

  energies-13-00009




energies-13-00009







Energies 2020, 13(1), 9; doi:10.3390/en13010009




Article



Evaluation of the Brake’s Performance Dependence Upon Technical Condition of Car Tires as a Factor of Road Safety Management



Olga Orynycz 1,*[image: Orcid], Karol Tucki 2,*[image: Orcid], Andrzej Wasiak 1[image: Orcid], Robert Sobótka 2 and Arkadiusz Gola 3[image: Orcid]





1



Department of Production Management, Bialystok University of Technology, Wiejska Street 45A, 15-351 Bialystok, Poland






2



Department of Production Engineering, Institute of Mechanical Engineering, Warsaw University of Life Sciences, Nowoursynowska Street 164, 02-787 Warsaw, Poland






3



Department of Production Computerization and Robotization, Faculty of Mechanical Engineering, Lublin University of Technology, Nadbystrzycka 38 D, 20-618 Lublin, Poland









*



Correspondence: o.orynycz@pb.edu.pl (O.O.); karol_tucki@sggw.pl (K.T.); Tel.: +48-746-98-40 (O.O.); +48-593-45-78 (K.T.)







Received: 30 October 2019 / Accepted: 16 December 2019 / Published: 18 December 2019



Abstract

:

The social cost, as one of the factors determining sustainability of socio-economic development, is strongly dependent upon a number of casualties and mortality in road accidents. The condition of car tires appears to be one of the important factors determining the occurrence of accidents. The vast majority of vehicles are tested every year at vehicle inspection stations. One of the elements affecting the result of the technical condition test and basically the quality of vehicle braking is the technical condition of the tires. Their technical condition is a very important factor responsible for the quality of acceleration, braking, maintaining, or changing the direction of driving. As a consequence, it has a significant impact on road safety. The aim of the study is to examine the impact of tires on the results of tests performed at a vehicle inspection station. The study presents the results of bench measurements of the impact of selected features of tire condition of two vehicles during routine periodic inspections at a vehicle inspection station (VIS). The focus was on an attempt to assess the impact of inflation pressure, age, and tire tread wear on the braking process. The technical studies performed might be a source for legal steps assuring better management of road safety. It can also be expected that the tire choice and condition may affect fuel consumption, and therefore the amount of energy consumed by the road transport.
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1. Introduction


The dynamic development of global economy and the globalization of automotive sectors require a multi-dimensional view [1,2]. Increased public awareness of the issues of reducing CO2 emissions has accelerated work on the development of electromobility [3,4] and biofuels [5,6]. One of the most important parts of car engineering is the tire [7,8]. The contemporary approach in its design includes both issues related to process management [9,10], the use of new technologies in the scope of applied design tools and construction materials [11,12,13], as well as issues related to recycling [14,15,16] and utilization [17,18]. However, the most important determinant in its design and use is the provision of security [19,20].



European roads remain the safest in the world [21,22]. In 2018, around 25,100 fatalities on the road [23,24] were reported in 28 EU Member States. This indicates a decrease of 21% compared to 2010. In 2017, the average mortality rate in 28 EU Member States was 49 road deaths per 1 million inhabitants, a 1% decrease compared to the previous year. This means that achieving the target of halving the number of road fatalities by 2020 is unlikely. Therefore, strong and well-targeted efforts are needed at all levels and in all sectors.



Poland is among the countries with one of the highest accident rates [25,26]. According to the police statistics, almost 31,674 road accidents occurred in 2018. As stated, technical failure of the vehicle was the direct cause of 108 road accidents (including more than 24.1% “technical deficiencies” in tires) [27]. Unfortunately, no statistics are published that would include any indirect impact, not only of deficiencies, but also the generally understood technical condition of tires as well as the application of manufacturers’ recommendations regarding their proper handling. In order to make it easier for the average user to choose tires for their vehicle, the European Union introduced the labeling requirement for tires manufactured after 30 June 2012, i.e., the manufacturers must provide three tire properties: Fuel efficiency, wet grip, and external noise (class and result in dB) [28].



In addition, the European Commission has introduced regulations that mandate the installation of a tire pressure monitoring system in every new car. The system called TPMS (tire pressure monitoring system) must be on the list of equipment for every car, regardless of make and model. These regulations are to contribute to increased safety, reduced fuel consumption, and reduced emissions of harmful substances [29,30].



The vast majority of vehicles are tested every year at the vehicle inspection stations [31,32]. One of the basic tests is checking the technical condition of the braking system [33,34] and one of the elements influencing the result of the technical condition test, and basically the braking quality of the vehicle, is the technical condition of the tires [35]. The tires are in the so-called ‘frontline’ of the vehicle’s braking system (wheel-to-road contact) [36]. It can therefore be assumed that their technical condition is a very important factor responsible for the quality of, among others: Acceleration [37,38] braking [39], maintaining or changing the direction of driving [40,41], and consequently affects road traffic safety [42,43].



The most important factors related to tires, which affect critical situations arising during road traffic, are degree of wear of tires [44], internal pressure in tires [45], size and type of vehicle load, and driving technique [46,47]. During the periodic review of the technical condition of the vehicle, the diagnostician is obliged to check the condition of the tires. The minimum tire tread depth is 1.6 mm. The tire tread below 2 mm is not able to drain rainwater effectively, which can result in the vehicle slipping. The tires should not be cracked. Tires with the same tread structure must be mounted on one axle. Tire manufacturers often determine internally the tread depth, after which the tires are changed, regardless of their technical condition and compliance with statutory standards.



The degree of tread wear is particularly important when driving on wet surfaces [48,49]. The lower the tread pattern, the less resistant the tire is to the hydrodynamic slip [50], which causes a rapid reduction of the tires’ adhesion to the surface due to the water wedge [51,52]. This is a dangerous phenomenon that causes the loss of vehicle stability in all directions [53]. In Polish road conditions, this is a phenomenon often encountered due to road ruts occurring on roads and stagnant water in them [54]. Considerable wear of the tire tread also causes the deterioration of its strength properties (among others, due to the progressive aging of the rubber and the carcass) during normal operation [55,56]. At the same time, its resistance to mechanical damage results from extreme conditions caused by, e.g., external factors such as unevenness and mechanical damage of roads, litter such as small elements of exhaust systems, other small parts of vehicles, or other objects left on roads by other users [57]. Each tire is constructed for a specific vehicle load, with the internal pressure specified by the manufacturer [58]. Reducing the pressure below the recommended level results in increased drift, especially when using older tires (with a higher profile), which in turn results in poorer vehicle drivability, makes the vehicle more susceptible to side-drift, and can lead to accidents in critical situations [59,60].



Vehicle manufacturers also specify vehicle speed limits for the tires concerned. The use of tires with too low a speed index can lead to significant radial deformations of the tire when driving at high speed [61]. In extreme situations (high speed, significant tire wear, age) the use of tires with too low a speed rating may even lead to a burst [62,63]. Practice shows that, in the case of loading the vehicle (without exceeding the permissible static load values for the whole vehicle), tire overload may occur in situations of incorrectly distributed load, driving at curves with excessive speed, driving over large irregularities, e.g., curbing with excessive speed [64]. The tire overloads occurring at the time can cause (apart from excessive and uneven wear) the rapid heating of the tire resulting in its stratification, refraction of the carcass causing it to lose strength, and in extreme cases, cracks or coming off the rim, resulting in a loss of vehicle stability [65].



Car segments (or classes) are divided into as many as 10 categories and are marked with the letters of the alphabet [66,67]. The lower the letter, the lower the vehicle class. Interesting in the context of the division into classes is that some cars of different classes are built on the same floor plate with the same engines and even suspension. The differences are visible in the body shape and the price. Class A and B cars are usually hatchbacks, which does not exclude the presence of sedans and station wagons in this group. In class A, there are city cars characterized by small dimensions, and most often only three doors (with a tailgate). Due to their construction, they are usually economical cars, characterized by low fuel consumption. Vehicles of this class are usually equipped with small engines generating low power. Due to technical characteristics, Class A cars do not work well on extra-urban routes, in particular on highways. Class B is more versatile than A. They are city cars, but they also perform well on extra-urban routes. They offer more space than Class A cars. Class C has a wide variety of types. Therefore, we are dealing with hatchbacks, sedans, station wagons, and liftbacks. In many cases, the car model has all three body types, e.g., Toyota Corolla. Class C is the link between urban B and extra-urban D and has moderate features of both classes. In the case of higher classes (D, E), the variety of body types drops significantly. Most cars of these classes are offered in the sedan version, although in the D class, there are also station wagon versions. They are not economical cars. Engines with a capacity of at least 1.6 liters for gasoline and 2 liters for diesel require more fuel than class B and C. Segment E is for comfortable, well-equipped cars. In this class, it is rather difficult to find an engine with a capacity of less than 2 liters and power below 130 HP (Horsepower). Category F applies to luxury cars, including limousines. Sports cars and so-called G-class super sport cars have bodies of various shapes, although they can most often be described as coupes. Other classes are typically associated with bodywork and technical characteristics. These are class H (convertibles), I (off-road cars including SUVs - Sport Utility Vehicle), and K (minivans).




2. Materials and Methods


2.1. Tire Size Depending on the Vehicle Weight


The information concerning the technical parameters of tires was obtained from the catalogs of car manufacturers [68,69,70,71,72,73] and the catalogs of companies dealing in the production and trade of tires [74,75,76,77,78,79].



Figure 1 and Figure 2 summarize the information for the most popular models of passenger cars on the automotive market (from segment A to segment E) with the basic types of tires recommended by the manufacturers. The starting parameter is the permissible gross vehicle weight (PGW - Permissible Gross vehicle Weight). The values presented refer to models with the smallest engine offered on the market for a given vehicle and with basic equipment.



As can be seen from the diagrams, the width of the used tires increases significantly with the increase of the PGW of the vehicle. One of the reasons for this dependence is the necessity to prevent unit pressure on the tire from being exceeded. There is also a clear tendency to lower the tire profile with the increase of the vehicle’s PGW.



It should be emphasized that tire substitutes are available on the market. They are used to change some driving parameters, e.g., braking distance. Tires with a smaller diameter are usually much cheaper. The size of the replacements results from the comparison of the outer diameters of the reference tire and the one suggested as a replacement. If the difference is between +1.5% and −2%, the tire can be used as a replacement for the original tire [80].




2.2. Tire Size Depending on the Date of Manufacture of the Vehicle


Because manufacturers offer different sizes of engines and different equipment for a given vehicle model, the average width and average tire profile for a given car model were calculated. The dependence of the tire width and its profile are represented respectively in Figure 3 and Figure 4. The newer the cars, the wider and lower the profile. As it results from literature studies, the reduction of the tire profile [index H = height/width] allows the increase of the contact surface of the tread with the road and, consequently, a better adhesion of the vehicle is observed, especially on dry surfaces.



The subject literature on the impact of tires on road safety shows how much weight is attached to the tires of a vehicle. This results in the multiplicity and detail of regulations set for manufacturers regarding the approval of tires and for motorists in the field of proper tire use.




2.3. Analysis of the Influence of Tires on the Braking Process During Control Ests on the VIS


The main factor of the condition of the braking system, checked at a VIS, is the braking rate “z”. Measurements are made on a roller stand (a quasi-static method) or on overlay plates (a dynamic method).



The braking performance is considered compliant with the requirements of the technical regulations if the braking rate measured (or calculated) based on the measurement of deceleration forces or braking delay is not less than specified in the technical specifications regulation.



The braking rate is calculated according to the dependence:


  z =    ∑  T  P  · 100  



(1)







Where



z—braking rate (%) for the type of brake tested;



ΣT—braking forces obtained from all wheels (kN), respectively for service, emergency, or parking brake;



P—force of gravity (pressure) from the permissible total weight of the tested vehicle (kN), assuming for the calculation: 1 kN = gravity of 100 kg of mass.



The permissible gross vehicle weight is based on the data contained in the registration certificate, the nameplate, or other reliable technical data of the vehicle, or is calculated by adding the vehicle’s own weight and the permissible load capacity of the vehicle; for lorries, the permissible load is the permissible pressure on the lorry’s fifth wheel coupling. If the measured braking force of the service brake or the braking rate thus calculated does not reach the required value, calculate the maximum value of the braking force (or calculated braking effectiveness rate) by multiplying the measured braking forces of the individual wheels by the ratio of the maximum permissible force on the brake lever to the pressure exerted during the measurement or by the ratio of the calculated pressure in the braking system to the pressure in the brake cylinders measured during the measurement on this axis, according to the following dependency:


   T  m i n   = P ·  z  m i n    



(2)






   T *  =  ∑     (  T ·    P d     P z     )   i   



(3)






   z *  =    T *   P  · 100  



(4)







Where



Tmin—minimum required working brake force (kN);



P—force of gravity (pressure) from the permissible total weight of the tested vehicle (kN), assuming for the calculation: 1 kN = gravity of 100 kg of mass (for articulated vehicles, it is allowed to accept for the calculations the permissible pressure of a given axis);



zmin—required breaking effectiveness rate (%);



T*—calculated brake force of the service brake (kN);



z*—calculated breaking effectiveness rate (%)



T—braking force obtained from all wheels of a given axle (kN)



I—the nest tested vehicle axis;



Pz—measured pressure on the brake pedal (lever) or measured pressure in sevomotors (daN or MPa);



Pd—permissible pressure on the brake pedal (lever) for a given vehicle or calculated pressure (lower regulated or specified by the vehicle manufacturer) of a pneumatic braking system (daN or MPa).



The calculated braking force or calculated braking effectiveness rate calculated in this way must be compared again with the value required for the type of vehicle. The permissible limit values of the “Z” index depend on the type of vehicle, type approval, and the date of the first registration.



Laboratory tests were carried out on a measurement stand consisting of an APS-10 manometer with a 0.01 MPa measuring scale developed by FOUS, by means of which the pressure state of inflating the tires is brought to nominal values recommended by the manufacturer of a given vehicle. Measurements of braking forces were carried out on the diagnostic line made by Ryme, intended for testing passenger cars, vans, and agricultural tractors with a maximum permissible weight of up to 3.5 tons. According to the manufacturer, the accuracy of the measurements indicated is 0.01 kN. The diagnostic line consists of:




	
Weight measuring the axle of the vehicle (result calculated per kg);



	
Two drive units that are made up of: A gear motor and a system of two rollers (welded steel drums) connected by a chain (Figure 5a,b);



	
Aa system that measures braking forces using strain gauges.








In addition, the station is equipped with a device measuring the pressure on the brake pedal with the transmitter (Figure 6a) and measuring rollers for measuring the rotational speed of the vehicle’s wheels (Figure 6b).



The entire diagnostic line is controlled by the central unit and the measurement results are displayed on the screen monitor and optionally stored in the database and printed.



The measurement of braking forces in a roller device is called the quasi-static method [81]. The rotational speed of the drive rollers and thus the circumferential speed of the road wheels during the test is very low and corresponds to a vehicle speed of approximately 5.5 km/h. The coefficient of adhesion of wheels to drive rollers established by the manufacturer of the “Ryme” diagnostic line is 0.9 for the dry state and 0.7 for the wet state [82]. The measurement is carried out in subsequent stages. First, the front axle of the vehicle is weighed, then the braking forces on the wheels of this axle are measured and stored. Then, the rear axle of the vehicle is weighed, and the braking forces of the rear wheels are measured. In both stages, the measurement of braking force ends when the rollers are stopped by the measuring system, which happens when the maximum slip equal to 35%, programmed in the operating parameters of the line is reached, or when the maximum permissible pressure on the brake pedal, as defined by regulations, is reached.



Under the conditions of measurements on the VIS, vehicles are rarely tested at full load. Therefore, the wheels often stop (especially when measuring in “wet” conditions) before reaching the maximum prescribed forces on the brake pedal. It is caused by the achievement of the maximum 35% slip value assumed in the measuring system. In order to determine the maximum braking force that can be achieved on a given vehicle in real conditions, a legally permissible extrapolation method is used. It assumes the proportionality of the braking force obtained on the wheels to the force exerted on the brake pedal. The braking performance coefficient is calculated according to the principle described above.



All measurements were made in “dry” conditions, i.e., the rollers and tires were free from impurities, and the ambient temperature was around 20 °C. The measurements were made by the same driver. Two passenger cars of the C segment, the five-door lift back type, were used for the tests:




	
Ford Escort-MKVII 1.6 16 V, with a mileage of 200 km,



	
Opel Astra-G 1.4 16 V, with a mileage of 165,000 km.








The braking systems of both vehicles were in perfect technical condition during the measurement. Both vehicles have hydraulic braking systems with power steering, equipped with ABS (Anti-lock Braking System). During the test series on the test bench, the braking forces of the front (drive) axle wheels were measured. The engines of both vehicles were running, and the clutch was not switched off. The vehicles were equipped with the following tires:




	
FORD ESCORT—GOODYEAR GT 175/70 R13 82T—with a tread depth: 6.45 mm in the right wheel (Figure 7a) and 3.5 mm in the left wheel (Figure 7b);



	
OPEL ASTRA—CONTINENTAL 185/65 R15 88T—with a tread depth of 7.93 mm in the right wheel (Figure 8a) and 4.31 mm in the left wheel (Figure 8b).










3. Results


3.1. Measurements of the Weight of the Front Axle Wheels–0 Series


The “Ryme” diagnostic line, in the part designed for determining the wheel pressures exerted on the road, which afterwards are used to determine the braking efficiency, gives the total mass resulting from the pressure of both wheels on one axle as the result of the measurement. In order to eliminate possible differences in measurements of braking forces, resulting from unequal calibration of both scales, an attempt was made to weigh the wheels of the front axle, left and right individually. These measurements are named in the description of the measuring cards as the series “0”.



Measurements of the front wheel axle mass (the so-called “0” series) were performed by approaching the diagnostic line with one wheel (left or right), in two directions: consistent with the direction of motion of the diagnostic line and in the opposite direction. The measurements showed a slight mass difference in favor of the left wheel. A possible cause might be the driver’s own weight. In addition, the left scale indicates smaller masses of the same wheel as the right scale, which indicates small differences in scales calibration (Table 1).




3.2. Interval Measurements of Braking Forces—Series I


Then, two series of interval measurements of braking forces were made. They are to determine the effect of time intervals between measurements on the reproducibility of the results of the measured braking forces. Before taking the measurements, the pressure in the tires was brought to 0.21 MPa, according to the manufacturer’s recommendations. In the first series, 15 measurements were made, simultaneously for the left and right wheels. The measurements were carried out successively: Every 6, 4, and 2 min. In order to avoid additional heating up of the braking system by the cooling fan, the engine of the vehicle was switched off after each measurement. The results of the braking force measurements in the first series are presented in Table 2. As can be seen from the series of measurements carried out, a large dispersion of the obtained results can be seen (8%), while no clear correlation is found between the time intervals between the measurements and the values of the obtained braking forces. It can be noticed that when using time intervals of 4 min, the highest braking forces were obtained.




3.3. Measurements of Braking Forces Depending on the Pressure on the Brake Pedal—Series II


In the second series of measurements, an attempt was made to determine the dependence of the braking force obtained on the wheels from the pressure on the brake pedal. Before the measurements, the tire pressure was adjusted to 0.21 MPa (according to the manufacturer’s recommendations). In this series, 15 measurements were also made, five for each pedal force: 100 N, 110 N, and 120 N. A 4-min time interval between measurements was used. The values of obtained forces on wheels are shown in Table 3.



Despite the noticeable dispersion of the results, it can be concluded that the braking force on the wheels increases in proportion to the increase in force applied to the brake pedal. This trend is the same for both wheels of the front axle.




3.4. Measurements of Braking Forces at Varying Tire Inflation Pressures—Series III, IV, V, VI


In the next part of the research, the braking forces on the wheels of the front axle of vehicles were analyzed, in two series each (with and without a payload). Measurements were made at varying inflation pressure values of tires: From 0.15 MPa to 0.31 MPa. In both vehicles, on the left and right sides, tires with very different wear were used. The vehicles were loaded with steel weights, spread evenly on the floor of the vehicle, imitating the load of passengers. The mass of the loads was measured by subtracting the weight of unloaded vehicles from the total weight of the loaded vehicles. Due to the fact that the rollers stopped at different values of the pressure on the brake pedal, the arithmetic mean of the force from a given series of measurements was used to create diagrams of the dependence of braking force in the function of the tire inflation pressure. The measured braking forces were calculated as ratios of measured pedal force to the average force of the whole series. This allowed to overcome the dispersion of the measurement due to the rollers stopping at different pressures on the brake pedal.



Table 4, Table 5, Table 6 and Table 7 summarize the results of measurements of braking forces in the front axle wheels for both vehicles at different payloads. Based on the measurement results obtained, diagrams of braking forces as a function of tire inflation pressure were drawn (Figure 9, Figure 10, Figure 11 and Figure 12).





4. Conclusions


The basic assumption of this study was to assess the impact of the technical condition of tires on road safety.



After approximately 140 measurements of braking forces of the front axle wheels on a roller station of two similar vehicles with different tire tread wear, different inflation pressure, and different payloads, the following conclusions can be drawn:




	
There is no clear trend of any decrease or increase in braking power depending on the inflation pressure of the tires in the tested pressure range.



	
Tire tread wear has a virtually unpredictable effect on the braking force obtained.



	
The additional payload of vehicles does not affect the increase or decrease in braking force, depending on the inflation pressure and tread wear level.








After carrying out the above tests, it can be concluded that with the use of a roller station, no decisive dependency can be seen between the tread wear and tire inflation pressure and road traffic safety. A real assessment could be made during road tests in real conditions in different driving conditions (torsion, braking), at different vehicle speed ranges, and in different atmospheric conditions.



It is also possible to draw a general conclusion that a roller station at a vehicle inspection station is more useful for checking the efficiency of the entire braking system, rather than for checking the efficiency or quality of the tires. It should therefore be stated that the organoleptic inspection of tires is a very important element of vehicle testing at vehicle inspection stations in the aspect of road traffic safety.



The above conclusions should be taken into account in formulation of legal requirements for cars testing, especially cars with substantial mileage.



Future research: The studies performed on the regular inspection line do not permit us to evaluate effects of tire wear on all aspects of car behavior on the road. Consequently, additional research is needed in the direction of introducing modifications into vehicle inspection unit, as well as looking for completely different methods of car performance evaluation.



Also, data obtained from standard car inspection unit are not sufficient to detect the effect of tire condition on the fuel consumption. Studies in this direction will be continued.
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Figure 1. Widths of tires applied, depending on the permissible gross vehicle weight (segment A to segment E); PGW – Permissible Gross vehicle Weight. 
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Figure 2. Profiles of used tires depending on the permissible gross vehicle weight (segment A to segment E); PGW – Permissible Gross vehicle Weight. 
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Figure 3. Profiles of used tires depending on the date of production of the vehicle (segment A to segment E). 
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Figure 4. Profiles of tires applied depending on the date of production of the vehicle (segment A to segment E). 
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Figure 5. Diagnostic line: (a) Weight for measuring mass pressures of vehicle wheels; (b) drive rollers with visible gearmotors. 
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Figure 6. Additional station equipment: (a) Pedal force meter; (b) measuring roller and wheel rotational speed sensor. 
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Figure 7. Tread depth measurement: (a) Opel Astra, right wheel; (b) Opel Astra, left wheel. 
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Figure 8. Tread depth measurement: (a) Opel Astra, right wheel; (b) Opel Astra, left wheel. 
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Figure 9. Breaking force in the function of tire inflation pressure—FORT ESCORT, unloaded. 
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Figure 10. Breaking force in the function of tire inflation pressure—FORT ESCORT, loaded. 






Figure 10. Breaking force in the function of tire inflation pressure—FORT ESCORT, loaded.



[image: Energies 13 00009 g010]







[image: Energies 13 00009 g011 550] 





Figure 11. Breaking force in the function of tire inflation pressure—OPEL ASTRA, unloaded. 
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Figure 12. Breaking force in the function of tire inflation pressure—OPEL ASTRA, loaded. 
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Table 1. Weights measured on the scales of the diagnostic line [kg].
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	Scale
	Left Wheel
	Right Wheel





	Left scale
	422
	352



	Right scale
	429
	373
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Table 2. Braking forces at various time intervals.
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Braking Force [kN]




	

	
Left Wheel

	
Right Wheel




	
Measurement Number

	
Interval 2 min.

	
Interval 4 min.

	
Interval 6 min.

	
Interval 2 min.

	
Interval 4 min.

	
Interval 6 min.






	
1

	
2.16

	
2.11

	
2.29

	
2.04

	
2.03

	
2.15




	
2

	
2.05

	
2.21

	
2.17

	
1.88

	
2.12

	
2.07




	
3

	
2.24

	
2.24

	
2.25

	
2.11

	
2.18

	
2.18




	
4

	
2.11

	
2.27

	
2.00

	
1.98

	
2.13

	
2.02




	
5

	
2.07

	
2.23

	
2.21

	
1.95

	
2.17

	
2.12




	
Average value

	
2.13

	
2.21

	
2.18

	
1.99

	
2.13

	
2.11




	
Standard deviation

	
0.08

	
0.06

	
0.11

	
0.09

	
0.06

	
0.06
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Table 3. Values of forces on the wheels of the tested vehicle.
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Left Wheel

	
Right Wheel




	

	
Pedal Force [N]




	
Measurement Number

	
100

	
110

	
120

	
100

	
110

	
120






	
1

	
1.04

	
1.39

	
1.65

	
1.06

	
1.41

	
1.67




	
2

	
1.14

	
1.34

	
1.57

	
1.16

	
1.33

	
1.60




	
3

	
1.14

	
1.48

	
1.65

	
1.16

	
1.48

	
1.71




	
4

	
1.10

	
1.36

	
1.74

	
1.10

	
1.45

	
1.76




	
5

	
1.16

	
1.34

	
1.68

	
1.16

	
1.40

	
1.73




	
Average force on the wheels [kN]

	
1.12

	
1.38

	
1.66

	
1.13

	
1.41

	
1.69











[image: Table] 





Table 4. Braking forces FORD ESCORT without additional load–III series. Load: Driver; vehicle weight: 1265 kg; front axle weight: 763 kg.
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Measurement Number

	
Pumping Pressure

	
Force on the Brake Pedal

	
Braking Force Left Wheel

	
Braking Force Left Wheel Converted to the Pressure 145 N on the Pedal

	
Braking Force Right Wheel

	
Braking Force Right Wheel Converted to the Pressure 145 N on the Pedal




	

	
[MPa]

	
[N]

	
[kN]

	
[kN]

	
[kN]

	
[kN]






	
1

	
0.14

	
148

	
2.02

	
1.98

	
2.10

	
2.06




	
2

	
0.14

	
149

	
1.86

	
1.81

	
1.95

	
1.90




	
3

	
0.15

	
147

	
2.11

	
2.08

	
2.21

	
2.18




	
4

	
0.15

	
146

	
2.06

	
2.05

	
1.98

	
1.97




	
5

	
0.16

	
152

	
2.23

	
2.13

	
2.28

	
2.18




	
6

	
0.16

	
154

	
2.33

	
2.19

	
2.19

	
2.06




	
7

	
0.17

	
148

	
2.17

	
2.13

	
2.05

	
2.01




	
8

	
0.17

	
154

	
2.39

	
2.25

	
2.20

	
2.07




	
9

	
0.18

	
151

	
2.21

	
2.12

	
2.17

	
2.08




	
10

	
0.18

	
146

	
2.12

	
2.11

	
2.06

	
2.05




	
11

	
0.19

	
126

	
2.01

	
2.31

	
2.06

	
2.37




	
12

	
0.19

	
131

	
2.06

	
2.28

	
2.07

	
2.29




	
13

	
0.20

	
129

	
2.01

	
2.26

	
2.05

	
2.30




	
14

	
0.20

	
133

	
2.12

	
2.31

	
2.13

	
2.32




	
15

	
0.21

	
135

	
2.07

	
2.22

	
2.09

	
2.24




	
16

	
0.21

	
146

	
2.14

	
2.13

	
2.16

	
2.15




	
17

	
0.22

	
143

	
2.12

	
2.15

	
2.12

	
2.15




	
18

	
0.22

	
151

	
2.12

	
2.04

	
2.16

	
2.07




	
19

	
0.23

	
146

	
2.14

	
2.13

	
2.15

	
2.14




	
20

	
0.23

	
151

	
2.23

	
2.14

	
2.19

	
2.10




	
21

	
0.24

	
148

	
2.12

	
2.08

	
2.14

	
2.10




	
22

	
0.24

	
149

	
2.10

	
2.04

	
2.13

	
2.07




	
23

	
0.25

	
140

	
2.02

	
2.09

	
2.04

	
2.11




	
24

	
0.25

	
146

	
2.14

	
2.13

	
2.14

	
2.13




	
25

	
0.26

	
143

	
2.11

	
2.14

	
2.12

	
2.15




	
26

	
0.26

	
148

	
2.14

	
2.10

	
2.15

	
2.11




	
27

	
0.27

	
146

	
2.10

	
2.09

	
2.12

	
2.11




	
28

	
0.27

	
151

	
2.23

	
2.14

	
2.21

	
2.12




	
29

	
0.28

	
148

	
2.14

	
2.10

	
2.17

	
2.13




	
30

	
0.28

	
140

	
2.11

	
2.19

	
2.10

	
2.18




	
31

	
0.29

	
140

	
2.09

	
2.16

	
2.11

	
2.19




	
32

	
0.29

	
141

	
2.11

	
2.17

	
2.13

	
2.19




	
33

	
0.30

	
143

	
2.16

	
2.19

	
2.12

	
2.15




	
34

	
0.30

	
151

	
2.21

	
2.12

	
2.21

	
2.12




	

	
Average

	
145

	

	
2.13

	

	
2.13
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Table 5. Brake force of FORD ESCORT loaded with an additional weight of 307 kg—Series IV. Load: Driver +307 kg; vehicle weight: 1572 kg; front axle weight: 924 kg.
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Measurement Number

	
Pumping Pressure

	
Force on the Brake Pedal

	
Braking Force Left Wheel

	
Braking Force Left Wheel Converted to the Pressure 162 N on the Pedal

	
Braking Force Right Wheel

	
Braking Force Right Wheel Converted to the Pressure 162 N on the Pedal




	

	
[MPa]

	
[N]

	
[kN]

	
[kN]

	
[kN]

	
[kN]






	
1

	
0.15

	
166

	
2.55

	
2.49

	
2.50

	
2.44




	
2

	
0.15

	
166

	
2.75

	
2.68

	
2.60

	
2.54




	
3

	
0.16

	
163

	
2.58

	
2.56

	
2.42

	
2.41




	
4

	
0.16

	
168

	
2.81

	
2.71

	
2.72

	
2.62




	
5

	
0.17

	
157

	
2.55

	
2.63

	
2.60

	
2.68




	
6

	
0.17

	
174

	
2.84

	
2.64

	
2.77

	
2.58




	
7

	
0.18

	
158

	
2.52

	
2.58

	
2.61

	
2.68




	
8

	
0.18

	
165

	
2.74

	
2.69

	
2.59

	
2.54




	
9

	
0.19

	
154

	
2.37

	
2.49

	
2.47

	
2.60




	
10

	
0.19

	
154

	
2.48

	
2.61

	
2.51

	
2.64




	
11

	
0.20

	
160

	
2.58

	
2.61

	
2.63

	
2.66




	
12

	
0.20

	
166

	
2.63

	
2.57

	
2.76

	
2.69




	
13

	
0.21

	
151

	
2.40

	
2.57

	
2.48

	
2.66




	
14

	
0.21

	
154

	
2.48

	
2.61

	
2.55

	
2.68




	
15

	
0.22

	
154

	
2.28

	
2.40

	
2.39

	
2.51




	
16

	
0.22

	
154

	
2.33

	
2.45

	
2.44

	
2.57




	
17

	
0.23

	
171

	
2.59

	
2.45

	
2.60

	
2.46




	
18

	
0.23

	
163

	
2.43

	
2.42

	
2.40

	
2.39




	
19

	
0.24

	
169

	
2.67

	
2.56

	
2.57

	
2.46




	
20

	
0.24

	
165

	
2.54

	
2.49

	
2.48

	
2.43




	
21

	
0.25

	
171

	
2.62

	
2.48

	
2.48

	
2.35




	
22

	
0.25

	
160

	
2.53

	
2.56

	
2.62

	
2.65




	
23

	
0.26

	
166

	
2.60

	
2.54

	
2.52

	
2.46




	
24

	
0.26

	
160

	
2.43

	
2.46

	
2.49

	
2.52




	
25

	
0.27

	
169

	
2.53

	
2.43

	
2.47

	
2.37




	
26

	
0.27

	
161

	
2.58

	
2.60

	
2.63

	
2.65




	
27

	
0.28

	
168

	
2.57

	
2.48

	
2.66

	
2.57




	
28

	
0.28

	
158

	
2.46

	
2.52

	
2.56

	
2.62




	
29

	
0.29

	
157

	
2.37

	
2.45

	
2.51

	
2.59




	
30

	
0.29

	
160

	
2.51

	
2.54

	
2.56

	
2.59




	
31

	
0.30

	
160

	
2.49

	
2.52

	
2.61

	
2.64




	
32

	
0.30

	
166

	
2.58

	
2.52

	
2.63

	
2.57




	
33

	
0.31

	
158

	
2.49

	
2.55

	
2.29

	
2.35




	
34

	
0.31

	
165

	
2.66

	
2.61

	
2.65

	
2.60




	

	
Average

	
162

	

	
2.54

	

	
2.55
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Table 6. Braking forces OPEL ASTRA without additional load—series V. Load: Steering; vehicle weight: 1231 kg; front axle weight: 761 kg.
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Measurement Number

	
Pumping Pressure

	
Force on the Brake Pedal

	
Braking Force Left Wheel

	
Braking Force Left Wheel Converted to the Pressure 140 N on the Pedal

	
Braking Force Right Wheel

	
Braking Force Right Wheel Converted to the Pressure 140 N on the Pedal




	

	
[MPa]

	
[N]

	
[kN]

	
[kN]

	
[kN]

	
[kN]






	
1

	
0.15

	
133

	
2.06

	
2.17

	
1.95

	
2.05




	
2

	
0.15

	
136

	
1.89

	
1.95

	
1.83

	
1.88




	
3

	
0.16

	
139

	
1.80

	
1.81

	
1.91

	
1.92




	
4

	
0.16

	
140

	
1.94

	
1.94

	
1.94

	
1.94




	
5

	
0.17

	
138

	
1.99

	
2.02

	
1.94

	
1.97




	
6

	
0.17

	
131

	
1.79

	
1.91

	
1.84

	
1.97




	
7

	
0.18

	
122

	
1.85

	
2.12

	
1.93

	
2.21




	
8

	
0.18

	
136

	
1.97

	
2.03

	
1.98

	
2.04




	
9

	
0.19

	
136

	
1.81

	
1.86

	
1.88

	
1.94




	
10

	
0.19

	
137

	
1.89

	
1.93

	
1.83

	
1.87




	
11

	
0.20

	
145

	
2.05

	
1.98

	
2.01

	
1.94




	
12

	
0.20

	
135

	
1.85

	
1.92

	
1.88

	
1.95




	
13

	
0.21

	
139

	
1.95

	
1.96

	
2.00

	
2.01




	
14

	
0.21

	
152

	
2.10

	
1.93

	
2.02

	
1.86




	
15

	
0.22

	
145

	
2.08

	
2.01

	
2.06

	
1.99




	
16

	
0.22

	
137

	
2.04

	
2.08

	
2.03

	
2.07




	
17

	
0.23

	
146

	
2.18

	
2.09

	
2.23

	
2.14




	
18

	
0.23

	
140

	
2.07

	
2.07

	
2.00

	
2.00




	
19

	
0.24

	
145

	
2.00

	
1.93

	
2.03

	
1.96




	
20

	
0.24

	
139

	
2.04

	
2.05

	
1.99

	
2.00




	
21

	
0.25

	
139

	
2.03

	
2.04

	
2.09

	
2.11




	
22

	
0.25

	
137

	
2.19

	
2.24

	
2.10

	
2.15




	
23

	
0.26

	
146

	
2.21

	
2.12

	
2.04

	
1.96




	
24

	
0.26

	
139

	
2.09

	
2.11

	
2.13

	
2.15




	
25

	
0.27

	
140

	
2.09

	
2.09

	
2.17

	
2.17




	
26

	
0.27

	
142

	
2.13

	
2.10

	
2.21

	
2.18




	
27

	
0.28

	
149

	
2.19

	
2.06

	
2.17

	
2.04




	
28

	
0.28

	
143

	
2.10

	
2.06

	
2.16

	
2.11




	
29

	
0.29

	
146

	
2.07

	
1.98

	
2.02

	
1.94




	
30

	
0.29

	
142

	
2.08

	
2.05

	
2.15

	
2.12




	
31

	
0.30

	
143

	
2.14

	
2.10

	
2.13

	
2.09




	
32

	
0.30

	
143

	
2.09

	
2.05

	
2.07

	
2.03




	
33

	
0.31

	
143

	
2.01

	
1.97

	
2.12

	
2.08




	
34

	
0.31

	
145

	
2.05

	
1.98

	
2.12

	
2.05




	

	
Average

	
140

	

	
2.02

	

	
2.03
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Table 7. Braking forces OPEL ASTRA loaded with an additional weight of 298 kg—series VI. Load: Driver +298 kg; vehicle weight: 1529 kg; front axle weight: 884 kg.






Table 7. Braking forces OPEL ASTRA loaded with an additional weight of 298 kg—series VI. Load: Driver +298 kg; vehicle weight: 1529 kg; front axle weight: 884 kg.





	
Measurement Number

	
Pumping Pressure

	
Force on the Brake Pedal

	
Braking Force Left Wheel

	
Braking Force Left Wheel Converted to the Pressure 172 N on the Pedal

	
Braking Force Right Wheel

	
Braking Force Right Wheel Converted to the Pressure 172 N on the Pedal




	

	
[MPa]

	
[N]

	
[kN]

	
[kN]

	
[kN]

	
[kN]






	
1

	
0.15

	
170

	
2.55

	
2.58

	
2.71

	
2.74




	
2

	
0.15

	
171

	
2.57

	
2.59

	
2.72

	
2.74




	
3

	
0.16

	
175

	
2.57

	
2.53

	
2.69

	
2.64




	
4

	
0.16

	

	

	

	

	




	
5

	
0.17

	
161

	
2.16

	
2.31

	
2.25

	
2.40




	
6

	
0.17

	
177

	
2.57

	
2.50

	
2.68

	
2.60




	
7

	
0.18

	
166

	
2.41

	
2.50

	
2.55

	
2.64




	
8

	
0.18

	
171

	
2.31

	
2.32

	
2.43

	
2.44




	
9

	
0.19

	

	

	

	

	




	
10

	
0.19

	
168

	
2.43

	
2.49

	
2.58

	
2.64




	
11

	
0.20

	
171

	
2.41

	
2.42

	
2.53

	
2.54




	
12

	
0.20

	

	

	

	

	




	
13

	
0.21

	
170

	
2.46

	
2.49

	
2.62

	
2.65




	
14

	
0.21

	
175

	
2.56

	
2.52

	
2.70

	
2.65




	
15

	
0.22

	
173

	
2.50

	
2.49

	
2.67

	
2.65




	
16

	
0.22

	
177

	
2.67

	
2.59

	
2.78

	
2.70




	
17

	
0.23

	
175

	
2.60

	
2.56

	
2.72

	
2.67




	
18

	
0.23

	
174

	
2.48

	
2.45

	
2.59

	
2.56




	
19

	
0.24

	
171

	
2.45

	
2.46

	
2.57

	
2.59




	
20

	
0.24

	
178

	
2.70

	
2.61

	
2.83

	
2.73




	
21

	
0.25

	
178

	
2.59

	
2.50

	
2.72

	
2.63




	
22

	
0.25

	
166

	
2.38

	
2.47

	
2.48

	
2.57




	
23

	
0.26

	
174

	
2.58

	
2.55

	
2.69

	
2.66




	
24

	
0.26

	
177

	
2.42

	
2.35

	
2.54

	
2.47




	
25

	
0.27

	
171

	
2.47

	
2.48

	
2.59

	
2.61




	
26

	
0.27

	
183

	
2.58

	
2.42

	
2.70

	
2.54




	
27

	
0.28

	
175

	
2.67

	
2.62

	
2.80

	
2.75




	
28

	
0.28

	
177

	
2.49

	
2.42

	
2.54

	
2.47




	
29

	
0.29

	
169

	
2.47

	
2.51

	
2.59

	
2.64




	
30

	
0.29

	
175

	
2.57

	
2.53

	
2.67

	
2.62




	
31

	
0.30

	
166

	
2.58

	
2.67

	
2.65

	
2.75




	
32

	
0.30

	
161

	
2.26

	
2.41

	
2.37

	
2.53




	
33

	
0.31

	
168

	
2.43

	
2.49

	
2.51

	
2.57




	
34

	
0.31

	
165

	
2.55

	
2.66

	
2.31

	
2.41




	

	
Average

	
172

	

	
2.50

	

	
2.61
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