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Resume

The study concerns the problem of overloading the vehicles driven on public
roads. The gross vehicle mass and individual axle loads are limited by legal
regulations. However, a tricking method, applicable to most popular designs
of motor vehicles and multiaxial tractor-semitrailer units, has been shown that
the weighing inspectors, even if provided with precise scales, may be deceived
without any interference in the scale operation. In such a method, the current
vehicle state may be changed by modifying the stiffness of individual pneumatic
suspension springs, which is now technically feasible. The author used two
authorial vehicle models and a simulation program. Calculation results obtained
for a four-axle motor vehicle and a five-axle tractor-semitrailer unit, taken as an
example, have been demonstrated. They show that a deceit is possible when
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1 Introduction

The motor transport of passengers and goods plays
a key role in economies of most countries in Europe and
other continents. However, the bearing capacity of land
roads is not unlimited. Therefore, the legal regulations
have been adopted to restrict the acceptable gross vehicle
mass and the normal forces exerted by wheels of individual
vehicle axles on the road surface [1]. The limits thus
imposed depend on specific road class (traffic service
level), vehicle type, position of a specific axle in the
suspension system structure and vehicle’s running gear.
Transportation companies and their drivers try to make
use of vehicle’s load capacity to the maximum possible
extent. They reduce the “idle mileage” to the minimum,
which is a reasonable trend. Simultaneously, however, it
happens quite often that they overload (unconsciously or
intentionally) their vehicles by exceeding the acceptable
gross mass of the vehicle or the tractor-semitrailer unit
or by incorrectly arranging the cargo. In both cases, that
causes the axle loads to exceed the acceptable limits. As
a consequence, the overloaded road surface undergoes
more intensive wear. According to [2], the 10% exceedance
of the acceptable limit of the road surface load may raise the
road-destroying effect by 45%. Another negative effect of
the vehicle overloading is increased traffic accident hazard
arising from higher loads on vehicle’s running gear and on
its braking and steering systems. In Poland, like in many
other (especially East European) countries, there are still

shortages in the network of modern roads with high load
capacity; as a consequence, the traffic of heavy vehicles
takes place in a considerable part on the lower-class roads.
It also happens that drivers, trying to avoid the payment
of a toll, choose local highways and the progressing
deterioration of such roads constitutes a serious problem
for local authorities. The Minister of Infrastructure and
Development and the Road Transport Inspection (ITD)
in Poland receive many related questions, appeals and
requests, which sometimes have the form of parliamentary
questions [3] and are formulated in result of analyses carried
out by institutions subordinated to legislative authorities
[4]. The said Road Transport Inspection (ITD) has adequate
equipment necessary to carry out continuous and periodic
inspections of vehicle loading.

This paper’s aim is to present the problem of
a possibility of the ITD inspectors being cheated when
measuring the vehicle axle loads and even if instruments
of the highest possible accuracy are used at that. Thus,
apart from the problem exploration aspect, the purpose of
this study is to direct inspectors’ attention to the possible
hazard of deceit.

2 Systems for weighing vehicles in motion
The systems for weighing vehicles in motion have

been developed as a result of many years of research,
experiments and construction of measuring equipment
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and as an effect of experience gained from multiannual
operation of such devices in the USA and in many
European countries. They were first built in the USA in
1951 [5]. In Europe, the earliest one was made in the
UK in 1978 [6] and intensive research and engineering
works aimed at construction of systems intended to
determine the weight of a vehicle in motion, referred to
as weigh-in-motion (WIM) systems, have been done since
1990s. In publications [2, 6-9], such projects as COST323
(1993-1999), WAVE (1996-1999), TOP TRAIL (2000-2002),
REMOVE (2004-2006) and FiWi (2007-2009) have been
mentioned. The researchers and scientists involved in
exploring such issues meet together at cyclic conferences
named ICWIMi (the most recent one, ICWIMS, was held in
Prague in May 2019).

Publication [6] presents division of the WIM systems
into on-board and road WIM systems and the latter are
divided into non-invasive (seismic) and embedded systems.
The embedded systems may use a bridge structure as
the measuring device (they are referred to as Bridge-
WIM or B-WIM systems) or may be installed in or under
the pavement (Pavement WIM systems), which in turn
are divided into Low Speed (LS-WIM) and High Speed
(HS-WIM) systems operating at vehicle speeds of up to
10 km.h! and higher (even up to 80-120 km.h'), respectively.
The latter may be made as one- or two-sensor devices or
as multi-sensor (Multi-Sensor WIM or MS-WIM) systems.
A matter of critical importance here is the measurement
accuracy, specified as about 2% for the LS-WIM systems
and 7-20% for the HS-WIM ones. For the most modern
MS-WIM systems, where even as many as 16 sensors may
be employed, the accuracy is 2% [6].

To determine vehicle weights, static (or quasi-static)
scales with an accuracy of the order of +1% [10] are also
used (some manufacturers even declare an accuracy of
0.03% [11]). They are made as weighbridges (or platform
scales) for vehicles as a whole [10-19] and stationary or
mobile scales for determining the loads on individual
vehicle wheels or on two wheels of the same vehicle axle
[12, 16, 20-21]. The measurement results obtained from this
equipment may provide grounds for imposing penalties
for overloading of vehicles in relation to the requirements
specified in the applicable normative document [1]. The
measurements in this case take more time than required
when other equipment is used and the vehicle must pull
in. Therefore, such measurements are carried out when
a suspicion of a vehicle overload is indicated by the road
WIM system (chiefly an HS-WIM system). Therefore, the
HS-WIM systems are treated as intended for in-motion
preselection of overloaded vehicles [2, 5-9, 22-23].

In the USA, the ASTM E1318 standard is in force [5],
according to which the WIM systems have been divided into
types I, II, IIl and IV. Type I and Type II systems are used for
collecting traffic data (at vehicle speeds of 10-80 mi.h?). For
Type III systems (10-80 mi.h"), requirements corresponding
to the European pre-selection systems (HS-WIM) have
been formulated. Type IV is also mentioned, although not
approved yet for use in the USA, but built to enforce the

vehicle loading regulations (suitable for vehicle speeds of
2-10 mi.h?).

Since 2014, a nationwide WIM network has been under
construction in Poland. By 2015, 300 stations to weigh pre-
selected vehicles were to be built, according to GDDKiA
(General Directorate for National Roads and Motorways in
Poland) [2]. The WIM network administered by ITD (Road
Transport Inspection) is provided with mobile systems,
i.e. scales for determining the loads on individual vehicle
wheels or on two wheels of the same vehicle axle [12, 16,
20-21].

3 Essence of the feasible method of deceiving
when a vehicle is weighed in motion with
a very low speed

Figure 1 shows a schematics that explains the way
how a deceit can be committed when a vehicle is weighed
in motion with a very low speed. Here, a four-axle vehicle
standing on a horizontal road surface, with its axles being
situated symmetrically to each other, will be used as an
example. The vehicle load is so arranged that the gross
vehicle weight 4F causes identical normal reactions F to act
on the wheels of individual vehicle axles (see the top part of
the drawing). In this example, axle scales (simultaneously
measuring the load on two wheels of the same axle) is
used. Thus, four F values are measured (with accuracies
of individual scales). If the measurement, carried out for
the wheels of a specific axle (marked with a red ring in
the drawing) of the vehicle under test, is immediately
preceded by a reduction in the stiffness of suspension
springs of the said axle (caused by e.g. the vehicle driver)
then the load value actually read for this axle will be lower
than F. If such a fraudulent driver’s action is repeated
when the loads on other axles are measured, a similar
effect will be obtained. The drop in the normal reaction
value determined for the axle under measurement will be
accompanied by growths in the values of such reactions at
the axles situated nearby (where the load is not measured
at that time). In consequence, the sum of the readouts will
be less than 4F and the measuring inspector will record
a total result lower than the actual vehicle weight (4F),
in spite of precise stationary scales being used. Instead of
reducing the stiffness of the suspension system of the axle
under measurement, the suspension stiffness at the other
(or neighbouring) axles may be raised to obtain a similar
effect. A schematic similar to the one presented in Figure 1
may also be drawn for a multiaxial tractor-semitrailer unit.

The following questions arise:

e Can the suspension stiffness be changed during the
slow vehicle motion on the measuring stand?

e (Can the possible changes in the suspension stiffness
at individual vehicle axles be big enough for the
difference between the actual vehicle weight and the
sum of individual readings to be such that the driver
would avoid punishment for vehicle overloading?
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Figure 1 Schematics to explain the possibility of deceit when a vehicle is weighed in motion with a very low speed. The red
rings indicate the axles where the suspension spring stiffness is temporarily reduced.
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Figure 2 a. Example characteristics of the pneumatic suspension spring (air bellow) of a motor truck:
force (Ibsx1 000=4.54x1 000 N) vs current bellow height (in = 0.0254m) for various constant values
of bellow inflation pressure (above atmospheric, e.g. 100 psig=0.689 MPa) [25], b. Relative changes
in the air bellow stiffness for two different reference pressure values
(0.552 MPa and 0.689 MPa in this case, as specified)

e  Similar questions may be asked in the case of examining At present, there are many vehicles with such systems [24-
a single axle and comparing the measurement result  26], especially those designed for the long-range operation,
with the legally acceptable limit. where driver’s comfort and reduction of vibrations, having
The computer systems (LAN) and on-board diagnostic ~ an impact on the cargo transported, are a matter of

systems used in motor vehicles provide technical importance. This particularly applies to suspension systems

possibilities that the first question may be answered of semitrailers (e.g. Wielton, Fruehauf, Schmitz, Kogel), as
affirmatively. well as trucks and truck-tractors (in the latter case, not all

For the “YES” answer to be given to the second the vehicle axles are so equipped). Even the manufacturers
question, some preconditions must be met. First, the vehicle  of the four-axle motor trucks, designed for operation
under consideration must be provided with a suspension in the building industry and driven on unpaved roads
system with controllable stiffness, e.g. a pneumatic one. (e.g. Scania, Volvo, Iveco and Renault), provide selected
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Figure 3 Model of a tractor-semitrailer unit for the simulation of the vehicle motion and dynamics, including real time

simulation. 29 degTees Offreedom, i.e. .%‘01, y@p 201, l//p (ﬂp ﬂ]) C(;p C(;gy CC.‘)’ chp (ﬂp (02: (ﬂm (Pw l//m (p]\n ﬂm C]\q) CNgy CN_»p CN@ CNgf CN(,-?
P Py Py Pyp Oy P Velicle modelled: Mercedes Actros 1841L [29]

vehicle axles with pneumatic suspension systems. Figure
2a shows an example of characteristics of the pneumatic
suspension spring (air bellow) of a motor truck [25]. Figure
2b illustrates relative changes in the air bellow stiffness for
the two different reference pressure values (0.552 and 0.689
MPa in this case, as specified). The characteristic curves
in Figure 2a represent the axial forces transmitted by the
bellow as functions of the current bellow height for various
inflation pressure values. As it can be seen, the slope of
the curves, i.e. the suspension stiffness, increases with
a growth in the bellow inflation pressure.

As an example: for the bellow height of 5 in. (0.127
m), a pressure change from 40 psig to 100 psig (i.e. from
0.276 MPa to 0.689 MPa) will cause the suspension stiffness
(slope of the bellow force vs height curve) to rise more
than 2.34 times (i.e. by 134%). For the same bellow height,
a reduction in the pressure from 100 psig to 40 psig (i.e.
from 0.689 MPa to 0.276 MPa) will cause a drop in the
suspension stiffness by about 57.3%. This is illustrated by
the curve plotted in Figure 2b for the reference bellow
pressure of 100 psig (0.689 MPa). Thus, the suspension
stiffness may be considerably changed by modifying the
bellow inflation pressure.

Second, it should be checked by calculation whether
the obtainable change in the suspension stiffness would
cause a sufficient lowering of the measurement results for
the cheating effect in question to be achieved. And this is
exactly the objective of this study.

4 Physical models used in the calculations

Originally, the author planned to use his authorial
MBS (Multi-Body System) models presented in [27-29].
An example model of this type, used to study dynamics of
an articulated vehicle, has been shown in Figure 3. This
model has 29 degrees of freedom and requires a lot of
data to be predetermined, including performance curves
characterizing the operation of individual vehicle component
systems. Actually, the objective of the calculations carried
out was to verify the hypothesis formulated in Section 3;
therefore, the two simpler models were chosen, which
were to be used at first for qualitative research and then
for quantitative tests. The fact was taken into account that
during the quasi-static measurement carried out on single-
wheel scales (determining the loads on individual vehicle
wheels) or on axle scales, the vehicle is moving rectilinearly
with a very low speed.

Pursuant to the rule that the model adopted should
chiefly represent the main vehicle characteristics in the test
conditions [28, 30-31], a decision was made to reduce the
complexity of structures of the models built.

Figure 4 shows the model of a four-axle motor truck
moving rectilinearly with a very low speed. The model has
the form of a beam representing the mass of the vehicle
body solid supported by four springs that describe the
elasticity of individual wheel suspension systems and
pneumatic tyres (arranged in series). The masses of vehicle
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Figure 4 Model of a four-axle motor truck moving rectilinearly with a very low speed
(for the meaning of the symbols used see the text)

| |
Zs N > S Ua-ts
S Us-Us
C SI i mn'g
up-us
mc ur-th
ki 8 k< ks ks ks ke
Z
1 2 3 4 5 6 T
X O
le Z; Z3f 2 Zs] Zs
lic . N O\
liz | Iss 1
s < 2
lis ‘

Figure 5 Model of a three-axle truck-tractor with a three-axle semitrailer moving rectilinearly
with a very low speed (for the meaning of the symbols used see the text)

wheels and axles and the propulsion forces have been
ignored. In the model so designed, point B represents the
centre of a vehicle mass; mg [kg] is vehicle mass; g = 9.81
m.s? is acceleration of gravity; numerals i = 1, 2, 3, 4 denote
tyre-road contact points; Z, [N] is normal reaction at the i
tyre-road contact point (equal to the load on the i** axle); k,
[N.m] is resultant stiffness of the suspension system and
tyres of the i axle; l.11 [m] is a horizontal distance between
point “i” and point “j” (here, i = 1 and j = 2, B, 3, 4); u, [m] is
deflection of the suspension system of the i axle (here, i =
1, 2, 3, 4); o [rad] is a pitch angle of the vehicle body solid.
Oxy is the coordinate system attached to the road, where
Ox is the horizontal axis and Oz is the vertical axis.

Figure 5 shows a similar model of a three-axle truck-
tractor with a three-axle semitrailer. Here, the two beams can
be seen that represent masses of the tractor and semitrailer
body solids. They are coupled to each other by a rotary joint

representing the fifth-wheel joint in the tractor-semitrailer
unit. The beams are supported by springs describing the
elasticity of individual wheel suspension systems and
pneumatic tyres (arranged in series as above). Masses of
the vehicle wheels and axles and the propulsion forces have
been ignored here, as well. In the model so designed, points
C and N represent centres of mass of the truck-tractor and
semitrailer, respectively; S is a centre of the rotary coupling
between the truck-tractor and semitrailer (centre of the fifth-
wheel kingpin head, i.e. the “fifth-wheel centre”); m, [kg] is
the truck-tractor mass; m [kg] is the semitrailer mass; g =
9.81 m.s? is acceleration of gravity; numeralsi =1, 2, 3,4, 5,
6 denote tyre-road contact points; Z, [N] is normal reaction
at the k™ tyre-road contact point (equal to the load on the
k™" axle); k_[N.m'] is resultant stiffness of the suspension
system and tyres of the k™ axle; Z [N] is vertical reaction at
the fifth-wheel centre (point S); 1, [m] is horizontal distance
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between point “k” and point “1” (here, k = 1, S; and 1 = C, 2,
S, N, 4, 5, 6); u, [m] is deflection of the suspension system of
the k" axle (here, k = 1, 2, 3, 4, 5, 6). Oxy is the coordinate
system attached to the road, where Ox is the horizontal axis
and Oz is the vertical axis.

5 Mathematical models for the physical models
adopted

For the physical models illustrated in Figures 4 and
5, mathematical models have been built, which describe
the state of the static equilibrium of vehicles moving
rectilinearly with a constant very low speed (close to zero)
on a horizontal even road surface.

5.1 Mathematical model of a four-axle motor truck

The following additional assumptions were adopted for
the model shown in Figure 4:

e differences u-u, in suspension system deflections are
small in comparison to the lu dimensions specified,;

*  suspension system deflections u, are vertical (in the Oz
direction);

e pitch angle o of the vehicle body solid is small (up to

a few degrees);
®  Z reactions are non-negative.

Equations that describe the state of the static
equilibrium of the vehicles moving rectilinearly, with
a constant very low speed, have the form of equations
of forces acting in the vertical direction Oz, equations of
the moments of forces relative to point 1, tangent of the
pitch angle a of the vehicle body solid determined from
deflections of the suspension systems of axles 1, 2 and
4 and tangent of this angle determined from deflections
of the suspension systems of axles 1, 3 and 4. After
transformations, they take a matrix form:

AS, xZS, -WPSS, . o))

The non-zero elements of the AS matrix are represented
by a group of relations:

AS(L,1) = AS(1,2) = AS(1,3) = AS(1,4) = 1,
AS(2.2) =1, AS(2,3) =1, AS(2,4) = 1,,,

ASB,D) = (,-1,)/k,, AS(3,2) = 1, /k,, AS(34) = -1 /k,, (2)
AS(4,1) = (1,,-1,)/k,, AS(4,3) =1, /k,, AS(4,4) = -1 /k..

Vector ZS has the form in Equation (3) and vector
WPSS is defined by:

ZS, =collZ),i=1,2, 3,4 3
WPSS,, = collmyxg, myxgxl,, 0, 0]. @)

1B’

The vector ZS to be found (Equation (3)), representing
the normal reactions (axle loads) Z at the i tyre-road
contact points, can be obtained by solving Equation (1).

5.2 Mathematical model of a three-axle truck-tractor
with a three-axle semitrailer

Additional simplifying assumptions were also adopted

for the model shown in Figure 5:

e differences u-u, in suspension system deflections are
small in comparison to the 1, dimensions specified;

*  suspension system deflections u, are vertical (in the Oz
direction);

e pitch angles of the tractor and semitrailer body solids
are small (up to a few degrees);

*  Z reactions are non-negative.

Equations that describe the state of static equilibrium
of the truck-tractor moving rectilinearly, with a constant
very low speed, have the form of equations of forces in
the vertical direction Oz, equations of the moments of
forces relative to point 1 and tangent of the pitch angle of
the tractor body solid determined from deflections of the
suspension systems of axles 1, 2 and 3. Similar equations
that describe the state of static equilibrium of the semitrailer
have the form of equations of forces acting in the vertical
direction Oz, equations of the moments of forces relative
to point S and tangent of the pitch angle of the semitrailer
body solid determined from deflections of the suspension
systems of axles 4, 5 and 6. After transformations, they take
a matrix form:

AZ,  xZZ, =WPSZ, . 5)

The non-zero elements of the AZ matrix are represented
by a group of relations (6):

AZ(1,1) = AZ(1,2) = AZ(1,3) = AZ(1,4) = AZ(1,5) =
=AZ(1,6) =1,

AZ(2,D) = -1, AZR2,.22) =1, -1, AZ2,3) =11,

AZBD = (1,-1)/k,, AZ(3,2) =1 /k, AZ(3,3) = -1 /k,
AZ4,2) =1, AZ(4,3) =1 /1, AZ(4,4) = AZ(4,5) =
=AZ(4,6) =1, (6)
AZ(B4) =1, AZL(BS5) =1, AZLB,6) = 1,

AZ6,4) = (I,-1)/k,, AZ(6,5) = - (I,-1)/k,, AZ(6,6) =
=(-1)/k,

Vector ZZ has the form in Equation (7) and vector
WPSZ is defined by Equation (8).

ZZ,, = col[Z],i=1,2,3, 4, 5, 6. @

WPSZ, = col[(m +m)xg, m xgx( 1), 0,

(mcxllc/lls—mN)xg, megXISN, 0]. 8
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Figure 6 Calculation results obtained for the nominal data
of the example four-axle motor truck in comparison to the
maximum acceptable axle load values (“Limit, per axle”)

The vector ZZ to be found (Equation (7)), representing
the normal reactions (axle loads) Z at the i tyre-road
contact points, can be obtained by solving Equation (5).

6 Data adopted for the example calculations

For the motor truck calculations, the data adopted as
an example represent a four-axle vehicle with an 8x8 drive
system (all-wheel drive eight-wheeler) with a design similar
to that of at least several truck types used in Poland, chiefly
in the building industry.

The data taken for the example calculations, concerning
a truck-semitrailer unit, correspond to a two-axle truck-
tractor with a three-axle semitrailer. The structure of such
a vehicle combination is somewhat less complicated than
that shown in Figure 5, but it was chosen because of being
very popular in Poland. The low road gradients prevail
(except for the southern regions) and transport companies
usually choose truck-tractors with 4x2 drive systems (four
wheels, two of them being driven), which is less expensive
than the 6x4 type (six wheels, four of them being driven).
The tractor-semitrailer model, as discussed in the foregoing
sections, makes it possible to analyse the five-axle vehicle
combinations instead of the six-axle ones, as such a model
reduction would not disturb the computation algorithm.
Equation (9) illustrates a modified system of denoting
individual vehicle axles and tyre-road contact points, which
enables the said model reduction:

1=>1c 2=>2c¢c 3 =>3c (omitted)

4=>1In 5=>2n 6=>3n, (©)]
where: “c” and “n” means “tractor” and “semitrailer,
respectively.

Point 3 (i.e. 3¢ in the new notation) would be omitted
in the case of the said reduction. The mathematical model
would still have the form as described by Equations (5)-(8),
but the method of presenting the calculation results would
be modified according to Equation (9).
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Figure 7 Calculation results obtained for the nominal
data of the example two-axle truck-tractor with a three-axle
semitrailer in comparison to the maximum acceptable
values for the 1% tractor axle (“Limit,1¢”), 2" tractor axle
(“Limit,2c”) and a semitrailer axle (“Limit, 1n-3n”)

6.1 Nominal data of the motor truck and the tractor-
semitrailer unit

The following data were adopted for the four-axle 8x8
motor truck taken as an example: mg =32 000 kg, k, = k, =
k, =k, =300000 Nm’, 1,=17m,1,=48m,1, =6.15m,
1, = 3.1625 m. The maximum acceptable values are: m
=32 000 kg (i.e. Gg,,, =mg, x g=313920 N) and Z,, =
Z, dop = Z, dop = Z, dop™ 9 000 kgxg = 88 290 N, according to the
applicable normative document [1]. As it can be seen, the
vehicle mass is equal to the maximum acceptable gross
vehicle mass (mg = mg dop). Figure 6 shows the calculation

results obtained for the nominal data of the example four-

Sdop

axle motor truck in comparison to the maximum acceptable
values. At none of the vehicle axles, the normal reactions
(axle loads) exceed the limits.

For the example truck-semitrailer unit (two-axle truck-
tractor with a three-axle semitrailer), the following data
were adopted: m, = 7 500 kg, m = 32 500 kg, k =
412 000 N.m?, k, = 1 500 000 N.m*, k, = 1 340 000 N.m?, k,
=1340 000 N.m?, k, = 1 340 000 N.m?, 1, = 3.595 m, 1

12 1c =

0.567m, 1, =3.13m, = 3.849 m, I, = 4.89 m, I, = 6.20 m,
l, =7.51m.
The maximum acceptable values are [1]: m,, = (m,

+my), =40 000 kg (ie. G, =m, xg-= 392503100 N),
Zy g, = 10000 kg x g = 98 100 N, Z, , =11 500 kg x g =
H2 815N, Zy 1 = ZLyoy = Liypgey = 8 000 kg x g = 78 480 N.
The mass of the truck-semitrailer unit is equal to the
maximum acceptable gross vehicle mass (m, = m, + m
=m, dop). Figure 7 shows the calculation results obtained
for the nominal data of the example two-axle truck-tractor
with a three-axle semitrailer in comparison to the maximum
acceptable values. At none of the vehicle axles, the normal

reactions exceed the limits.
6.2 Data of the motor truck and the tractor-
semitrailer unit when overloaded

The model of the four-axle motor truck taken as an
example was overloaded by 20% and the centre of its mass
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Figure 8 Calculation results obtained for the four-axle
motor truck overloaded by 20%, shown in comparison to the
maximum acceptable axle load values (“Limit, per axle”)
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Figure 9 Calculation results obtained for the truck-
semitrailer unit overloaded by 20%, shown in comparison
to the maximum acceptable values for the 1% tractor axle
(“Limait, 1c”), 2" tractor axle (“Limit, 2¢”) and a semitrailer
axle (“Limit, In-3n”)
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Figure 10 Motor truck. Impact of a reduction in the stiffness of suspension systems of axles 1 (a), 2 (b), 3 (¢) and 4 (d) on
the normal road reactions (axle loads) at pneumatic tyres of all the four vehicle axles

was shifted rearwards by 0.15 m. Thus, the two parameters
of the model were changed (cf. Figure 4): m_ = 38 400 kg, 1 ,
= 3.3125 m. Figure 8 shows the calculation results obtained
for the overloaded four-axle motor truck in comparison
with the maximum acceptable values. The normal reactions
(axle loads) exceed the limits at axles 2, 3 and 4.

In the model of the truck-semitrailer unit taken as
an example (two-axle truck-tractor with a three-axle
semitrailer), the semitrailer was overloaded by 20% and the
centre of its mass was shifted rearwards by 0.5 m. Thus, the
two parameters of the model were changed (cf. Figure 5):
m, =39 000 kg, 1, = 4.349 m. Figure 9 shows the calculation

results obtained for the overloaded truck-semitrailer unit in
comparison to the maximum acceptable values. The normal
reactions at the semitrailer axles (1n, 2n and 3n) exceed
the limits.

7 Potential capabilities of the method of deceiving
when the example vehicles are weighed

The analysed method of deceiving when the loads
on individual vehicle axles are measured consists (as
described above) in reducing the stiffness of specific axle’s
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Figure 11 Tractor-semitrailer unit. Impact of a reduction in stiffness of the suspension systems of axles 1 (a), 2 (b), 3 (¢)
4 (d) and 5 (e) on the normal road reactions (axle loads) at pneumatic tyres of all the five vehicle axles

suspension springs immediately before the axle load is
measured. In consequence, a part of this load is taken over
by the other vehicle axles, chiefly those next to the one
under measurement.

7.1 The case with overloading the example motor
truck

As mentioned before, the four-axle motor truck taken
as an example for the calculations has an 8x8 drive system
(it is an all-wheel drive eight-wheeler). Usually, the front
axle of such vehicles is not provided with pneumatic
bellows because of the confined space available, restricted
by the design and mounting of vehicle’s engine and steering
system components. An air suspension system, whose
stiffness may be varied, is provided at the 2", 3" and 4™

axle or at the two rearmost axles. Figure 10 shows impact
of a reduction in stiffness of the suspension systems of
individual vehicle axles on the normal road reactions
(axle loads) at pneumatic tyres of all the four axles. The
1t axle (Figure 10a) is not overloaded. Should, however,
a reduction in the stiffness of the suspension system of
this axle be possible then the normal road reaction (axle
load) would decline with the said drop in the stiffness of
this suspension system. The load on the 4™ axle would also
decrease, at the expense of a growth in the loads on axles 2
and 3. Since the front axles of vehicles of this type are not
usually provided with pneumatic bellows, the interference
in the front axle suspension system will not be discussed
here. The 2" axle (Figure 10b) is overloaded. A decline in
the stiffness of its suspension system causes a drop in the
normal road reaction (axle load); namely, if this stiffness
declines by as little as about 4%, the axle load drops to the
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acceptability limit. A decrease in this load is accompanied
by growths in the loads on the other vehicle axles. The 3
axle (Figure 10c) is overloaded, too. Again, a decline in
the stiffness of its suspension system causes a drop in the
normal road reaction (axle load). Here, a load drop to the
acceptability limit is achieved when the suspension stiffness
is reduced by about 14%. Consistently, growths are observed
in the loads on the other axles, with the lowest value of this
growth being observed at the 1% axle. Overloading also
takes place at the 4™ axle (Figure 10d). This overload also
declines with a drop in the stiffness of the suspension
system of this axle, but this stiffness must be reduced by
about 28% for the acceptability limit of the axle load to be
achieved. In this case, the load on the 1% axle declines as
well, with the loads on axles 2 and 3 increasing at the same
time. Results shown in Figure 10 indicate a high potential
of the presented method of interfering in measurements of
normal road reactions, i.e. in determination of the loads on
individual vehicle axles.

7.2 The case with overloading the example tractor-
semitrailer unit

The model of a tractor-semitrailer unit, taken as
an example for calculations, represents a combination
of a two-axle truck-tractor having a 4x2 drive system
(four wheels, two of them being driven) with a three-axle
semitrailer. Here, Equation (9) should be recalled, which
was adopted when the six-axle model of Figure 5 was
replaced by a five-axle one. As in the motor truck case, the
truck-tractor’s front axle is not provided with pneumatic
bellows because of confined space available, restricted by
the design and mounting of vehicle’s engine and steering
system components. An air suspension system, whose
stiffness may be varied, is sometimes provided at the 2
tractor’s axle only. On the other hand, such systems very
often occur at semitrailer axles. Figure 11 shows the impact
of a reduction in the stiffness of suspension systems of
individual vehicle axles on the normal road reactions (axle
loads) at pneumatic tyres of all the five axles. The 1 axle of
the tractor (Figure 11a) is not overloaded. Should, however,
areduction in the stiffness of the suspension system of this
axle be possible, then the normal road reaction (axle load)
would decline (at a very low rate, hardly noticeable) with
the said drop in the stiffness of this suspension system.
A decrease in the load would also take place at the 2" axle
of the tractor and the 3" (rearmost) axle of the semitrailer.
Conversely, the load on the other semitrailer axles would
increase (with the rate of this growth being higher at the 1
axle). As mentioned above, truck-tractors’ front axles are
not usually provided with pneumatic bellows; therefore,
the interference in the suspension system of this axle will
not be discussed here. The 2" axle of the tractor (Figure
11b) is not overloaded, either. With declining stiffness
of its suspension system, the normal road reaction (axle
load) decreases and so does the load on the 3 axle of the
semitrailer and the 1% axle of the tractor (although at an

insignificant rate in the latter case). This is accompanied by
an increase (slight in this case) in the loads of semitrailer
axles 1 and 2.

The 3" axle of the tractor-semitrailer unit, i.e. the
1t semitrailer axle (Figure 11c) is markedly overloaded.
With a decline in the stiffness of its suspension system,
the load of this axle decreases, as well. The load drops
to its acceptability limit when the suspension stiffness
is reduced by about 23%. This process is accompanied
by an increase in the load on the other vehicle axles,
especially on the 2" axle of the tractor and on the 2
and 3" semitrailer axle. The 2" semitrailer axle (Figure
11d) is overloaded, too. A reduction in the stiffness of its
suspension system results in a decline in the axle load,
with the load acceptability limit being achieved when
the stiffness is lowered by about 18%. This takes place
at a simultaneous growth in the load on other vehicle
axles, especially on the 1% and 3 semitrailer axle. The
34 semitrailer axle (Figure 11e) is overloaded and, as it is
in the other cases, a reduction in its suspension stiffness
causes a drop in its load, which crosses the acceptability
limit when the stiffness decreases by about 13%. In such
a situation, the load drops on the 2™ tractor axle and
slightly declines on the 1% tractor axle, while the loads
increase on the 1% and 2" semitrailer axles. Results
shown in Figure 11 indicate a considerable potential of
the presented method of interfering in the measurements
of normal road reactions, i.e. in determination of the
loads on the axles of a vehicle combination consisting of
a two-axle truck-tractor with a three-axle semitrailer. This
particularly applies to the semitrailer axles.

8 Results of weighing the example vehicles while
the presented methods of interfering in the
stiffness of vehicle suspension systems are
employed

The method of deceiving when the loads on individual
vehicle axles are measured, described in Section 7, was
verified for the example data adopted here to represent
a four-axle motor truck and a two-axle truck-tractor
with a three-axle semitrailer. Due to the vehicle design
constraints (air suspension systems are mainly provided
at the 2 3" and 4" axle or at the two rearmost axles
of the four-axle motor trucks and at semitrailer axles),
hypothetical interference (of persons wanting to affect the
weighing results) was only considered for the 2" 3 and
4™ axle of the motor truck and for the three semitrailer axles
in the tractor-semitrailer unit. This means a lower number
of the vehicle axles where the suspension stiffness could
be altered. An assumption was made that the suspension
stiffness was reduced by 50%.

Figure 12 shows calculation results obtained for
overloading of the example four-axle motor truck. They
include loads on individual vehicle axles, actual vehicle
weight, maximum acceptable value of the vehicle load
and result of a measurement with the said interference in
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Figure 12 Calculation results for the example four-axle
motor truck overloaded by 20%, compared to the maximum
acceptable load values. Loads on individual axles (“Axle
17, “Axle 27, “Axle 37, “Axle 4”), actual gross vehicle weight
(“GVW, actual”), gross vehicle weight limit (“GVW, limit”)
and gross vehicle weight measurement result obtained with
changing the suspension stiffness at axle 2, 3 and 4 as
described (“GVW, measured”)
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Figure 13 Calculation results for the example four-axle
motor truck overloaded by 20%, compared to the maximum
acceptable load values. Loads on individual axles (“Axle 17,
“Axle 27, “Axle 3", “Axle 4”) and maximum acceptable axle
load (“Limit, per axle”). The red rings indicate the state of
overloading and the green rings indicate either the state that
the acceptability limit is actually not exceeded (axle 1) or the
effect of changing the suspension stiffness (axles 2, 3 and 4)

the form of altering the stiffness of suspension systems of
axles 2, 3 and 4. The vehicle weight remained unchanged
during the measurements. The vehicle weight considerably
exceeded the acceptability limit, which has been indicated
by a double red arrow. However, the sum of results of
measurements of individual vehicle axle loads was lower
than the acceptability limit and this in turn has been
indicated by a double green arrow. This means that the
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Figure 14 Calculation results for the example tractor-
semitrailer unit where the semitrailer was overloaded by
20%, compared to the maximum acceptable load values.
Loads on individual axles (“Ic”, “2c”, “In”, “2n”, “3n”),
actual gross weight of the vehicle combination (“GVW,
actual”), maximum acceptable gross weight of the vehicle
combination (“GVW, limit”) and gross weight of the vehicle
combination as measured with changing the suspension
stiffness at semitrailer axles In, 2n and 3n as described
(“GVW, measured”)
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Figure 15 Calculation results for the example tractor-
semitrailer unit where the semitrailer was overloaded by
20%, compared to the maximum acceptable load values. Loads
on individual axles (“Ic”, “2c”, “In”, “2n”, “3n”), maximum
acceptable values for the I tractor axle (“Limit, Ic”),
2 tractor axle (“Limit, 2¢”) and a semitrailer axle (“Limit,
In-3n”). The red rings indicate the state of overloading and
the green rings indicate either the state that the acceptability
limit was actually not exceeded (tractor axles 1c and 2c) or
the effect of changing the suspension stiffness (semitrailer
axles In, 2n and 3n)

effect of seemingly lower gross vehicle weight, translated
into the gross vehicle mass subject to assessment, was
achieved.

Figure 13 shows the same results but rearranged
to focus on the loads on individual axles compared to
the applicable acceptability limits. The red rings indicate
the state of overloading without any interference in the
suspension stiffness. The green rings indicate either the

VOLUME 23

COMMUNICATIONS 1/2021



D12

LOZIA

state that the acceptability limit was actually not exceeded
(axle 1), or the effect of changing the suspension stiffness
(axles 2, 3 and 4), where the load measured (scale readout)
was lower than the applicable acceptability limit. In the
example shown, the said interference in the stiffness of
vehicle axle suspensions may be assessed as successful.
For the example motor truck, the measurement results
presented in Figures 12 and 13 fraudulently show that the
total vehicle load and the loads on individual vehicle axles
did not exceed the acceptability limits.

Figure 14 shows calculation results obtained for
overloading of the example tractor-semitrailer unit. They
include loads on individual tractor and semitrailer axles,
actual weight of the complete vehicle combination,
maximum acceptable values of the vehicle load and result
of a measurement with the said interference in the form
of changing the stiffness of suspension systems of the
semitrailer axles (1n, 2n and 3n). The weight of the vehicle
combination remained unchanged during the measurements.
The vehicle weight considerably exceeded the acceptability
limit, which has been indicated by a double red arrow.
However, the sum of results of measurements of individual
vehicle axle loads was lower than the acceptability limit
and this in turn has been indicated by a double green arrow.
This means that the effect of seemingly lower gross vehicle
weight, translated into the gross vehicle mass subject to
assessment, was achieved.

Figure 15 shows the same results but rearranged
to focus on the loads on individual axles compared to
the applicable acceptability limits. The red rings indicate
the state of overloading without any interference in the
suspension stiffness. The green rings indicate either the
state that the acceptability limit was actually not exceeded
(truck-tractor axles 1c and 2c), or the effect of changing
the suspension stiffness (semitrailer axles 1n, 2n and 3n),
where the load measured (scale readout) was lower than
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