered to be very low, and can occur in a very short period of time.  

 

Figure 8.10. Comparison between EASY-FRET and FE predicted effect of applied 

tangential displacement on crack initiation life. 
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8.4. Discussion 

8.4.1. Computational efficiency  

EASY-FRET allows for fretting analysis to be conducted on any contact 

geometry without the use of computationally expensive finite element models. For 

example, the optimisation of the contact pressure for each wear block (with M = 500 

and N = 50 cycles) takes 0.05 s of CPU time on an Intel® Core™ i7-3770 processor. 

However, the calculation of substrate stresses takes considerable more computational 

time; the calculation of 2D stress components for a given pressure distribution takes 

~100 s of CPU time on the same PC, for example. Therefore, stress distributions are 

calculated every 1000 fretting cycles, reducing total computational time. 

 

8.4.2. Further development 

At present, this design tool assumes elastic material behaviour; plasticity can be 

introduced to the program either by assuming a simplified plasticity model or a more 

complex NLKH J2 plasticity model. However, since the primary benefit of the ESAY-

FRET design tool is its superior computational efficiency compared to FE wear 

simulation, the addition of plasticity would increase the computational time, and hence, 

would decrease the benefits of this design tool.  

If the initial contact geometry is 3-dimensional, the method of dimensional 

reduction (MDR) can be implemented to reduce the problem to a 2D contact. After 

analysis, MDR can be used to go from the 2D solution to 3D. Similarly, stresses can 

also be calculated to represent axisymmetric conditions.  
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Bulk substrate stresses can also be added to the model. These additional stresses 

may represent fatigue loading or hoop stress in pressure armour wires of flexible 

marine risers, for example. The bulk substrate stress can be modelled as in-phase or 

out-of-phase with the fretting tangential loading. However, again this will increase the 

computational time of the simulation.  

Finally, the computational time can be increased by varying ΔN to keep Δh 

constant throughout the simulation. This method has been used by other researchers 

(McColl et al., 2004; Öqvist, 2001) as a method to balance the simulation time and 

stability. 

 

8.5. Summary and conclusions 

This chapter outlines the development of EASY-FRET (Engineering Analysis 

SYstem for FRETting) design tool. Results from this design tool has been compared 

against known contact mechanics pressure distributions for punch-on-flat, wedge-on-

flat and cylinder-on-flat. Substrate stresses have been compared to FE results for 

partial- and gross-slip contacts for worn and unworn cases. The effect of wear on 

pressure and stress distributions have also been compared. There is good agreement 

between fretting results found using EASY-FRET and FE adaptive meshing techniques. 

The computational time to model wear using EASY-FRET is considerably shorter than 

FE methods; therefore, EASY-FRET is the superior modelling technique for use in 

industry, in particular. 
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Chapter 9: Conclusions and recommendations 

 

9.1. Conclusions 

The key achievement of this thesis is the characterisation and simulation of 

fretting in pressure armour nub-groove contacts and the prediction of fretting fatigue 

damage in flexible marine risers. This has been achieved through a combined 

experimental-computational methodology, leading to the development and 

implementation of a design framework for fretting in flexible marine risers, as 

presented in Figure 1.4. Another important achievement is the development of a stand-

alone, computationally efficient, analytical design tool, EASY-FRET, for use in 

industry, to predict incremental fretting wear and crack initiation. 

The dissection of a pre-service flexible marine riser, described in Appendix B, 

allowed for pressure armour wire material extraction for tensile and fatigue testing and 

identification and measurement of the local contact geometry. Mechanical testing of 

pressure armour wire material has provided material properties, such as yield strength, 

ultimate tensile strength, Young’s modulus, ductility and low-cycle fatigue parameters. 

High-cycle fatigue parameters were inferred from tensile data using the universal slopes 

method. 

Experimental characterisation for dry and grease-lubricated fretting conditions 

were conducted at the University of Nottingham using 080M40, a pearlitic steel with 

essentially the same chemical composition and hardness as that used in the pressure 

armour layer of flexible marine risers. These tests were conducted with a specific focus 
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on grease lubrication, contact conformity, relative tangential displacement and normal 

load. Under dry fretting conditions, friction was found to be relatively insensitive to 

increasing tangential displacement and specific wear rate was found to increase with 

tangential displacement. Under grease-lubricated conditions, friction and specific wear 

rate were found to decrease with increasing displacement, particularly for the larger 

displacements tested. Grease lubrication was shown to be generally beneficial to the 

fretting behaviour of the tested material, resulting in lower friction and specific wear 

rates than dry fretting cases. For grease lubrication, a threshold value of displacement 

for low fretting damage was established, above which friction and specific wear rate 

remain low. It was also found that as the contact becomes more conforming, this 

threshold value increases significantly. Grease extrusion out of the contact is 

accelerated by increased normal load and by reduced contact conformity.  

The development of a new fretting test rig, utilising a piezoelectric actuator for 

high contact pressure (up to 1730 MPa), low displacement (down to ±1 μm) conditions, 

has been outlined in Chapter 3. This has allowed for testing of pressure armour material 

under representative nub-groove contact pressure and slip loading conditions, as 

predicted by the global-local modelling of Chapter 7. This rig was used for fretting tests 

on pre-drawn pressure armour, pearlitic steel material supplied by NV Bekaert SA, 

Belgium. The newly-design fretting rig at NUI Galway has been developed for the 

identification of tribological parameters, such as coefficient of friction and wear 

coefficient, and testing under PS and GS conditions under high contact pressure 

conditions. Coefficient of friction and wear coefficient values have been identified 

using this rig for a crossed-cylinder configuration and compared to corresponding 

values from the cylinder-on-flat tests at the University of Nottingham. There is good 

agreement terms of coefficient of friction and wear coefficients. The fretting test rigs at 
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the University of Nottingham and at NUI Galway are complementary to each other, 

allowing for investigation of various fretting contact geometries and a wide range of 

loading conditions. The NUI Galway rig is specifically relevant to flexible riser 

conditions. 

The experimental characterisation (fretting, tensile and fatigue) has allowed for 

the identification of key tribological parameters, viz. wear coefficient and coefficient of 

friction, and mechanical properties, viz. elastic-plastic material parameters and fatigue 

parameters, for use within the computational models developed in Chapters 5 and 6. 

Local (axisymmetric) frictional contact analyses of the nub-groove contacts in 

the pressure armour layer, described in Chapter 5, have revealed a highly-localised and 

severe trailing-edge tensile stress concentration due to fretting action. Crack initiation 

predictions have been calculated using a 3D critical plane SWT fatigue indicator 

parameter. CoF evolution and increased bending-induced axial displacement are shown 

to have a significant and detrimental effect on the trailing-edge stresses responsible for 

fatigue crack initiation. Plasticity was shown to have relatively small effect on 

predicted fretting fatigue lives; therefore, elastic material properties have been used 

throughout the remainder of the thesis to increase computational efficiency without 

compromising the accuracy of life prediction methodology. Three-dimensional riser 

modelling has facilitated, for the first time, quantification of the effect of non-

symmetric global riser loading, such as bending moment, on local nub-groove fretting, 

viz. relative slip and contact pressure. This was key to the representative fretting tests at 

NUI Galway.  

A computational methodology, combining fretting wear simulation using 

adaptive meshing techniques and critical plane multiaxial fatigue life predictions, has 
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been developed in Chapter 6. The fretting wear finite element simulations have been 

validated against cylinder-on-flat fretting wear experimental test results of Chapter 4. In 

partial-slip, wear rate was low and therefore a detrimental effect of increasing slip on 

number of cycles to crack initiation was observed. However, in gross-slip, wear has a 

beneficial effect on crack initiation life, due to the redistribution of stresses associated 

with material removal caused by wear. The Dfret-SWT parameter successfully predicts 

the effect of wear and tangential displacement on crack initiation life. The major benefit 

of this parameter is the significantly reduced computational expense since wear does 

not have to be explicitly modelled. This is a key development in terms of the design of 

flexible risers against fretting.  

The design framework of Figure 1.4 has been implemented in a realistic riser 

design study for extreme, but realistic, loading conditions. Global-local analyses on a 

number of riser geometries and load cases has established, for the first time, the 

functional relationship between global riser variables (dynamic curvature and axial 

tension) and local nub-groove fretting variables (contact slip and pressure). Novel 

running condition fretting maps for flexible risers are then developed giving critical 

dynamic riser curvature ranges for the various riser geometries, including both crack 

initiation and propagation effects. The methodology developed is a significant 

improvement on the current analysis techniques (typically only used for fatigue of the 

tensile armour layer). The predictive methodology currently used is based on S-N 

curves (stress amplitude versus number of cycles to failure), therefore does not include 

LCF or stress range effects. This study establishes the effect of global riser bending on 

local nub-groove contact slip, for the first time. The predicted total fretting fatigue life 

for the pressure armour layer was found to be similar to the predicted fatigue life of the 
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tensile armour layer, found using the tensile armour layer fatigue design tool, 

Layercom. 

An analytical design tool has been developed utilising quadratic programming 

(Hills et al., 2009; Nowell, 2010) and analytical fretting solutions based on the theory 

of elasticity, the Archard wear equation and critical-plane multi-axial fatigue indicator 

parameter. The analytical model has been validated against finite element results for 

pressure and stress distributions for partial-slip, without wear effects, and for gross-slip 

with incremental wear. Fretting fatigue lives have been successfully validated against 

the finite element adaptive meshing results of Chapter 6. The analytical model is 

considerably more computationally efficient than the finite element adaptive meshing 

technique, giving a CPU time that is approximately 90 to 95 % faster than the finite 

element adaptive meshing method. An advantage of this analytical tool over the Dfret-

SWT parameter of Chapter 6 is that since wear is explicitly modelled, the effect of wear 

on contact pressure and substrate stresses is known throughout the simulation, and 

hence crack propagation can be predicted. 

This work shows that for reliable prediction of fretting stresses in the nub-

groove contact of flexible marine risers, designers must account for contact geometry 

conformity and loading conditions, such as normal load (contact pressure) and relative 

(tangential) displacement, based on dynamic curvature, as well as the pressure armour 

material properties, such as friction coefficient. A key fretting design recommendation 

is that nub-groove contact slip should be large (gross slip). This will ensure longer 

predicted fretting fatigue life in both grease-lubricated and dry fretting. Effective 

sustainable (grease) lubrication occurs if the contact slip is larger than the contact 

width, as shown in Chapter 4. This will reduce the fretting fatigue damage of the 

pressure armour layer since the frictional contact stresses will be reduced considerably, 
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as shown in Chapter 5. This, in turn, will be beneficial to increased fatigue endurance 

of flexible risers. For dry fretting conditions, wear has a beneficial effect for larger 

contact slips due to wear-induced redistribution of substrate stresses, as shown in 

Chapter 6. The framework developed and implemented in this work (Chapter 7) has 

improved the understanding of fretting in the nub-groove contact of marine risers 

through experimental characterisation and computational simulation. The analytical 

design tool, of Chapter 8, will help riser engineers to design pressure armour wire 

against fretting damage for various nub-groove geometries and loading conditions, 

using relevant pressure armour material properties.  

 

9.2. Recommendations for future work 

The work presented here has successfully achieved the overall aim of the 

research by developing a fretting wear-fatigue design tool for flexible marine risers. 

However, there are limitations and gaps that require further research.  

The newly-designed fretting testing rig is a significant improvement on the 

micro-scale testing capabilities at NUI Galway; however, there are some areas to 

further improve the test rig. For example, a more powerful actuator would allow for 

testing under higher normal load and applied displacement loading conditions. If a 

more powerful actuator was employed (such as an EMV), a lever-arm set-up could be 

used to apply the dead weight. A lever ratio would allow for higher normal loads to be 

applied using the same number of weights that are currently used. One other area where 

the rig could possibly be improved is by changing the closed loop feedback. At present, 

the closed loop feedback to the actuator is from the strain gauge (SG45) on the actuator. 
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This could possibly be improved by changing this to a closed loop feedback from the 

DVRT since it is located closest to the contact region. This would allow for more 

accurate control of the contact displacement. However, this would require overwriting 

the inbuilt HDPM45 software that allows signals to be sent to the actuator at present. 

With regard to post-processing of fretting test results, 3D measurement of the wear scar 

would provide greater accuracy for wear volume measurement.  

Future work can characterise the high-cycle fatigue and fretting fatige behaviour 

of pressure armour material. In this work, HCF constants were estimated using the 

universal slopes method. This method is useful for the industry, because designers may 

not have access to fatigue data for the material in a riser, but they typically would have 

access to monotonic tensile test data (i.e. σUTS, E, εf). Fretting fatigue testing of pressure 

armour material would quantify the difference between plain fatigue and fretting 

fatigue lives and hence the qualification of a fretting life reduction factor (FLRF) 

between plain and fretting fatigue lives. McCarthy et al. (2013a) experimentally 

observed an average life reduction factor of 3.5 between plain and fretting fatigue life 

for a stainless steel.  

This work focuses on a generalised round-on-flat geometry based on 

observations from the riser cut-up in NUI Galway. However, different manufacturers 

use different nub-groove contact geometries. A full computational study of the various 

riser geometries would help determine the most effective geometry against fretting 

damage. This would also allow for optimisation of nub-groove geometries to  account 

for fretting damage. 

Individual grains in the metallic materials are not modelled in this work; 

therefore, this methodology does not capture local anisotropic effects or local 
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crystallographic heterogeneity. Hence, scatter due to microstructural effect will not be 

captured (Ashton et al., 2017). Current parallel work is investigating the effect of the 

wire profile process on grain size, texture and shape especially in the context of fretting 

performance of the material. The effect of cold forming the material may increase 

dislocation density and affect grain orientation and texture. Further experimental 

characterisation, combined with material modelling would allow for pressure armour 

material to be designed for optimum fretting performance, potentially including 

material coatings and lubrication regime. 

The study presented in Chapter 7 has highlighted the requirement for further 

investigation into the effect of global riser curvature on local nub-groove contact slip. 

To quantify this effect, 3D riser modelling including detailed geometry of each layer 

and contact pressures and slip between layers is required. These 3D models should be 

validated using full-scale riser testing; this is a difficult task since contact slip is 

difficult to measure experimentally, especially in the small space within the pressure 

armour layer. However, it may be feasible to implement displacement or position 

sensors to measure the effect of riser curvature on pressure armour wire displacement; 

FE modelling can then be used to predict local nub-groove contact slip. 

Finally, new flexible riser design codes and standards need to be developed to 

include the findings of this thesis. This thesis has addressed an uncertainty associated 

with fatigue design of flexible marine risers; therefore, the development of new riser 

design codes would allow for the safety factors associated with fatigue design of risers 

(API, 2009) to be decreased. 
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Appendix A: New fretting rig documents 

 

A.1.  Overview 

The following Appendix contains calibration certificates for: 

1. Piezoelectric actuator manufactured by Cedrat Technologies,  

2. DVRT manufactured by LORD MicroStrain, 

3. Force sensor manufactured by DYTRAN. 

Drawings for the test rig are also provided in this section. Finally, the 

operational procedure for the test rig is provided. 
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A.2.  Calibration certification for piezoelectric actuator 
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A.3.  Calibration certificate for DVRT 
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A.4.  Calibration certificate for force sensor 
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A.5.  Operational procedure 

1. Insert specimen into the collet and the upper and lower specimen holders. Make 

sure NOT to twist the actuator while opening/closing the collet. 

2. Apply the normal load via the dead weight holder. Tighten the bolt on the slip guide 

to tighten the weights in place. 

3. Power on (i) actuator rack (at wall, back of rack and also the 2 switches on the front 

of the rack), (ii) force sensor (at the wall and on the data conditioning unit) and (iii) 

DVRT (at the wall) 20 minutes prior to testing. 

4. On the PC Desktop, open “HDPM45v16”, “Data Acquisition” and “DVRT 

Locator” VI programs. 

 

 

 

Figure A.1. Programs on PC desktop for control of fretting rig. 

 

 

5. Using the “DVRT Locator”, insert the DVRT in the DVRT holder and slowly push 

it inwards until the signal is approximately 2.5 V. Stop the program once the signal 

from the DVRT has been found. 

6. On the “HDPM45v16” VI, wait for a signal from the actuator (“Running”). 

7. Choose “External” command. 

8. Adjust the voltage amplitude to adjust the stroke amplitude of the actuator (for max 

stroke use -20 and 150 V). 

9. Adjust the PID parameters in the open loop option (P = 1, I = 1000, D = 0). 

10. Change to closed loop operation by clicking the “OL/CL” button. 
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Figure A.2. HDPM45v16 set up for running fretting rig. 

 

11. In the “Data Acquisition” VI choose the voltage amplitude, offset, number of 

cycles, sampling information and file path. Note that frequency can be calculated 

using the information on the VI. 

 

12. Click Run. 

 

13. Stop the data logging after desired number of cycles has been reached. 

 

Troubleshooting – see page 29 and 30 of UC45 manual 
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Figure A.3. Data acquisition program for running fretting rig.  
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Appendix B: Riser dissection procedure 

 

B.1.  Overview 

In this appendix, the dissection procedure for the pre-service riser section at 

NUI Galway is outlined. Since the health and safety of technicians is paramount, there 

is emphases on this throughout the procedure, including safety reminders throughout 

the procedure section. Photographs of the dissected riser at various stages of the 

dissection process are also provided. 

 

B.1.  Health and Safety 

• When performing the riser dissection, personnel must wear correct PPE, including 

full face visor, safety goggles, a mask, suitable gloves and hearing protection. All 

clothes must be resistant to sparks.  

• Whenever performing cutting operation of metallic material layer, the operator of 

the cutting grinder must wear a full-face visor, safety goggles, a mask, suitable 

gloves and hearing protection; also all clothing must be rated for resistance to 

sparks. The angle grinder must be operated using both handles (at 90o to each 

other) to avoid “kick back”. 

• Although the pipe to be dissected has not been in use, it may have gone through 

manufacture safety testing; therefore, there may be pressurised water present 

between layers. 

• Each layer must be restrained using straps as dictated in this report prior to cutting. 
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• A “buddy” system shall be used, and the “buddy” of the operator shall observe and 

standby for assistance where and when required.   

• Fire extinguishers shall be on standby during all metallic cutting stages. 

• Before the start of every new layer cut a hold will be put on cutting to just briefly 

run over what will be done for the cutting of the next layer to make sure everyone is 

clear – a bit like a “tool box talk”. 

 

B.2.  Procedure 

B.2.1. General 

Photographs and measurements are to be taken prior to the removal of each 

layer. Any defects are to be noted and photographed in detail. Also, photographs of 

layer cross-sections shall be taken. Measurements of layer geometry cross-sections and 

lay angles will be taken.  

Due to the inherent nature of the flexible cross-section and manufacturing, that 

there is residual energy in the pipe layers that add to the risk of the dissection operation.   

It is proposed to dissect section in the middle of a 4m long flexible pipe (see 

Fig. 2). 

Weld end fittings to each end of the pipe, attach a bar to each end fitting. This 

will be used to rotate the pipe evenly from both ends during the cutting procedure. 

The riser is to be placed on sets of rollers and strapped in place using Rachet 

Straps. 
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Figure B.1. Proposed dissection area of the pipe. 

 

Mark out the external sheath for the cutting process; transverse lines to mark the 

ends of the cutting zone and longitudinal lines to mark the rotated. These should be 

used as a reference with the relative 0, 90, etc. degree markings. These markings shall 

be transferred down through the layers during the dissection. 

 

B.2.2. External Sheath 

Thickness:  7 mm,   Material:  Polymer 

To be cut using a hand-saw or a hack-saw. Make a full circumferential cut at 

each transverse line followed by one longitudinal cut (two 90o apart if necessary) to 

remove the external sheath. 

 

B.2.3. High Strength Tape 

Thickness: 1.8 mm, Material: Polymer 

Remove tape using a knife. 
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Mark out the cutting zone on the second armour layer; transverse lines to mark 

the ends of the cutting zone and longitudinal lines to mark the rotated angle. 

 

Figure B.1. Stages 1 and 2 of the riser dissection: removal of outer sheath and high 

strength tape. 

 

B.2.4. Second Armour Layer 

Thickness:  4 mm,  Material:  Metallic 

Safety Reminder: Whenever performing cutting operation of metallic material 

layer, the operator of the cutting grinder must wear a full face visor, safety goggles, a 

mask, suitable gloves and hearing protection; also all clothing must be rated for 

resistance to sparks. The angle grinder must be operated using both handles (at 90o to 

each other) to avoid “kick back”.  

High strength tape
Outer 
sheath
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Hydraulic jacks may need to be used to stop sagging of the pipe along the 

middle section. 

Apply 2-off steel (`BAND-IT` type) straps, one over the outer tensile armour 

layer, the other over the external sheath, approximately 50 mm in from each end of the 

exposed sample.  Also apply 2-4 rachet straps inside the cut zone approximately equal 

distances apart. 

These straps must be positioned perpendicular to longitudinal axis of the pipe 

whenever they are applied. 

Number each wire either side of an intended cut point, circumferentially, e.g. 

starting from 0°.  

Cut 5 adjacent wires of this layer with the angle grinder, at each end of the 

exposed/dissection sample. Keep the straps on the outer sheath tight at all times; loosen 

the straps on the armour layer (rachet straps first followed by steel straps) slowly whilst 

observing any movement / stored energy release. Tape the bundle of 5 wires together 

for the sake of housekeeping. Apply banding to the cut section of the pipe and continue 

to remove 5 wires at-a-time in the same way as outlined above. 

It may be observed during or after this operation that the pipe twists somewhat, 

as a torsional imbalance may develop upon removal of one of the two helically wound 

tensile armour layers.  

Hence it should be ensured that the pipe specimen is supported on rollers and 

free to rotate during the course of the dissection.  
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This step should be reviewed constantly during the dissection process, and if 

need be, the ends of the pipe should be strapped down so the pipe does not tip over 

when the weight of the middle section is removed. 

 

Figure B.2. Prior to stage 3 of the riser dissection, shown is second armour layer. 

 

B.2.5. Anti-Wear Tape 

Thickness: 1.5 mm, Material:  Polymer 

Remove tape using a knife. 

Mark out the cutting zone on the first armour layer; transverse lines to mark the 

ends of the cutting zone and longitudinal lines to mark the rotated angle (as shown in 

Fig. 3). 

2nd armour layer
Outer 
sheath
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B.2.6. First Armour Layer 

Thickness:  4 mm,  Material:  Metallic 

Safety Reminder: Whenever performing cutting operation of metallic material 

layer, the operator of the cutting grinder must wear a full face visor, safety goggles, a 

mask, suitable gloves and hearing protection; also all clothing must be rated for 

resistance to sparks. The angle grinder must be operated using both handles (at 90o to 

each other) so as to avoid “kick back”. 

Apply 2-off steel (`BAND-IT` type) straps, one over the outer tensile armour 

layer, the other over the external sheath, approximately 50 mm in from each end of the 

exposed sample.  Also apply 2-4 rachet straps inside the cut zone approximately equal 

distances apart. 

These straps must be positioned perpendicular to longitudinal axis of the pipe 

whenever they are applied. 

Number each wire either side of an intended cut point, circumferentially, e.g. 

starting from 0°.  

Cut 5 adjacent wires of this layer with the angle grinder, at each end of the 

exposed/dissection sample. Keep the straps on the outer sheath tight at all times; loosen 

the straps on the armour layer (rachet straps first followed by steel straps) slowly whilst 

observing any movement / stored energy release. Tape the bundle of 5 wires together 

for the sake of housekeeping. Re-tighten the banding and continue to remove 5 wires 

at-a-time in the same way as outlined above. 

It may be observed during or after this operation that the pipe twists somewhat, 

as a torsional imbalance may develop upon removal of one of the two helically wound 
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tensile armour layers. Hence it should be ensured that the pipe specimen is supported 

on rollers and free to rotate during the course of the dissection. 

This step should be reviewed constantly during the dissection process, and if 

need be, the ends of the pipe should be strapped down so the pipe does not tip over 

when the weight of the middle section is removed. 

 

Figure B.3. Stage 5 of the riser dissection: removal of first armour layer. 

 

B.2.7. Anti-Wear Tape 

Thickness: 1.5 mm, Material:  Polymer 

Remove tape using a knife. 

2nd armour layer

Outer 
sheath

1st armour layerAnti wear layer

Pressure 
armour 

layer
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Mark out the cutting zone on the pressure armour layer; transverse lines to mark 

the ends of the cutting zone and longitudinal lines to mark the rotated angle (as shown 

Fig. 3). 

 

B.2.8. Pressure Armour Zeta Wire  

Thickness:  10 mm, Material:  Metallic 

Apply 2-off steel (`BAND-IT` type) straps at either end of the exposed sample, 

with each pair of steel bands side-by-side. Take care to ensure that banding is 

positioned perpendicular to longitudinal axis of the pipe whenever applied. 

Apply high tensile strength adhesive tape (duct tape) around the exposed 

pressure armour layer; in the direction that the pressure armour is wound; leaving a 1m 

long `tail`/spare of free tape at the end from which the tape application stops. 

Apply a further 2-off steel straps at both ends, and on top of the newly applied 

tape wraps, with each pair of steel straps butted side-by-side but with a 10mm gap 

between the neighbouring pair of straps (applied at the start). Take care to ensure that 

banding is positioned perpendicular to the longitudinal axis of the pipe whenever 

applied. 

Also apply rachet straps along between the two cutting lines.  

Hydraulic jacks will be used to stop sagging of the pipe in the middle, also to 

enable the safe removal of the inner section of the pipe. The ends of the pipe should 

also be strapped down so the pipe does not tip over when the weight of the middle 

section is removed. 
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Cut with an angle grinder, following the line, to make a full circumferential cut 

through the pressure armour layer, pressure sheath and interlocked carcass, at each end 

of the exposed pipe sample. 

Prepare to loosen and remove only one pair of steel straps at each end, i.e. those 

which are inside of the circumferential cut of the pressure armour layer:  

Whilst observing any movement / stored energy release, slowly release the two 

straps, one at a time, at the end with the tape tail. 

Repeat for the other end. 

Prepare to remove the tape windings and release the pressure armour in a 

controlled manner. Holding the end of the tape tail, slowly unwind the tape wraps from 

a safe distance. The pressure armour layer should begin to release from interlock as the 

restraint of the tape is removed.  If the pressure armour does not release, use a soft, 

non-metallic hammer to gently tap the exposed interlocked layer until it releases.  
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Figure B.4. Prior to stage 7 of the riser dissection, shown is the pressure armour layer. 

 

Figure B.5. Stage 7 of the riser dissection: removal of pressure armour layer. 
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Figure B.6. Pressure armour wire. 

 

Figure B.7. Ex-service riser sections. 

Nub

Groove
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Appendix C: Global riser analysis results 

 

C.1.  Overview 

In this appendix, results from global riser analysis described in Chapter 7 are 

presented. Global riser curvature envelopes are presented for 6 inch, 9 inch and 11 inch 

risers for each load case (6). Minimum and maximum nub-groove contact 

displacements are then presented, based on the minimum and maximum changes in 

riser curvatures. 

 

C.2.  Global riser curvature envelopes 

Figures C.1 to C.3 present global riser curvature envelopes are presented for 6 

inch, 9 inch and 11 inch risers for six load-cases. 

 

C.3.  Local nub-groove contact displacements 

Tables C.1 to C.3 present minimum and maximum nub-groove contact 

displacements are then presented, based on the minimum and maximum changes in 

riser curvatures. 
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Load case 1 

 

Load case 2 

 

Load case 3 

 

Load case 4 

 

Load case 5 

 

Load case 6 

Figure C.1. Riser curvature envelopes for 6 inch. 
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Load case 1 

 

Load case 2 

 

Load case 3 

 

Load case 4 

 

Load case 5 

 

Load case 6 

Figure C.2. Riser curvature envelopes for 9 inch. 
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Load case 1 

 

Load case 2 

 

Load case 3 

 

Load case 4 

 

Load case 5 

 

Load case 6 

Figure C.3. Riser curvature envelopes for 11 inch. 
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Table C.1. Maximum and minimum Δκ values for 6 inch riser and corresponding 

maximum and minimum nub-groove contact displacements. 

Load case Δκmin (1/m) Δκmax (1/m) δmin (μm) δmax (μm) 

1 1.22 × 10-5 2.97 × 10-2 ~4 × 10-3 22.8 

2 8.79 × 10-6 5.03 × 10-2 ~4 × 10-3 45.4 

3 1.02 × 10-4 8.01 × 10-2 ~4 × 10-3 78.1 

4 2.97 × 10-5 4.58 × 10-2 ~4 × 10-3 40.5 

5 5.49 × 10-6 1.08 × 10-2 ~4 × 10-3 2.1 

6 1.44 × 10-4 3.55 × 10-2 ~4 × 10-3 29.2 

 

 

Table C.2. Maximum and minimum Δκ values for 9 inch riser and corresponding 

maximum and minimum nub-groove contact displacements. 

Load case Δκmin (1/m) Δκmax (1/m) δmax (μm) δmax (μm) 

1 4.29 × 10-6 5.56 × 10-2 ~2 × 10-3 83 

2 4.94 × 10-6 4.48 × 10-2 ~2 × 10-3 65.1 

3 4.6 × 10-6 5.48 × 10-2 ~2 × 10-3 81.9 

4 3.34 × 10-6 3.23 × 10-2 ~2 × 10-3 44.6 

5 7.08 × 10-6 3.4 × 10-3 ~2 × 10-3 3.3 

6 4 × 10-5 2.19 × 10-2 ~2 × 10-3 27.2 
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Table C.3. Maximum and minimum Δκ values for 11 inch riser and corresponding 

maximum and minimum nub-groove contact displacements. 

Load case Δκmin (1/m) Δκmax (1/m) δmax (μm) δmax (μm) 

1 1.06 × 10-5 9.37 × 10-2 ~4 × 10-4 192.1 

2 1.06 × 10-5 9.37 × 10-2 ~4 × 10-4 192.1 

3 9.66 × 10-6 9.21 × 10-2 ~4 × 10-4 188.7 

4 9.75 × 10-6 5.16 × 10-2 ~4 × 10-4 101.8 

5 7.8 × 10-6 6.21 × 10-3 ~4 × 10-4 4.4 

6 7.48 × 10-6 4.51 × 10-2 ~4 × 10-4 87.8 

 

 

C.2.  Global riser axial force envelopes 

Figures C.4 to C.6 present global riser axial force envelopes are presented for 6 

inch, 9 inch and 11 inch risers for six load-cases. 
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Load case 1 

 

Load case 2 

 

Load case 3 

 

Load case 4 

 

Load case 5 

 

Load case 6 

Figure C.4. Riser axial force envelopes for 6 inch. 
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Load case 1 

 

Load case 2 

 

Load case 3 

 

Load case 4 

 

Load case 5 

 

Load case 6 

Figure C.5. Riser axial force envelopes for 9 inch. 
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Load case 1 

 

Load case 2 

 

Load case 3 

 

Load case 4 

 

Load case 5 

 

Load case 6 

Figure C.6. Riser axial force envelopes for 11 inch. 
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APPENDIX D: Estimation of stress gradient 

redistribution due to wear 

 

D.1. Overview 

This appendix outlines the methodology used to estimate the Mode I and Mode 

II, Δσxx and Δσxy used to predict crack propagation under gross-slip conditions in 

Chapter 7. Wear induced redistribution of stresses are estimated for the work of 

Chapter 7 based on observations from finite element wear simulations described in 

Chapter 6. 

 

D.2. Wear simulation results 

Figures D.1 to D.2 show the effect of wear on Mode I and Mode II stress 

distributions below the contact surface for the fretting geometry described in Chapter 6. 

As fretting cycles increase, the effect of wear results in stresses below the contact 

surface reducing. 
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(a) (b) 

Figure D.1. Mode I stress distributions Vs depth for wear simulated geometry described 

in Chapter 6 with applied displacements of (a) 4 μm and (b) 7 μm.  

 

 

(a) (b) 

Figure D.2. Mode II stress distributions Vs depth for wear simulated geometry 

described in Chapter 6 with applied displacements of (a) 4 μm and (b) 7 μm.  
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D.3. Estimation of stress distributions 

An estimation of the stress distribution (after wear) below the contact surface 

was required to calculated crack propagation for GS cases in Chapter 7. It was 

importation not to under-predicted the stresses, as this would lead to an over-prediction 

of life. Stress estimations were made to fit to the 100,000th cycle stresses shown in 

Figures D.1 and D.2. Mode I crack propagation stresses were fitted using the following 

equation: 

)16exp(2)(
max

zDz xxfretestxx    (D.1) 

where 
estxx  is the estimated Mode I crack propagation stress distribution (vs depth 

below contact surface) for the 100,000th cycle; 
maxxx is the maximum xx value for 

1st; z is the depth below the contact surface. 

Figure D.3 shows a comparison between the estimated stress distribution and 

measured stress distribution (as shown in Figure D.1) for the 100,000th cycle of the 

wear simulation described in Chapter 6. 

Mode I crack propagation stresses were assumed to be constant and found using 

the following equation: 

max
2)( xyfretestxy Dz    (D.2) 

where 
estxy  is the estimated Mode II crack propagation stress distribution (vs depth 

below contact surface) for the 100,000th cycle and 
maxxy is the maximum xx value 

for 1st. 
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Figure D.4 shows a comparison between the estimated stress distribution and 

measured stress distribution (as shown in Figure D.2) for the 100,000th cycle of the 

wear simulation described in Chapter 6. 

(a) (b) 

Figure D.3. Mode I stress distributions Vs depth for wear simulated geometry described 

in Chapter 6 and estimated distribution for 100,000th cycle and applied displacements 

of (a) 4 μm and (b) 7 μm. 

(a) (b) 

Figure D.4. Mode II stress distributions Vs depth for wear simulated geometry 

described in Chapter 6 and estimated distribution for 100,000th cycle and applied 

displacements of (a) 4 μm and (b) 7 μm. 
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