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WORKING OUT OF GENERALIZED DYNAMIC MODEL OF CARGO
FIXATION WITH CARGO PADS JOINTLY WITH FLEXIBLE AND THRUST
ELEMENTS UNDER THE ACTION SPATIAL FORCE SYSTEM

Summary. The article gives an account of the results of working out a generalized
dynamic model of fixation of cargo with pads jointly with flexible and thrust elements.
Working out a generalized dynamic model of cargo fixation is rather a complicated
problem not in the sense of solving differential equations systems but in the sense of
presenting them as a complex mechanical system “cargo — pads — flexible elements —
thrust bars”. Generalized dynamic model of cargo with pads observed that this model
represents technology of joint work of flexible and thrust fastening means of cargo on
rolling stock. In particular, on the basis of this model there can be obtained
the technology models of joint work of flexible and elastic fastening means of cargo
without pads of fastening flexible elements of cargo with pads without thrust bars and
also flexible fastening elements of cargo without pads and thrust bars at asymmetrical
and/or symmetrical allocation of cargo in the wagon. A specific feature (novelty feature) of
the proposed dynamic model is inclusion into the model of both cargo pads and thrust bars
which are nailed to the wagon floor close to the butt and lateral sides of cargo.

®OPMUPOBAHME OBOBIIEHHON TMHAMWYECKO MOJIEJIN
KPEIUIEHUI T'PY3A C MOJKJIAKAMU COBMECTHO C TUBKUMU
1 VIIOPHBIMU DJIEMEHTAMU I1PU BO3/IEMCTBUU
[TIPOCTPAHCTBEHHOI CUCTEMBI CUJT

Pe3srome. B crathe W3NOXKEHBI PE3ynbTaThl pa3pabOTKH TIO  (OPMHUPOBAHUIO
0000MEHHON TUHAMHYECKOH MO KPEIUICHWH Tpy3a ¢ MOIKIATKaMH COBMECTHO C
rUOKVMMH W YIOPHBIMH 3JIeMeHTaMH. DopMupoBaHHe OOOOIIEHHONW JUHAMUYECKOM
MOJICTTH KPEIUICHUI Irpy3a MPEACTaBISIOT COOOM JTOCTATOYHO CIOKHYIO JHUHAMHUYECKYIO
CHUCTEMy HE B CMBICNIE peleHus cucteM auddepeHIraIbHbIX YpaBHEHHH, a B CMBICIE
MPEJICTAaBICHUS UX KaK CIOXHOH MEXaHHMUYECKOW CHCTEMBI «TIPy3 — MOJKIAKN — THOKHE
AJIEMEHThI — YIHOpHbIe Opyckm». OO000mEHHAS IUHAMHYECKash MOJAETh TIpy3a C
MIOAKJIAAKAMH TIPEACTABIIIET COOOM TEXHOJIOTHMIO COBMECTHOM pabOTBl THOKHX W
YIOPHBIX CPEACTB KPEIUIEHUWH I'py3a Ha OTKPBITOM IOJBM)XHOM COCTaBe. B yacTHOM
cilydae, W3 3TOH MOJENH MOTYT OBITh MOJYYEHBI MOJCIN TEXHOJOTMA COBMECTHOMN
paboThI THOKUX M YIIPYTHUX CPEJICTB KPEIICHHI Tpy3a 0e3 MoAKIaA0K, THOKUX 3JI€MEHTOB
KpEIUICHUH Tpy3a ¢ MOJAKIaAKaMu 0e3 YIOPHBIX OPYCKOB, a TaK)Ke TMOKHX JJIEMEHTOB
KpeIuleHni Tpy3a 0e3 NOJKIAJ0K IPH HECHMMETPUYHOM W/WIH CHMMETPHYHOM
pa3MenieHny Tpy3a Ha BaroHe. OTIMYUTENbHAS OCOOCHHOCTh (HOBU3HA) MPEIIOKECHHOM
JTUHAMAYECKON MOJIETH — 3TO BKIIIOYCHHUE B MOJAEIb OJHOBPEMEHHO MOJKIAAKH IO TPY3
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U YHNOPHBIX OPYCKOB, KOTOPBIX MPHOHMBAIOT K MOJY BaroHa BIUIOTHYIO K TOPLEBBIM H
OOKOBBIM CTOPOHAM Tpy3a.

1. FORMULATION OF APROBLEM

It is generally known [1] that there exist the following techniques of cargo allocation with flat
foundation on the open rolling stock:

symmetrical location of cargo conjoint gravity center (GC) in relation to longitudinal and lateral
wagon symmetry axes;

asymmetrical location with GC displacement in relation to lateral wagon symmetry axis which
corresponds to GC displacement lengthwise the wagon;

asymmetrical location with GC displacement in relation to longitudinal wagon symmetry axis
which corresponds to GC displacement crosswise the wagon;

asymmetrical location with simultaneous GC displacement in relation to longitudinal and lateral
wagon symmetry axes which corresponds to GC displacement both lengthwise and crosswise
the wagon.

Each of the above mentioned techniques of cargo allocation in the wagon according to the profile
of cargo with cargo eyes or without them provides for cargo fixation by flexible thrust elements
without cargo pads and thrust bars (as a particular case) in combination with only thrust bars or only
with cargo pads (as a particular case) and also in combination with thrust bars and cargo pads (general
case).

Solid-state cargo (further cargo) in the open railway rolling stock is kept from displacement by
the action of spatial force systems with the help of flexible (stretching, framing), thrust (thrust bars)
and supporting (cargo pads) fastening means. Flexible fastening elements are intended mainly for
pressing the cargo down to the wagon floor thus increasing the “retaining” forces keeping the cargo
from shifting both lengthwise and crosswise the wagon. Thrust fastening means in the form of thrust
and spacing wooden bars are designed for keeping the cargo from shifting both lengthwise and
crosswise the wagon floor and also for transferring “shifting” forces from the cargo onto the elements
of the wagon body. Supporting fastening means (cargo pads) are designed for keeping cargo during
loading in the wagon with wood-and-metal floor and for performing handling operations with cargo
without lifting lugs. Flexible fastening elements are engaged only when there is a shift of cargo
lengthwise and crosswise the wagon separately or simultaneously both lengthwise and crosswise
the wagon in case of complete or partial tearing away of supporting fastening means, the impact of
fastening elements being experienced only by wagon tying means (rack staple).

Fixation of cargo in the wagon with account taken of thrust bars and without regard for cargo pads
is fulfilled according to Technical Specification with the help of trigonometric functions according to
formulas (30), (31) and (34), (35) [1]. In Specification the efforts in all cargo fastenings have the same
values (i.e. one value) irrespective of fastening geometry which does not square with reality.
Furthermore, modulus of elasticity E, diameter d;, the number of threads n; and pretension RO; from
wire twists are not taken account of. It should be remembered that modulus of elasticity E is 20 times
less (E = 1-10" kN/m?) than that of a standard steel wire (E = 2.1-10% kN/m?). Another disadvantage is
that it is impossible to take into account the impact of lateral forces of strappings and the usage of
trigonometric functions, obtained on the basis of fastening projection |; onto the corresponding
coordinate axes in the form of @;, bj and h; determined according to the data of cargo drawing whereas
it would be quite essential to make use of these data. The techniques available in Specification do not
take into account thrust and supporting fastening means.

There exists an improved technique of fastening cargo calculation with account of thrust bars and
without regard for cargo pads (formulas (1) — (4) Appendix 8 [1]), which has been worked out on the
basis of analytical solution of the statistic undefined problem with allowing for the impact of plane
force system.

There is a number of papers, for example [2] which contain solutions of problems of cargo
fastening by digital modeling without taking into account thrust bars and cargo pads.
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In West-European countries and in America cargo is also fastened to the open rolling (wagons
and motor transport) together with flexible (straps, cables, forged chains), thrust (thrust bars) and
supporting (pads) fastening means (Fig.1) [3-5]. A distinguishing feature of these fastening means
as compared to the Russian ones is the fact that fastening elements are the cables fixed to cargo
and to a wagon frame by means of screw connection with right-hand and left-hand thread,
Modulus of elasticity of these cables just as that of ordinary steel is equal to E = 2,1-10% kN/m?
(whereas modulus of elasticity of annealed fastening wires E is 20 times as little as ordinary steel,
i.e. E=1.10" kN/md).

T es— S
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Fig. 1. Location and fixation of wheel vehicles on the wagon by flexible, thrust and supporting elements
jointly with screw connection with right-hand and left-hand thread

Puc. 1. Pa3MeHIeHI/I$[ U KpCIUJICHUA KOJIECHOM TEXHMKH Ha BaroHe I‘I/I6KI/IMI/I, YIOpHBIMHU W OHOPHBIMHU
JJIEMEHTAMU B COU€TaHUHU BUHTOBOI'O COCJUHCHUSA C npaBoi/i QI (5):10) pe3L6oﬁ

In Fig. 1 one can distinctly see pads for wheel vehicles (cargo) and thrust bars as well as cables
fixed to cargo lifting lugs and wagon braces by means of screw connection with right-hand and left-
hand thread.

Another distinction of fastening means used in West-European countries and America from
those used in Russia is the fact that straps are just ordinary safety belts widely used for keeping
cargo from shifting while transporting, for example, by motor vehicle [3-4]. Since the belts are
manufactured from composite (rubberized) materials their modulus of elasticity (tension rigidity)
is considerably lower than that of ordinary steel.

In [3-4] there are no calculation schemes of cargo fastening except illustrations of cargo
transporting by means of motor transport and with the help of straps and thrust bars. They also
contain the value and the direction of acceleration, arisen in the process of transportation both
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lengthwise (during abrupt braking and sudden starting) and crosswise (during movement on
a curve) vehicle body as well as while moving along the vertical on a highway.

Unfortunately, in [3-4] there are not any calculation schemes of cargo fastening on motor
transport. That is why acceleration values presented here are rather of informative character. It is
evident that they don’t contain any calculations as far as fastening of cargo transported by motor
vehicles is concerned.

In [5], just as in [1] in cargo transportation on the open railway vehicle (wagon) there has been
considered as a particular case a calculation scheme of application to the object (cargo) of plane
force system (longitudinal land vertical, crosswise and vertical).

The analysis of cargo fastening calculation schemes known in [3-5] makes it possible to point
out that the considered schemes of the plane force system are presented in a simplified manner
because the calculation technique of cargo fastening with cargo transported in the open rolling
stock under the action of plane force system has not been taken into account.

Due to this fact it is necessary to emphasize that formulation of calculation models of cargo
fastening in the open rolling stock under the action of plane force system in west-european and
american sources has not been found.

In [6, 7] in order to solve the technical problem of cargo fastening without regard for thrust bars
and cargo pads it has also been offered to make use of equilibrium equation during relative motion
(at rest) in the direction of the action of the spatial force system.

In [8] the technical problem of cargo fastening under the impact of plane force system (PFS) is
solved with regard for thrust bars, in [9] with taking into account of cargo pads. The advantage
(a feature of novelty) of the above techniques unlike of all those described earlier lies in the possibility
of determining cargo shifts and tensions in the fastening elements in the presence of thrust bars
without cargo pads and cargo pads without thrust bars (as a particular case).

The disadvantage of these techniques [8, 9] is the lack of possibility of estimation of stress loading
of fastening elements during simultaneous presence of thrust bars and cargo pads (a general case).

Working out a generalized dynamic model of cargo fixation is rather a complicated problem not in
the sense of solving differential equations systems but in the sense of presenting them as a complex
mechanical system “cargo — pads — flexible elements — thrust bars”. Most probably, it is due to this
fact that such models have not been the object of investigation yet.

Thus, there has not been so far constructed a generalized dynamic model of cargo fastening in
collateral cargo fixation with cargo pads by flexible and thrust elements during rolling stock
movement on a descending grade of a curved track section under the impact of SFS.

Due to this fact, it is necessary to note that the technical problem of keeping cargo with pads from
shifting in relation to the wagon floor in collateral cargo fixation by flexible and thrust fastening
elements under the impact of SFS has not been studied yet and it remains unsolved and quite actual for
transport science.

1.1. Man-made assumption

Let us consider a general case when cargo G which is asymmetrically (or symmetrically)
located in relation to the longitudinal and lateral symmetry axes of the wagon. One of
the examples of practical cargo allocation and fastening techniques during transportation in
the form of real model is presented in Fig. 2. In Fig. 6 there can be observed loosening of
fastening elements in the direction of the impact, in particular, of lateral forces.
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Fig. 2. Real model of cargo location and fastening in the wagon by means of flexible, thrust and supporting
elements

Puc. 2. Peanbpuas MOJ€CJb PpasMCHICHUSA M KPCIUICHUA I'py3a Ha BaroHe FI/I6KI/IMI/I, YIOPpHBIMU W OHNOPHBIMU
9JICMCHTaAMU

Taking into consideration the fact that stretchings and/or strappings designed for keeping the cargo
from shifting are manufactured from annealed wire that was subjected to pretension the value of which
ranges from 15 to 25 kN and they can experience considerable deformation under the action of
external forces they are modeled by flexible elastic non-retaining constraints. We assume that
according to the axiom of geometrical statics solidification these constraints can be looked upon as
linear rods experiencing single-axis stretching.

Just as in [2, 6-9] let the rolling stock move down a descending grade at angle yo both in the regime
of release and the regime of service brake application at speed v on a curved track section with
curvature radius p of the trajectory in the given point of the curve. The wagon moves progressively at

speed v, (i.e. transferring movement is progressive ( @, = 0)) with the lengthwise &, = a,,, the lateral

a, = a,,, and the vertical &, = a,, , transferring accelerations caused by irregularity of the track due

to aberration in maintenance standards, technological clearance between wheel flanges and lengths of
rails, design specific features of the wagon and some other factors.
Let us assume that flexible, elastic, thrust and supporting fastening means and wagon frame as

external constraints experience the impact of spatial force system (SFS) - G , I, (I, (I, I,,1,) and
F. (F, €F..F.,) gravity force of the wagon with cargo or without cargo), transferring inertia
force and aerodynamic resistance force [2, 6-9]. We assume that spatial force systems (longitudinal,
lateral and vertical) are perceived by flexible elastic fastening elements and thrust bars, located against
the action of these forces, whereas the fastening elements of the opposite direction sag (i.e. lose their
constraint features).We assume that the cargo is massive and is not to be broken away from the wagon
floor and there does not take place tipping of cargo in relation to its lateral and butt sides either, i.e.
the cargo does not lose constraint in the form of wagon floor and does not get the constraint in
the form of rotation axis coinciding with its sides. There does not take place a turn of cargo in relation
to its vertical axis, i.e. the cargo is pressed down to the floor through the pads by tensions of
pretwisted wire of the same value. Such assumptions make it possible to believe that the impact force
of cargo is uniformly distributed along the length of thrust bars which in its turn shows that fastening
(the nail) on it is loaded with uniformly distributed loads.

rex !
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2. METHODS OF SOLUTION

In order to work out a generalized dynamic model of cargo fixation let us make use of a classical
principle of geometrical statics — the principle of releasing from constraints [10].

3. RESULTS OF SOLUTION

Let us take as the basis of the dynamic model the fact that the cargo fastening elements together
with thrust bars experience the impact of SFS which are perceived by the major constraint (wagon)
and additional constrains (flexible elastic, thrust and supporting wooden fastening means). In order to
construct a cargo dynamic model (object) in presence of thrust and supporting bars during rolling
stock movement along a descending grade on a curved track section and according to the principle of
releasing from constraints the external constraints - platform frame as a major constraint, and flexible
elastic fastening elements and also thrust and supporting bars as additional constraints are mentally
discarded from the object.

The impact of discarded external constraints is substituted by reactions §e(N,E) (platform
frame) and ﬁi,ﬁai (flexible elastic fastening elements of one direction, and of the other direction —
Rpi' Rapi ); I:ethr € (Rthr.x’ R
shifting both lengthwise and crosswise the wagon (R, - being the resultant of two bars 4 and 5,
stowed close to the cargo sides: Rinry = Rinray + Rinsy.) and also R, € (N,,F,) and R, € (N,,F,,) by
yet unknown reaction of cargo pads (Fig. 3).

In Fig. 3 the following table of symbols is accepted [6, 7]: Aj, Aaj, Apj 1 Agpj and Agpj are points.
The cargo is fixed by flexible elastic fastening elements to tying wagon devices; M;j, Mgj, Mp;j and Mgy;
are points corresponding to cargo eyes; I, is the normal constituent inertia force during absolute
motion conditionally applied to the cargo mass center (to be more precise to the wheel pairs together
with axle bearings and lateral frames of trucks) that will take into account the accelerated motion of
the rolling stock on a curved track section; j and i are indexes showing the number of rack staples and
elastic fastening elements (i = 1, n, the number of flexible elastic fastening elements); 2L, 2B and 2H
are the cargo length, width and height correspondingly; li and ly.i are projections of the lengths of
flexible elastic elements of fastening of one direction onto the lateral axis Y (lwpi and lwapi the same of
the other direction); Ah is super elevation; 2S is the distance between wheel rolling circles of gauge
1520 mm (2S = 1 520 mm); 0O is the angle characterizing super elevation; C is the angle allowing for
tilting of the wagon frame with cargo during its displacement onto the lateral axis at the value + yM.

Reaction of external constrain R is factorized into normal N and tangent F. constituents i.e.

thr_y) by yet unknown reactions of thrust bars, keeping the cargo from

R =N +F, (Fig. 4). Tangent constituent F. directed along the floor surface is called friction force

Iffrl and is defined according to the Coulomb law. Coordinates X,y (or Xy, Yy ) are application

points of external constraint reaction R e (N, E) are unknown and have to be defined
The table of symbols in Fig. 4 is the same as in Fig. 3.
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Fig. 3.

Puc. 3.

Variation of generalized dynamic model of cargo with flexible, thrust and supporting fastening means:
a) axonometry; 6) top view; B) butt view; B wagon; /" weight; 1 and 2 pads; 3 thrust bar, located close to
the end surface of cargo; 4 and 5 thrust bars located close to the side surface of cargo.

PazHOBHIHOCTE OOOOIIEHHON AWHAMHYECKOH MOJENH Tpy3a C THOKMMH, YHOPHBIMH M OIIOPHBIMU
CpeICTBaMU KpPEIUICHHUI: a) — aKCOHOMETPHs; 0) — BUJ CBEpPXY; B) — BUJ C Topma; B — BaroH; I — rpys;
1 u 2 — monknanku; 3 — YHOPHBIH OpYCOK, PacIoIoKeHHBIH BIUNIOTHYIO K TOPIIEBOM MOBEPXHOCTH TPY3a;
4 1 5 — ymopHBIe OPYCKH, paCcIOI0KEHHBIE BINIOTHYIO K OOKOBOI MTOBEPXHOCTH Tpy3a
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Fig. 4. Dynamic model of cargo with flexible, thrust and supporting fastening means: a) axonometry; b) top

view; c) butt view
Puc. 4. lunamuueckas
a) akconometpust; b) BuI cBepxy; C) BHj ¢ TOpIIA

MOJeNb Tpy3a C THOKHMH, YIOPHBIMH W OMNOPHBIMH CPEACTBAMH KpEIUICHUH:
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The object is subjected to the application of active (G, I, Fy;) and reactive (R, R, Rg,) forces. Active forces
are conditionally (formally) applied to the material system mass center (cargo) C but in reality they are

experienced by external constraints and they are directed from the object, whereas reactive forces R e (W, E)

to the object while reactive forces of flexible elastic fastening elements of one direction R, R, as well as of

the other direction R,

Xg € (Xgq) Xgp) @A Yg € (Ygy, Yay) (normally chosen according to cargo weight and length) are applied to
the object (Fig. 4).

Thus, it should be noted that because the impact of SFS as active forces is experienced by
the external constraints — wagon,(the main constraint), flexible elastic fastening elements, thrust and
supporting wooden bars (additional constraints) in reality it is impossible to identify points of
application of these forces. However, in a dynamic model of the object (cargo) these forces are applied
conditionally (mentally) to the mass center of the material system (cargo).

According to the condition of equilibrium of arbitrary force system of geometrical statics it is
known [10] that in a particular case the resultant of two parallel forces pointed in one direction,

for example, N e (N,,N,), F, e (F,.F,). and F, e (F, F,,) irrespective of its application

point is equal as fast as its module is concerned the sum of modules of these forces and is directed in
the same way. N = Nl + Nz, Fﬂx = Fﬂx + F1:2X and Fﬂy = Fﬂy + FTZV (Flg 4)

R, - from the object. Besides, reactive forces R e (R;,R,) with coordinates

The line of action of the resultant of the two parallel forces Nl and Nz divides internally

the distance between the lines of action of the above forces into the parts in inverse proportion to these
forces:

N1/N2:(XR_XR2)/(XR1_XR) 1)
where: Xg is a still to be found coordinate of application point of resultant Ne(l\_ll,ﬁz) along
the wagon, m. It should be noted that X, € (Xg,, Xz,) and Yz € (Y, Yg,) can be found only after
determining N.

Summing up the results of working out of generalized dynamic model of cargo with pads
(availability of N e (l\_ll, Nz) ), it can be observed that this model represents technology of joint work

of flexible and thrust (availability R, € (Ry, . Ry, ,)) fastening means of cargo on rolling stock.

In particular, on the basis of this model there can be obtained the technology models of joint work of
flexible and elastic (availability Ry, € (Ry, , Ry ,)) or only Renr.x) fastening means of cargo without

pads (absence of N; and N,) of fastening flexible elements of cargo with pads (availability
N e (N;,N,)) without thrust bars (absence of Ry, € (Ry,,,Ry,,)) or availability only Rir,) and

also flexible fastening elements of cargo without pads (absence of N; and N;) and thrust bars (absence

Ry € (R x» Rinr.y) ) @t asymmetrical and /or symmetrical allocation of cargo in the wagon.

4. SUMMARY

Developed for the first time the generalized dynamic model of collateral fixation of cargo with
padding by flexible and thrust elements made it possible to indentify the conditions providing
workability of thrust bars together with pretwisted fastening wires and cargo pads. It should be emphased
that it is only when these conditions are not fulfilled that elastic forces of flexible fastening elements are
engaged in work on retaining cargo from shifting. In a particular case, on the basis of the constructed
generalized mathematical model there can be obtained analytical formulas for calculating collateral
cargo fixation by flexible and thrust [8], flexible and supporting (pads) [9] fastening means separately
and also by flexible fastening elements without thrust bars and pads in accordance of worked out
technique of allocation and fixation of cargo in the wagon.
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A specific feature (novelty feature) of the proposed dynamic model is inclusion into the model of both

cargo pads and thrust bars which are nailed to the wagon floor close to the butt and lateral sides of cargo.

In perspective the results obtained can be used for working out normative documents on fixation of

cargo under the action of PFS unprovided for by technical conditions.
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