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Abstract

Low-speed roller bearings are generally in the sheave bearings and turret bearings which are used in
the offshore industry under heavy loads. One of the challenges to the integrity of these bearings is the
presence of subsurface cracking in the raceways. Downtime cost, which is caused by the failure of
these bearings is significant. Based on the potential of the recently-developed monitoring methods for
detection of damage in low-speed bearings, this research is focused on the feasibility of the remaining
lifetime prediction for roller bearings with existing subsurface cracking in the raceways.

The main approach of this thesis comprises a locally-coupled elasto-plastic damage model for
low-cycle fatigue. In the numerical simulations, models with and without crack have been implemented
and subjected to heavy loading condition. To avoid the crack singularity in the FEM, and reduce the
mesh sensitivity, a non-local method has been applied to determine the strain data around the crack
tip. In a post-processing part, the nonlinear damage accumulation is implemented with a multi-yield
surfaces algorithm.

To assess and validate the computational accuracy, the implemented locally-coupled elasto-plastic
damage model has been compared with other (published) results. The numerical simulations suggest
that the number of cycles to failure is about two times higher when the detectable crack size decreases
from 20mm to 5mm. From these results, it is recommended to improve the monitoring system for the
detection of smaller cracks. Moreover, further experimental assessment is required to validate and
update the estimations in the thesis.

Vi
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Introduction

In the offshore industry, performance of machinery and equipment degrades with time, which can
lead to decreased production efficiency, reduced safety, and even complete failure. Low-speed roller
bearings are one of the fundamental components in the offshore machinery. A common approach
is to replace damaged bearings. Based on this aspect, when to replace these bearings is of special
concern to the operators because of the costs associated with downtime. One of the industrial desires
is to predict the remaining lifetime of roller bearings based on condition monitoring. This research is
aimed to evaluate the feasibility of the remaining lifetime prediction for roller bearing running below
60rpm (revolution-per-minute) based on the monitoring results and damage modeling *.

1.1. Roller bearings in offshore applications

Generally, a roller bearing has four basic components: outer raceway, inner raceway, roller, and cage.
A schematic of roller bearing is illustrated in figure 1.1. The outer raceway is normally the fixed part
and support rollers; the inner raceway is mounted on a shaft. Rollers ride between the inner and outer
raceways. The cage reduces friction and wear by preventing contact between rollers [44].

Outer
raceway

Inner
raceway

Roller

Figure 1.1: Basic components of roller bearing [44]

Low-speed roller bearings are widely used in the offshore industry such as sheave bearings and slew
bearings in the offshore heavy-lift vessels, turret bearings of floating production storage and offloading

"Note that 0-60rpm is the part of the “low-speed range”. However, this "low-speed range” is generally referred to 0-600rpm, even
though a clear cut between low-speed and high-speed has not been well established [47].

1



2 1. Introduction

(FPSO) vessels, main shaft bearing in the wind turbine. Sheave bearings in offshore vessels and turret
bearings of FPSO vessels are mainly considered in this section.

Sheave bearings are normally under heavy loading, both radially (from the load itself) and axially.
They can take enormous loads while moving at a slow rotational speed because of the micro motions
of the ship [23]. A case of sheave used in a flex-lay system of Huisman is shown in the figure 1.2.

Figure 1.2: Sheave in the Flex-lay system of Huisman [8]

Low-speed roller bearings are commonly designed in the turret system of FPSO vessels. As seen
in figure 1.3, in a Single Point Mooring (SPM) system, the turret system usually has two main bearing
systems: the upper major bearing and the lower bearing. The upper bearing is normally the key load
bearing, which takes all the axial loads and the weight of the turret, while the lower bearing is generally
configured to take mainly radial loads [29].

Torque arm lo FTS

Upper major bearing

Production —JOffloading
. m L

Lower Turret L FPSO

Storage
bearing

«— Mooring attachments
Bend stiffeners Areas of load transfer
C_J to and from the Turret System
Internal load Transfer

Figure 1.3: A simple section scheme of a FPSO vessels with a turret system [27]

1.2. Typical damage in low-speed roller bearings

In offshore general operations, these bearings are usually exposed to a harsh environment such as
corrosive salt water, temperature fluctuations, and external wave and wind loading, which can initiate
and enhance the degradation of the bearings. If a damaged bearing goes undiagnosed, and is not
replaced in time, secondary damage to the machine and its components can develop and result in
catastrophic failure [19]. It can be difficult, to determine the root cause of the failure [19]. Roller bearings
exhibit six main modes of damages [36]:

1. Spalling originated from subsurface cracking.

2. Core crushing occurred in the surface hardened material.
3. Pitting initiated on the surface.

4. Origin at local concentrations of pressure (roller ends, etc).
5

. Peeling which is also called ‘micro pitting’.
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6. Section fracture.

Among these failures, two main modes are dominant in roller bearing failure: surface originated pitting
and subsurface originated spalling. Figure 1.4 shows two typical cracks due to pitting and spalling.
These two phenomena commonly can act separately. Pitting originates from the free surface and
develops to the subsurface (see figure 1.4 (a) ) while spalling approaches from subsurface to the free
surface (see figure 1.4 (b) ). However, they may also interfere in the growth stage and cooperate to
fail the material. In general, pitting can be visible on the surface and hence hindered by employing
better lubricants and more efficient lubrication techniques, but there are not actually many ways to
stop spalling once initiated during the operation of the bearing. Therefore, it is important to understand
the mechanisms leading to spalling as a result of subsurface cracking to improve the bearing lifetime
estimation [32].

Figure 1.4: Failure due to surface pitting (a) as opposed to subsurface spalling (b) [32]

1.3. Importance of lifetime prediction

In the offshore industry, low-speed heavily-loaded roller bearings are theoretically designed for a lifetime
of decades. But these bearings in harsh offshore environment can in practice be at a potential failed
state earlier than the expected time. These low-speed roller bearings are produced by only a few
suppliers and are often custom-built, resulting in the replacement being time-consuming and leading to
operation down-time, which can also be very costly [29]. Therefore, a prediction of the remaining life
of these damaged roller bearing is important.

1.4. Background

1.4.1. Rolling contact fatigue versus structural fatigue

Rolling contact fatigue is one of the main fatigue degradation types and is considered different from
structural fatigue. The most notable differences are listed below [16]:

» The state of stress in non-conformal contact which is present in rolling contact fatigue is complex
and multiaxial. The stress calculation in ball/roller bearing is governed by the Hertzian point/line
contact within elastic limit. As for classical fatigue, unaxial state is usually considered.

» The loading history at the subsurface point is non-proportional as illustrated in figure 1.5 . In
this figure, the stress history is shown for a subsurface point is at the depth where the orthogonal
shear stress t,, is maximum. Normal stresses g, and g, are always compressive while the shear
stress t,., remains a complete reversal. The peaks of both normal stresses are not in accordance
with the peaks for the shear stress.
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Figure 1.5: Stress history at a subsurface point in a Hertzian line contact [16]

* The principal axes constantly change in direction during a stress cycle due to which the planes
of maximum shear stress also change.

It is difficult to identify the planes where maximum fatigue damage occurs for rolling contact
fatigue.

+ High hydrostatic stress component occurs in the non-conformal contact, which is less pronounced
in tension- compression or bending fatigue.

» The phenomenon of rolling contact fatigue (RCF) occurs in a very small volume of stressed
material, because the contact stress field is highly localized.

1.4.2. Mechanism of spalling

Subsurface cracks generally originate at the material inhomogeneities such as non-metallic inclusions
or at the location of the maximum shear stress and propagate toward the surface to form surface
spalling [16].

Before branching toward the surface, subsurface cracks normally propagate a long way, which
determine the sudden de-attachment of large portion of material with potentially consequent catastrophic
and unexpected failure [13]. Subsurface cracks often approximately run in parallel to the surface. In
some zones, local ’zigzag’ patterns are also seen, as illustrated in figure 1.6.
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Rolling direction
Contact surface L»

£ s - 300 pm
- o
A B C
L .,./
TN -
e . *W
30 pm 30 pm 30 pm

Figure 1.6: Subsurface cracks in raceway at a nominal contact pressure of 2000 MPa for 8.17 x10° cycles [13]

friction force direction

-/

—_—
] \
1

)
Y

\

A B(a) B(b)

Figure 1.7: Direction of crack growth in 2D plane (A: Mode Il growth; B: Mode | growth ((a) high surface friction, (b) low surface
friction) [21].The solid line represent the present crack, the dash line denote the potential direction of crack growth. The friction
force at the free surface is opposite to the the roller movement. The hemispheres with hatches represent Hertz contact pressure.

For elastic material, crack growth behaviour in Hertzian contact also depends on different surface
frictions, which is demonstrated in figure 1.7. As can be seen in figure 1.7, the direction of subsurface
crack growth is different for the left and the right tips of the crack with respect to the direction and
magnitude of the surface friction [21].

Due to globally compressive stress under rolling contact area, the closure effect prevents the cracks
from opening. The stress field on the crack is schematically in the figure 1.8.

Hertzian contact
pressure

Compressive stress
——— crack |
\ .
N \

S \

shear stress

Figure 1.8: Schematic view of stress field on the subsurface crack within 2D-half infinite plane [21]. As shear stress orientate
left, crack may grow in left-horizontal direction.
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For elasto-plastic materials, the irreversible nature of plastic flow contributes to the mechanism of
subsurface crack growth. At the beginning, the crack propagation is driven mainly by the local plastic
strains around crack tip [3]. The resulting permanent deformation due to plastic strain zone may keep
parts of the crack, or even the entire crack, open [43]. This also means that mode | crack growth
should not be ignored because of plastic deformation. As further rolling contact cycling occurs, these
small cracks either branch or coalesce with other cracks to form a dominant crack [3]. When the crack
reaches a certain length, its path changes from parallel to inclined and eventually reaches the surface
forming a spall [3], as illustrated in figure 1.9.

Asperity height
Approx. <3 pum

Typically 20~100 pm
025¢~035¢)

J

c:half width of

contact area

Branch

Spall

Figure 1.9: Schematic view of spall [46]. The shadow area with the hatched part is the potential disappearing part due to spalling.

1.4.3. Damage mechanism

Damage is the deterioration which occurs in materials prior to failure [24]. The damage accumulation
is described by Miner’s linear accumulation theory which means that a structure fails when damage
amounts to 1 [20]. The limitation of this method is that the rate of damage accumulation is independent
of the stress level, which is not true in ductile fatigue. Additionally, if this method is used for life prediction
under random loading conditions, it is recommended to use it with Monte Carlo simulation. The equation
1.1 is written as follows:

S

=

k
p=>
i=1

14

L<1 (1.1)
i

Where: n; is the number of cycles accumulated in the it" block of constant amplitude loading. N; is the
average number of cycles to failure at it* block of constant amplitude loading. k is the total blocks of
constant amplitude loading. D < 1 is applicable in the load sequence of stress level varying from high
to low [38].

To describe this deterioration to failure in multiaxial fatigue, damage can broadly be defined as
an isotropic scalar variable D (which is bounded by 0 (undamaged state) and 1 (totally damaged
state)) [24]. This simple definition of damage is to describe damage as the ratio of damaged area and
pseudo-undamaged area in a one-dimensional case of homogeneous volume element. As illustrated
in figure 1.10, the effective stress is then defined by the cross sectional area reduction in the damaged
state:

Ap . F o
-4 = = E=c¢ (1.2)

p==2 )
A A—4, 1-D

Where: Ap isthe damaged area. A is the pseudo-undamaged area. ¢ is the strain in pseudo-undamaged
state. € is the effective strain at damaged state. ¢ is the effect stress at damaged state. ¢ is the stress
at pseudo-undamaged state.
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virgin statc  damaged state pseudo-undamaged

Figure 1.10: lllustration of one-dimensional damaged element [24]. £(o,D) = €(o,0) means that the strain is the same within
both damage state or pseudo-undamaged state.

As illustrated in the figure 1.10, such one dimensional element is called as Representative Volume
Element (RVE). The mechanical state of the continuum is unique on condition that the RVE is the
statistical representation of the actual material. For experimental purposes and numerical analysis, it
is useful to consider the magnitude of the Representative Volume Element and this maximum scale for
metal is recommended as 0.1 mm3 [24].

During this deterioration, the damage evolution can be divided into three main parts: initiation (Stage
1), growth (Stage Il) and fracture (Stage lll), which are depicted in figure 1.11.

1
A Stage:
) I II ITI
50 :
= Fracture — %
A

D,

0

N/N; or t/t,

Figure 1.11: Schematic of a typical damage development during static and cyclic tests (Mean stress/strain is 0) [12].

In low cycle fatigue, ductility is assumed dominant in fatigue. This means that low cycle fatigue can
be described as growth of ductile damage, which results from the nucleation of cavities and the matrix
followed by their growth and their coalescence through the phenomenon of plastic instability. Based on
this aspect, the degrees of localization of ductile damage is comparable to that of plastic strain [24]. In
general, local plasticity increment cause a permanent decrease in stiffness matrix. In other words, as a
result of crack growth, the damage variable (D) is described in terms of stiffness loss [12]. In practise,
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the damage variable (D) can be measured by the variation of elastic modulus [24]:

D=1 E 1.3
=1-¢ (1.3)
Where: E, is the modulus with undamaged state.
To describe the damage accumulation in quantification, a nonlinear damage law is introduced in
equation 1.4, which models damage growth governed by plasticity (through the plastic strain increment
p) [10]. Within one load cycle, the damage growth rate can be rewritten as follows:

5-(L) 14
—(§>P (1.4)

Where: S is the damage strength, which is obtained by material testing. s is the damage exponent,
which is also obtained by material testing. Furthermore, this value is assumed as 1 in mental [24]. Yis
the energy release rate. p is the equivalent plastic strain increment with time interval. D is the damage

increment with time interval.
dD (e’ |
J o-max .
ap _ Ddt ~ [ Imax) f pdt (1.5)
dN -fl cycle ( 2ES ) 1 cycle

1.4.4. Locally-coupled method
Depending upon the level at which the effects of damage on the strain behaviour of the material are
taken into account, three approaches are list [24]: uncoupled, locally-coupled, fully-coupled.

The main steps of uncoupled approach are listed as follows:

1. Structural calculation to obtain the stress/strain field has no direct relationship with the damage
mechanism. This step is simulated by FEM.

2. Find the potential damaged area from the structural calculation.

3. Introduce the stress and plastic strain at the potential damaged area into the damage evolution
law.

Locally-coupled approach is illustrated as follows:

1. Structural calculation has no direct relationship with the damage mechanism. This step is simulated
by FEM.

2. Find the potential point from the structural calculation.

3. The strains obtained by step 2 is used to integrate the fully-coupled strain damage constitutive
equations locally.

Fully-coupled approach in one step: strain-damage coupled constitutive equations are solved by
FEM.

Accuracy is sorted from high to low: fully-coupled > locally-coupled > uncoupled. Meanwhile, time
computation is sorted from high to low: fully-coupled > locally-coupled > uncoupled.

For localized damage, locally-coupled approach is a good method, which performs the coupling only
by solving a set of differential equations. When the fully-coupled analysis is applied, the constitutive
model is only calculated on a single Gaussian integration point, and the calculated result is called by
the unit, and then the overall stiffness matrix is assembled and solved by the solver. This method
can give a higher accuracy but it also needs more computation time. In the heavily-loaded condition,
the convergence can be a numerical challenge due to the complexity of non-linear contact issue and
large deformation caused by the heavy load. Considering that the accuracy of locally-coupled method
is lower than fully-coupled approach, the calculated lifetime based on locally-coupled method is to
be viewed as an estimate. The damage mechanism is only included in the fatigue analysis in the
locally-coupled approach. Since it is only applied analytically after the FEA results are obtained, the
calculation procedure is often considered as an analytical solution.
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Strictly speaking, the locally-coupled method described in [24] is focused on the micro scale under
the assumption of the Lin-Taylor strain compatibility hypothesis, which states that the state of strain
at the micro scale is equal to the state of strain at the meso scale as derived from the classical
structural calculation [24]. As the FEM results are in the meso scale, this assumption can cause
large underestimation of lifetime when the locally-coupled method is applied in high cycle fatigue
regime. Luckily, in low cycle regime, the estimation is acceptable [41]. In high cycle regime or the
transition regime between low cycle and high cycle regime, the Eshelby-Kroner localization law of
micro mechanics is applied to transform meso scale to micro scale which is shown as follows [41]:

=0;; — aEe};’ (1.6)

M
0ij ij

J

Where: cri"}’ is the stress tensor at the micro scale. o;; is the stress tensor at the meso scale. sf\f-p is

the plastic strain tensor at the micro scale. « and g are the localisation parameter which are given by:

1-8 _2(4—5v)
T 15(1—-v)

(1.7)

Where: v is the Poisson’s ratio.

1.4.5. Cyclic plasticity in material

As discussed in the former section, plasticity plays a dominant role in low cycle fatigue. In rolling
contact condition, plasticity also has large influence on the contact area, and reduces the peak value
of the contact pressure because of the increasing conformity of the two contacting bodies and reduced
height of the raceway surface due to plastic deformation [14]. Therefore, to investigate the damage
evolution in a periodic loading condition within roller bearing, a proper cyclic plasticity model should be
considered into material. This section will discuss the main principles of the cyclic plasticity model.

Plasticity requires the definition of a yield function, a flow rule, a hardening law [39].

The yield condition is represented by a convex surface in the stress space [2]. A stress space is
established by using the stress magnitude as the measure of distance along the coordinate axis [2]. In
the case of perfect plastic materials, this surface will remain unchanged after the yield stress is reached.
However, if strain-hardening is considered, the yield surface will change in line with the hardening rule
for the values of stress beyond the initial yield point, where the yield point will rise to the new value of
the stress state in the strain-hardened material.In metals, it is common to define the Von Mises yield
condition in terms of the deviatoric stresses, assuming that the hydro-static stress has negligible effect
on the plastic deformation [2]. An illustration of yield conditions is shown in figure 1.12. This figure also
shows that the yield condition is independent of hydro-static stresses. A Von Mises equivalent stress
0.4 is calculated by equation 1.8 to predict yielding of materials under multiaxial loading conditions.

O'eq = O'y = ESUS” (1 8)

Where: S;; is the deviatoric stress.



10 1. Introduction
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Figure 1.12: The Von Mises yield conditions in principal stress coordinates circumscribes a cylinder with radius \an around
the hydrostatic axis. Also shown are Tresca’s hexagonal yield surface .o, is the tensile yield strength of the material. [42]

Flow rule gives the ratio or relative magnitude of the components of the plastic strain increment
tensor, as well as defines its corresponding direction in the strain space [2]. The total strain tensor sitj‘?t
is generally assumed as the sum of plastic strain tensor sle and elastic strain tensor sfj [40], such as:

sit]‘-’t =ef; + eipj (1.9)

After the elastic limit is reached, the state of stress lies on the yield surface. If loading continues,
hardening can be manifested in one of these two (or both) forms: isotropic or kinematic. The following
is the summary of basic information about these two forms:

* The kinematic hardening related to the state of the internal micro-stress concentration. The
related back stress describes the shifting of the center of the elastic domain in tension/compression
(or in three dimensions) [24] , see figure 1.13 (a).

 The isotropic hardening model relates to the density of dislocations or flow arrest [24] and expands
the yield surface of a material under plastic deformation [2], see the figure 1.13 (b).

(a): Kinematic hardening (b): Isotropic hardening

Figure 1.13: Kinematic hardening (a) vs Isotropic hardening (b)

In order to compute the damage accumulation in one cycle, the appropriate stress-strain constitutive
relations of the material should be considered. Firstly, the material is assumed to be homogeneous (no
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non-metallic inclusions) and isotropic. Its response is considered isothermal, which means the energy
release rate is only produced by plasticity work, and no heat transform. Thus the Young’s modulus of
elasticity and the elastic Poisson’s ratio are assumed to be constant [18]. In non-proportional loading,
the stress-strain response is dependent on the loading history [31]. The stress-strain relationship
coupled with damage within elastic limit is rewritten as follows:

aij = (1 = D)Cijef (1.10)

Where: g;; is the stress tensor at different directions. sfj is the elastic strain at the different directions.
Ciji is the elasticity modulus tensor.
The stress can be divided into two parts: devatoric (S;;) and hydrostatic state (oy,,), as illustrated in
equation 1.11.
Sijzaij_UmSij (111)

Where: g, is the hydrostatic stress, which is the average of the three normal stress components. §;;
is Kronecker delta, 6;; = 1ifi = j,6;; = 0if i # j.
In a simple way, the deviatoric stress can be rewritten as follows [31]:

Where: ef; is the deviatoric part of ;. G is shear modulus.

Since plasticity is the material behaviour when the stresses exceed the yield limit, yield surface,
flow rule, and hardening rules are also discussed here.

The yield surface is defined in the stress space as the convex surface between elastic and plastic
regions [2]. When damage is small, plasticity is dominant, the material exhibits (isotropic/kinematic)
hardening, and the yield surface is typically convex. But as damage is accumulated, the material
experiences softening, which may cause the stiffness matrix to change from symmetric to asymmetric
and even the values in stiffness matrix can become negative. In the unstable state, different material
have different behaviours. In this thesis, 42CrMo4 follows isotropic softening and kinematic hardening
rules [37]. This behaviour causes the intersection between yield surfaces. As the unstable state is
normally occurs in the first several cycles and can add difficulty in the fatigue estimation, the unstable
state is ignored in this thesis. As the yield surface in stress state may shrink into a cone, trial stress in
radial return method cannot go back to the yield surfaces. In other words, the convergence can not be
assured. For these reasons, the multi-yield surfaces within incremental plasticity method is applied in
this thesis instead of backward Euler method with radial return method.

The plasticity is normally affected by the deviatoric part of stresses [31]. As illustrated in figure 1.14,
Von Mises criterion in deviatoric stress state is a circle. Furthermore, the use of circles instead of the
ellipses greatly simplifies the calculation of incremental plasticity without consideration of whether the
yield surface is convex or not.

Stress state Deviatoric Stress state

ay Sy

7
SR\

Figure 1.14: Von Mises yield surface in the o, — gy, stress space (left) and in the S, — S, stress space (right) in 2D, when back
stress X;; = 0. [31]
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The yield function coupled with back stress is also convenient to calculate in Von Mises criterion
(see equation 1.13).
F=6,4—R=0
%(Sij_xij)(sij_xij) (1.13)
(1-D) ’

Oeq =

Where: 6. is the equivalent stress coupled with damage. X;; is the back stress.
For metals, it is convenient to assume that plasticity potential equals to the yield function. For this
reason, the plastic strain increment can be written as follows:

. dg . OF
Ly —
€ij ‘Aaaij _Aaal-,- (1.14)

Where: g is plastic potential. 1 is plastic multiplier and this value is non-negative.
Equation1.14 also assumes that the plastic strain increment vector is normal to the yield surface

(as indicated in the figure1.15), and the direction is %. Hence the plastic increment is deviatoric (see

equation 1.16), the normal vector (i) can be rewritten as follows in the equation 1.15:

aF/(?aU _ aF/GSU

|0F/d0;;] ~ |0F/8S]

(1.15)

n=

deP = deP (1.16)

Stress state Deviatoric Stress state

Oy Sy deP = deP
Ve
—R
3/ <
\ s
3

Figure 1.15: Normal vector on the Von Mises yield surface in the o, — o, stress space (left) and in the S, — S,, stress space
(right) in 2D, When back stress X;; = 0 [31].

As illustrated in figure 1.15, when yield function F(S;;, R) < 0, the stress increment is purely elastic.
But if o lie on the yield surfaces and its variation ¢ is in the outward direction of yield surface (F > 0), the
plastic strain increment should be put into consideration. Normally, for those perfectly plastic material,
according to the equation 1.14, the plastic increment is explicitly calculated since the plastic multiplier
can be directly derived from the consistency condition (F = 0). For nonlinear elastoplastic materials,
this method is not accurate and can cause overestimation in fatigue life prediction. Normally, the plastic
increment can be calculated by the hardening rules, which is shown in equation 1.17:

1 1
i i

Where: C; is effective plastic modulus at it" yield surfaces (as illustrated in the figure 1.16), which is
calculated as follows:

C—Z do 2 Oi41—0; 2 V6 Tiv1 — T
"3 de? T3 P &P 3 2 &P, -¢f
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Where: 1,4 is the i + 1t" radii in deviatoric stress state. 1; is the i radii in the deviatoric stress state,
see figure 1.16.

1 400 o T
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250 o \'GrHl —r
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Figure 1.16: Yield surfaces in the S, — S, 2D deviatoric stress space, and correspondent radii obtained from the piecewise
linearization of the cyclic effective stress-strain curve [31]

Equation 1.17 shows the formula to calculate the plastic strain increment by effective plastic
modulus. Under non-proportional loading, as shown in figure 1.16, the nonlinear effective stress-strain
curve can be replaced by the piecewise linearization. With sufficiently small segments, the linearization
can match well with the nonlinear stress-strain curve.

Under non-proportional loading, the deviatoric stress S;; may move differently from the ring
translation direction. Mroz and Garud kinematic hardening rules are normally proposed to describe
the translational moment of the yield surface in proportional loading. However, in non-proportional
loading, Mroz may cause two yield surfaces intersect and thereby result in numerical error [31].

Figure 1.17 shows the Mrdz and Garud kinematic hardening rules in deviatoric stress. Mroz
assumes that the translation of yield surfaces is parallel to the line SS,,. In complex non-proportional
loading, the yield surfaces can interact at more than one points resulting in the numerical issue. To avoid
this issue, yield surfaces are allowed to be tangent but cannot intersect. When it comes to Garud’s rule,
it is assumed that the translation of yield surfaces is along the side of the line EG, S¢. In other words,

the external normal vector at §c’ on the i yield surface remains the same as the one at S; on the
i + 1t" yield surface.

Ak

Figure 1.17: Mroz and Garud kinematic hardening rules in deviatoric stress [31].

It is assumed that the size and shape of the yield surfaces do not change. During plastic strain, the
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center of the yield surface shifts as following [18]:
AX = pd (1.18)
Where: AX is the change of back stress in deviatoric stress state. d is calculated in equation 1.19.
d = (1= 1/141) (Sij = Xigx + kAS;) + (Kipq — X0) (1.19)

The non-negative scalar factor k is calculated by the rewritten yield function [18]:

(3/2) (Sij — Xix1 + kAS;;) - (Sij — Xiy1 + kAS;;) =12, =0

. . (1.20)
(l.e., by SOlVlng E+1 (Sl] + kASilei+1!ri+1) =0 ),
p is the positive root of the new written yield function (equation 1.21) [18]:
(3/2) (Sij + AS;j — X; —pd) - (S +AS;; — X; —pd) =17 = 0 (1.21)

(i.e., by solving F; (S;; + AS;;, X; + pd, ;) = 0).

1.4.6. AE monitoring

Condition monitoring of roller bearings is aimed to predict the bearing failure before it happens. These
bearings need to be monitored online. The life estimation is also based on the information on the
monitored state of the bearing. For roller bearings, subsurface raceway fatigue cracking is of interest
in this research.

Since spalling is initiated under surface, it cannot be inspected without stopping the operations and
disassembling the bearing. The number of cycles for remaining life of critical length of spalling is also
unknown. For this, one primarily needs to know the crack current location, crack size, and the stress or
strain field of the potential damaged area. Normally, we can not measure or visibly estimate the serious
level of theses defects when the bearings are under the operation condition directly. In practise, there
remain some physical variables that can be monitored directly during the operation period. These
variables normally can be divided into Acoustic Emission (AE), vibration, temperature, wears in oil and
so on [48].

In high-speed bearings, the vibration monitoring (acceleration) is commonly applied, while, in
low-speed bearings, the AE method has high efficiency in earlier investigations [7]. Acoustic emission
signal analysis methods include parametric analysis and wave analysis. These two analysis methods
are used to diagnosis whether there are defects in the bearing and to distinguish the location of
defects [25]. For this reason, a structural health monitoring system consists of AE is developed and
implemented in the laboratory environment. These measurements can provide information to a damage
evolution model which means, the location of crack and the crack size is obtained by passive ultrasonic
waves.

AE signals are generated by a rapid release of energy from localized sources within a material and
travel through the structure [26]. To measure the crack location, the dominant waveform mode can
be identified. Meanwhile, the predefined threshold of signals is set up at the data acquisition system.
For those signals crossing over the predefined threshold, the relative arrival time can be extracted.
Furthermore, crack source location can be identified through an error minimization problem [26]. The
following figure shows the AE parameters in one event. Crack depth and length can be obtained from
the wave signals and advanced signal processing techniques [7].
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Figure 1.18: AE hit parameters on one event [45].

1.5. Research scope and questions

With the advancement of Acoustic Emission monitoring systems, it has become possible to identify
the existing damage state in the low-speed roller bearings [7]. It will be of substantial impact for
maintenance decisions if the remaining lifetime of the bearing after detection of damage can also be
estimated. This research is focused on the feasibility of the remaining lifetime prediction for roller
bearings with existing subsurface cracking in the raceways.

The considered low-speed roller bearings in this research are subjected to heavy loads, which are
high enough to cause the localisation of plasticity. Since the bearings have quite low rotational speed
(< 60rpm), the inertial effect is ignored and quasi-static case is applied. In addition, perfect rolling
condition with no friction is considered by fine Elastohydrodynamic lubrication (EHL) condition.

The following is the main question of this research:

How to estimate the number of cycles that will take for the raceway to fail under the applied
load and with the present damage state?

The sub-questions can help us to answer the main question:

* How can a damage growth model be implemented based on nonlinear damage evolution method
for estimation of the remaining lifetime of the raceway in rolling contact fatigue?

* How can the model take the estimated damage size into account provided by a non-destructive
estimation method , e.g. Acoustic Emission monitoring?

» What is the influence of initial crack size and location on the remaining lifetime of the raceway?

1.6. Organization of the thesis
This report is divided into three main chapters based on the former sub-questions organised and two
appendices.

Chapter 2, Methodology, consists of the details about FEM and fatigue analysis, which is the core
part of this research. It starts with the FEM set-up assuming input from the monitoring results, and
followed by fatigue analysis, as a result, the investigation of the remaining lifetime is obtained.
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Chapter 3, Results and discussion, provides numerical evaluation of the proposed approach. In
this part, the results from FEM simulation and prediction in Matlab are discussed and provided the
logical answers to the main questions given in the former section.

Chapter 4, Conclusions and recommendations, highlights the main findings in this research and
suggestions for further work.

Appendix A is the validation of the implemented methodology.

Appendix B is the proposed further study which combines the presented approach with Acoustic
Emission monitoring tests.



Methodology

2.1. Combination of analysis and monitoring

In roller bearings, damages such as subsurface raceway cracks are often invisible and only be detected
once spalling occurs and manifests itself as metallic particles in the samples. Considering recent
advancements in condition monitoring of low-speed roller bearings, the crack state has been shown to
be detectable by Acoustic Emission (AE) method. Based on the AE potential, a new way to estimate
the remaining lifetime of bearings is investigated in this thesis.

Considering possible information from AE monitoring, the basic geometry information about crack
was set up in FEM, such as crack sizes and common crack depth under surface. Under similar loading
condition with laboratory tests by Scheeren et al [7], the strain/stress history around the crack tip was
recorded by quasi-static analysis, which simulated the stress/strain field around crack tip at critical
locations within one cycle of rolling. Finally, to predict the lifetime range, cyclic plasticity material
behaviour is considered into the fatigue analysis. Coupling the damage mechanism with elasto-plastic
constitutive equations, the damage accumulation with cycles were obtained.

The figure 2.1 shows the different steps of the method.

Coupled elasto-
plastic and damage
constitutive
equations

Operational
loading

g 11 Strain field Gyt s The remain life
C(I:dz(es‘z;a discrete at xx, Xy, yy o ¢ . obtained at the
S s locations directions i D=0.7
Acoustic emission
Crack
localization low cycle fatigue analysis

(depth: 5-6mm )

Figure 2.1: Flowchart of the proposed method

2.2. Finite element analysis

The aim of finite element analysis is to reproduce the strain history around crack tip. Considering the
changing relative positions of the crack with the respect to the roller during small moment of the bearing,
the crack was moved within the contact area to simulate the strain field changes in one cycle of roller
passage. Since the contact between each roller and raceway is a line, considering the simulation time,
2D FEM model is used in this thesis. Furthermore, the speed of rolling is low, which means the inertial
effects can be also ignored. For this reason, the quasi-static analysis was applied instead of explicit
transient analysis. As for quasi-static analysis can not give the complete strain history, 11 discrete
locations within the contact influenced area are considered to capture the strain history.

17
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2.2.1. Geometry set up

A 2D FEA model is shown in the figure 2.2. Three rollers and two raceways were considered. Compared
with diameter of the rollers (69mm), the gap (2mm) between rollers was small. From this aspect, the
neighbour rollers effect on the strain field can not be ignored, which means that the global model should
be considered in FEM simulation. The contact type between roller and raceway is a line contact. The
reduced cracked raceway model of the size 211mm X 32.5mm is represented by a two-dimensional
domain model (figure 2.2). The crack in this model is assumed as a perfect notch. Different subsurface
pre-remaining cracks of length varying from a = 5mm to 20mm are positioned at the depths between
d = 5mm and d = 6mm below the surface. The front crack tip (right side) is placed in 11 positions (e)
at the same depth (d), which is also illustrated in figure 2.2. Three rollers and the upper raceway are
constrained in the horizontal direction while the bottom raceway is constrained in all directions.

O0C

ran

‘“‘i-_:__ —=

Figure 2.2: Crack positioning in the 2D geometry model. Note that: a is the crack length, e is the distance between crack tip and
central line of roller 2 and d is the depth of the crack.

2.2.2. Material choices

An elastic-plastic material model is employed to capture the material behaviour of tempered bearing
steel (42CrMo4,296HV) under rolling contact and the constitutive model is coupled with Lemaitre’s
damage evolution law to capture the material degradation due to low cycle fatigue [4].

According to ref [37] and Ansys material reference [30], kinematic Chaboche hardening plasticity
model (CH) is considered in FEM. The material parameters are shown in table 2.2, and it is observed
that R, is negative. In other words, the material is considered as isotropic softening from the monotonic
state to the stabilized cyclic state. Itis acknowledged that the combined behaviors of isotropic softening
and kinematic hardening can lead to the interaction of adjacent yield surfaces. However, the method
of the multi-yield surface is assumed that the neighboring yield surfaces are tangent. From this aspect,
the explicit algorithm based on the multi-yield surfaces simulates this complex condition badly. Since
the isotropic softening behavior only occurs in the first few cycles, it is reasonable to omit the isotropic
softening behavior [37]. The simple kinematic model (Ramber-Osgood) is considered in the fatigue
life estimation, which is shown in the equation 2.1. This equation illustrates the relation between true

plastic strain amplitude % and true stress amplitude AZ—J. The material parameters are shown in table
2.1.

r

Ac  (AeP\"

Where: K’ is the cyclic strength coefficient. n’ is the cyclic strain hardening exponent.
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The cyclic Chaboche kinematic hardening model is writtern as follows [37]:

Ao AgP AgP
— =(Re +0y) + X5 tanh <y(1) T) + X2 tanh (y<2> T)

? 2.2)
3) 5)AeP '
+ X5’ tanh | y¢ )T

Where: R, is the limit of isotropic hardening and R, > 0 means that the material is isotropic hardening
and R, < 0 means that the material is isotropic softening. oy is the yield strength after stabilised cyclic

state. y(l),y(z),y(3),X§§), Ef), @ are the rates of kinematic hardening and back stress components
separately.

Table 2.1: Cyclic material parameters of the damage model for the 42CrMo4 steel in fatigue life estimation [37]

E(MPa) oy,(MPa) v K' n’
198085 620 0.3 1062 0.0866

Table 2.2: Cyclic material parameters of the damage model for the 42CrMo4 steel in FEM [37]

E(MPa) v o, (Mpa) R, y® 3@ & x0 x& x&
198085 0.3 550  -110 60 243 1249 169 117 86

Figure 2.3 shows the comparison of experimental data points and cyclic stress-strain curves calculated
with Ramberg-Osgood and Chaboche kinematic rate independent material models for differently heat
treated 42CrMo4 steels [37].

Observed from this figure, the difference of Ramberg-Osgood (RO) and Chaboche kinematic
hardening rate independent material models (CHRI) is small. From this aspect, it is acceptable
to simulate the fatigue life cycle estimation of Ramberg-Osgood model following the FEM results.
Meanwhile, both kinematic hardening models match well with the experiments [37].

1800 s 195 HV RO
! m— 195 HV CHRI
Ac/2(Nmm?) 2 " e 296 HV RO
s 296 HV CHRI
/':/. : 420 HV RO
1200 s 4200 HV CHRI
' s 546 HV RO
900 s 546, HV CHRI
570 HV RO
600 s 570 HV CHRI
W 195HVExp
300 /’—'HH & 296 HV Exp
O 420 HV Exp
0 A 546 HV Exp
® S70HVExp

0 0,2 0.4 0,6 0,8 Ae"/2(%) 1,2 1.4

s

Figure 2.3: Comparison of experimental data points and cyclic stress-strain curves calculated with Ramberg-Osgood (RO) and
Chaboche kinematic rate independent material models for differently heat treated 42CrMo4 steels. Note that CHRI means
Chaboche hardening rate independent, in other words, isotropic softening is not considered into CHRI model. [37]
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2.2.3. Analysis type
Plane strain and plane stress are both approximations of the 3D situation. Since the geometry of the
rollers and raceways with crack is uniformed in the out of plane direction and the loading condition is also
uniformed along the axis of the rollers, plane strain condition is considered. This dimension reduction
of degree of freedom in model will reduce the computational time and also improve the convergence
of the model [5].

For the contact algorithm, augmented Lagrange multiplier is chosen instead of penalty method. The
contact type is surface to surface.

2.2.4. Element choice

Two main element types in Ansys are discussed here. One is the Plane 182, which is linear element
with four nodes [9]. The other one is Plane 183, a quadratic element with 8 nodes or 6 nodes [9]. Both
elements are illustrated in figure 2.4 and figure 2.5.
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Figure 2.4: Plane 182 [9] Figure 2.5: Plane 183 [9]

Since the contact analysis is nonlinear, the accuracy of capturing the roller curvature can also
influence the results. The quadratic element is expected to perform better than the linear element.
Plane 183 is hence chosen.

2.2.5. Crack model

In the conventional FE modelling of cracks, the crack surfaces coincide with the boundaries of the
elements. In this context, singularity of the solution at the crack tips is a well-known issue [1, 6, 35, 41].
Mesh refinement and redistribution around the crack tips cannot fundamentally solve the singularity
problem. Furthermore, when fully coupling the damage model with FEM, the ill-conditioning issue is
intensified at the crack tips resulting in instabilities and spurious bifurcations of the obtained solutions
[35]. The root of such issue is that the shape functions in FEM cannot capture the displacement jump
at the discontinuity (leading to infinite strains). In addition, complexity of non-linear contact issue and
large deformation caused by the heavy load further complicate the convergence of the solution.

The crack is modeled as a slit in this thesis. The locally-coupled method applied (in which the FE
model is uncoupled from the damage mechanism) does not suffer from the singularity and convergence
issue present in the fully-coupled method. To reduce the mesh sensitivity around the crack tip , a
non-local method is also applied to capture the spatial average value of the strain field within the
potentially damaged area around the crack tips [22]. This locally-coupled method has been previously
applied and demonstrated by [24] and [11, 33]. Figure 2.6 shows the crack model.

Potential damaged area

Figure 2.6: Crack model. The element size of crack model is 0.1mm. The crack length is 5mm, the potential damaged area is
0.5mm x 0.5mm
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2.2.6. Meshing method

Both roller and raceway models are divided into three regions: contact area, transition area, and far
field area, in accordance with the distance away from the contact area. The elements in the contact
area should be fine enough to capture the precise stress/strain changes. In addition, crack area is
also meshed in the contact area, see figure 2.7. The element size in the contact area is 0.2mm. As
non- local method is used to capture the average value of the stress field or strain field in the potentially
damaged area, the crack model is set up as shown in figure 2.6. In this model, the crack is simulated as
a slit with two separate notch surfaces. The recommended element size in metals is 0.1mm?3 in 3D [24],
in our case this value is 0.1mm. Furthermore, due to the crack singularity, the element size of 0.05mm
for crack model can cause numerical error i.e high distortion of the element around crack tip, resulting
in non- convergence of strain value. Far-field area does not have much information about local issue.
To reduce the computation time, the element size in far field area is as large as possible, i.e. 10mm.
Meanwhile, high distortion of elements due to low quality of elements should be avoided. Furthermore,
between the far field area and contact area, the elements sizes are different and the value of element
size in transition area changes from small element size (0.2mm) to large element size (10mm). This
scale factor of the transition area is 1.0653, which is calculated by a separate Matlab code.

4Z WX

\

Figure 2.7: Global model. The black line is the crack model, the black block contains the area close to crack model.

2.3. Fatigue analysis

2.3.1. Fatigue model choice
For the purpose of investigating the remaining fatigue life of the defected roller bearing, the first step is
to determine the fatigue regime type-low cycle fatigue or high cycle fatigue. Normally, low cycle fatigue
is strain-based while high cycle fatigue is stress-controlled. When considering the fatigue model choice,
three main inputs should be discussed: loading, material, and geometry model.

As discussed in the introduction, the low-speed roller bearing normally takes heavy loading, which
is assumed high enough to initiate localisation of plasticity and thus cause the reduction in the stiffness
of the material. In table 2.3, low load condition (at 163 KN) causes the elastic strain dominant which
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means the high cycle fatigue regime should be taken into consideration. Since the high load condition
(at least 1500 KN) is applied in this thesis, the plasticity strain is around ten times the elasticity strain,
hence the plasticity should be considered into the fatigue analysis.

Furthermore, since the constant-amplitude strain loading is considered into the fatigue analysis, the
Lemaitre’s nonlinear damage law will be applied. In low cycle fatigue with constant amplitude strain
loading, the elasto-plastic process can be stabilized after a few cycles. According to the linear Hooke’s
law, the reduction of material elastic modulus can reduce the nominal stress. From this respect, damage
of the material can be expressed as the stiffness reduction, which can be indirectly measured by elastic
modulus [24].

Table 2.3: Extreme values of plastic strain and elastic strain around the right crack front in the simulation. The crack length is 10
mm, and the crack front is located at the center of contact length ( h=0, more details see figure 2.2, the loading conditions are
separately 163 KN and 1500 KN )

Rolling contact fatigue generally takes place in the roller bearings.

Load cases Strain values
e e e
Exx Eyy Exy
163 KN -0.205-002 0.305-002 -0.285-002
Exx Eyy Exy
0.33E-004 -0.11E-003 -0.34E-003
e e e
Exx Eyy Exy
1500 KN O.40Ep-002 -0.515-002 0.62%-002
Exx &yy Exy
0.14E-001 -0.23E-001 0.76E-001

Moreover, the subsurface

loading history in roller bearing is non-proportional, which causes the stress-strain response varying
asynchronously with time in different directions. As illustrated in figure 2.8, when g, is maximum at a
certain time point, it does not mean that other stresses are also maximum at the same time. From this
aspect, there is no unified standards in directions (xx, yy, xy) to determine fatigue failure. Considering
the plasticity into fatigue, the energy release rate based on elastic strain is also considered. For energy
release rate state for multiaxial fatigue, the equivalent stress criterion is normally the first choice [24].

Multiaxial stress
tensors with time

Multiaxial
strain input

Ey i, B 5 Lty ﬂ M

Oyy

Multiaxial strain-stress response

Figure 2.8: Multiaxial fatigue criterion transferring to equivalent criterion [34].

As illustrated in the figure 2.9, since the loading cycle is constant amplitude and non-proportional in
low cycle regime, following the flowchart of the fatigue model choice, the last consideration is strain-life
method or energy based method. Since the stress or strain alone is not sufficient to characterize the
fatigue properties, energy-based model are applied, which combines the effects of stress and strain
into released or dissipated energy during a load cycle [28].

As spalling is localised, and the damaged area due to spalling is small, compared with the whole
scale of the roller-raceway model, the locally-coupled analysis is applied. This method is commonly
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applied into metallic material due to homogeneous material character. For material such as concrete,
this method is not applicable because the material is not homogeneous.

Locally-coupled method is more accurate than uncoupled analysis and has less computational
time than fully-coupled analysis [24]. This method allows us to perform an uncoupled analysis at the
meso scale of the whole structure, and then consider the coupling between strain and damage of the
respective area to finish the post-processing damage growth. In this approach, the damage evolution
is based on the energy release rate, so it means the damage accumulation is nonlinear throughout the
entire loading cycles. In this research, however we only simulate one cycle of the roller passing. This
means that, the results of strain history were in stable stage, ignoring the stress-strain response at the
unstable stage (at the first few cycles).

Load type
No 1
Strain-Based ‘ Const. Cumulative
cycle Damage
No 1 Yes
No No
Enfzrgv HCE Prop.
_ driven load
1 Yes l Yes, l Yes
No Ener. No )
Energy-Based Stress-Based HCF — "_ gy ~—+ Strain-Life
| | driven
] Yes I Yes
Stress-Life Energy-Based

Figure 2.9: Fatigue model choice [28].

Damage evolution in the current damage state now is defined by the geometry model. The current
damage is considered as the ratio between the crack length and the total raceway length. Figure 2.10
shows the final pattern of spalling is on the surface obtained experimentally. Figure 2.11 illustrates that
the damage state in this research is bigger than the real state since the definition at our case ignores
the transverse growth of spalling, as a result, the life estimation based on this damage state is under
estimated. Meanwhile, for damage evolution, when damage reaches the last stage, the time for failure
is very short which can be ignored.

In order to avoid singularity calculation issue on condition that D = 1, the damage threshold in
this research should be set smaller than 1. In this case, this value is set as 0.7. The reason why
larger values have not been chosen is that when the damage threshold is bigger than 0.7, the total
damage accumulation at some crack sizes can be over 1 (D > 1) which is not physical. Meanwhile,
the difference of lifetime obtained on the basis of threshold between 0.7 and larger value is tiny.

raceway
surface Longitudinal direction

A Transverse
— -
y direction

\j_/

Figure 2.10: Final Spalling on the raceway surface[9] Figure 2.11: The spalling simplification [9]

2.4. Lifetime estimation

As locally-coupled method is considered, the nonlinear damage life estimation which is based on the
energy release rate is applied in this thesis.
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In life estimation, the energy release rate is mainly related to the equivalent stress and equivalent
plastic strain. To get the failure number of cycles, the first thing is to get the integral of plastic strain in
one circle. As damage increment is proportional to plastic increment, this integral is shown:

2
db bd (AZ_U) 2 t yd 2.3
dN_fcyde L= 2Esa = D)2 fopt (2:3)

Where: Ao is the equivalent stress range in one cycle.

In this research, since rolling contact fatigue produced the non-proportional loading history, the
relationship between damage and plasticity is not simple. In practise, as crack grows, the amplitude
of strain field at the crack tip is also variable, furthermore, the mean value also varies with the crack
growth. In multiaxial fatigue especially non-proportional loading, the phase difference also varies, which
enhance the difficulty of the estimation. These phase shifts are not easily to estimate by simple math
equation. Furthermore, the energy based method are also sensitive to the loading history.

For simplicity, in fatigue, the damage is considered constant in one cycle. The damage increment
in one cycle now is rewritten as follows:

dD  (oha)’
dN = 2ES(1 - D)2

Where: Ap is the equivalent plastic strain amplitude range in one cycle. g}« is the maximum damage
equivalent stress [17], which is defined as the function of stress triaxiality and Von Mises stress.

Ap (2.4)

Ofax = max(aeqR,%/ 2) (2.5)
The stress triaxiality R, is shown as follows:

2
2(1+
R, = 23 L oy (a—m> (2.6)
3 Ocq
When damage reaches the critical value, the failure is obtained and the obtained life cycle is
registered. As for damage grows, more energy is released by breaking of the bonds. The energy
release rate with damage is written as follows [24]:

LW (G’
" (1-D) 2ES(1-D)?

Where: W€ is the elastic strain energy density.

The life estimation is performed as a post-processing step after FEM. The principal strain does
not directly show the variation of normal stresses and shear stress as damage accumulates from
the definition of the effective stress[24]. Therefore, the principal strain is not considered firstly in this
research. The flowchart of the life estimation is illustrated in the figure 2.12. The following is the steps
for fatigue life estimation:

Y

2.7)

1. The input of the fatigue analysis is the spatial average values of strain data at xx, yy and xy
directions. Then, the related vectors are transformed into the deviatoric state. The yield surface
is firstly assumed as 0. The centre of the yield surface is initially assumed as 0. The initial
damage is defined as the ratio of the length of the crack to the length of the raceway plate in the
numerical model. The non-linear kinematic hardening rule (Ramberg-Osgood) is replaced by the
linear segments, which means the radii of yield surfaces are known.

2. If the yield function is smaller than 0, the strain in xx, xy, yy is in the elastic regime, plastic strain
is 0. If the yield function in Von Mises criterion is larger than 0, the plasticity corrector should
be considered, which means i>0, until the yield function is smaller than 0. The equivalent Von
Mises stress and equivalent plastic strain are obtained. In compression fatigue, considering the
Lin-Taylor hypothesis and the principle of strain equivalence, the scale factor 0.28 is introduced
and r:lultiplied with D,, as the new D,,, the derivative stress is rewritten as the equation 2.8 ([24],
[13]) .

Sij = ((1 — 028Dn) X Cijkl X S)dev (28)

"The details of derivation process of damage accumulation in compression fatigue are discussed in [24].
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3. Once the loading step is at the end of one loading cycle, the damage should be updated by
applying the equation between maximum damage equivalent stress and equivalent plastic strain

amplitude .

4. If damage is equal or larger than damage threshold, this loop is ended or repeat step 2-3.
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£= ey Eyy gxy] ’
n=0

J

Dy, i=0,j=1

Sij = (1 = Dy) X Cijig X €)gev

l

Material: Xj, R;

Strains are obtained from quasi-static FEM with
elasto-plastic material

Initial state of damage and yield surface

Calculation of deviatoric stresses

R <0

(Si] - xi)von -

Multi-yield
surfaces

j=j+1,
if j==end of loading,
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n+1 — n dN
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End

Figure 2.12: Flow chart of the life estimation

Calculation of plastic and elastic strains

Damage update

Critical damage check



Results and discussions

3.1. Stress/strain field obtained from FEM

3.1.1. Convergence study

Coarse loading sub-step influence the convergence while fine sub-step sizes can increase the
computation time. Therefore, the sub loading step size should be optimised. Element sizes near
contact area are discussed in the following part.

The element quality is checked in the FEA model. The aspect ratio is evaluated of the elements,
which can influence the distortion potential when highly-loaded case is experienced. For plane183
(which has mid-node element type), Jacobian Ratio normally helps to measure how the deviation of a
given element is from an ideally shaped element. In this research, the quality of FEM is considered
acceptable due to no element quality errors.

Observed from table 3.1, it can be found that: as element size becomes finer, the numerical
results approaches to the Hertz theory results. Smaller element size means more elements and longer
computation time. For element size is 0.5mm, the difference in the ratio of contact pressure is small
while for the contact length, the difference ratio is large compared with other two element sizes. For
the element size of 0.1mm, both contact pressure and contact length are closest to the Hertz theory at
the expense of high element number.

Table 3.1: Comparison of Hertz theory and numerical solution of different element sizes in elastic material. The value in bracket
show the difference ratio between numerical results and Hertz theory at 1510KN.

Element Element Hertz Results Numerical Results

size number Contact pressure Contact length  Contact pressure  Contact length
(mm) [-] (MPa) (mm) (MPa) (mm)
0.1 92328 2647(1.3%) 3.54(6%)
0.2 26176 2612.3 3.32 2631(0.7%) 3.96(19%)
0.5 6126 2584(1%) 4.56(37%)

27



28 3. Results and discussions
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Figure 3.1: Comparison of contact pressure distribution in elastic material with different element size

When comparing the contact pressure in elastoplastic material at element size 0.1mm-0.2mm, the
contact peak values are similar, but the element size at 0.2mm shows bigger contact length.

Compared with the element count for element size at 0.1mm, the element count at 0.2mm is small.
Considering the accuracy and efficiency of computation, the element size at 0.2mm is our choice.

3.1.2. Contact pressure distribution in intact model

3000 T

Hertz analytical theory
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Elastic material
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Figure 3.2: Comparison of contact pressure distribution in elastic material and elastoplastic material numerical results with Hertz
theory results.

Hertz theory is proven as an accurate calculation of contact pressure and contact length in elastic
material. As for elastoplastic material, due to the complication of plasticity, there is no accurate
analytical method to calculate the contact pressure. This part will provide the qualitative analysis and
comparison between the analytical solution and numerical solution in elastoplastic material. Figure 3.2
shows the comparison between numerical results and Hertz theory results. In elastoplastic material,
the contact pressure is sharply reduced from 2631MPa to 1666MPa and the contact length is longer,
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which is varied from 3.96mm to 4.62mm. These results are read from the middle roller. This is because
with the existence of plasticity, the conformity of both roller and raceway is increased, which reduce
the the height of contact surface. The results between elastic material and plastic material is shown in
another example to be around 25% [14], while in our simulation the difference is 37%. Since the results
of elastic material is in good agreement with Hertz theory, the element choice is considered acceptable.
Note that: the loading condition in the example [14] is only around 10% of our setting up loading case
and the steel yield strength is almost half of our cases . Furthermore, the friction parameter [14] is
also considered as 0.35 while in our case it is assumed neglected. Considering the two FE models
in different geometry and material parameters and the reasonable agreement with Hertz results, the
plastic results of our model are regarded acceptable.

3.1.3. Contact pressure distribution for different crack front locations
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Figure 3.3: Comparison of contact pressure distribution of middle part of roller-raceway in different locations of crack front in
elastoplastic intact and damaged models, where the crack length of damage models are 5mm, crack depth is 5mm. Here for e
in the legend is referred in figure 2.2

In a damaged roller-raceway, the contact pressure distribution is different. As shown in figure 3.3, with
the existence of crack with length of 5mm and depth of 5mm, the contact pressure between the raceway
and the middle roller is subjected to lower value. Due to the existence of cracks, the local stiffness of
the part of the raceway containing the cracks is decreased, resulting in a greater sinking for roller in the
vertical direction. This sinking is slightly larger than that of the adjacent intact rollers. Therefore, the
bearing capacity of the defective part is weakened. Meanwhile the adjacent roller and raceway without
cracks have to carry more loads, which in return intensifies the uneven distribution of contact pressure
among the rollers, and then prompts other parts to be prone to cracks more quickly. In other words,
the existence of crack can reduce the contact pressure of the damaged part of roller and raceway,
meanwhile the other two rollers have to resist more loads. When the crack tip is at 3.45mm, the whole
crack is located outside of the half contact area (2.31mm). The crack existence slightly increases both
contact pressure and contact length, with similar contact distribution with the intact model. From this
respect, if crack is situated outside of the contact area, the influence of crack is more or less limited
on the contact pressure distribution and contact length. When the crack is located within the contact
area, the influence of crack is huge. The contact distribution has changed, and the peak value has
also decreased and shifted along the direction with the crack length increase. This is possible because
as the crack tip shifts from left to right, and the crack becomes more presented in the contact area,
decreasing the stiffness of the cracked part, and subsequently the contact pressure is reduced. In
summary, crack tip locations have influence on the contact pressure distributions and peak values.
The influence range is dependent on whether the crack is outside or inside of the contact area.
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Table 3.2: Peak value of contact pressure at the free surface of raceway

Intactmodel h=-345mm h=0mm h=2.07mm

Left roller-raceway(MPa) 1661 1689 1689 1689
Middle roller-raceway (MPa) 1666 1671 1596 1552
Right roller-raceway (MPa) 1662 1689 1689 1689

As illustrated from table 3.2, the contact pressure are almost same for all three rollers in the intact
model. On the other hand, the presence of crack influences the cracked roller-raceway largely. For the
neighbouring rollers, the influence is limited since the crack in this model is more like a local issue, and
the influence also remains mostly local.

3.1.4. Contact pressure distribution for different crack lengths

In this subsection, the impact of the initial crack length is discussed. To make sure the crack length
is the only variable, the length of crack part under the contact area is constant and equals to half the
contact area length (2.31mm). The loading condition is the same.
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Figure 3.4: Comparison of contact pressure distribution in different crack lengths at same crack front location in elastoplastic
intact and damaged models, where the crack length of damage models are 5 - 10 mm, crack depth is 5mm. Here for e in the
legend is referred in figure 2.2.

The contact pressure distribution in different crack length is illustrated in figure 3.4. It is observed
that the peak value of contact pressure is reduced compared with the intact model as the crack length
increases. When it comes to the contact pressure distribution, it is more pronounced with the increase
of crack length. Furthermore, the increase of crack length also makes the contact pressure distributions
move to the right, and a second peak occurs at the edge of contact area. The range of contact pressure
changes caused by increasing crack length decreases, especially in the arrange between 5mm - 10mm
and 15mm - 20mm. In other words, the crack length has influence on the contact pressure distribution
and for longer crack is , the contact pressure distribution seems to converge. Following this trend,
when crack length grows to a critical value, the contact pressure distribution reaches at the "constant”
state. For the neighbouring contact pressure, the crack influence seems limited ( as also explained in
the former subsection), as illustrated in table 3.3. The reason why contact pressure distribution varies
as such trend is that the crack grows between 5mm - 20mm at the unstable speed due to the remaining
plasticity.

In summary, the contact pressure distribution is not only influenced by the plasticity but also the crack
existence. In return, the contact pressure distribution also have impacts on the crack, which means
the contact pressure and crack influence each other. Since the difference of contact pressure between
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15mm-20mm, and 10mm-15mm is smaller than 5mm-10mm, in other words, the start of monitoring
crack length bigger than 10mm is more meaningful than the start at or less than 5mm.

Table 3.3: Peak value of contact pressure at the free surface of raceway

Intactmodel a=5mm a=10mm a=15mm a=20mm

Left roller-raceway(MPa) 1661 1689 1690 1685 1686
Middle roller-raceway (MPa) 1666 1596 1554 1499 1463
Right roller-raceway (MPa) 1662 1689 1689 1685 1686

3.1.5. Contact pressure distribution for different crack depths

As seen in figure 3.5, the only variable is the depth. For damaged model, the contact pressure
distribution shifts to the right. However, the movement at the depth of 6mm is smaller than that at depth
of 5mm. Furthermore, the peak value at the depth of 6mm is bigger than that at 5mm. Additionally,
both peak value are smaller than intact model. In a word, as the crack depth increases, the influence
of crack is smaller on the contact pressure. The specific of peak values are shown in table 3.4.

Table 3.4: Peak value of contact pressure at the free surface of raceway

Intactmodel d =5mm d=6mm

Left roller-raceway(MPa) 1661 1690 1690
Middle roller-raceway (MPa) 1666 1554 1614
Right roller-raceway (MPa) 1662 1689 1690
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Figure 3.5: Comparison of contact pressure distribution in different crack depths at same crack front location in elastoplastic
intact and damaged models, where the crack length of damage models is 10mm. Here for e in the legend is referred in figure
2.2.
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3.1.6. Stress/strain field for damaged model

The former sections discussed how the contact pressure distribution varies due to crack. This section
is focus on the variation of stress/ strain field around crack tip in the subsurface of the contact area.

When compared to the dynamic simulation, the complete stress/strain history of quasi-static
simulation cannot be shown. To capture the stress and strain history as much as possible, there
remain only 11 discrete locations along the contact length. Based on the 11 discrete locations, the
main character of stress/strain field around crack tip within the contact area can be obtained. The
following figures are the stress field around crack tip in 11 discrete locations for different crack lengths
in comparison with the intact model at the same depth. The trend of g,, shown in the figure 3.6 is
similar for the shown four crack lengths. As the crack length increases, the stress field becomes
also larger. But the difference of stress increase is not proportional with the crack length increase.
The 15mm and 20mm are more like 10mm translations in the vertical direction, and they are more
or less centrosymmetric around point (0, —300), while intact model results are symmetric at x = 0.
However, the stress distribution at for the crack length of 5mm is different from other three crack lengths.
Compared with the intact model, the location of maximum value shifts from center to the edge, while
the minimum value is situated at the edge of contact area. As for the following fatigue estimation, the
considered locations are assumed as one cycle. The difference of location of extreme values means
the phase shift between cracked part and intact part. The reasons for this phase shift are complex,
caused by the details of the geometry material properties and plasticity.
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Figure 3.6: o, at discrete locations under the contact area

The trend of o, is similar for considered four crack lengths. But the stress raise does not vary in
proportion with the crack length increase. In the intact model, the stress distribution is centrosymmetric
around point (0,0). As for the cracked model between 10mm and 20mm, the trend of shear stress
distribution is similar to the intact model. However, the extreme value locations are marginally changed.
The results for crack length of 5mm is different from other three cracked cases. The maximum value
at 5mm is also larger than the intact model and the distribution is not centrosymmetric. The phase shift
of shear stress occurs within the range from intact to small crack length such as 5 mm.
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Figure 3.7: oy, at discrete locations under contact area
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The general trend of o,, is comparable for the different crack length. All of the amplitude are
negative. This is because the loading condition in yy direction is compression. For the crack length of
5mm, the trend of stress drop is slightly different from the other three crack sizes, possibly due to sharp
local variations.

The following figures are about the strain field around the crack tip. Without a present crack, the
strain field in different directions are around 0. However, due to the crack presence, the strain amplitude
are enlarged and the mean strain also shifted away from 0. Compared with stress variation, distribution
of &y, &xx, &xy for different crack sizes are similar under contact area.
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Figure 3.9: ¢,,, at discrete locations under contact area

When it comes to ¢, the extreme values are negative. The maximum value at the intact model is
0.003. Due to the crack existence, the maximum value for crack length of 5mm are at least 16 times
bigger than the intact case, while the enlarge scalar at 20mm case is 30. The interval among 10mm
- 20mm is smaller than the difference between 5mm and 10mm. Like cases of stress field, the strain
distributions for the crack length of 5mm are different from other three crack cases.

The strain distributions of yy and xx (shown in the figure 3.9 and figure 3.10) are almost symmetrical
at h = 0. The values are mostly positive and the maximum value at the intact model is 0.0016, which
is neglieible compared to the cracked cases. All extreme value at xx direction is smaller than that in
yy direction.The maximum values shifted from h = 0 to left among cracked models.
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The shear strain is maximum for the crack length of 20mm close to 0.16. This is a relatively large
value, but since &, = ¢,,, the shear strain shown in the figure 3.11 is the twice of ¢,,. The phase
shift only occurs between intact and cracked cases. From 5mm to 20mm, the extreme values lie at the

same location. The maximum value at the intact model is 0.0017, which is considered very small.
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In summary, the stress field is not notably sensitive to the crack length contrary to the strain field.
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This is because according to the stress-strain response, when plastic strain grows, the stress increases
at steps. Considering the crack singularity and sensitivity for the variation of crack length, the loading
input for damage calculation should be the strain field instead of the stress field. On the other hand,
as the crack grows, the total strain is increased in different directions. Furthermore, shear strain at the
small cracked model and intact model is not dominant, but in longer crack length model, shear strain
becomes dominant.
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3.2. Remaining life predictions

Cracks with branches can be simply viewed as changes in length and depth in 2D. Therefore, this
section will analyze two conditions about different lengths and depths of cracks.

The results of the rate of damage accumulation are shown in the figure 3.12. The beginning of
damage increment before 100 cycles remains constant among the crack range 10mm-20mm. However,
when it comes to crack size as 5mm, this steady-state remains for 1000 cycles. Similar growths
of damage increment are seen among the crack sizes from 5mm to 20mm. This figure also shows
that there has been a sharp increase of damage increment for the crack size between 10mm -20mm
after 1000 cycles. However, for the crack size of 5mm, this sharp increase has occurred after 2000
cycles. The threshold of damage increment for the crack size of 20mm has peaked close to 2.5 x 1073,
Compared with other three damage increment thresholds, that for crack size as 5mm reached a lowest
point, which is smaller than 1.5 x 10~3. In summary, the damage accumulation of crack size as 5 mm
is different from the other three crack sizes. This is because the strain input for crack size as 5mm is
smaller than that for the other three crack sizes.
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Figure 3.12: Rate of damage accumulation for different crack sizes at the same depth d =5mm.

As the rate of damage accumulation becomes larger, the damage rise up quickly. When the damage
reached the threshold, the total life cycle are obtained. Figure 3.13 shows the process of damage
evolution for different crack sizes. The initial damage value is set up differently for different crack sizes.
The longer the crack size is, the larger the damage initial value becomes. According to the equation
2.4, as the rate of damage accumulation goes up, larger damage in return accelerate the damage
accumulation. Furthermore, as seen in the figure 3.13, these four damage evolution lines are almost
parallel. From right to left, the distance between two adjacent lines becomes smaller.
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Figure 3.13: Damage evolution for different crack sizes at the same depth d=5mm.

As seen in the figure 3.14, all of the lines starts from zero. At the second cycle, the value of
equivalent stress at the crack size as 5mm is around 850 MPa, while that at the crack size as 20mm is
around 700 MPa. This is possibly caused by different initial damage values. As the damage threshold
is 0.7, the last maximum damage equivalent stress can be around 255 MPa by the rough calculation
3.1. However, the last maximum damage equivalent stresses between 10mm and 20mm are less than
200 MPa. This is possible because the decrease of stress is not only related with the damage but also
the stress at the previous one cycle instead of initial stress. At the beginning, plastic strain is constant,
which means the elastic strain is also stable at constant strain loading. As damage evolution, plasticity is
decreased, then the elasticity is increased, but due to the elastic modulus is decreased and back stress
evolved, the equivalent damage stress drops down. From this aspect, the equivalent damage stress
decrease is nonlinear. Furthermore, the difference between initial state and last state decreases as
crack increases from 10mm to 20mm. One of the reasons is that the damage accumulation is different,

which is illustrated in the figure 3.12.

Pt = (1 —0.7)gjutiat (3.1)

O-max

Other three crack sizes go down as similar trend while crack size at 5mm goes down with smaller
steps. Furthermore, the equivalent stress at the end of the life cycle is largest for the crack size as
5mm. At 120" cycle and among 500" — 1100t cycle, there remains small fluctuating points for crack
size as 5mm, which is caused by instability of the explicit algorithm. This small fluctuating point is also
seen at the cycle range of 100t" — 300" for crack sizes between 10mm and 15mm. The turning point
of dropping rate appears between 350t" and 550" for crack size between 10mm and 20mm in the

figure 3.14 due to the decrease in plasticity.
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Figure 3.14: Equivalent stress with the cycles for different crack sizes at the same depth d=5mm

0.12 T T

0.1

0.08

]

T2 0.06
<
0.04

0.02

a=smm

a=10mm
a=15mm
a=20mm

0 1 1
10° 10' 10°
Number of cycles

Figure 3.15: Equivalent plastic strain amplitude with cycles for different crack sizes at the same depth d=5mm
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It is seen in the figure 3.15, the plastic strain amplitude for 5mm is much smaller than the other
three results, and the plastic strain amplitude between 15mm and 20mm is close. All of the plastic
strain amplitude is almost constant. This is because the loading condition in the fatigue estimation is
constant amplitude, but due to the instability of the algorithm, this constant amplitude decreases with a
small range. Another reason may be that metal at different hardness levels have different hardening or
softening behaviors. This means if we want to get more accurate life estimation, the material hardness
character should be obtained accurately.

The damage growth, plastic strain amplitude, equivalent stress variation between 15mm and 20mm
are similar. From this aspect, the maximum horizontal crack size may be between these two values.
Considering the low cycle fatigue and FEM results, crack size of 5mm has a different trend with others
while that of 10mm has a similar trend with 15mm and 20mm, so the minimum detectable crack size of
10mm is more meaningful than that of 5mm.

0.8 T T
a=10mm, d=5mm
a=15mm, d=5mm
0.7 a=20mm, d=5mm 1 a
| a=10mm, d=6mm [ :
—-—-—--a=15mm, d=6mm P
0.6 a=20mm, d=6mm i' I| I _
.I N I:.
0.5 ———=
[44] .'I .'I _|.
=04 1 4
T
[m] i
0.3 1
0.2 8
0.1 e e 5
O i 1 1
10° 10" 10° 102

Number of cycles

Figure 3.16: Damage evolution with cycles for different crack sizes at different depths

As illustrated in figure 3.16, the distance between two adjacent groups of life cycles at a depth of
6mm is larger than that at a depth of 5mm. The life cycle based on the crack size as 20mm at depth of
6mm is almost equal to that of crack size as 10mm at depth of 5mm. However, the life cycle of crack
size as 10mm at depth of 6mm is close to that of the crack size as 5mm at depth of 5mm.

As shown in figure 3.17, the initial stresses at depth of 6mm are all smaller than those at depth
of 5mm. The minimal stresses are smaller than 200MPa. As seen in figure 3.18, the plastic strain
amplitudes at the depth of 6mm are also smaller than those at the depth of 5mm.
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Figure 3.17: Maximum damage equivalent stress with the cycles for different crack sizes at different depths.
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Figure 3.19: Rate of damage accumulations with cycles for different crack sizes for different depths

As seen in figure 3.19, the damage increment at the depth of 6mm has accumulated slower than

that at the depth of 5mm. The threshold of damage increment for the crack size of 20mm at depth of
6mm has peaked close to 1.8 x 10~3 while this value has reached 2.4 x 10~3 at the depth of 5mm. The
threshold of damage increment for crack size as 10mm at depth of 5mm reached close to 2.1 x 1073,
meanwhile this value at depth of 6mm is 1.5 x 1073, At crack size of 20mm, the difference of threshold
of damage increment between two depths is 0.6 x 1073, However, at the same depth of 5mm or 6mm,
this difference between 10mm and 20mm is 0.3 x 103, which has cut in half of former difference.

In a word, a 1mm depth increase can reduce the damage increment and enhance the remaining life

cycles for damage evolution and this influence is higher than the influence of the decrease of 10mm in
crack size. In other words, the influence of depth are larger than that of crack size.



Conclusion and recommendations

Feasibility of using monitoring information for prognosis of the remaining life of heavily-loaded
low-speed bearings was investigated. A locally-coupled damage accumulation model based on
Lemaitre damage growth was developed for subsurface raceway cracks, which takes the existing crack
(notch) sizes and locations as input.

The proposed damage growth model can provide an initial estimate for the remaining life cycles of
the damaged slow-speed roller bearings. Furthermore, the plasticity and Von Mises stress changes
can be captured in this damage growth model. However, the quality of this estimation and possible
improvements require further an experimental assessment.

Different from the direct influence of surface cracks on the contact pressure, the cracks under the
surface also have an influence on the contact pressure, but this influence depends on whether the
crack is within the contact area or not. Within the contact area, both crack size and depth can have
a positive or negative impact on its contact pressure, although due to the localization, this impact is
limited. Outside of the contact area, a crack has rarely influence on the remaining life estimation. The
strain field data turned out to be more sensitive to these two damage parameters compared with the
stress field. It is reasonable to apply the strain field data into the remaining life estimation. However
the stress field data is not recommended to be applied as input for the remaining life estimation in this
research.

The influence of two damage parameters i.e crack size and crack depth, are discussed in this
research in the heavily-load condition. Both damage parameters have influence on the estimated
remaining life cycles. Crack size is positively correlated with life prediction while crack depth is the
opposite. Additionally, the influence of depth on the remaining life cycles estimation is larger than that
of crack size.

In the range of the crack size between 10mm and 20mm, there remains similarity in stress and
strain field. Shorter cracks may have different stress and strain field distribution.

Plasticity plays an important role in the remaining life estimation. In fact, it is found that the
magnitude of plastic strain is relevant to the crack size and crack depth. As crack size becomes larger,
plastic strain also becomes larger. However, plastic strain is negatively related to crack depth.

Minimum detectable damage size with the current monitoring technology is considered about
10mm. What's more, detection is needed before the crack grows towards 15mm-20mm. However
the difference of the number of cycles to failure is small between the detectable crack size (10mm) and
the critical crack size (15mm) at the same depth. Further improvement of the monitoring system for
detection of smaller cracks is needed.

It is acknowledged that several conditions in this research were idealised. The influence of friction
was not discussed in this research, which is different from the practice. To improve the estimation, it is
recommended to consider the friction influence into the life estimation. The material is considered
homogeneous, but in practise production, non-metallic inclusion can be presented. Non-metallic
inclusions of different chemical compositions and the distance from the crack will have an impact on
the remaining life analysis. For future research, this topic is also suggested to be considered.

The fully-coupled damage mechanism with constitutive models in FEM was not considered in this
research. For future work, the extended finite element method (XFEM) coupled with the damage
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mechanism is recommended to overcome the numerical challenges. Additionally, another method
e.g phase-field method, may be considered to simulate crack in low cycle regime for future work.
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Validation

This part is aimed to show the validation with other paper. The dynamic transient analysis is used in
Feishen et al [17], and friction parameters are also included. Additionally, the elastic strain coupled
with damage mechanism is also considered. Figure A.1 shows the results of stress variation within the
first cycle by Feishen et al [17].
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Figure A.1: History of the stress components at the potential point within the first cycle [17]

The material choice in the locally coupled method is also shown in the following table.

Table A.1: The material parameters for AISI 52100 [17]

E(MPa) v oy(MPa) R,(MPa) b ci(MPa) c¢,(MPa) y; y,  S(MPa)
152,000 0.3 1500 315.87 56.09 593,303 4788.5 1000 55.9 100

The following table is the comparison of life estimation based on the locally coupled method and
Feishen et al [17]. The observed 25% difference between this research and Shenfei et al is acceptable
since both values are at the same order magnitude despite the significant differences in the approaches.
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The elastic strain is also considered in Feishen et al [17] due to the loading condition and material. In
this research, since the elastic amplitude is small compared with plastic strain, the damage evolution
due to elastic strain is reasonably ignored.

Table A.2: The comparison of life estimation based on the locally coupled method and Feishen et al [17].

Locally-coupled method Feishen et al (only plastic strain considered)
5.1 x 10° 6.8 x 10°




Further study

Following the results from the numerical study, this section is to discuss the further study of the
monitoring methods. In monitoring methods, for large scale low-speed roller bearing, damage detection
is very difficult compared with high-speed roller bearings. This is because in low-speed roller bearings,
in noise environment for example when the roller is in operation, the errors due to the background
noise can not be avoided. Another reason is the wide range of high frequencies due to the slow speed.
Considering both reasons, the classical method like vibration analysis is not used in this research,
meanwhile, AE method is used to detect the damage state of the defected roller bearing. In this section,
there remain two parts-fatigue experiment which is in process under HiTeAM, and application which is
discussed about the combination of the numerical method and monitoring.

B.0.1. Fatigue experiments

For low-speed roller bearings, its diameter is normally large in heavily-loaded condition and it is
expensive to make the same scale in lab test. Furthermore, the production of such bearing takes long
time cause normally they need to be customized in professional factory instead of mass production.
The simplification of such roller bearing should be considered. For this reason, as the curve of large
scale of raceway of roller bearing is infinite. This large scale roller bearing can be simplified by rollers
move between two flat plates.

The following figures are the schematic about a double bearing arrangement of HiTeAM JIP, so as
to simulate and study the damage state under the actual operation condition of turret or slew bearing.

This test set-up consist of a 24 channel AMSY-6 Acoustic Emission measurement system with
ASIP2/A signal processing cards are mounted on the raceway. These 24 sensors are situated in
the 8 locations as 3 sensors in each location (See right in the figure B.1 ). These three sensors
are separately an R6a 60 kHz resonant AE transducer, an R15a 150 kHz resonant AE transducer,
and a WSa broadband (>200 kHz) AE transducer. All sensors are pre-amplified applying AEP-5H AE
preamplifiers as a set up gain of 40 dB. Loctite 480 super glue are used for the attachement of sensors
and raceway.

A load of 1300 kN will be imposed vertically using a hydraulic cylinder. A horizontal cylinder will
control the movement of rollers by pushing and pulling on the nose ring with a total stroke length of 70
mm in 12 seconds so as to make sure the speed of rollers is constant at 11.67 m/s. The vertical and
horizontal cylinder pressure (load) and displacement are logged by SCADA.

As shown in figure B.1, four main parts are shown: support ring (light blue), top roller -raceway,
bottom roller-raceway (yellow and dark blue parts), and nose ring (green) between top and bottom
roller-raceway.
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Figure 1: Test set-up front view (left), and side view (right)

Figure B.1: Test set-up front view, and side view (right) [7]

B.0.2. Application

The crack size and crack locations can be detected by this lab test, although the detection range may
be limited. This is because when crack is short especially in noisy environment like operational case,
the background noise can mask the basic information of short crack. Meanwhile, from the numerical
results, this minimum detection length in our case should be at least 10mm.

A comparison between numerical results and experiment for intact model is proposed. The numerical
condition is ideal but in practise, there remain a lot of influence factors such as corrosion, non-mental
inclusions and friction. Furthermore, considering the acceptable error tolerance due to the complex
fatigue process, the numerical results can give a rough estimation on the remaining life once the first
AE sensors detected. For example, if the first AE sensor get the damage state is 12.5mm at the depth
of 5mm under raceway, then, the rough estimation is 1000-1400 cycles. For the exact estimation, the
numerical results should be validated by the monitoring results.
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