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ANALYSIS OF DYNAMIC IMPACT FORCES
ON RAILWAY TRACKS DUE TO WHEEL FLATS

Cengiz Kolukirik', Niyazi Ozgiir Bezgin>
"Istanbul Gelisim University, Turkey
2|stanbul University, Turkey

Abstract

Vertical dynamic impact forces on railway tracks develop as a result of train speed and vehicle-
track interactions. Variations in track profile and track stiffness as well as variations in wheel
circularity influence the dynamic impact forces that are mutually transferred between the track
and the wheel of a speeding train. Today, there are various methods for predicting vertical
dynamicimpact forces. Most of these methods are based on empirical studies, and few others
are analytical in nature. These equations can be evaluated under three main categories: equ-
ations that concentrate on vehicle properties, equations that concentrate on track properties
and equations that consider both the train and the track properties. This paper presents an
analytical equation that is developed based on a new analytical method proposed by Dr.
Bezgin from Istanbul University, which explicitly correlates the instantaneous vertical impact
forces generated by the wheels of a moving train to train speed, track stiffness and track or
wheel irregularities. This paper concentrates on the effects of wheel flats on vertical wheel
forces and proposes an equation that estimates the vertical impact forces due to train speed,
wheel diameter, track stiffness and the depth and the length of the wheel flat. The proposed
equation relies on the principle of conservation of energy, rules of kinematics, geometry,
Hertzian contact theory and a new concept of impact reduction factor. The occurrence of the
dynamic impact forces at different train speeds and wheel flat dimensions will be investigated
based on different wheel diameters and track stiffness values. The results with respect to
the effects of wheel flat dimensions on the vertical impact forces will be compared with the
limitations for the wheel flats provided in the UIC Code 510.

Keywords: Dynamic impact forces, track irregularities, track stiffness, wheel flats,
impact reduction factor

1 Introduction

Occurrence of a wheel flat is the most common type of wheel failure encountered in the ra-
ilway industry due to wheel slip on the rail during braking when the braking force is greater
than the existing wheel-rail friction or when the braking system is poorly adjusted [1]. During
acceleration and deceleration phases of a train, the part of the wheel that contacts the rail
undergoes horizontal deformations additionally to vertical deformations. The repetition of
such movements may also result in a flat surface along the wheel that locally changes the
circularity of the wheel.

This surface irregularity causes impact forces on the track when the wheel rolls over the track.
Depending on the number of wheel flats, speed of the train and wheel diameter, this impact
force causes high frequency vibrations in the line and vehicle components. It has been seen
that the overburden of the impact force can even break the rail [2].
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This paper presents the development of an analytical equation that estimates the impact
forces due to wheel flats. The equation basis on a proposed method and a proposed concept
by Bezgin [3-5]. From this new dynamic impact estimation method, the developed equation
by Kolukirik and Bezgin estimates the dynamic impact forces based on different track stiffness
values, wheel diameters and wheel flat dimensions.

2 Vehicle — Track Interaction in Railways

The vertical elastic track stiffness is the force that must be applied at a point on the track to
generate a unit elastic deformation in the vertical direction. Track stiffness is a function of the
deformational properties of the components that form a track. If the vertical force is the wheel
force “P” that causes the vertical rail deformation “y”, the track stiffness per rails “k” relates to
the force and the deformation as in Eq. (1):

k=" Q)
y

The track stiffness per rail of the track superstructure is revealed by the combined effect of

the unit resistance values of the various layers forming the track.

2.1 Dynamic Impact Force Estimation

The vertical force applied by the wheel of a moving train is instantaneous and vibrates the
track. Therefore, this force is referred to as a dynamic impact force [3]. The dynamic impact
force that develops due to track or train irregularities is greater than the static force of the
wheel, which relates to the static weight of the tributary mass of the wheel. Dynamic impact
forces “P,”; can be conceptually expressed in terms of the static wheel force “P_” and the
dynamic impact force factor “p” as presented in Eq. (2):

Py=0P, @)
2.2 ANew Method of Dynamic Impact Forces Estimation on Railway Tracks

Fig. 1is a sketch of a train wheel rolling over a descending track profile. In this figure, “a” is
the amount of displacement under the static train force on the track and “c” is the amount of
displacement under the dynamic impact force on the track. The rough length of track along
which profile deviation occurs is “L” and the new deviation of profile is “h”.

Figure 1 Atrack with vertical irregularities due to superstructure problems [4]
Eg. (3) introduces the fundamental “f” parameter, which is the basis of the method to be pre-
sented and is developed by and referred to as the “impact reduction factor” by Bezgin [1-3].
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The impact reduction factor, hypothetically relates the time to freely fall from a vertical height
of “h” to the time required for the wheel to pass over the rough track length of “L” and relates
the impact reduction factortot __andt

pass fall®

Foq- oL G)

pass

Eq. (4) and Eq. (5) define thet  andt, values based on rules of kinematics where “v” is the
train speed and “g” is the gravitational constant of earth.

2h

to = — (4)
g
L

tpass = V (5)

Eq. (6) relates the highest impact displacement of the rail to its static displacement.

c=aft+ B/ (1)) ©

Eq. (7) represents the dynamic impact force factor (K; ,), which provides an estimate for the
dynamic impact forces that develop over a descending track profile irregularity [3,4].

Koo =142 (1) @)

The track irregularity that generates the vertical impact force in the presented case is the
variation of the track profile “h”. Verification of Eq. 7 with other equations are presented
elsewhere and therefore will not be repeated here [3-5]. The following section introduces the
development of impact forces due to wheel flats where the particular irregularity that gene-
rates the impact is the depth and length of the wheel flat.

Proposal of an Equation for to Estimate the Dynamic Impact Forces Due to Wheel Flats Fig. 2
presents the sketch of wheel flat on a wheel with a certain radius “r”. If we draw lines from
the start point “A” and the end point “B” of the flattened length from the centre of the wheel,
we get an isosceles triangle with an apex angle of 0.

Figure 2 View of wheel flat (not to scale) [6].
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By equally dividing the apex angle of this isosceles triangle, we obtain two right-angled trian-
gles as shown in Fig. 3. If we draw a vertical line from point B to the horizontal line below, we
obtain a third right-angled triangle. By using these triangles, we can relate the length of the
wheel flat to the radius of the wheel.

Figure 3 Geometric presentation of the vicinity of the wheel flat. (not to scale) [6]

The “u” value is the vertical distance between the comprising triangle of wheel flat and rail
as indicated in Eq. (8).

u:l-singzzr-singsingz2r-sin2g ®)
2 2 2 2

Eq. (9) defines the time it takes to spin around the point A and relates it to the angular speed
of the wheel. This value represents the effect of the time to pass value presented before for

the t [3-5].
V
tsmeZW =0-r/2-V ©)

Eq. (10) relates the time for point B to vertically impact the horizontal line.

t, = u_ ﬂsingsingzzsin9 L (10)
g \g 2 2 2\'g

Eq. (11) represents the impact reduction factor “f”.

. 2.sin2 T 4-V-sin2\ﬁ
f—q_—fall _q_ § :1_—g W)

tspin GLV 0-r
2

Eq. (12) presents the factor to estimate the dynamic impact force proposed by Kolukirik and
Bezgin [6]. This equation is named as K, since this is the fifth equation after four equations
that are named as K, ,, K, , K, and K, developed in earlier studies by Bezgin [3-5]. K , and
RAIL INFRASTRUCTURE
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K, , are impact factor equations for descending and ascending track profiles, K, and K, are
impact factor equations for decreasing and increasing track stiffness conditions.

(12)

The “u” value represented earlier was only geometrically obtained by assuming that the con-
tact at point A was between infinitely rigid rail and wheel. However this is not the case and
according to the Hertz contact theory the point A flattens a certain amount thereby reducing
the value of “u”, as shown in Fig. 4.

0 |
X |
|

| |
1.___/ F!:
) /
| r

r |
|

,".B
‘ l s,
1A% )-8 _F_____.

25 A

Figure 4 Figure 4. Geometric presentation of the vicinity of the wheel flat including the local deformations due
to Hertzian Contact (notto scale) [6]

Details for this development are present elsewhere and cannot be presented here due to space
limitations [6]. However, the result of the geometric analysis showed that the revised u value
“u’” due to deformation at point A is approximately 40% of the former u value. Eq. (13) is a revi-
sed presentation of Eq. (12) with a consideration of the Hertzian deformation at point A where
the wheel contacts the rail [6].

0 ]0,4%r
V-si 5
Ky =1+2- 2/ - g (13)

Limitations are imposed on the allowable wheel flat length according to the UIC 510 and Ra-
ilway Group Standard GM/RT2466. Table 1 shows the dynamic impact factor estimates for a
wheel flat length limit of =30 mm for three different wheel diameters of D=780 mm, 860 mm
and 920 mm for three different track stiffness per rail values of k = 85 kN/mm, 42.5 kN/mm
and 28.3 kN/mm. Under an axle force of 170 kN, the static deflection of the wheels are a =1
mm, 2 mm and 3 mm respectively.
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Table 1

Dynamic impact force factors for different wheel diameters [6]

D =780 mm
Speed Kqy
I /2  w=v/r h u b s+AL iy ton teu ¢ ~ — —
km/h m/s [mml [rad] [rad/s] [mm]  [m]  [mm]  [m] [s] [s] [s] a=l a=2  a=3
mm mm mm
0 0.0 0.0 0 0 1 1 1
50 13.9 35.6 0.00M -81 394 3.08 270
100 27.8 30 0.038 712 0.29 0.0012 8.5 0.00068 0.0005 0.0005 0.0098 -17.2 515 3.94 3.40
150 4.7 106.8 0.0004 -26.3  6.09 4.60 3.94
200 55.6 142.5 0.0003 -35.4  6.87 515 4.39
D =860 mm
0 0.0 0.0 0 0 100 100 100
50 13.9 32.3 0.00M 73 357 282 248
100 27.8 30 0.035 64.6 0.26 0.0010 10.37 0.00065 0.0004 0.0005 0.0090 -15.6 4.63 3,57 3.10
150 8.7 96.9 0.0004 -24.0 5.45 4.15 3.57
200 55.6 129.2 0.0003 323 6.4 4.63  3.97
D =920 mm
0 0.0 0.0 0 0 100 100 100
50 13.9 30.2 0.00M -6.8 3.33 2.65 235
100 27.8 30 0.033 60.4 0.24 0.0010 10.73 0.00063 0.0003 0.0005 0.0084 -14.6 430 3.33 290
150 4$.7 90.6 0.0004 -22.4  5.04 3.85 3.33
200 55.6 120.8 0.0003 -30.2 5.66 430 3.69

The proposed method captures the increase in dynamic impact forces with decreasing wheel
diameters and increasing track stiffness values. For a given wheel flat length of 30 mm, as
the wheel curvature increases with decreasing diameter, the depth of the flat and hence the
impact height u’ increases. Note that the effective impact height u’ due to Hertzian contact
evaluation is roughly 40 % of the impact height for the perfectly rigid contact condition. Fig.
5 clearly shows that for a wheel flat length of 30 mm, increased track stiffness increases the
impact forces with speed.

Dynmamic Impact Force Factor

50

100 150 200
Speed (km/h)
sesfiess a=2Mm a=3mm

Figure 5 Dynamic impact force factors for 920 mm diameter wheel [6]
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3 Discussion and future work

This paperintroduced an analytical equation that estimates the dynamic impact force values
of a moving train wheel imposed on a railway track due to wheel flats. The conceptual basis of
the proposed method relies on the principle of conservation of energy, kinematics and a new
concept of impact reduction factor. These concepts are further advanced in this paper with
geometry to propose an equation that clearly includes the effects of the length of the wheel
flat, along with the diameter of the wheel, the speed of the train and the track stiffness perrail.
The proposed method is applied to analyse the impact of wheel flats for three different wheel
diameters. Although “t_ ” isthe same in all diameters, the “t_ ” decreases as the diameter of
the wheel increases for a wheel flat. Therefore, for a given speed and wheel flat, “f” is inver-
sely proportional to the wheel diameter. As the static displacement increases when the track
stiffness decreases, the dynamic impact force also decreases fora given speed and wheel flat
length, thereby showing the effect of the stiffness of track on the impact.

The proposed equation provides its beneficiary with a practical analytical tool to estimate
the effects of wheel flats on train wheels. To the knowledge of its authors, it is the first such
equation to estimate the dynamic impact forces due to wheel flats. The proposed method and
its results are currently validated with a limited number of direct measurements from railway
tracks and the estimated results are so farin agreement with the measured forces from actual
train wheels with flats. Nevertheless, further comparisons are underway. The proposed equa-
tion is also advanced with the inclusion of wheel and bogie stiffness and damping.
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