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Abstract: With the continuous development of road transport of goods, the issue of safety risks
related to the movement of trucks and road trains remains an essential element of the overall road
safety system. One of the persistent problems is the braking of such kits, especially in emergencies
on the road. The work aims to show how typical changes in operating conditions can affect the
basic indicators illustrating the safety of braking (effectiveness indicators, stability symptoms). A
simulation method was applied for the analysis, which used a relatively simple (quasi-static) model of
the tractor-semitrailer set’s rectilinear motion and models of the braking system and the longitudinal
forces in the tyre-road surface contact. Calculations were made for the selected truck-trailer set in
nominal condition and for several deviations from the nominal state, such as loading the trailer (load
value, location of the semi-trailer’s centre of gravity), reduced surface adhesion, and selected faults of
the semitrailer braking system. The results were compared for several qualitative and quantitative
criteria for the evaluation of braking safety. Attention was drawn to the problem of the forces in the
coupling (which determine the possibility of jack-knifing phenomena), the order of axle locking, and
the braking distance. The presented results show that the change of operating conditions as above
compared to the nominal condition visibly deteriorates the effectiveness of the braking process. The
greatest threat, both related to the braking efficiency and the increase in the force in the coupling, is
associated with the lack of braking of the semitrailer axle or a significant reduction in its load. The
weight and location of the load’s centre of gravity considerably impact braking safety. In addition
to the negative impact on the braking distance or increase in the horizontal force in the coupling, it
changes the order of locking the axle. ABS reduces the risk associated with braking safety but does
not eliminate it. At the same time, it has been shown that using relatively simple calculation tools
makes it possible to indicate the risks related to the braking safety of such articulated vehicles.

Keywords: safety of motor vehicle braking; simulation method; braking the tractor-semitrailer
vehicle set; motor vehicle dynamics; trucks; articulated vehicle

1. Introduction

Road transport is the primary way of moving goods and people, and its share in the
general transport market is constantly growing, which is evident in the statistics, e.g., [1,2].
If we limit ourselves to transporting goods only, in 2010, the transport performance in the
EU-27 amounted to a total of approx. 3036 billion tkm, including the share of road transport
amounted to 51%. In 2019 the total transport performance increased to 3392 billion tkm
with the percentage of road transport at 52% [2]. In some countries, the dominance of
road transport is even more pronounced (e.g., in Poland, the share of road transport in the
amount of transport performance increased in 2010–2020 from approx. 70% to 85% [1]).

The increase in the transport of goods translates into an increase in the number of
vehicles travelling on the roads. In the EU-27 countries, approx. 283 million motor vehicles
are registered (2021), including approx. 35.6 million trucks. The number of motor vehicles
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is systematically increasing. From 2010 to 2017, the number of freight vehicles increased by
9% [2].

The increase in road transport is one of the essential factors affecting safety. Although
statistical data show a systematic reduction in road incidents, it is nevertheless the most
dangerous type of transport. In the European Union, in 2021, the number of fatalities in
road accidents amounted to 19.8 thousand [3–5]. As indicated by various studies on traffic
safety, the main causes of accidents lie in the operators (drivers) of vehicles [3,6,7] and
much less in the remaining elements of the transport system: human-vehicle-environment.
Nevertheless, they are negligible in an analysis of road traffic safety. During vehicle
inspections by the Polish Road Transport Inspection, as many as 4% of the tested vehicles
showed malfunctions of the braking system, and 2% related to tyres, wheels and axles [8].
These were the most frequently detected faults in heavy goods vehicles.

The authors’ area of interest is the vehicle. Therefore, further considerations will be
limited to this element of the system. A vehicle with safety-appropriate characteristics
contributes to a higher level of road safety. Commercial vehicles (lorries) play a specific
role in this aspect. On the one hand, police reports show that only a few percent of the
perpetrators of road accidents are drivers of trucks with a maximum permissible weight
(GVW) above 3.5 t (e.g., in Poland in 2021, out of a total of 23,000 accidents, it is only approx.
3.3% of such events [5]). However, on the other hand, due to the general incompatibility
of such vehicles with other means of road transport in terms of geometric, mass, and
stiffness [6,9–13], the effects of road incidents involving such vehicles are much more
significant. Analysing the data in [5], it can be seen that the severity of such accidents is
much higher—15 deaths per 100 accidents, while the overall average for road accidents
was 8.8. Another aspect of truck accidents is the potentially significantly higher material
costs associated with the extent of infrastructure damage, vehicle damage, and cargo loss.

The driver’s basic behaviour in emergencies is to brake the vehicle. Therefore, the
course of the braking process and its impact on the vehicle’s behaviour on the road is
crucial for its active safety. The main areas of interest of scientists dealing with the braking
safety of various vehicles are the impact of vehicle speed and mass [14–18] and the position
of the centre of gravity [19,20] on deceleration and braking distance. Another discussed
topic is the deceleration rise time [21]. The debated issue is also the impact of the design
features of the braking system on its reaction time and directional stability of motion [22]
or the effect of the lack of braking of the trailer [23,24] on the braking process of the set of
vehicles as well as the experimental verification of numerical models, e.g., [25].

Vehicle stability is an essential aspect of such a process. It is affected, apart from the
values of the braking forces and the state of wheel rotation movement (locked or not), by the
distribution of these forces on the sides of the vehicle and individual axles. Improper ones
can lead to loss of vehicle stability. This problem becomes particularly important in the case
of vehicle combinations (lorry-trailer or road tractor-semitrailer). Here, such an improper
distribution of forces on individual axles of vehicles, apart from the classic (described in
the theory of motor vehicle motion, e.g., [26–28]) situation of the tendency for the vehicle to
rotate in the road plane), may lead to the phenomenon of “jack-knifing”, which results in
the loss of control over the vehicle and a high risk of an accident (even though, for example,
the braking efficiency indicators are good). To reduce the risk of such situations, vehicle
braking systems must meet specific requirements formulated in normative acts, e.g., [29].
Among other things, they impose specific boundary characteristics of the distribution of
braking forces for different categories of vehicles (this will be described in more detail in
Section 3.2). However, these limitations cannot always protect a vehicle or a set of vehicles
against the described threats in actual operating conditions. Wear and tear of vehicle
components, changes in load, motion resistances, state of the road surface (its adhesion),
etc., affect the actual indexes of utilised adhesion for individual axles.

Essential issues are time delays and times of increasing braking forces on vehicle
wheels. They are the subject of research presented, for example, in [15,30–32]. According
to the requirements of ECE [29], the reaction time of the braking system is understood as
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the time elapsing from the moment of starting the actuation of the control device until
the moment when the braking force of the most unfavourably located brake reaches the
level corresponding to the required efficiency. In motor vehicles equipped with a service
braking system wholly or partially dependent on an energy source other than the driver’s
muscular energy, the braking system’s response time during emergency braking shall not
exceed 0.6 s. In the case of towed vehicles, the braking system’s response time measured
without a motor vehicle should not exceed 0.4 s [29]. Excessive time delay in braking the
towed vehicle can increase force in the coupling acting on the towing vehicle, consequently
leading to a “jack-knifing” phenomenon.

Another important aspect in analysing safety and stability during braking is the tyres’
adhesion to the road surface. It directly impacts the vehicle’s behaviour (wheel locking,
force distribution, motion stability, braking ratio). The characteristics of the unit tangential
force in the contact tyre-road surface are influenced by the properties of the tyre (shape,
tread type, wear, pressure, stiffness, compound type, year of production—age/age of the
material) and the road surface (surface type, roughness, wear, weather conditions: the
thickness of the layer of water, snow, ice cover etc.). This issue is the subject of many
studies, e.g., the impact of the type of road surface [33–36], weather conditions [35,37–39],
aerodynamic drag [40], tyre type and pressure [34,35,41,42], vehicle speed [33] or load [42].
Comparisons of simulation and experimental studies in the unit tangential forces, also
taking into account lateral slip, can be found, for example, in [33,43–45]. Interesting work
is [37], where authors propose an integrated tyre-vehicle model to evaluate vehicle braking
performance based on Persson’s friction theory. The topic of modelling contact forces will
be mentioned in Section 2.2.

Tests for vehicles of a similar form to those considered in this article (trucks, articulated
vehicles) can be found in the previously mentioned [17,39,40]. In paper [46], a three-
dimensional model of a truck is proposed, but the research concerns fuel consumption in
the context of road unevenness. The paper [47] proposes a methodology for simulation
durability tests of vehicles and their assemblies. In both of these works, the unevenness
of the road surface plays an important role. In paper [48] a numerical model was used
to simulate the handling stability of a heavy tractor semi-trailer under Crosswind. Other
works presenting the use of models to simulate the braking of trucks, e.g., such as V-sim,
can be found in [49,50]. It is worth noting that most of the work on vehicle braking focuses
on passenger cars, light commercial vehicles or prototype vehicles, both regarding braking
dynamics and related topics (modelling tires—trucks, testing forces in the coupling). A
limited number of available publications on heavy road vehicle assemblies in the issues
mentioned above and road incidents suggest its topicality.

The literature review shows the multiplicity and diversity of research related to var-
ious aspects of motor vehicle braking and their topicality. The authors of this study are
interested in the subject of efficiency and stability during the braking of the articulated
vehicle in the form of a tractor and semitrailer. This article aims to present a relatively
simple methodology that enables the assessment of the primary braking safety indicators
of the vehicles set (braking distance, braking deceleration, braking time) and the quantities
indicating the risk of loss of stability (wheel locking tendencies, force in the coupling). A
simulation model of the braking of a tractor-semitrailer set will be presented, as well as
calculations and their analysis in terms of the influence of selected factors (set configuration,
loading, location of the centre of mass of the semi-trailer, road surface condition). Conduct-
ing tests using simulation methods is a justified form of research here (experimental tests
are associated with high costs and risks to people and property). Such a research method
will allow for a quick qualitative assessment of the scope of the motion safety of a tractor
unit with a semi-trailer (or a truck with a trailer) in a wide range of changes in operating
conditions. A quantitative assessment will also be possible if the simulation method is
positively verified.
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2. Materials and Methods

As mentioned, the topic under consideration is the braking of the tractor with a
semitrailer (or, more generally, a set of towing and towed vehicles). The simulation method
was adopted as the method of analysis. A functional diagram illustrating it is shown
in Figure 1. The basic element is the model of the braking dynamics of the set of two
vehicles and the models of essential subsystems—the pneumatic braking system, the ABS
regulator and the tyre-road contact force model. A relatively simple model of the motion of
a set of vehicles has been proposed. With determined technical parameters describing the
towing and towed vehicle, defined initial conditions (speed) and the assumed action of the
motor vehicle operator (e.g., the driver), it is possible to obtain time histories of forces and
quantities describing the motion of the vehicles set for a specific operational state, i.e., set
configuration, load and its distribution, adhesion of the tyres on the road surface or brake
system faults. This, in turn, makes it possible to evaluate the safety of the analysed braking
process in terms of its effectiveness and threats from the point of view of the vehicles set
motion stability. In the following subsections, the individual elements of the described
method are brought closer.

Appl. Sci. 2023, 13, 5336 4 of 27 
 

safety of a tractor unit with a semi-trailer (or a truck with a trailer) in a wide range of 
changes in operating conditions. A quantitative assessment will also be possible if the 
simulation method is positively verified. 

2. Materials and Methods 
As mentioned, the topic under consideration is the braking of the tractor with a 

semitrailer (or, more generally, a set of towing and towed vehicles). The simulation 
method was adopted as the method of analysis. A functional diagram illustrating it is 
shown in Figure 1. The basic element is the model of the braking dynamics of the set of 
two vehicles and the models of essential subsystems—the pneumatic braking system, the 
ABS regulator and the tyre-road contact force model. A relatively simple model of the 
motion of a set of vehicles has been proposed. With determined technical parameters 
describing the towing and towed vehicle, defined initial conditions (speed) and the as-
sumed action of the motor vehicle operator (e.g., the driver), it is possible to obtain time 
histories of forces and quantities describing the motion of the vehicles set for a specific 
operational state, i.e., set configuration, load and its distribution, adhesion of the tyres on 
the road surface or brake system faults. This, in turn, makes it possible to evaluate the 
safety of the analysed braking process in terms of its effectiveness and threats from the 
point of view of the vehicles set motion stability. In the following subsections, the indi-
vidual elements of the described method are brought closer. 

 
Figure 1. Functional diagram of the proposed research method. 

2.1. Motion and Dynamics Model of a Set of Vehicles 
Considered (Figure 2) is the translational motion of rigid bodies illustrating set el-

ements: vehicle A (tractor) and vehicle B (semitrailer) in the vertical plane (Oxz coordi-
nate system related to the road, horizontal x-axis, vertical z-axis), on a horizontal, even 
road surface. Alternatively, the vehicles set can be a truck with a trailer). The model as-
sumes a rectilinear motion of the set along the x-axis. The movement of the masses of the 
set in the z direction is omitted, so the deflections of the suspension and tyres are not 
considered. The bodies of the set are modelled as a system of concentrated masses con-
nected with weightless beams. They are subject to a flat system of forces. The motion re-
sistances of the air drag force of the towing and towed vehicle (omitting wind speed) and 
rolling resistance forces of vehicle wheels are considered. The coupling model assumes 

Figure 1. Functional diagram of the proposed research method.

2.1. Motion and Dynamics Model of a Set of Vehicles

Considered (Figure 2) is the translational motion of rigid bodies illustrating set elements:
vehicle A (tractor) and vehicle B (semitrailer) in the vertical plane (Oxz coordinate system
related to the road, horizontal x-axis, vertical z-axis), on a horizontal, even road surface.
Alternatively, the vehicles set can be a truck with a trailer). The model assumes a rectilinear
motion of the set along the x-axis. The movement of the masses of the set in the z direction is
omitted, so the deflections of the suspension and tyres are not considered. The bodies of the
set are modelled as a system of concentrated masses connected with weightless beams. They
are subject to a flat system of forces. The motion resistances of the air drag force of the towing
and towed vehicle (omitting wind speed) and rolling resistance forces of vehicle wheels are
considered. The coupling model assumes the interaction of forces in two directions (x, z). The
relative movements of vehicles are omitted (rigid articulated connection). Multiple (complex)
axles are described with a single equivalent axle where the reactions acting on a single axle are
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replaced by a sum of forces concentrated in the centre of the equivalent axle. The equivalent
axle’s position corresponds to the axles set geometric centre.
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The quasistatic equilibrium equations for vehicle A have the following form:

∑ Fx = −TA1 − TA2 + GA·γh + FsA − FPA − FTA1 − FTA2 = 0 (1)

∑ Fz = RA1 + RA2 − GA − RsA = 0 (2)

∑ M1 = GA(LA − bA)− GA·γh·hA − RA2·LA + RsA(LA − cA)− FsA·hs + FPA·hPA = 0 (3)

and for vehicle B:

∑ Fx = −TB2 + GB·γh − FsB − FPB − FTB2 = 0 (4)

∑ Fz = RB2 − GB + RsB = 0 (5)

∑ M2 = −GB·γh·hB − GB·bB + RsB·cB + FsB·hs + FPB·hPB = 0 (6)

The symbols used in Figure 2 and the above formulas mean: SM—vehicle centre
of mass, L—wheelbase, h—height of the vehicle’s centre of mass above the ground, b—
distance of the vehicle’s centre of mass from the vertical plane passing through the rear
axle, hs—height of the coupling (fifth-wheel) position above the ground, c—distance of the
coupling position from the vertical plane passing through the rear axle, hP—height above
the ground of the resultant force of air drag.

Symbols T denote braking forces, G—vehicle weight, R—normal ground reactions,
and F—forces of resistance to motion: FP—air drag force, FT—rolling resistance forces.

Index A indicates the values for the towing vehicle (A), and index B—for the towed
vehicle (B). Indexes 1, 2—consecutive axles of the vehicle (front and rear, respectively).

The quantity γh appearing in the dependencies is the braking intensity (braking
ratio) ([26–29,51]):

γh =
−(mA + mB)·

..
xs

GA + GB
=
− ..

xs

g
=
− .

vs

g
(7)

where: mA/B—mass of vehicle A/B, vs—vehicle velocity, g—acceleration of gravity,
..
xs—

vehicle acceleration.
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The equilibrium conditions for the coupling of A and B vehicles can be written as follows:

FsA = FsB = GB·γh − TB2 − FPB − FTB2 (8)

RsA = RsB = GB − RB2 (9)

Dependencies (8) and (9) combine Equations (1)–(3), (5) and (6), i.e., the tractor and
semitrailer model. For a given velocity vs and its derivative, the following forces are known:
gravity GA, GB, resistance to motion FTA1, FTA2, FTB2, FpA, FpB, tyre-road contact forces TA1,
TA2, TB2. It makes it possible to determine the tangential and vertical forces in the coupling
FsA = FsB, RsA = RsB. The normal vertical reactions acting on the tractor and trailer axles
are unknown: RA1, RA2, RB2. The solution of the system of Equations (1)–(3), taking into
account (8) and (9), leads to the dependence of these reactions:

RA1 = GA·
(

bA
LA

+
hA
LA
·γh

)
+ RsA

cA
LA

+ FsA·
hs

LA
− FPA·

hPA
LA

(10)

RA2 = GA·
(

1− bA
LA
− hA

LA
·γh

)
+ RsA

(
1− cA

LA

)
− FsA·

hs

LA
+ FPA·

hPA
LA

(11)

RB2 = GB·
(

1− bB
cB
− hB − hs

cB
·γh

)
− TB2·

hs

cB
+ FPB·

hPB − hs

cB
− FTB2·

hs

cB
(12)

The rotary motion of the wheels is taken into account. Two road wheels of an axle are
treated as one substitute wheel. The model of the wheel rotation is presented in Figure 3.
The equation of the equilibrium of moments is as follows:

∑ M = −Ti·rdi + MHi −Mbki + Ri·ei = 0 (13)

where: rd—dynamic radius of tyre, e—shift of the resultant vertical reaction acting on the
wheel, T—tangential force in the tyre-road contact, MH—given wheel braking moment,
Mbk—moment of inertia acting on the wheel, Mbk = −Ik·

.
ωk, Ik—a mass moment of inertia

of the wheel.

Appl. Sci. 2023, 13, 5336 6 of 27 
 

Dependencies (8) and (9) combine Equations (1)–(3), (5) and (6), i.e., the tractor and 
semitrailer model. For a given velocity vs and its derivative, the following forces are 
known: gravity GA, GB, resistance to motion FTA1, FTA2, FTB2, FpA, FpB, tyre-road contact 
forces TA1, TA2, TB2. It makes it possible to determine the tangential and vertical forces in 
the coupling FsA = FsB, RsA = RsB. The normal vertical reactions acting on the tractor and 
trailer axles are unknown: RA1, RA2, RB2. The solution of the system of Equations (1)–(3), 
taking into account (8) and (9), leads to the dependence of these reactions: 𝑅஺ଵ = 𝐺஺ ∙ ൬𝑏஺𝐿஺ + ℎ஺𝐿஺ ∙ 𝛾௛൰ + 𝑅௦஺ 𝑐஺𝐿஺ + 𝐹௦஺ ∙ ℎ௦𝐿஺ − 𝐹௉஺ ∙ ℎ௉஺𝐿஺  (10)𝑅஺ଶ = 𝐺஺ ∙ ൬1 − 𝑏஺𝐿஺ − ℎ஺𝐿஺ ∙ 𝛾௛൰ + 𝑅௦஺ ൬1 − 𝑐஺𝐿஺൰ − 𝐹௦஺ ∙ ℎ௦𝐿஺ + 𝐹௉஺ ∙ ℎ௉஺𝐿஺  (11)𝑅஻ଶ = 𝐺஻ ∙ ൬1 − 𝑏஻𝑐஻ − ℎ஻ − ℎ௦𝑐஻ ∙ 𝛾௛൰ − 𝑇஻ଶ ∙ ℎ௦𝑐஻ + 𝐹௉஻ ∙ ℎ௉஻ − ℎ௦𝑐஻ − 𝐹்஻ଶ ∙ ℎ௦𝑐஻ (12)

The rotary motion of the wheels is taken into account. Two road wheels of an axle 
are treated as one substitute wheel. The model of the wheel rotation is presented in Fig-
ure 3. The equation of the equilibrium of moments is as follows: ෍ 𝑀 = −𝑇௜ ∙ 𝑟ௗ௜ + 𝑀ு௜ − 𝑀௕௞௜ + 𝑅௜ ∙ 𝑒௜ = 0 (13)

where: rd—dynamic radius of tyre, e—shift of the resultant vertical reaction acting on the 
wheel, T—tangential force in the tyre-road contact, MH—given wheel braking moment, 
Mbk—moment of inertia acting on the wheel, 𝑀௕௞ = −𝐼௞ ∙ 𝜔ሶ ௞, Ik—a mass moment of iner-
tia of the wheel. 

 
Figure 3. Diagram of forces and moments acting on a wheel and quantities describing its kinematic 
state (description in the text). 

The index “i” denotes a given axle of the vehicles set (i = A1, A2, B2n), where “n” 
stands for the number of a single axle in the ensemble axles. 

Equation (13) can be written in the form of a balance of forces: −𝑇௜ + 𝐹ு௜ + 𝐼௞௜𝑟ௗ௜ ∙ 𝜔ሶ ௞௜ + 𝐹்௜ = 0 (14)

where: 𝐹ு = ெಹ௥೏  is the given wheel braking force, and 𝐹் = 𝑅 ௘௥೏ is the rolling resistance 
force. 

The values of the tyre-road contact forces result from the model of tyre-road surface 
contact (see Section 2.2). Braking forces result from the excitation in the form of a time 
course of the position angle of the main control valve adjuster in the braking system 
model, which results in the braking moments on the wheels of vehicles (see Section 2.3). 

Rolling resistance force express rolling friction and energy losses related to tyre de-
formation [26–28,52]. The following formula can represent this force (see e.g., [26–28] and 
also Equation (14)): 𝐹்௜ = 𝑓௩௜ ∙ 𝑅௜     and    𝑓௩௜ = 𝑓ሺ1 + 𝐴௧𝑣௞௜ଶ ሻ (15)

Figure 3. Diagram of forces and moments acting on a wheel and quantities describing its kinematic
state (description in the text).

The index “i” denotes a given axle of the vehicles set (i = A1, A2, B2n), where “n”
stands for the number of a single axle in the ensemble axles.

Equation (13) can be written in the form of a balance of forces:

−Ti + FHi +
Iki
rdi
· .
ωki + FTi = 0 (14)
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where: FH = MH
rd

is the given wheel braking force, and FT = R e
rd

is the rolling resis-
tance force.

The values of the tyre-road contact forces result from the model of tyre-road surface
contact (see Section 2.2). Braking forces result from the excitation in the form of a time
course of the position angle of the main control valve adjuster in the braking system model,
which results in the braking moments on the wheels of vehicles (see Section 2.3).

Rolling resistance force express rolling friction and energy losses related to tyre defor-
mation [26–28,52]. The following formula can represent this force (see e.g., [26–28] and also
Equation (14)):

FTi = fvi·Ri and fvi = f
(

1 + Atv2
ki

)
(15)

where: fv—rolling resistance coefficient, vk—circumferential velocity of the wheel, coef-
ficients f and At result from the properties of the tyre (structure, pressure) and the road
surface (see [26–28]).

Air drag force expresses the aerodynamic drag acting against a vehicle in the opposite
direction to its movement. Its description was adopted as in [26–28]:

vehicle A : FPA = cxA·AA·ρ
v2

s
2

(16)

vehicle B : FPB = ∆cx·FPA + cxB·∆AB·ρ
v2

s
2

(17)

where: cxA—drag coefficient for vehicle A, AA—reference area (the front area of the tractor),
ρ—air density, ∆cx—the relative air drag coefficient for the towed vehicle (relative to the
towing vehicle), cxB—drag coefficient for vehicle B, ∆AB—the cross-sectional area of the
elements of the vehicle B projecting beyond the contour of the vehicle A.

In the calculations presented further, it is assumed that the points of application of FP
forces lie at half of the vehicle height.

The model in the form shown in Figure 2 (tractor-semitrailer set) has 4 degrees of
freedom. Generalised coordinates are displacement of the set along the axis Ox—xs and
three wheel rotation angles ϕi (i = A1, A2, B2). From the equations of the balance of
horizontal forces (1) and (13), the second derivatives are:

..
xs =

.
vs = −∑ Ti + ∑ Fop

GA + GB
·g = −TA1 + TA2 + TB2 + FPA + FPB + FTA1 + FTA2 + FTB2

GA + GB
·g (18)

..
ϕi =

.
ωki = (Ti − Fhi − FTi)

rdi
Iki

, i = A1, A2, B2 (19)

The above system of differential equations is solved with the use of Matlab.

2.2. Tyre-Road Tangential Force Model

In the literature, we can find many models used in simulation studies of the dynamics
of motor vehicles, describing the unit tangential force µ (ratio of the tangential force T
to the normal reaction R) in the tyre-road contact. They differ in the area of application
and the way of mapping contact forces. There are simple physical models as well as very
complex models reflecting the actual structure of the tire and the surface cooperating with
it [26,53–56]. An interesting proposal can be found in the mentioned work [37] where the
authors present an integrated tire-vehicle model to evaluate vehicle braking performance
based on Persson’s friction theory with a tyre hydroplaning finite element (FE) model,
and a vehicle dynamic analysis. The use of the FE method for tire modeling can also be
found, for example, in [57,58] (the impact of thermal phenomena is considered here). The
approach presented in [59] is also interesting, where, based on the third LuGree model,
a fuzzy model for determining the adhesion coefficients is proposed. However, the most
often, they are the so-called semi-empirical models such as Magic Formula [60], the model



Appl. Sci. 2023, 13, 5336 8 of 27

of Dugoff, Fancher, Segel [61], the TM-Easy model [62] or UniTire [63]. They vary in the
degree of complexity. The author’s modification of the Burckhardt model [64,65] is used
in the study presented here. The advantage of the classic Burckhardt model is a simple
analytical form with a reasonable degree of accuracy and ease of modification [66]. Based
on this model, a modified version was created better to reflect the unit tangential force in
the tyre-road contact, depending on the normal force point and wheel axle velocity, and
to adjust its characteristics to the experimental test results. The segment of Burckhardt’s
original formula containing the c4 (see [64,65]) has been replaced with new coefficients.
The unit longitudinal tangential force in contact of the wheel with the road surface is
expressed as:

µ(s) =
[
c1
(
1− e−s·c2

)
− s·c3·Gp

]
·Gs·

(
1− c5·F2

z

)
(20)

The following formulas define the Gp and Gs coefficients:

Gp =
e−cp3·v

cp2
(21)

Gs = cp1·v− 0.5·arctan
(
−cp4·s·v

)
+ 1 (22)

where: c1, c2, c3—set of coefficients depending on the road surface and the tyre (see [64,65]),
c5—the additional coefficient for the dependence of the unit tangential force on the normal
force R, cp1, cp2, cp3, cp4—set of coefficients for the dependence on the vehicle speed, s—tyre
slip ratio, v—vehicle speed.

The tyre slip ratio results from the wheel kinematic state (Figure 3). For the i-th wheel,
it can be expressed as:

si =
vs − vki

vs
, vki = ωki·rdi (23)

The tangential force at the point of contact of the wheel of the i-th axis with the road
surface can be written as:

Ti = µ(si)·Ri (24)

2.3. Braking System Model and ABS Model

When modelling the braking system, the following were taken into account: braking
axes (brake cylinders, actuating mechanism), averaged response time on pneumatic lines,
trailer brake valve with adjustable predominance, LSV valve (Load Sensing Valve), relay
valve, pressure reduction valve and pressure limiting valve.

Using the dependencies contained in [44], the braking torque of the wheel depending
on the pressure at the entrance to the brake cylinder, we can write:

MH = k·
((

As·p(s) − Bs

)
·l − C0

)
·η·BF (25)

where: As, Bs—coefficients describing the equation of force on the brake cylinder piston rod
depending on the pressure, p(s)—pressure at the input to the brake cylinder, k—number
of brake cylinders on the axis, l—effective length of the brake lever, C0—minimum brake
input torque, η—the efficiency of the brake mechanism, BF—Brake Factor (the ratio of the
braking torque to the torque generated at the end of the actuator lever [44]).

The above parameters needed to calculate the braking torque of a wheel can be
determined using experimental methods [67,68] or catalogue data [69,70].

A correctly designed braking system should ensure optimal distribution of braking
forces for an unladen and laden vehicle. It guarantees braking performance (short braking
distance) and directional stability during braking, which results in meeting the requirements
of ECE regulations on braking systems [29]. If the constant distribution of braking forces
does not meet these requirements for both loading conditions, it is necessary to install
devices regulating the distribution of braking forces between the different axles of the
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vehicles set depending on the load condition. The problem of the distribution of braking
forces in the set considered in the study will be presented in Section 3.2.

The basic formula describing the relationship between the output value (pressure
at the actuators of the braking axles) and the input value (the position angle of the main
control valve adjuster α or pressure in the control coupling head pm) in a pneumatic brake
system can be written as:

p(s) = ih1·(ih2·(· · · ·(izh·(α− α0)− . . .)− p02)− p01)·ir (26)

where: izh—slope of the linear characteristic of the main control valve, ih1, ih2, . . . —slope
of the linear characteristic of the other valves (relay valves, reduction valve), ir—coefficient
describing the ratio of the output value to the input value pressure reducer, α0—minimum
angle at which the brakes are actuated (‘idle stroke’), p01, p02, . . . —minimum pressure
values needed to actuate the valve (positive value) or pressure values for valve with
adjustable predominance (negative value).

The above Equation (26) is an example and depends on the model of a specific braking
system. This notation makes it easier to add additional valves or not to include them (by
replacing ihx = 1 and p0x = 0). In addition, it is possible to change the order of the valves
without interfering with the mathematical record.

The complete model of the pneumatic braking system used for the presented calcula-
tions is more complex. It includes many conditional functions, e.g., maximum pressure
(brake system maximum working pressure, axle pressure limiters), inability to obtain
negative pressures or pressures greater than the supply pressure, which generates a linear
mathematical record of pneumatic elements. Also, such functions are needed to describe
valve with adjustable predominance, valves with linear-broken characteristics or lifting
axle control valve. Additionally, the time delay of pressure p(s) and pm on pneumatic lines
is simulated by shifting the pressure increase with time.

An example of a simplified diagram of a pneumatic braking system with an ABS
system corresponding to the model used in the presented work for a tractor is shown in
Figure 4.
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Figure 4. A simplified diagram of the pneumatic system of a towing vehicle equipped with ABS and
ASR; 1—supply system, 2—air reservoir, 3—dual circuit foot brake valve with treadle actuation (main
control valve adjuster), 4—trailer brake control valve, 5—Load Sensing Valve (LSV)—pneumatic,
6—two-way directional valve, 7—front axle brake actuators, 8—rear axle brake actuators, 9—supply
coupling head, 10—control coupling head, 11—wheel speed sensor, 12—ABS modulator, 13—ABS
controller, 14—trailer ABS control coupling head, 15—ASR valve.

The tyre-road contact force model is also enriched with a simple model of the anti-
lock braking system ABS, in which the pressure hitting the brake cylinders of individual
wheels is regulated by simulating ABS modulators. The ABS model detects changes in the
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rotational speed of the wheels and the vehicle speed and limits the pressure at the output
of the modulators, keeping the value of the relative slip s of a wheel close to 0.1 ÷ 0.3. The
idea of this model is illustrated on Figure 5. In the presented work, the ABS model is not
the subject of research, so the authors wanted to create a simple, modifiable tool that would
change the output signal from the brake system, reflecting the effect of the real ABS system.
The input data are the values: s—relative longitudinal wheel slip, p(S)—pressures input
the brake cylinders when the ABS is turned off and constant parameters: smax—slip ratio
set as the maximum allowable—point 2 in Figure 5b, smin—minimum slip ratio—point
3, so f f —slip value below which the ABS turns off—point 4, ∆pABS i ∆tABS—parameters
describing the value and time of pressure drop or increase during the operation of the
ABS modulator. If the slip ratio is higher than the maximum value (point 2), the ABS
“controller” sends a signal to the modulator, which will decrease the pressure value (pABS),
which goes to the brake cylinder. When the slip of a given wheel drops below the minimum
value (point 3), the pressure controlled by the modulator reaching the brake cylinder starts
to increase again in accordance with the adopted modulator parameters. Then the unit
longitudinal force µ remains close to the maximum value—point 1. If the slip ratio drops
below the adopted value corresponding to point 4, the ABS is deactivated and the pressure
returns to the value resulting from the operation of the pneumatic braking system.
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3. Results and Discussion
3.1. Considered Vehicle Sets and Braking Variants

Several typical cases reflecting the characteristic operating conditions describing the
motion of a set of a tractor with a semitrailer were adopted for the research:

• b1: tractor + laden semitrailer, nominal set,
• b2: tractor + unladen semitrailer,
• b3r: tractor + laden semitrailer, with uneven load distribution—shifting the trailer’s

centre of gravity towards the rear,
• b3f: tractor + laden semitrailer, with uneven load distribution—shifting the trailer’s

centre of gravity towards the front,
• b4: tractor + laden semitrailer, with exceeded maximum permissible weight (GVW),
• b5: tractor + laden semitrailer, failure of the semitrailer braking system (brakes not

working),
• b6: tractor + laden semitrailer, failure of the semitrailer braking system (longer reaction

time),
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• b7: tractor + laden semitrailer, surface with reduced adhesion (wet asphalt),
• b8: tractor + laden semitrailer, surface with reduced adhesion (icy road).

Table 1 presents the nominal values of the main parameters describing vehicles A
and B (these data were adopted based on technical data of selected vehicles [71,72] and
literature data [28,29,38,52,66,73].

Table 1. Technical data of vehicles.

Property Vehicle A Vehicle B

wheelbase LA = 3.65 m LB = 2.62 m

mass mA = 7395 kg
laden:

unladen:
overloaded (1):

mB = 35,250 kg
6220 kg

39,250 kg

CG position bA = 2.56 m, hA = 1.13 m

laden:
unladen:

laden f (2):
laden r (2):

bB = 2.42 m, hB = 2.23 m
1.47 m 1.15 m
5 m 2.23 m
1.42 m 2.23 m

coupling position cA = 0.43 m, hsA = 0.85 m cB = 7.7 m, hsB = 0.85 m

wheels (3)

tyre: 395/70R19.5
rdA = 0.494 m

IkA1 = 8 kg·m2,
IkA2 = 14 kg·m2

tyre: 395/70R19.5
rdB = 0.494 m
IkB2 = 8 kg·m2

forces of resistance

hpA = 1.832 m, AA = 9.014 m2,
cxA = 0.8, ρ = 1.2 kg/m3

f = 0.01,
At = 4.7 × 10−4 s2/m2

hpB = 2 m, ∆AB = 0.732 m2,
cxB = 1, ∆cx = 0.2,

ρ = 1.2 kg/m3

f = 0.01, At = 4.7 × 10−4 s2/m2

(1) overload only for case b4 (in which CG position is as nominal (laden), (2) laden f/r—concerns cases b3f/r, (3) A1,
B2—single tyres, A2—twin tyres.

Table 2 presents the values of the coefficients of the tangential force model in the
tyre-road contact. They were selected in such a way as to obtain the values of the friction co-
efficients as can be found, e.g., in [43,74,75] for the three considered road surface conditions:
nominal (it corresponds to a dry asphalt surface) and with reduced adhesion (it corresponds
to a wet asphalt surface and ice-covered surface). Figure 6 shows the corresponding unit
characteristics of the tangential force.

Table 2. Modified Burckhardt tyre-road model parameters.

c1 c2 c3 c5 cp1 cp2 cp3 cp4

Nominal (dry) 0.87 26.5 0.19 10−11 −0.006 1.1 0.016 0.004
Reduced friction (wet) 0.65 28.5 0.21 10−11 −0.003 1.8 0.09 0.004
Reduced friction (ice) 0.12 206 0.031 10−11 −0.003 1.8 0.016 0.001
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3.2. Braking System Parameters—Braking Force Distribution

Achieving a perfect distribution of braking forces between individual axles is practi-
cally impossible in real solutions. Therefore, for towing vehicles intended for the transport
of goods and towed vehicles (excluding semitrailers), the regulation [29] specifies the
permissible limits of deviation, the so-called utilized adhesion index fi of individual axles
(where f is the ratio of the braking force to the normal reaction of the ground) from the
ideal distribution. In [29], each part of the vehicles set is treated as a single vehicle without
considering the brake control of the towed vehicles. To ensure the compatibility of the
braking forces in the set of vehicles, the permissible bands of changes, the so-called compu-
tational braking ratios of both vehicles γhA i γhB (expressing the ratio of generated vehicle
braking forces to its weight). These bands are defined for the vehicles for their extreme
load conditions (unloaded/unladen and fully loaded/laden) as a function of the control
pressure pm on the coupling head.

The parameters of the braking system model of the tested vehicles set were selected
to reflect the actual operation of the pneumatic braking system as realistically as possible
and to meet the requirements mentioned above for stability (brake force distribution)
and compatibility of braking systems according to ECE [29]. Figure 7 shows the selected
characteristics of the indexes of utilized adhesion fA1 and fA2 for the tractor axles against
the permissible bands determined by the conditions [29]:

solution I :
{

fA1, fA2 ≤ γhA+0.07
0.85 for γhA = 0.1÷ 0.61 (line AB)

fA1 > γhA > fA2 for γhA = 0.15÷ 0.30 (line CD)
(27)

or

solution I I :


fA1 ≥ γhA − 0.08 for γhA = 0.15÷ 0.3 (line MN)

fA1, fA2 ≤ γhA + 0.08 for γhA = 0.15÷ 0.3 (line JK)

fA2 ≤ γhA−0.3
0.74 + 0.38 for γhA ≥ 0.3 (line KB)

(28)
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Figure 7. Characteristics of indexes of utilized adhesion of tractor axles fA1 and fA2 against the 
background of the requirements specified in [29]: (a) A tractor with an equivalent coupling load 
simulating a laden semitrailer; (b) A tractor with an equivalent coupling load simulating a unladen 
semitrailer. 

Figure 8 furthermore shows the characteristics illustrating the computational brak-
ing ratio of the tractor (a) and the semitrailer (b) as a function of the pressure in the cou-
pling head pm. The required bands given in [29] are also plotted. 

Figure 7. Characteristics of indexes of utilized adhesion of tractor axles fA1 and fA2 against the back-
ground of the requirements specified in [29]: (a) A tractor with an equivalent coupling load simulating
a laden semitrailer; (b) A tractor with an equivalent coupling load simulating a unladen semitrailer.

Figure 8 furthermore shows the characteristics illustrating the computational braking
ratio of the tractor (a) and the semitrailer (b) as a function of the pressure in the coupling
head pm. The required bands given in [29] are also plotted.
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time is omitted, and the rise times are assumed at the level of the so-called emergency 
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Figure 8. Characteristics of the computational braking ratio as a function of pressure in the coupling
head: (a) A tractor with an equivalent coupling load simulating a laden and unladen semitrailer;
(b) A laden and unladen semitrailer.

3.3. Adopted Conditions of the Braking Maneuver

The calculations assume that the braking process starts at the initial time t = 0 with the
initial conditions:

vs = 20 m/s (72 km/h), ωki = 40.5 rad/s

In the brake system model, the input is the position of the main control valve adjuster
of the pneumatic actuation system. It was assumed, for comparison, to carry out two
calculation cycles for the adopted variants b1 . . . 8, named:

• Constant excitation (α = const = 45◦, the same position of the main control valve
adjuster in variants b1 . . . 8)—hereinafter denoted as CE.

• Constant deceleration (α = var, the angle α in each variant b1...8 is selected to obtain
approximately the same deceleration value in the phase of fully developed braking)—
hereinafter denoted as CD.

The final effect of the braking system model is the time history of the given braking
moments on vehicles’ axles. Figure 9 presents such histories. They are examples but corre-
spond to the real ones that can be found for the analyzed vehicles. The driver’s reaction time
is omitted, and the rise times are assumed at the level of the so-called emergency braking.
The values of the maximum braking torques and the response times result from the cata-
logue data of the brake system components (for the maximum working pressure) [69,70,76]
and the characteristics of the brake actuators and brake mechanisms ([67,68]). The response
time of the pressures, as well as the response time of the braking system and the torque rise
time for the individual axles of the set, are summarized in Table 3. Reaction times on the
pneumatic lines were selected so that the total response times were comparable with the
available research in the literature [15,30,77,78]. The course shown in Figure 9 was applied
to the CE (constant excitation) calculation cycle.
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Figure 9. The course of excitation—given braking torques of the tractor axle and the semitrailer axle 
for the CE cycle—with the same position of the main control valve adjuster α = 45°: (a) Semitraler 
laden; (b) Semitraler unladen. 
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As standard, calculations were made with the ABS switched off. In cases where the 
wheels were locked, the simulation was repeated with the model of the ABS turned on. 
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occurrence. In the context of the risk of jack-knifing, the first quantity is the horizontal 
force in the coupling (fifth wheel) FsA. The sign and value of this force are essential criteria 
for assessing the risk of breaking the set. A positive value of the force FsA (denoting the 
situation of the semitrailer “pressing” on the tractor) is a significant indication of such a 

Figure 9. The course of excitation—given braking torques of the tractor axle and the semitrailer axle
for the CE cycle—with the same position of the main control valve adjuster α = 45◦: (a) Semitraler
laden; (b) Semitraler unladen.

Table 3. Response times of pressures and braking moments as well as rise times of braking moments
on individual axes, in seconds.

Axle Loaded Vehicle Empty Vehicle
Response Time of Rise Time Response Time of Rise Time

Pressure Moment of Moment Pressure Moment of Moment

ph 0.05 - - 0.05 - -
A1 0.075 0.1 0.63 0.06 0.1 0.63
A2 0.11 0.13 0.66 0.08 0.17 0.66
pm 0.09 - - 0.09 - -
B2 0.155 0.17 0.58 0.155 0.17 0.74

B2 * 0.355 0.37 0.78 - - -
ph—pressure downstream of the main control valve, pm—pressure in coupling head, * failure of the semitrailer
braking system (longer reaction time)—variant b6.

As standard, calculations were made with the ABS switched off. In cases where
the wheels were locked, the simulation was repeated with the model of the ABS turned
on. The following parameters were adopted in the ABS model: smax= 0.3, smin= 0.1,
∆pABS = 20/10 bar (pressure reduction/increase phase), ∆tABS = 0.5 s.

3.4. Adopted Assessment Criteria

Some criteria for the analysis were adopted to assess the safety risks, which directly
speak about the braking effectiveness and indirectly about the risk of loss of stability, includ-
ing jack-knifing. The quantities proving the effectiveness are the braking time, deceleration
(acceleration with the opposite sign) in the period of fully developed braking force and
the braking distance. The additional criteria may be the circumferential deceleration -aki
of the wheels (circumferential acceleration aki =

.
ωki·rdi with the opposite sign) and their

circumferential velocities vki, indicating a tendency to the locking or its occurrence. In the
context of the risk of jack-knifing, the first quantity is the horizontal force in the coupling
(fifth wheel) FsA. The sign and value of this force are essential criteria for assessing the
risk of breaking the set. A positive value of the force FsA (denoting the situation of the
semitrailer “pressing” on the tractor) is a significant indication of such a threat. Another
quantity is the slip ratio si of a given axle. Its high (excessive) value (e.g., close to 1) may
indicate a potential lack of control over the vehicle (e.g., locking the steering axle means a
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loss of handling, locking the wheels of the rear axle or the axle of a semitrailer implies a
risk of losing longitudinal and lateral stability). The order of locking the wheels of indi-
vidual axles together with force in the coupling suggests the possibility of jack-knifing or
trailer skidding.

3.5. Simulation Results and Their Discussion

Figures 10–12 show the results of the simulation of braking of the nominal set (b1)
in the case of constant excitation (CE). There are presented time histories of vertical and
horizontal forces, accelerations, velocities, wheels’ angular velocities and their slip ratios.
Figures 13 and 14 show selected results (horizontal forces and velocities) for other consid-
ered vehicle set variants. The histories presented in Figures 10–14 refer to cases in which
the ABS was inactive. For comparison, Figure 15 shows, but only for the b7 variant, the
results with the ABS turned on.
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Figure 12. Time histories for variant b1, CE, ABS off: (a) Angular velocities; (b) Slip ratios. 

In the case of b1 assumed as the nominal (reference case), the force in the coupling 
reaches approximately 100 kN and neither wheel locks (with ABS disengaged). It results 
from the adopted parameters of the braking system and the selection of the maximum 
position of the main control valve positioner for the adopted simulation conditions b1. 
Figure 11a reveals a potential wheel lockup tendency in the form of a high circumferen-
tial deceleration gradient of the wheels. The deceleration of the set (in the phase of full 
braking) was 6.0 m/s2, and the braking distance was 40.0 m. The other cases were ana-
lysed similarly. Table 4 presents synthetically the effects of the analysis of all tests with 
constant excitation (CE) in the form of quantitative and qualitative indicators describing 
the braking process of the set of vehicles. In a similar way, Table 5 presents the effects of 
the analysis for the simulations with the same deceleration (CD). Since, in this case, the 
quantitative measures of braking efficiency were similar for individual set variants 
(braking time approx. 4.7 s and braking distance approx. 50 m), the table is limited to the 
presentation of horizontal force in the coupling and the effect of wheel locking. 

  
(a) (b) 

Figure 12. Time histories for variant b1, CE, ABS off: (a) Angular velocities; (b) Slip ratios.

In the case of b1 assumed as the nominal (reference case), the force in the coupling
reaches approximately 100 kN and neither wheel locks (with ABS disengaged). It results
from the adopted parameters of the braking system and the selection of the maximum
position of the main control valve positioner for the adopted simulation conditions b1.
Figure 11a reveals a potential wheel lockup tendency in the form of a high circumferential
deceleration gradient of the wheels. The deceleration of the set (in the phase of full braking)
was 6.0 m/s2, and the braking distance was 40.0 m. The other cases were analysed similarly.
Table 4 presents synthetically the effects of the analysis of all tests with constant excitation
(CE) in the form of quantitative and qualitative indicators describing the braking process
of the set of vehicles. In a similar way, Table 5 presents the effects of the analysis for the
simulations with the same deceleration (CD). Since, in this case, the quantitative measures
of braking efficiency were similar for individual set variants (braking time approx. 4.7 s
and braking distance approx. 50 m), the table is limited to the presentation of horizontal
force in the coupling and the effect of wheel locking.
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Table 4. Synthetic (qualitative) safety assessment of the braking process for constant excitation
series (CE) for 9 braking variants (symbols ↑ ↓mean a downward or upward trend in relation to the
reference case—nominal b1). In parentheses, the values for the case of active ABS are given.

b1 b2 b3r b3f b4 b5 b6 b7 b8

Constant Excitation (α = 45◦ )

Coupling force FsA
IB >0 >0 >0 >0 >0 >0 >0 >0 >0

0 ÷ 100 kN 0 ÷ 14 kN ↓
(0 ÷ 17 kN ↓)

0 ÷ 85 kN ↓
(0 ÷ 89 kN ↓)

0 ÷ 112 kN ↑
(0 ÷ 111 kN ↑) 0 ÷ 104 kN ↑ 0 ÷ 113 kN ↑

(0 ÷ 113 kN ↑) 0 ÷ 105 kN ↑ 0 ÷ 72 kN ↓
(0 ÷ 76 kN ↓)

0 ÷ 12 kN ↓
(0 ÷ 14 kN ↓)

FD >0 >0 >0 >0 >0 >0 >0 >0 >0

100 kN 12 kN ↓
(14 kN ↓)

71 ÷ 77 kN ↓
(~89 kN ↓)

112 kN ↑
(108 ÷ 111kN ↑) 104 kN ↑ 98 ÷ 103 kN ↑

(113 ÷ 117kN ↑) 100 kN 50 ÷ 70 kN ↓
(76 ÷ 84 kN ↓)

12 kN ↓
(11 ÷ 14 kN ↓)

Wheels locking

A1 lack YES
(lack)

YES
(lack) lack lack YES

(lack) lack YES
(lack)

YES
(lack)

A2 lack lack YES
(lack) lack lack YES

(lack) lack YES
(lack)

YES
(lack)

B2 lack YES
(lack) brak YES

(lack) lack lack lack YES
(lack)

YES
(lack)

Tendency to wheels locking

A1 YES n/a
(YES)

n/a
(YES) YES YES n/a

(YES) YES n/a
(YES)

n/a
(YES)

A2 YES YES n/a
(YES) YES YES n/a

(YES) YES n/a
(YES)

n/a
(YES)

B2 YES n/a
(YES) YES n/a

(YES) YES lack YES n/a
(YES)

n/a
(YES)

Order of locking the axes
n/a proper bad bad n/a bad n/a proper proper

Deceleration FD

6.0 m/s2 6.3 ÷ 6.6 m/s2 ↑
(7.0 ÷ 7.5 m/s2 ↑)

5.3 m/s2 ↓
(5.7 m/s2 ↓)

4.7 m/s2 ↓
(4.9 m/s2 ↓)

5.5 m/s2 ↓
3.0 m/s2 ↓

(3.4 m/s2 ↓)
6.0 m/s2 3.7 ÷ 4.8 m/s2 ↓

(5.0 ÷ 5.6 m/s2 ↓)
1.0 m/s2 ↓

(1.0 ÷ 1.1 m/s2 ↓)

Mean deceleration IB+FD

5.7 m/s2 5.8 m/s2 ↑
(6.5 m/s2 ↑)

4.9 m/s2 ↓
(5.2 m/s2 ↓)

4.3 m/s2 ↓
(4.6 m/s2 ↓)

5.0 m/s2 ↓
2.8 m/s2 ↓

(3.2 m/s2 ↓)
5.3 m/s2 ↓

4.1 m/s2 ↓
(4.9 m/s2 ↓)

1.0 m/s2 ↓
(1.0 m/s2 ↓)

Braking time

3.7 s 3.3 s ↓
(3.1 s ↓)

4.0 s ↑
(3.8 s ↑)

4.5 s ↑
(4.3 s ↑) 4.0 s ↑ 7.0 s ↑

(6.2 s ↑) 3.8 s ↑ 4.8 s ↑
(4.0 s ↑)

21 s ↑
(19 s ↑)

Braking distance

40 m 37 m ↓
(34 m ↓)

44 m ↑
(42 m ↑)

48 m ↑
(47 m ↑) 43 m ↑ 73 m ↑

(66 m ↑) 42 m ↑ 53 m ↑
(44 m ↑)

207 m ↑
(191 m ↑)

IB—brake initialization phase, FD—fully developed braking phase.

Table 5. Synthetic (qualitative) safety assessment of the braking process for constant deceleration
series (CD) for 9 braking variants (symbols ↑ ↓ mean a downward or upward trend in relation to the
reference case—nominal b1). In parentheses, the values for the case of active ABS are given.

b1 b2 b3r b3f b4 b5 * b6 b7 b8 *

Constant Deceleration (a ∼= −4.5 m/s2)

Excitation α
26◦ 20◦ 26◦ 35◦ (34◦) 28◦ - 26◦ 26◦ -

Coupling force FsA
IB >0 >0 >0 >0 >0 >0 >0

0 ÷ 62 kN 0 ÷ 7 kN ↓ 0 ÷ 61 kN ↓ 0 ÷ 101 kN ↑
(96 kN ↑) 0 ÷ 71 kN ↑ - 0 ÷ 71 kN ↑ 0 ÷ 62 kN -

FD >0 >0 >0 >0 >0 >0 >0

58 kN 2.5 kN ↓ 57 kN ↓ 99 kN ↑
(95 kN ↑) ~67 kN ↑ - 58 kN 58 kN -

Wheels locking
lack lack lack as in Table 4 lack - lack lack -

IB—brake initialization phase, FD—fully developed braking phase, * it is not possible to achieve the target deceleration.

A graphical interpretation of the above tables in terms of selected parameters of
tractor-semitrailer set on the braking safety indicators is shown in Figures 16–18.

The results in Tables 4 and 5 show that in all tests of the braking of the tractor-trailer
combination—variants b1 to b8 for the case of the same position of the main control valve
adjuster (CE) and the individual position of this adjuster at which the deceleration in the
fully developed braking phase was c.a. 4.5 m/s2 (CD), the horizontal force in the coupling
is positive. The obvious result is that the combination with an unladen semitrailer (b2)
shows the lowest value of the horizontal force in the coupling (up to a maximum of 17 kN).
The horizontal force in the coupling is greatly influenced by the shift of the centre of gravity
(b3r and b3f). The simulation with a rearward shift of the centre of gravity (b3r) shows a
lower than the nominal (b1) value of the FsA force (its value is at the level of 71 ÷ 77 kN in
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the phase of fully developed braking in b3r variant, where for b1 case is c.a 100 kN). This
means that loading of the semi-trailer axle (as in b3r variant), resulting in an increase in
the adhesion utilization rate, has a positive effect on reducing the risk of braking safety.
From the other hand, in the simulation with the centre of gravity shifted forward (b3f), the
horizontal force in the coupling is 8 ÷ 12 kN higher than the nominal variant (b1) value.
The braking results with a constant deceleration of 4.5 m/s2 (CD) are similar in terms
of quality.
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Figure 17. Range of coupling force for constant deceleration series (CD) for 9 braking variants (lighter
colour—braking initialization phase IB, darker colour—fully developed braking phase FD).
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The highest value of the horizontal force in the coupling was obtained for the simu-
lation with an unbraked semi-trailer (b5), in which the coupling force is a maximum of 
113 kN for ABS off and 117 kN for ABS on. ABS, the maximum force in the coupling is 
similar to the case of b3f. However, in b5, in the phase of fully developed braking, it is 
even approx. 12 kN lower than in b3f. From this, it follows that case b3f (centre of gravity 
shifted forward) is even worse than no trailer braking (b5). 

In the variant with longer reaction time (b6), an increase in the maximum value of
the horizontal force in the coupling in the phase of applying the brakes (IB) is noticeable.
However, the increase in these forces is not significantly large (by 5 kN in the CE simu-
lation and 9 kN in the CD simulation). From the other hand, in the phase of fully devel-
oped braking (FD), the force FsA in the coupling is identical to this in the nominal variant 
(the maximum braking torque for the axle of the semi-trailer is reached). A greater value 
of the maximum force in the coupling in the brake initialization phase (IB) than in the 
fully developed braking phase (FD) in the nominal variant b1 (CE) did not occur, and this 
effect becomes visible with the increase in the response time of the semi-trailer braking 
system. In the moment when FsA reach maximum the risk of jack-knifing phenomena is 
greatest. This topic will also be discussed later in this section. 

Also, higher than the value of the FsA force in the nominal variant is shown by the 
variant with exceeded load mass b4 (by 4 kN for the CD case and by 9 kN for the CE
case). In b7 variant (braking on a surface with reduced adhesion—wet surface) for the CE 

Figure 18. Mean deceleration and braking distance force for constant excitation series (CE) for
9 braking variants: (a) Mean deceleration; (b) Braking distance.

The highest value of the horizontal force in the coupling was obtained for the simu-
lation with an unbraked semi-trailer (b5), in which the coupling force is a maximum of
113 kN for ABS off and 117 kN for ABS on. ABS, the maximum force in the coupling is
similar to the case of b3f. However, in b5, in the phase of fully developed braking, it is even
approx. 12 kN lower than in b3f. From this, it follows that case b3f (centre of gravity shifted
forward) is even worse than no trailer braking (b5).

In the variant with longer reaction time (b6), an increase in the maximum value of
the horizontal force in the coupling in the phase of applying the brakes (IB) is noticeable.
However, the increase in these forces is not significantly large (by 5 kN in the CE simulation
and 9 kN in the CD simulation). From the other hand, in the phase of fully developed
braking (FD), the force FsA in the coupling is identical to this in the nominal variant (the
maximum braking torque for the axle of the semi-trailer is reached). A greater value of
the maximum force in the coupling in the brake initialization phase (IB) than in the fully
developed braking phase (FD) in the nominal variant b1 (CE) did not occur, and this effect
becomes visible with the increase in the response time of the semi-trailer braking system.
In the moment when FsA reach maximum the risk of jack-knifing phenomena is greatest.
This topic will also be discussed later in this section.

Also, higher than the value of the FsA force in the nominal variant is shown by the
variant with exceeded load mass b4 (by 4 kN for the CD case and by 9 kN for the CE case).
In b7 variant (braking on a surface with reduced adhesion—wet surface) for the CE case
the horizontal force in the coupling is lower than the nominal variant (b1) value. This may
be due to the fact that get less deceleration (see Table 4 and Figure 18). This is also justified
by the tests with the same deceleration (CD), where the horizontal forces in the coupling
are approximately similar for both variants b1 and b7.

Comparing the results when braking on a road with very low adhesion (b8), the
obtained results are qualitatively in line with the expected ones. The braking performance
indicators have obviously deteriorated. The operation of the anti-lock braking system
improves efficiency. An important effect is the reduction of the horizontal coupling force.
However, it should be remembered that due to the lower ability to transfer forces in wheel-
road contact also in the vertical direction, it is difficult to conclude on this basis about a
lower risk of e.g., of jack-knifing phenomena. It follows from this that the type of surface
does not directly affect the horizontal force in the coupling, but it does affect the maximum
deceleration obtained. Thus, this is a different effect than, for example, in variants b3f or
b4, where the increase in the horizontal force in the coupling was directly caused by the
change in mass and the position of the centre of gravity. This can be seen by comparing the
results for tests with the same deceleration (CD simulations)—see Table 5 and Figure 17.
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A recurring feature in most of the presented simulations, both for the maximum
position of the main control valve positioner (CE) and for the same deceleration in the
phase of fully developed braking (CD), is the moment when the horizontal force in the
coupling reaches the highest value. It occurs in the final phase of actuating the brakes
before the phase of fully developed and stabilized braking. This is related to the reaction
time of individual axles of the braking system or the order of axle blocking resulting from
the load on axles. The braking process in the phase of actuating the brakes is unstable, and
large changes of tangential forces and the angular decelerations of the wheels occur then
(e.g., Figure 11a). This is the moment when the risk of braking safety is most significant.

The wheel locking order and the status of ABS activation affect the horizontal force
in the coupling. Blocking the wheels of vehicle A first (e.g., variant b3r) reduces the
braking ratio of this vehicle and thus reduces the force in the coupling. In the b3r variant,
the horizontal force in the coupling decreased (compared to the nominal variant), and it
increased in the opposite case—b3f. Also, the activity of the ABS significantly affects the
values of the horizontal forces in the coupling. In mentioned the case of b3r, after switching
on the ABS, the force in the coupling in the phase of fully developed braking increased
from 71 ÷ 77 kN to about 89 kN. A similar effect can be seen in the b7 variant, where the
higher (by approx. 20 kN) value of the force in the coupling was observed for braking with
the ABS on in the phase of fully developed braking. From the other hand, in the case of
b3f, active ABS reduced slightly the horizontal force in the coupling to 108 kN–111 kN.
It is worth emphasizing, however, that this value is still higher than the nominal 100 kN.
In general, ABS reduces the risk associated with braking safety, but does not eliminate it
completely, and in some cases, as described above, even increases it.

For tests with constant excitation (CE), an incorrect axle locking order occurs for the
simulation in the conditions of incorrectly distributed load (b3r, b3f) and failure of the braking
system (b5). In the b3r and b5 variants, the tractor’s rear axle wheels are locked first—there
is a risk of jack-knifing. In the case of b3f, the axle of the semitrailer is blocked—the risk of
instability of the semitrailer. The variant b2 is a debatable issue, where the front axle of the
tractor and the complex axle of the semitrailer are locked approximately simultaneously,
while the rear axle of the tractor is not locked. In the case of tests with constant deceleration
(CD), only in one variant (b3f), the wheels were locked with the ABS turned off, qualitatively
the same as for the maximum excitation (CE).

Analysing the test results for the constant excitation (CE), it can be seen that each
deviation from the nominal variant affects the braking efficiency measures. The set with a
laden semitrailer (nominal b1) reached a deceleration of about 6.0 m/s2, and the braking
distance was up to 40 m. The shortest braking distance (37 m with ABS off and 34 m
with ABS on) and the biggest average deceleration (5.8 ÷ 6.5 m/s2) were obtained for the
unladen semitrailer (b2). Longer braking distances are in the simulations for a shift of the
centre of gravity forward b3f (centre of gravity shifted to the front of the semitrailer) and
b3r (centre of gravity shifted to the rear of the semitrailer). For variant b3r the average
deceleration is 4.9 m/s2 (ABS off) and 5.2 m/s2 (ABS on), and the braking distance is
42 ÷ 44 m. In the case of b3f average deceleration is 4.3 m/s2 (ABS off) and 4.6 m/s2 (ABS
on), and the braking distance is 47 ÷ 48 m. In the latter case, it is worth recalling that
we also have another unfavorable effect—an increased horizontal force in the coupling in
relation to the nominal variant b1.

The longest braking distance (73 m for ABS off and 66 m for ABS on) on a dry surface
was obtained for the variant with failure of the semitrailer braking system (b5). The
extended time to reach the maximum braking torque of the semi-trailer in the case of
b6 also reduced the average deceleration, which resulted in an extension of the braking
distance by 2 m.

On a wet surface (b7), the braking distance is 53 m with the ABS off and 44 m with
the ABS on (and the average deceleration is 4.1 m/s2 and 4.9 m/s2, respectively). On
ice (b8) the braking distance is 207 m with the ABS off and 191 m with the ABS on (and
the average deceleration in both ABS status cases is close to 1.0 m/s2—slightly less than
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1.0 m/s2 with the ABS off and slightly greater than 1.0 m/s2 with the ABS on). The ABS
system’s significant impact on these braking performance measures is evident here.

The presented results were compared in the scope of the main indicators of braking
efficiency available in the literature (average deceleration, braking distance) obtained in
actual road tests. A truck with a similar mass to the b2 variant shows decelerations in fully
developed braking at the level of 6.27–7.67 m/s2 [14]. The braking distance of the tractor
with a partially loaded semitrailer with a set weight of approx. 22 t (i.e., approx. 9 t more
than in the variant of b2) in [15] was given at approx. 41m, and its deceleration at approx.
5.7 ÷ 6.0 m/s2. For the unloaded set (about 15 t), the braking distance was 30–32 m, and
the deceleration was about 7.25 ÷ 7.5 m/s2. In [16], the average deceleration for a loaded
vehicle of similar mass to the variant b1 is 4.4 to 5.4 m/s2. For a tractor with damaged
trailer brakes (a variant close to b5), the deceleration was from 3.43 to 4.22 m/s2 [16]. In
addition to deceleration and braking distance, the horizontal force in the coupling was
compared. In the work [79] you can find information on the value of this force for vehicles
with parameters similar to cases b1 and b5 with small decelerations of 0.5–0.6 m/s2 at the
level of approx. 11 and 14 kN, respectively. In the simulation under similar conditions,
values of approx. 12–15 and 13–16 kN were obtained. In sum, it can be assumed that the
simulation tests’ results are similar to the real ones. Slight differences compared to [15,16]
may result from a different construction of sets for the US market (these are the results for a
3-axle truck and a 2-axle semitrailer) and, consequently, other load distribution and utilized
adhesion indexes of individual axles for similar states loading.

4. Conclusions

The article presents an outline of the methodology that allows the analysis of the
braking safety of a set of vehicles (articulated vehicle) in the form of a relatively simple
mathematical model. The presented simulation calculations for selected braking cases
of vehicles sets in the form of a tractor-semitrailer, reflecting realistic conditions (vehicle
parameters, operational situations in traffic), indicate the possibility of such an assess-
ment. It is possible to evaluate the basic indicators of braking efficiency (braking distance,
braking intensity, braking time) as well as features indicating the risk of loss of motion
stability (force in the coupling, state of rotation of the wheels of the set’s vehicles). A
preliminary comparison of the simulation results with the available results of experimental
tests (taken from [14–16]) indicates a good agreement in terms of the main indicators of
braking efficiency.

The greatest threat, both related to the braking efficiency and the increase in the force
in the coupling, is associated with the lack of braking of the semitrailer axles or a significant
reduction in its load. The weight and location of the centre of gravity of the load have a
large impact on braking safety. The positioning of the load can significantly increase or
decrease the force in the coupling. The order in which the axles are locked is also important.
The braking reaction time of the semitrailer affects the maximum value of the horizontal
force in the coupling during the braking initialization phase. However, in the phase of
fully developed braking, it is no longer relevant to this force. Another thing is the moment
when the maximum value of the horizontal force occurs (so the moment when the risk of
jack-knifing the tractor-semitrailer is the highest). It usually takes place in the final phase
of actuating the brakes before the phase of fully developed braking.

The condition of the pavement has no direct effect on the horizontal force in the
coupling. However, it determines the maximum deceleration value, which affects the
indicators of braking efficiency and thus changes the values of the coupling forces. ABS
reduces the risk associated with braking safety in this context, but does not completely
eliminate it.

The presented simulations were only an example of the capabilities of the model and
the program written in the Matlab environment. An essential feature of the proposed
method and model is its versatility—you can easily change the configuration of the vehicles
set—the towing vehicle (truck/tractor) and towed (trailer/semitrailer), number and type
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of vehicle axles. It is also important to reproduce the actual characteristics of the pneumatic
braking system and the ability to set various operating conditions as well as obtain relatively
quick results on potential threats during braking. However, one should also remember
about certain limitations related to the above-mentioned simplicity of the model (rectilinear
motion is considered, relative movements of unsprung masses, interactions resulting
from road surface inhomogeneity, etc. are omitted).In the course of future works, further
development of the method and its testing on other set configurations and operating
conditions are planned.

Author Contributions: Conceptualization, P.R. and M.G.; methodology, P.R. and M.G.; software, P.R.;
validation, P.R. and M.G.; formal analysis, P.R. and M.G.; investigation, P.R. and M.G.; resources, P.R.
and M.G.; data curation, P.R. and M.G.; writing, P.R. and M.G.; writing—review and editing, P.R.
and M.G.; visualization, P.R. and M.G.; supervision, M.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. A Small Statistical Yearbook of Poland 2022. GUS, Warsaw; 2022. Available online: https://stat.gov.pl/obszary-tematyczne/

roczniki-statystyczne/roczniki-statystyczne/maly-rocznik-statystyczny-polski-2022,1,24.html (accessed on 6 October 2022).
(In Polish)

2. European Commision. Mobility and Transport—Statistical Pocketbook 2021. 2021. Available online: https://op.europa.eu/en/
publication-detail/-/publication/14d7e768-1b50-11ec-b4fe-01aa75ed71a1 (accessed on 6 October 2022).

3. European Road Safety Observatory. Annual Statistical Report on Road Safety in the EU 2021. 2021. Available online: https:
//road-safety.transport.ec.europa.eu/statistics-and-analysis/data-and-analysis/annual-statistical-report_en (accessed on 6
October 2022).

4. European Commision. Mobility and Transport- Road Safety Facts & Figures. Available online: https://ec.europa.eu/transport/
road_safety/road-safety-facts-figures-1_en (accessed on 6 October 2022).

5. Road Accidents in Poland in 2021. Report of the Police Headquarters and Similar Reports from Previous Years. Available online:
https://statystyka.policja.pl/st/ruch-drogowy/76562,Wypadki-drogowe-raporty-roczne.html (accessed on 6 October 2022).
(In Polish)

6. Global Status Report on Road Safety 2018. Available online: https://www.who.int/publications/i/item/WHO-NMH-NVI-18.20
(accessed on 11 October 2022).

7. Studies of the National Road Safety Council. Available online: https://www.krbrd.gov.pl/pl/72-badania.html (accessed on 6
October 2022). (In Polish)
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