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Abstract. Inaccuracy of the existing methodology for calculating
cargo fastening. Cargo fastening by flexible and retention
elements. The paper should define the “shearing” force across the
car as the sum of the transverse transport inertia and wind load,
taking into account the safety factor from tipping over; determine
the transverse force perceived by the means of securing the load,
taking into account the reaction of the retention bars of only one
direction; calculate the forces in the elastic fasteners when
exposed to shearing forces, taking into account the geometry of
the fasteners according to existing methods. The research methods
are based on the basic law of dynamics for the relative motion of a
material point, where the transverse and vertical transferring
inertia forces are formally assigned to external forces. The paper
proves that according to the existing methodology, the force in all
elastic cargo fasteners under the influence of transverse forces has
the same value, regardless of the different arrangement of the
geometric parameters of the fasteners in space. This is not true.
The calculations of forces in the elastic fastening elements
according to Appendix 8 of the existing methodology are given.
Under the influence of transverse forces, the strength of the first
and second pairs of elastic fasteners, both one and the other
direction, are not provided by the method of Appendix 8 - the
forces in the fasteners are greater than the permissible one (24.8
kN). Existing calculation methods do not ensure the strength of
the cargo fastening elements.

1 Introduction

The problems of securing cargo in rail, road and sea transport are described in [1-24]. For
example, in [1], the results of both analytical and experimental studies on securing various
cargoes on railway cars (see pp. 35-60, 100-128 in [1]), auto and sea transport are widely
presented. In [1], there are the results of calculations of securing cargo with retention bars
that are attached to the car floor with nails (see pp. 64-77 in [1]). Here, when calculating the
vertical and horizontal acceleration, the value of the static coefficient of friction (i.e.
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friction coupling) between the wooden floor of the car and the nails is 0.3 [1, p. 75-77],
which is less than the recommended value - 0.45 [16]. In addition, in [1], all analytical
formulas were obtained using the d'Alembert principle, where the inertia force is fictitious
[5, 15]. The inertia force of the d'Alembert has no object of action. For this reason, in
theoretical mechanics [5, 15], the d'Alembert inertia force is included in the condition of the
balance of forces only because the acceleration of body motion is taken into account.
However, for example, in [1, pp. 87], the force in the fasteners (or lashings) is considered
known, and the acceleration is determined, for example, in the vertical and transverse
directions. Then, the magnitude of these accelerations is compared with the recommended
values of the acceleration of the car, which appear when they move along rail tracks. As an
example, we show the analytical formulas presented in [1, pp. 87].
Equilibrium of forces:

T R-mg-2nFsina=ma, = R=m(a,+g) +2nFsina;

- F,=ma, = a=—

Where R is the normal component of the coupling reaction (N); m - mass of cargo (kg);
g - acceleration of gravity; n -number of lashings (PCs); F' - effort in lashing (determined
experimentally) (N); a - angle of inclination of the lashing relative to the transverse axis
(degree); a, - acceleration in the vertical direction (m/s?); Fy - tangent component of the
coupling reaction or Force of friction (N); a; - acceleration in the horizontal direction
(m/s?).

From this it is clear that the lashing force F' is a known quantity that is determined
experimentally. Although, the effort in the lashing F'is an unknown value [15].

Force of friction:

F, = uR = u[m(a, +g) +2nF sin a]

Where instead of the coefficient of friction of coupling [15], the coefficient of friction
of sliding is used u = f.
Transverse acceleration as function of the pretension in the lashing F:

F 2nF'sin o
a, = ;f = ,u[(av +g) +—}

With the original data: m = 30 ton (30-103 kg), n =2 (PCs), a. = 45°, = 0.3, a, = -3 m/s?,
F =4 (kN) (4000 N) these precautions give the following equation, m/s*:

2nFsin o 2-2-4000-sin 45°
= +o)+— =03 (-3+9.8]D) + =22
a, ﬂ[(av 4] - } {( ) 30000 }

If the vertical acceleration is neglected, the following equation may be derived (m/s?):

a :ﬂg+2nFsma20.3_9.81+2~2~4OOO~sm45 _
m 30000

3.1

It is concluded in [1, p. 88] that the max transverse acceleration that an arrangement
secured by top-over lashings designed according to the UIC guidelines for a cargo weight
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of 30 ton is thus 2.2 (m/s?) if the vertical acceleration is set to —3.0 (m/s?) and 3.1 (m/s?) if
it’s set to zero.

As can be seen, a special case of securing the cargo with lashings is considered in [1,
pp. 87], since only the angle of their inclination o relative to the transverse axis (o = 45°) is
taken into account, i.e. lashings are located perpendicular to the longitudinal axis of the car.
As can be seen, in contrast to [5, 15], in [1], there is no concept at all about the transferring
inertia forces that are really perceived by the cargo fastening elements, about “shearing”
and “retentive” forces across the car. In [9], methods of fastening cargo of various
configurations (for example, wheeled and tracked vehicles) with chain fastenings, ropes (or
cables), as well as retention bars to the frame of vehicles are described. In [10, pp. 25-35,
85-87 and 90-92], the developed schemes of fastening cargoes of wheeled and tracked
vehicles with chain fastenings to the frame of vehicles are given. Apparently, these schemes
are verified by experimental tests, since there are no calculations of cargo fastening in it.
The incorrectness of the formulas of the existing methodology for calculating flexible cargo
fastening elements [19] are described in [13-16].

To ensure the delivery time and safety of various kinds of goods that are transported on
open rolling stock, the correctness of the available methods for calculating cargo fastening
is important.

The paper considers an example of calculating the fastening of a specific cargo on a
railway platform according to the existing methodology.

Object:

- determination of the “shearing” force across the car as the sum of the lateral
transferring inertia forces and wind load, taking into account the safety factor from tipping
over;

- calculation of the friction force when the cargo is coupled to the floor of the car, taking
into account the effects of the vertical transferring inertia forces;

- finding the “shearing” force perceived by the elastic fastening elements of the cargo
across the car, taking into account the friction forces of coupling and sliding;

- determination of lateral forces perceived by means of cargo fastening, taking into
account the reaction of the retention bars of only one direction;

- calculation tension in the elastic fastening elements under the influence of shearing
force, taking into account the geometry of the fasteners according to existing methods.

2 Research methods

The research methods are based on the basic law of dynamics for the relative motion of a
material point [5, 15], where lateral and vertical transferring inertia forces are formally
assigned to external forces. In contrast to [1], the concepts of “shearing” and “retentive”
forces across the car were used [5, 15]. At the same time, the determination of the cargo
fastening forces was carried out using the formulas of the existing calculation methods [19].

3 Research results

The results of the calculations of forces in flexible elements of cargo fastening on a railway
platform are presented below (see fig. 1 in [24]).
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a) main view

b) top view
Infig. 1,1 -4, la —4a; 1p — 4p, lap — 4ap — numbers of elastic fasteners of one or the other direction [24].

Fig. 1. Scheme of placement and fastening of cargo on the platform:
a) - main view; b) - top view.

3.1 Mathematical description of the problem solution

In contrast to [1, pp. 87], where all analytical formulas are obtained using the d'Alembert
principle, where the inertia force is fictitious, below we will calculate the transferring
inertia forces that arise when the car moves both in the transverse and in the vertical
direction. As is known [5, 15], these forces are actually perceived by the elastic elements of
cargo fastening. Also, unlike [1], we use the concepts of “shearing” and “retentive” forces
across the car [5, 15].

The calculation of the forces perceived by elastic and retention fasteners, according to
the formulas given in [15], using the Mathcad system [25], can be presented in the
following sequence.

Lateral transient force of inertia [ o acting on the fasteners across the car (see formula
(1) in [23]) (kN):

=k G (1)

ey toly 2

where kt =a,, / g is the transverse car dynamics factor (transverse translational

ol.y
acceleration of a loaded car as a fraction of g); aey is the transverse translational

acceleration of the car (0.46 + 0.55) (m/sz), while according to [l, pp. 26-28] —
0.5+0.3g] (m/s2); G is the gravitational force of the solid cargo (kN).
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For the input data: a,, =0.52g, k,, =4, /g=0.52 and G =260 (kN):

tol.y

1, =k ,G =0.52260=135.2.

Vertical transient force of inertia 1 oz Derceived by elastic fasteners (see formula (2) in

[23]) (kN):
Iez = ktol.zG’ (2)
where k. =a,_/g is the vertical car dynamics factor (vertical translational

acceleration of a loaded car as a fraction of g); a, =0.62g is the vertical translational
acceleration of the car (0.46 + 0.66) (m/sz), while according to [1, pp. 26-28] — 1.0+ 0.3g

(m/sz).
For the input data: a,_ =0.62g, &

tolz

=a, /g=0.62 and G=260 (kN):

I, =k,,G =0.62:260=161.2.

tol.z

Calculating the aerodynamic drag (wind load) affecting the windward surface area of
the solid cargo (see formula (3) in [23]):

FW = O'SAwind. (3)

Here, 0.5 is a factor of adjustment for the windward surface of the cargo, (kN/m?);

Awind. is the windward surface area of the cargo (m2) found by the formula:

A=k

wind. —

wn10°-2-H-2-L,

4

where kcoml is the factor of adjustment for the continuity of the windward surface area;
2-L - the length of cargo, m; 2-H - the height of cargo, m; 2-L - the length of cargo, m; 2-H -
the height of cargo, m; C is the factor of adjustment for the windward surface; P, is the

air density (kg/m3); V,, is the wind speed (n/s).
For input data kc =0.75; 2’L = 7.674x10% 2-H = 2.42x10° ; C = 0.96; pB =1.29;
VB = 28.4, and substituting in (3) and (4), we obtain:

A k

cont.

10°.2-H-2-L=0.75 10" -2.42x10%7.674x10° = 13.928 (m?)

wind. —

F,=0.54,, =0.513.928=6.964 (kN)

wind.

Finding a “shearing” force across the car (see formula (7) in [23]) (kN):



E3S Web of Conferences 164, 03040 (2020) https://doi.org/10.1051/e3sconf/202016403040
TPACEE-2019

F. F, =k, +F,),

shear.y = y

)

where ksaf is the safety factor (or roll stability factor, usually ksaf =1.25[5, p. 131].
For the input data k_, =1.25, Iey =1352and F, =6.956 (kN):

F,

shear.y

= Fy =1.25(135.2+6.956) = 177.695

Friction force upon coupling of cargo to the car floor (see formula (3.10) in [15]), taking

into account the effect of vertical transferring inertia forces I ez (see formula (2) or formula
(5) in [23]) (kN):

Ffmoup.y = ffr.coup. (G - ]ez) = fﬁ.coup.G(l - ktolz )’ (6)

where f fr.coup. coefficient of friction of coupling (metal on wood f f.coup. = 0-4).

For the input data k,_,_ =0.62 and G =260 (kN):

tolz

F;

foup.y — 0-4:260-(1 —0.62) = 39.52

As can be seen, in contrast to [1, pp. 87], the friction force of coupling, and not slipping
is considered, taking into account the coefficient of vertical dynamics of the car in fractions
of g.

Determination of the “shearing” force perceived by the elastic elements of cargo
fastening across the car, taking into account the friction force of coupling (see formula (8)
in [23]) (kN):

A17(:0up.y = Fshear.y - Ffr.coup.y’
(7
Substituting the input data |, . =177.695, Fy .. =39.52and F}  =27.664 in

formula (7), we have (kN):

AF, =F

coup.y shear.y -

F

teoup.y = 177.695 —39.52 = 138.185

The reactions of the retention bars can be found by the formulas (see (47) Appendix 3
[19] or formula (10) in [23])):

Rbar.y = klnnail.ynbar.y [Rnail]’ (8)

where k; = 0.6 is the holding strength of retention bars adjusted for the car floor

condition, pcs, usually assumed to be equal to 0.5+0.8, provided that the cargo outline
effectively prevents using more nails; else, 1.5+2.0; n,, =5 is the assumed required

number of fasteners (nails) for each retention bar (PCs); n,, , =2 is the assumed number

of retention bars as shown in the cargo placement and securing diagram, PCs (see fig. 1);
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[R,.;]=1.08 is the acceptable limit of force acting on a single @ 6 mm, 150 to 200 mm

long fastener (nails), (see table 32 Appendix 3 [19]) (kN).
Substituting the initial data in the formula (8), we obtain the reaction values of the
retention bars with the accepted number of fasteners (nail) (kN):

Row, = kit Mo, [Ry 1= 0.6-5-2-1.08 = 6.28,

Determination of the transverse force AFpar.coupy perceived by means of cargo fastening
without taking into account the elastic and frictional forces from the preliminary twists of
the wire, but taking into account the reaction of the retention bars Ry.y in only one
direction, according to the formula [15, 16]:

AFbar.coupy = AF‘coup.y - Rbar.y~ (9)
Substituting the initial data calculated by formulas (7) in (9), we obtain (kN):
AFvarcoupy = 138.185 — 6.48 = 131.695

As can be seen, there will obviously be a transverse shift of the cargo, since AFbamp.coup,y
> Ryary, 1.€. the cargo must be secured against shear. In this case, the retention bars will lose
contact with the wooden floor of the car.

3.2 Results of calculations of forces in cargo fastenings on the car using the
formulas in Appendix 3 [19]

The forces (i.e. internal forces) in the cargo fastening of both one and the other direction
under the action of transverse forces are determined by the formulas (see formula (40) in
[19]), which for the convenience of calculation we presented in the form:

AF,
R, zw (k=12 ce{dl,dZ}), (10)

where AFparcouwpy - lateral force, perceived by elastic and retention fastening elements
(see formula (9), where AFpar.coupy = 131.695 (kN));

d]l and d2 - dimensionless constant numbers, which are determined through the
specified values of the physico-geometric parameters of wire fasteners in the form:

b h_ b
dl= fcu><£+z +| fax2+2;
L L1 _
! ! P v i=14) (11
A A h, b.
d2= Cux&+& +| fo x =L+
lia Zia lia lia
P P (12)

Here A, b; and I;; hip, b and lyp; hia, bia and lia; hiap, biap and li,, — the values of the
projection of the elastic fasteners of one or the other direction on the vertical and lateral
axis of the car, respectively, calculated according to the drawing, and the length of these
fasteners (m).

The geometric parameters of the fasteners are summarized in table 1.
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Table 1. Geometry of the securing devices (m).

Design ation of Direction of The values of the projections of the securing devices and
the securing . .
. securing their length (m)
devices

hi 0.302 0.302 0.302 0.302

bi 0.572 0.572 0.572 0.572

li One direction 2.059 0.854 2.143 1.044

hia 0.302 0.302 0.302 0.302

bip 0.572 0.572 0.572 0.572

lia 2.059 0.854 2.143 1.044

hip 0.302 0.302 0.302 0.302

bia 0.572 0.572 0.572 0.572

lip The other 2.059 0.799 2.31 0.977

hiap direction 0.302 0.302 0.302 0.302

biap 0.572 0.572 0.572 0.572

liap 1.977 0.799 2.31 0.977

Also note that here the diameter of the fastener wire and the number of threads in the
fasteners are taken equal to @ = 6 (mm) and n = 8 (PCs), respectively.
Substituting data of Table 1 in formulas (11) and (12), taking into account the fact that

the coefficient of friction of coupling ffmoup_ = 0.4, we will have:

2.059 059 2.059

0. 854 0.854

0.4x 03()2 0.572 +lo4x 0.302 0572 +lo04x 03()2 0.572 4
2143 2.143

d=|+lo0a4. 0.302 N 0.572 (o4 0.302 . 0.572 +lo04 0.302 N 0.572 +| = 4348;
1.044 1.044 2.059 2.059 0.799 0.799
0.4x 0302+0572 +l04x 0302+0572
231 23l 0977 0977

[0.4>< 0.302 0.572){0'4X 0.302 0.572}{0'4X 0.302 0'572J+

2.059 2.059 0.854 0.854 2.143  2.143
d2 = 04. 0.302 N 0.572 +lo04x 0.302 302 0.572 +[0.4 0.302 0.572 +|=a362:
1.044 1.044 1.977 977 1.977 0.799 0.799
0.4x 0.302 0302 0572 0.572 +l0.4x 0.302 + 0.572
231 231 0977 0977

Substituting the obtained values of dimensionless constant numbers dl and d2
into formula (10), and taking into account the asymmetry of the location of the

fastening elements relative to the lateral axis of both one and the other direction, we
obtain (kN):

AF,
Rl _ barcoup.y _ 131.695 =30.288;
y dl 4.348

AF,
R = bar.coup.y — 131.695 =30.19.

D) 4362

As can be seen, the forces in all flexible elastic cargo securing elements of one or the
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other direction under the action of lateral forces, regardless of different values of the
geometrical fastening parameters (see table 1), have the same value, which does not
correspond to reality. This confirms the senselessness of the method of calculating cargo
fastening according to the formulas in Appendix 3 in [19] to the assessment of the safety of
the transportation process, since the calculations are carried out without taking into account
the forces of preliminary twisting of wire fasteners (for example, (RO = 20 (kN)) to which
these fasteners are subjected. In addition, according to the existing calculation method, the
strength of elastic fasteners with a diameter of @ = 6 (mm) and the number of threads n = 8
(PCs.) is not provided, since the forces in the fasteners are greater than the permissible
value (Rtol.8 = 24.8 (kN)).

3.3 Results of calculations of forces in cargo fastenings on the car using the
formulas in Appendix 8 [19]

In this case, we take into account that the friction coefficient of coupling f fcoup. = 0.4,

AFvar.coupy = 131.695 (kN) (see formula (9)). Here we emphasize that the remarks on the
derivation of the formula in Appendix 8 in [19] are also well known [15]. In addition, the
formulas in Appendix 8 in [19] are a special case of formulas for calculating the forces in
the cargo fastening under the influence of lateral forces derived in [15, pp. 204-215].

The forces in the wire fasteners under the influence of lateral forces of both one and the
other direction will be performed according to the formula (3) in Appendix 8 in [19]:

n b n; i
Riy:ZkyXl_lX[_l; Ripy:ZkyX_pxl_P,
; i ip ip (13)
. b, _ 7 x D  Diap
Riay:Zkyxn,axli; Riap})—Z@Xfxf
ia ia tap tap (k = 1,2, i= 154)’ (14)

where Z ky are determined by the formula (4) in Appendix 3 in [19]:

7 - AF'bar,coupy k=12: C0O {CO Co }
. (15)

Here AFbarcoupy - lateral force acting on elastic and retention fastening elements (see

formula (9)) (kN); f f.coup. -iTiction coefficient of coupling (usually 0.45); c0 and

coup.ly

c0 additional parameters of elastic fasteners having a dimension (1/m).

coup.2y

Determination of additional parameters of the elastic fastening elements across the car
with the friction coefficient of coupling according to the formulas obtained by the authors
of the paper from (4) in Appendix 3 in [19]:

"

n, h. b,
cocoup.ly = ZT X(fﬁ.coup x 7 + IJ x

i=l Y i

hla

X fﬁ‘coup. x : +bl Xbia 5
lia Zia lia (16)

n
l i=1 Iia

i
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w27 h, b, b, &n, h, b, b,
c0 =» —tx x4 24 P X Sreoun, X — 2+ —2 | x 2
coup.2y ; l[ (fﬁ.coup. lip l’-p ] lip ; ll-p [f]r.coup. l l } l

iap iap iap (1 7)

Note that the geometrical parameters of the fasteners have the same values that are
given in table 1.

Substituting the initial data from Table 1 in the last formulas for f; ., =0.4,@i=6
(mm), n; = 8 (PCs.), we will have (1/m):

8 0.302 0.57210.572 8 0.302 0.572)0.572
0.4 x + + 0.4 x + +
2.059 2.059 2.059/2.059 0.854 0.854 0.854)0.854

8 0.302  0.57210.572 8 0.302  0.57210.572
+ 0.4 x + + 0.4- + +
0 2.143 2.143 2.143)2.143 1.044 1.044 1.044 )1.044

C =

coup Ly 8 0302 057210572 8 0302 0.57210.572
0.4 x + + 0.4 x + +

=18.803;

+
2.059 2.059 2.059)2.059 0.799 0.799  0.799/0.799

8 0.302  0.57210.572 8 0.302  0.572)0.572
+——04x + + 0.4 x +
2.31 231 231 )231 0977 0.977 0.977)0.977

8 0.302 0.572)0.572 8 0.302 0.572]0.572
0.4 x + + 0.4 x +
2.059 2.059 2.059)2.059 0.854 0.854 0.854)0.854

8 0.302 0.57210.572 8 0.302 0.57210.572
+ 0.4 x + + 0.4- +
2.143 2.143  2.143)2.143 1.044 1.044 1.044 )1.044

=18.85.
8 0.302  0.572)0.572 8 0.302  0.572)0.572
+ 0.4 x + + 0.4 x + +

1.977 1.977 1.977 )1.977 0.799 0.799  0.7990.799

N L(OAX 0302 0.572) 0572 8 ( 040302 0.572] 0.572

c0 =

coup.2y

231 231 231 ) 231 0977 0.977 0.977)0.977

Finally, we obtain: €0,,,,,, =18.803 and ¢0,,,,,, = 18.85 (1/m).

Substituting the obtained values in the formula (15), we obtain (kN-m):

AF,
Z, = barcowpy _ 131.695 =7.004;
C()C()up_y1 18.803

, _ bar.coup.y — 131 695 = 6986
) Co 18.85

Z

coup.y2
The results of calculating the forces in the cargo fastening elements according to

formulas (13) and (14), taking into account the calculated data obtained by formulas
(9), (15) - (17), are summarized in table 2 (kN).

10
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Table 2. Calculated forces of the securing elements in either direction (kN).

Designations
of forces'ln Dlrectlgn of Forces in the securing elements (kN)
the securing securing
elements
Rly Rzy R3y R4y
= One direction Ry Rosp Ry Ry
ivp 7.55 43.985 6.98 29.418
7.55 50.16 6.006 33.599
Rlay 2ay R}ay R4ay
R, ”ghe other R, Ry, Ry, R,,,
Riopy frection 7.536 43.874 6.963 29344
8.181 50.034 5.991 33.514

It is clear that under the influence of lateral forces, the strength of the first and second
pairs of elastic fasteners of both one and the other direction is not provided by the method
of Appendix 8 in [19] - the forces in the fasteners are greater than the permissible value
(24.8 (kN)). Especially in the second pair of fastenings of one direction, the force exceeds
the permissible one by 1.77 times (44/24.8 = 1.7), and in the other direction - by 2 times
(50/24.8 = 2.0). As a result of this, they can be expected to be destroyed during the
transportation of cargo. In other wire fasteners, the forces were less than the permissible
value (24.8 (kN)). The strength of such fasteners is provided.

4 Discussion

The sequence of calculation of the lateral forces perceived by the wire cargo fasteners,
which made it possible to find the forces in the cargo wire fasteners according to the
existing method for calculating the cargo fastening according to Appendices 3 and 8 [19], is
given.

The results of calculations of forces in wire fasteners according to the calculation
method according to Appendix 3 in [19] showed that the strength of some fasteners with a
diameter of @ = 6 (mm) and the number of threads n = 8 (PCs.) is not more than 2 times
(50/24.8 = 2.0). This is explained by the fact that the existing method of calculating cargo
fastenings according to Appendix 3 in [19], firstly, does not take into account the force of
preliminary twists of the fastening wire R0, which increase the coupling force of the cargo
to the car floor (estimated by the friction coefficient of coupling), and secondly, takes into
account the fact that during the transportation process, cargo shifts (estimated by the
friction coefficient of sliding). As you can see, the force in all wire fasteners under the
influence of lateral forces, regardless of the geometry of the fasteners, have the same value
(see the results of calculating the forces by formula (11)), which is not true and is one of the
main disadvantages of the existing method of calculating cargo fasteners according to
Appendix 3 in [19].

The results of calculations of the forces in all wire fasteners under the influence of
lateral forces, depending on the fastening geometry, performed according to the formulas of
Appendix 8 [19] (see table 2), have different values, which corresponds to reality and is one
of the main advantages of this method. However, this method of calculating the elastic
fasteners does not take into account the force of the preliminary twists of the fastening wire.
According to this method, it is also not possible to predict the shift of the cargo across the
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car, and it is impossible to predict the elongation of each elastic fastener in accordance with
their geometry.

In the future, in order to calculate cargo fastening, a new calculation method for the
placement and fastening of cargo on a car should be applied [15, 16].
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