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Abstract. This paper dwells upon securing solid cargo on a railcar. 
Transverse cargo shift and forces of elastic securing devices. The authors 
sought to calculate the shearing force acting on the elastic securing 
elements and retention bars; the retentive forces that prevent cargo from 

shifting across the car (the transverse shift); the transverse cargo shift; the 
force of elastic securing elements as exposed to transverse forces. This 
study relies on the second law as applicable to relative motion for a 
frictional constraint, as known in theoretical mechanics. The paper presents 
the calculated shearing and retentive forces. The authors calculated the 
equivalent stiffness of elastic securing elements. They thus computed the 
transverse shift (displacement) of cargo and the elongation of each elastic 
element that secures the cargo. They also found the forces of elastic 

securing elements as exposed to transverse forces. It was thus discovered 
that the forces of the second securing pair were more than double the 
acceptable limit, which would cause that pair to break during transport. To 
make the second elastic pair stronger, one might double the number of 
retention-bar fasteners so that the forces of the second fastening pair 
wouldn’t exceed the limits. An example of calculation is useful in 
developing a new methodology for calculating the elements of cargo 
securing on a car. The calculation results proved that to ensure guaranteed 
safety and reliability of the transportation process, it is necessary to either 

increase the number of securing elements of the retention bar, or increase 
the number of elastic securing elements with subsequent recalculation of 
forces in all elastic securing elements. 

1 Introduction  

Papers [1-16] dwell upon securing the cargo on a railway car. For instance, paper [1] 

investigates the issues of securing the retention bars with fasteners (nails) and notes that the 

acceptable load on a single 150...200 (mm) long nail is 5.1][ nail R . Paper [11] attempts 

at describing the mathematical model of securing cargo with elastic components as affected 

by transverse forces; it gives no examples of calculating the parameters of the securing 
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elements. Papers [12-14] present the mathematical modeling of securing cargo on a gondola 

as affected by spatial forces. Particularly, these papers provide analytical formulas for 

calculating the forces acting on the securing elements. Paper [15] presents formulas for 

calculating the parameters of lashing wires with no regard for the force of pre-twisting. 

That is despite the fact that every lashing wire that is expected to carry 20 (kN) of load or 

more must be pre-twisted when preparing the cargo for shipment by rail. The crucial con of 

the paper [15] is that the force calculated for each securing point will be the same 

regardless of its spatial position. Authors [15] do not even use the concept of cargo shift or 

displacement, although it is such shift during transport that causes nails of retention bars to 

be pulled out and the lashing wire to sag and/or break. Paper [16] presents research into 

securing complex-outline cargo on a railway car, where the retention bar is inclined.   
Unfortunately, there is little research to date on the transverse shift of cargo that causes 

flexible securing elements to elongate. That said, calculating the forces of flexible securing 

elements with adjustment for the number of retention bars and nails is a relevant issue of 

securing the cargo on a car by the new method [12-14].  

Objectives:  

– calculate the shearing forces that the elastic securing elements and retention bars are 

exposed to; 

– calculate the retentive forces that prevent the transverse cargo shift; 

– calculate the difference between shearing and retentive forces acting across the car; 

– find the equivalent stiffness of elastic securing elements adjusted for the physical and 

geometric parameters of cargo securing; 

– calculate the cargo shift across the car as caused by transverse force; 
– find the elongation of each elastic securing element; 

– find the internal forces of elastic securing elements as exposed to transverse forces. 

2 Method of research 

This research relies on the second law of classical mechanics as applicable to relative 

motion [5, 12-14].   

Mathematical representation of forces 

Use Mathcad [17] to calculate the forces that the elastic securing elements and retention 

bars are exposed to by the formulas provided in [5, 12, 14], which can be summarized as 

follows.  
1.1. Calculating the non-Coriolis fictitious forces, the elastic securing elements are 

exposed to.  

Lateral transient Force Inertia eyI  [12, 14]:  

,tol. GkI yey                                                    (1) 

where g/tol. eyy ak   is the transverse car dynamics factor (transverse translational 

acceleration of a loaded car as a fraction of g); eya  is the transverse translational 

acceleration of the car (0.46  0.55) (m/s2); G  is the gravitational force of the solid cargo 

(kN). 

For the input data: g,52.0eya  52.0g/tol.  eyy ak  and 450G  (kN):   

GkI yey tol.  = 0.52·450 = 234. 
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1.2. Vertical transient Force Inertia ezI  [12, 14]: 

,tol..zGkIez                                                   (2) 

where g/tol. ezz ak   is the vertical car dynamics factor (vertical translational 

acceleration of a loaded car as a fraction of g); g62.0eza  is the vertical translational 

acceleration of the car (0.46  0.66) (m/s2). 

For the input data: g,62.0eza  62.0g/tol.  ezz ak  and 450G  (kN): 

GkIez tol.z    = 0.62·450 = 279. 

1.3. Calculating the aerodynamic drag (wind load) affecting the windward surface area 

of the solid cargo [6, 12, 14, 15]: 

wind.0w 5.0 AF                                                  (3) 

or 

.2/ρ10 2

wind.w

3

w vAсF                                         (4) 

Here, 0.5 is a factor of adjustment for the windward surface of the cargo, (kN/m2); wind.A  

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

,2210 6

cwind. LHkA  
  

where cont.k  is the factor of adjustment for the continuity of the windward surface area; 

2∙L the length of cargo, m; 2∙Н is the height of cargo, m;  

c  is the factor of adjustment for the windward surface;  

wρ  is the air density (kg/m3);  

wv  is the wind speed (m/s). 

For input data ;65.0cont. k  2∙L = 9.27×103; 2∙Н = 3.332×102; ;96.0c  

;29.1ρw   8.24w v  obtain:  

LHkA   2210 6

cont..wind  = 0.65 ∙10-6 ∙3.332×102∙9.27×103 = 20.077 (m2): 

wind.0.w 5.0 AF    = 0.5·20.077 = 10.04 (equation (11) in [15]) (kN); 

wF  = 10-3·0.96·1.29·20.1·(28.4)2/2 = 10-3·20.077·806.56/2 = 10.038 [6, 12] (kN).  

1.4. Friction in the cargo-floor coupling or sliding follows the formula (3.10) in [12]: 

);1( tol.coupfr.coup. zy kGfF                                          (5) 

).1( tol.fr. zy kfGF                                            (6) 

Here coup.f  is the coupling friction coefficient (usually metal-to-wood friction coup.f  = 

0.45); f  is the sliding friction coefficient, usually coup.7.0 ff  . 

For the input data 315.045.07.0 f , 62.0tol. zk , and 450G  (kN): 
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yFfr.coup.  = 0.45·450·(1 – 0.62) = 76.95. 

yFfr.  = 0.315·450·(1 – 0.62) = 53.865. 

1.5. Find the transverse shearing forces [12, 14]:  

),( wsaf.shear. FIkFF eyyy                                   (7) 

where saf.k  is the safety factor (or roll stability factor, usually saf.k  = 1.25 [12]). 

For the input data saf.k   = 1.25, eyI  = 234, and wF  = 10 (kN): 

yy FF shear.  = 1.25 (234 + 10) = 305.034. 

1.6. Find the shearing force that acts on the elastic securing elements across the car; 

adjust for the coupling and sliding friction, see equation (3.19) in [12]: 

,fr.coup..coup. yysheary FFF                                     (8) 

yysheary FFF fr..fr.  .                                       (9) 

Substitute the input data yshearF .  = 305.034, yFfr.coup.  = 76.95, and yFfr.  = 53.865 

(kN) in the latest equations to get (kN): 

yysheary FFF fr.coup..coup.    = 305.034 – 76.95 = 228.084; 

yysheary FFF fr..fr.   = 305.034 – 53.865 = 251.169. 

1.7. Find the retention-bar response adjusted for the car floor condition and weather; to 

that end, use the formula (4.5) in [2] and Table 32 [15]:  

],[ nailbar.nail.1.bar RnnkR yyy                                 (10) 

where 6.01 k  is the holding strength of retention bars adjusted for the car floor 

condition, pcs, usually assumed to equal 0.50.8 provided that the cargo outline effectively 

prevents using more nails; else, 1.52.0; 

14nail. yn  is the assumed required number of fasteners (nails) for each retention bar 

(pcs); 

4bar. yn  is the assumed number of retention bars as shown in the cargo placement 

and securing diagram, pcs; 

08.1][ nail R  is the acceptable limit of force acting on a single ∅ 6 mm, 150 to 200 

mm long fastener (nails), kN (Table 32 [15]); according to [2] 5.1][ nail R .  

Substitute this data in the equation (10) to find the retention-bar response for the 

assumed number of nails (kN): 

.288.3608.14146.0][ nailbar.nail.1.bar  RnnkR yyy  
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3 Research results 

Calculation of forces in fasteners taking into account the shift of the load 

Use Mathcad [17] to calculate the forces that the elastic securing elements and retention 

bars are exposed to by the formulas provided in [12, 14], which can be summarized as 

follows. 

2.1. Let us project the force in elastic securing elements onto the transverse axis of the 

car and adjust it for the pre-twisting force of the lashing wire at d = 6 (mm) n = 8 (pcs), R0 

= 20 (kN) in either direction as the retentive forces that prevent the cargo from shifting 

across the car; to that end, use the following formulas (see equation (19) in [14]) [12]:  
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            (11)                                                                  

where ib  and ipb , il  and ipl , iab  and iapb , ial and iapl  are drawing-based calculated 

projections of elastic securing elements in either direction onto the transverse axis of the 

car; and the securing device length (m). Table. 1 summarizes these geometric parameters of 
the securing devices. 

Table 1. Geometry of the securing devices (m) 

Designation 

of the 
securing 

devices 

Direction 
of 

securing 

The values of the projections of the securing devices and 
their length (m) 

ib  

One 

direction 

0.608 1.043 0.174 0.174 0.174 0.174 

il  1.467 1.087 1.06 1.432 0.952 
12.07

8 

ipb  0.869 1.912 0.174 0.174 0.174 0 

ipl  1.786 2.515 1.662 1.06 1.292 0 

ipb  

The other 

direction 

1.095 1.043 0.174 0.174 0.174 0.174 

ipl  1.497 1.087 1.06 1.432 0.952 2.078 

iapb  0.869 1.912 0.174 0.174 0.174 0 

iapl  1.851 2.515 1.662 1.06 1.292 0 

Substitute the data of Table. 1 in (11), which are the source data adjusted for the 

cargo placement asymmetry with respect to the transverse axis of the car, obtain (kN): 

514.71
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or FR0ret.y1 = FR0y1 = 71.514; 

171.71

078.2

174.0

292.1

174.0

952.0

174.0

06.1

174.0

432.1

174.0

662.1

174.0

6.1

174.0

515.2

912.1

087.1

043.1

851.1

869.0

497.1

005.1

202 























FROy

or FR0ret.y2 = R0y2 = 71.171. 

Apparently, FR0ret.y1 = FR0y1 and FR0ret.y2 = R0y2 are the elastic retentive forces of the 

securing elements in either  direction, arising from pre-twisting. 

2.2. Find the difference in the projections of wire pre-twisting in either direction by 

the formula:  

FR0y0  = FR0ret.y1 – FR0ret.y2.                                        (12)  

Substitute the input data as found by (11) in (12) to obtain (kN): 

FR0y0 = FR0ret.y1 – FR0ret.y2 = 71.514 – 71.171 = 0.343. 

Thus, the total projection of elastic forces onto the transverse axis is positive for the 

case under consideration. This means the elastic securing elements are asymmetric in either 
direction.  

2.3. Project the force (elastic forces) of wire pre-twisting R0 in either direction onto the 

vertical axis by the formulas [12, 14]: 
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(13)          

where ih  and iph , il  and ipl , iah  and iaph , ial and iapl  are drawing-based calculated 

projections of elastic securing elements in either direction onto the vertical axis of the car; 

and the length of these elements (m). Table. 2 summarizes these geometric parameters of 
the securing devices. 

Table 2. Geometry of the securing devices (m) 

Designation of 

the 

securing devices 

Direction of 

securing 
The values of the projections of the securing devices and their length (m) 

ih  

One 

direction 

0.605 0.302 0.907 0.907 0.907 0.907 

il  1.467 1.087 1.06 1.432 0.952 12.078 

iph  1.008 1.008 0.907 0.907 0.907 0 

ipl  1.786 2.515 1.662 1.06 1.292 0 

iah  

The other 

direction 

0.605 0.302 0.907 0.907 0.907 0.907 

ial  1.497 1.087 1.06 1.432 0.952 2.078 

iaph  1.008 1.008 0.907 0.907 0.907 0 

iapl  1.851 2.515 1.662 1.06 1.292 0 

1n the formula (13), which are the input data, and keep in mind that R0 = 20 (kN) to 
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obtain (kN): 

;765.132

0
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008.1
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Apparently, the elastic forces arising from the pre-twisting of lashing wire in either 

direction are of the following values as projected onto the vertical axis (kN): R0z1y = 

FR0z1y = 132.765 и R0z02y = FR0z2y = 132.367. 

2.4. Find the total of transverse retentive forces acting on the cargo securing devices and 

adjusted for the sliding friction Ffr.y as a function of the cargo gravity, force of wire pre-

twisting R0 in either direction as projected onto the transverse axis, FR0ret.у, and the post-

shifting sliding friction as a function of the pre-twisting force R0 projected onto the vertical 

axis in one direction FR0fr.у; to that end, use the formula below (see (3.18, а) in [12]) [14]: 

∆FR0ret уk = FR0ret.у0k + Rbar.y,         (k = 1,2)                           (14) 

where ΔFR0ret.у0k are the pre-twisting force R0 as projected onto the transverse axis in one 

direction only: 

FR0ret.у0k = Ffr.y + FR0ret.уk + ΔFR0fr.уk                                  (15) 

given that in there, ΔFR0fr.уk is the sliding friction as a function of the post-shifting pre-

twisting force R0 as projected onto the vertical axis:  

zkyyk FRfFR 00 .fr   (k = 1.2).                             (16) 

Substitute the input data found by the equations (10), (11), and (13) in the latest 

formulas to find the total of transverse retentive forces in one direction (kN): 

yzy FRfFR 11.fr 00   = 0.315∙132.765 = 41.821;  

∆FR0ret. у01 = Ffr.y + FR0ret.у1 + ΔFR0fr.у1 = 53.865 + 71.514 + 41.821 = 167.2; 

∆FR0ret. у1 = FR0ret.у01 + Rbar.y = 167.2+ 36.288 = 203.488.  

Similarly, the total of transverse retentive forces in the other direction is (kN): 

yzy FRfFR 22.fr 00   = 0.316∙132.367 = 41.696;  

FR0ret.у02 = Ffr.y + FR0ret.у2 + ΔFR0fr.у2 = 53.865 + 71.171 + 41.696 = 166.731; 

∆FR0ret.у2 = FR0ret.у02 + Rbar.y = 163.583 + 36.288 = 203.019.  

Apparently, the difference between the shearing force Fshear.y and the retentive forces 

ΔFR0coup.ret.у1 and R0bar.у is positive. This is confirmed by the transversal cargo shift that 
causes the nails of retention bars to be pulled out. 

2.5. Find the difference ∆FR0у between the shearing transverse forces Fshear.y and the 

retentive transverse forces ∆FR0ret.у acting on the securing devices; to that end, use the 

formula below (see (3.19) in [12] and (14) in [14]): 

∆FR0у = Fshear.y – ∆FR0ret.у.                                        (17) 

Substitute the input data as found by the equations (7) and (14) in (17) to find the 

transverse forces acting on the securing elements in either direction (kN): 

∆FR0 у1 = Fshear.y – ∆FR0ret.у1 = 305.034 – 203.488 = 101.546;  
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∆FR0 у2 = Fshear.y – ∆FR0ret.у2 = 305.034 – 203.019 = 102.014.  

Apparently, the difference between the shearing force Fshear.y and the retentive force 

∆FR0ret.у is positive. This means that cargo will definitely be displaced across the car, 

pulling out the nails of retention bars and causing these bars to turn over at the farther edge 

(in relation to the cargo face). Whether the retention bars are nailed to the sides of the cargo 

does not matter. In that case, the retention bars will turn over at one of the edges. 

2.6. Find the possible cargo shift across the car as induced by the coplanar force system 

∆FR0y [12]. Consider the empirical evidence that shows elastic securing elements sag as 

the load (cargo) shifts by less than half the width of the retention bar; if no bar is used, 

sagging happens where the shearing forces exceed the retentive ones. For further 

calculation, assume the initial cargo-and-bar shift as ∆1y0 = 0.006 (m), bearing in mind that 
a retention bar is usually 0.005…0.150 (m) wide.  

Also, note that the elastic securing elements in the other direction are disengaged, i.e. 

they are sagging. Thus, the elastic securing elements and retention bars of only one 

direction are engaged in retaining the cargo to keep it from moving across the car. 

2.7. Find the transverse equivalent stiffness of the securing elements ycequv.  adjusted for 

the physical and geometric parameters of cargo securing (E, ni, di ai, bi, hi, and li) at the sliding 
friction coefficient f  (i.e. after the cargo has shifted). To that end, use the equations below 

(see (3.92) in [12]) [14]:  

ykiyk Сdc 0854.7 2

.equv    (where k  = 1,2).                     (18) 
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Calculate the equivalent stiffness of the transverse securing elements ycequv.  which for 

the reason of transversal axial asymmetry in either direction at f = 0.315, di = 6 (mm), ni = 8 

(pcs); applying the formula (18) returns (kN/m): 
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Substitute C0y1 = 14.762 in (19) to obtain (kN/m): 1equv.yc  = 7.854∙d2∙C0y1 = 4.174 ×103;  
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.614.14
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Substitute C0y2 = 14.614 in (18) to obtain (kN/m): 2equv.yc  = 7,854∙d2∙C0y2 = 4.132 

×103. 

2.8. To find the transverse cargo shift induced by the transverse force system after the 

retention bars have been pulled out in one direction use the formula [12, 14]: 

0equv./0 ycFRy ykykk    (where k  = 1.2).                  (19) 

Substitute the input data as ∆FR0y1 = 98.398 and ∆FR0y2 = 105.162 (kN); ∆y0 = 

0.006, the assumed initial cargo-and-bar displacement (m), in (19) to find post-pullout 

cargo shift for either direction (m): 

∆y1 = ∆FR0y1/сequv.y1 + ∆y0 = 101.546/4174 + 0.006 = 0.024 + 0.006 = 0.03 (or 30 
mm); 

∆y2 = ∆FR0y2/сequv.y2 + ∆y0 = 102.014/4132 + 0.006 = 0.025 + 0.006 = 0.031 (or 31 

mm). 

2.9. Find the lashing wire load tolerance by the formula [12]: 

  iii RRR 00tol.    (i = 1…6), 

where [Ri0] is the permissible tensile stress as a function of the number of threads ni (8 

pcs) and diameter di (6 mm), usual 24.8 (kN), see Table 30, p. 79 in [15]);  

R0i is the pre-twisting tension, normally 20 (kN) [12, 14]. 

Assume the following for the value of maximum permissible load for each wire (kN): 

  iii RRR 00tol.   = 24.8 + 24 = 44.8.  

2.10. Find the elongation of each wire in either direction as a function of the transverse 

cargo shift (see (22) in [14]): 

;0

i

i
iiy

l

b
yl     .0

ip

ip

piipy
l

b
yl                          (20) 

Table 3 presents the calculated elongations of securing elements.  
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Table 3. Calculated elongation of the securing elements in either direction (m) 

Designation 

of 

elongation 

of the 

securing 

elements 

Direction 

of 

securing  

Elongations in the securing elements (m)  

iyp

iy

l

l




 

One 

direction 

yp

y

l

l

1

1




 

yp

y

l

l

2

2



  

yp

y

l

l

3

3




 

yp

y

l

l

4

4



  

yp

y

l

l

5

5



  

yp

y

l

l

6

6




 

015.0

013.0  

023.0

029.0  

00317.0

00497.0
 

00497.0

00368.0  

00497.0

00553.0
 

0

00254.0

 

iapy

iay

l

l




 

The other 

direction 
apy

ay

l

l

1

1




 

apy

ay

l

l

2

2




 

apy

ay

l

l

3

3




 

apy

ay

l

l

4

4



  

apy

ay

l

l

5

5



  

apy

ay

l

l

6

6



  

014.0

013.0  

023.0

029.0  
0032.0

005.0  
005.0

00372.0  

00413.0

0056.0  

0

00257.0  

2.11. Find the forces of the elastic securing elements as affected by transverse forces by 

the following formula (see (3.93) in [12] and (22) in [14]): 

 0

2

.elast 854.7 iiy

i

i
iiiy Rl

l

n
dRR    (i = 1…6);            (21) 

 ,854.7 0

2

.elast ipipy

ip

ip

ipipipy Rl
l

n
dRR                       (22) 

where 7.854 = πE10-6/4 is a factor of adjustment for elastic modulus of the securing 

elements as affected by wire twisting (normally E = 1·107 for annealed wire) [12, p. 200], 

(kN/m2);  

[Ri0]  is the permissible value of force in the ith securing element, which can be found 

in Table 30 [15] as a function of the number of threads ni (8 pcs) and diameter di (6 

mm) with adjustment for the pre-twisting forces R0i = 20 (kN), i.e. [Ri0] = [Ri] + R0i = 

24.8 + 20 = 44.8 (kN). 

Table 4 presents the calculated forces of securing elements. 

Table 4. Calculated forces of the securing elements in either direction (kN) 

Designations of 

forces in the 

securing 

elements 

Direction of 

securing 
Forces in the securing elements (kN) 

iyp

iy

R

R  One 

direction 

yp

y

R

R

1

1  

yp

y

R

R

2

2  

yp

y

R

R

3

3  
yp

y

R

R

4

4  

yp

y

R

R

5

5  

yp

y

R

R

6

6  

7.18

34.19
 

74.20

6.60
 

32.4

61.10
 

61.10

81.5
 

15.7

14.13
 

0

76.2
 

iapy

iay

R

R  The other 

direction 

apy

ay

R

R

1

1  

apy

ay

R

R

2

2
 

apy

ay

R

R

3

3  

apy

ay

R

R

4

4  

apy

ay

R

R

5

5  

apy

ay

R

R

6

6

 

61.17

61.19  

98.20

32.61
 

37.4

74.10  

74.10

88.5
 

23.7

3.13  
0

8.2  
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Analysis of these estimates showed that the forces of all flexible securing components 

(except the second pair) in either direction was significantly below the acceptable limits in 

either direction when exposed to transverse forces (24.8 + 20 = 44.8 (kN)). Thus, these 

securing components were redundantly strong. However, the forces of the second securing 

pair were more than double the acceptable limit (R2y ≈ R2ay ≈ 61 > 44.8 (kN)). This pair was 

not sufficiently strong and would break during transport. To make the second elastic pair 

sufficiently strong, forces acting in the elastic securing elements must be recalculated. 

Calculations show that merely doubling the number of nails nnail. per retention bar must 

suffice (nnail. = 28 instead of nnail. = 14). Else, the safety and reliability of transport will be 

compromised. 

Clearly, unlike in [15], the proposed method for estimating the elastic securing elements 
(i) makes adjustments for the pre-twisting forces of the wire, (ii) can be used to calculate 

the transverse cargo shift Δy, see (19), (iii) can be used to find the elongation of each elastic 

securing element Δl as a function of its geometry, see (20), and then find the forces of each 

ith lashing element Ri (where i is the number of securing elements in either direction that 

are exposed to transverse forces, pcs), see (21) and (22). 

4 Conclusion 

1. The authors hereof calculated the shearing force acting on the elastic elements and 

retention bars securing the cargo; they also estimated the retentive forces that prevent 

transverse cargo shift with adjustments for wire pre-twisting forces. 

2. They further calculated the transverse cargo shift induced by transverse forces as a 
function of the equivalent stiffness of elastic securing elements with adjustments for the 

physical and geometric parameters of the securing devices. 

3. Then they found the elongation of each elastic securing element and estimated the 

forces arising in such elements when exposed to transverse forces. It was thus 

discovered that the forces of the second securing pair were more than double the 

acceptable limit (R2y ≈ R2ay ≈ 61 > 44.8 (kN)), which would cause that pair to break 

during transport. To make the second elastic pair sufficiently strong, forces acting in the 

elastic securing elements must be recalculated. Calculations show that merely doubling 

the number of nails nnail. per retention bar must suffice (nnail. = 28 instead of nnail. = 14), 

so that the forces of the second pair would not exceed the limits (R2y ≈ R2ay ≈ 43 < 44.8 

(kN)).  
4. The calculation example is useful when developing a new methodology for 

calculating the cargo securing elements on a car. 

5. The calculation results proved that to ensure guaranteed safety and reliability of the 

transportation process, it is necessary to either increase the number of fasteners of the 

retention bar or increase the number of elastic fasteners, followed by the recalculation 

of forces in all elastic securing elements.  
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