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EVALUATION OF THE STRENGTH
OF THE TRACTOR FRAME UNDER
EMERGENCY BRAKING CONDITIONS

STANISLAV KOVALCHUK!, OLEKSII GORYK?, OLEKSII BURLAKA3?, ANTON KELEMESH*

Abstract

Authors carried out a theoretical study of the force impact during emergency braking on the
strength of the frame of atruck tractoras a part of a road train with a semi-trailerin order to build
a model of the dependence of the safety factor index of the frame on the geometric and weight
parameters of the car, semi-trailer, transported cargo and the type of the pavement. Using
D'Alembert's principle, a generalized calculation scheme of the frame of the semi-trailer and
the truck unit after reaching a steady deceleration during emergency braking while maintaining
straight-line movement and adhesion of all wheels to pavement was made. Through a static
calculation, the dependences for the unknown reactions of the car frame constraints were
obtained, its dangerous cross-section was established, and the condition for the static strength
of the longeron was determined. Using this condition and the obtained ratios for active and
reactive loads, a model of the dependence of the safety margin coefficient of the car frame
on the road train parameters was built. By the example of a road train consisting of a KrAZ-
6446 truck tractor and a VARZ-6006 semi-trailer the application of the constructed model for
evaluating the strength of the car frame and determining the permissible safe zone location of
the center of gravity of different weights cargo in the plane of the road train is demonstrated.
The method proposed in this work and the built model can be used to study the strength of the
frames of truck tractors and semi-trailers of other manufacturers and types and to establish
safe schemes for the placement and fastening of loads to ensure the operational reliability
of the vehicle and the safety and security of cargo transportation.
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1. Introduction

Modern freight road transport, in particular road trains, is an integral part of the freight
transportation system, the importance of which is growing globally. In particular, in Ukraine,
due to changes in logistical transport flows during martial law, wheeled road transport plays
a special role. Along with increasing efficiency, one of the important and urgent directions of
improvement of road freight transport is increasing its reliability and improving the safety
of operation. The problem of ensuring the reliability and safety of freight road transport is
multifactorial, which leads to a wide range of research directions, while the general frame-
work of requirements for the vehicle during operation is established by legislation.

One of the vital components of the operational reliability of road transport is safe braking
[1]. For freight transport, the mass of which can fluctuate within significant limits, the braking
process is less predictable and depends on a larger number of parameters [2].

Several directions of research into the braking process of freight road transport and ensuring
its reliability are depicted in well-known scientific works. Among them: analytical modeling of
the braking process [2, 8] and individual elements of the braking system [3], use of special-
ized software for computer modeling [5, 7], experimental studies of the influence of freight
transport parameters on the braking process, for example [3, 4, 10] and some of its aspects,
for example [6, 11], development and improvement of braking systems [9, 12], research of
the braking impact on cargo maintenance [13-15]. It should be noted that the majority of the
scientific works are devoted, in particular, to experimental studies of the braking process.
Among them: a study of the load distribution on the vehicle's axles during braking [4, 16], the
influence of the size and placement of the cargo on the braking distance and its duration
[1, 3], experimental evaluation of the braking systems’ effectiveness [10, 17, 18], a study of
the load extent acting on the cargo during the braking process [15], a study of the influence
of various factors on the adhesion of tires with the road surface [6, 11], a study of the brake
system'’s wear influence on the braking process [19].

Experimental studies and computer modeling provide an accurate picture of the correlation
between braking parameters and particular parameters of the vehicle during specific tests.
However, a general analysis of the braking process and the identification of ways to improve
it requires the development of analytical models for the movement and braking of certain
vehicles. For example, in [2], we can see a built analytical model of the road train braking,
which includes a quasi-static model of the linear movement of the road train, a model of
the braking system, and a modified Burckhardt model for the adhesion of the tires with the
road surface. Using this model in particular, a significant influence of the weight and location
of the cargo’s center of gravity on braking safety was established and confirmed by experi-
mental studies.
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A separate, but important type of freight transport braking is emergency braking. Emergency
braking is executed by using the working brake system with maximum intensity, therefore the
deceleration during emergency braking is several times greater than the deceleration during
regular braking. This causes significant dynamic loads on the elements of freight transport. In
the case of the tires' low adhesion coefficient with the road surface, emergency braking can
cause a dangerous phenomenon of jackknifing [8]. In some cases, emergency braking can be
avoided by changing the traffic lane, but such a maneuver is dangerous for the road train due
to the risk of rollover due to the high center of mass [20].

Significant dynamic loads during emergency braking cause a significant load redistribution
between the axles of the road train, which reduces the efficiency of the braking system, due
to a decrease in the adhesion coefficient of the tires with the road surface [6, 11]. The signifi-
cant influence on this is the size and location of the cargo [10, 16, 18]. With improper fastening
[13,15] and bulk cargo [4] additional redistribution of the load on the road train axles may
occur due to cargo displacement during emergency braking.

Another aspect of the load redistribution on the freight transport's axles during emergency
braking is the change of loads on the tractor unit frame, which can cause a decrease in the
safety margin of the vehicle frame up to its destruction. However, this issue remains poorly
researched. Therefore, the purpose of the presented work lies in a theoretical study of the
force effect on the strength of the car frame during the emergency breaking of a freight road
train as part of a tractor unit and a semi-trailer.

The analytical modeling method was chosen for our study of this issue. The analytical
approach to evaluating the strength of the car frame is less accurate compared to detailed
finite-element models (FEM] [21-23], which allow more accurate determination of the stress-
strain state. FEM analysis is indispensable when performing verification calculations of the
specific car frame, however, for the analysis and study of general dependencies, the method
of analytical modeling is more convenient.

2. Materials and Methaods

During emergency braking, the road train is moving with deceleration. Let's assume that
during braking the road train continues to move in a straight line, the axes of the frame of the
car and the semi-trailer and the center of gravity of the load lie in the same plane that coin-
cides with the line of movement, the load is rigidly connected to the platform of the semi-
trailer and does not change its position, the mass of the moving road train remains constant
m,. Then, after the start of emergency braking, according to the D'Alembert principle, and
using the Amontons-Coulomb law, the equation of maotion is:

am,, = fgm, , from where
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a=fg. Q)

where f - coefficient of adhesion of automobile tires with the pavement; g — acceleration
of gravity.

Ratio (1) shows that the amount of maximum deceleration « during emergency braking does
not depend on the speed of movement before the start of braking. Thus, inertial forces can
have a maximum value even when braking occurs at a relatively low speed of the road train.

To assess the strength of the car frame, it is necessary to establish its loads during emer-
gency braking, which include active, like inertial forces, the weight of the car and trailer with
the cargo, and reactive, like frictional forces between the tires and the pavement and its
reaction to the tire pressure. The latter are unknown and can be established using theoret-
ical mechanics.

The scheme of the loads shown in Figure 1 was used as the basis for the calculation of the
force flow on the frame structures of the road train containing a truck tractor and two-axle
semi-trailer in emergency braking mode.
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Fig. 1. Scheme of the loads acting on the road train during braking

During braking on the frame structures of the road train components act loads from the car's
parts and joints own weight (Q,, Oy, 0,,). semi-trailer (Q,,, Q,,) and cargo (Q,, ), the fric-
tion force between the tires and the pavement (F, ,, F} ., F/,, F;,, F/,) and, according to
D'Alembert's principle, inertial forces of progressively moving masses of the car (F,, F, 4, £;,,,)
and the loaded trailer (7, F, ;. F;., ) , which are directed opposite to the direction of move-
ment change (Figure 1). The forces of weight and inertia and their application points can be
established according to the passport data of the car and semi-trailer. However, the friction
forces depend on the unknown reactions of the tire pressure of the road train on the pave-
ment, for determining which it is necessary to carry out a compatible static calculation of the
frame of the semi-trailer and the car.
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3. Results

The scheme of loads acting on the semi-trailer frame is shown in Figure 2. Let's divide the
reactive load transmitted from the car to the trailer frame through the hinge J of the coupling
device into horizontal H, and vertical ¥, components. The forces of friction between the tires
of the rear suspension of the trailer and the pavement, as well as the pavement reaction
from the cart, are transmitted to the hinge D - the axis of the balancer, in the form of hori-
zontal H, and vertical ¥, compaonents of the full reactive load. Also, the braking moment is
transmitted to the trailer frame through track rods M, ,,.
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Fig. 2. Diagram of Forces acting on the trailer frame during braking

The horizontal component of the support reaction D consists of the braking forces of fric-

tion F7, and F/,, of the trailer tires against the pavement and the inertia force F,, of the
trailer's wheeled cart (fig. 2):
HD:F/',D_‘_Ff”.D_E.stb! 2

The friction forces F; ,, and F} , will obviously be different, but their sum must be equal to:
F;.D+Ffl".D:f(VD+mxthg)5 3)

where f - coefficient of adhesion of automobile tires to the pavement; m , — the mass of the
wheeled cart of the trailer; g — acceleration of gravity.

The inertia force F,

i.sth

of the trailer's wheeled cart depends on the amount of deceleration a
and according to (1) during emergency braking equals:

F=mya=mg,fg. “



The Archives of Automotive Engineering — Archiwum Motoryzacji Vol. 105, No. 3, 2024 79
https://doi.org/10.14669/AM/192345

Taking into account (3) and (4], expression (2] for the horizontal component of the reaction
support H,:

H,=[V,, Q)

The braking moment M , , was approximately determined as the moment of friction forces F; ,
and F7 , relative to the axis of the balancer M, , =R, (F/;D +F, ) or taking into account (3)

Mf,D = Rw.srf(VD + mstbg) s (6)

where R _ —the radius of the trailer wheels.

w.st

According to the diagram in Figure 2 equilibrium conditions of a semi-trailer with a load
connected to a car during braking will be written as follows:

ZM .: stf stf c Q('gx:‘g.(,' :. + [F;‘..\-g/ (y.:gf.(‘ - y.; ) + F;.('g (y(/gc - yf/ ):| + VD'X/D + HDy,// + M/:D =0;
ZM |: w/(xo s[/( )+ch (XD ngc)j|+|:E_sg/‘J’;z/.c +chy(gc:' V,xp —H,y, +M_/.D =0; @)

Z J sty F;'n.cg + HD = 0’

where @, ., F,, — weight and inertia force of the trailer frame; Q,,, F;,, — weight and inertia
force of the oad, Xy V.o X 0> Vige — COOrdinates of the centers of gravity of the trailer
frame and cargo in the coordinate system x'O’y’ (fig. 2); »/,, x}, — coordinates of points J and D.

The weight and inertia force of the trailer frame and the load, taking into account (1], will be
equal to:

Qytf = mstf'g’ i 3tf slf fg’ ch = mcgg’ F;'.cg = mcg-fg H (8)
where m,,,m., —the weight of the trailer frame and the load, respectively.

By solving system (7) concerning unknown forces ¥,,,V,,H,, taking into account (5), (6) and
(8), it is obtained that:

gm,, (xL/'g.C - .ﬁ}:‘g.(') gm,, (x:»g.c - ﬁ/ZgL)

V, = +g(m,s—my)=F,., V,=F, - H,=fV, 9)
sty sth stl J stl H J Jo
X, + /) X+ /i,
where we entered notations:
! ’ o ’
mgy (‘xD + /R, ) Mgy (xsi/'.C _fys:f.c ) —mg,Xp
F,=g s My =mg +my+my, hy=y,+R . (10)

xp + S

The determination of the components 7, and H, in the supporting hinge J, connecting the
semi-trailer with the car, allows us to proceed to the determination of the loads acting on the
car frame. The calculated diagram of the tractor unit frame is shown in Figure 3.
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Frictional forces between the tires of the front suspension of the car and the pavement, as
well as its reaction, that are transmitted to the car frame, are reduced to the wheel joint 4 in
the form of components 7, and V.

The haorizontal component of the reaction support 4 consists of the friction force £, , of the

front suspension tires on the pavement and the inertia force F,, of the front suspension of
the car (Figure 1). Taking into account (1), we've got:

HA:F{.A_F;.:/&:fVm (1)
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Fig. 3. Calculation scheme of the car frame as part of the road train

Through the fastening of the springs, the braking moment M, , is transmitted to the frame,
which is decided as equal to the moment of frictional forces relative to the hinge 4:

Mf,A :Rw,th.A :Rw.zf(VA +mz/.s-g) P (12)
where R, —radius of the car wheel; m,, — mass of the front suspension of the car.
From the interaction of the rear suspension tires with the pavement during braking, forces 7,
and H, and braking torque M, , are transmitted to the car frame through springs and track
rods:

H, = fVy, M/:B:Rw.rf(VB+mmg)a (13)

where m, — mass of the rear suspension of the car.

Equilibrium conditions of a car in a road train during braking according to the calculation
scheme in Figure 3:
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ZMIA = _szz.c + E.zyl.C + VBXB + HJyJ _VJ (xB _eJB)+ M/.A + M/.B =0;
ZM,'B =V,x; +0, (xB _xl.C)+F;‘[yt‘C +H,y,+Vey +Mf,A +M_/‘.B =0; (14)
ZEX =H,+H,-F,—H,=0,

where O, F,

it

- weight and inertia force of the car; x,.,y,. — coordinates of the car's center of
gravity; y,,x, — coordinates of points J and B; e, — horizontal eccentricity between the axis
(p. B) of the balancer of the rear suspension of the car and the hinge of the coupling device

(p.J).
The weight and inertia force of the car, taking into account (1), will be equal, respectively:

O =mg, F,=mfg, (15)
where m, — vehicle weight (not including the weight of the front and rear suspensions).

The solution of system (14) concerning the unknown forces 7, and 7, taking into account
(1. (12) and (13), is obtained:

e+ fh x,— fh
V=V, - J+mtg_E]’ Vy=V, ’ j+E1’ (16)
Xp Xp
where we entered notations:
F-£ _ _ - h o= R 17
1 x mz (xt.(,‘ fj}z.c) wa.zm/Z H th ml +ml/s +mlrs’ J y/ + wat * ( )
B

Ratios (5), (6), (3], (11)-(13) and (16) make it possible to determine the amount of reactive
loads of the road train that occur during emergency braking. Together with the active weight
load and inertial forces, they allow us to determine the internal force factors in the frame
elements of the truck and semi-trailer and to evaluate their strength in this mode of oper-
ation of the road train.

During emergency braking, the frame of a truck is in more dangerous conditions than the
frame of a semi-trailer, so we will focus further on evaluating the strength of the car frame.

The calculation diagram of the rear part of the car frame is shown in Figure 4. The relatively
small distributed load from the frame's weight is neglected here.
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Fig. 4. Calculation diagram of the dangerous section of the car frame (a, b)

and cross-section diagram of the longeron (c)

According to the calculations made on the example of a road train consisting of a KrAZ-6446-
076-02 truck and a two-axle semi-trailer VARZ-6006, the shear and moment diagrams of
internal force factors in the cross-sections of the dangerous zone of the frame near the
hinge B were built (Figure 4b). It is here that the maximum values of the bending moment M.
and longitudinal force N occur. However, this section of the frame is additionally strength-
ened by stiffening ribs, cross-bars, and elements of attachment of the coupling device and
the wheeled cart. Therefore, the dangerous estimated cross-section of the car frame during
emergency braking is the cross-section K located in front of the reinforced section of the
frame.

The location of the longerons as to the points of load reduction indicates that the longerons
on the section GK during braking of the road train work on the combined effect of lateral
bending and off-center torque tension. However, the stiffness of the reinforced section
KL must absorb the torque and bending moment transmission to the longeron section GK
in the plane of the frame. Accordingly, in the section K of the longeron, the internal force
factors are equal to:

1 1 1 1 1 1 1
NK :_EH‘] +EHR; Mz"K :_EV‘] (xk _e«/B)+EH«/eJIf +5Mf»R +EVBXK +5HBesz’ (18)

The cross-section of the longeron of a truck has the shape of a structural channel (Figure
4c), accordingly, for the considered type of deformation (18), the dangerous points of the
cross-section K are the extremely compressed fibers of the top flange, in which the normal
stresses will be equal to:
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N M,
6[(,]—2:‘ AK+VV-OK’ (19)

%o

where 4, W, —area and moment of resistance of the cross-section of the longeron.

In the case of beams made of rolled profiles, the local stability check is not required, since
the profiles of the rolled steel assortments are designed with the condition of equality of
critical stresses and calculated resistance of the material. Therefore, local loss of stability of
longeron elements can occur after reaching the yield point of its material. At the same time,
reaching the yield point at individual points of the structural element means the appear-
ance of irreversible plastic deformations, which means a loss of strength for the engineering
structure. Therefore, the static strength of the longerons of the car frame must be deter-
mined relative to the yield point o, of the material, as the limit value of stresses.

Vel M|
A /4 n

20

2, (20)

where n - the safety factor of the longeron.

Ratios (8), (13), (16), (18), and (20) make up the dependence model of the safety factor of the
frame of the tractor unit as part of a road train with a semi-trailer, under conditions of emer-
gency braking, on the weight and geometric parameters of the road train, mass and the
center of mass position of the cargo, the type and condition of the pavement. These ratios
can be combined into a single inequation:

m,, (x, - — fy. 20,
E“ _ & g( 'g,C 'fygf) &_’_lil + m[mngwJ _El i_liz < f , (21)
' xp + fh; 4 W, W, 4 W, n
where we entered notations
e+ fh ) x,—fh, e,+fh
k, :%a L= fey +ey+f (ij +e)31f)%7%xkﬂ L =x + fey, + /R, (22)
B B B

Inequation (21) shows that the coordinates x, ., v., of the center of gravity of the load on
the semi-trailer are amaong the important parameters that affect the strength of the truck
frame in the road train. It is impossible to rule out the possibility of a dangerous situation,
when with the normative weight of the cargo, due to its unfavorable location on the semi-

trailer, emergency braking can lead to the destruction of the car frame.

Model (21] allows you to set the permissible location of the center of gravity of the load
m,, on the semi-trailer, for which the necessary safety factor n of the truck frame will be
ensured:

e[ AR, - AL) - ndm, gR,, + 20, AW,
wye> firge vt Ml g ( ) A

23
&My n(/leVzo +All) @)
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4. Discussion

Let's consider the application of the built model on the example of a road train consisting of
a KrAZ-6446-076-02 truck [21] and a two-axle semi-trailer VARZ-6006 in the conditions of
emergency braking on a dry asphalt-concrete surface: f =0.8. The maximum weight of cargo
that can be transported on the VARZ-6006 semi-trailer according to the technical manual
ism, =60t

cg max

The geometric and weight characteristics of the car and the semi-trailer were determined
according to the data in the technical references:
R,,=0592m, x,.=1.7Tm, y,.=126m, y,=1.02m, x,=53m, e, =0.18m,
x, =0.78m, e, =0.635m, e, =0385m;h, =1.612m
m, =6491kg, m, =1675kg, m, =3234kg, m =11400kg; (24)
R, =0.505m, x|, . =727Tm,y, .=069m, y,=1.18m, x;,=10.13m, h)=1.685m;
m,, =13000kg, m,, =5000kg.

sth

The radius of the wheels here was taken as the static radius of the tires.

The mass m,, of the cargo, as well as the coordinates of its center of gravity x/, ., V., . were
left as variable parameters. According to the technical documentation, the longerons of the
car frame are made of hot-rolled structural channel N230B-1 (DSTU 7551:2014) (fig. 5) of
15KHSND steel (DSTU 8541:2015) with strength class 345.

Geometric characteristics of the longeron profile according to DSTU 7551:2014:
A=49.88cm®, W.=433.03cm’. (25)

The yield point of the rolled steel with strength class 345 according to DSTU 8541:2015 and
the safety factor index of the car frame is:

G, =345MPa, n=3. (26)

After substituting the values (24)-(27) into (10), (17), (22), and (23] we get:

98674.66

m.,

X208y o +10.544 @7)

According to (27), graphs y,, . :yl’,g‘c(xl’,g‘c) (Figure 5) were drawn for different values of the
weight of the cargo on the semi-trailer m, =10¢,20¢,30¢,40¢,50¢, 601¢.
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Fig. 5. Graphs of the dependence of the permissible coordinates of the location of the center
of gravity of cargo of different weights on the VARZ-6006 semi-trailer connected to the
KrAZ-6446-076-02

Graphs in Figure 5 allow us to set the recommended horizontal position of the cargo's corre-
sponding mass on the semi-trailer, given the known position of its center of gravity. To
ensure the accepted index of safety factor » =2 of the KrAZ-6446-076-02 frame longerons,
the center of gravity of the given mass load must be below and left of the corresponding line

in Figure 5.

According to Figure 5 location of the cargo m, <10¢ center of gravity is practically not limited
by the working surface of the semi-trailer. At the same time, the location of the cargo, even
of medium, for the VARZ-6006 semi-trailer, weight m, =30¢, already has quite significant
limitations. Further, for the maximum passport load m,, =60¢, there is only a small area of
permissible location of the center of gravity near the axle of the semi-trailer's wheeled cart.

According to the technical manual, the KrAZ-6446-076-02 truck allows a load on the fifth-
wheel coupling up to 1704N. The calculations for the case of m,, =501, x/, . =7m, yl,.=25m
show that in the mode of uniform motion, a vertical load 154N will act on the fifth-wheel
coupling, which is permissible according to the vehicle's passport data. However, in the emer-
gency braking mode, the vertical load on the fifth-wheel coupling, calculated according to
(S) will be ¥, =281kN, and the safety factar index, according to (21), will decrease to n=0.96,
which means the complete exhaustion of the carrying capacity of the car's longerons and the
risk of their destruction.
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5. Conclusions

We conducted a theoretical study of the force effect on the strength of the frame of a tractor
unit being a part of a road train with a semi-trailer during emergency braking. The obtained
ratios were used to build an analytical model (21), which connects the geometric and weight
parameters of the tractor unit and a semi-trailer, the mass and location of the center of
gravity of the transported cargo, the coefficient of adhesion of the tires with the pavement,
the geometric characteristics of the cross-section of the longeron of the car frame, yield
point of its material and the safety factor of the frame. The application of the constructed
model is demonstrated in the example of a road train consisting of a KrAZ-6446-076-02
tractor unit and a VARZ-6006 two-axle semi-trailer. This specific example shows that a load
that, in the mode of uniform movement, creates a load on the fifth-wheel coupling of the car
within the normative limits, during emergency braking can create an excessive load, which
can lead to mechanical destruction of the tractor unit's frame. Also, the application of the
built model for the development of recommendations for the center of gravity's safe loca-
tion for loads of different weights, which ensures the given safety factor index of the car
frame during emergency braking mode, is shown in the example of the mentioned road train.

The research methodology and built model, presented in this work, can be used to assess the
strength of the frames of automobile tractor units and semi-trailers of the considered type,
and to establish safe schemes for the location of loads of different weights on the trailers
of road trains in the emergency braking mode, to ensure the strength of the tractor units'
frames and the safety of freight transport in general.
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