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STUDY OF FREIGHT WAGON RUNNING DYNAMIC STABILITY TAKING
INTO ACCOUNT THE TRACK STIFFNESS VARIATION

Summary. Authors analysed the rail dynamic models of rail vehicle and surveyed the
features of the system “vehicle-track” modelling. Algorithms of creep forces calculation
were examined. Four-axle freight wagon movement on the straight track and on curves
corresponding to the given vertical and transversal track irregularities was modelled by
software tool "Universal Mechanism". Authors examined the track stiffness influence on
the vehicle moving stability/safety parameters at different speed, vehicle weight and track
irregularities considering different wear rail profiles. Finally, basic conclusions and
recommendations are given.

UCCJIEJOBAHUE TUHAMWYECKOW CTABMJIBHOCTU JBUXKEHU S
I'PY30BOI'O BAT'OHA T1IPU UBMEHEHUAX ) KECTKOCTU
XEJIE3HOAOPOXHOTI'O ITYTU

AHHOTanus. ABTOpPH TNPOAHATH3UPOBIN TUHAMHYECKHE MOJEIH PEITbCOBBIX
JKHIMAXeH M PacCMOTpPENH OCOOEHHOCTH MOJEIMPOBAHHUA CHCTEMBI «BAarOH-IIYTHY.
Paccmotpens! anropuTmbl pacuera cuia Kpuma. C MOMOIIBI0 NMPOrpPaMMHOTO IakeTa
«YHUBepCaNbHBIH MEXaHHU3M» OBIJI0O CMOJCIHPOBAHO JBWKEHHE HYETHIPEXOCHOTO
rPy30BOr0 BaroHa IO MNPsSMOM Tpacce U MO KPUBOM C y4EeTOM BEPTHUKAIbHBIX H
TOPU30HTAIBHBIX HEPOBHOCTEH pPEIIbCOBBIX HHUTEH. ABTOPBI HCCIIEIOBAIN BIHSHHE
JKECTKOCTH KEJIe3HOJOPO)KHOTO MYTH Ha MapaMmeTpsl CTaOMIbHOCTH/0e301macHOCTh
JIBIDKEHUSL PEIBCOBOIO AKUIAXa, ABUKYIIETOCsd C pa3HOM CKOPOCTBIO, C pa3HOM Maccoil
BaroHa M ¢ y4eToM Ipo¢uiIel peiabcoB pa3siuIHOTO H3HOCA. B KoHIE chopMyTHupOBaHBI
OCHOBHBIE BBIBOJIBI I PEKOMEHIAIIH.

1. INTRODUCTION

In the past the dynamical analysis of the system “vehicle—track” was usually split up into two parts:
short and long term dynamics. On the one hand , the vehicle dynamics including vehicle disturbances
were investigated, but using very simple track models [11]. On the other, the track dynamics including
track disturbances were analysed, but assuming very simple vehicle models. However, today and in
the near future an integrated analysis of the entire system is required, where all components of the
system have the same level of accuracy and where different time scales of the subsystems are
considered by special computational methods. Analysis based on different types of models for vehicles
and various tracks. Then, the wheel-set dynamics and the track dynamics are considered in more
detail. Finally, integrated models of entire system will be collated (Fig. 1).
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The interaction of these components can be analysed using an adequate mathematical description
based upon reliable physical models. After the critical speed problem has been solved, current research
in the field of railway systems deals with the influence of the train-track dynamics on the development
of disturbances. Here, two different time scales occur. One can distinguish between short time vehicle-
track dynamics and long-term dynamics of degradation and damage processes, both interacting with
each other.
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Fig. 1. Block diagram of the vehicle-track system showing the subsystems [11]
Puc. 1. brok-cxeMa CHUCTEMBI PebCOBBII SKUMaX-IyTh [11]

Though these phenomena are well known for a long time, they appear much more pronounced in
modern high speed transportation systems.

The vehicle-track system is generally composed of two parts, namely the upper structure and the
lower structure. In a typical analysis, these two parts are connected as a coupled system that accounts
for interaction between the wheel and rail [1]. The adoption of a realistic track model has a large
influence on the computational cost of the simulation [2, 7]. A design providing good ride quality even
on non-perfect track is preferred to avoid excessive track maintenance costs when speeds are higher
[9].

The rigid multibody models are appropriate in the low frequency range of about 0—50 Hz. Today
exists three powerful software tools with particular advantages for the modelling of rail vehicle
systems: SIMPAC, ADAMS/VI-RAIL and UNIVERSAL MECHANISM (UM).

Significant are accurate models with only a few degrees of freedom like the finite element model of
a wheel-set developed by Fingberg [3]. An elastic bogie frame with rigid wheel-sets has been recently
investigated for a stress and fatigue analysis.

The classical continuous models of infinite length have been extensively investigated. They date
back to Timoshenko in 1915. He studied an infinite Bernoulli-Euler beam on an elastic Winkler
foundation under static and dynamic loads. Later found that in the speed-frequency plane of force
parameters there exist 22 regions of different wave solutions [11]. The continuous models have been
improved from one layer models up to three layers and continuous half-space models [6]. In recent
publications the half-space has been replaced by springs with stiffness depending on frequency and
wavelength [8].

The discrete models take into account the discrete rail support by the sleepers. They can be divided
into models of infinite and finite length. One possibility to extend the infinite continuous models and
approximate the discrete sleeper support is provided by a Fourier series expansion [11]. An alternative
is the modelling by periodic structures, whose mathematical treatment is known from other fields of
engineering. Models of this type have been developed by Popp and authors [12].
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2. ESTIMATION METHODS OF WHEEL-RAIL CONTACT FORCES
2.1. Method for computation of rail deflections and contact forces

A rail is considered in UM as a massless force element. This means, both stiffness and damping of
the rail is taken into account, but not the inertia properties. Generalized coordinates are not introduced
for the rail and its lateral and vertical deflections must be computed from the equilibrium equations.
The following assumptions take place [16]:

1) deflections of a rail for different wheel-sets are independent and can be computed separately;

2) deflections of the left and right rails are independent;

3) rail deflections include independent lateral , vertical deflections (Fig. 2), which are parallel to
the corresponding coordinate system of the track;

4) rail turning about axis is not considered;

5) the rail as a linear force element both in the lateral and vertical directions; the lateral
dissipation is taken into account for two-point contact mode only.

Az,

LIJ dp:

Fig. 2. Rail as massless force element [16]
Puc. 2. Penbc kak Oe3bIHEPIIUOHHBIN YIIPYTrO-TUCCUIIATUBHBIN CHIOBOH 37IeMeHT [16]

Let ¢, c,. be the lateral and the vertical stiffness of the rail, d,,, d,. be the corresponding damping
constants. Forces acting on the rail due to the deflections are the following:

R, =—c, Ay, —d, Ap,; (1)

v
Rz = _crzAZr - drzAZr : (2)

Because the rail has no mass, these forces must be balanced by contact forces acting on the rail
from the wheel. The contact forces acting on the wheel for one- and two-point contacts are shown in

Fig. 3. Longitudinal forces are not shown in Fig. 3 (where: f3, ,82 — the angles between the normal to

the rail at contact and the axis perpendicular to the track).
Equilibrium equations for one-point contact written in coordinate system of the track are

R, — F cos B, + N,sin 3, =0,

. 3)
R_—N,cosf + Fsinf3 =0.
Analogous equations are valid for a two-point contact
R, —F cos 3, + N,sin 3, — F, cos 3, + N, sin 3, =0, @

R, — N, cos f3 + Fsin § — N, cos 3, + Fsin 3, =0.
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Fig. 3. Forces acting on wheel at one- and two-point contacts: a) one-point contact; b) two-point contact [16]
Puc. 3. Cunsl, AeiicTByIOIME Ha KOJIECO IPH OAHOTOUYETHOM U JIBYXTOUEUHOM KOHTaKTe [16]

Formula (3) for a one-point contact and formula (4) for a two-point contact are complicated
systems of nonlinear algebraic equations relative to unknown deflections of the rail and normal
reactions.

2.2. Algorithms for computing creep forces

The dynamic instability of railway vehicle bogies and wheel-sets is caused by the combined
action of the conicity of the wheel running surface and the creep forces acting between the wheels and
rails [15].

The effect of spin to the lateral creep force is approximated based on integration of the tangential
stress caused by pure spin and on the results of Kalker’s linear theory [4, 5]. The solution can be used
for general conditions of longitudinal, lateral and spin creep. A detailed description of creep forces
calculation and computer code can be found in [10].

Modern models of tangential forces in a wheel-rail contact are based on nonlinear dependencies
of the general form:

Ec:Fx(Nﬂgx’gy’¢’p)’ Fy:Fy(N’§x55y5¢7p)' (5)

Here the following notations are used:
F,, F, — are the longitudinal and lateral creep forces lying in the tangential plane of the rail;
N — the normal force in the contact;

,& — the longitudinal and lateral creepages;
x22y

@ — the spin of the wheel-set;

p — a set of geometrical parameters characterizing rail and wheel profiles, e.g. curvatures of contact
surfaces in the case of the FASTSIM algorithm.

The normal contact force is calculated as [16]:

by

d3
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As it is known, the creepages and the spin satisfy the following relations:

gx = vx /VO (7)
S =v, /vy 8)
o=w,/v, 9)

Where: v,, v, — are the corresponding components of sliding velocity at the contact point on the wheel
relative to the rail; vy is the longitudinal velocity of the wheel-set; @), is the projection of the wheel

angular velocity on the normal to the rail at the contact point. Models of the creep forces are used both
for the one-point and for the two-point contact.

The FASTSIM algorithm is a general approach in that sense that its application area is not limited
to the elliptical contact, but it can be used for an arbitrary area of contact; however in such case there
is difficulty in computing compliance coefficients, since they are only well defined for elliptic area of
contact.

Integration of tangents loads over the area of contact gives the resulting tangent loads [16]:

Fo=["]" q.(x, y)dxdy = —4L—R & ey += Tl ijy/ e (y)dy;
b e, : o
E=]"[ ;qu<x,y>dxdy———5 a2 wj Re(y)* v

FASTSIM solves a system of differential equations (in the adhesion area of the contact patch) or a
system of differential-algebraic equations (in the sliding area of the contact patch) relative to
tangential stresses. For this purpose the contact ellipse is divided into a number of narrow slices of the
same width. In turn, each slice is divided into n elements of equal length within one slice (Fig. 4).
Number of slices m and elements # is set by the user.

dx ) y

> T AT
R

YLy

Rolling direction

Y

Fig. 4. Discretization of the contact ellipse
Puc. 4. Pa36uBKa msiTHa KOHTAKTa Ha MMOJIOCHI H DJIEMEHTEI

FASTSIM solves the above mentioned equations for each of the slice successively to compute the
creep forces and to obtain adhesion and sliding areas of the track.

3. MODELLING OF FREIGHT WAGON AND TRACK DYNAMICS

Freight wagons with three-piece bogies are widely used around the world in practice of heavy haul
railway operations. The 18-100 model of the three-piece bogie is the standard bogie used in freight
wagons of the Lithuania Railways. The following models of freight wagons with three-piece bogies
were simulated with UM. The main difference of these models in contrast to similar models is
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introducing friction wedges in the model as free bodies with six degrees of freedom (d.o.f.). Friction
wedges interact with a side frame and a bolster by means of the point-plane contact model. A linear
viscous-elastic model is used for the normal force in this contact model and stick-slip motion with
two-dimensional friction in the tangent plane [16]. UM model of the three-piece bogie allows all
clearances between the bolster, wedges, side frames and wheel-sets.

Investigated straight track 1000 m length of was modelled by UM software. Track irregularities
were generated in accordance to PSD (spectral power density) function. The Rice-Pearson algorithm is
used to generate the irregularity values by the equation:

x[nAs] = ZM \ 25:(mAw)Awcos [m Aw nAs + @(mAw)]; (11)
m=0

where: As is irregularity step size, m; M is the total number of harmonics in the sum;
SAw) is the PSD function, mz/(rad/m); Aw is the frequency increment, rad/m; ¢ (mAw) is the
phase uniformly distributed on interval [-m, ].

Oscillograms of track irregularities are presented in Fig. 5 and Fig. 6.
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Fig. 5. Track irregularities on vertical flat
Puc. 5. BepTukanbHble HEPOBHOCTU PEIbCOBBIX HUTEH
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Fig. 6. Track irregularities on horizontal flat
Puc. 6. 'opuzoHTaIBHBIE HEPOBHOCTH PEIBCOBBIX HUTEH

Track stiffness and damping parameters were settled and the values are given in Table 1.

Table 1
Track stiffness and damping
Straigth path Curve
Vertical stiffness, MN/m (10-90) 80
Lateral stiffness, MN/m 43 (5-90)
Vertical damping, kNs/m 440 440
Lateral damping, kNs/m 100 100

Generalised geometric parameters of the curves of Lithuanian Railways are given in Table 2.
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Table 2
Geometric parameters of the curve
P;,m P;ym S, m R,m H m
20 30 900 900 0.125
NOTE. P, P, — length of transient sections, S — length of steady curve section,
R —radius of curve, H — super elevation of rail.
Two types of rail profiles were taken in this survey. Wheel and rail profiles are shown in Fig. 7.
a) b)
Lo - : : P - : :
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Fig. 7. Wheel and rail profiles: a) new wheel and new R65 rail; b) new wheel and old R65 with 13mm wear
Puc. 7. IIpodunu xoneca u penbca: a) HOBoe Koyieco U HOBBIH P65 peinbc; 6) HoBoe koieco u P65 pense ¢ 13 mm
HU3HOCOM

Derailment occurs, when the wheel-set separates from the rail and cannot run anymore. It is one of
the most dangerous occurrences affecting the safety of railway vehicles and must be prevented.
Wheel-set derailment is one of the most dangerous occurrences affecting the safety of railway vehicles
and must be prevented, especially for the high-speed vehicles [14]. The well-known Nadal’s criterion
treats wheel-climb derailments for normal driving using the lateral-to-vertical force limit (L/V<0.85)
of a single wheel [13]. Nadal’s wheel-climb derailments generally occur in situations where the
climbing wheel experiences a high lateral force combined with a reduced vertical force.

Using UM package 609 imitation tests were carried out with the above-mentioned freight wagon
running on the straight track and the comprehensive analysis of security criterion dependence on track
stiffness changes was performed. Wagon was moving down the simulated track, which vertical and
horizontal stiffness varied from 10 to 90 MN/m at different speeds and different axle load. Nadal’s
criterion changing was calculated for each wagon’s wheel across of track stretch and the highest
values were selected for the appropriate combination of track stiffness, wagon axle load and running
speed values. After testing of the new rail profile R65 (Fig. 7a), it was changed to the old rail profile
R65 with 13 mm attrition (Fig. 7b). Old (wear) rail profile R65 was tested only with straight track, not
in curves. The creep forces were calculated by FastSim analytic method. The calculation results of
Nadal’s criterion are presented in Fig. 8 — Fig.17.

Fig. 8 and Fig. 9 shows that the running on new profile rails, Nadal’s criterion reaches higher
values than rolling on worn rails. The highest growth of criterion was observed, when 70 MN/m track
stiffness is reached and axle load is ¢ = 140 kN. When the axle load is higher, Nadal’s criterion varies
very slightly.
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Nadal’s criterion dependence by vertical track stiffness (v=72 km/h, R65 new)
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Fig. 8. Nadal’s criterion dependence by vertical track stiffness (v=72 km/h, R65 new)
Puc. 8. 3aBucumocts kputepus Hagans ot BepTHKaIBHON ’KECTKOCTH JKENe3HOA0POKHOrOo myTH (v=72 km/h,
HOBLI P65)

Nadal’s criterion dependence by vertical track stiffness (v=72 km/h, R65 old
with 13 mm wear)
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Fig. 9. Nadal’s criterion dependence by vertical track stiffness (v=72 km/h, R65 old with 13mm wear)
Puc. 9. 3aBucumocts kputepus Hagans ot BepTHKaIbHON XKECTKOCTH JKEIEe3HOA0POKHOTO My TH (V=72 km/h,
P65 c u3nocom 13 mm)

Nadal’s criterion dependence by vertical track stiffness (v=144 km/h, R65 new)
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Fig. 10. Nadal’s criterion dependence by vertical track stiffness (v=144 km/h, R65 new)

Puc. 10. 3aBucumoctsb kputepust Hazans oT BepTHKaIbHOM )KECTKOCTH JKelle3HOAopoxkHoro mytH (v=144 xm/h,
HOBBIH P6Y5)
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Fig. 10 and Fig. 11 shows that the increase of speed up to 144 km/h, and running on a new profile
rails, Nadal criterion depends more on the axle load changes than on the stiffness of the track, but
when old rails are selected, a slight increase is observed when the criterion of track stiffness is 60-
70 MN/m and axle load is larger than 140 kN. Maximum Nadal’s criterion values obtained at 60 kN
axle load on the 30 MN/m track stiffness.

Nadal’s criterion dependence by vertical track stiffness (v=144 km/h, R65 old with
13 MM wear)
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—0—q=60kN —{3—q=140kN —A—q=180kN —%—q=220kN

Fig. 11. Nadal’s criterion dependence by vertical track stiffness (v=144 km/h, R65 old with 13 mm wear)
Puc. 11. 3aBucumocts kpurepust Hagamst oT BepTHKAIBHOHN KECTKOCTH XKeNe3HOJ0POXKHOTo myTH (v=144 xm/h,
P65 c nu3nocom 13 mm)

Fig. 12 and Fig. 13 shows that the Nadal’s criterion exceeds the permissible limits for low-load
axle. Dangerous criterion limits is reached when using a new rail profile and the stiffness of the track
exceeds 30 MN/m. Safe movement on the old rails is not available.

When the load on axle exceeds 140 kN, the movement remains stable at any track stiffness values.

Nadal’s criterion dependence by vertical track stiffness (v=216 km/h, R65 new)
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Fig. 12. Nadal’s criterion dependence by vertical track stiffness (v=216 km/h, R65 new)
Puc. 12. 3aBucumocts kpurepus Hamaist oT BepTUKaIbHOI )KECTKOCTH XKeJe3HOJopoxKHOTO myTH (v=216 km/h,
HOBBIH P6Y5)
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Nadal’s criterion dependence by vertical track stiffness (v=216 km/h, R65 old with

13mm wear)
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Fig. 13. Nadal’s criterion dependence by vertical track stiffness (V=216 km/h, R65 old with 13 mm wear)
Puc. 13. 3aBucumocts kpurepus Hamanst oT BepTHKANbHON KECTKOCTH JKEIe3HOZOPOXKHOro myTH (v=216 km/h,
P65 c n3nocom 13 mm)

The examination of Fig. 14 and Fig. 15 shows that the safe movement is not available at g=60 kN
load on axle on both types of rails profiles regardless of the track stiffness. Dangerous limit of Nadal’s
criterion is reached when running on the old rails at selected axle load 140 kN and the stiffness of the
track exceeds 80 MN/m.

Nadal’s criterion dependence by vertical track stiffness (v=288 km/h, R65 new)
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Fig. 14. Nadal’s criterion dependence by vertical track stiffness (v=288 km/h, R65 new)
Puc. 14. 3aBucumocts kputepus Hananst oT BepTUKAIbHOI KECTKOCTH JKelIe3HOZOpoXkHOro myTu (v=288 km/h,
HOBBIH P6Y5)
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Nadal’s criterion dependence by vertical track stiffness (v=288 km/h, R65 old with 13
mm wear)
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Fig. 15. Nadal’s criterion dependence by vertical track stiffness (v=288 km/h, R65 old with 13 mm wear)
Puc. 15. 3aBucumocts kpurepus Hamaist oT BepTHKAIbHOI KECTKOCTH KeIe3HOJOPOKHOTO myTH (v=288 km/h,
P65 c u3nocom 13 mm)

Nadal’s criterion dependence by horizontal track stiffness (v=72 km/h, R65 new)
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Fig. 16. Nadal’s criterion dependence by track horizontal stiffness in curve (v=72 km/h, R65 new)

Puc. 16. 3aBucumocts kpurepust Hagasst oT ropu30HTaIbHOMN jKeCTKOCTH YKEJIC3HOJOPOXKHOTO My TH Ha KPUBOit
(v=72 xm/h, HOBHIt P65)

The diagrams in Fig. 16 shows that the safe movement of wagon is available at all horizontal
stiffness of track, when axle load is more than 14 kN and horizontal stiffness is up to 80 MN/m.
Additionally, Nadal’s criterion approaches critical values, when wagon axle load is 6 kN.
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Nadal’s criterion dependence by horizontal track stiffness (v=144 km/h, R65

new)
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Fig. 17. Nadal’s criterion dependence by horizontal track stiffness in curve (v=144 km/h, R65 new)

Puc. 17. 3aBucumocts kpurepust Hagasst oT ropu30HTaIBHOMN KECTKOCTH KEJIE3HOIOPOKHOTO ITyTH Ha KPHUBOIL
(v=144 xm/h, HOBHIt P65)

The diagrams in Fig. 17 show that the Nadal’s criterion exceeds the permissible limits on track
curves for low axle load (less than 60 kN), because of effect of quasi-static centrifugal forces. These
forces reduce normal forces on inner rail and increase on outer rail. Furthermore, the quasi-static
forces enhance the lateral (horizontal) pressure on outer rail as well.

Dangerous Nadal’s criterion values are reached when using a new rail profile and the lateral
stiffness of the track exceeds 80 MN/m. Nevertheless, as is shown in Fig. 17, the safest running of
vehicle down the track curve is reached, when horizontal stiffness of track is (40-60) MN/m.

As further calculation showed, the derailment inevitably occurred, when the vehicle speed on track
curve is more than 200 km/h.

4. CONCLUSIONS

1. By studying 4-axle freight wagon stability by software package UM it is possible to determine the
ranges of safe running speed for empty and loaded wagons, taking into account track stiffness and
its stage (new or wear rails).

2. During analysis of 4-axle freight wagon running modelling results it was found , that the Nadal’s
criterion of empty freight wagon is 1.5-2 times higher than the fully or partially loaded wagon.
Moreover, when the speed is over 150 km/h, the Nadal’s criterion of empty wagon running is
almost critical or exceeds the critical value, especially at 216 km/h speed and more.

3. Partially loaded and fully loaded wagon’s dynamic stability fluctuates much less when stiffness of
track differs from 30 MN/m till 90 MN /m compare with empty wagon stability changes at all
speed ranges.

4. The influence of track irregularities (rail wear of 13 mm) on partially or fully loaded wagon
running stability was (2-3) times smaller compare with empty wagon stability.

5. After analysing of the results, it was observed, that the empty wagon running stability is almost

consistent when the wagon runs at 144 km/h. Nevertheless, the Nadal’s criteria value (0.5-0.65) in

all cases was closed to critical 0.85.

Vertical track stiffness does not have perceptible influence on Nadal criterion value in curves.

7. The safest vehicle running down the track curve is reached, when horizontal stiffness of track is
(40-60) MN/m.

e
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8. Authors revealed some “protuberances” in Nadal’s criterion diagrams (Fig.9 and Fig.10) of
partially loaded wagon on the highest stiffness of track at 70 km/h speed and empty wagon on the
average stiffness of track at 216 km/h speed (Fig.13). In the last case permissible value of Nadal’s
criterion exceeded 2 times. These unsearchable peaks on the Nadal’s criterion diagrams are the
goal for future investigation.
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