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a b s t r a c t

On Airbus aircraft, spherical plain bearings are used on many components; in particular to link engine to

pylon or pylon to wing. Design of bearings is based on contact pressure distribution on spherical surfaces.

To determine this distribution, a 3D analysis of the mechanical behaviour of aeronautical plain bearing is

presented in this paper. A numerical model has been built and validated from a comparison with 3D

experimental measurements of kinematic components. For that, digital volume correlation (DVC) coupled

with optical scanning tomography (OST) is employed to study the mechanical response of a plain bearing

model made in epoxy resin. Experimental results have been compared with the ones obtained from the

simulated model. This comparison enables us to study the influence of various boundary conditions to

build the FE model. Some factors have been highlighted like the fitting behaviour which can radically

change contact pressure distribution. This work shows the contribution of a representative mechanical

environment to study precisely mechanical response of aeronautical plain bearings.

1. Introduction

In this paper, an original approach to characterize mechanical

response of a structure with a complex geometry, an aeronautical

plain bearing, is presented. This kind of problem which involves

three-dimensional local stress repartition must be studied with a

three-dimensional simulation. As for any simulation, numerical

modelling has to be validated by experimental measurements. In

the case of this work, the geometry involves a localized contact

problem and surface measurements are not sufficient. This

problem can be approached by two experimental measurement

methods: scattered light photoelasticity (SLP) [1] and digital

volume correlation (DVC) [2–5]. SLP technique has already been

employed to study the problem by considering stress repartitions

within a resin model specimen [6]. SLP enables us to obtain

photoelastic fringes describing the continuous stress field of a

mechanical system in real time. However, this method cannot

achieve geometry variations of the specimen and a quantitative

analysis of stresses remains difficult because only secondary

principal stress differences are available. In the present work,

another approach, from measurement of kinematic components,

is presented by employing DVC to study the 3D mechanical

response of aeronautical plain bearings. This latter technique

gives evolution of discrete displacement field in the whole

volume, i.e. evolution of the geometry, and enables an easier

quantitative mechanical analysis and a comparison with a finite

element model.

Until A380 program, engine manufacturers of Airbus aircrafts

had to design and manufacture engine mounts on aircraft pylons.

These elements are very critical for a good mechanical behaviour

of the pylon-to-engine link and therefore are equipped with

spherical plain bearings (Fig. 1). The role of bearings is to

compensate strain of engine mounts and differential thermal

expansions between engine and pylon in order to avoid link

hyperstaticity that can induce unwanted loads on engine or pylon

parts. Since A380 program, Airbus has taken the responsibility for

mount conception and wishes to improve its knowledge of

mechanical behaviour of plain bearings because scuffing

phenomenon on spherical surfaces has been observed. This

scuffing is induced by bad slipping conditions of this interface

that are linked to contact parameters including surface aspects

(geometry, materials, etc.) and also solicitations. In particular,

contact pressure distribution is a significant parameter that has to

be considering for bearing design in respect to their functionality.

In the present case of spherical bearing, Hertz’s analytical solution
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[7] cannot be employed because of a conformal contact.

Traditionally, this kind of contact pressure can be approached

with the assumption of projected pressure and the following

expression:

P¼
F

2RL
ð1Þ

where P is the average pressure, F the applied load, R the bearing

sphere radius and L the bearing width. This modelling gives a

uniform pressure distribution on the whole contact surface and

does not involve scuffing problem.

Others models have been developed. An expression based on

the assumption that maximum pressure is located at the centre of

the contact with an ellipsoidal distribution along bearing width

and half-circumference [8] is commonly employed to determine

contact pressure distribution according to the spherical coordi-

nates y and o (Fig. 2):

Pðy;oÞ ¼
F

2ðR2ÿL2=4Þsinÿ1
ðL=2RÞ

cos
yp

2 sinÿ1
ðL=2RÞ

 !

coso ð2Þ

This modelling is based on strong assumptions which must be

validated: contact configurations can cause free-edge effects

because of the finite length of the contact width and localization

of maximal pressure is not assured. These effects have been

previously highlighted on surgical hip implant behaviour [9].

To have a better knowledge of bearing behaviour, Airbus want

to develop a tool enabling us to determine in a realistic way the

contact pressure distribution on the spherical surface of aero-

nautical plain bearings. The research work has been launched in

order to build a model by finite-element method (FEM). FEM

enables us study effects of various parameters such as geometry,

materials, friction and also to identify those parameters which

have significant contributions on the bearing behaviour.

Assumptions and boundary conditions employed to build the

numerical model have to be validated from experimental fields

obtained during the loading of the bearing. Owing to the spherical

geometry of the bearing, a surface measurement is not sufficient

to study the mechanical response of the system and so 3D

measurements are needed. This work is focused on the 3D

experimental approach based on the use of DVC coupled with OST

on a demonstrator spherical bearing specimen made in a

transparent material.

This applied technique is firstly described in this paper and

then experimental results are shown and compared with

numerical data obtained from FE model.

2. Digital volume correlation (DVC)

DVC has been developed [2–5] from the 3D extension of digital

image correlation technique, usually used in mechanics to

measure plane or 3D displacements of loaded surfaces [10–15].

DVC enables to measure a 3D displacement field between a

reference state and a deformed state of a studied sample. The

displacement of each point of a virtual grid defined in the initial

volume image is calculated by intercorrelation of the grey levels

of the neighbourhood D surrounding the considered point in both

states. D is composed of several voxels and corresponds to a

subset of the volume. By noting X and x the coordinates (in

voxels) of a same material point in the reference state and the

deformed state, both configurations are linked by the 3D material

transformation /: x=/(X). For a subset D centred at the point X0

in the reference state, / is approximated by its expansion at the

first order corresponding to a rigid body motion combined with a

homogeneous deformation:

fðX Þ ¼ XþU ðX Þ ¼ XþU ðX
0
Þþ

@U

@X
ðX

0
Þ ð3Þ

The displacement U(X0) of the subset centre gives the intensity

of the rigid body translation. The local displacement gradient

expression
@U

@X ðX0
Þ includes the rigid body rotation and the local

stretch of the subset volume. The best values (translation and

local gradient) characterizing the material transformation are

those which minimize a correlation coefficient C which measures

the degree of similarity of grey level distributions in D and its

transformed one by /. The chosen formulation of C is insensitive

to small contrast and brightness fluctuations which can appear in

images: a normalized cross correlation formulation based on grey

level gaps in respect to the average on the subset:

C ¼ 1ÿ

P

X AD

ðf ðX Þÿf DÞðgðfðX ÞÞÿgDÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

X AD

ðf ðX Þÿf DÞ
2

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

X AD

ðgðfðX ÞÞÿgDÞ
2

s ð4Þ

Fig. 1. Airbus A380 engine pylon (a) and bearings equipped items (b).

Fig. 2. Spherical plain bearing.



where X refers to voxels in D, f and g are, respectively, the grey

levels in the initial and deformed images, f D and gD are their

averages over D and /(D).

The determination of the coefficient C and so of final positions

x is performed by a first-gradient minimization procedure [4,5].

A trilinear interpolation of the grey levels in the deformed image

is used in order to calculate the grey level variations between two

adjacent voxels. In this way, it is possible to achieve the position

of the subset D in fractions of voxels (subvoxel precision).

3. Optical scanning tomography (OST)

3.1. Principle

To investigate 3D models made in transparent materials, a

method based on the scattered light phenomenon has been

recently developed [4,5]. The scattered light phenomenon is

created by including particles, added during the elaboration of the

transparent material and randomly distributed in the specimen.

A volume image generated by optical scanning tomography (OST)

is obtained by optical slicing and scanning the specimen with a

plane laser beam in the z-direction (Fig. 3) and a motorized

translation stage (with a minimum increment equal to 0.625mm)

controlled by an integrated linear-scale encoder. At each position

of the beam, an x–y 2D image of the illuminated section is

recorded. The volume is constituted by the succession of these 2D

images. The plane laser beam is obtained by using a laser source, a

convergent lens and a cylindrical lens (Fig. 3). The random

distribution of the grey levels within the volume image is given by

the scattered light phenomenon. To create this phenomenon,

several kinds of particles with different sizes or shapes can be

employed. It has been showed [5] that polyamide particles with

an around 150mm is well adapted for 3D structure study.

3.2. Preparation of plain bearing specimens

To study on the mechanical problem of spherical contact, a

demonstrator bearing with a standard design (Fig. 4) is

considered: shaft, inner and outer rings were casted in an epoxy

resin containing polyamide particles. Each part of the bearing is

machined (Fig. 5) and a gap of 40mm is measured between inner

and outer ring. To apply a radial load on the bearing fitting with a

20kN hydraulic jack, a specific test device was made in PMMA

(Fig. 6). The fitting is made in PMMA in order to avoid any

distortion of the light during the scanning of the bearing. The gap

between fitting and outer ring is also measured and equal to

100mm. The shaft extremities are inserted into two PMMA thick

plates (Fig. 6). Those plates, with two other ones, create a tank

where a liquid having a similar optical index to that of epoxy resin

immerses the bearing to avoid reflexion and refraction

phenomena. During the elaboration of the material, standard

tensile specimens were also casted in order to determine

mechanical properties useful to build simulated model. Young’s

modulus and Poisson’s ratio are obtained from the use of the mark

tracking technique (Table 1) [17].

4. Experiments

According to the size of the specimen and the used particles,

the spatial resolution of volume image is equal to 0.06mm/voxel.

Fig. 7 shows a volume image of the bearing demonstrator

specimen obtained by OST at the reference state. Volume

images are recorded for two other states: for imposed loads

equal to 500 and 1000daN. The studied zone is the upper part of

the bearing (Fig. 7) and a 3D grid of 36,000 points is defined to

determine the displacement components within inner and outer

rings. Analysis by DVC is performed with a subset volume equal to

31 voxels and with a step of 20 voxels between two adjacent

subset volumes. Fig. 8 shows the evolution of displacement

components along the three directions for both load states.

According to the experimental conditions, particles and materials

used, it has been shown from rigid motion tests [4,5] that

displacement measurement uncertainty is around 0.1 voxel

corresponding to 0.006mm. On one hand, displacements along

the z-direction (Uz) are very low and close to the measurement

uncertainty. On the other hand, displacements along x (Ux) and y

(Uy) increase with the imposed load. Displacement fields within

Fig. 3. OST experimental setup.

Fig. 4. Design of the demonstrator bearing (dimensions in mm).



inner and outer rings are similar. There are some aberrant

measured points due to partial reflection of the laser beam at

the interface between inner and outer rings. According to each

side of the shaft, displacements Ux along x in a horizontal median

plane are oriented toward the shaft and absolute values go from

0.05 to 0.1mm. In the upper part of the bearing, displacement

along x should be theoretically around zero but it is slightly

superior to zero. This may be due to the load which is not exactly

symmetrical along the y-axis and according to the geometry. On

the sides of the bearing, displacement is larger than the one

observed on the upper part and is around 0.3mm. Displacements

values within the outer ring are slightly higher than the ones

observed within the inner ring but displacement fields are

continuous between each part. Analysis of both loaded states

shows that the bearing is compressed according to the y-direction

in the upper part between the fitting and the shaft and according

to the x-direction on the sides. There is a discontinuity in the

displacement fields in the left-hand side of the equatorial plane of

the inner ring which can be linked to the splitting of the inner

ring. These effects can also be due to the disturbance of the optical

path of the laser beam trough the width of the whole bearing

during the scanning.

Strain tensor components can be calculated from displacement

field [4]. In the present case, strain values remain low and

maximum level is around 0.005. This value remains lower than

the elastic strain limit of the material (0.02) which shows the

latter works in the elastic regime.

5. Numerical modelling

The numerical model of the plain bearing, developed with the

commercial software ABAQUS 6.6, is composed with two parts: an

outer and an inner ring. In reality, the inner ring is split in two half

rings to allow the bearing assembly. In the numerical model, this

part is not split. First studies on this bearing modelling show

influence of the mechanical environment on its behaviour.

Therefore, shaft and bearing fitting are considered too (Fig. 9).

Materials of those parts are assumed to have an elastic behaviour.

Fig. 5. Epoxy resin replica of the bearing (a) and its elements (b).

Fig. 6. Loading system according to the x–y plane (a) and to the y–z plane (b).

Table 1

Mechanical characteristics of the materials of epoxy resin samples and PMMA.

E (MPa) n

Epoxy resin containing polyamide powder 2700715 0.3874�10ÿ3

PMMA (fitting) 2800715 0.3874�10ÿ3

Fig. 7. Volume image of the bearing recorded by OST.



The load is applied on the fitting. Extremities of shaft are locked

by cylindrical rigid surfaces. In the simulations, hexahedral first-

order reduced-integrated elements (C3D8R) were used because

they offer accurate results for analysis of contact problems [16].

Several simulations have been conducted to identify an optimal

mesh density. Symmetry can be considered to model a quarter of

the bearing (Fig. 10). Four contacts are considered: fitting-on-

outer ring contact, outer ring-on-inner ring contact, inner ring-on-

shaft contact and shaft-on-rigid surface contact. The first three ones

are governed by a Coulomb friction law and last contact is

considered frictionless. Many questions remain about assumptions

and boundary conditions that can be applied on this model in

particular with gaps, rigid fitting and split inner ring considerations.

In this work, two numerical models are studied and are shown

in Fig. 9. The first model is built from empirical experience (model

1, Fig. 9) and in particular a rigid fitting and there is no gap

between each part of the bearing. The second model (model 2,

Fig. 9) is built in accordance with others observations performed

by scattered light photoelasticity [6]. This model takes into

account deformability of the fitting which is made in PMMA and

real measured gaps between bearing elements are considered.

Gap between inner and outer rings is equal to 40mm and it is

equal to 100mm between outer ring and fitting.

Mechanical properties of the materials have been experimentally

identified by a mark tracking technique for strain measurement [17]

and used for the numerical model (Table 1). The friction coefficient

of the Coulomb law is assumed to be equal to 0.3.

Figs. 11 and 12 show the 3D displacement fields obtained by

both models for loadings of 500 and 1000daN. With model 1,

displacement field seems to be homogeneous in the whole

Fig. 8. 3D distribution of displacement components in the bearing for imposed loads equal to 500 and 1000DaN.

Fig. 9. Simulation of the bearing with a rigid fitting (1) and a deformable fitting (2).

Fig. 10. Simulation of a quarter of the bearing.



bearing and observed values are lower than the ones given by

model 2. The essential difference between both models is linked

to the progressive bending of the fitting, the inner and the outer

rings, made possible by the gaps. In the second model,

displacements of the order of the gaps are thus possible while

they are limited to displacements associated to elastic strains of a

continuous part in the first model. For a load of 500daN,

differences around of 40mm (which is the gap value between

both rings) are observed between both models on Ux and Uy

components. Furthermore, in the model 2, discontinuities of

Fig. 11. Distribution of simulated displacement components (U1) by considering a rigid fitting and without gaps between each part of the bearing.

Fig. 12. Distribution of simulated displacement components (U2) by considering a deformable fitting, a gap between inner ring/outer ring equal to 40mm and a gap

between fitting/outer ring equal to 100mm.



40mm are also observed at the inner/outer ring interface on the Ux

component. The second numerical model shows that the

contribution of parameters like gaps and fitting bending

involves different displacement fields and certainly a different

pressure distribution.

6. Comparison of FE model and experimental results

To compare FE model and experimental results, differences of

displacements components have been computed. For that, the

common area between experimental images and FE model which

corresponds to the upper quarter of the bearing has been

extracted. Then, to calculate differences, numerical results have

been interpolated on the 3D grid which has been employed to

compute experimental data by correlation process. To highlight

better the differences, a displacement of an average rigid body

motion have been subtracted of the experimental displacement

field (UX0=ÿ85mm, UY0=180mm and UZ0=ÿ150mm). Fig. 13

shows differences between numerical data obtained from models

and the experimental measured displacements for two slices in

the volume and along each direction. First, differences are very

low for displacements along the direction z because measured

values and numerical data of models 1 and 2 are approximately

close to zero. For both other directions, there are large differences

(around 70.08mm) between experimental data and numerical

ones obtained from the model 1. Concerning Uy component, we

have to note that differences vary along the thickness. This model

does not take into account the deformation of the fitting and

significant differences are observed in particular on the side of the

bearing whatever the position along the thickness in the volume.

By considering boundary conditions corresponding of model 2,

differences along x or y between numerical and experimental

displacement fields are divided by 3 and are more homogeneous

along the thickness than differences obtained with the model 1.

Discontinuities appear on the differences given by model 1 and

show that parameters and in particular gaps have to be taken into

account. In model 2, there are also small discontinuities of Ux and

Uy component differences at the interface of the inner and outer

rings with a sign inversion which is probably due to the non

symmetric deformation of the ring in the experiment.

The comparison between experimental results and FE model

gives a validity of the simulated bearing. It has been shown that

fitting behaviour and gaps have significant contributions for

distortion conditions on spherical interface and on the perfor-

mances of the bearing. The validated model corresponds now to a

more realistic case and enables the calculation of repartitions of

stresses and contact pressures within the bearing. Furthermore,

model hypotheses and conditions can now be transposed to more

complex cases of aeronautical plain bearings.

7. Contact pressure distribution

Comparison between experimental and simulated displacement

fields enabled to modify the initial FE model and to validate it in

order to obtain a final FE model which is more realistic. Thus, it is

possible to observe stress or contact pressure repartition within the

bearing from this validated model. Fig. 14 shows contact pressure

distribution in the bearing obtained with initial and final models.

Fig. 13. Differences between numerical displacement and experimental measured displacement fields obtained by model 1 (rigid fitting) and model 2 (deformable fitting)

for two slices along the z-direction.



Boundary conditions between models, in particular fitting rigidity,

change completely pressure distribution. The location of maximal

pressure is different. Indeed, fitting deformation induces higher

compression on each side of the bearing than in the load axis. With

the model corresponding to a realistic case (Fig. 14b), pressure

distribution is not ellipsoidal but radically different with maximal

pressure located on the sides of the bearing and along the

perpendicular direction according to the loading axis.

8. Conclusion

In this paper, a 3D analysis of mechanical behaviour of plain

bearing is presented. This problem deals with the pressure

distribution on the spherical surface of the bearing. A numerical

model has been built and validated from a comparison with 3D

experimental measurements of kinematic components. For that,

DVC coupled with OST has been employed to study mechanical

response of a plain bearing specimen made in epoxy resin. 3D

displacement fields have been measured during the loading and

these experimental results have been compared with the ones

obtained from simulated model. This comparison enabled to study

the contribution of various boundary conditions to build the FE

model. Some factors have been highlighted like the fitting behaviour

which can radically change contact pressure distribution. Further-

more, insertion of gaps between each element of the bearing also

improves the numerical model to be a better realistic representation

of experimental results. This work shows the significance of the

consideration of a representative mechanical environment to study

precisely mechanical response of aeronautical plain bearings.
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