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ANALYSIS OF BRAKING SAFETY
INDICATORS BASED ON THE POSITION
OF THE REAR AXLE, CONNECTION,
AND GRAVITY CENTRE IN
TRACTOR-SEMITRAILER SYSTEMS
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Abstract

The hazards related to the motion of heavy goods vehicles are important issues of traffic
safety. The aim of this work is to show how selected deviations of geometric design
parameters can impact the selected quantities that describe the safety of the braking
process (braking distance, deceleration, instability indications). A quasistatic model of the
rectilinear movement of the vehicle combination (tractor-semitrailer), as well as models
of key subsystems (pneumatic brake system and the tangential tyre-road forces), were
adopted. Before starting the actual tests, model validation was carried out in which
the results of the original program were compared with the results of road tests. Then,
simulations were made for the chosen tractor-semitrailer combination for different
conditions — nominal and several changes in the longitudinal position of the fifth wheel.
A comparison was made for mainly braking distances and forces in the connection. The
presented results indicate that a considered geometric deviation, affects the measures
of braking efficiency. These conditions may also significantly contribute to changes
in the force in the connection, thus reducing or increasing the risk of jackknifing. It is
worth emphasizing that the valuable results were obtained using a relatively simple
calculation method.
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1. Introduction

The increasing number of motor vehicles is one of the factors influencing the level of road
safety. Its primary measure is the number of fatalities. In EU countries, this numberin 2021
was as much as19.8 thousand [1, 2, 3]. Most analyses (e.g. [1, 4, 5]) show that driver errors are
the main cause of road accidents. However, other factors cannot be forgotten. The report
[6] indicates that about 4% of inspected heavy goods vehicles had brake system failures,
and 2% had failures related to tyres, wheels and axles. In addition to the operational condi-
tion, the structure of the vehicle (construction of the braking system, geometric properties)
may influence the braking process, e.g. by extending the braking distance or increasing
the tendency to break the combination, and thus contribute to the occurrence or avoid-
ance of a road accident. Road safety statistics do not usually show this; all accidents are
attributed to the driver. However, in developing cargo transport safety (e.g. in the design or
construction process of vehicles), efforts should be made to minimize the potential causes
of road accidents.

According to statistical data, drivers of commercial vehicles (lorries) cause only a few per
cent of accidents (e.g. in Poland, approx. 3% in 2023, [3]). However, due to mass, stiff-
ness and geometric incompatibility [4, 7], the mortality rate of such accidents is much
higher (e.g. according to data from [3], the mortality rate of accidents involving trucks in
Poland in 2023 was approx. 8.8 deaths per 100 accidents and accidents involving trucks
— approx. 15. Commercial vehicle accidents are usually associated with higher claim
settlement costs.

From the point of view of active safety, the vehicle braking process plays a key role. This issue
is the subject of many considerations, in which various aspects are discussed. A common
thread is the influence of speed [5], vehicle weight [8, 9, 10] and its distribution on the
effectiveness of the braking process [11, 12, 13]. Solid bulk [14] or liquid [15, 16] substances
have a special feature. In addition to higher research areas, when designing cargo trans-
port vehicles, attention should be paid to other aspects, e.g. the influence of braking process
parameters on the durability of the vehicle structure [17]. Another important question is
the influence of the braking system, e.g. optimization of such system on the delay time and
motion directional stability [18]. In the works [19, 20, 21], the influence of the unbraked trailer
on the braking process is considered. An important aspect is the stability of the vehicle's
movement. Most often, this term refers to the movement of a vehicle on curves [22, 23, 24],
but it is also used when braking vehicles on a straight road. Here, the distribution of brake
forces to the individual axles of the vehicles group plays a key role. Incorrect distribution can
contribute to the occurrence of the "jacknifing" effect [25] and loss of movement stability.
Meeting the requirements specified in standard [26] does not guarantee preventing such an
effect in widely variable operating conditions.
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Much work is devoted to the time delays when applying the brakes e.g. [27, 28]. The reaction
time of the braking system is defined in normative acts, e.g. ECE [26] and should meet certain
conditions. Without going into other details described in [26] - it cannot be higher than 0.6 s
for towing vehicles, and 0.4 s for towed ones (e.g. semitrailers). A longer delay in the semi-
trailer may lead to an excessive increase in the force in the connection and, as a result, to the
effect of jackknifing.

For the purpose of simulation studies, research related to the description of tangential
forces in the tyre-road contact is also essential. Such issues are addressed in many warks in
the context of various problems (tyre type [29], vehicle and tyre operating conditions [30, 31],
road conditions [32, 33], simulation and experimental studies [34, 35]) e.g.

The above review of scientific works proves the relevance and need for research on various
issues related to vehicle braking. The authors of this work focus on a specific problem -
braking a combination of vehicles. The aim of the work is to show how geometric properties
of the structure of selected components of the tractor-trailer vehicle combination (here, the
longitudinal position of the tractor and semitrailer connection is selected]) can affect selected
indicators of the risk of braking safety (braking distance, deceleration, value of connection
force). A relatively simple calculation method is used, which uses the model of braking a trac-
tor-semitrailer combination. The adopted research method is justified as long as the results
of simulation tests are gualitatively and quantitatively similar to field experiments with real
objects. Hence, an important part was devoted to validating the simulation model.

2. Research method

2.1. Software and analyzed situations

The study used an original program simulating the braking of a vehicle combination
[36, 37, 38] written in the Matlab environment. The main element is the model of straight-
line braking of a combination of two vehicles supplemented with subsystem models
(see Figure 1). The program includes an advanced model of the pneumatic braking system
with wheel anti-lock regulator and the original model of tangential forces between the tyre
and the road surface, which is a modified Burckhardt model.
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Fig. 1. Diagram of the adopted method

The study considered the braking situation of a vehicle combination consisting of a three-
axle Volvo VNL tractor with a two-axle 'flatbed' semi-trailer moving at a velocity of 96,5 km/h
(60 mph), on a horizontal, dry asphalt surface.

2.2. Adopted vehicle models of the tractor-semitrailer combination

The paper deals with the analysis of the vehicle combination: tractor (vehicle A) - semitrailer
(vehicle B) presented as rigid bodies in translational motion on even surface (Figure 2). The
motion of the vehicles is considered only in the Ox direction vertical plane (reference system
Oxz is an inertial system, where: axis x - horizontal, axis z - vertical). The motion in the direc-
tion of the z-axis, such as the displacement of the set masses due to the deflection of the
suspension and tyres is omitted. The model of the vehicle bodies is created by a system of
concentrated masses and weightless beams. The connection is described as a rigid articu-
lated connection, omitting the relative motions of the vehicles. Axle assemblies (multiple
axles) are modelled as a single equivalent axle on which the sums of forces act, replacing the
reactions acting on individual axles concentrated at the centre of this axle. The model takes
into account the air drag forces of both vehicles and the rolling resistance of the vehicle
wheels. A detailed description of individual models can be found in [36, 37, 38].
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Fig. 2. Forces acting on the tractor (a) and the semitrailer (b)

In Figure 2 the symbols mean: SM — gravity centre of the vehicle, L - wheelbase, b - distance
between SM and the rear axle, ¢ - distance between the connection (fifth-wheel] and the
rear axle, 4 - height of the vehicle's SM above the road, 4, - distance between the connec-
tion and the road, #p - distance between point of the resultant air drag force and the road,
yj, — braking intensity (braking ratio [39]).

Forces: T - braking forces, G - gravity, R - normal reactions, Fp - air drag force, F7 - rolling
resistance forces.

2.3. Nominal parameters of the model

The vehicle parameters and other values were selected to be consistent with the real vehicle
described in [8] and used for validation purposes, which is described later in this work. Two
cases from the loading conditions described [8] were also adopted as nominal parameters
for further research. The first is a semi-loaded semi-trailer with a cargo mass of 22,600 kg,
and the second is a fully loaded semi-trailer with a cargo mass of 38,800 kg. In both cases,
the load was evenly distributed on the trailer. The mass and dimensional parameters of the
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vehicle and semi-trailer were taken from [40, 41, 42]. Technical data regarding the axles were
taken from [43], and the structure and characteristics of the brake cylinders from [44, 45,
46]. Manufacturers of trucks, semi-trailers or braking system components do not provide
all parameters and characteristics necessary to conduct simulation tests. The missing data
were supplemented on the basis of similar vehicle data or indirectly based on experimental
data (e.g. the coordinates of the centre of gravity were determined based on the tested axle
loads from [8]). The parameters and values of individual braking system components were
determined in a similar way. Detailed test data for real components could only be obtained
for brake actuataors. The parameters of the remaining elements of the braking system were
selected from the literature [47, 48] so that the characteristics of these components were
realistic. The basic parameters of the vehicles are presented in Table 1.

Tab. 1. Technical data of vehicles

property Vehicle A Vehicle B
name 2013 VNLB4T 670 Utility Trailer 48' Flatbed
wheelbase L,=5.61m Lg=124m
Mass? m,=8185 kg mp=5600 kg
CG position? ba=3.76 m, hx=113 m bg=4.5m, hg=1.1 m
Mass? = mp=28200 kg / 44400 kg
CG position? = bg=52m, hg=15m

connection position

cx=0.2m, h4,=0.5m
tyre: 285/70R22.5

cx=11.88 m, hyy=0.5 m
tyre: 2895/70R22.5

wheels? rg4=0.485m rgg=0.485m
I a1=8 kg'm? T Ao=14 kg-m? Iypr=14 kg'm?
Front axle: MGM 24L, Haldex T3030
Chamber Make/Size Rear axles: MGM 3030L3,

U for empty vehicles

MGM T30L3

2 for semi-loaded / loaded trailer
3 Al - single tyres; A2, B2 — dual tyres

The reaction times of the braking system and the braking torque depend on the design and
components of the braking system. The adopted model of the braking system uses a valve
that regulates the braking force depending on the axle load (LSV valve). Therefare, the final
characteristic of braking torques along with actuation (reaction) and torgue rise times will
depend on variables describing the characteristics of the LSV valve [48]. Mareover, the
maximum obtained braking torque won't be constant during the simulation depending on
the braking dynamics of the vehicle combination (axle unloading/loading). However, the
pressure response on the pneumatic lines were determined in such a way that the total
delay times on the individual axes corresponded to the actual data from available studies in
the literature [49, 50].
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There are many models to define unit tangential force u=7/R in the tyre-road contact. The
most popular ones in the motor vehicle dynamics simulation research field belong to the
so-called semi-empirical class. These are, for example: Magic Formula [51] and its modifi-
cations [52], Dugoff, Fancher, Segel model [53], TM-Easy model [54], UniTire [55], Fastsim,
Polach [56] or Burckhardt model [39, 57]. They are characterized by varying degrees of
complexity and input values that do not always correspond to the assumed vehicle model. In
the presented calculations, the Burckhardt model modified by the article's authors was used.
The unit longitudinal tangential force u is described as:

u(s) =[c;(1—e™5%) —s-c3-Gp| - Gs - (1 — 5 - FP) (1)

The G, and G, coefficients are described as follows:

e~ Cp3V

= 2

Gp =~ @)
Gs=Cpy-v—105" arctan(—cp4 S v) +1 3)

¢y, Cy, ¢3 —Coefficients describing the influence of the road surface and the tyre,

¢s — an additional factor that makes the longitudinal force dependent on the reaction R,
Cpis Cp2» Cp3> Cps —COEFficients describing the influence of the vehicle velocity,

s —wheel slip ratio,

v - vehicle velocity, m/s.

Table 2 contains the adopted values of the coefficients of this model. They have been
adjusted so that the peak and sliding values of adhesion obtained from their characteristics
as a function of the values of the slip ratio corresponded to the values found, for example, in
[58] for the discussed condition of the road surface: dry asphalt surface. The unit longitudinal
force curves for several velocities and different loads are shown in Figure 3.

Tab. 2. Parameters of the author's tire-road model (dry asphalt surface)

cy Cy [ Cs Cpl Cp2 Cp3 Cp4
0.97 26.5 019 107" -0.006 11 0.016 0.004
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Fig. 3. Tyre-road unit tangential Force curves depending on the axle load and vehicle velocity

2.4. Variable parameters and indicators of the risk of braking safety

As mentioned, the work focused on the impact of changing vehicle design parameters on
braking safety indicators. Selected geometric changes in the vehicle structure will affect the
static gravity forces distribution on the axles and, during the braking phase, the relief or load
individual of axles/axle combinations. The variable parameters included the position of the
vertical plane passing through the centre of the semi-trailer axle assembly cp and the posi-
tion in the horizontal plane of the connection in the tractor cy4. In the first case, the position of
the gravity centres of the semi-trailer with the load bp relative to the substitute axle and the
position of the forces (marked with index B2) acting on this axis will also change - see Figure 2.

The values of the above-mentioned parameters in the case of the position of the substitute
axle were changed to the extent probable for such a configuration of a road vehicle (design
enabling the change of the position of the axle combination in operating conditions), and for
the position of the tractor connection - theoretical, but technically achievable (dimensional
aspect], i.e.

cg—from12mto9 m,in 0.5 m steps,

¢y —from-02mto 0.3 m,in 0.05m steps.

To obtain a wider range of possibilities for assessing the risk of braking safety, simulations
for the above variable parameters were also carried out in three configurations of the centre
of gravity position and two braking system configurations. Due to the fact that the location
of the centre of gravity is an operational property (distribution of the load on the trailer), the
influence of the adopted variable parameters on the braking safety indicators was checked
in the event of shifting the centre of gravity of the trailer with the load by 2 m backwards
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and forwards. Tests were also carried out for the braking system with nominal parameters
(reflecting the actual vehicle also used in the validation) and without a Load Sensing Valve
(LSV). This is to obtain an idea of the influence of the correction valve on the test results.

The braking distance s, the horizontal force in the fifth wheel (tractor-semitrailer connection)
Fpin the fully developed braking phase and the average deceleration a in this phase were
taken as indicators of the risk to braking safety for the analysis of the results.

3. Validation

Before starting the actual tests, it was decided to compare the program created by the
authors with the results of road tests of a comparable vehicle. The experimental results for
comparison were taken from [8]. Technical data and other parameters in both validation and
actual simulations correspond to the vehicle from road tests (see section 2.3). The first stage
of work before starting the comparative tests was to determine the missing data of the vehi-
cles and braking system. The positions of the vehicles' gravity centres and the position of the
tractor connection were determined based on the tested axle loads for each tested load. As
described in section 2.3, components of the actuation mechanism, brake actuators and axles
are taken from vehicle component catalogs or their equivalents. Only the valuesdefining the
characteristics of the automatic Load Sensing Valve (LSV valve) were selected iteratively.

The biggest unknown vehicle parameter for the authors was the characteristics of the LSV
valve. In the initial validation tests with the omission of this valve, the simulation results
did not coincide with the road ones in any case. The tested real vehicle [8] has the same
size and type of brake cylinders on the rear axles of the tractor and semi-trailer. The axles
system (wheels, tires) is also the same. Additionally, measurements [8] of the distribution of
gravity forces on the axles show that the load values of the above-mentioned axle combi-
nations are similar. This means that without pressure correction on both axle combinations,
the braking moments would be close to their maximum value. However, road test results with
turning off the brakes of one of the tractor's rear axles, show a greater increase in braking
distance than turning off one of the semi-trailer axles (see Table 3). The above suggests that
the tested vehicles used a Load Sensing Valve. The model simulated the simplified opera-
tion of a mechanical LSV valve, in which the dependence of the valve characteristic value
on the load on the axle/axle combination was determined. The above values were selected
using an iterative experimental method, carrying out subsequent simulation tests for various
valve settings. In a similar way, the initially assumed parameters of the F force model of the
tire-surface model were corrected, ultimately obtaining the values given in Table 2.

The validation results focused on the impact of the weight of the load on the trailer and the
lack of braking of some axles of the vehicles on the braking safety indicators such as braking
distance, acceleration and braking time (such comparative data could be found in [8]).
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A comparison of the results of actual road and simulation tests for various load values and
failures is presented in Table 3, where: s is the total braking distance, p is the cantrol pressure
on the braking valve, a is the deceleration for fully developed braking, and the avg. a is the
average deceleration over the entire run, ¢ is the total braking time. The graphical interpreta-
tion of selected results is presented in Figure 4 and Figure 5.

Tab. 3. Comparison of the results of road tests (taken from [8]) and simulation tests

Road tests Simulation tests
Vehicles Failures from ) p i t S p &l avga t
combination the nominal (m) (bar) (m/s?) (s) (m) ([bar]) [m/s?] (m/s? (s)
weight (kg/Ib) state
675 6.8 59 47 711 7.0 59 55 49

2702335 687 7.0 6.0 47
731 7.1 57 49
27216 / Vo llinaaFe 900 72 43 63 910 70 4.4 41 64
60 000 first driving axle 954 72 41 67
& 911 72 42 64
No braking of the 75.0 7.2 53 52 754 70 55 51 52
27216/
60 000 rear axle of the 774 7.1 52 53
semi-trailer 783 7.0 52 54
36287/ 664 68 59 47 699 70 6 55 4.8
80 000 695 68 58 4.8
71.3 6.6 56 49
36287/ No braking of the 974 B6S 39 69 892 70 45 43 6.3
80 000 first driving axle o 5 67
g 934 68 40 67
36 287 / No braking of the 805 6.8 48 56 782 70 53 49 54
80 000 rear axle of the 793 6.7 49 56
semi-trailer 783 6.7 49 55
Shifting the 69.1 6.8 59 48 708 70 59 54 49
36 287 ,
80000 centre of gravity 6811 6.9 58 47
forward 70.0 6.9 57 4.8
No braking of the 99.1 6.9 38 70 944 70 4.2 4 6.6
first driving axle 1003 6.8 38 71
Dt Shifting the 8989 6.7 38 71
80 000 '
centre of gravity
forward
No braking of 753 68 52 53 757 70 54 51 53
the rear axle of 774 68 51 54
36287/ the semi-trailer 767 6.8 52 53
80 000 Shifting the
centre of gravity
forward
43998 / 751 6.8 54 51 703 70 6.0 55 48
97 000 720 68 55 50

76.0 68 53 52
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Road tests Simulation tests
Vehicles Failures from S P & t S P a avga t
combination the nominal (m) (bar] [m/s? () (m) (bar) (m/s?) (m/s?]) (s
weight (kg/b) state
43998/ No braking of the 1025 68 38 72 863 70 47 4.4 6.1
97 000 first driving axle LEkE R e 74
1012 68 38 72
52617/ 715 71 50 52 778 70 53 49 55
116 000 74.2 6.9 49 5.4
774 70 4.8 55
52617/ 101.7 72 35 75 970 70 4] 39 6.9

No braking of the

116 000 first driving axle 1006 72 36 74
8€ 998 71 35 73
52617/ No braking of the 955 7.0 38 70 914 70 4.4 41 6.5
116 000 rear axle of the 941 70 38 69
semi-trailer 840 71 39 6.9
90 7
80 ¢
70 |
£ 5]
E 60 E‘ B Experiment -
£ g’ B
E. 40 Bs test 2
:é 30 g ) -f:sptearimenb
= 20 + ® ® Simulation
10 14 .
0 0
27216 36287 43998 52617 27216 36287 43998 52617
mass m, kg mass m,kg
(a) (b)

Fig. 4. Braking parameters for different weights of the trailer with load;
(a) braking distances, (b) decelerations
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Fig. 5. Braking parameters for different braking system Failures or CG positions.
Set total mass 36 287 kg; (a) braking distances, [b) decelerations
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Based on the above results, it can be concluded that both qualitatively and quantitatively,
the simulation program shows similar results of the experiment. The main differences may
result from not knowing the exact values of all vehicle and braking system data. In particular,
we can emphasize the characteristics of the automatic Load Sensing Valve (LSV valve), the
response times of individual axles and the u curves of the tire-road interaction. Variable
brake control pressure and unknown characteristics between this pressure and the oper-
ating pressure at the brake actuators in the actual vehicle may also affect the results.

The braking safety indicators listed (see section 2.4] also include the connection farce.
Unfortunately, due to the scarcity of road tests on this topic, the authors of this article were
unable to match similar vehicles for validation purposes. However, previously comparative
studies on this topic were carried out in [37] for a vehicle combination with slightly different
parameters. The F force was compared there based on the available literature [59]. In the
mentioned tests, the deceleration of the vehicles was (0.53-0.63) m/s? and the F force
was (1.2-13.7) kN, depending on the brake cylinders pressure on individual vehicle axles. The
mass of the vehicle combination and its distribution on the axles was similar to the simula-
tion of a loaded vehicle described by the authors in [37]. With a similar pressure ratio in the
braking system and an average deceleration of 0.57 m/s? the F value in the experiment was
10.9 kN [59], and in the simulation it was 14 kN [37]. However, in the case of no braking of the
semi-trailer axle, the experiment achieved a force of 13.7 kN with an average deceleration of
0.63 m/s? and in the simulation in an analogous case with a similar deceleration, the hori-
zontal force in the clutch was 16 kN. The list of ranges of Fs force values obtained in simula-
tion and experimental tests for the given range of deceleration of the vehicle combination is
presented in Table 4.

Tab. 4. Comparison of the results of simulation tests and the results of experimental studies taken

from the literature - couple horizontal force

Case Deceleration F [kN] F [kN]
[m/s?] (experiment) (simulation)
Nominal vehicle combination 0.57-0.63 §.7-13.7 12-15
Semi-trailer brakes not working 0.56-0.63 12.6-13.7 13-16

Bearing in mind that the vehicles mentioned in [37, 59] differ in design and the range of
tested deceleration values is small (which is associated with a large impact of external factors
on the results), based on Table 4 it can be concluded that qualitatively and to some extent
quantitatively simulation results reflect the real situation.
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4. Research Results and Discussion

The results of simulation calculations of the basic braking safety indicators of the tested
vehicle combination for the adopted test scope are presented below. Figures 6-7 show the
test results for the shift of the vertical plane passing through the centre of the cp semi-
trailer axle assembly. The solid line shows the results for the nominal braking system (with
the LSV valve] and the dashed line for the situation when the LSV valve is not working. Three
cases of the location of the gravity centre of a semi-trailer with a load bg were considered:
nom - nominal, b+2 - shifted forward by 2 m (compared to the nominal position), and 5-2
shifted backwards by 2 m.
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Fig. 6. Braking distances depending on the position of the semitrailer axle assembly, taking into
account the position of the semitrailer SMp and the operation of the LSV valve; (a) with a semitrailer
mass of 28 200 kg, (b) with a semitrailer mass of 44 400 kg

Based on the results, it can be said that the trends in the variability of the braking distance and
deceleration from the adopted variables are very similar. Therefore, the discussion of the results
will be presented only on the example of the braking distance. Analyzing charts of this size, it can
be concluded that for a combination of vehicles with a nominal braking system and a mass of
28 200 kg, changing the location of the rear axle combination in relation to the connection does
not significantly affect the braking distance. For the nominal position of the gravity centre, the
difference in s value is approximately 1 m between the extreme positions of the semi-trailer axle
assembly. The largest difference in braking distance - 4 m - was achieved when the SMp of the
semi-trailer with the position of the gravity centre was shifted forward. A small influence of the
location of the cg semi-trailer axle assembly on the length of the braking distance is ensured by
a valve that regulates the braking torque depending on the axle load distribution. This thesis is
confirmed by the results of testing a combination of vehicles with a braking system without an
LSV valve. Here, in the extreme case, the difference in braking distance between the marginal
positions of the axle assembly is approximately 21 m (visible for the case of b-2 without LSV)
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After increasing the weight of the semi-trailer with a load of 44 400 kg, the differences in
s value between the marginal positions of the axle assembly are greater, even with a nominal
braking system with an LSV valve. When the SMp of the semi-trailer is moved to the rear, this
difference is 21 m, with the nominal position of the gravity centre it is approximately 2 m, and
when the centre of gravity is moved forward - 9 m.

For both loading conditions, as the distance between the semi-trailer axle assembly and
the connection increases (shifting the axle backwards), the braking distance increases or
decreases depending on the SMB position of the semi-trailer with the load. The s value
decreases when the gravity centre b of the loaded semi-trailer is located closer to the semi-
trailer axle assembly and increases when the gravity centre is located closer to the semi-
trailer connection.
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Fig. 7. Horizontal fForces in the fifth wheel depending on the position of the semitrailer axle assembly,
taking into account the position of the semitrailer SMp and the operation of the LSV valve;

(a) with a semitrailer mass of 28 200 kg, (b) with a semitrailer mass of 44 400 kg

Contrary to the braking distance in the Fy curves (Figure 7), the results of the group of
vehicles with the nominal system and without the LSV valve are quantitatively similar and
qualitatively can be assumed to be the same. The graph shows a tendency that the more
the gravity centre of the loaded semi-trailer is shifted backwards, the greater the influence
of the location of the semi-trailer axle assembly on the Fs force (the greater the slope of
the trend). This farce itself increases as the cg value increases (shifting the axle assembly
rearward). For shifting the gravity centre by 2 m backwards, the difference in the F force
between the peripheral location of the semi-trailer axle assembly is approximately 34 kN for
the mass of the semi-trailer with a load of 28 000 kg and 54 kN for 44 400 kg, and for shifting
the gravity centre 2 m forward only approx. 7 kN for both loading states.

It is also worth paying attention to the fact that for a fully loaded semi-trailer (44 400 kg),
the characteristics of the F force due to the location of the axle assembly for the nominal
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position of the gravity centre became 'flattened' at high values of this force (approximately
130-140 kN). This suggests a reduction in the ability to reduce the Fs force by appropriately
positioning the axle assembly and gravity centre positioning. In this loading condition, this is
only possible when the SMp is positioned 2 m backwards - case -2 (then the smallest value
of the F force is approximately 55 kN). However, for a medium-loaded semi-trailer, this was
also possible for the nominal gravity centre position.

The direct impact of the SMp shift and the operation of the LSV valve on braking safety indi-
cators is not the main topic of research. However, it can be mentioned that in the absence
of LSV valve operation, as the distance of the gravity centre from the rear axle bg decreases,
the braking distance increases. In extreme cases, even by 40 m (see Figure 6a). After using
the LSV valve, the difference in the braking distance narrowed to a maximum of 8 m. In the
case of F force, its value decreases with the reduction of the distance bp, regardless of the
use of the LSV valve or not.

Figures 8-9 show the test results for the shift in the horizontal plane of the connection posi-
tion relative to the rear axle of the tractor cy4.

Ca

8
g

mg=28 200kg ¢, nominal cunominal _ o mg=44 400kg
95 95 o_ e - - -
%0 :EA:A=~=~A9'??C*=1‘~6=‘
EY > =0
3 £ e - —=—nom
e 8 o 85
2 @ g — @ nom (without Isv)
£ —o -0 99— 0~ 2
g %0 - —o—o—0 -0 =0 -0 g% = = | el
® gl — — o= b+2 (without Isv)
£ 75 = ) =
8 — ! 2 ——b2
< 5 0 70 )
| o= =gp fubGa-<E- N —-—-) =@ b-2 (without Isv)

@

&
a
&

@
3

@
3

03 02 01 0 01 02 03 04
distance cA, m

s
®
I
<
&
2

0 0.1 0.2 03 0.4
distance cA, m

(a) (b)
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mass of 28 200 kg, (b) with a semitrailer mass of 44 400 kg

Analyzing the graphs of the braking distance depending on the distance ¢4, it can be
concluded that for a combination of vehicles with a nominal braking system and without
an LSV valve and for both loading states, changing the position of the tractor connection
towards the front of the vehicle (an increase in the ¢4 value] results in an increase in the total
braking distance of the vehicle combination. Additionally, this increase is greater the closer
the SMp of the trailer with the load is to the rear axle combination (case b-2), equally for the
nominal brake system and the case without the LSV valve.
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For a semi-trailer with an average load (28 200 kg), with the gravity centre at the nominal
position and shifted backwards by 2 m, the difference in s value for peripheral values of ¢4 is
up to 3 m. If the gravity centre is shifted forward by 2 m, this difference is up to 0.5 m.

For the maximum trailer load (44 400 kg), the difference s value for peripheral ¢4 values is
up to 3.5 m only in the case of shifting the gravity centre by 2 m rearward. In other cases, this
difference does not exceed 0.7 m.

It is worth noting that most tractor-trailer vehicles have a connection located in positive
c4 values. However, the smallest braking distances are obtained for negative values of the
connection position. However, the differences in the braking distance between the periph-
eral values of the connection position are not significantly large (max. 3.5 m), and a greater
threat is caused by incorrect load distribution, lack of a properly adjusted LSV valve or the
position of the semi-trailer axle assembly (see analysis for Figures 6, and 7).

150000 Ca 1 150000

_ 2 " inal mq=44 400kg
mg=28 200kg ¢, nominal - Cafomina 8

140000 140000 f:s_—xtm?;—_,v_—}k‘v—_, =

130000 —E - = 130000 "'“-"-6-5 —

i ; a e %-e

120000 = 120000 | ._._.".—I—._._'__'H_; —=—nom
;110000 z 50501 — @ nom (without Isv)
~ s —m—b+2
£ 100000 § 100000
s 8 b+2 (without Isv)

90000 90000 -

%" e-0-0o-4 o ==b

80000 -_'4-'—l—l=.—._._ﬁ,=._.7"' 80000 — @ b2 (without Isv)

70000 70000

60000 60000

03 02 0.1 0 0.1 02 03 04 03 02 01 0 01 02 03 04
distance cA, m distance cA, m

(a) (b)
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valve; (a) with a semitrailer mass of 28 200 kg, (b) with a semitrailer mass of 44 400 kg

The analysis of the characteristics of the F§ force in the fifth wheel depending on its position in
the horizontal plane shows that as the connection is shifted forward of the tractor (an increase
in the ¢4 value), the value of the F force decreases. This is even more visible when the SMp of
the trailer with load is closer to the rear of the vehicle - case b-2. This characteristic is visible
both for the average and maximum trailer load and for both variants of the braking system.

Contrary to the braking distance, the lowest values of the connection force are obtained for
positive c4 values. The differences in the F force between the peripheral values of ¢4 are up
to 9 kN. From this analysis of the results, it seems more advantageous to shift the connec-
tion towards the front of the tractor. This also has a positive effect on the axle load distri-
bution (part of the weight of the loaded semi-trailer will weigh both axles of the tractor to
a greater extent).
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It should also be noted that for a higher semi-trailer mass (and for the nominal gravity centre
location), as well as for shifting the position of the semi-trailer axle assembly cg (see the
analysis for Figure 7], the horizontal force characteristics depend only slightly on the location
of this connection ¢4. Therefore, we can say that for both experiments (changing ¢z and ¢ 4],
the greater mass reduces the possibility of reducing the Fs force by appropriately positioning
the axle assembly and the position of the connection.

However, based on the analysis of the results shown in Figures 6-9, it can be concluded
that the simultaneous combination of design parameters (position of the axle assembly) and
operational parameters (load distribution - position of the gravity centre] of the semitrailer
has a greater influence on the braking safety indicators than the position of the connec-
tion relative to the tractor axle. For example, the largest difference in s value and F§ force
between the peripheral positions of the axle assembly in tests with shifting the position of
the semi-trailer axle assembly was 21 m and 54 kN (case b-2 for a mass of 44 400 kg), and for
tests with shifting the position of the connection relative to tractor 3 m and 9 kN.

5. Conclusion

Simulation research allows for a broad understanding of the impact of various design and
operational parameters of vehicles and their deviations on various movement character-
istics in various conditions. This article analyzes the influence of the position of the axle/
axle assembly relative to the connection in a tractor-trailer road combination on selected
braking safety indicators: braking distance, deceleration and horizontal force in the connec-
tion. An important element of this analysis was the validation of the computational model,
which showed that this model reflects well qualitatively and quantitatively enough the actual
object in the considered motion for the selected braking indicators.

The main conclusions from the calculations are:

As the distance of the semi-trailer axle assembly from the connection increases (shifting
the axle backwards), the braking distance may increase or decrease depending on oper-
ational parameters such as the loading status of the semi-trailer (it decreases when the
centre of gravity of the loaded semi-trailer is closer to the axle assembly and increases
in the opposite situation).

The influence of the position of the semi-trailer axle assembly on the braking distance
depends on the mass and position of the gravity centre of the semi-trailer with the load.
Due to proper load distribution and low weight, it is practically negligible.

Avalve that regulates the braking torque on the wheels depending on the axle load is able
to minimize the impact of the position of the semi-trailer axle assembly on the braking
distance, but only for low trailer loads.
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As the distance between the trailer axle assembly and the connection increases (shifting
the axle rearward), the F force increases.

The more the gravity centre of the semi-trailer with the load is shifted backwards, the
greater the influence of the position of the semi-trailer axle assembly on the F force.
The F force can be reduced by properly positioning the trailer axle assembly and distrib-

uting the load.

Changing the position of the tractor connection towards the front of the vehicle (increase
in the ¢4 value) causes an increase in the braking distance of the vehicle combination
and a decrease of the F force in the fifth wheel.

The influence of the position of the tractor connection on the braking distance and the
fifth wheel force (F) depends on the mass and position of the gravity centre of the
loaded semitrailer. The closer the gravity centre is to the front of the trailer, and the
greater the mass, the smaller this influence is.

For large loads, the F| force is reduced by appropriately positioning the axle assembly, the
position of the semi-trailer load and the tractor connection.

The position of the tractor connection has a smaller impact on the risk indicators for
braking safety than the design parameters (position of the axle assembly) and opera-
tional parameters (load distribution - position of the gravity centre] of the semitrailer.

The results of simulation tests can be used to design vehicles. They can also become the

first stage of research, before road tests, which will help shorten the time, reduce the costs

of
of

such tests and help focus on the main threats to braking safety and the proper purpose
the research. The presented simulations showed that even the use of relatively simple

vehicle dynamics models can provide interesting and non-obvious information.
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