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In the paper, the particular problems of modelling and simulation of dynamic unilateral
contact of compact hard bodies are considered. Special attention is given to the rolling contact
of bodies with irregular rolling surfaces. Due to inertia of the bodies and large but finite
contact stiffness, contact vibrations arise and transient contact discontinuities may occur. In the
developed algorithms, Hertzian model of contact is used within the elastic range. Two different
quasi-static models of contact are used whenever during simulation the dynamic contact force
exceeds its limiting value for the first plastic flow. The modelling problems considered herein are
related mainly to the wheel/rail normal contact in rail transport. On the basis of simulations,
plastic deformations resulting from free excessive vertical oscillations are proposed as one of
the possible causes of rail and wheel corrugations.
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NOTATIONS

a amplitude of a surface irregularity,
A wavelength of a periodic irregularity,
R radius of the rolling body (wheel),
y,(z) profile of the foundation (rail),
yc(t) vertical position of the centre of the rolling body (wheel),
y&(z) vertical position of the centre of the wheel in constrained motion
(the rigid wheel in contact with the rigid rail), also referred to as
the rigid constraint,
constant rolling velocity (train speed), independent of vertical motion,
magnitude of the external load, i.e. vertical force acting on the moving mass,
moving mass, in particular cases the mass of the wheelset,
uniaxial yield stress,
normal contact force,
Fy limiting normal force for elastic deformation by the Hertz theory,
d total indentation (relative approach),
dy limiting indentation for elastic deformation by the Hertz theory,
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dr change in indentation during unloading,

d5 final indentation, when the compressed bodies separate, d; = dc — 6.

R. the effective radius of contact; for two spheres of radius R, and R; it equals
R. = R1R2/(R1 + R2).

1. INTRODUCTION

The basic object of the simulation studies is a compact mass m pressed
against the foundation of irregular surface by the external vertical force P
(Fig. 1a). The mass is assumed to be rigid, only local contact compliance is taken
into account. In the paper, the dynamics of such a system is discussed mainly in
the context of the wheel /rail normal interaction. The compact mass m represents
the so-called unsprung mass, in contrast to the sprung mass of the vehicle, which
is dynamically isolated from the foundation by inertia of the unsprung mass and
relatively soft springs of the vehicle suspension. The rolling unsprung mass is
herein for simplicity referred to also as the wheel mass. It is worth to note, how-
ever, that the problems discussed in the paper are encountered in modelling, com-
puter simulation and analysis of the unilateral contact between different other
machine parts, for instance: a cam and a follower; a ball and its race in a rolling
bearing; contacting gear teeth; an electrical brush and a commutator ring.

Irregularities on rolling (or sliding) surfaces are the source of complex exci-
tation. In analogy to the simplest one-DOF mass-spring system, the excitation
resembles the excitation by moving a spring base, but it also includes an ad-
ditional parametric excitation due to variations in contact stiffness, caused by
variations of curvature of irregularities at the contact point. The excitation may
lead to transient discontinuities of contact, which are usually highly undesirable,
especially in the presence of lateral forces.

The loss of contact of heavily loaded bodies is followed by impact with ex-
cessive contact forces and stresses. Therefore the problem arises of how to model
elastic-plastic rolling contact with superimposed vertical vibro-impacts.

It is a common practice to model a normal wheel/rail contact by means of
a Hertzian model, which is justified for smooth and regular surfaces of wheel
and rail. Unavoidable irregularities may increase the transient normal forces by
several times, up to the value much higher than the limiting force for the so-
called first flow that takes place at the point below the surface, according to the
Hertz theory and the von Mises yield criterion.

In the paper two models of elastic-plastic contact between a wheel and
a rail are considered. The first model is based on Johnson’s static model of
elastic-plastic normal contact of spherical bodies. The second is a combination
of Hertzian model in elastic range and a perfectly plastic model for the indenta-
tion greater than its limiting value for the first plastic flow. These two models are
treated here as extreme models of elastic-plastic normal contact the properties
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of which vary, depending on various factors like temperature, material properties
and imperfections, additional tangential forces, etc.

The wheel /rail dynamic interaction is usually discussed in the context of noise
generation and wear. Wear on rails and wheels is a very serious technical and
economic problem. Both the wheel/rail dynamic interaction and the wear mecha-
nisms are very complex. Field tests are difficult to be performed. All these factors
make the problem very difficult to study and therefore many wear phenomena
observed on wheels and rails are, to a large extent, still hypothetical [1]. Because
of the importance and complexity of wear and noise generation in moving con-
tact, the literature on various related problems is enormous. Critical analysis of
the whole literature would be a great effort and is beyond the scope of this paper.
The reference section provides mainly the fundamental literature on Hertzian
[3, 8] and Johnson’s model [6, 7] of solid bodies contact. These models were con-
verted into the computer models and used in the simulation studies. Amongst
other references it is worth to mention the paper by KNOTHE [5] which contains
an excellent bibliography of many related papers and the paper by IGELAND [4],
where the notion of the effective irregularity is introduced. The effective irregu-
larity is analogous to the notion of the rigid constraint that is used herein, but
they are not entirely equivalent.

The aim is to explore some aspects of the wheel/rail dynamic interaction
which are usually neglected, namely the influence of contact discontinuities and
plastic deformations on dynamic behavior of the system. Usually these two fac-
tors are neglected under an arbitrary assumption that inertia forces excited by
realistic irregularities cannot override relatively high static external load which
presses the wheel against the rail. A very simple model is used herein, however
it helps to understand the main dynamic features of the system under consider-
ation.

The tendency of the moving mass, representing the wheel, to bounce off the
irregular surface of the foundation increases when the external static load de-
creases. Therefore transient contact discontinuities and impacts in the wheel/rail
system seem to play a greater role in wear and noise generation in light rail sys-
tems and passenger high speed railways than in heavy railways, where the axle
loads are much higher. The European maximum axle load for traditional railways
is 22.5 t.

The simulations show that an occurrence of the wheel/rail contact disconti-
nuities and impacts depends very much on dynamical properties of the founda-
tion. On the stiff concrete slab track of large dynamic inertia, impacts are more
likely to occur and influence the whole dynamic behaviour. The stiff slab track
is of our particular interests because our intention is to perform an introductory



40 Z. KOWALSKA

simulation research aimed at formulation of the specifications for construction
of special test site on a railway track, which would enable diagnostics of wheel
faults and parametric identification of the wheels suspensions. The main features
of slab track include: good precision of track lying, good control and stability of
mechanical properties, which are advantageous in normal operation conditions,
but absolutely necessary when measuring the wheel/rail interaction on a special
test site for diagnostics and identification purposes.

Plastic deformations during transient vertical oscillations of the wheel in-
duced by strong random excitation are proposed as one of possible explanations
of rail corrugations. For example, a stone from a track ballast randomly located
between a wheel and a rail may be, under certain conditions, an initial cause of
few corrugations on the rail and/or the wheel tread, which in turn excite oscilla-
tions of the next wheel and thus the corrugation process develops along the rail
and wheel circumference.

All simulation results presented in this paper are obtained with the author’s
own computer programs. Numerical problems of simulation are not discussed
herein, however it is worth to mention that in the case of systems under con-
sideration, time histories obtained via simulation are very sensitive to errors in
times at which the bodies loose contact or come into contact. Moreover, slid-
ing motion along the constraints cannot be excluded and this may lead to the
so-called numerical chatter.

2. RIGID CONSTRAINT

The systems under consideration are presented schematically in Fig. 1. The
first step in simulation of vertical motion of the rolling body of the system in
Fig. la is to determine the constraint yg(m) for the vertical motion of the mass
centre C' of the relevant rigid body. The constraint is named here the rigid
constraint to emphasise the difference between a kinematical trajectory of the
rigid body rolling on the rigid foundation and the ‘real’ trajectory y(z) of the
rolling mass having finite contact stiffness and pressed against the foundation
with finite external force.

For some ideal irregularities, for instance the threshold described with the
step function on the flat surface, the rigid constraint is easily derived from ge-
ometrical relationships. For irregularities of any assumed or measured profiles,
numerical computations are necessary. The method for effective numerical de-
termination of the rigid constraint is presented in detail in [2]. For easier under-
standing let us use a discrete description of the system motion and denote the
current horizontal position of the rolling mass centre C at time ¢; by z¢; and the
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current point of contact by D;(zpi,yp:) (see Fig. 2). On the line z = zp; a gap
between the body and its foundation of irregular profile y,(z) equals 0, and the
sum of y,(z) and a half of the vertical chord on the line has the maximum value.
In the most general case, when nothing is assumed about the amplitudes of ir-
regularities, the contact point must be searched for in the widest range, namely
Tp; € (zo; — Ryzp; + R).

(a)
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half-space

v

F1G. 1. Schemes of the systems under consideration: (a) wheel rolling on the irregular
surface of a half-space; (b) wheel rolling on the irregular surface of compliant foundation
represented by the effective mass M and the effective stiffness k.
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F1G. 2. Geometry of contact between a circle of radius R and an irregular profile y,(z).
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Therefore, in order to determine the contact point and the constraint point
a one-dimensional minimization problem has to be solved. Let us denote the
decision variable by p. The problem can be formulated as follows:

(21) p=spi = /R —(p—1u0,)?+yr(p) = max.



42 Z. KOWALSKA

In the external coordinate system, the origin of which is moved to the mass
centre, in the case when y,(z) = 0, we get

k
(2.2) ye(zc;) \/RZ (zps — Tci)® + yr(zpi) — R.
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FiG. 3. Rigid constraints and their amplitude spectra: wheel on irregular cosine surface
(upper); wheel with one ideal flat spot (lower).

Figure 3 shows the rigid constraints and their Fourier analysis for two cases
of rolling motion: 1) an ideally round-shaped wheel rolling on an irregular sur-
face of a cosine waveform; 2) a wheel with an ideal flat spot on its tread rolling
on an even surface. The wheel with ideal flat means a wheel with a segment
of a very short chord cut off. The ideal flat spot is a model of a real flat spot,
caused by wheel slide, usually in consequence of overbraking under poor adhe-
sive conditions. Severe flats have been known to derail a train. The flat spot
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causes a tapping sound as the wheel rotates and it can usually be removed only
by expensive reprofiling of the wheel on a lathe. The reference amplitude for
the amplitudes of harmonic components is 0.1 mm in the case of cosine rail
irregularity, and 1 mm in the case of flat spot.
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F1G. 4. Characteristic time patterns (left) and phase portraits (right) for the system of Fig. 1a:
(a) — below resonance: f = 0.2 fo; (b) — at resonance: fo = 280 Hz; (c) — above resonance:
f =2 fo. Lines indications: 1 — rigid constraint, 2 — vertical position of the wheel centre.
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Note in Fig. 3 that the rigid constraint yg(x) resulting from a single flat
spot on the wheel circumference has a broad frequency spectrum. The 10th
harmonic of the wheel rotational frequency has still a significant amplitude. The
presence of high components in the spectrum increases the possibility of contact
resonance at moderate train speeds. At contact resonance, high wheel bouncing
may happen as shown in Fig. 4 (left middle plot).

In general, during rolling real geometrical irregularities are ‘processed’ into
the displacement excitation that can be described as oscillations of a base of an
imaginary spring representing the contact stiffness. The spring base oscillations
have a form of the rigid constraint y’é(m) In terms of ‘signal processing’, higher
components of surfaces irregularities are filtered out but simultaneously non-
linear disturbances are introduced into the excitation.

3. HERTZIAN CONTACT MODEL

In the case of compact steel bodies with spherically (or cylindrically) shaped
contact surfaces, when modeling and simulating their vibro-impact motion of
high frequency, it is inappropriate to assume that the contact stiffness is infinitely
high and use only the notion of a coefficient of restitution for description of
dynamic interaction. This observation made and illustrated in [2] is strengthened
by the fact that was stated above, that the frequency spectrum of the rigid
constraint may be broad like in the case of a single flat spot. The frequency of
many components may be close or above the contact resonant frequency. Within
the elastic range, the well established Hertz theory can be used to calculate
the normal force F' for given indentation § and vice versa, both during contact
vibrations and vibro-impacts.

If the rigid rolling mass (see Fig. 1a) stays in contact with the elastic foun-
dation, the vertical motion of the mass centre in the inertial reference frame is
governed by the equation:

d2
(3.1) m=2C = _P 4 F(5),
where F(d) denotes the relationship of the pressure normal force upon the in-
dentation 4, strictly speaking — the relative approach of remote points (outside
the contact zone) in the contacting bodies. The relative approach may be ex-

pressed as

(3.2) § = —yo+yk.
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In accordance with the Hertz theory, the relationship between the normal force
F and the indentation has the form:

(3.3) F(0) = C(E:, Ea,m1, 2, Rur, Rurr, Rar, Rarr)6%/2.

In general, for given material properties of two bodies, that is for the given
Young’s moduli E;, E; and the Poisson’s ratios 71, 12, the coefficient C' depends
on four radii Ryz, Rirr1, Rar, Rop1 of principal curvatures of the bodies surfaces at
the point of contact. We deal herein with irregularities of a very small amplitude
a, therefore for simplicity the coefficient cos , that is very close to 1, is neglected
in the term F(8)cosa in Eq. (2.1). Symbol a denotes an angle between the
normal force and the vertical direction (see Fig. 2).

If the rolling mass m loses contact with the surface, the term F'(¢) in Eq. (4.2)
vanishes. The external constant force — P directed downwards includes the weight
of the rolling mass. Hence the whole system dynamics is described as follows:

g el AR £
dt2 -

2
mddilzc ==P for 6 <0.

In Fig. 4 are presented three characteristic time patterns of the vertical po-
sition y(t) of the mass m centre and normal force F(). On the right-hand side
there are the relevant phase portraits (y., §)- Each phase portrait illustrates the
motion during the period of time equal to 300 periods of sinusoidal excitation.
Note that the curve in the middle phase portrait is still open. Time histories and
phase portraits are obtained for three values of frequency of excitation: for low
frequency of excitation f = 0.2 fo, for frequency close to the resonant frequency
fo = 280 Hz, and for frequency two times higher than the last one. The excita-
tion comes from the surface irregularities of the profile: y,(z) = acosz2m/\. The
amplitude of cosine irregularity a = 0.1 mm and its wavelength A = 5cm. All
simulation results that are presented in the paper were performed for the value
of moving mass m = 400 kg and for the external load P = 10mg. The effective
radius of rolling body R, = 0.475 m, which by the Hertz theory means the sphere
of the radius R = 0.475m on the flat half-space or two perpendicular cylinders
of the same radius — one representing the curvature of a wheel tread and the
second representing the curvature of the rail head. The changes in curvature of
the profile y,(z) at the instantaneous contact point are also taken into account
in the simulation algorithm.

Below the resonance the indentation ¢ is positive all the time, the rolling
mass stays in contact with the foundation. The normal force F' differs slightly

(3.4)
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from the external load P. In the region of contact resonance (see middle plots),
characteristic high bounces of the rolling mass m on the irregular surface of
elastic foundation are observed. The maximum values of the normal force are
several times greater than the external load. At frequencies much higher than
the resonant frequency (see the bottom plots), the rolling mass is too ‘heavy’
or inert to follow fast vertical excitation, so it rolls over the tops of rail profile
and loses periodically contact with the rail. The maximum normal forces are less
than those at resonance, but much higher than below the resonance.

4. JOHNSON’S MODEL FOR CONTAINED PLASTIC DEFORMATION

Using the Hertz theory of the normal contact in the analysis of elastic rolling
contact is generally accepted. This is because the relationship F(6) doesn’t de-
pend on the history of loading. In other words, loading through rolling ends
with the same relationship F'(§) as normal loading or unloading. The situation
is different in the analysis of elastic-plastic deformations. There are not gener-
ally accepted analytical models of normal elastic-plastic contact, both during
normal loading/unloading and during loading by rolling. Therefore two different
models were assumed, in a sense two extreme models, in order to grasp at least
the main possible features of vertical vibro-impact motion superimposed on fast
independent rolling.

Johnson’s model concerns the normal contact of spherical bodies. Here the
model was applied to the cylinders of the same radius having perpendicular axes.
The rolling cylinder represents a wheel and the second one represents the rail
head. So the Johnson model application was arbitrarily extended, however there
is a premise to do that. By the Hertzian theory, the stress and deformations
distribution within the contact zone for two perpendicular cylinders of radius R
is the same as for a sphere in contact with the half-space.

The basic assumptions, which determine the contact zone stiffness in John-
son’s cavity model of solid bodies contact, are as follows. Contact surface is
encased in a hemi-spherical ‘core’. Within the core there is a hydrostatic com-
ponent of stress p. Outside the core the stresses and displacements have radial
symmetry and are the same as in an infinite elastic, perfectly-plastic body which
contains a hemi-spherical cavity under a pressure p. The displaced material does
not pile-up around the contact area, it is accommodated by an elastic expan-
sion of the surrounding hinterland. At the maximum indentation J, the effective
radius R, becomes larger. The unloading of the indenter is entirely elastic and
proceeds according to the Hertz theory. Starting from the above assumptions,
the analytical relationships between the normal force and the indentation were
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derived [6, 7). Figure 5 shows the relationship F(d) in the range (0, 2dy) during
loading and force-indentation curve during unloading for the exemplary value
of maximum indentation . = 2dy. The relevant analytical relationship during
loading is given in the form:

(4.1) F(6) = Fy(20/6y — 1)[1 + (39y) ' In(26/6y — 1)].

The values of the coefficient ¥y differs slightly for different yield criterions. For
the von Mises yield criterion the coefficient 9y = 1.1. By the Hertz theory and
von Mises yield criterion, the limiting normal force for elastic deformation Fy
has the form [7]:

(4.2) Fy = (3n/4)*9yY R2(9yY/E,)>.
4
F/ FY ‘ loading by Johnson ‘
)
[ Hertzian extrapolated‘ /
2 \
1
Hertzian
o
0
0 1 2

8/8y

Fic. 5. Static force-indentation characteristics of normal contact.

In the case under consideration, the effective modulus E, = E;, = Ep =
2.14 - 10''N/m? and the effective radius R, = Ri; = Rgyr = 0.475 m, whereas
Ry is the radius of a rolling cylinder (wheel) and Rorr denotes the radius of
non-moving perpendicular cylinder, or the radius of the rail head. Note that the
limiting force Fy is proportional to the uniaxial yield stress Y cubed.

For instantaneous values of dynamic normal force, which under normal oper-
ational conditions equals 1+4 times its static value (comp. Fig. 4), the difference
between the extrapolated Hertzian characteristic and the Johnson’s cavity model
are small, both during loading and unloading (see Fig. 5). The final indentation
is also relatively small. For maximum indentation d, = 20y (and F' = 4 - Fy),
the final indentation d; = 0.274y.
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Simulation of rolling contact was performed by using only the upper part
of force-indentation characteristics, denoted in Fig. 5 as “loading by Johnson”.
Unlike similar vibro-impact systems without simultaneous rolling, the resultant
normal force which influences the vertical motion of the rolling mass does not
depend on the sign of the first derivative of the relative approach 4. This assump-
tion is equivalent to the following one: the complex stress distribution which
contributes to the resultant force in the contact zone is determined by the fast
rolling process during which the contact zone is generally loaded; the stress dis-
tribution depends on relative approach of the bodies and does not depend on
the direction of changes in the approach, because both the displacement and
velocities in y-direction are much less than those in z-direction. Moreover, one
of the Johnson’s model features was neglected, that is a change of the effective
radius R, at the maximum indentation .. The mass continues fast independent
rolling and at the next discrete time, the contact takes place at the point where
the surfaces are still undeformed.

General conclusion from a series of simulations is that the basic time patterns
do not differ significantly from that obtained for Hertzian contact and given
in Fig. 4. One can see in Fig. 6 that a tendency of the rolling mass towards
bouncing slightly increases at frequency f = 2 - fo in comparison to the system
with Hertzian model of normal contact, which results from the increase of contact
stiffness due to the contained plastic deformations.

[(mm]

e Vi By
0 ; G LR

-0.2
-0.3

Fi1G. 6. Comparison of vibro-impacts forced by surface irreglarities at frequency f = 2 - fo.
Lines indications: 1 — rigid constraint; 2 — vertical position of the rolling mass centre for
Hertzian model, 3 — vertical position of the rolling mass centre for Johnson’s model.

Different results were obtained for the system of the mass m lying on oscillat-
ing platform, in other words for immobile contact point (in the internal reference
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frames fixed to the bodies). In such a system, large change of effective contact
radius R, at maximum indentation plays a significant role and makes the contact
zone much stiffer within some permanently deformed area. Hysteresis damping
resulting from successive loading and unloading at the same contact point de-
pends very much on maximum indentation d, but in general is significant as well.

5. HERTZIAN-PERFECTLY PLASTIC MODEL OF CONTACT

The Johnson’s cavity model of elastic-plastic (contained) contact was derived
for a static system of smooth spheres. The specific, ideally axially symmetri-
cal distribution of stresses and deformations, which results in a stiffer contact
zone than the extrapolated Hertzian one, seems to be possible in laboratory
and static conditions. Small deviation from ideal axial symmetry, flash surface
temperatures, additional tangential frictional forces may lead to less uniform dis-
tribution of stresses and strains and greater tendency to a full flow. In general,
stress concentration or any lack of symmetry makes the system under load more
prone to collapse, like a stone arch after removing even a very small fragment.
Therefore, for comparison, the Hertzian-perfectly plastic model of normal con-
tact during stationary horizontal rolling motion was assumed (see Fig. 7). Series
of simulations were performed.

2
FIF

Y

0

0 1 5/6}' 2

F1G. 7. Hertzian-perfectly plastic model of normal contact during stationary rolling motion:
1 - loading characteristic, 2 — unloading characteristics for maximum indentation §. = 28y .

The two sections of curve 1 in Fig. 7 was used to simulate the vertical motion
of the rolling mass governed by the Eq. (5.1). The relationship F'(d) in equations
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of motion (5.1) has the form:

F(8) = C8%/? for 4 < dy,
(5.1)
F(6) = Fy for d > dy.

Curve 2 in Fig.7 is used for computation of a permanent regular pattern yy(z)
left behind the rolling mass on the rail of the initial profile y,(z). In general,

(5.2) ys(z) = yr(@) = 65(2) = yr(2) — (6c(2) = 6r(2))-

For the initial profile y,(z) = 0 and for the adopted model of contact, where
the change in indentation &, as a result of ultimate elastic unloading does not
depend on maximum indentation d. and is determined by relationship (3.3), the
final pattern was computed by the rules:

ys(z) =0 for  &(z) < dy,
(5.3
: yp(z) = —d(z) + (Fy o ke for  d(z) < dy.

Under the asumption of independent rolling z, = Vit; in discrete terms
Toi— Vt ti.

The main conclusion from the series of simulations of vibro-impacts forced
by surface irregularities is as follows. At frequencies near the resonant frequency
of the elastic system, characteristic high bounces of the rolling body, like in
the middle plot of Fig. 4, are not observed, although the amplitudes of contact
vibrations are large for low values of yield limit Y.

Figure 8 shows non-damped vibro-impacts after impulse excitation, e.g. with
a single surface irregularity, for three values of the yield stress Y. In this case
the surface is initially flat but becomes corrugated after the first run of the
mass. The curves representing final indentation d; versus the z-coordinate (along
the rail) are given in the lower plot of Fig. 7. The curves are obtained for the
rolling speed V; = 100 km/h. One can see that low limiting force Fy, resulting
from low yield stress Y, leads to a large amplitude of vibro-impacts and large
final (permanent) indentation dy. Variations in final indentation d7(t) leave a
permanent periodic pattern: ds(z) = dy(z = Vit) on a previously flat surface.
Thus, excessive transient vibro-impacts during simultaneous rolling motion may
be the initial cause of rail and wheel corrugations. :

The. distance between two subsequent ridges increases with the external con-
stant load which is in accordance with the statement: “It (rail corrugations —
author’s note) typically consists of repeated shiny ridges and dark hollows on
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the railhead (spaced approximately 30 to 80 mm apart along the rail in high-
speed track, but at longer wavelengths in heavy-haul track)” [1].

The oscillations in Fig. 8a are not damped. This kind of oscillations may be
classified as self-sustained. Physically it can be explained as follows. Indepen-
dently of how large the maximum indentation is, due to concurrent independent
rolling the mass is lifted back above the surface, provided the external force
Piciby.
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F1G. 8. Oscillations with non-zero initial values: transients for Hertzian-perfectly plastic model

of contact: vertical position of the wheel centre (upper plot); final indentation along the

rail at rolling speed V; = 100km/ h (lower plot). Lines indications: 1 - Y = 600 MPa;
2-Y =700.MPa; 3.— Y =800 MPa

6. SOFT FOUNDATION OF SMALL DYNAMIC INERTIA VERSUS STIFF

FOUNDATION

So far the studies were focused on properties of the isolated system (Fig. 1a)
consisting of the mass m and its foundation with an irregular surface. The system
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may interact with neighbouring dynamic structures like the rolling mass suspen-
sion or the support structure of continuous elastic (or elastic-plastic) foundation
of the rolling mass. In the case of the wheel/rail system the very soft primary
suspension of the wheel (unsprung mass m), in comparison to the contact stiff-
ness, can be neglected in the analysis of the system response to excitation caused
by short rail irregularities [2].

Now, we will consider how the properties of the compliant support structure,
namely its finite stiffness k represented by the spring and the inertia represented
by the finite effective mass M (Fig. 1b), influence the vibro-impact vertical motion
of the mass rolling along the irregular surface. In the scheme of the model in
Fig. 1b, horizontal motion of the upper mass m is replaced by circular motion of
the lower mass M with the relevant rotational speed. The mathematical model
of the system under consideration has the form:

d? Yo
bt 7

= P+ F(9)

d2yM for (5 = _yC - yg 4= yM 2 0,

M
dt?

= —F(0) — kyy

d2yC
i 4771 e

fork -0\ <%0.

Figure 9 shows three time histories for the system of Fig. 1b. As in all other
cases, the external constant normal load P is 10 times greater than the weight
of the mass m, and m = 400 kg. The frequency of excitation resulting from a
cosine irregularity is f = 280 Hz and is close to the frequency of the contact
resonance. Time histories are obtained for three different values of effective mass
M and the same static stiffness k£ which is about five times less than the stiffness
of the contact zone.

For M = 10 - m the time pattern is very similar to the case of infinite mass
M (compare Fig. 4, middle plots). For M = m the tendency of the rolling mass
to bounce high off the platform is not so strong as in the previous case. For
M = 0.25 - m the mass m stays in contact with the mass M at any instant
of time. In Fig. 8 line 1 represents the rigid constraint. Line 2 represents the
sum of the rigid constraint and the vertical position of the mass M; the dif-
ference between line 2 and line 3 represents indentation d. It is seen in Fig. 9c
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that the indentation is positive all the time, so both masses stay in contact all
the time.

The exemplary simulation results are consistent with an intuitive notion
about dynamical properties of the system under consideration. The support
structure which is in a static sense softer than the contact zone of two hard
bodies and has low dynamic inertia, eliminates vibro-impact motion induced by
surface irregularities. From this point of view, soft rail track would be better
than stiff slab track. However, maintenance and control of properties of soft
traditional track is difficult.
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Fic. 9. Oscillations of the system in Fig. 1b at frequency close to the contact resonant

frequency of the system in Fig. la: (a) — for mass M = 10 - m; (b) - for mass M = m;

(c) - for mass M = 0.25 - m. Lines indications: 1 - rigid constraint; 2 - rigid constraint plus

the vertical position of the point of mass M outside the contactzone; 3 - vertical position
of the wheel centre.

7. CONCLUDING REMARKS AND THE OUTLOOK

In addition to the specific observations made so far, two more general con-
clusions are considered to be important to emphasize.
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In the case of heavily loaded bodies, with respect to the yield limit, normal
contact vibrations of a rolling body excited by a random single irregularity may
start permanent deformations in the form of more or less periodic pattern along
the previously flat surface. Though the material damping is low, and was ne-
glected in the simulations, vertical vibrations vanish at last, but a permanent
irregularity, as was previously remained, excites transient vibrations of the next
wheel, and thus the corrugations may grow along the rolling surfaces. Certainly,
frictional wear and plastic rolling decrease the roughness of irregularities but they
cannot be entirely smoothed under normal operation conditions, if the initial
permanent deformations are particularly large. A few initial successive hollows
on the rail or flats on the wheel caused by excessive transient normal vibra-
tions may in turn cause deeper and longer irregularities if the contact resonance
takes place.

In order to perform an accurate quantitative analysis of elastic-plastic vibra-
tions in a specific technical system, like the wheel/rail system, better models
of elastic-plastic contact are needed. Especially, the models, in which the exact
profiles of the bodies in contact are used, rather than the approximate ones.
The finite element (FE) modelling of elastic-plastic wheel/rail contact, is surely
a good approach; however, at present it seems to be still at the stage of studies
and development, even in the case of a stationary rolling motion with constant
rolling velocity. There is a need for a generally accepted model that could be
confidently used in research and engineering practice.

Simulation research discussed in the paper are to be continued. One of the
objectives of continuing research is looking for other models of contact of irregu-
lar surfaces, including FEM models, appropriate for modelling of excitation due
to real irregularities on surfaces of machines and vehicle parts. In particular,
irregularities of large curvature that lead to plastic deformations.

The other objective is to develop methods of diagnostics and identification,
suitable for using in field tests on a special measuring section of the rail track.
Speaking more precisely, the method for diagnostics of the wheelset faults and
the method for estimating parameters of wheelsets and their suspensions, and
for general assessing a potential of rail vehicles to damage the track. Identifi-
cation and diagnostics in normal operation conditions is difficult due to high
level of noise. The intent is to increase the distance between useful measur-
ing signals and the noise by placing regular irregularities (sic) on the rail sur-
faces as a source of excitation of transient vibro-impacts that are used for diag-
nostics purposes. These irregularities introduced on purpose should have shape
and dimensions so that they could be modelled accurately at the present stage
of knowledge.
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