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Abstract. Cargo securing on a railway platform, elastic and retention
fasteners, longitudinal transport force of inertia, forces in elastic fastenings.
Purpose: The paper presents the calculation of the longitudinal transport
force of inertia; determines the longitudinal force perceived by the elastic
elements of the cargo securing; determines the reactions of retention bars
depending on the number of bars and fasteners (nail); calculates the sum of
all holding forces; calculates the forces in the elastic fasteners when
exposed to longitudinal forces. Research methods: To determine the forces
in the cargo securing devices, existing calculation methods are used.
Moreover, the formulas of these techniques are presented in a form
convenient for calculation. Main results: The paper proves that according
to the existing method, the force in all elastic cargo fasteners under the
influence of longitudinal forces has the same value, regardless of the
different arrangement of the geometric parameters of the fasteners in space.
The forces in them are more than 1.6 times higher than the permissible
values. The calculations of forces in the elastic fasteners, which are
performed by the specified method, are given. The results of the
comparative analysis showed that the forces in all wire fasteners, in
contrast to the existing calculation method, have different values.
However, the strength of the second pair of wire fasteners of both one and
the other direction is not ensured - the force in them more than two times
exceeds the permissible value (61/24.8~2.5), which will result in their
destruction during the cargo transportation. Conclusions and their
significance for the industry: Existing calculation methods do not provide
guarantee strength of cargo fasteners. In the future, to calculate the
fastening of cargo by shippers in the railway industry, a new calculation
procedure should be applied for the allocation and fastening of cargo on
the car.

1 Introduction

Cargo securing on rolling stock is a well-known problem [1 - 22]. So, for example, in [1],
particular attention was paid to the calculation of the retention element (retention bar) of
cargo securing. In [1], the recommended value of the force per one fastener (nail) is [Res] =
1.5 (kN). In [1, 2], it was established by experimental studies that the maximum amplitude
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of oscillations of a car with a cargo reaches 25 mm, and up to 35 mm in a vertical plane.
During vibration with a frequency of 30 Hz, the coefficient of friction between the
contacting surfaces of the cargo and the floor of the car decreases by almost 30%, which is
the reason for the longitudinal and transverse shear of cargo in the car. However, these
results were not taken into account in [11]. In [5], using the concepts of “shear” and
“holding” forces for the first time, an example is given of calculating the fastening of piece
cargo on a platform when the shear of a cargo is held by a wooden bar nailed to the floor of
the car. The results of studies [5] also did not find application in [11]. The incorrectness of
the formulas in [11], according to which the calculation of flexible cargo securing elements
is carried out, are described in [12 - 20, 22]. In [12-20], it was noted that the determination
of the forces in the elastic elements of cargo fastenings by the method of [11] was reduced
to solving the problem of a static definable system, which does not fully comply with the
basic principles of solving problems of a static indefinable system in mechanics [14].
Therefore, the formulas for calculating the forces in wire cargo fasteners given in [11] are
true only for one pair of fasteners with the same topology and nothing more. In fact, wire
cargo fasteners have various topologies, geometric parameters and preliminary twist forces.
The determination of the force in wire fasteners becomes the static indefinable task of the
mechanical system “cargo-fastener-car” [14]. Therefore, the urgency of the technical
problem of calculating the fastening of cargo transported on a railway platform becomes
obvious. The following example will clearly demonstrate the drawbacks of the existing
methodology for calculating the forces in the wire fastenings of cargo [11] and, in our
opinion, is of practical interest to transport science.

Object

e calculate the longitudinal transport force of inertia and calculate the friction force of
adhesion from the gravity of a cargo;

e calculate the longitudinal force perceived by the elastic fastening elements of a cargo
and find the friction force of adhesion from the forces of the preliminary twists of the
fastening wire;

e determine the reactions of the retention bars depending on the number of bars and
fasteners (nail) and calculate the holding forces that prevent the shear of the cargo
along the car;

e calculate the sum of all the holding forces that are perceived by the elastic fastening
elements and retention bars; determine the difference between the shear and holding
forces as a longitudinal force;

e calculate the forces in the elastic fasteners when exposed to longitudinal forces.

3 Method of research

The study relies on the results of calculations of longitudinal forces obtained by the authors
of the paper and on the determination of forces in cargo fasteners, using the formula of the
existing calculation method [11]. Moreover, the formulas of these methods are presented by
the authors of the paper in a form convenient for calculation.
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4 Research results

4.1 Mathematical representation of forces

Below there are the results of calculations of forces in flexible elements of cargo securing
on a railway platform (Fig. 1).
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Fig. 1. Scheme of allocation and fastening of cargo on the car ((a) — main view; (b) — top view)

Infig. 1,1 -4, la - 4a; 1p - 4p, lap - 4ap - numbers of elastic fasteners of the one and
the other direction.

The calculation of the longitudinal forces perceived by elastic and retention fasteners
according to the formulas given in [6, 12-20] and using the Mathcad system [23] will be
described in the following sequence.

Longitudinal transport force of inertia /,, (see formula (1.19) in [14]):

I, =k,,G.

tol.x

&)

where Ko =a. /8 _ the coefficient of longitudinal dynamics of the car and/or
longitudinal translational acceleration of a car with a cargo in fractions of g (usually taken
within 1.2+2) [14];

a.— longitudinal translational acceleration of a car (m/s®) (usually take 1.6 g);

G — cargo gravity (for the considered example - 260 (kN)).

Substituting the initial data, we obtain (kN):

Lo =ka.G = 1 6.260 = 416.
Friction force during coupling [14]:

F'fr..coupx = f;:oup. G’

where f.,,, — coefficient of friction during coupling (usually “metal - wood” 0.45).

tol.x

2
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Friction force during coupling is (kN):

Facows = Jeon G~ 45.260 = 117.

Longitudinal shear force (see formula (3.9) in [14]) (kN):

F‘shear.x ZF; zlex =416.

Determination of the longitudinal force perceived by the elastic fastening elements of
the cargo, taking into account only the friction forces of coupling, is performed according
to the formula (4.6) in [5]:

AFX = F;hearx - Ffr.coupx . (3)
Taking into account the initial data obtained in (1) and (2), we have (kN):

AFX =F;hearx _Ffr.coup.x — 416 _ 117 = 299

4.2 Results of calculations of forces in fasteners

Calculation of the force in the elastic fastening elements according to the recommended
formulas is feasible in the following sequence.

The projections of the elastic fastening forces on the longitudinal axis, taking into account
the forces of the preliminary twists of the fastening wire R0, are found by the formula [14]:

a. a. —_
RO,Q_:ROx(L;’gL‘;“]; Rka:R0x[l—"’+ﬂ] k=12, i=16).

i ia ip iap

4
Here RO = 20 is the accepted average value of the tension (force) of the preliminary
twists of the fastening wire (kN); a; and /;, a;, and [,; a;, and [, a;, and [, - values
(calculated according to the drawing) of the projection of the elastic fasteners, both one and
the other direction, on the longitudinal axis of the car and the length of these fasteners (m).

For this example, these geometric parameters of the securing devices are summarized in

Table 1.
Table 1. Geometry of the securing devices (m)
Designation The values of the projections of the securing devices
of the Direction of and their length (m)
securing securing
devices
a; 1.955 0.557 2.043 0.819
li One direction 2.059 0.854 2.143 1.044
Qia 1.955 0.557 2.043 0.819
lia 2.059 0.854 2.143 1.044
aip 1.955 0.469 2217 0.732
lip The other 2.059 0.799 2.31 0.977
Qiap direction 1.868 0.469 2217 0.732
ligp 1.977 0.799 231 0.977

Substituting the initial data from Table 1 in the last formula and taking into account the
symmetrical placement of the cargo relative to the longitudinal axis of the car, both one and
the other direction, we obtain (kN):

1.995 0.557 0.52 2.043 0.819
+ + + +
2.059 0.854 1.06 2.143 1.044
=40 (0.949 + 0.652 +0.953 +0.785) = 40 x 3.339 = 133.591;
1.995 0.469 2217 0.732 1.868 0.469 2217 0.732]
+ + + + + + +
2.059 0.799 231 0977 1977 0.799 231 0.977
=20x (0.949 +0.587+0.96 +0.749 + 0.945 + 0.587 + 0.96 + 0.749) =20x6.487 =129.741.
Calculation of the difference in the projection of the force of the preliminary twists of

ROIX:20><2><(

RO, = 20><(
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the fastening wire on the longitudinal axis, both one and the other direction (kN):
FRO , =R0, —RO0,, =133.591-129.741=3.849

Determination of the projection of the force (elastic forces) of the preliminary twists of
the fastening wire R0 on the vertical axis of one and the other direction (see formula (19) in

[20]).

i ia ap

R0, :Ro{hwhm} RO, =R0x(];i+hﬂJ (k=12; i=16),

: b (5)

where 4; and /;, h;, and I, hj, and [;,, h;,, and [, — values (calculated according to the

drawing) of the projection of the elastic fasteners, both one and the other direction, on the
vertical axis of the car and the length of these fasteners (m).

For this example, these geometrical parameters of the securing devices are summarized

in Table 2.
Table 2. Geometry of the securing devices (m)
Designation of Direction The values of the projections of the securing devices and
the securing of their length (m)
devices securing

hi 0.302 0.302 0.302 0.302
li One 2.059 0.854 2.143 1.044
hia direction 0.302 0.302 0.302 0.302
lia 2.059 0.854 2.143 1.044
hip 0.302 0.302 0.302 0.302
lp The other 2.059 0.799 231 0.977
Rigp direction 0.302 0.302 0.302 0.302
ligp 1.977 0.799 2.31 0.977

Substituting the initial data from Table 2 in the last formula and taking into account the
symmetrical placement of the cargo relative to the longitudinal axis of the car, of one or the
other direction, we obtain the values of the projection of elastic forces from preliminary
twists of the fastening wire on the vertical axis (kN):

(0 302 0 302 0 302 0. 302j
=20x2x +
2 059 0. 854 2.143 1.044
=40%(0.412+0.278+0.858 +0.633) = 40x 0.932 = 37.28;
0.302 0 302 0. 302 0. 302 0.302 0 302 0 302 0. 302)

2.059 0 799 2.31 0 977 1.977 0 799 2.31 0 977

= 20><(0.147+0.378+0.131 +0.31+0.153+0.378 +0.131 +0.31)= 20x1.937 =38.753.
Determination of the friction force of coupling from the force of preliminary twists of

the fastening wire RO on the vertical axis (see formula (11a) in [20]):

RO,. =20x [

FRO i = fmup_ XZRsz (k=12; i=1.6).
i1 (6)
Calculation of the friction force of coupling from preliminary twists of the fastening
wire, both one and the other direction (kN):
FROCOUP‘IX = fwup' xR0, =0.45x37.28=14.912

FRO, 20 = froun X RO, =0.45x38.753=15.501.

Calculation of the sum of the friction force of coupling from preliminary twists of the
fastening wire, both one and the other direction (kN):
AFR0 =FR0 + FRO =14.912+15.501=30.413

coup.1x coup.1x coup.2x

Thus, the calculation results, as in [14], proved that the projections of the cargo securing
devices on the vertical axis affect the magnitude of the friction force along the longitudinal
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axis of the car. In this case, the value of the holding forces increases.
We will determine the holding force along the car from the forces of the preliminary
twists of the fastening wire, both one and the other direction, according to our formula:

FRO F, ... + FRO , + FRO

coup.ret.x0 = fr.coup.x fr.coup.x0* (7)
Substituting the initial data calculated by formulas (1), (4) and (6) in (7), we obtain
(kN):
FRO o retx0 = Fhicoupr + FRO o + FROg 0 o =104+ 3.849+30.413=138.262.

Finding the reaction of retention bars according to the formulas (see formula (46)
Appendix 3 to SMGS [11]):

RbarAx = kl nnaianbar.x [Rnail ]’

(®)
where k; = 0.6 — the coefficient of strength of fastening retention bars, taking into
account the condition of the floor of the car, pcs. (usually take 0.5-0.6); Mo =12 and

Mo =2 _ the number of fasteners (nails) and retention bars taken in accordance with the
scheme of allocation and fastening of cargo on the car, pcs. (see Fig. 1); [Ry] = 1.08 — the
permissible value of force per one fastener (nail) (kN) (tab. 32 Appendix 3 to SMGS [11]),
and in [1], it is recommended to take [R,.;] = 1.5.

Substituting the received data in (10), we obtain the reaction of the retention bars with
the taken number of nails (kN):

Rbar.x = klnnail.xnbar.x [Rnail] =0.6-12-2-1.08 = 15.552.

Determination of the sum of all the “holding” forces along the car, taking into account
the reaction of the retention bars, both one and the other direction:

FROfr.coup.x = FROfr.coup.x + Fbar.x . (9)
Substituting the initial data calculated by formulas (7) and (8) in (9), we obtain (kN):
FR =FR + F
Ofr.coupr OfrAcoupr barx _— 104 + 15.552 = 119.552.

The longitudinal force perceived by the cargo securing devices and/or the difference
between the shear and holding forces [15]:

AF'RObar.coup.)c = Fshear.x - FROfr.coupx . (10)
Substituting the initial data calculated by formulas (1) and (9) in (10), we obtain (kN):
AF'RObar.coupJ( = F'sheanx - FROﬁccoup.x =416 —-119.552 =296.448.

A positive sign of longitudinal force means that the shear force is larger in value than
the holding force. In this case, the cargo will obviously shift along the car, which is
accompanied by the pulling out of fasteners (nail) of the retention bars and the turning of
these bars relative to the face farthest from the end surface of the cargo.

4.3 Calculation of a force in flexible cargo securing devices according to the
existing method [11]

The forces in the elastic fasteners of the cargo of one or the other direction under the action
of longitudinal forces are determined by the formulas (see formula (39) in [11]), which, for
the convenience of calculation, are presented in the form:

AR,
R, === (k=12 ae{bl,b2)), o
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bar.coup.x

where — longitudinal force perceived by elastic and retention fasteners (see

AF,,
formula (10), where arcoup-* = 296.448 (kN));
b; and b, — dimensionless constant numbers, which are determined through the specified
values of the physico-geometric parameters of wire fasteners in the form:

: ) h, a,
bl = [f < ‘l"}[fmup. X }
ro v ) (i=1.6)

b2 = (4fcoup. x }ll’” + ?m] + (4fcoup. x lmp + lelup }
ia ia iap iap (13)

Here h;, a; and I;; hyy, a;, and [ hye, a;, and L higp, aiay and [, — the values (calculated
according to the drawing) of the projection of the elastic fasteners of one or the other
direction on the vertical and longitudinal axis of the car, respectively, and the length of
these fasteners (m).

For the example under study, these geometric parameters of the securing devices are
given in Table 1 and 2.

Substituting the data from tables 1 and 2 in formulas (12) and (13), taking into account
that the coefficient of friction of coupling f.,,, = 0.45, we obtain:

(12)

045 0.302 N 1.995 +[0.45x 0.302 N 0.557 +[0.45x 0.302 N 2.043 N
2.059 2.059 0.854 0.854 2.14  2.143
bl=|+ 0.45-0'302 N 0.819 +[0.45x 0.302 N 1.995 +[0.45x 0.302 N 0.469 +|=7.425,
1.044 1.044 2.059 2.059 0.799 0.799
N 0,45><0'302+2'217 N 0.45.0.3024_0.732
231 231 0977 0.977
[0.45>< 0.302 N 1.995)+[0.45X 0.302 N 0.557}_(0_45>< 0.302 . 2.043)+
2.059 2.059 0.854 0.854 2.14  2.143
b2 — +[0.45' 0.302 N 0.819}_(0_45>< 0.302 N 1.868)4_[0.45>< 0.302 N O.469j+ 6801,
1.044 1.044 1.977 1977 0.799  0.799
+[O.45x 0.302 N 2.217}{0.45. 0.302 N 0.732)
231 231 0.977 0.977

Given the obtained values of dimensionless constant numbers b;, b, and the value of the

AF,
longitudinal forces barcoup.x = 296448 (kN), and also taking into account the
asymmetry of the location of the securing devices relative to the longitudinal axis of one or
the other direction, we obtain by formula (11) (kN):

R, - Avucons _ 296,448 0 o) 5; R, = AF e _ 296.448
bl 7.425 * b2 6.891

Thus, it becomes obvious that the force in all the elastic fasteners of the cargo of one or
the other direction under the influence of longitudinal forces has the same value, regardless
of the different arrangement of the geometric parameters of the fasteners in space. This is
not true at all, since different lengths of elastic fasteners must correspond to different values
of force in these fasteners. In addition, the sum of the forces in all the elastic fasteners is
much larger (for example, 1.6 times (40/24.8 = 1.6)) than the allowable value (24.8 (kN)).
Therefore, we can conclude that according to the existing calculation method, the strength
of fasteners with a diameter of d = 6 (mm) and the number of threads n = 8 (pcs) is not
provided. As can be seen, the calculation results proved that the method of calculating the
forces in the cargo securing devices [11] does not ensure the safety of the transportation

=40.821.
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process.

4.4 Determination of the cargo securing force according to the formulas from
Appendix 3 [11]

The forces in the elastic securing devices (bracing wires) when exposed to longitudinal
forces are determined by the formula (1) from Appendix 3 in [11]:

Rix:Zerﬂxﬂ; R,'pX:kaanxal (k:12, 1216),

li li lip lip (14)

where Z;, — the physical parameter determined by the formula (2) from Appendix 3 in
[12], which we presented in the following form:

7 = AFbar.coup X Z2 — AF‘bar‘coup X )

COuiprc and ~ COcompar (15)

AF,
Where bar.coup-x _ Jongijtudinal force acting on elastic and retention fasteners (see
C
formula (10)); fe., — friction coefficient of coupling (usually 0.45); coup-1¥ - and

c0
— additional parameters of elastic fasteners, which are determined by the formula
(2) from Appendix 3 in [11].

coup.2x

c0
We presented additional parameters of the elastic fasteners — “°P* along the car with
the friction coefficient of coupling according to the formulas obtained from (2) from
Appendix 3 in [11] in the following form:

n n p

2\ 7, h, a. | a n h, —a a,
CO — 1 X ) X 1 + 1 X 1 + la X ‘ X la + a X la ;
coup.lx : \, Z (fwup. Z Z \] ll- : \, Z (fcwup. Z Z J l

i=1 ¢ i i i=1 Yiq ia ia ia (16)

7 h, ip h< a, a.
i | v (17)

i=l ip ip rp iap iap iap
Note that here the geometric parameters of the fasteners have the same values as shown
in Table 1 and 2.
fcoup. _

Substituting the initial data from the tables 1 and 2 in the last formulas with
0.45, d; = 6 (mm), n; = 8 (pcs), we obtain (1/m):

8 0.45% 0.302 . 1.995 ) 1.995 N 8 0.45x 0.302 N 0.5570.557
2.059 2.059 2.059)2.059 0.854 0.854 0.854)0.854
. 8 0_45x0'302+2'043 2.043+ 8 0_45.0.3024_0.819 0.819
| 2143 2.14  2.143)2.143 1.044 1.044 1.044 J1.044
coup.lx

8 [0.45 0.302 1995)1.995 8 (0.45 0.302 0469}0.469

0 =35.169;

+ + .
2.059 2.059 2.059/)2.059 0.799 0.799 0.799 ) 0.799
8 (0_45x0'302 2.217]2.217 8 [0_45 0.302 0732)0.732

+— + +
2.31 231 231 ) 231 0977 0.977 0.977)0.977
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8 0.302 1.995)1. 995 8 0.302 0.557)0.557
0.45x + 0.45x% + +
2.059 2.059 2.059)2. 059 0.854 0.854 0.854)0.854
N 8 0.45><0'302+2'043 2'043+ 8 0.45.0.302+0.819 0'819+
2.143 2.14 2.143)2.143 1.044 1.044 1.044 )1.044
€0pupay = =33.695.
. 8 0. 302 1.868 )1.868 8 0.302 O 469 )0.469
+ 0.45x + 0.45x +
1.977 1.977 1 977 )1.977 0.799 0.799 O 799 )0.799
N 8 0_45X0.302+2.217 2'217+ 8 0.45. 0.302 0732 0.732
2.31 231 231 ) 231 0977 0.977 O 977 )0.977

c0
Substituting the obtained values of ~ “°“P* in the formula (15), we obtain (kKN-m):

AF, AF,
th — bar.coup.x — 296.448 — 8429, Zz,c — bar.coup.x — 296.448 =8.798.
S CO0 35.169 T 0, 33.695
The results of the calculation of the forces in the cargo securing elements according to
the formula (14), taking into account the calculated data obtained by the formulas (10), (14)
- (17), are summarized in Table 3 (kN).

coup.lx

Table 3. Calculated forces of the securing elements in either direction (kN)

Designations Direction
of forces‘ mn of Forces in the securing elements (kN)
the securing .
elements seeuring
Rlx R2x R3x R4x
R
X . On? Rlax RZax 3ax R4ux
R direction
iax 31.087 51.538 E 50.7
31.087 51.538 30 50.7
Rplx Rpr R3px R4px
ipx Tlfle OFheI‘ Rl apx RZapx R3 apx R4apx
direction
iapx 32.446 57.715 29.252 53.99
33.647 57.715 29.252 53.99

An analysis of the results of the calculated values of the forces in the elastic fasteners by
the formulas (1) and (2) from Appendix 3 in [11] makes it possible to note that the forces in
all wire fasteners (bracing wires), in contrast to the existing calculation method (see
formula (11)), have different values, which correspond to reality. In addition, the forces in
all wire fasteners with a diameter of d = 6 mm and the number of threads n = 8 (pcs),
except for the second pair of wire fasteners of both one and the other direction, under the
action of longitudinal forces were less than permissible value (24.8 (kN)). However, the
strength of the second pair of wire fasteners of both one and the other direction is not
ensured - they will be destroyed during the transportation of cargo.

Conclusions

Summarizing the research results, we note the following. The sequence of calculating the
longitudinal forces perceived by the wire fasteners of the cargo is described, which made it
possible to find the forces in the wire fasteners of the cargo according to the existing
methods for calculating the fastening [5, 11, 14].

It is specifically noted that according to the existing method (see formula (11)), the
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force in all elastic cargo fasteners of one or the other direction under the influence of
longitudinal forces has the same value, regardless of the different arrangement of the
geometric parameters of the fasteners in space. This is not true, since different values of the
force in these fasteners must correspond to different lengths of elastic securing elements,
thereby confirming the senselessness of using the existing method for calculating cargo
securing [11] in order to ensure guarantee safety of the transportation process.

It was established that the calculated values of the forces in the elastic fasteners
according to formulas (1) and (2) from Appendix 3 in [11] made it possible to note that the
forces in all wire fasteners, in contrast to the existing calculation method (see formula (11)),
have different values, which correspond to reality. However, this method also has
drawbacks: the strength of the second pair of wire fasteners of both one and the other
direction is not ensured - the force in them is more than two times higher than the allowable
one (61/24.8 = 2.5), which will result in their destruction during cargo transportation.

Given the drawbacks of the existing methods for calculating the forces in the elastic
securing elements, in the future, a new calculation method for the placement and fastening
of cargo on the car should be applied for the calculation of cargo securing [14].
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