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ABSTRACT. 

In this work, the theory of critical distances using point method and mesh control approach for fretting 

fatigue life prediction in complete and nearly complete contacts is analysed. The approach is applied 

to thirty experimental tests found in the literature, where almost nine hundred simulations are carried 

out. The work concludes that the theory of critical distances using mesh control is able to predict the 

fretting fatigue strength of components using an optimum mesh size of 1.6 times the critical distance 

for all contact configurations analysed. Due to the use of an element size of around the critical distance 

length, the computational cost can be reduced up to 98% in comparison with the traditional theory of 

critical distances. 
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1. Introduction 

Fretting fatigue involves cyclic fluctuating stress and strains in solids in contact under relative 

tangential displacement [1]. The main fretting fatigue consequence is the rapid initiation and growth 

of cracks, although other surface damage mechanisms arise such as wear or corrosion. Therefore, 

fretting fatigue may lead to the premature or catastrophic component failure [2].  

In fretting problems, two main groups of contacts can be distinguished: complete and incomplete 

contacts. When the contact area is independent of the normal load, the contact is said to be complete. 

On the other hand, the extension of the contact depends on the deformation of the bodies for 

incomplete contacts [3]. Complete contacts or nearly complete contacts such as the contact between 

mailto:dieingar@upvnet.upv.es


a flat surface against a flat indenter with rounded edges are found in many mechanical components, 

e.g. dovetail or fir-tree joints of gas turbines.  

Fretting fatigue prediction of life and strength has been particularly interested during the last decades 

to optimize mechanical designs while avoiding large experimental testing campaigns. Predictive 

models of fretting fatigue are usually similar to those applied in notched components [4] or at sharp 

stress raisers such as the ‘crack-like’ notch analogue methodology [5,6]. The main reason is because 

of the severe stress gradient found in fretting fatigue problems around the contact edges can be 

analogous to the stress gradients close to a notch or a crack tip. However, it is worth mentioning that 

other surface damage mechanisms (e.g. wear of the surfaces) are omitted when applying predictive 

approaches from notch components which may affect the fatigue response. Methodologies found in 

the literature are commonly based on the idea of averaging the stress field over a process volume 

around the hot-spot in order to consider the stress gradient [7–10] such as the theory of critical 

distances (TCD) [11]. Among the different criteria available in the TCD, the point method (PM) is 

the simplest one, which states that failure will happen when the stress range at a distance L/2 from 

the notch root is equal to σ0, being L the so-called critical distance, and Δσ0 the range of the fatigue 

limit. The value of L can be calculated using cyclic material constants as follows 

𝐿 =
1

𝜋
 (

Δ𝐾𝑡ℎ

Δ𝜎0
)

2

 (1) 

being Δ𝐾𝑡ℎthe fatigue crack propagation threshold. Note that the range of the fatigue limit and the 

fatigue crack propagation threshold should be obtained using the same load ratio.  Previous works 

have shown the validity of TCD to assess fretting fatigue lifetime [12–20]. 

The application of the approach usually requires finite element analysis (FEA) to obtain an 

approximation of the stress field, because closed form solutions in fretting fatigue problems are only 

available for a few problems where half-space assumptions can be taken. FEA of fretting problems 

may involve a high computational cost due to the extreme stress gradients around contact edges in 

fretted regions. The mesh sensitivity analysis usually reveals an element size of a few microns, 

limiting the analyses mainly to two-dimensional under transverse plane strain conditions. In order to 

avoid the use of very refined meshes, Vargiu et al. [21] proposed the TCD with mesh control (MC), 

which consists in to pre-set the element size d to a multiplier α of L in such a way that the hot-spot 

stress obtained with the coarse mesh is the same value as the one obtained with TCD point method 

with a refined mesh. The TCD with mesh control was originally applied to notched specimens. In 

addition, the authors of this work previously showed the viability of the TCD with mesh control 



approach for fretting fatigue life prediction in incomplete contacts using the Smith-Watson-Topper 

model [8]. 

The present work extends the original analysis of the viability of using the TCD with mesh control 

approach to fretting fatigue life prediction in complete and nearly complete contacts. Three contact 

configurations are analysed: cylinder to flat contact, flat-to-flat with sharp edges contact and flat-to-

flat with rounded edges. In this way, a parametric analysis with different synthetic critical distances 

is firstly performed to assess the optimum mesh size. Next, the validity of the selected optimum mesh 

size is evaluated in thirty experimental test conditions. The study includes a fretting fatigue problem 

using an incomplete contact as a reference from the previous study [8] to compare the differences in 

the results obtained with complete and nearly complete contacts.  

2. Contact mechanics 

Three contact configurations commonly used in fretting fatigue testing are reviewed in this section. 

The objective of this section is to summarize the main characteristics of the contact tractions, to 

highlight differences and similarities, and to give some historical background of each contact 

configuration. The three contact configurations are simplified to a specimen with a flat surface 

pressed into a pad or punch under normal constant load (see Fig. 1 and 2), namely: a cylindrical pad, 

a square-ended flat punch and a flat punch with rounded edges. It is noteworthy that several 

hypotheses are taken during the analytical development of the contact solutions presented above: (i) 

contact bodies behave as purely elastic solids with smooth surfaces, (ii) elastic-half space 

approximation, (iii) pad radius is significantly larger than contact length, and (iv) similar elastic 

properties of both solids in contact. 

 

 



Fig. 1.: From left to right: Sketch of a cylinder pad pressed onto a flat surface, a square-ended punch 

pressed onto a flat surface and a flat punch with rounded edges to flat surface contact configuration. 

 

Fig. 2.: Normal pressure distribution for the cylinder pad, rounded punch, and square-ended punch 

pressed with different a/b ratios onto a flat surface. 

2.1 Cylindrical pad to flat contact configuration (CTF) 

The first solution of this type of contact belongs to the well-known Hertzian theory of non-conforming 

smooth curved surfaces in contact [22,23]. In this type of non-conforming contact, the initial contact 

area is a line and depends on the normal load P. One of the main characteristics of this contact 

configuration is that the contact pressure decreases to zero on the contact edges (see Eq. 1). The 

normalized distribution is shown in Fig. 2 (blue dotted line).  

𝑝(𝑥) = −𝑝0√1 − (
𝑥

𝑎
)

2

 (1) 

𝑝0 =
2𝑃

𝜋𝑎
 (2) 

𝑎2 =
2𝑃𝐴

𝜋𝑘
 (3) 

being p0 the peak contact pressure, a is the contact half-width, k is the relative curvature and 𝐴 =

(
1−𝑣1

2

𝐸1
+

1−𝑣2
2

𝐸2
) is the composite compliance where E and v are the elastic modulus and Poisson’s ratio 

for each component in contact, respectively. Note that in this case the relative curvature is the radius 



of the cylinder, and the composite compliance is usually calculated for transverse plane strain 

conditions in contact problems. The solution under tangential load Q was given by Cattaneo and 

Mindlin [24,25] and under superimposed cyclic axial load was obtained by Hills et al. [26]. These 

analytical solutions have been the basis for failure assessment in a multitude of fretting fatigue work 

[27].  

2.2 Square-ended flat punch to flat contact configuration (FTFS) 

Where two flat surfaces are brought into contact and fit exactly without deformation (see Fig. 1), the 

contact is said to be complete, such as when using squared-ended flat punches to a flat surface. In 

contrast to the previous contact configuration, in this case the contact area is independent of the 

normal load and the stress field at the contact edges is usually singular as shown in Fig. 2. 

Under complete adhesion, the stress field surrounding the contact edge can be related to the stress 

field found in the corner of a single wedge, solution found by Williams [28]. The stress state under 

symmetric loading is defined to be of the form of Eq. 4.  

𝜎𝑖𝑗(𝑟, 𝜃) =
𝐾𝑖

𝑟1−𝜆
𝑓𝑖𝑗(𝜃) (4) 

where 𝑓𝑖𝑗(𝜃) are the angular eigenfunctions and K is the associated generalized stress intensity factor 

(GSIF). In this case, λ only depends on the corner angle Ψ, and K depends on the boundary conditions 

of the finite problem [29,30]. Asymptotic analyses are commonly employed to assess crack initiation 

when using square-ended flat punches [30,31]. The contact pressure along the contact area can be 

obtained by different ways although the simplest solution may be the one given by Hills et al. [32] 

for squared edge frictionless problems: 

𝑏𝑝(𝑥)

𝑃
=

1

𝜋√1 − (
𝑥
𝑏

)
2
 

(5))5(5) 

 

2.3 Flat punch with rounded edges to flat surface contact configuration (FTFR) 

The flat indenter with rounded edges to plane contact configuration is a formally a complete contact 

configuration, although in some cases the contact behaviour resembles an incomplete contact. This 

type of contact can be understood as a transition between both contact configurations reviewed above. 

Fig. 1 shows a sketch of this contact configuration where b and a represent the flat and total half-

widths of contact, respectively. The transition is defined by the ratio of b/a, as it will be analytically 

shown below. 



The analytical solution of the contact pressure was firstly obtained by Ciavarella et al. [33]. The 

normalized contact pressure is given in Eq. 6, being sin(𝜙0) = 𝑏/𝑎 and using 𝑥 = 𝑏
sin(𝜙)

sin(𝜙0)
. Fig. 2 

shows the normalized contact pressure distribution for the three contact configurations reviewed in 

this section. Note that three contact pressure distributions with different ratios b/a have been plotted 

for the case of rounded punch. When R is minimal and the ratio of b/a is close to 1, the contact status 

is similar to the square-ended punch and as shown in Fig. 2, and the contact pressure distribution 

tends to a complete contact configuration. On the other side, when R is large enough, and the flat 

length contact is relatively small, the contact status is more similar to the contact status produced by 

a cylindrical pad. 

𝑎𝑝(𝜙)

𝑃
=

2/𝜋

𝜋 − 2𝜙0 − sin (2𝜙0)
 

×  {(𝜋 − 2𝜙0) cos(𝜙)

+ log [|
sin(𝜙 + 𝜙0)

sin(𝜙 − 𝜙0)
|

sin(𝜙)

×  |tan
𝜙 + 𝜙0

2
tan

𝜙 − 𝜙0

2
|

sin (𝜙0)

]} 

(6) 

3. Methodology 

3.1. Mesh Control Analysis Scheme  

In this section, a summary of the analysis scheme of the TCD with mesh control approach and TCD 

with point method used in this work is presented. Fig. 3 sketches both fatigue life assessment 

methodologies. A very refined mesh is required for an accurate prediction of the stress field when 

using finite element models in fretting fatigue problems. In the TCD with point method, the 

fluctuating stresses at a distance of L/2 from the surface need to be recorded, where L is the critical 

distance. A mesh sensitivity analysis was carried out on the SWT parameter calculated through the 

critical plane analysis at a depth of L/2 from the hot spot. Successive analyses were performed 

reducing the element size in such a way that in all cases the centroid depth matched L/2. Convergence 

was assumed to be achieved when the relative difference between two consecutive analyses was 

below 5%. After conducting the sensitivity study for all cases under study, an element size was 

defined for the TCD, being the optimum elements: L/5 for incomplete contact case and L/11 (stresses 

are recorded at the sixth element layer) for the complete contact. In this work, the element size for 

CTF, FTFR and FTFS was 0.0086 mm, 0.0051 mm and 0.0016 mm. In the TCD with mesh control 

approach, the element size was changed between 1- and 6-times L, and the SWT parameter (the 

fatigue indicator parameter, FIP, as explained in section 3.3) was contrasted to the value obtained 



through TCD with PM approach by means of relative error. Therefore, it is possible to seek the 

optimum element size for each case. Note that in the TCD with mesh control input stresses for the 

critical plane analysis are recorded from nodes and in the TCD with point method the stresses are 

recorded from centroids. As depicted in Fig. 3, the main objective of TCD-MC is to estimate a similar 

FIP to TCD-PM by means of controlling the element size. In this way, the FIP value obtained at the 

hot spot (TCD-MC) is the same as the one calculated at L/2 from the hot spot with a more refined 

mesh (TCD-PM). The reader is referred to [8] for further details where a full description of the 

methodology was presented. 

 

Fig. 3. Adopted analysis scheme to define the optimum element size d for the TCD with the mesh 

control method. FIPTCD= fatigue indicator parameter, calculated using the TCD with point method 

(TCD-PM) or TCD with mesh control (TCD-MC) [8]. Note that the sketched mesh sizes do not 

correspond with the represented numerical in-plane shear stress field solution. 

3.2. Experimental campaign 

To analyse the viability of using the TCD mesh control approach for fretting fatigue life prediction 

the numerical results must be compared with actual experimental data for each of the contact 

configurations covered. 

3.2.1. Cylinder-on-Flat 2024-T3  
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This section refers to the incomplete contact case used as reference in the present study, the most 

frequently described and well-established cylindrical contact. This contact has been widely studied 

for a wide range of high strength aluminium and titanium alloys usual in the aerospace industry under 

varied test conditions. 

 

Fig. 4: Fretting fatigue test configuration used by Talemi et al. [34]. 

Usually, the cylindrical pads are pressed against a rectangular dog-bone specimen and a constant 

amplitude bulk stress is applied to the specimen, as shown in Fig. 4. Hence, a tangential force Q is 

generated between the cylindrical pad and the specimen. With this configuration, the experimental 

data used in the present work was generated by Talemi et al. [34]. A 100 kN EHS servo-hydraulic 

machine was employed.  A test campaign in a 2024-T3 aluminium with variable bulk stress amplitude 

was carried out with a positive stress ratio (Rσ = 0.1). For each test, the tangential force Q was 

proportional to the cyclic remote stress and fully reversed (RQ = -1) because the normal load was 

applied after loading the mean bulk axial load. The following table summarises the test conditions of 

the reported data. All tests were performed under a constant normal load per unit of thickness of 

135.75 N/mm. 

Test condition σbulk [MPa] Qmax [N/mm] Nf [cycles] 

CTF1 100 38.79 1407257 

CTF2 115 46.56 1105245 

CTF3 135 55.93 358082 

CTF4 135 48.89 419919 

CTF5 160 48.43 245690 

CTF6 190 82.54 141890 

CTF7 205 80.53 114645 

CTF8 220 66.79 99607 

CTF9 220 79.46 86647 

Table 1: Load conditions for tests (maximum value of the cyclic axial load is reported) carried 

out by Talemi et al. [34].  
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3.2.2. Flat-on-Flat with Sharp Edges 7075-T6  

The second configuration that has been taken into account is a flat-to-flat contact with sharp edges. 

Such a configuration has been experimentally characterized and numerically predicted by Sabsabi et 

al. [35], who used a uniaxial servo-hydraulic fatigue test machine with a load capacity of ±100 kN on 

dog-bone-shaped test specimens made of 7075-T6 aluminum alloy and rectangular section (T-S 

orientation). On these specimens, Sabsabi et al. [35] performed fretting fatigue tests with floating 

square-ended indenters in a partial slip regime (see Fig. 5). 

 

Fig. 5: Fretting fatigue test configuration used by Sabsabi et al. [35]. 

Indenters were manufactured by milling but not ground and the same indenter surface condition was 

essentially achieved in all the tests. Avoiding any other manufacturing process guaranteed an optimal 

even surface and sharp edges that were measured to be of the order of 10 µm, presenting local 

imperfections due to the microstructure of the material and the grain size. With this configuration the 

cyclic bulk loading was performed at constant amplitude, stress ratio R = -1 at a frequency of 15 Hz. 

Fifteen loading combinations were performed and reported, varying the normal and bulk loads as 

summarized in Table 2. The nominal contact pressure is defined as σP = P/2at where 2a is the contact 

width and t the specimen and indenter thickness. Lastly, the load ratio is defined as the fraction 

between the normal load and the maximum bulk load applied in each test condition. 

Test 

code 
σP [MPa] 

σBulk 

[MPa] 

Load ratio [-

] 
Nf [cycles] 

FTFS1 40 110 0.36 105,958 

FTFS2 40 130 0.31 64,764 

FTFS3 40 150 0.27 35,181 

FTFS4 40 170 0.24 24,306 

FTFS5 40 190 0.21 12,509 

FTFS6 80 110 0.73 92,259 

FTFS7 80 130 0.62 47,714 

FTFS8 80 150 0.53 32,905 

FTFS9 80 170 0.47 27,391 
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FTFS10 80 190 0.42 9,590 

FTFS11 160 110 1.45 82,549 

FTFS12 160 130 1.23 43,567 

FTFS13 160 150 1.07 25,872 

FTFS14 160 170 0.94 23,046 

FTFS15 160 190 0.84 8,760 

Table. 2: Loading conditions of fretting fatigue tests performed by Sabsabi et al. [35]. 

 

3.2.3. Flat-on-flat with rounded edges Ti-6Al-4V  

 

Finally, the tests carried out by Jin and Mall using a dog bone specimen made by Ti-6Al-4V clamped 

to a flat punch with rounded edges of the same material were analysed [36]. The fretting fatigue 

apparatus consisted of two independent servo-hydraulic actuators (13kN and 100kN). An actuator is 

attached to the dog-bone specimen producing the cyclic bulk load and the other actuator is attached 

to the fretting fixture in order to control the cyclic tangential load and displacement. Moreover, an 

extensometer was placed in the fretting fixture to record the pad tangential displacement. Further 

details of the test configuration can be found in the original publication [36]. Due to the fretting 

configuration, Jin and Mall produced fretting fatigue tests with large cyclic pad tangential 

displacement (see Fig. 6). Under these conditions, wear is usually significantly large and may affect 

the fatigue crack initiation and propagation, delaying the crack initiation stage due to the removal of 

incipient damage. Thus, numerical models based on non-local stress, such as TCD, which do not 

incorporate wear of the surfaces usually predict too conservative results [9]. However, TCD can be 

satisfactory applied in combination with wear models [9,14]. For this reason, we have only considered 

test conditions under reported stick-slip regime (see Table 3). All tests were performed using a 

sinusoidal bulk load with maximum 550 MPa and stress ratio 0.03. Normal load was prescribed before 

cyclic bulk load. Tests were performed under constant load P at two values: 1334 N and 400 N.  

 

Fig. 6: Fretting fatigue test configuration used by Jin and Mall [36]. 
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Test code P [N] Δdaap [μm] Qmax [N] Qmin [N] Qmax/P Δδ [μm] Nf 

FTFR1 1334 0 943 -778 0.71 36 55206 

FTFR2 1334 73 1108 -1001 0.83 40 192283 

FTFR3 4000 0 1352 -445 0.34 30 33547 

FTFR4 4000 294 1957 -1868 0.49 40 26684 

FTFR5 4000 441 2331 -2406 0.58 46 75189 

FTFR6 4000 147 1450 -1397 0.36 33 36790 

 

Table. 3: Loading conditions and fretting fatigue life until failure of tests performed by Jin and Mall 

[36]. 

 

3.2.4. Material data 

Table 5 shows the material properties of the reported data whereas Table 4 presents the material 

fatigue constants of the materials obtained from the published literature. The corresponding L critical 

distance values were computed using the previously shown Eq. 1. Note that L was calculated using 

constants at different load ratios because of the lack of material data. As shown in Table 5, a constant 

coefficient of friction was assumed for AL2024-T3 and 7075-T6 aluminium alloys. However, based 

on the results obtained in [36] two coefficients were assumed for Ti-6Al-4V: 0.8 for a normal load of 

4000 N and 1 for a normal load of 1334 N. 

Material 

'

f  

[MP

a] 

b 

[-] 
εf' [-] c [-] 

thK

(R=0) 

[MPa·

m1/2] 

0  

(R=-1) 

[MPa] 

AN  

[Cycl

es] 

L 

[μm] 

Al 2024-T3 

[37] [34] 
1194 -0.133 - - 3.2 276 5·108 42.79 

7075-T6 

[38][39] 
1917 -0.176 

0.15

6 
-0.526 2.2 166 NA 56 

Ti-6Al-4V 

[36] [9] 
2030 -0.104 

0.84

1 
-0.688 4.2 569 NA 17.34 

Table. 4: Plain fatigue material data. 

 

Material 
Elastic modulus 

E [GPa] 

Po sson’s ra  o 

ν [-] 

Coefficient of friction 

μ [-] 

Al 2024-T3 [34] 72.1 0.33 0.65 



7075-T6  [35] 72 0.3 0.8 

Ti-6Al-4V [36] 126 0.32 0.8 - 1 

Table. 5: Material mechanical properties. 

 

3.3. Fatigue Indicator Parameter 

In this work, the critical plane approach was evaluated using the Smith-Watson-Topper (SWT) 

parameter as the fatigue indicator parameter [37]. The SWT is a mode I type failure criterion. The 

SWT parameter is defined as the maximum, over all possible directions, of the product of maximum 

normal stress ( n,max ) and normal strain amplitude ( n,a ): 

 SWT = (σn,maxϵn,a)𝑚𝑎𝑥 =
𝜎𝑓
′2

𝐸
(2𝑁𝑓)

2𝑏
+ 𝜎𝑓

′ 𝜖𝑓
′ (2𝑁𝑓)

𝑏+𝑐
    (7) 

where 
'

f  is the fatigue strength coefficient, b  is the fatigue exponent, E is the elastic modulus,
fN  is 

the number of cycles to failure, 𝜖𝑓
′  is the fatigue ductility coefficient and c  is the fatigue ductility 

exponent. As previously said, FIP parameters are usually evaluated within the critical plane approach. 

This approach identifies the plane with the maximum fatigue damage at any material point. In the 

case of SWT parameter, the maximum value of the FIP must be identified, i.e. ( )n,max n,a max
  . The 

fluctuating deformations of the solid can be considered as purely elastic in problems whose applied 

loads are not large enough to exceed the material yield stress. In this case, the previous equation is 

simplified to: 

SWT = (σn,maxϵn,a)𝑚𝑎𝑥 =
𝜎𝑓
′2

𝐸
(2𝑁𝑓)

2𝑏
       (8) 

3.4. FE modelling 

The finite element models were developed in Abaqus© Standard as 2D plane strain models using 4-

node quadrilateral elements with full integration (CPE4). In all models, a multi-point constraint 

(MPC) was applied on nodes located at top edge of the indenter in order to distribute the normal load 

P and to avoid the indenter rotation.  In addition, the Lagrange multipliers algorithm was used to 

model friction between indenter and specimen. A sketch of the three models is presented in Fig. 7. 

Only half domain was modelled due to symmetry conditions for the configurations flat-to-cylinder 

(CTF) and flat-to-flat with rounded edges (FTFR). On the other hand, a quarter of the test was 

modelled in the flat-to-flat with square edges contact configuration (FTFS). In this case, there is no 

developed tangential load because the fretting rig is floating. However, the tangential load Q is 



introduced in the models with the configurations flat-to-cylinder contact and flat-to-flat with rounded 

edges through the application of a cyclic reaction load σR on the other edge of the specimen as 

sketched in Fig. 7. In the CTF configuration, the stress ratio of the tangential load is -1, but in the 

FTFR the tangential load is not constant as seen in Table 3. However, it is possible to introduce the 

exact maximum and minimum values in the numerical model through the reaction axial load.  

 

Fig. 7: From left to right: sketch of the numerical model boundary conditions and mesh partition 

strategies for the three fretting fatigue tests studied in this work: cylinder-to-flat contact (CTF), flat-

to-flat with square edges contact (FTFS) and flat-to-flat with rounded edges contact (FTFR). 

 

Regarding the mesh topology, some considerations need to be addressed in order to correctly apply 

the mesh control approach in fretting fatigue problems. We recommend creating partitions in such a 

way that the mesh is symmetric with respect to the contact region. Furthermore, in flat-to-flat contact 

is recommended to locate a node at the transition point as sketched in Fig. 7 (strategic node positions 

in each model are indicated with a red point). Lastly, regular meshes must be used surrounding the 

contact area of at least 0.5 mm depth or ten times the mesh control element size. 

 

4. Results and discussion 



Results are presented in 3 different subsections. First of all, the results of a parametric analysis of 

different synthetic critical distance sizes on the optimum mesh size using TCD with MC are presented 

for the three test configurations. The synthetic critical distance range covers the critical distance 

values of common materials used in applications where fretting fatigue occurs. Next, the results of 

the relative error obtained using the mesh control with TCD approach in comparison with the TCD 

with point method approach are presented for all test configurations and loading conditions reported 

in section 3 in order to seek the optimum mesh size. Finally, lifetime predictions using TCD with PM 

and TCD with MC (note that in this case only one optimum mesh size is applied for the life 

assessment) are compared with experimental evidence.  

4.1. Synthetic L data analysis 

 

The length of the critical distance may be the most significant parameter affecting the lifetime 

assessment when using the TCD approach, especially in the presence of severe stress gradient as in 

fretting fatigue problems. Thus, we have performed a parametric analysis of different critical distance 

values for the three contact configurations which cover the typical values found in materials utilised 

in fretting fatigue applications. The studied loading conditions are: CTF5 loading condition for the 

CTF contact configuration, FTFS1 loading condition for FTFS contact and FTFR1 loading condition 

for FTFR contact. Critical distance length values were selected to cover typical ranges corresponding 

to high-strength materials used in fretting fatigue: 10, 30,  0 and 70 μm. In total, two hundred and 

forty simulations were carried out: 20 mesh sizes with 4 synthetic critical lengths in 3 different 

problems. The aim of this study was to assess the effect of the critical distance value in the optimum 

size used for the TCD with MC approach. Therefore, the SWT parameter was estimated using the 

TCD with PM at a distance of L/2 from the hot spot using a refined mesh. Next, the SWT parameter 

is calculated directly at the hot spot using different meshes with an element size equal to α times L 

for each synthetic L length. Finally, the relative error between the estimated SWT by the TCD with 

PM and the TCD with MC approach using different mesh sizes is carried out. Fig. 8 shows the relative 

error for the three contact configurations. The relative error is calculated as follows: 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 𝑆𝑊𝑇 [%] =
𝑆𝑊𝑇𝑇𝐶𝐷−𝑀𝐶 − 𝑆𝑊𝑇𝑇𝐶𝐷−𝑃𝑀

𝑆𝑊𝑇𝑇𝐶𝐷−𝑃𝑀
100 (9) 

  

As can be seen, a similar trend was observed for the three contact configurations. A small α (i.e., 

small element size) produces an overestimation of the SWT parameter: the average of the stress 

gradient within an element next to the hot-spot is larger because the mesh is more refined with small 



elements. It can be observed that an erratic behaviour can be found in the flat-to-cylinder contact 

configuration (Fig. 8. a) because of the influence of the relative distance of nodes to the contact edge 

when changing the mesh size (more details can be found in [8]). However, this erratic behaviour 

disappears in the flat-to-flat with square edges (Fig. 8. b) because there is always a node located at 

the hot-spot due to the contact geometry and mesh partitions. Furthermore, this erratic behaviour 

appears again in the flat-to-flat with rounded edges, but with less severity. This was expected as this 

contact type is a hybrid between the cylindrical contact and flat to flat with sharp edges, so-called as 

nearly complete contact, as mentioned above. 
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Fig. 8: Synthetic L analysis for the three contact configurations under study: (a) CTF (b) FTFS (c) 

FTFR. 

 

Although the optimum size is below 2 for the CTF contact, the optimum size appears to be between 

2 and 3 for the flat-to-flat contacts (a vertical red dashed line marks the transition between positive to 

negative relative errors). The variability of the optimum size for each contact configuration is not 

significantly large, but it is important to take it into account when analysing flat-to-flat contacts for 

accurate lifetime predictions.  

 

4.2. TCD with point method vs. TCD with mesh control 

 

In this subsection, the mesh control approach is applied to the experimental tests described in section 

3. In total, six hundred simulations were run, corresponding to thirty tests with twenty different mesh 

sizes each. Fig. 9 shows the relative error in SWT obtained with the MC approach for different 

element sizes. The optimum size for tests with FTFS and FTFR significantly changes for different 

loading cases in comparison with the CTF contact. This effect is more pronounced in tests using FTFS 

contact configuration where the optimum element size moves from 2 to a value greater than 6, 

although in FTFR the optimum size value seems more limited in a range from 2 to 4. The main 

explanation for this outcome is because of the high sensitivity to load conditions of the contact status 

along the contact interface, especially close to the edges of complete contacts. It has been observed 

in the FE models that for small ratios of the normal load and bulk load the contact edges lift (see Fig. 

10). Therefore, the stress singularity vanishes, and the contact behaves similar to an incomplete 

contact. In these cases, the optimum size moves to a value around 2. On the other hand, when the 

ratio between the normal load and bulk load is large enough to avoid edge lifting, the optimum size 

value increases.   

 

  



  

 

Fig. 9: Relative error between SWT parameter calculated by TCD with PM and TCD with MC at 

different mesh sizes (a) CTF contact L = 42.79 μm (b) FTFS L =    μm (c) FTFR L =  7 34 μm. 

 

         0 

     



 

Fig. 10: Contact pressure distribution in MPa around the contact edge at maximum bulk load in FTFS 

contact for two loading conditions: FTFS4 and FTFS14. Note that deformed shapes have been scaled 

(x100) to enable the visualization.  

 

In order to obtain conservative predictions with the TCD with MC approach in comparison to TCD 

with PM and as a rule of thumb, an optimum size of 1.6 would be enough to overestimate the SWT 

parameter predicted using TCD with MC. Using an optimum size of 1.6, the relative error in SWT is 

always positive. Note that although the results pointed out that a variable optimum size higher than 

1.6 should be used for complete contacts, using a unique value for all cases, always from the safest 

position, is just a simplification of the problem to make the mesh control approach a more general 

and straightforward method.  

A summary of the relative errors is presented in Fig. 11 for the three contact configurations with a 

fixed element size of 1.6 times L. As it can be seen, the relative errors are below 30% for CTF and 

FTFR, but significantly large for FTFS up to 80%. However, we can see that errors are mainly positive 

which directly implies that predicted results by TCD-MC must be more conservative than TCD-PM. 

In addition, the relative error median is close to 20%.  



 

Fig. 11: Predicted relative errors obtained for the three contacts for an element size d = 1.6 x L 

(median, minimum and maximum values are illustrated to show the whole range of error considering 

all loading cases). 

 

4.3. Life assessment using TCD with point method and TCD with mesh control 

 

In this subsection, the lifetime correlation results of the three experimental campaigns along with the 

life predictions using TCD with PM and TCD with MC are presented. Fig. 12 shows the experimental 

results against predictions corresponding to the three contact configurations using TCD with PM and 

TCD with MC. Note that lifetime predictions with TCD-MC are calculated using an element size d = 

1.6 x L. Additionally, a purely elastic prediction is performed for all contact configurations using Eq. 

7. Note that yield stress is theoretically reached for any case in FTFS contact configuration such as 

in blunt notches due to the elastic stress singularity caused by the sharp geometric change, either in 

the contact corner or in the blunt notch. However, the plasticity is negligible in some cases because 

the plastic area is usually highly localized due to the severe stress gradients, and the small-scale 

yielding assumption can be considered [35,40]. The results show the ability of the TCD method for 

fretting fatigue lifetime prediction. As expected, the results predicted by TCD with MC are more 

conservative than lifetime predictions performed by TCD with PM. Note that some results in the 

FTFR are very conservative for both TCD approaches: TCD-MC and TCD-PM. This is probably due 

to the experimental tests used in this study (see Section 3.2.3). The tests in FTFR [35] produced large 

cyclic pad tangential displacement, with significant wear that delays the crack initiation stage due to 
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the removal of incipient damage. This phenomenon has not been taken into account in the 

corresponding numerical model, leading to too conservative results. Note that this is a significant 

limitation for accurate predictions when using the TCD with PM and MC. On the contrary, results 

for FTFS are based on tests with only partial slip, with much less wear and therefore the numerical 

model is closer to the actual behaviour, leading to more accurate results.  

 

As seen in previous section, the TCD with MC has some limitations in flat-to-flat contacts due to the 

scatter of the optimum size values, particularly for FTFS contacts. However, the approach is still 

promising to fatigue strength assessment, as a value of d = 1.6 x L will lead to conservative results 

with negligible computation time. As mentioned earlier, this is important for industry applications as 

usually a fast and simple method is desired. The TCD with PM application to FTFR took 

approximately 7 hours to solve one case (finite element analysis and post-processing critical plane 

approach) using 12 CPUs at 3.5 GHz. However, the same case in the TCD with MC took around 8 

minutes, which means a reduction of approximately 98%. In the previous study with CTF contact [8], 

a computational time reduction of 97% was obtained which is similar to the value obtained with FTFR 

and FTFS contacts in this work. 
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Fig. 12: Life assessment obtained by TCD with PM and TCD with MC using a mesh size of 1.6 times 

L: (a) CTF (b) FTFS (c) FTFR 

 

5. Conclusions 

In this work, the viability of the TCD with mesh control approach for fretting fatigue application for 

two different contact types was analysed: FTFS and FTFR. In addition, the results are compared with 

a CTF contact configuration previously analysed. The following conclusions can be drawn from this 

study 

• The TCD with MC can be successfully applied to fretting fatigue life assessment in complete 

and nearly complete contacts using a mesh size of 1.6 times the critical distance length. 

However, it is expected that more conservative results would be predicted with the TCD with 

MC than with the TCD with PM.  

• Optimum mesh size in TCD with MC showed variability in complete and nearly complete 

contacts when compared to incomplete contacts. For this reason, accurate predictions with 

TCD with MC in complete contacts may be possible but using different optimum mesh sizes 

for different loading ratios. However, and from the point of view of the authors, finding the 

optimum mesh sizes may be a cumbersome process. Instead, it is recommended to get a 

conservative prediction for complete contacts using the mesh size obtained for incomplete 

contacts (1.6 times the critical distance length). 

         

 
 
 e   

   

   

   

 
  
 
re
d
 

  

 on  onser ati e

 onser ati e

     rad 

     ith   



• The computational time using the TCD with MC showed again a significant decrease in 

comparison with the TCD with PM up to 98%. In this way, the approach is still promising for 

fatigue strength assessment and near future work will include 3D fretting fatigue problems 

where computational time is critical.  

Further comparisons with other experimental tests are recommended in order to confirm the trends 

and values found in this work. 
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