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Abstract: According to the international regulations, the experimental testing of
wagons impact is one of the mandatory testing in the phase of certification. During the
wagons impact, there is an intensive change of dynamic parameters such as forces,
deformations, speeds, accelerations, etc. These parameters are also very important when it
comes to the design and verification of wagon structure quality. The purpose of this paper is
to point to a very complex problems of the theoretical and experimental determination of
dynamic parameters which appear at the wagons impact. In theoretical sense, there are two
approaches for solution of this problem. One is related to the formation of differential
equations of motion, and the second one is related to the application of the law of
conservation of energy and the quantity of motion. In defining the mathematical models, there
are usually the certain restrictions: wagon structure, bogie and cargo are considered to be
absolutely rigid; railway track is horizontal; the centre of mass of cargo and wagons are
moving in parallel and the gaps in subassemblies of wagons are ignored. Such conducted
theoretical research are basis for preparation and realization of experimental research which
should lead to the proper and satisfying results. In that sense, the moving of cargo during the
impact is particularly significant. It is concluded that only mutual theoretical and
experimental research can lead to the reliable results of dynamic parameters which occur at
the wagons impact.

1. INTRODUCTION

The desire for permanent increasing of productivity of rail transport initiate the
development of wagons with optimized supporting structures. In solving of many
development problems related to the aforementioned objective, significant role belongs to the
theoretical and experimental research, with special attention paid to the analysis of dynamic
behaviour of the supporting structure of wagon [1, 2]. This paper presents the results of
theoretical and experimental research of behaviour of the wagon supporting structure at the
effect of impulse loads. When the train moves, due to the gap between the wagons and during
the change of movement regime (starting, braking, stopping), especially in the formation of
trains, there are very intensive longitudinal forces on the buffers, that significantly affect the
stress-strain state of the supporting structure of the wagon [3]. These forces are rising and
falling in a very short period of time.
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The process of change in energy of the impact of deformable bodies is very complex
and leads to great difficulties in mathematical problem solving. Consequently, the theoretical
investigation is based on modelling of physical systems, which is usually idealized to a large
degree [4, 5]. From this, it follows that the exact theoretical solution can be obtained only for
the impact of bodies with a relatively simple geometries. To make a model that with more
quality representing the behaviour of real object, theoretical research can be supplemented
with the appropriate knowledge obtained by the experimental tests.

2. DIFERENTIAL EQUATIONS OF WAGONS IMPACT
Consider the case of two wagons impact with buffers stiffness ¢; and c,, and stiffness
of underframes c,;; and c,;;. Wagon whose mass is m; is moving with the speed v, and
collides with wagon of mass m, which moves with the speed v,. Wagons are loaded with
cargoes whose masses are m; and my. This is resulted with the relative movement of masses
over the wagons for values x; and x,. In addition, between the wagons and cargoes there are

elastic connections with stiffness ¢; and c¢,. Apart from that, the relative movements of
cargoes with masses m; and m, are opposed by forces of dry friction and forces of viscous
friction. These forces are proportional to the first degree of speeds of relative movements of
cargoes x, and x,. Also, the movements of the first and the second wagon are opposed by

forces of rolling friction u, - g-(m, +m;) and u,-g-(m,+m,).
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Fig. 1. The impact of two wagons when the movement of cargo is present

Equations for kinetic energy Ej, potential energy E, and dissipation function @, of the
system on the Fig.1 are [6]:
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where:

Cs — equivalent stiffness of the system at the moment of impact,
s Mo, 3 and pu, —coefficients of dry friction,

Bs and B, —dynamic viscosities that define the environment resistance,

g —acceleration due to gravity.

As the system is influenced by the conservative and dissipative forces, the Lagrange
equations of second kind have the following form:

OF
@) L%, 0
dt 0q; 0q;  Oq,

1

=0
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By changing the equations for kinetic and potential energy into the previous equations,
as well as changing the equation for dissipation function, the following differential equations
are obtained:

(m1+m3 ))'c']+m3)'c'3 tex,-cx, T (mytms )g - signx,; =0
(mz tm, )X.z tm X, e x,-cox i (my +my )g - signx, =0
(5) m;X;+m; X, + X5 +c;x; + pym, g - signx, =0

My Xy tm 3+ X, + ¢ X, + pym,g - signi, =0

The system of differential equations (5) defined in this way takes into account both the
movement of cargoes and the influence of friction that occurs between the individual sub-
assemblies when two wagons collide, and it is suitable for numerical solution. Also, the
function signum (sign) allows the determination of the sign of friction forces that depends on
the speeds of the movement of wagons and cargoes. In order to preparation for numerical
solution of system of differential equations (5), by changing of the third equation in the first
one, and the fourth equation in the second one, the following equations are obtained:

X;=a,(x; = x; ) Fa,X;tagx; —a,,signX; +a,;signx;
© . . o
X,=a;(x; = x,)*a,x,rasx, —a,signx,+a,,signx,

By changing the first equation (4) in the third equation (3) and second equation (4) in
the fourth equation (3), the following equations are obtained:

Xy =ay(X, —X,) = (ay +ay, )Xy = (g + a; )X; + a,,SignX, —(a;; + a5 )signix,

7 . . o o
Xy =a3(Xy =) = (a4 +ag )x, = (as + ag )X, + ay,signx, —(ay, + ay¢ Jsigny,
The constants a;+a;sare given in the following Table 1.

Table 1. The values of the constants a;+a

aj a) as ay ds dgs ay asg
c/my cy/my c/m; cymy | Po/ma | Py/my | Py/m; c/my
ag aio aj a2 ajs ajy ajs ais
m,+m m,+m m m
1 s 2Ty 3 4
By /m My——— M cymz | M8 | H;—8 8 g
m, m, m, m,

This system, however, does not take into account the reduction of impact forces due to
the loss of energy in oscillating structures of wagons during the impact. This effect can be
taken into account by using Newton's coefficient of restitution. However, when it comes to
the railway vehicles, the coefficient of restitution at impact can be determined only by the
experimental testing [7, 8]. Defined system of differential equations takes into account the
movement of cargoes during the impact, and is suitable for solution in numerical way. Based
on the formed system of differential equations which describe the dynamic process of the
impact of two wagons, a program for their solution is made. It is important to note that
method of Runge-Kutta of IV level and programming language Fortran 77 were used [9, 10].
Based on the underlying methodology, the process of two wagons impact is simulated
whereby model enables calculations with and without movement of cargo during the impact.

3. ANALYSIS OF WAGON IMPACT BY USING LAW OF CONVERSATION
According to the fact that during the impact other forces are smaller than the forces of
mutual effect of two wagons, it can be said that the impact is a process in an isolated system
where the formula about sustain are dominant (the quantity of movements, energy, etc.).
General formulas about sustain are transformed shape of differentiated movement formulae.
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With their application, the complex process of integration of differentiated formulae is
avoided. Generally, the overall kinetic energy of wagon movement during the impact
transforms in:

2A0

2 2 + 2 n i
(8) %jL%: fFo(x)dxﬁLMJrz_[b%dxf +E,

x=0 i=1

Members on the right part of the formula are:
2A0

J.FU (x)dx - absorbed energy of antagonistic springs of both wagons
x=0
Vem - speed of the mass center,

2
+ o . .
(my +my Vo - kinetic energy of the systems during the impact,

2
i J b,X,dx;, - thermal energy, that is all the forces of fractions of both wagons
i=1 o
(thermal
energy appears during wagon movements, cargo movement, etc.),
E,.. - energy of oscillation of both wagons with cargo,
x=x,—x,=0+2A¢ - action when the buffers of both wagons are compacted in case that the
buffers of both wagons of the same rigidity, generally: x = A¢, + 4¢,,
Fo(x) - the force in the buffers,
b; - coefficient of proportionality which characterizes resistance,
x;, X, 1=1+4 - motion and speed of mass.

3.1 The loss of kinetic energy during two wagons impact

If we mark kinetic energy of two wagons before impact with Ej, and with Ej the kinetic
energy of the system after the impact, then the loss of kinetic energy A Ey=E=E,, (during
the non-elastic impact of two wagons when tha cargo is motionless) is:

1 r r
(9) E=AE=E,- Ek:E[m1(V12 - V12) +m, (v; - sz )]

Substituting in the previous formula the formula for the speed of wagons after the
impact (v;, v2 ) gives loss of kinetic energy during the impact as:

2
mmy(v, —v,)

_ _ 2
(10) £ =(1-k)=REE

It is easy to determine the value of lost energy from the formula (10) and also the
maximum value of the force during the wagons impact. The coefficient of restitution &, can be
determined in another way by using experimental results of wagons impact. During the
impact the intensity of the force on the buffers is very easily changed from zero to its
maximum value, and then goes back to zero again. If time interval of impact duration is
marked with 7, the impact impulse is:

t,+1

(1) 1= [ Far

If impulse of loading is marked with /, and impulse of unloading with 7,, their values
are:

(12) 10:ml(vl_vcm):mZ(vcm_VZ)i [r:ml(vcm_ V;):mZ(v;_ vcm)
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The coefficient of restitution £, is equal to the ratio of these impulses:
k.=1/1, (13)
Impulses 7, and /. are equal to the adequate areas on the diagram shown in Fig. 2.

- t [ms] — time
<) t, [ms] — initial moment of impact
E Lo| I, 7 [ms] — duration of impact
T Fig. 2. Dependence of the force on the buffers on the
: s = s o i time during the impact of wagons
Time [ms]
4. EXPERIMENTAL DETERMINATION OF DYNAMIC PARAMETERS OF
WAGONS IMPACT

Experimental testing of wagons impact is conducted on the special polygon in the
Wagon Factory Kraljevo, Serbia (Fig. 3). Wagon which is running and hits the tested wagon
is pulled along an inclined plane using a winch with rope, electromotor and gears. The test
polygon is primarily made of metal, while the slope of the inclined plane is 12 % (6°50") (Fig.
4), and enables the impact speed over 15 km/h.
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-Fig.ﬂ3. The polygon or wagons impact testilig Fig 4. The slope of polygon for wagons impact testing

5. COMPARATIVE ANALYSIS OF TEORETICAL AND EXPERIMENTAL
RESULTS
According to the obtained differential equations, the program "Impact" is made, based
on the law of conservation of momentum and energy program "Force" on the basis of which
the process of wagons impact is simulated. The results of numerical simulations of wagons
impact are compared with the values obtained experimentally (Tables 2, 3 and 4) [11, 12].

Table 2. The results of impact for wagon Uacns-z

Size Unit Exp. results Software “Impact” Software “Force”
F’ [kN ] 1280 1240 1311
v’ [m/s ] - 2,1 2,68
F [kN ] 2980 3020 3348
a"" [m/s” ] +56/-55 +66/-52 -
T [ms ] 245 225 -
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Table 3. The results of impact for wagon Tadnss-z

Size Unit Exp. results Software “Impact” Software “Force”
F’ [kN ] 1502 1480 1562
% [m/s ] - 2,36 2.856
E" [kN ] 3540 3220 3590
a"" [m/s” ] +55/-45 +58/-43 -
T [ms ] 243 223 -

Table 4. The results of impact for wagon Hecerrss-z
Size Unit Exp. results Software “Impact”
Empty Full Empty Full

F [kN ] 1142 748 1161 761
T [ms ] 279 298 271 294

6. CONCLUSION
By analyzing the results of numerical simulations of wagon impacts presented in the
previous chapter, it can be concluded that they are consistent with the results obtained
experimentally. In this way, the developed models can be used to determine the dynamic
parameters of the impact in the design phase of new wagons. This conclusion is confirmed by
the diagrams of theoretical and experimental results which are shown in the figures below.

800 400

Heerrss
v =704 kmh
Ia= 233 kNs |’= 28.1 kNs

Uah/Ra - Heerrss
V=7.04 kmh

— 200 -

Force [kN]
8
Force [kN

g

200
Time [ms] Time [ms]

Fig. 5. Diagrams of change in the total force on the buffers F, obtained theoretically (left)
and force on the buffer F, obtained experimentally (right)

Further improvements of developed models can be achieved on the basis of
experimental determination of the dynamic stiffness of the buffers, the horizontal stiffness of
the wagon, the coefficient of friction between the load and the underframe, etc. Improving the
other theoretical models can be accomplished by experimental determination of impulse of
loading and unloading of wagons that participate in the impact. Improved experimental
research can be accomplished by determining the optimal sampling frequency and quality
preparation of the experiment, taking into particular account the cargo that participate in the
experiment.
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Knwuosu Oymu: meopemuuen, npakmuuecku, aHaiu3, B6A2OHU, OUHAMUUHO
év30elicmalue.

Pezrome: Cwvenacho 6vsnpuemume MeHCOYHAPOOHU NPABUILA, NPAKIMUYECKOMO
mecmeane Ha OUHAMUYHOMO 6b30elCmeue HA 6aA20HUmME € eOHO Om 3A0bJINCUMETHUME
yenosust npu msixnomo cepmughuyupane. I[lo epeme na moea uscieosame, ce HabMOOA8aAmM
CHbUEeCMBEHU NPOMEHU 8 HAKOU OM OUHAMUYHUME NApamempu, Kamo. oeghopmayuu, CKOpocm
Ha osudicenue, ycropsiearne u op. Tezu napamempu ca usKIOYUMETHO 8ANCHU 3A KAYECMBEEeHUs.
ouzaun u eepughuyupare na eazonHama cmpykmypa. Llenma na nacmoswusi 00kiao e oa
3acezne Om mMeoOpemuyHa U NPAKMUYecKa 2i. M. CIOJNCHU NpodiemMu, OMmHACAWU ce 00
OUHAMUYHOMO 8b30elicmeue Ha eazoHume. B meopusma ca uzeecmmuu 08a 0CHOBHU NOOX00a,
ype3z Koumo modice 0a 6voe peutern mosu npoonem. Ilvpsusm e ce8vp3an ¢ U3BeHCOAHe Ha
oughepenyuantu ypagueHus 3a 08UINCEHUe HA 8A20HUMe, A BMOPUIM — C NPUIdeaHe HA 3aKOHA
3a cvxpauseame Ha enepeusma u Koauvecmeomo Ha mpagpuxa. Ilpu usnonzeanemo Ha
Mamemamuyecku Moodenu, mpsabea 0a ce 63emam npedgud CleOHume O2paHudyeHusl:
CMpYKmypama HAa 6a2oHa, manueama u mosapvbm mpsaoea o0a 0voam CMaAmuyHu;
Jicenie3onvmHuume TUHUU 0a Ca XOPU3OHMATHU, YeHMpoeme HA medcecmma HA moeapa U
8azonume 0a ce O8UNCAM NAPAIENHO, A NPONYCKUME 8 MOHMANCHUME eleMeHMU HA 86A20HUME
oa ce uenopupam. Ilo0obern mun meopemudnu AHAIU3U MO2AM O0a NOCAYIHCAM Kamo 6as3a 3a
Nn002OMOBKA U U3BbPUIBAHE HA NPOYYBAHUS, Koumo Oa 0oeedam 00 NOCMucane Ha
3a0o06onumennu pezyimamu. B mosu cmucwvn OsudiceHuemo Ha 8acoHume no epeme Ha
OUHAMUYHOMO 6b30elicmeue e om 3HayeHue. B zaxnrouenue e nocoueno, ue eOuHCmMeEeHo
CbUEemAasaHemo Ha meopemudHu ¢ NPAKMU4ecKu aHaIu3u modxce 0a 0oeede 00 NOCMU2ane Ha
HAOEIHCOHU Pe3yImamu, OMYumawit OUHAMULHOMO 8b30eUCMEUe NPU 6a20HUME.
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