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A damage mechanics approach for lifetime estimation
of wind turbine gearbox materials

Valter Luiz Jantara Juniora,∗, Hector Basoaltoa, Mayorkinos Papaeliasa

aSchool of Metallurgy and Materials, University of Birmingham, Birmingham, UK

Abstract

Wind turbine gearboxes (WTG) have been suffering from premature failures

and rarely live up to their designed lifetime. This study focuses on a better un-

derstanding of WTG failures. A finite element model of a gear pair was coupled

with a constitutive model to quantify and predict damage, while also testing

for different service conditions. A damage mechanics formulation is presented

based on a physics-based dislocation slip model. Additionally, an estimation of

the remaining useful lifetime of the component was generated, further assisting

wind turbine farm operators to move towards the implementation of a truly

predictive maintenance approach.

Keywords: Wind turbine gearbox, damage, lifetime estimation, constitutive

model

2010 MSC: 74A45, 74C10

1. Introduction

Wind power plays a major role amongst utility-scale renewable energy power

generation, experiencing an average annual growth rate of 23% over the last

decade. The total global installed capacity has reached 591 GW as of 2017

contributing more than 5% of the total global electricity demand [1]. At the5

same time, the rated power capacity of wind turbines has greatly increased from

15 kW in the 1980s to around 10 MW in 2018 [2], whilst 12 MW models are being
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designed [3]. To enable the production of higher power output, the diameter

of the rotor has increased as well, reaching lengths up to 164 m. Historical

trends imply that power capacity and size of wind turbines will keep increasing10

with 20 MW models being quite possible in the mid-term future [4]. However,

the expansion of wind power capacity has been restricted due to a number

of operational challenges which are yet to be addressed. The most important

of these challenges appear to be the reliability of the wind turbine gearbox

(WTG). WTGs are currently unable to survive their predicted design lifetime15

of 20-25 years. Most of them hardly reach a useful operational lifetime of more

than 7 years without serious refurbishment or replacement. In offshore wind

turbines, failure occurs even earlier due to the highly variable loads experienced,

resulting in rapid structural degradation. Early and unexpected gearbox failures

can result in additional expenditure due to the loss of production as well as20

associated corrective maintenance costs. Gearbox failures can be related to

gear, bearing, or shaft failures. In the United Kingdom, it is estimated that

20% of the Levelised Cost of Electricity (LCOE) produced by offshore wind

farms arises due to operation and repairs [5].

Figure 1 shows different damage mechanisms in the same tooth retrieved25

from an industrial wind turbine including overheating, plastic flow, and scuffing.

Overheating

1 mm

Plastic flow Scuffing

Figure 1: Broken gear tooth retrieved from the intermediate stage of an industrial wind turbine

showing different damage mechanisms.

There are different ways to approach the modelling of plastic flow of a ma-

terial. One of the options is to use an empirical model. Several examples of
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these are given in ref. [6]. For example, the power law shown on equation (1)

has been extensively used for modelling creep [7].30

ε̇ = A σn (1)

Another option is to use a Chaboche style model [8], as was done by Bernhart

et al. [9] for modelling the behaviour of a martensitic forging tool steel on high

temperature low cycle fatigue. These models take into account both isotropic

and kinematic hardening effects. However, extrapolation of these models is not

always straight-forward and care must be taken in the parametrisation of its35

variables.

Yet another option is to employ a microstructure-based physical model.

These models explicitly link the microstructure of the material to its defor-

mation behaviour. By capturing the physical mechanism driving deformation,

these models allow for better extrapolation and prediction of properties. The40

main challenge associated with this approach is mathematically describing the

physical mechanisms in a general and easy to implement way, predicting the

behaviour rather than having it hardwired into the model. Examples of this

type of model can be found in refs. [10] and [11].

Previous numerical investigations have modelled damage initiation and ac-45

cumulation in gears or other components that are subjected to rolling contact

fatigue. Pandkar et al. [12] studied the contribution of hard particles in bearing

steels subjected to rolling contact fatigue. A non-linear model with isotropic

and kinematic hardening was used. They concluded that the particles, acting

as stress concentrators, introduce shear stresses which generates ratcheting in50

the metal matrix. Other heterogeneities, such as pores, inclusions and dislo-

cations might also generate the same effect. Osman and Velex [13] created a

model that takes into account the influence of dynamic loading conditions on

pitting formation on gears. The dynamic loads were found to influence damage

depending on the speed range, with higher speeds being more detrimental than55

lower speeds. It was also found that the tip relief on both gears and pinions are

3



an important factor in reducing the fatigue damage in the engagement area.

Franulovic et al. [14] used a non-linear kinematic hardening model in order to

predict low-cycle fatigue in the tooth root of gears due to short-time overloads.

The model combines isotropic and kinematic hardening with damage mechanics60

to simulate damage nucleation and initiation. Even though a good agreement

was found, the model lacks the ability to predict other types of damage, such as

rolling contact fatigue, and, more importantly, any type of damage that develops

after the low-cycle fatigue stage. Brandão et al. [15, 16] used a numerical

model to predict micropitting and mass loss of a spur gear. The model is65

dependant on roughness data, which was obtained from FZG tests (a rig where

one gear is loaded against another by an electric motor). The model showed

an accurate prediction of the mass loss of the gear, however, the predicted

roughness evolution did not correlate well with the laboratory tests.

The objective of this paper is to develop a constitutive description for the70

predictions of damage initiation and accumulation in steel gears under different

service condition situations. This paper focuses on the rolling contact fatigue

failure mechanism (RCF), which generates a complex triaxial stress state at

the subsurface of the mating surfaces of gear teeth. The proposed constitutive

model is a state variable approach to plasticity based on dislocation slip within75

grains. It accounts for the evolution of the mobile dislocation density through

a continuity condition, which is then used to calculate the plastic strain rate.

Redistribution of stresses between plastically hard and soft domains are taken

into account and give rise to kinematic back stresses. Dislocation elastic reac-

tions are accounted by a simple strength model that is associated with isotropic80

hardening. The resulting constitutive description has been implemented within

a commercial finite element software through user-subroutines.
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2. Modelling Framework

2.1. Deformation kinematics

Consider the deformation of a material domain from an initial configuration85

to the current state. The mapping between the states is achieved through the

deformation gradient tensor F . Decomposition of the total deformation gradient

into elastic F e and plastic F p contributions is expressed as the multiplicative

rule [17]

F = F eF p (2)

The rate at which neighbouring points are being displaced is described by the90

velocity gradient tensor

L = ˙FF−1 (3)

and the insertion of equation (2) in it results in

L = Ḟ eF e−1 + F e−1Ḟ pF p−1F e (4)

The velocity gradient tensor is further decomposed into symmetric and anti-

symmetric parts, which correspond to the stretch D and spin tensors W , re-

spectively. These are given by

D = sym(L) =
1

2

(
L+LT

)
(5)

W = asym(L) =
1

2

(
L−LT

)
(6)

The total stretch and spin tensors can be further decomposed into elastic and

plastic contributions

D = De +Dp (7)

W = W e +W p (8)

Assuming J2-plasticity theory, the plastic stretch can be calculated from the

following relation

Dp =
3

2

ε̇p

σ
S (9)
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where ε̇p is the plastic strain rate, σ is the equivalent stress, and S is the

deviatoric stress tensor. The plastic strain rate will be obtained in the following

section with the use of a constitutive equation.95

The Jaumann rate of the stress tensor is

O
σ = C (D −Dp) (10)

where C is the fourth-order tensor of material constants. The Cauchy, σ̇, and

Jaumman stress rates are related through the total spins according to the rela-

tion
O
σ = σ̇ −W .σ + σ.W (11)

2.2. Constitutive model100

This section focuses on the derivation of a constitutive description for gear

steel materials subject to cyclic loading conditions. Deformation proceeds by

the movement of dislocations, where slip events result in plastic deformation.

The plastic deformation rate will scale linearly with the dislocation flux, which

is the product of the mobile dislocation density ρ and mean their mean gliding105

velocity vg. This flux can be estimated from a continuity condition of the mo-

bile dislocation density. In this model the rate of change of mobile dislocation

segments ρ̇ is governed by the difference between generation ρ̇+ and annihilation

rates ρ̇− for the mobile dislocations population, i.e., ρ̇ = ρ̇+ − ρ̇−. For the an-

nihilation rate it will be assumed that all gliding segments will form dislocation110

dipoles at a frequency vg/λm, where λm is the mean free path. Following Kocks

et al. [18] the dipole mean free path is given by λm = MGbv/[4(1−ν)ρσ̄], where

σ̄ is the effective stress, G is the shear modulus, bv the Burgers vector, M is

the Taylor factor and ν is Poisson’s ratio. Suppose that there is a density ρs

of dislocation sources which are emitted at a frequency Γ+(σ̄, T ), where T is115

the temperature. It follows that the continuity condition for the mobile scalar

dislocation density may be expressed as

ρ̇ = ρs Γ+(σ̄, T )− ρ2 4(1− ν)σ̄

MGbv
(12)
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In the present work it will be assumed that ρs and Γ+(σ̄, T ) = vg(σ̄, T )/l are

governed by the dislocation network, so that ρs = ρ and 1/
√
ρ.

An expression for the shear rate will now be derived. It will be assumed

that dislocation movement on active slip systems will exhibit a jerky behaviour.

Physically this is associated with the pinning and release of the dislocation

line segments. Suppose that the mean area rate swept out by dislocation seg-

ments as a result of a release event be Ȧs then the shear rate γ̇ is given by

γ̇ = bv Ȧs/V , where bv is the magnitude of the Burgers vector and V the

volume of the deforming domain. Consider a dislocation line on some active

slip system. Let the mean pinning spacing be λp. Then the number of pinning

points on per unit length of the dislocation line is approximately 1/λp. If P [r|w]

is the probability of a waiting segment being released and νe be the escape fre-

quency then the number of escape events is estimated to be νe P [r|g] /λp.

Approximating the slipped area and taking As ≈ L λp, where L is the total

length of mobile dislocations, then the following expression for the slip area rate

Ȧs = As νe P [r|g]/λp = L νe P [r|g]. For the probability of release, it will be

assumed P [r|g] = p0 exp(−δF/kT )exp(τbvλp/kT ), where δF is an activation

energy for the process, k is Boltzmann’s constant and T the temperature. It

will be further assumed that the macroscale plastic strain rate ε̇p will have the

same form as the shear strain rate on an active slip system, so that ε̇p = γ̇/M .

From these considerations the shear strain rate on an active slip system will

have the form

ε̇p = ε̇0 ρ exp(−Qd,j/RT )exp(σ̄bvλp/MkT ) (13)

where ε̇0 = νe p0, σ̄ = M τ , ρ = L/V , Qd,j = δFNa, Na is Avogrado’s number120

and R is the Universal gas constant.

In this study the pinning points may be associated with dislocation reac-

tions (formation of dislocation junctions as well as kinks, jogs) and pinning by

hard particles (such as carbides). To account for these different mechanisms the

pinning distance will be approximated by a root mean square addition given125

by λ2p = λ2or + ρm, where λor = Gb/σor is a spacing associated with Orowan
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by-pass hard pinning particles (with an Orowan stress σor) and the second term

is associated with the dislocation link length ( 1/
√
ρm). Dislocation interactions

leading to dipole formation results in bundles or walls of dislocations. In the

cell walls, the dislocations are tangled and their density is high, resulting in130

a heterogeneous distribution of dislocations within localised hard regions. De-

formation between grains will not be the same and will result in an addition

non-homogeneous distribution of plastic strains. Compatibility requirements

will result in redistribution of stress between plastically soft and hard regions

and give rise to a backstress (σks). The evolution of such a back stress will be135

assume to follow that proposed by Basoalto and Dyson [19], where for small

plastic strains σks scales linearly with ε̇p and saturates as deformation proceeds

to a value given by H∗σ̄. The development of such a kinematic back stress

will modify the stress driving plastic flow. The effective stress will be taken to

be σ̄ − σks. Furthermore, the evolution of damage will influence the effective140

stress. This will be taken into account by the introduction of a damage variable

ψ, which represents the reduction of load bearing area, such that ψ = 0 when

there is no damage (no cavities) and ψ = 1 corresponds to a fully cavitated

area. In this case the effective stress becomes (σ̄ − σks)/ψ.

The model equations used are given by the following set of constitutive
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equations

ε̇p = C1 ρ exp

(
σ − σks

σis(1− ψ)

)
(14)

σ̇ks = hs
(

1− σks

H∗ σ

)
ε̇p (15)

ρ̇ = C2 √ρ
(

1−
√

ρ

ρss

)
ε̇p (16)

ψ̇ =

(
kD

(1− ψ)

)
ε̇p (17)

ρss =

[
C3

(
σ − σks

1− ψ

)]2
(18)

σis =
√

(σp)2 + C4 ρ (19)

σp =
MkTσor

Gb3v
(20)

C1 = ε̇0 exp

(
−Qd,j
RT

)
(21)

C2 =
M

bvβ
(22)

C3 =
2π

bvβGM
(23)

C4 =

(
kT

b2v

)2

(24)

A Kachanov-Rabotnov approach for the damage is used, combining Rabotnov’s145

[20] concept of effective stress with Kachanov’s [21] definition of damage. Due to

the accumulation of damage, the stiffness of the material is degraded following

the rule:

Eψ = E(1− ψ) (25)

where E and Eψ the Young’s modulus of the undamaged and damaged material,

respectively. In order to achieve a stable solution, the Newton-Raphson implicit150

integration technique was implemented in this work.

2.3. Finite element implementation

The commercial finite element software ABAQUS was used to draw two spur

gears. Its parameters can be found in Table 1.
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Table 1: Gear pair specification.

Gear parameter Value Unit

Module 2 mm

Number of teeth of the pinion 34 -

Number of teeth of the gear 34 -

Pitch radius of the pinion 68 mm

Pitch radius of the gear 68 mm

Face width 20 mm

Pressure angle 20 ◦

Addendum 2 mm

Dedendum 2.5 mm

Tooth height 4.5 mm

Root fillet radius 0.6 mm

Clearance 0.5 mm

Tip relief 0.25 mm

The gears were then brought into contact. A contact interaction between155

gears was defined as “hard contact” normal behaviour, along with a “penalty”

tangential behaviour, with the friction coefficient varying depending on the anal-

ysis. A surface-to-surface contact was then created with “finite sliding” for each

tooth pair, totalling 34 interactions. Coupling constraints were used to simulate

shafts, with reference points created on the centre of each gear. The boundary160

conditions were then applied at these reference points. Both gears were re-

strained in all directions, except the rotational direction in the z-axis (UR3).

Then, an angular velocity of 157.08 rad/s was applied instantaneously to the

one gear while the torque was applied to the other. This velocity is equivalent

to the 1500 rpm that the gears in the high-speed shaft of a WTG are subjected165

to. Both gears were meshed with C3D8 elements, with a finer mesh in the flanks

of the gears, as shown in Figure 2.
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Figure 2: Mesh generated on one of the gears, showing the coarse mesh on the majority of

the gear (left) and fine mesh on one of the partitioned teeth (right).

A mesh convergence analysis was performed and convergence was achieved

at 120,000 elements, as can be seen in Figure 3. Elastic solutions for the finite

element model were compared with the the American Gear Manufacturers As-170

sociation (AGMA) fundamental stress equations [22], for both bending stress

and contact stress. The comparison between the finite element analysis (FEA)

and AGMA is shown in Figure 4. A good agreement can be seen, especially for

the contact stresses.
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Figure 3: Mesh convergence analysis for maximum contact and maximum Von Mises stress.
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Figure 4: Comparison between FEA results and AGMA calculations on the contact and

bending stresses.

2.4. Numerical implementation175

The constitutive framework outlined in the previous section has been im-

plemented within the commercial finite element software ABAQUS [23]. This

was achieved through the development of a material user-defined subroutine

(UMAT). In order to identify the model parameters, the UMAT was used in

uniaxial tensile simulations. The results obtained were then then compared and180

calibrated to the results of the EN24T steel (Figure 5), commonly used in gear

manufacturing. A good agreement was obtained. The material in the model was

deemed as failed when the damage variable reached a value of 0.5. Such value

makes the failure strain of the simulation to match that of experiment. The

results were not corrected for necking, as they should not change significantly.185

The values for the parameters are shown in Table 2.

13



True strain (%)

0 2 4 6 8 10 12 14 16

T
ru

e 
st

re
ss

 (
M

P
a)

0

200

400

600

800

1000

1200

Experimental
Model

Figure 5: Comparison between the true stress-strain curves of the EN24T steel and the model.

Table 2: Model parameters and descriptions.

Parameter Value Unit

hs 1.0 × 104 MPa

H∗ 3.6 × 10−1 -

kD 2.675 - s−1

M 3.1 -

k 1.38 × 10−23 m2 kg s−2 K−1

Tp 293.15 K

σor 1.0 × 103 MPa

G 60.15 GPa

bv 2.4 × 10−10 m

ε̇
′′
0 1.5 × 1014 m2s−1

Qj/v 3.0 × 105 J mol−1

R 8.314 J mol−1 K−1

β 2.5 × 102 -

The evolution of the four state variables can be seen in Figure 6. A common

point for all of them is that the evolution only starts at around 1% strain. This
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happens since the backstress, dislocation density, and damage depend on the

plastic strain, which only kicks off when the material yields. The plastic strain190

follows a linear trend, while the damage variable has a parabolic relationship,

as expected.
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Figure 6: Evolution of the state variables: plastic strain and damage (a), and backstress and

dislocation density (b).

Since the model will be used in a rolling contact fatigue simulation, it is

important to understand how the state variables evolve under fatigue. A rep-

resentative volume element (RVE) consisting of one C3D8R element was then195

employed in a strain-controlled uniaxial cyclic simulation with three different

alternating strains (1.00%, 1.25,% and 1.50%), for 5,000 cycles. The alternating

strain shape can be seen in Figure 7. The strain rate was kept the same as in

the tensile testing (1.0× 10−3 s−1), and the R-ratio was equal to zero.

Although the strains chosen for the cyclic simulation are higher than the200

strains usually observed during wind turbine gears operating in normal condi-

tions, they were chosen due to the fact that this study focuses on simulating

severe operating conditions, such as lack of lubrication and misalignments. Such

conditions will lead to localised strain concentrations that in turn generate lo-

calised damage.205
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Figure 7: Alternating strain profile versus number of cycles for the strain-controlled cyclic

simulations.

Figures 8 and 9 show the state variable evolution for three different maximum

strains. All state variables achieve a steady state quickly, showing that the effect

of cyclic loading decreases with the increase of number of cycles and tends

towards saturation. It is also observed that the higher the strain, the faster this

saturation is achieved. Finally, the higher the strain, the higher the values for210

all state variables, due to the fact they are all dependant on the plastic strain.

By extrapolating Figure 9b with the use of the Palmgren–Miner rule [29, 30],

the number of cycles until failure would be 645,000, 246,000, and 98,000, for

1.00%, 1.25%, and 1.50% strains respectively.
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Figure 8: Evolution of the state variables: plastic strain (a), and backstress (b), in a cyclic

strain-controlled simulation with R-ratio = 0.
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Figure 9: Evolution of the state variables: dislocation density (a), and damage (b), in a cyclic

strain-controlled simulation with R-ratio = 0.

3. Numerical results215

A wind turbine is often subjected to varying loads and wind gusts, which

might change its operating conditions and generate overloading, lack of lubrica-

tion, or misalignments. In this sections, these different service conditions were

simulated using the BlueBEAR supercomputer at the University of Birming-

ham.220
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Due to the complexity and computational cost of modelling contact fatigue,

only a small number of cycles for each operating condition was modelled. This

approach is sufficient to show the effectiveness of the model, since as shown in

section 2.4, the dislocation accumulation happens very quickly during loading

cycles and hence most of the damage is accumulated at early stages.225

3.1. Overloading

The finite element model was tested for three different torque values, 100,

150, and 200 N m. The gear pair was perfectly aligned and a coefficient of friction

of 0.05 was used. Figure 10 shows the Von Mises stress and damage contours

obtained during the simulations. As expected, a higher torque value leads to230

higher contact and bending stresses. Consequently, the damage for the 200 N m

simulation is higher, being barely noticeable on the 150 N m simulation and

insignificant on the 100 N m simulation. As the location of the tensile stresses

are always changing as the gears turn, the damage and dislocation density move

with it, creating the shape that resembles that of a micropit or subsurface cracks.235
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150 N.m

100 N.m

200 N.m

150 N.m

100 N.m

200 N.mDamage

Figure 10: Von Mises (MPa) and damage contour plots after 10 turns, for three different

torque values.

Figure 11 shows the damage evolution against the number of cycles. A

step-like evolution is identified, where each step is the time where the selected

tooth makes contact with the other gear. In every cycle, stress is transferred in

between the gear teeth. Plastic strain, and, consequently, damage, is accumu-

lated. Moreover, similarly to the strain-controlled cyclic simulation, the damage240

is evolving towards a steady state behaviour.
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Figure 11: Evolution of the damage variable for three different torque conditions.

3.2. Lubrication

Due to overloading or instant misalignment events, the oil lubricating the

gears may be squeezed away, leading to an alternation between dry and lubri-

cated periods. Rebbechi et al. [24] found the coefficient of friction of lubricated245

gears is usually in the range of 0.04 and 0.06. The coefficient of friction for dry

steel on steel contact, on the other hand, is around 0.70 [25, 26]. In addition, if

any debris are present, the coefficient of friction can increase even further [27].

In this section, two simulations were run, namely “lubricated” and “dry” simu-

lations. Their coefficients of friction chosen were 0.05 and 0.75, respectively. A250

torque of 10 N m was applied in each case, during 5 cycles.

Figure 12 shows the Von Mises stress contour plots for both simulations.

With the increase of the coefficient of friction, the location of the highest stress

moves from the subsurface towards the contact surface, as demonstrated by
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Hamilton in ref. [28]. With a higher coefficient of friction, the friction forces255

increase, thus increasing the contact stress as well. Higher contact stresses may

generate plastic deformation, micropitting, and scuffing.

(a) (b)

Figure 12: Von Mises stress (MPa)contour plot for the highest stress obtained during the

lubricated (a), and dry (b) simulations.

Due to the lower torque applied (10 N m, in comparison to the 200 N m

applied in the overloading simulations), the damage values are expected to be

lower. A comparison between the lubricated and dry simulations is shown in260

Figure 13. The damage variable is 10 orders of magnitude higher in the dry

simulation. This shows the oscillation in between dry and lubricated regimes

can be quite detrimental and severely reduce WTG life.
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Figure 13: Evolution of the damage variable for the lubricated and dry simulations.

3.3. Misalignments

Different types of misalignment can occur in a gearbox, such as parallel,265

radial, and angular. Examples of these are shown in Figures 14 to 16. The

misalignments were exaggerated in order to aid visualisation.

Figure 14: Gear pair in parallel misalignment, top view.
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Figure 15: Gear pair in radial misalignment, lateral view.

Figure 16: Gear pair in angular misalignment, top view.

The parallel misalignment was generated by translating one of the gears

along its z-axis by 40% of its face width. The radial misalignment was produced

by translating one of the gears along the x-axis by 40% of its tooth height.270

Finally, the angular misalignment was obtained by generating by rotating one

of the gears along its y-axis by 0.5◦. In all simulations, a torque of 10 N m and

a coefficient of friction of 0.05 were used.

The Von Mises stress the three types of misalignments are shown in Figures

17 to 19.275
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Figure 17: Von Mises stress (MPa) contour plot for the gear with 40% parallel misalignment.

Figure 18: Von Mises stress contour plot for the 40% radial misalignment simulation.
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Figure 19: Von Mises stress (MPa) contour plot for 0.5◦ angular misalignment.

In the parallel misalignment case, it is possible to see that the stress distri-

bution is not uniform along the tooth width. The highest stress concentrations

occur at the edge of the tooth flank. A similar contour for the highest stresses

is seen on the angular misalignment case. However, the stress values are more

than double. For the case of radial misalignment, the highest stresses are lo-280

calised at the tooth tip. Even though there is a tip relief of 250 µm, the pitch

lines of the gears are not in contact as they should be. The involute profile of

the gears is manufactured so that the velocity of the gears is constant, avoiding

accelerations and decelerations. The misalignment causes the involute profiles

of the gears to engage earlier than they should, generating stress concentrations285

which could lead to damage.
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Figure 20: Evolution of the damage variable for the aligned and misaligned simulations.

The results for the damage variable over 5 cycles are shown in Figure 20.

An aligned simulation was run for comparison. There is an increase of 5 orders

of magnitude for the parallel misaligned simulation, showing that this type of

misalignment is not as detrimental as poor lubrication. A bigger difference,290

however, is observed in the radial and angular misalignment cases. The dif-

ference between an aligned gear and a gear with 40% radial misalignment is

17 orders of magnitude. This is even higher for the gear with 0.5◦ of angular

misalignment, where the damage variable increases by 19 orders of magnitude.

It is also noteworthy that the torque values for this simulations are only 10295

N m. Under normal service conditions, this torque would be higher, and even

an instantaneous misalignment, caused by a wind gust, would severely increase

damage and reduce the remaining useful lifetime of the component.
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4. Discussion

Most WTG maintenance carried out nowadays is corrective or preventive.300

There is a great effort from the industry in moving towards a more condition-

based approach, with the use of vibration analysis, oil monitoring and acoustic

emission monitoring, for example.

Due to the highly varying loads to which they are subjected to, being able

to predict the damage state of the WTG component is an extremely difficult305

and complex task. In this section, the data obtained from the service conditions

simulations will be used in order to compare and estimate the lifetime of the

gear pair used in this study.

Due to the high computational cost, it is impractical to run the previous

simulations for more than a handful of cycles. However, it is clear from the310

previous results that all state variables enter a steady state condition with only

a few number of cycles. This means that at every new cycle, the increment on

each state variable can be considered as constant.

Therefore, the incremental damage accumulated from the tenth cycle was

employed in a Palmgren–Miner rule [29, 30] approach, which assumes a linear315

damage accumulation. This allows the estimation of the lifetime of the compo-

nent, and the creation of a stress-cycles (S-N) curve, as shown in Figure 21.

The calculation of Figure 21 was carried out by randomly choosing several

integration points at the surface and subsurface of the gear teeth at the fifth

cycle. The damage increment of the fifth cycle was then linearly extrapolated320

until the damage variable reached unit, and the correspondent number of cycles

was the expected lifetime of the component.
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Figure 21: Stress-cycles curve for different service conditions.

From the S-N curve, it becomes clear once again that the angular misalign-

ment is the most detrimental between the tested service conditions, followed

by the radial misalignment. The dry contact simulation and the parallel mis-325

alignment simulation achieved similar results. The fully lubricated and aligned

simulation results are also shown, as a comparison between the other service

conditions.

But more than only a comparison of different service conditions, the graph

in Figure 21 is an example on how operators can use this model in order to330

estimate the remaining useful lifetime. For example, if a misalignment event

was detected by the vibration monitoring system, the number of cycles of this

event can be calculated. With this information, an estimation of the percentage

of the useful lifetime that was lost in the event can be made.

For example, 500 cycles of dry contact at 650 MPa would result in a loss of335
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0.003% of the total useful lifetime. On the other hand, 500 cycles at 400 MPa

with a misalignment of only 0.5◦ reduces the total lifetime by 2.5%! Considering

the high speed stage gear rotating at 1500 rpm, it would take minutes for a brand

new gear to completely fail. It is noteworthy, however, that this is a conservative

estimation, since it is likely that damage will progress at a faster rate at the340

late stages, diminishing the lifetime even more.

This graph shows the importance of monitoring the wind turbine gearbox

service conditions, since even instant misalignment events produced by wind

gusts can greatly increase the accumulated damage within the material, and

thus reduce the remaining useful lifetime considerably.345

5. Conclusions

The following conclusions can be drawn from this study:

1. A constitutive model was developed and calibrated to the EN24T steel.

The model was then coupled to a finite element model of a spur gear pair,

which presented good correlation to the AGMA equations.350

2. The damage evolution depends on the loading and contact conditions.

Several service conditions, such as overloading, poor lubrication and mis-

alignments were tested. It was found that the angular misalignment was

the most detrimental service condition, followed by radial misalignment,

dry contact, and parallel misalignment.355

3. Stress-cycles curves based on the simulations and on the constitutive

model were then created. They show the model can be used to successfully

estimate the remaining useful lifetime of a wind turbine gearbox compo-

nent. This is a great step towards the implementation of a true predictive

maintenance approach.360
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