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Analytical Investigation of Cargo Motion
Lengthwise the Wagon under the Action
of Plane Force System

Khabibulla Turanov

Summary- For the first time in the theory of solid cargo
fastening there has been investigated a case when the cargo

is in motion in relation to the wagon floor with acceleration ar ,
its speed being at this moment equal to V, . There have been
set out the results of analytical investigation of cargo shift in
dynamics and accordingly elongation and tension in flexible
fastening elements under the action of plane force system. It
has been established that the longitudinal force perceived by
the flexible fastening elements in value is smaller than the
force obtained when inertia in relative motion (at rest) is not
taken into account. Hence, the cargo shift lengthwise the
wagon in this case will be smaller. This, in its turn, will affect
the decrease of elongation value and consequently the
decrease of the effort of every flexible element, thus increasing
their load-carrying capacity.

Keywords: cargo, thrust bars, flexible fastening elements,
cargo shift in dynamics, efforts in flexible fastening
elements.

[. FORMULATION OF A PROBLEM

" ormulas derived for determining efforts in flexible
=== fastening elements of the cargo under the action

of longitudinal and vertical forces presented in
Appendix 8-Technical conditions [1, 2], (as has been
pointed out in [3 - 22]) have been the result of
incompletely solved problems when the longitudinal
force value perceived by fastening means according to
the gravity power of cargo G is understated (i. e. is
always within the limits (0,97 + 1,2)G) while during
shunting collisions in a hump-yard or emergency
braking this force may vary within — (1,2 + 2)G .
Moreover, they don't take into account the efforts of
preliminary twisting of every fastening wire RO, without
which the cargo is not liable to dispatching. Just
because due to effort RO the cargo is pressed against
the wagon floor, friction force is increased. In [1, 2] there
is no mention of the notion «shift of the cargo lengthwise
the wagon” and hence, no mention of “elongation of
each fastening element” to the value of which the efforts
in each fastening elements are according to Hooke’s
law directly proportional. As a result, the efforts of each
fastening element have one and the same value, which
disagrees with reality. It should be noted that in [3 — 22]
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a technical problem of cargo fastening under the action
of space force system and, as a special case, under the
action of plane force system, is solved within the
fundamental law of dynamics during relative motion at
rest. Unfortunately, there has not been yet considered
the case when the cargo is moving lengthwise the
wagon floor with acceleration @, its speed at the
moment being equal to V, [23, 24].

On this basis it can be noted that determining of
cargo shift lengthwise the wagon floor and
correspondingly elongation and efforts in each fastening
element during cargo motion with acceleration
lengthwise the wagon floor at a given relative speed is
an urgent technical problem for transport research.

a) Problem Formulation In Dynamics (It is for the first
time that the problem is set)

To derive an analytical formula of cargo shift

lengthwise the wagon, elongation and efforts in flexible

fastening elements in case of the cargo moving in

relation to the wagon floor with acceleration ar at

speed \_/r , as in case of motion of deformable thread on
an imperfect curved surface [25].

b) Problem Specification
As in [7], let us consider the case, when cargo

with gravity force G | located on the wagon on down

grade at angle g (rad. 0.006 + 0.021 or 0.344 + 1.2
degrees which agrees with grade within 6 + 21°/) in
the mode of both brake release and service braking is
kept from lengthwise shifting by flexible fastening
elements. The contours of the cargo when it is placed
on the wagon the effective area makes it possible to use
thrust and/or spacer wooden bars (Fig. 1a, b).
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Figure 1 a : Diagram of allocating cargo and thrust bar on
the wagonmoving down grade on the tangent
1—wagon, 2 — cargo, 3 — thrust bar

Figure 1 b :Diagram of allocating cargo and thrust bar on
the wagonmoving on a tangent

In Fig. 1 a, b as an example the following

accepted: ALM 1, AilM 11

AZM 2, A22M 2o are flexible fastening elements of
both directions; M,, M,, M;;, M,, are shipping loops

| x (_Marx)

and |,, = (—=Ma,,) - inertia forces in relative motion

symbols  are and

(eyelets) [17]. It also has symbols:

on lengthwise and vertical axes; |ex— lengthwise and

vertical transferring inertia forces; F,, - aerodynamic
resistance force [24].

¢c) Man-Made Assumption

In working out a computable model as in [17]
we assume wagon frame to be the major constrain for
the cargo (object) and flexible elastic fastening elements
and thrust bar to be additional constraints [10, 18, 23,
24].

We assume that effective longitudinal and
vertical forces are perceived by flexible elastic fastening
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elements AMM 11and AzzM 2, located oppositely the
action of longitudinal forces while fastening elements of
opposite direction A&Mland AZM »sag (Fig. 1a).
Fastening elements A_LM 1and AZM 2, as applied to
Fig. 1b,on the contrary, perceive external forces while

A M and A,M,,;sag (ie. lose a constraint). An

additional constraint (a thrust bar) is also a non-ideal
and non-retentive (single-sided) one, it prevents the
cargo from shifting from the contact plane to one side
(to the right) and not keeping it from shifting to the other
side (to the left).

Let us assume that flexible fastening elements
are pre-tensioned by efforts RO, (for example, R0, = RO,
= RO, = R0O,, = 20 kN), and they increase normal
constituent N of constraint reaction (platform floor),
therefore, cargo and floor cohesion force Fcoh (and
hence sliding friction F,,  meaning that Eud.x < Ifcoh_).

As it is known [7, 10, 18], external constraint

reaction (non-ideal) R is resolved into normal N and

tangent Iftcomponent, ie. R=N+ E Coordinates
Xg» Yr (or Xy s YN ). points of application of external

constraints reaction ﬁare not known and are to be
defined.

d) Formation of Dynamic Model
We apply theoretically to the mass center of
material system (cargo) C just as in Fig. 1a,b the active

force — gravity force G , inertia force at relative motion
along the lengthwise |, = (—Ma@,, ) and vertical axis

|rZ = (—Marz) , longitudinal and vertical transferring

inertia forces Iexand Iezand direct them from the

object and also aerodynamic resistance force F,, .

which we direct to the object. We will take into account
the fact that these forces exert influence on the external
constraints (platform and fastening means). As to the
object (cargo), we formally apply external forces

(reactive forces) — normal component N of wagon
floor reaction and tangent component of this reaction as
ultimate friction force (the force of cargo cohesion with

wagon floor) Fcoh or sliding friction force stid.XJ

reactions RO of preliminary twistings of fastening wire
and bar reaction R, , (Fig.2 a, b) [17].



Figure 2 a: Dynamic model of cargo on the wagon
moving along the tangent on down grade

Figure 2 b: Dynamic model of cargo on the wagon
moving on a tangent

Longitudinal and vertical transferring inertia

forces |exand |ezwill experience external constraints

(platform floor and thrust bar). It is only the thrust bar,
not the pre-tensioned flexible elastic fastening elements
that will experience longitudinal transferring inertia force

|ex. Flexible fastening elements may experience the

Iex +(Gx - Fl’b.x)_ I:x o sz — Rbar.x =
_(Gz - Iez)_ I:z - I:rb.z

where Irx = (_Ma‘rx) ; Irz = (_MaTz)
and G= {GX,GZ}is projection of inertia forcg in

relative motion onto coordinate axes Ox and Oz ; | ex.

Iezand FrB = {FFB.X’FI'B.Z} are active forces;

FO = Foy = {Fx’ Fz},ﬁand Fr. Ruare

action of external forces only when there takes place a
shift of thrust bars with a bend of fastening items (nail).

[I. METHODS OF SOLUTION

The formation of dynamic and constructing a
mathematical model of cargo movement on a wagon is
based on classical concepts and provisions of
theoretical mechanics (for example, Constraint and their
reactions, the Principle of ties release of the
fundamental law of dynamics of the relative motions of
records) [23, 24]).

a) Problem Analytical Solution

Unlike in [7, 10, 18], for deriving an engineering
formula we will use the fundamental law of relative
transferring cargo motion during rolling stock
movement along tangent described by the equation in
vector form

Marzlf-l-ﬁﬁ-l_e-i-l_cl (1)

Wherear is cargo relative acceleration ( or
acceleration of cargo relative to the wagon floor).

As applied to the problem in question F =G

is active force, R=N+F_is reactive force,

I e € (I ex ! I ez)are longitudinal and vertical tran-

sferring inertia forces, |Cis Carioles inertia force (for

the problem in question it is assumed to be equal to
Zero).
Let us assume that as in [25], cargo is in motion

lengthwise the wagon floor with acceleration ar and let

its speed be \_/r at the moment. Then equation (1) in

projections upon coordinate axes Ox and Oz is
presented in the form

Ma,, . @

+ N — Marz , (3)

reactive forces. At that, FX and Fz are orthogonal

projections of elastic forces (effort) of i-flexible elements
with allowance made for wire preliminary twisting of

ROi of additional constraint
fastening flexible element) onto coordinate axes Ox and

fastening (cargo

0z; N and sz = ngd_xare so far unknown normal
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Oz, N and F,X = Fslid.x are so far unknown normal

and tangent components of wagon reaction

(constraints) R Rbar_x is a design value of reactions

of fastening thrust elements (thrust bars) calculated
according to the chosen number of fastening elements
(nail) in agreement with clearance outline. Designation

to the power iof elastic force F @ means that the force is
dependent on the number of fastening elements but it

Gx = Gs-n(\lfo); Fx = Z Rx + Z ROix; Frb.x - Frb COS(\VO) ;

i=1 i=1

GZ = GCOS(\VO) : I:z = Z Rz + Z I:zoiz; I:rb_x = Frb Sn(“VO) ;
i=1 i=1

doesn’t mean that it is to be summed according to i.

Elastic force F @ has only one value.
[11. RESULTS OF SOLUTION

a) Mathematical Solution of The Problem
In compliance with this and applied to (2) and
(8) the following can be derived

(2a)

(3a)

According to the Coulomb law we’ll write down

F <

where f is sliding friction coefficient f = 0,7f.n
with allowance made for f,n being the coefficient of
cohesion friction between contact surfaces of cargo and

F.=f[(G,-

fN | (4)

wagon floor which are accepted according to reference
data) [7, 10, 17, 18].
Substituting (4) in (3) we'll find

ez) + |:z + |:rb.z],

or taking into account (3,a) we have

Fr = f (G COS(\VO) - Iez) +Z Riz +Z ROiz + Frbs-n(\ljo) (5)
i=1 i=1

Just asin [10, 17, 18] let us present expression (5) in the form

elast.
F.=F"+F° ©)

elast.
where F;

T

FTeIast. — f Zp: RZ
i=1

F2 = f[ (Goos(yo) — 1)+ 3 R, + Y RO, +F,, sin(y,)
i=1 i=1

e o .
and F° are friction forces of elastic and external forces

(6a)

Substituting (2a) in (2) taking into account (6) we’ll get

2013 Global Journals Inc. (US)



lo +GSiN(yo) = D R, — > RO, —F* —F*°-
i=1 i=1

- I:rb COS(\VO) - Rbar.x = Ivlarx'

Let us rewrite the above expression taking into account (6a) and (6b)

| +Gsin(ye)-Y R, - RO, - f>'R, -
i=1 i=1 i=1

— | (Geos(yy) = 14) + Y RO, + Fy sin(y,) |-

i=1 (7)

- |:rb COS(\I]O) - Rbar.x = I\/Iarx'

After elementary manipulations with the above expression we determine projections of elastic forces (effort or

tension) of i-flexible fastening elements onto axis Ox

anRx + fanRz = Iex +G(Sin(\|10)_ f COS(WO))+ ﬂez_

~ 3 (RO, + RO, )~ Fp (COS(Wo) + f SIN(Wg))— R — Ma
i=1

We rewrite the derived expression in the form

> R+ YR, =AF, ®)
i=1 i=1

where AFX = AF|0ng. are longitudinal forces perceived by flexible and thrust cargo fastening elements

AR, =1g +G(Sin(\|/0) — f COS(\l’o))+ flg -

- (RO, + fRO,)-

i=1

- Rbar.x - I\/Iarx'

Here we are to take into account the fact that
Rbar.xis a design value of fastening thrust elements

reactions (thrust bars) calculated either according to
arbitrarily chosen or just as in [22] in accordance with
scientifically grounded number of fastening elements
(nail) in agreement with clearance outline. For example,
it is in this way that reactions of thrust bars are
determined (12 [21]):

[Rnail]l = 1, 08 is an assumed value of force per
one fastening item (nail), (Table 32 Appendix 14 to
International Rail Freight Transportation Agreement);

F.,(cos(y,) + f sin(y,))-

Nparx 1S accepted number of thrust bars
according to cargo location and fastening scheme, item
(Fig. 1);

k, is a strength coefficient of fastening thrust
bars, taking into account the state of wagon floor, items
(usually accepted to be 0,5 + 0,6);

Nnailx 1S accepted value of needed number of
nails per each thrust bar, item;

Rparx = kl'nnail.x'nbar.x'[Rnail] is allowable load per
one fastening item (nail) (46 Appendix 14 to). For
example, for a nail with @4and length 100 + 120 mm
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[Rnail. ] = 0,047 kH, for a nail of &6 and length 150 + 200
mm [Rnail.] = 1,08 KN. According to the standards of
European countries for a fastening item of &5mm and
length 100 + 150 [Rnai.]= 1,25 kN, and for an item of
@6mm and length 150 + 200mm [ Rnai.] = 1,5 KN [26].

By introducing notions of “shearing” and
“retentive” forces [7, 10, 11, 18] we rewrite the above
expression

AI:x =~ Foear. = |:ret.l 9)
where
|:shear. = Iex + GSln(WO) ; (10a)
n

p

Freet. = f(GCOS(\VO) - Iez)+ Z(Rom + fROiz)+

i=1

+ Frb(COS(\VO) + f Sin(\llo))+ Rbar.x + I\/Iarx'

From now on, for simplicity of problem solving
we'll study a case when cargo is retained lengthwise the

wagon by i-flexible fastening elements (i =1, np ) and

thrust bar (Fig.1). Then according to the method of
determining deformations at minor displacement we
project a new point position first onto “original” or “old”
direction of thrust element [17, 18 — 21]. As a thrust
element is arbitrarily located in space for calculating the
projection it is necessary to make use of the method of
double projection the way it is done in theoretical
mechanics for arbitrarily located force [10, 15, 18].
Based on this we’ll derive a formula for finding
elongation of fastening flexible elements depending on

cargo shift along wagon AX and fastening geometrical
parameters

(12)

Whereli is the length for each flexible elastic

[22 | 12 2
fastening element, m: |i =4/ +b, +h taking into

account the fact that a1 , b| and h are projections of
each flexible fastening element onto longitudinal Ox,
crosswise Oy, and vertical axis Oz.

It is obvious that elongation in the flexible elastic
fastening element will occur only when there is cargo

shift lengthwise the wagon at value AX .

According to [7, 10, and 15] the movement of
cargo lengthwise the wagon as one-mass oscillatory
system can be presented in the following way (Fig. 3).

2013 Global Journals Inc. (US)
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Figure 3 : Cargo movement lengthwise the wagon as one-
mass oscillatory system

Here, just as in [7], the sum of projections of the

efforts of flexible fastening elements Rix onto the
longitudinal axis which were according to Hooke’s law
the results of cargo shift lengthwise the wagon AXis
replaced by a spring with equivalent rigidity Cgep
stretched out at the value of the shift. In its turn, spring

with equivalent rigidity Cgep ¢ (Fig. 3) stretched out at

M;
| — 1
I | Ie: lRIZ |
Fx ™ Loy Frbxi v
= —= Fpx
E \r !—::- arx
I _ Al R . K
;-f_ G barxl «
_————l—:.,
F’L‘ AXx

Figure 4 - Dynamic model of cargo loaded by
longitudinal and vertical forces.



Designations in Fig. 3 and 4 are the same as in

Fig. 2, except “ekb.x being equivalent (either reduced

or generalized) rigidity of flexible fastening elements
along longitudinal axis Ox.

ZRO

In expressions (8) and (11) projections of elastic
forces (effort and tension) of i-flexible elastic fastening
elements onto longitudinal and vertical axes Ox and Oz
are determined according to the formulas

-3 02,
ZREM

or taking into account (12),

pri:inAli-nzp
i=1 = e
Ny Ny h
ARP R
i=1 i=1
Zin =2.G |
i=1 i=1 i
YR, =>6 2 Ax
i=1 i=1 Ii I|

where C|is rigidity of iflexible fastening

element (kN/m):
projections  of

projections ai and hi are
fastening elements onto

are
i-flexible
longitudinal and vertical axes: li is length of i-flexible
fastening element; AX is cargo shift lengthwise the
wagon; Roi is tension of preliminary twistings of i-
flexible fastening element (kN) (we’ll assume 20 kN);

|=1,np is a number of flexible elastic fastening

elements.
In formulas (13) and (14) rigidity of i-flexible
fastening element (kN/m) with a number of threads n;

or

ZC —+I

% 3RO, :ZP:ROi%
i i=1 i=1 i

iq%-Ax-%+fic‘%- h =
i=1 i i i=1 i

(13a)

(14a)

im im%

(item), diameter d{mm) and lof length (m) of fastening
wire:

-6
:]'O_nEdiZﬁ: 7,854.di2T_i,

(19)

whereE is elasticity module of annealed
fastening wire (usually assumed E = 1-10'kN/m’, and
for steel cable £ = 2,1-10%kN/m?); 10° is conversion
factor of wire diameter mm into m.

Putting the first expressions (13a) and (14a) in
(8) we obtain

Xl

The above expression with consideration for (15) has the form

7,854d, 22

i=1 i

e h
|

% -Ax-a“'

.
] ]
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Hence we can find cargo shift lengthwise the wagon

AF

AX =

X

785407 fh,a)a
i=1

where AFX = AF

(16)

long. — is longitudinal force, determined by formula (9), (10) and (11) with
consideration for second expressions (13), (14):
Fshear. = Iex+GSin(\|JO); (10)
np h a.l
— i
Fo = f(Geos(y,)—14)+ > RO, f|—+|— +
=1 . (11a)
+ Frb(COS(\IIO) + f Sln(\VO))+ Rbar.x + Ivlarx'
Here, if aerodynamic resistance force ﬁrb acts Summarizing the results of mathematical

from the cargo rear back, this force should be put in the
formula with a negative sign with consideration for
coordinates of its application.

Just as in [7, 10, 15) cargo shift lengthwise the
wagon AXis the distance from the cargo butt surface
that is able to provide joint performance of flexible and
thrust fastening means if a thrust bar is nailed to the
wagon floor from the cargo butt at a distance less than
AX.

It can be observed from (16) that first, cargo
shift lengthwise the wagon will occur only when

AF,,,q >0 and second, breakup of flexible fastening

elements will not take place only on condition that
AX < [AX] where [Ax]is an allowable value of cargo
shift lengthwise the wagon (mm) determined according

to value [R ] (Table 30 Appendix 14 to International
Rail Freight Transportation Agreement).

Foy = |

ear.

Fu=f(G-1,)+Y RO f
i=1

+ Rbar.x + MaTX'

2013 Global Journals Inc. (US)

ex

modeling of fastening of cargo asymmetrically (or
symmetrically) located on the wagon it can be noted
that there has been derived an analytical formula for
determination of cargo shift lengthwise the wagon AX
withconsideration for physical-geometrical character-

ristics of flexible elements (i.e. E, n, d ,I ), values of

(G’ I X! |z1 Frb1 Rbar.X1 Mg'rx),
perceived by flexible fastening elements, thrust bar and
cargo and the state of cargo contact surfaces and
wagon floor taken into account by friction coefficient (f).
In a special case when a wagon with cargo is
moving on a tangent without braking and in the release
schedule from (10) and 11a) there will be excluded

external  forces

descendangle Y (i.e. Vg = O). In these cases (10)
and (11a) will be

(10b)

n +T‘—' +F, +

(11b)



Let us recall that in (11b) vertical transferring

inertia force I z occurs only during the movement of the
wagon on a tangent without braking and in release
schedule as in during schedule — |, = 0.

In case of shunting collision in a marshaling

hump-yard Fl’b :O and IZ = O(Flg1b and 2b).

That is why (11b) will have a simple form of:
(118)

While solving practical problems by using
formula (9) or (16) just as in [10, 15, 17, 18] let us
assume that maximum regulatory values of longitudinal

transferring accelerations aer;:ax =a,are equal to
a,=03g - on a tangent 8, =(0,7+1,2)g

during service brake application, Qg = (1,2+ 2)9
during wagon collisions in a hump-yard ,and vertical

Ruasti = 7’854di2 T_iAli < [R ]'

or with consideration for (12)

Ruati = 7'854di2 T_iAX% < [R ]’

where [Ri]is allowable value of effort in

fastenings, determined according to the Table 30
Appendix 14 to International Rail Freight Transportation
Agreement depending on a number of threads n; and
wire diameter d.

Effort R in a flexible fastening
element is according to axiom: to every action there is
an equal reaction is equal to the reaction in this element.

[V.

(tension)

CONCLUSION

For the first time in the theory of fastening of solid-
state goods there has been derived a formula for
determining “retentive” force with allowance made
for reactions of thrust fastening elements and
inertia forces in relative motion on condition that the
cargo moves in relation to the wagon floor with

acceleration R, its speed at the moment being

\Y/

r -
When considering cargo motion in relation to the

wagon floor with acceleration ar at speed Vr it

should be noted that longitudinal force perceived by
flexible fastening is smaller in value than the force
the value of which was obtained without taking into
account the inertia force in relative motion (at rest).
Therefore, cargo shift lengthwise the wagon in this

transferring accelerations

5;"6»( = ﬁez occurring

because of deviations in track maintenance standards ,

- a, = (0,46+ O,66)g In accordance with this
statement it is possible to accept |ex = 0,3G on a
l, =(07+12)G in
| o« = (L,2+2)G during wagon collisions in a hump-

yardand | o, = (0,4+0,66)G .
Using

tangent, service braking,

the derived value of cargo shift

lengthwise the wagon AX just as in [10, 18] in
compliance with Hooke's law (as the product of (15)

multiplied by (12)) we determine effort (tension) R in i-
flexible fastening element, kN:

(17)

(17a)

case will also be smaller. This, in its turn, will affect
the decrease of elongation value and hence the
decrease of the effort of each fastening element
meanwhile increasing their loading capacity.
The results obtained in analytical investigation
are an important contribution to the theory of cargo
fastening.
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