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Abstract. The full safety of operating industrial mechanical equipment, in particular the
over-sized ones, with a complex structure, is ensured by compliance with all necessary
requirements, starting with design, fabrication, transportation from the supplier to the
recipient and operation within the working parameters. The present article that is continuing
the analysis of transportation stages of over-sized and heavy equipment, as can be seen from
the attached bibliography, takes into consideration the evaluation of the towing forces, in the
case of two distant platforms. The masses of the transported components, the characteristics
of the roadways, as well as the character of the movement and the influence of the wind loads
are considered.
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1. INTRODUCTION

The need to increase the quantity of finished products, together with the increase of the processing of raw materials
and of higher use of the secondary products, has also led to the development of equipment with increasing size, of
complex construction and to work at higher parameters [1, 2]. The final functional safety of mechanical equipment
is ensured by the quality of all the stages ranging from design to commissioning and operation. Of these stages
stands out, the transport from the manufacturer to the end user, in essence the one of large mechanical equipment
and, at the same time, with large masses, of recognized importance for the economy [3, 4]. The lifting of the
equipment with the mentioned specifications, for the placement on the transportation platforms, their secure
anchoring, as well as the unloading at the site on the foundations implies the use of suitable constructive elements,
with well-defined bearing capacity [2, 5-10]. The global analysis of an oversized transport considers not only the
legal and constructive and human safety aspects, but also the economic, social and environmental ones. The
problem of road transport for the equipment with exceeded tonnage and / or oversized [11-31] has determined a
number of companies from abroad to specialize in designing and realizing cost-effective systems for transport, of
high capacity, following a varied program of manufacture of standard sizes. In order to achieve rational transports,
satisfying the desired requirements, these companies introduced in the concept of trailers and semi-trailers
manufacturing (used as platforms for loading and transporting machines) the notion of "modulation”. In this sense,
it is possible to combine several transport elements called "modules™ and some typical annexes, compatible for the
equipment being moved [32]. Trailers can be made from modules with 2 to 10 lines, longitudinally or transversely
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coupled [2, 32]. Among their advantages are: a) the possibility of remotely carrying out the necessary orders; b)
the weight of the structure is small (compared to the mass of the load it is up to 20 times smaller); c) allow easy
adaptation, taking into account the mass, the shape, the driving conditions, the permissible axle or wheel load, the
road slope etc.; d) reduced time for realizing possible combinations in width and length; €) quick connection of
elastic, hydraulic and pneumatic systems between modules; f) quick mounting and dismantling of the end cross
member. The advantages of semi-trailers include [2, 32]: &) superior maneuverability; b) easy joining in curves
with smaller medium radii; ¢) the possibility of easier and safer coupling with the tractor; d) going back easier; €)
possibility of transporting long and bulky cargoes, due to using a larger surface area of the platform; f) reducing
the length of the train (convoy); g) due to the better connections between the towing mechanisms an improvement
of the traffic safety is achieved, for higher speeds of movement. There are also some disadvantages: a) the
oscillations of the tractor, especially those with respect to the transverse axis are unpleasant for driving, due to the
short wheelbase of the tractor with saddle; b) when climbing the ramps, due to the uneven distribution of the mass
/ weight of the transported equipment — platform, on the rear axles, the grip is reduced.

It should not be overlooked that road transport is more easily adapted to market demand, as opposed to rail, where
inertia is higher [32]. The general cost of transport should include some additional works to divert the existing
roads, widen road sections, build terraces, strengthen roads and bridges, etc., necessary to ensure the safety of
transport equipment and to protect their integrity [2]. After establishing the mode of transport, it is important to
obtain, from the authorities, the necessary approvals for each individual case [11, 12].

Fig. 1. Transport system with two distant trailers (sketch) [2].

Ensuring the constructive integrity of the transported equipment besides loading / unloading, respectively fixing /
anchoring on the appropriate platforms, is defined by the transport mode. In this sense, the longitudinal stability
of the platforms [34-41] and the transversal [42-48], on relatively horizontal paths, with straight line motion, must
be evaluated and materialized. At the same time, the dynamics of towing vehicles must also be analyzed
[49-59]. A necessary evaluation is the one regarding the intensity of the towing forces in the case of systems for
moving in a straight line or in curves, the equipment positioned on two distant platforms, as presented in the case
of this article.

2. SYSTEMS WITH TWO MODULES APART

2.1. Movement in a straight line

Case 1. The transport system moves in a straight line, in acceleration mode, on a horizontal road. The articulated
trailer is treated with two tractor units, one puller placed in front of the convoy, the other pushing behind the
convoy (Figure 1). Making the sum of bending moments in relation to points A and B (Figure 1) it is obtained:
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where G ; is the weight of the load, N ; F ; ; - the inertia force of the load, N ; F ., F, - the inertia forces

il
of the transporting platform, N ; F, ; — the inertia force positioned in the center of gravity of the transported
F

equipment, N ; F
G, G, - the weight of the front and back modules,N ; F — wind resistance force, opposing the
movement (when acting from behind is considered in the calculation with the minus sign), N ; L - the distance
between the supports (placed at the middle of the platforms), M ; h - position of the center of mass of the load in

relation to the surface of the road, m; h ¢ p - the position of the center of mass of the transport modules relative

- the forces at the hooks of the two towing means coupled to the trailers, N ;

crl cr2

to the road surface, m; h _— the distance from the towing hooks position and the road surface, m; a,b—

distances from the means of the platforms to the center of mass of the transported equipment, m; h , — the
position of the concentrated action of the wind against the road surface, m.

Note: In equations (1) and (2) the wind force F , it is evaluated for the area of the additional surface of the load
relative to the cross-sectional area of the pulling means (obviously, when the first is larger; otherwise F =0).
The positive sense is the one indicated in Figure 1.

Tangential forces X ;, X , at the road surface (Figure 1), have the expressions:

X, =fz2,; X,=fZ 3

S S

where Z ,, Z  are the normal reactions on the road surface, on the vertical centers of the masses of the transport

S
platforms, N; f — coefficient of friction between the tires and the road surface (coefficient of rolling
resistance) [21]. In this way, from the equilibrium equation of forces on the horizontal is deduced:

FotFo,=F +F ,+F o+ 1(Z,+2,)+F, )

crl

which must be taken into account when choosing the means of towing. From case to case, the pushing means may
be missing or others may be added if necessary.

Case 2. The transport system moves in a straight line, in braking mode, on a horizontal road. The tractor in front
of the convoy works in towing mode, and the one behind the convoy works in braking mode (the sense of the

inertia forces and force F _,, - Figure 1 change). Taking into account the above and writing the equations of

bending moments with respect to points A and B (Figure 1), in this case we obtain:
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. r» having contrary senses to those indicated in Figure 1. For the convoy's
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where @ o represents the grip coefficient [2]. From the equation of balance of forces along the road surface results:

F —Foo=Xi+ X -Fy -Fi,-Fs-F, (®)

crl

Note: The reduction of loads in the supports provided on the transport platforms is achieved by decreasing the
speed of movement of the convoy and, therefore, the corresponding inertia forces.

Case 3. The transport system moves in a straight line, uniformly accelerated, on a steep road under the angle
«, . In this case, the equilibrium equations of the bending moments with respect to points A and B (Figure 1) lead

to the expressions:

Z, =[GT~(b-c03a|—h~sinoc,)+Gpf (L,cosa,—h  sina,)-
9)
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respectively,

F +Fcr2=Fi1+Fi2+FiG+f-(Zf+ZS)+(GT+pr+Gps)-sina,+Fv (11)

crl

Case 4. The following expressions are obtained for moving the convoy on a steep road under the angle, ¢, in
uniform braking mode on a slope:

Z, =[GT-(b-COSal+h-Sina|)+G pf-(Lr-COSal —hcp-sina,)—

12
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13
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respectively,
Foi—Fup=Fy+F,+Fe+1-Z, 49,2 —(G,+G,, +G,,)sina,+F, (14)

considering breaking the rear platform and also the tractor coupled to it.

There are also practical situations - especially in the case of climbing slopes - when, for example, three tractor
units must be used, in different combinations (all pulling and placed in front of the convay, or two front-wheel-
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drive tractors and one rear-wheel-drive, or one front-wheel-drive and two rear-wheel-drive tractors). For
particularly difficult situations, more than three tractor units can be used. Combinations like the above can also be
done when the convoy moves on a slope. In all these cases it is intended that the dynamic reactions, both on the
trailer bogies and on the axles of the tractor units, have values as close as possible. In this way the longitudinal
stability of the convoy components is fully ensured.

A very important role in the stability of the convoy's movement, in the longitudinal direction, has the braking. The
effectiveness of a braking system is characterized by the deceleration performed by the vehicle or by the braking
space, as a parameter that more eloquently reflects the correlation between the braking qualities and the safety of
the movement. When determining the braking moments at the axles of the vehicle, it starts either from the condition
that the braking moment does not exceed the admitted value, of grip, or from the condition that the vehicle achieves
a certain maximum deceleration, imposed by the design theme (provided in the regulations). Also, when
determining the braking moments at the decks it is assumed that their wheels reach the locking limit
simultaneously, at a desired value of the grip coefficient. The system for oversized transport requires continuous
braking, imposed by the high inertia of the loaded trailer. In this case, the tractors must be equipped with a
deceleration brake. These can be: with friction, hydromechanical and with turbulent currents. When running on
roads with long slopes, as mentioned above, behind the trailer is coupled a tractor that performs the constant
restraint force, with long-term use.

The braking moments are calculated by multiplying the values of the normal dynamic reactions, corresponding to
each axle, with the value of the sliding friction coefficient and that of the wheel radius. The choice of the
distribution of braking forces on the deck is usually a compromise and is made taking into account the stability
criteria of the braking vehicles. The trailer braking system must meet the following conditions: a) to be capable of
certain imposed decelerations; b) to ensure the stability of the trailer during braking; c) to ensure a progressive
braking, without shocks; d) to realize the correct distribution of the braking effort at the decks; €) not to require,
from the driver, too much effort to operate; f) to take action quickly; g) the braking should not be influenced by
the slopes of the road (due to the vertical movement of the wheels) etc. Details on the construction and calculation
of braking systems are presented in [58].

2.2. Movement in curve

Figures 2 - 4 show the phases of joining the curve of a system for transporting articulated trailers. In this situation,
the proper balance of each module (bogie) is considered in the joint of the articulated bolt with the transport frame.
In the following it is considered that the convoy is moving along a flat, horizontal curve, without considering the
influence of wind loads. In this order of ideas, the case of using two tractors is studied, one of which is pulling,

the one in front of the convoy, which develops the towing force F _, ,, and another, the pusher, the one behind

the convoy, which develops the force F _, .

Note: If the slopes or ramps are taken into account, it is necessary that the calculations of the towing forces take
into account the normal expressions, set out in the previous paragraph (cases 3 and 4), to which the corresponding
corrections will be made.

Case 1. The pulling module enters the curve (Figure 2). The centers of mass are considered to be at the means of
the transport modules (where the pivoting supports are also located), respectively at the middle of the bridge
supporting the load. The equation of the bending moment with respect to the pivot of the pulling module is
presented in the form:

F.rLy-sina —Y L -cos@d +2-M =0, M ,=F_ |l sina, (15)

0,=arctan(0,5-L,/R); Y,=Z  o?-f?;Z =2 /ny, (16)

where « _ is the angle between the longitudinal axis of the pulling bogie and the direction of the tow; L » - bogie
length (platform), m; M |, — bending moment at the point A of force F _, fromthe end of the towel, N -m ;

Y , — lateral guiding force of the wheels of the first deck, N ; Z ;; — the normal force returning to the front
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axle of the towing module, taking into account its dynamics, N ; ¢ — grip coefficient; | » — length of the beam,

M; n,, — number of axles of the pulling module (front). From the equilibrium equation of forces along the
axis of the bridge is obtained:

F.,=Fi +F,+F X=X, -F_, cosa Y sing
Xe=t-2;X,=1.-Z, 7

with X, ,, X . - tangential force of the front transport module decks, respectively from the rear, N ;2 — the

normal force corresponding to the front module (including Z ;, ), N . The other forces have the meaning
presented above.

Note: For Z ,,Z _ relations (1) and (2), where a and b are replaced with 0,5-L,, F ., with F
respectively F_ =0.
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Fig. 2. System for transportation with two trailers apart from each other, with one entering the curve (sketch) [2].

Taking into account relations (15) and (17) and taking into account the annotations made, it results:

{Fcrl’Fcrz}_l:[A]_l'{B} (18)
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Case 2. The pulling module entered the curve (Figure 3). Considering the angular velocity of the center of mass
of the pulling module equals @ ,=v / R and its linear velocity v equals the bridge velocity (and load) it results:

d0,/dt=0, = 0,+d6,/dt; do,/dt=de,/dt+d?¢,/dt? =d*¢,/dt? 1)

p

Considering, at the same time, the expressions of the tangential accelerations a, and normal a of the elements

of the convoy, entered in the curve, written in the form:
o for the front module:

a, =dv/dt-05L 0,; a,,=vV-0,+05-L (deo, /dt) (22)

o for bridge and cargo:

a,,=dv/dt-05L,0% a,,=v-o,+0,5L (do,/dt) (23)
- relations for forces and moments of inertia are obtained:

e for the front module:
Fi=M,ra,; Fi,,=M ;a,; M, =l .(do,/dt) (24)

o for bridge and cargo:
Fip,=My-a,,; Fi,, =M -a,,; Mizpzlrp'(dwp/dt) (25)
w,=d0,/dt =[R-@ sin (o t)]/ \/Lf—Z-RZ-SinZ(a)m-t/Z) (26)

o for the rear module:
Fi.=M_,(dv/dt); F, ,=0; M,,,=0. 27)
In the previous equations, with M _,, M o1 and M, have been noted the masses of the front module, the

bridge and the load and of the rear module, K ¢ ; @ n - the angular velocity of the front module, S _1; @, - the

angular velocity of the bridge, s *; F,,,, F F .., - the tangential forces of inertia of the front module,

itp? i

the bridge and the rear module, N ; F, ., F F .., - the normal inertia forces of the front module, the

inp?
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I - moments of inertia for the front module and bridge, k g-m 2

bridge and the rear module, N ; I, ., 1

M izl
developed by the varied movement and the masses inertia with rotating motion during the turning. N-m; R —
the average radius of the curve, m.

M, ,, — turning moments relative to the vertical axes passing through the mass centers of the modules,

Forangles @, 6, and y (Figure 3) exist the following relations:
0,=y-0,; 02:arcsin{[R-(l—cow)}/Lr}; ye[0;2-arcsin (0,5:L,/R)] (28)

The above case is considered until the pivoting support of the rear module enters the curve.

Writing the equilibrium equations of the bending moments with respect to points A and B (Figure 3) it results,
following the calculations:

Fo=[2(M i, + M, +M

crl

+Mf1+Mf2)+

izp

+L(2:F,,sin@,+2-F, cos0,+F, ) +(L,+2:L,cosd,)Y cosd, +

inp

#(L,-2-L,c0s0,)Y ycos0,] [ [(L,+2:1,)sina, +2-L sin(a +6,)] @)
respectively:

cr2

F :[2-(M 1t Mo ML M EM )+ 2-F L sin g, -
—F L (Y +Y ) Lycos0, —F (L, +2:1,)sina, | /(2:Lsing,) @)

where F has the expression (29). The moments of friction M, ,, M, developed in the pivoting supports

crl
A and B (Figure 3), due to the modification of the angular positions of the modules - pulling (front) and pushing
(back) and the platform with the transported equipment, depend on the type of construction of the respective
support and the normal dynamic loads acting in the respective places.

F

cr2

Fig. 3. System for transport with two trailers apart from each other, with one in the curve (sketch) [2].
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Note: In the equations (29) and (30) the turning moments developed by the guiding forces Y ,, Y , were
considered. Y ;, Y , (Figure 3), written in relation to the position of the center of mass of the front platform. A

more complex calculation can be established by considering all the guiding forces characteristic of the equally
loaded axles of the front platform.

Case 3. The convoy is in the curve (Figure 4). In this situation the relative position between the transport modules
and the bridge is stabilized, which is why M, =M/, =0. From the equilibrium equations of the bending

moments with respect to points A and B (Figure 4), it results:

{F(.:rl'F;rZ}il:I:A.]%l'{B.} (31)
where:
i , | -sinfg_ +L cosp +
| ssina +0,5-L,-sin(y,+a,): Sinp _ /
. | +0,5-L -sin(y,+3,)
[A)= IpS|na+Lcosa+|05L 32
+0,5-Lp-Sin(}/1+ac) E P'Slnﬂc+ O p-SIn(7/1+ﬁc)
-M,,,-M,,,-M izp+0,5(Y1+Y2)-Lp-COSHm—O,5-Finp-Lr+
+(Y,+Y,)-(0,5:L,-cos0, —L,sinysin@, )+F, ;L siny, -
-F,,yL-cosy,+(Y,;-Y,) L. cosy,cos@,
BBh=1ow MM Y05 (VLAY )L cosa, +0.5F, L[

1z

—(Y,+Y,)(L,siny sing —-0,5-L -cos@, )+F, L siny, +

+Fin2'Lr'Cosy1+(Y1_Y 2)‘Lr'COS]/1'C059m

Fig. 4. System for transportation with two trailers apart from each other, in the curve (sketch) [2].

Note: The above problem is treated in the same way when the pulling module is out of the curve, the rear one
being in the corner. The loads intervening has explanations as before.
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Fig. 5. At the study of entering and exiting the curves for a transported equipment on two platform apart from
each other (sketch)

3. THE GEOMETRY OF JOINING THE CURVE OF TWO PLATFORMS APART FROM
EACHOTHER

Considering the results obtained previously, with data from Figure 5, it results the following expression for the
theoretical entering to the center of the curve, O:

EF:R-[l—\/l—cz/(ARZ)—Lf/(4-R2)} (34)

respectively, for the real one:

EF"=EF+0,5D, (35)

where D , means the maximum outer diameter of the transported equipment (of the characteristic arrangements),
m; R — mean radius of curve, m; ¢ — the distance between the centers of the platforms (considered identical)
on the average circumference of the curve, m; L — the distance between the pivoting supports, m.

The inner radius of the curve will have to meet the condition:

R,=R-EF - AR, (36)
while the outer radius is given by the expression:
Re2max{Rel; Rez} (37)
where:
R.,,=R+HD  +AR,_; R,,=R+ AG™ + AR, (39)
where:
HD" = R-[\/1+ (4L, —c?-L?)/(4R?) —1} +0,5D, (39)

AG™ = R-[\/1+ (4L, -c’-L?)/(4R?) - 1} +0,5D, (40)
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the geometric dimensions shown in figure 5 representing: L, L, — distances from the center of mass of the
equipment to itsends, m; L  — the maximum length of the load, m. Itis easy to see that the width of the road

on which the analyzed convoy can travel must be greater than the difference( R. - R; ) .

4. CONCLUSIONS

The full safety in operating equipment of the process industries, in general, of high complexity and oversized, with
large masses, in particular, is dependent on the compliance with the normed conditions, on the behavior of the
working parameters, chemical and / or mechanically aggressive substances, working at low or high pressures and
also at negative or high temperatures. An essential role in the chain of characteristic activities has the design
(choosing the appropriate construction materials, but to be technically and economically competitive, the influence
of the founding ground, the tectonic behavior, meteorological loads), the fabrication, the transport, the assembly
and the stable operation. In order to preserve the geometrical characteristics of the transported equipment, a careful
analysis of the stages of their movement is required, starting with the proper fixing of them on platforms [4-7] and
continuing with longitudinal and transverse stability, on roads with reduced inclinations [14-26]. Following this
idea, the present study studies the calculation of the towing forces of a convoy for transport with two platforms
apart from each other, of an oversized mechanical equipment, in a straight line or in curves. It is also offered, the
means of appreciation of the geometry of the route in curves, in the case expressed above.

The specified methodologies can be developed in future research, considering higher road slopes and more
aggressive weather conditions. At the same time, the situations in which the entrances and exits of the transport
platforms must be evaluated, respectively the trajectories along which the towing vehicles move, can be analyzed.
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