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Chapter 1. IMPORTANCE OF THE TOPIC. OBJECTIVES OF THE 

DOCTORAL THESIS 
1.1. Importance of the topic 
 

In an era where the automotive industry is evolving at an impressive pace, the approach 

of studying the tribological behavior of the braking system under real traffic conditions provides 

an innovative and necessary perspective. 

An essential aspect of this novel approach lies in the fact that many manufacturers do 

not focus enough on the study of real wear in everyday traffic scenarios. This research stands 

out by addressing this very gap, exploring how vital components of the braking system respond 

in variable traffic environments. 

One of the critical components of today's vehicles is the braking system. As traffic 

becomes denser and the pace of urban life more hectic, brakes are used more frequently. 

Therefore, it is vital to understand how intensive use affects the tribological behavior of brake 

pads. 

Tribological behavior refers to the study of the interaction between moving surfaces. In 

the case of brake pads, this study focuses on how different materials wear and interact under 

repetitive pressure and friction. 

In heavy traffic conditions, constant and repeated braking can lead to rapid wear of the 

pads. Each brake application causes minor wear, which cumulatively can have a significant 

effect on the performance and lifespan of the pads, and more broadly, the braking system itself. 

Also, constant friction between the brake pad and disc can lead to microstructural changes, 

impacting the material's tribological properties. 

Moderate traffic, though seemingly less demanding, also presents challenges. Without 

constant use, brake pads can be exposed to varying humidity conditions and road contaminants, 

which can influence the friction coefficient and, in turn, braking performance. 

This doctoral thesis incorporates theoretical and experimental information from various 

fields: tribology, mechanics, mathematics, statistics, and computer science. This correlates with 

the establishment and development of the theoretical and experimental program and aligns with 

the thesis objectives. 

By studying tribological behavior under these conditions, engineers can identify and 

develop more wear-resistant materials that maintain consistent performance over time, 

regardless of traffic intensity. This kind of study represents an innovative approach, focusing 

on the immediate and real aspects of urban life. 

By adapting to these specific conditions, the automotive industry can develop safer 

vehicles, capable of delivering consistent efficiency and an extended lifespan of components. 

Moreover, as cities become more congested, anticipating and adapting to these changes become 

vital. 

Consequently, studying the tribological behavior of brake pads in heavy and moderate 

traffic is not only innovative but also crucial for the future of urban mobility. 

 

1.2. Objectives of the doctoral thesis  

Braking systems are crucial for the efficient and safe operation of modern vehicles. A 

deep understanding of their tribological behavior under different traffic conditions is not just 

academic, but essential for the development of future technologies. The following parameters 

are the key objectives of this study: 

Evolution of brake system wear - considering the variation in traffic conditions, it is 

essential to monitor and analyze how the components of the braking system wear out. This 
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includes the evolution and degree of wear depending on the braking cycles and external 

conditions. 

Friction coefficient - a vital factor for braking performance, the friction coefficient 

between the disc and brake pad can vary depending on traffic conditions and wear. 

Understanding this variation aids in optimizing the materials used and the design of 

components. 

Braking force - monitoring and analyzing the force applied in different traffic scenarios 

allows us to understand the specific needs of each context/situation. This, in turn, influences 

the design of the braking system and its optimal operating capacities. 

Wear coefficient - wear is inevitable, but its rate and type can vary. Determining the 

wear coefficient based on traffic intensity and other external conditions contributes to 

anticipating the lifespan of the braking system components and developing solutions to extend 

it. 

Metallographic and chemical analysis - identifying the microscopic structure of the 

materials of the disc-brake pad pair, with a focus on phase distribution, grain size, and any 

defects or discontinuities. Moreover, there was an emphasis on determining the chemical 

composition of the materials used in braking components, highlighting the presence and 

distribution of key elements. 

Efficiency of the braking system - ultimately, all these aspects contribute to the overall 

efficiency of the braking system. By analyzing brake performance under varying traffic 

conditions, possible weak points can be identified, and solutions can be developed to improve 

efficiency and vehicle safety. 

Finite Element Analysis (FEA) method: - development of an FEA model for the braking 

system, taking into account the geometry, material properties, and boundary conditions. The 

behavior of the braking system during operation was simulated, identifying areas with high 

demands and potential critical points. 

Modal/structural analysis - identifying the natural vibration modes and associated 

frequencies for the braking system, which can influence braking performance and the structural 

integrity of the components. 

Correlating analytical data with experimental data - conducting practical tests to 

evaluate the braking efficiency of the system under different operating conditions. A 

comparison and validation of the results obtained through modeling with the experimental 

results were made, thus providing a complete picture of the system's real behavior. 

Therefore, the objectives of this thesis focus on understanding and analyzing the 

operation of the braking system in real traffic conditions, by establishing its efficiency 

analytically and experimentally, based on the distance and braking/stop time, depending on the 

mass, vehicle speed, and the number of kilometers traveled. 

The results and solutions will have significant implications for the automotive industry, 

leading to the development of safer and more reliable vehicles, by providing a solid foundation 

for optimizing braking systems, recommendations for designing and maintaining them in 

current conditions. 
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Chapter 2. THE CURRENT STATE OF RESEARCH ON THE 

TRIBOLOGICAL PROCESSES IN CAR BRAKING SYSTEMS 
 

2.1. General Concepts 
 

The necessity for a robust braking system increased with the advent of automobiles to 

provide superior performance, reliability, and safety. Thus, complex and sophisticated systems, 

such as the anti-lock braking system (ABS), ensure wheel contact with the driving surface. The 

electronic stability control system (ESP) monitors stability and detects skidding, and traction 

control systems ensure the vehicle's stability under various conditions [3, 4]. Consequently, the 

braking system must fulfill several critical and regulated requirements, such as: 

 

• Safely stopping the vehicle; 

• Immobilizing the vehicle on slopes; 

• Ensuring the required deceleration; 

• Providing progressive braking; 

• Minimal effort on the driver's part; 

• Proportionality between the effort applied to the braking system mechanism and the 

vehicle's deceleration; 

• Application of braking force on both axles of the vehicle; 

• Ensuring braking only occurs at the driver's intervention; 

• Ensuring heat dissipation [1 - 4]. 

 

2.2. Components of the disc brake system with pads  
 

The braking system is a set of parts that help the driver reduce the car's speed until it 

stops. Regardless of the vehicle's load and speed, it must operate on all wheels. It can function 

via a hydraulic, pneumatic, or hydropneumatic system.  

Current regulations mandate the use of a dual braking system, structured in five different 

brake system configurations (Fig. 2.1):  

• Parallel structure (II): the first circuit brakes the front axle, while the other circuit 

brakes the rear axle; this distributes the braking force on both axles. 

 

• X structure: the first circuit brakes the front right wheel and the rear left wheel, while 

the second circuit brakes the front left wheel and the rear right wheel, distributing 

braking force diagonally. 

 

• HI structure: the first circuit acts on both the front and rear axles, while a second 

circuit brakes simultaneously with the front axle. 

 

• LL structure: the first circuit acts on the front axle and one rear wheel, while the 

second circuit acts on the front axle. 

 

• HH structure: both circuits act on all four wheels of the vehicle simultaneously, 

making the braking system the most complex [3]. 
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Fig. 2.1 Brake system configurations: 

a- II structure, b- X structure, c- HI structure, d- LL structure, e- HH structure 

1- first braking circuit, 2- second braking circuit.  [3] 

 

2.2.1 General overview of the Braking System 

Disc brake systems with pads and drum brake systems are the two types used. Currently, 

drum brake systems are used on the rear axle of the car, but the disc brake system with pads is 

set to replace them [4]. 

Figure 2.2 shows a traditional braking system that does not require electrical assistance. 

 

Fig. 2.2 Conventional braking system, on both axles of the car [4]: 1 - disc brakes, 2- brake 

hoses, 3 - brackets, 4 - main brake lines, 5 - master cylinder, 6 - brake fluid reservoir, 7 - 

servo motor piston, 8 - brake pedal, 9 - parking brake lever, 10 - handbrake cable, 11 - 

pressure regulating valve, 12 - drum brakes. 

 

2.2.1. Component elements of disc brakes and pads 

A braking system is necessary to stop or modify the speed of a vehicle depending on 

traffic and road conditions. Braking systems primarily utilize the vehicle's kinetic energy. A 

portion of the kinetic energy is transformed during a braking operation, but another part might 

be dissipated as vibrations in the case of frictional braking. 

In disc braking systems, the brake pads are pressed against a rotating disc while braking. 

This generates heat due to the friction between the pads and the disc. This heat is then 

transferred to the external environment, thereby cooling the disc [6]. Disc braking systems have 

a caliper that is attached to the knuckle via bolts, a disc that is positioned between the hub and 

the wheel, and brake pads that are housed within the caliper. Hydraulic cylinders cause the disc 

to be clamped, stopping its rotational movement. Such a braking system is depicted in Fig. 2.3..   
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Fig. 2.3 Disc brake system[3] 

 

2.3. Materials of the disc brake system with pads 

2.3.1. brake disc materials 

a) Gray iron brake disc 

Gray iron is preferred for mass-produced automobiles because of its good cost-benefit 

ratio. Various types of alloys, such as nickel, iron-chromium, iron-manganese, iron-silicon, and 

others, are used as additives in the composition of the cast iron. Table 2.2 provides a relevant 

example for the production of brake discs by General Motors in Brazil, where gray cast irons 

are used with or without other chemical elements. [7]. 

 

b) Ceramic brake disc 

Carbon fiber-reinforced ceramic matrix composites (CMC) with a carbon-silicon matrix 

are another option for brake discs, as they have better tribological characteristics than gray iron. 

Their main features include: 

• low density; 

• a high coefficient of thermal expansion compared to cast iron; 

• constant friction coefficients and stability. 

 

2.3.2. Materialele plăcuțelor de frână  

The chemical, mechanical, and physical properties of the created friction materials can 

be modified by changing the mass percentage or types of elements in the composition. Initially, 

researchers concluded that the mechanical and physical properties of friction materials and wear 

properties are not directly related. As a result, every new formulation created must be tested to 

assess its wear and friction properties. This is done to ensure that the material created for the 

brake pad meets the minimum usage requirements. These tests include both on-road braking 

performance testing and abrasion testing. The construction of brake pads is shown in Fig. 2.4. 

 

Fig. 2.4  Brake pad construction [3] 

1- friction material; 2- heat resistant material; 3- adhesive layer; 4- metal plate; 5- damper.   

Disc Brake 

   Hydraulic piping 

       Friction Seals 

Piston 

Wheel hub 

Disc  

bolt 
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2.4. Decommissioning of the disc brake system with pads 
 

2.4.1. Decommissioning of the brake disc 

The tribological behavior of cast iron is influenced by several parameters, such as the 

chemical elements that make up the brittle alloy and their morphology. There are several studies 

examining how different alloying elements affect the wear resistance of gray iron. It is known 

that silicon, chromium, and manganese improve the wear resistance of the brake disc [10].

  

Brake disc lifespan  

Because there are many factors that affect the lifespan of a brake disc, figures show that 

some disc models last 10 to 15 times longer than others. While some discs can run 300,000 km, 

others only reach 20,000 km [12]. Thus, Fig. 2.5 shows various types of brake disc failures. 

 

 
(a)                                             (b)                                                 (c) 

Fig. 2.5 Brake disc failures: (a) - cracks in the brake disc chamber; (b) - failure caused by 

refurbishment; (c) - variations in the thickness of the friction area [12] 

 

2.4.2. Decommissioning of the brake pads 

Apart from normal wear caused by overuse of the pads, there are several other 

circumstances that can damage brake pads. These include thermal degradation, tearing of the 

friction material, faulty installation, manufacturing defects, wear-related damages, and those 

caused by weather conditions (Fig. 2.6).  

 
Fig. 2.6 Intrusion of metal shavings on the brake pad surface [12] 

 

2.4.3. Operating Phenomena (thermal, dynamic, stick-slip) 

 The braking performance is influenced by the thermal and mechanical properties of 

the friction disc materials, the topography of the contact surfaces, as well as the body that forms 

as a result of wear processes [13, 14]. Therefore, to fully understand the behavior of brakes, it 

is essential to comprehend the changes that occur at the contact interface.  
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 Thermal Phenomena 

 Studies on braking systems [17 – 19] have shown that the loading temperature 

increases the wear rate. The wear rate of a friction material with phenolic resin as a binder 

increases slowly below a critical temperature; however, if the temperature exceeds this limit, 

the wear rate increases rapidly, as shown schematically in Fig. 2.7.. 

 

Fig. 2.7 Schematic Representation of Wear Dependency on Temperature [6] 

 

Dynamic Loadings During Braking 

The torque created by the wheel brakes reacts on the circumference of the tire where it 

contacts the ground when the brakes are activated. The magnitude of the frictional force in the 

case of brake locking directly depends on the torque generated by the wheel braking. Fig. 2.8 

shows the forces affecting a two-axle vehicle decelerating on a horizontal roadway. 

 

 

Fig. 2.8 Forces Acting During Vehicle Deceleration [3] 

Ff1+Ff2= Fft = M·d,                                                                                                                (2.1) 

where: Ff1, Ff2 – the frictional forces of the front wheels (Ff1, (N)) and rear wheels (Ff2, (N)); 

Fft – total frictional force, (N); M – vehicle mass, (kg) și d - vehicle deceleration, (m/s2). d= 

Fft/M.                                                                                                                                (2.2) 

N1+N2 = M·g,                                                                                                                        (2.3) 

unde: N1, N2 – the normal forces (reactions) on the front wheels, static (N1, (N)) and rear wheels, 

static (N2, (N));  g = 9,81 m/s2 – gravitational acceleration. 

 

Fenomenul stick-slip 

 One of the noises and vibrations that occur when a vehicle brakes is the stick-slip 

phenomenon. A series of intermittences in the braking process that are caused by the differences 

between the kinetic COF (μk) and the static COF (μs) are known as the stick-slip phenomenon. 

The static COF (μs) between the two contact surfaces of the brake disc and the brake pad must 

be greater than the kinetic COF (μk) for the sliding phenomenon to occur. Figure 2.9 shows the 

variation of COF (μ) over time (t) for the sliding phenomenon, where μsmax is the maximum 

static friction [24].  

High 

High 

Low 

Low 

Low 

rate 

Temperature 

the positive sense for the moment 

cg = center of gravity of the vehicle 
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Fig. 2.9 Variation of the friction coefficient over time [24] (μm – average COF;  

μv – amplitude of the friction coefficients)  

 The stiffness characteristics of the brake system, the relative speed between the brake 

disc and the brake pad, and the local contact state between the friction surfaces influence the 

amplitude of the sliding phenomenon [24]. 

 

Conclusions 

Given that the disc and pad brake is a complex system, expertise in various disciplines, 

such as tribology, material science, fluid dynamics, and vibrations, is essential. 

Over decades of research and development, disc and pad brakes have evolved. Many 

phenomena are still not fully understood. Further development of non-linear finite element 

analysis (FEA) is crucial for a complete and realistic analysis of disc and pad brake systems. 

This could simulate the actual evolution of the contact interface. 

Phenomena in the braking system, such as squeaking, vibrations, and judders, have 

drawn the attention of the research community. Due to the ongoing development of disc and 

pad brake systems, these have become increasingly rare; however, the problem has not yet 

completely disappeared. For the brake research community, the challenge of predicting brake 

actuation sensitivity remains. 

Thus, studying the disc and pad brake system is critically important in the field of 

engineering and road safety. This advanced braking system offers numerous advantages over 

traditional technologies, such as superior braking power, efficient heat dissipation, and fade 

resistance. However, to optimally benefit from this system's performance, it's imperative to 

deeply understand its operating principles, component interactions, and factors that may 

influence its performance, like wear, temperature, material composition, and others. By 

carefully studying these aspects, engineers can develop innovative solutions for the continuous 

improvement of the performance of the disc and pad brake system, thereby enhancing road 

safety and offering drivers a more reliable and safer driving experience..

    Stick periods 

    Slip periods 
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Chapter 3. STUDIES AND RESEARCH ON IMPROVING THE 

TRIBOLOGICAL PERFORMANCE OF AUTOMOBILE BRAKING 

SYSTEMS 
 

3.1. Introduction  
 

The primary objective of studying the braking system is to enhance its performance, 

considering the current situation and the advanced technological level that braking systems have 

reached, which ensures safe and stable braking even at high speeds. Adding ferrite magnets to 

the disc braking system increases the stopping power of the vehicle and represents an 

improvement in the braking system, as both the braking distance and time are significantly 

reduced. This braking system is mainly used on high-speed cars or motorcycles to ensure safe 

and stable braking [25]. 

 

3.2. Studies and research on improving the tribological performance of vehicle 

braking systems 
Since braking is an essential process, the system components need to be carefully 

designed, manufactured, maintained, and monitored. To avoid repeating problems with the 

previous structures of braking systems, the research and development of new braking systems 

should be based on the experience of previous systems by testing their features that did not meet 

the requirements and the system's reliability itself. Therefore, the development of new systems 

should rely on the experience of previous systems to achieve high quality and reliability [27]. 

The primary purpose of braking mechanisms is to achieve the required braking torque 

to slow down the wheels and, ultimately, to stop. So, the reliability of the braking torque of any 

other technical system to fulfill the specified tasks without interruptions or defects is known as 

reliability [27].  

Hence, to enhance the performance and reliability of braking systems, a series of studies 

and research have been conducted and are presented below. 

 

3.3. Materials and research methods for the tribological performance of the 

disc and pad braking system  

3.3.1 Overview  

Disc and pad brakes operate to decelerate a vehicle by dissipating kinetic energy and 

through sliding contact between the friction material of the pads and the brake discs or 

rotors/discs that move along with the wheels. Figure 3.1 shows an example of a common 

assembly of the braking system. The sliding between pads and discs occurs at about half the 

vehicle's speed, and the pads usually cover between 10 and 15% of the area they describe on 

the disc [53]. 

 
Fig. 3.1  Ventilated disc brake assembly with single-piston mobile caliper. [53]   
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3.3.2 Materials used in disc and pad braking systems 

 

It's important to note that the friction of the friction pair is only half of the friction 

material. For many years, cast iron or steel discs or drums have been used in vehicle brakes, 

and most car friction materials have used cast iron as the contact surface. 

Figure 3.2 shows the evolution of friction materials and the main issues they have faced 

in the last two decades, along with their solutions. 

 
Fig. 3.2 - Evolution of friction material formulas in the last two decades [32, 55]  

3.3.3 Methods for investigating tribological performance 

Pin-on-Disc Tribometer (POD) 

Table 3.9 contains a summary of the nominal contact pressures and sliding speeds used 

for testing. All tests are carried out for two hours to ensure that the condition is stable. 

Furthermore, Table 3.9 shows the CDF value, which corresponds to the value found when a 

steady state is achieved. Using the weights, the normal force (FN) is applied and, implicitly, the 

nominal contact pressure. Then, the normal force, FN, is divided by the contact area of the pin 

with the disc to determine COF, μPOD.  

 

Finite Element Analysis (FEA) 

The Abaqus software was used to perform the finite element analysis [62]. Fig. 3.3 

displays a model of the components, while Fig 3.4 represents the discretized network of the 

braking system. For the caliper, a parabolic tetrahedral mesh was used, while hexahedral 

structures were employed for all other parts. The elements have an average size of 4 mm. A 

zero displacement constraint was established near the mounting points of the disc. The caliper's 

conduit wall and the back of the piston are subjected to system pressure, psys, and the disc is 

rotated [60]. 

                                        

Fig. 3.3 Disc brake pad system [60]               Fig. 3.4 Discretized mesh of the 

                                                                             Breaking system [60]  
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3.4.  Studies and research on improving friction materials 

3.4.1 Influence of Temperature on Friction Materials 

Thermal degradation of the friction material is one of the numerous reactions that can 

occur. Therefore, the COF (μ) changes with temperature. Generally, the COF (μ) increases 

slightly until the temperature of the disc or drum reaches around 200-250 °C, then decreases, 

as shown in Figure 3.5 (for composite/cast iron pair bonded with a resin binder), and Table 3.1 

shows how the material characteristics determine the precise temperature variation.  

 

Fig. 3.5. Variation of the coefficient of friction, μ, for the composite/cast iron pair bonded 

with resin [32, 54] 

Tablel 3.1 Example of specifications for friction material characteristics [54] 
 

Design data (average values) 

Maximum tensile strength 15 MN/m2 

Maximum shear strength 25 MN/m2 

Rockwell hardness 25 MN/m2 

Density 1950 kg/m3 

Recommended maximum operating temperatures 

Continuous 250°C 

Intermittent 350°C 

3.4.2 Main characteristics of research methods 

The aim of the research is to provide a simulation strategy to investigate the braking 

system's friction process as well as the performance of the friction material in question. These 

can be useful during the design phase of a new brake when there is no prototype available, and 

a specific friction material must be chosen to meet the system requirements and friction 

performance. Additionally, hard-to-study phenomena can be investigated using experimental 

tests, such as increasing COF during stops and increasing semi-local contact temperature.  

3.4.3 Existing tribological performance research facilities 

There are many different ways to test braking performance. Road testing and stand 

testing are the two types. The former should be done outdoors, and the latter can be done 

indoors. People using both detection methods require quite different conditions. Detection 

results of a parameter may differ when a car is tested with both methods [64]. 

A. Road testing method 

The method is so simple and straightforward that anyone can see the dynamic change 

in braking performance while the testing tool/device is being driven directly. There are a 

number of factors, including human factors, road conditions, weather, temperature, and 

humidity, that can affect the results of road testing methods [64]. Figure 3.5 shows a model of 

a braking system testing equipment.  
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Fig. 3.6. Brake system testing equipment [65] 

B. Indoor testing method 

The testing process requires high speed and reliability. The indoor road testing method 

is used when questions arise about the measured data [64] and is performed on a test stand with 

independent engines to drive the rollers (Fig. 3.7). Additionally, it includes safety systems that 

detect the presence of the vehicle during the test and detect wheel slip during measurement. 

Each wheel has its own parameters [66]. 
 

 

Fig. 3.7 Brake system testing stand [66] 

 C. Experimental testing 
  

 a) Tribometer 

The tribometer, also known as a tribotester, is an instrument used to replicate wear and 

friction at the interface between surfaces in relative motion under controlled conditions. Figure 

3.8 schematically shows how the pin-on-disc, or roller-on-disc, is configured [67]. 

 
 

Fig. 3.8 Pin-on-disc tribometer [67] 

  

3.5. Theoretical, experimental, and discussion of results  
The piston-actuated pad exerts higher pressure on the inner part of the disc. The outer 

part of the smaller radius and the inner part of the larger radius have a transverse gradient as a 

result (Fig. 3.9 a and b). It is not very affected by disc slip as a direction because the ring pad 

has a contact pressure distribution with a gradient from small to large radii (Fig. 3.9 a and b). 

Figures 3.9 c and d show the slip rate. The slip rate is primarily affected by the disc's rotational 

speed, as shown in the image, and is higher in all analyzed distributions for larger radii. [60].  

Load 

Wear path 

Rotation direction 
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       a)                         b)    c)                  d) 

Fig. 3.9 Contact pressure distribution for brakes #1 and #2 [60]: a) at the end of the braking 

process in one rotation direction; b) in the opposite rotation direction; c) slip rate during 

braking in one rotation direction; d) in the opposite rotation direction. 

The arrows indicate the direction of disc rotation. 

Conclusions 

The simulation method was based on FEA and utilizes the global COFs (Coefficient of 

Friction) of a braking system as a function of contact pressure and sliding velocity. The 

following conclusions can be drawn by analyzing brake events in an urban traffic cycle and 

comparing the simulation to experimental results: 

There is no significant difference in the COF created by the piston and the side plates of 

the rods for the studied braking system and brake events. 

Regarding braking behavior, the experimental and simulated results align similarly, but 

the simulation exhibits a positive COF gap compared to the experimental ones. 

The experimental and simulated results did not indicate a decrease in COF. This could 

be attributed to low-power braking, which allows neglecting thermal effects. Further studies 

with different braking systems are needed to fully validate the model, and other friction 

materials can be tested to generate a database with friction pv (pressure-velocity) maps. 

Friction materials are crucial for both automotive brakes and other vehicles. Brake 

system designers need to have an understanding of friction and wear behavior characteristics, 

as well as the reasons why these characteristics differ. 

Mechanical properties, friction, wear characteristics, and indications of temperature 

effects and recommended operating conditions are specified in commercially available friction 

materials. The COF of these materials varies depending on their composition, and vehicle 

manufacturers can choose friction materials based on their requirements; for example, 

passenger cars can use friction materials with a nominal COF value in the range of 0.38 < μ < 

0.45, while commercial vehicles use a narrower nominal COF range, such as 0.35 < μ < 0.40. 

These provide a foundation for brake system design. 

Although friction torque largely operates in accordance with the friction laws of 

Amontons, COF will change when the braking load increases, and the temperatures generated 

at the friction interface significantly rise. 

Temperature changes lead to the most frequent COF variations. How much it changes 

depends on the friction material specification. 

There is no other way to accurately determine the COF of a friction material than 

through testing. 
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Chapter 4. THEORETICAL AND EXPERIMENTAL ANALYSIS OF 

BRAKING PROCESS PARAMETERS UNDER HEAVY AND 

MODERATE TRAFFIC CONDITIONS 
 

4.1. Introduction  

The braking parameters of a car determine its safety and handling. The ability of a 

vehicle to decelerate rapidly and come to a complete stop in a short distance is referred to as 

braking. The kinetic energy of the vehicle is transformed into thermal energy in the braking 

mechanisms and in the contact area of the tires with the road surface when the vehicle is 

braking.  

Mathematical models are frequently used to analyze the braking parameters of vehicles. 

However, in practice, the values of braking and deceleration parameters are random [75]. 

 

4.2  Analysis of braking process parameters under heavy and moderate traffic 

conditions 

4.2.1. General Overview 

By utilizing simulations based on finite element analysis, Kchaou and colleagues [77] 

analyzed changes in parameters such as the coefficient of friction (COF), temperature, and 

deformation. Although these types of studies provide conclusive values, they also have 

disadvantages. One of these disadvantages is the necessity of using simple assumptions in 

complex contexts [79].  

The coefficient of adhesion, which varies depending on the type of road surface, 

indicates the tire's grip on the road surface. If the vehicle is traveling on a hard-surfaced road, 

soil resistance to shear is more important than friction. The movement of tires creates 

hydrodynamic pressure on water when moving on a wet, hard-surfaced road. Tires with shallow 

tread depth can cause hydroplaning when the tires lose contact with the road surface at high 

speeds [71]. 

 

4.2.1. Theoretical aspects of vehicle braking process parameters 

Displacement and Braking Effort 

The value of kinetic energy produced by a moving vehicle varies depending on its mass 

and speed. This energy is supplied by the engine to accelerate the vehicle from rest to a certain 

speed. However, when the vehicle is slowed down or brought to a stop, this energy is partially 

or completely dissipated. Therefore, the function of the brake is to continuously convert the 

kinetic energy of the vehicle into thermal energy through friction (Figure 4.1) [52]. 
 

 
Fig. 4.1 Braking conditions of the vehicle [88] 

Braking distance and efficiency 

Braking distance is one of the important parameters for determining the efficiency of 

the braking system, η. Thus, the braking efficiency, η, of a vehicle is defined as the braking 

force, F, generated as a percentage of the total weight force (or the total mass), M, of the vehicle 

Applied Brake 

Car stops 
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[52], or the coefficient of friction, η, is the ratio of the braking force, F, to the weight of the 

vehicle, expressed as a percentage [94], through the relationship: 

Braking efficiency (η, %) = 
𝐵𝑟𝑎𝑘𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒,   𝐹 

𝑉𝑒ℎ𝑖𝑐𝑙𝑒 𝑚𝑎𝑠𝑠,   𝑀
 × 100                                                                (4.1) 

Considering that the mechanical work, W = F·S, done by the vehicle's braking system 

from the moment of braking until the complete stop of motion (the final velocity of the vehicle 

will be zero, v = 0) must be equal to the initial kinetic energy of the vehicle, Ek, the 

equation/relationship (4.1) is obtained in the form:: 

Braking efficiency (η,%) = 
𝑇ℎ𝑒 𝑠𝑞𝑢𝑎𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑟𝑎𝑘𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 (𝑣,   𝑚/𝑠) 

2×𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (𝑔,   𝑚/𝑠2)×𝑏𝑟𝑎𝑘𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑆,   𝑚)
=

𝑣2

2𝑔𝑆
×100,             (4.2) 

                                                     
Similarly, the coefficient of friction (COF) is a measure of the ratio between the 

frictional force and the normal load between the frictional surfaces, expressed as: 

Coeficientul de frecare (COF), μ = 
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛/𝐵𝑟𝑎𝑘𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 ,   𝐹

𝑁𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑,   𝑁
                                               (4.3) 

Thus, a braking efficiency (braking yield, η) of 100% is equivalent to a coefficient of 

friction (COF), μ = 1, meaning:  
 

𝜂(100%) = 𝜇 = 𝐹/𝑁 = 1.                                                                                                    (4.4) 

 

4.2.2. Metode și principii de modelare a parametrilor de testare 
 
Finite Element Analysis model 

In this study, researchers employed a testing procedure to model a 3D axisymmetric 

segment of a ventilated gray cast iron EN-GJL-250 disc brake, which had 41 vanes (as shown 

in Fig. 4.2). Equipment related to material properties and the vehicle for the analytical 

calculation in this study is presented in Tables 4.7 and 4.8. During the braking operation, the 

ambient temperature was 30°C. As per Fig. 4.9, it was assumed that the thermal load was 

uniformly applied to the friction surface. 

Table 4.1 contains information relevant to equation (4.4) and the values of vehicle and 

braking parameters. [106].  

 
Fig. 4.2  3D CAD model of an axiometric segment from a ventilated disc brake with 

applied loads [106] 

 

Table 4.1: Values of vehicle and braking parameters [106] 
 

Nomenclature and Units Value 

Vehicle mass – M (kg)  1760 

Initial velocity – v0 (km/h) 100 

Acceleration – a (m/s2) 1.73 

Deceleration - d (m/s2)  9.8 

Front/rear brake distribution – df/s (%) 76 

Outer friction radius of the pad – r0 (mm) 139 

Inner friction radius of the pad – ri (mm) 93.5 

Percentage of heat absorbed by the disc – ηdisc (%) 99 
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4.3 Experimental analysis of brake process parameters under heavy and 

moderate traffic conditions 
4.3.1 General Information 

 

The operational limitations of small brakes are related to reducing vehicle weight with 

lightweight components. Although cast iron is heavy, it is the best traditional material for disc 

brake rotors. This is because it has high density, high conductivity, low thermal expansion, and 

a high maximum operating temperature (MOT) of over 600°C, which provides excellent 

volumetric thermal capacity. 

Even though lightweight materials technologies are not suitable for maximum braking 

loads in frictional braking, they can be used for emergency braking at lower loads. For example, 

aluminum matrix composite brake discs (Al MMC) are lighter than cast iron but have reduced 

operational life at 400°C.. 

 

4.3.2. Analysis of experimental research methods used in brake process parameter 

analysis 
 

Driving in an urban area or heavy traffic can consume a lot of braking energy, even at 

low to medium speeds. An electric motor/generator (M/G)-based regenerative braking system 

(RBS) with a 30 kW capacity, similar to the one found in the Toyota Prius, was modeled to 

demonstrate the energy involved and how it changes with speed and deceleration rate in typical 

city driving cycles. 

The modeling used the ADVISOR software package, which predicts fuel consumption, 

performance, and emissions for six urban driving cycles: ECE, NEDC, INDIA, UDDS, and 

FTP. [84]. 

 

4.3.3 Potential applications of experimental research methods 
 
The chassis dynamometer performs wheel torque measurements under various 

simulation conditions. A motor unit, as illustrated in Fig. 4.3, is included in it, along with the 

main electric power supply unit, a controller, a computer with analysis software, and real-time 

data logging wiring [109]. Standard driving cycles such as ECE/EG, US06, and FTP75 can be 

simulated using the dynamometer.  

 

 

Fig. 4.3 The chassis dynamometer is attached to the front wheels of the car [84, 86] 

with the following specifications: maximum power output: 100 kW, which the vehicle can 

both generate and absorb; instantaneous maximum torque: 2500 Nm; continuous maximum 

torque: 1180 Nm; maximum hub speed: 2100 rpm, equivalent to the vehicle's maximum speed 

of 250 km/h.  
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4.3.4 Experimental testing methods used in brake process parameter research 

 Chassis Dynamometer 

Chassis dynamometers are used to evaluate a variety of vehicles, from small cars to light 

trucks, at speeds of up to 250 km/h. The system can have one, two, or four rollers, with a motor 

that can drive each axle or each individual roller.  

 

Fig. 4.4 Chassis dynamometer [114] 

Testing Stand:  

Figure 4.5 presents inertia dynamometers commonly used for testing [107]. 

 
 

Fig. 4.5 Inertia dynamometers are used for tests [107] 

Conclusions 

There are numerous studies that create models and simulate reality very well. However, 

the results need to be verified using experimental methods to validate real-world operational 

outcomes, or even through data sampling during operation. 

Some studies focus on heating the discs and pads and heat dissipation. Further research 

examines the impact of thermal requirements on the durability and reliability of components. 

Many studies do not capture real-time data from operation. 

The tribological properties (friction and wear) of braking systems/mechanisms used in 

motor vehicles, trailers, and other terrestrial means of transport are influenced by a variety of 

factors, including, but not limited to, the design of the braking mechanism/system, the materials 

used in its manufacturing, and the service conditions. 

Since friction is a typical stochastic process with a number of random influences, it is 

almost impossible to predict the performance and reliability of such a type of 

mechanism/system theoretically or analytically. Evaluating the tribological properties of 

braking mechanisms/systems is a rather complicated task. 

As a result, experimental techniques are widely used to assess the performance of brakes 

and clutches. This is especially applied to brakes and braking systems that need to be tested and 

approved in accordance with various regulations and safety requirements related to road safety. 
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Chapter 5. ESTABLISHING THE METHODOLOGY AND EQUIPMENT 

REQUIRED FOR EXPERIMENTING WITH THE BRAKING SYSTEM 

UNDER HEAVY AND MODERATE TRAFFIC CONDITIONS 
 

5.1. Introduction  
A motor dynamometer is not as sophisticated or large as a brake dynamometer. Brake 

dynamometers are capable of simulating the circumstances the braking system will encounter 

in a much shorter time frame. This means a dynamometer has the ability to model the mass, 

inertia, and performance of a vehicle. Additionally, a brake dynamometer can replicate road 

conditions by simply spinning the braking system. A large electric motor ranging from 75 to 

200 horsepower is used for this purpose, and a computer controls the motor and can simulate 

various vehicle inputs. The motor simulates the kinetic energy of the moving vehicle by 

providing torque that sets the wheel in motion. In other words, it rotates the brake system at an 

interval of "n" rpm, which equals the desired speed [115]. 

 

5.2. Facilities used in brake system testing 
5.2.1. Nussbaum VISIO Dynamometer 

The Nussbaum VISIO dynamometer, version 2.0.1.4 STD, with a set of BT110/410 

rollers (3.5 kW, 6.0 kN, 5.0 km/h), was used to measure the parameters of the brake system of 

the tested vehicle, as presented in Figure 5.1. [116]  

 
Fig. 5.1 5.1.1. Nussbaum VISIO Dynamometer [116] 

 
 

5.2.2. Dynamometer Rollers 

In the case of brake system efficiency testing, most countries use a test speed of 5 km/h, 

while loaded carriers usually use the maximum braking force range of 8 kN. 

To determine the braking efficiency, the assistance of an optional weighing device 

mounted under the rollers or, in the case of a test belt, under the belt is required. Therefore, the 

test stand is equipped with such a device that measures the mass of the vehicle under test [116]. 

The technical data of the dynamometer rollers used in testing are presented in Table 5.1. 

 

Table 5.1 Technical Data of BT 110/410 Rollers 

Characteristic Maximum Permissible Value 

Permissible Axle Load (kg) 4 

Measurement Range (kN) 6 

Test Speed (km/h) 5 

Roller Diameter (mm) 204 

Roller Surface Welded 

Test Surface Width (mm) 800-2200 

Motor Power (kW) 3.5 

Roller Set Dimensions (mm) 2332 x 668 x 265 

Control Panel Dimensions (mm)    582x500 x 210 



 Studies and research on the tribological behavior of vehicle breaking systems  

  

Author: Eng. Andreea-Cătălina CRISTESCU     Scientific Coordinator: Univ. Prof. Eng. Ph.D. Filip ILIE 
 23  

5.3. Testing methodology and results on the test stand 

5.3.1. Metallographic analysis of the brake disc and pads 

Following the conducted research, it was found that there is a lack of specialized studies 

specifically tracking the wear trend of the braking system under conditions of both heavy and 

moderate traffic. The absence of a calculation methodology determining the wear trend of the 

braking system under intensive operating conditions, which could jeopardize traffic 

participants' safety, was observed. 

Understanding the metallurgical and chemical structure of the materials used in the 

tested vehicle's disc and brake pads was considered of great importance. To achieve this, 

samples were taken from the disc and brake pad material. 

Figure 5.2 depicts the metallographic structure of the brake disc material (magnified 

500:1, from the selected area). Based on the chemical composition, it represents a pearlitic gray 

cast iron with: 3.34% C; 2.15% Si; 0.64% Mn; 0.03% P, 0.02% S; 0.04% Cr; 0.047% Cu; 

0.041%, along with other chemical elements like Ni; Mo; Sn; V; Ti; W; Sb in very small 

quantities that cannot be detected, and the carbon equivalent (CE) is approximately ≈ 4.26. 

 
                                    (a)                                                                (b) 

Fig. 5.2 The metallographic structure of the brake disc material (a); the EDS spectrum 

of the delimited area (b) 

 

The metallographic structure of the brake disc material (Fig. 5.2a) contains: pearlite 

(dark islands); secondary ledeburite (white dotted field); secondary cementite (white areas); 

fine lamellar graphite (dark lamellar islands), and in the EDS spectrum (Fig. 5.2b), you can see 

the chemical elements that make up the chemical composition of the pearlitic gray cast iron. 

Overall, the structure of the pearlitic gray cast iron appears normal and devoid of structural 

defects. 

EDS analysis is an analytical technique that allows for the chemical 

characterization/elemental analysis of materials from the surface of the tested material. 

The sample from the brake pad, based on its metallographic structure (magnified 500:1, 

from the selected area) and chemical composition, is a metal composite with: 10% C; 9% O; 

1% Na; 5% Mg; 6% Al; 12% Si; 7% S; 2% K; 14% Ca; 6% Ba; 2% V; 5% Cr; 2% Mn; 19% 

Fe, as presented in Fig. 5.3. 

 
                      (a)                                                                                (b) 

Fig. 5.3 The metallographic structure of the brake pad material (a); 

the EDS spectrum of the delimited area (b)  
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Therefore, the metallographic structure of the brake pad material (Fig. 5.3a) contains a 

variety of metallic materials in significant proportions (totaling 51%), as well as carbon at 10% 

(making it a metal composite). In the EDS spectrum (Fig. 5.3b), you can observe the chemical 

elements that make up the chemical composition of this metal composite. Overall, the structure 

of the metal composite appears normal and devoid of structural defects.  

 

Vehicle under test 
 
The vehicle under test was subjected to conditions of heavy traffic in urban areas, where 

the braking system was heavily used, with frequent brake pedal activation. Additionally, the 

vehicle was used in extra-urban areas (moderate traffic) at constant speeds, where the braking 

system was not intensively utilized. 

The vehicle is equipped with a disc brake system with brake pads on both the front and 

rear axles. On the front axle, the vehicle has ventilated discs (Fig. 5.4a), while solid discs are 

present on the rear axle (Fig. 5.4b). 

 
                                  a)                                   b) 

Fig. 5.4 Brake Disc: a) ventilated brake disc; b) solid/unventilated brake disc 

 

5.3.2. Experimental Determination of Brake System Efficiency After Replacing Brake 

Pads (worn discs, new pads) 

 

Following the installation of a new set of brake pads, the vehicle underwent a series of 

tests on the brake system testing stand. Along with the brake pad replacement, the brake fluid 

was also replaced to achieve the best possible brake system performance. 

It is important to note that the brake discs showed signs of wear, such as scratches on 

the contact surface, as well as rust. 

In Figure 5.5, the scratches on the surface of the brake disc are presented. These are the 

wear marks caused by the use of defective brake pads, which lead to brake disc damage. Figure 

5.6 shows the degradation of the brake disc caused by rust presence..  

                                        
Fig. 5.5 Scratches and wear marks                   Fig 5.6 Brake disc with rust marks 

       present on the surface of the brake disc   
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Following the removal of the brake pads, you can observe the degree of wear compared 

to a new set of brake pads, as well as signs of wear, including material separation. These aspects 

are presented in Figure 5.7. 

 
Fig 5.7 Wear level of brake pads 

 

Following the replacement of the brake pads, a series of tests were conducted on the 

braking system to determine its efficiency, braking force, and other parameters related to the 

entire braking system. 

The parameters of the braking system were determined at a speed of 5 km/h.. 

 

5.3.3. Experimental results obtained through brake force testing after brake pad 

replacement 

Experimental results were obtained through tests on the brake force testing stand under 

various conditions of mass and kilometers traveled. 

 

Centralized Results 

Following the tests conducted on the braking system with the use of the brake 

dynamometer, key parameters of the braking system were determined, and their results are 

presented in a centralized manner in Table 5.2. 

 

Table 5.2 Results Obtained from Service Brake and Parking Brake Testing 

Parameter 
Unit of 

measurement 

Admissible 

limit 
Measured value 

Total service brake force kN - 9.14 

Total parking brake force kN - 2.94 

Service brake force difference % 30 5 

Service brake efficiency, relative to the total mass 

of the vehicle 
% 50 

73 

Parking brake efficiency, relative to the total mass 

of the vehicle 
% 16 

23  

 

5.3.4. Experimental determination of the efficiency of the worn disc and brake pad 

system 
  
Following the completion of 18,664 km, the vehicle underwent a new set of tests, with 

a testing procedure similar to the one described earlier. 

To track the wear trend of the braking system, the vehicle's discs and brake pads were 

not replaced. Thus, the vehicle with worn discs and brake pads underwent a series of tests to 

determine the performance and parameters of the worn braking system. The testing stand and 

the vehicle undergoing testing are presented in Figure 5.8 and Figure 5.9.  

Left Pad Right Pad Worn pad 
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Fig 5.8 The brake system testing stand            Fig 5.9 Display of measured brake 

                                                                            system parameters: deceleration, 

                                                                           braking forces, left/right wheel 

 The rollers of the Nussbaum VISIO brake dynamometer set the vehicle's wheels in 

motion at a speed of 5 km/h. With the help of the software, the test stand collects data related 

to brake system parameters, determined through successive brake activations. The operator 

performs these successive brakes, and then the test stand's software generates a report with 

accurate results..  

 

5.3.5. Experimental results obtained through brake force testing on the test stand - case 

with worn discs and brake pads  

Three test samples (I, II, and III) were considered based on mass and the number of 

kilometers traveled to determine the experimental results useful for determining the efficiency 

of the brake system of the tested vehicle. To compare the results, the vehicle's mass was 

modified for each sample, while the number of kilometers remained the same. 

I. Test 1 

The vehicle was placed on the rollers of the test stand, simulating a speed of 5 km/h. 

The brake was activated several times to obtain the most accurate results. Additionally, a sensor 

was attached to the brake pedal to measure the pedal's force, aiming to determine the difference 

in braking force. 

The arrangement of the vehicle on the test stand for testing the front axle's service brake 

is shown in Figure 5.10. 

 

 
                                  (a)                                                              (b)    

Fig. 5.10 Testing the front axle's brake system - Sample 1: (a) positioning the vehicle on the 

stand; (b) data collection method/signals and transmission to the database 

 

Centralized Results - Test 1 

Following the measurements, key parameters of the brake system were determined and 

are listed in Table 5.3  
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Table 5.3 Results obtained from the tests - Test 2 

Parameter 
Unit of 

measurement 

Admissible 

limit 

Measured 

value 

Total service brake force kN - 9.05 

Total parking brake force kN - 2.98 

Service brake force difference % 30 15 

Service brake efficiency, relative to the total mass 

of the vehicle 
% 50 

63 

Parking brake efficiency, relative to the total mass 

of the vehicle 
% 16 

20 

 

II. Test 2 

The testing methodology is similar to Sample 1, except that the vehicle's mass increased 

from 1462 kg to 1480 kg (by 18 kg), as follows: 

To determine the brake system parameters as close to real values as possible, the vehicle 

was weighed.  

Centralized Results - Test 2 

Key brake system parameters were determined/measured following the tests and are 

presented in Table 5.4. 

Table 5.4 Results obtained from the tests - Test 2 

Parameter 
Unit of 

measurement 

Admissible 

limit 

Measured 

value 

Total service brake force kN - 10.06 

Total parking brake force kN - 2.71 

Service brake force difference % 30 17 

Service brake efficiency, relative to the total mass 

of the vehicle 
% 50 

69 

Parking brake efficiency, relative to the total mass 

of the vehicle 
% 16 18 

 

III. Test 3 

Following the same testing methodology as in the previous tests, test 3 was conducted, 

where the vehicle's mass increased from 1480 kg to 1524 kg (an increase of 44 kg) as follows: 

Similar to the previous tests, the vehicle was placed on the test stand, simulating a speed of 5 

km/h.  

Centralized results - Test 3 

The experimental trials led to the determination of the brake system's efficiency, along 

with other key parameters. These are presented in Table 5.5. 

Table 5.5 Results obtained from the tests - Test 3 

Parameter 
Unit of 

measurement 

Admissible 

limit 
Measured value 

Total service brake force kN - 8.88 

Total parking brake force kN - 2.91 

Service brake force difference % 30 5 

Service brake efficiency, relative to the total mass 

of the vehicle 
% 50 

59 

Parking brake efficiency, relative to the total mass 

of the vehicle % 16 19 

 

Table 5.6 presents the brake system parameters based on the vehicle's mass and the 

number of kilometers traveled on each axle..  
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Table 5.6 Parameters of the braking system according to the mass and mileage of the vehicle 

  
Vehicle 

mass  

1480 kg- 

115477 km 

  

Vehicle 

mass 

1462 kg - 

134141 km 

  

Vehicle 

mass 

1480 kg - 

134141 km 

  

Vehicle 

mass 

1524 kg - 

134141 km 

  

Parameter Measurement 

Unit 

Axle 

1 

Axle 

2 

Axle 

1 

Axle 

2 

Axle 

1 

Axle 

2 

Axle 

1 

Axle 

2 

Braking 

force on 

the left 

wheel 

kN 2.99 1.7 2.68 1.57 2.93 1.84 2.88 1.6 

Braking 

force on 

the right 

wheel 

kN 2.84 1.61 3.17 1.63 3.54 1.75 2.74 1.66 

Braking 

force on 

the axle 

kN 5.83 3.31 5.85 3.2 6.47 3.59 5.62 3.26 

Difference 

between 

braking 

forces 

% 5 5 15 4 17 5 5 4 

Axle ratio % 73 74 63 62 69 68 58 60 

 

The axle ratio is defined as the ratio between the braking force (F1 or F2) and the vertical 

load on the axle (N1 or N2), usually expressed as a percentage, according to the following 

equations: 

- for axle 1 (front axle), RPA1, % = (F1/N1) x 100,                                                                         (5.1) 

- for axle 2 (rear axle), RPA2, % = (F2/N2) x 100,                                                                             (5.2) 

Where: F1,2 is converted from kN to kg, which means it is multiplied by the gravitational 

acceleration, g = 9.81 ≈ 10 m/s2 (rounded to 10 m/s2, as commonly used). 

So, considering the case of the vehicle with a mass, m = 1526 kg, with m1 = 974 kg on 

axle 1 (front axle) and m2 = 552 kg on axle 2 (rear axle - see Table 5.15 from thesis), then the 

braking force on axle 1 is F1 = 5.62 kN, and F2 = 3.26 kN on axle 2 (see Table 5.19 from thesis), 

we get: 

- braking force in kg, F1 = 5.62 x 100 = 562 kg, F2 = 3.26 x 100 = 326 kg, respectively 

RPA1 = (5.62 kN / 974 kg) x 100 = (5.62 x 100 kg / 974 kg) x 100 = 57.70% ≈ 58%, 

and 

RPA2 = (3.26 kN / 552 kg) x 100 = (3.26 x 100 kg / 552 kg) x 100 = 59.06% ≈ 60%. 

Therefore, the correlation between the measured values (see Table 5.19 from thesis) and 

the analytically calculated values is confirmed, with the note that they have been rounded up. 

The way the parameters from Table 5.6 vary with the mass and the number of kilometers 

traveled is shown in Figure 5.11.  
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(a) 

 

 
(b)

 
(c) 

Fig. 5.11 Variation of braking system parameters as a function of mass (4 different mass 

values) and kilometers traveled (2 different distances, 115,477 and 134,141 km) of the 

vehicle: (a) graphical representation; (b) and (c) representation in a histogram. 
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Analysing Table 5.6 and Fig. 5.11, it can be observed that the braking forces on the 

wheels are very close, while the braking force on the axle is slightly higher, with each of them 

reaching a maximum at the tabulated mass values of 1480, 1462, 1484, and 1524 kg. On the 

other hand, the Axle Load Ratio (Raportul pe axă) has a relatively less contradictory trend 

compared to the difference between the braking forces, with maxima at a mass of 1480 kg and 

minima at masses of 1462 and 1524 kg. This could be explained by the fact that braking forces 

vary relative to traffic conditions (dry, wet road surface, gradient, even operator variations, 

etc.). 

Next, both in tabular and graphical form, the evolution of the braking system's efficiency 

and the measured braking force in relation to the vehicle's mass and the number of kilometers 

traveled are presented in Table 5.7 and Fig. 5.11..   

 

Table 5.7 – Braking System Efficiency Based on Vehicle Mass (4 Different Values) 

and Kilometers Driven (2 Different Values) 
 

Vehicle mass  

1480 kg- 

115477 km 

  

Vehicle mass 

1462 kg - 

134141 km 

  

Vehicle mass 

1480 kg - 

134141 km 

  

Vehicle mass 

1524 kg - 

134141 km 

  

Braking Difference of the 

Service Brake 
5 15 17 5 

Service Brake Efficiency 

Relative to Total Vehicle 

Mass 
73 63 69 59 

Parking Brake Efficiency 

Relative to Total Vehicle 

Mass 

16 16 16 19 

 

Braking efficiency refers to the ability of a vehicle's braking system to convert the 

vehicle's kinetic energy into heat (through friction), thereby slowing down or stopping the 

vehicle. 

The formula for calculating braking efficiency is: 

 

𝜂 =
𝑇𝑜𝑡𝑎𝑙 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝐵𝑟𝑎𝑘𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒,   𝐹𝑡

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑃𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝐵𝑟𝑎𝑘𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒,   𝐺
 × 100 %,                                                                    (5.3) 

 

where: the applied braking force is the sum of the braking forces on each wheel of the vehicle 

Using the data obtained on the brake testing stand (see Table 5.19 from thesis), we can calculate 

the braking system efficiency, η, as follows: 

- efficiency of the service brake: 

Ft = F1 + F2,                                                                                                                             (5.4) 

It results in: Ft = 5,62 + 3,26 = 8,88 kN = 8.880 N, and G = m × g,                                        (5.5) 

where : m = 1524 kg, g = 9.81 ≈ 10 m/s2  and we obtain G = 1524×10 = 15240 N .  

In this case, the efficiency of the service brake is given by,  𝜂𝑠% =
𝐹𝑡

𝐺
 × 100 =

 
8880

14976.06
 × 100 ≈ 59.3%  (58,26 ≈ 59 %)  

-  the efficiency of the parking brake: 

Ft = 2.91 kN = 2910 N;  G = 1524×10 = 15240 N , results            

𝜂𝑝% =
𝐹𝑡

𝐺
 × 100 =  

2910

14976.06
 × 100 ≈ 19.4% . (19,09 ≈ 20 %).  
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By comparing the analytically calculated braking efficiency values with the measured 

ones (see Table 5.7, for a vehicle mass of 1524 kg), we can see that the same value (59%) was 

obtained, with a small difference (1%, 20 instead of 19%), due to rounding up. 

In Figure 5.12, you can observe the variation of the braking system efficiency as a 

function of vehicle mass (1480 kg, 1462 kg, 1480 kg, 1524 kg) and kilometers driven (115,477 

km, 134,141 km) for the vehicle. 

 

 

Fig. 5.12 he evolution of the braking system efficiency depending on the variation in 

vehicle mass (4 different values) and kilometers driven (2 different values) of the vehicle 

Conclusions 

 

There are many studies and research based on models that closely mimic reality, but 

studies with real-time operational data are still limited. The experimental results in this work 

have been validated through experimental testing methods that closely resemble operational 

reality. 

The braking system of the tested vehicle was tested in accordance with the regulations 

and safety standards applicable to road safety. 

Following the experimental tests, a significant reduction in the braking system's 

efficiency was observed after just 18,664 km of driving in both heavy and moderate traffic 

conditions. 

Under normal vehicle loading conditions (a mass of 1524 kg), the braking system 

efficiency was observed to be only 59%. Considering that the minimum acceptable point for 

braking system efficiency is 50%, the results are concerning, suggesting the need to replace the 

braking system at a much shorter interval than normally recommended. 

From the presented graphs, a significant reduction in the braking system efficiency, 

namely 14%, was observed in just 18,664 km of driving. The vehicle was used in urban traffic 

conditions, leading to accelerated wear of brake pads and discs. 

At the same time, experimental tests have shown that recommendations regarding the 

frequency of replacing brake discs and pads do not conform to the actual braking system. 

It is necessary to study the parameters of a new braking system in order to estimate its 

wear time. After field tests of the current braking system, it will be replaced. Tests on the stand 

and in the field will be conducted with the new braking system to determine its efficiency.  

0 20 40 60 80 100

Vehicle mass 1480 kg- 115477 km

Vehicle Mass 1462 kg - 134141 km

Vehicle mass  1480 kg - 134141 km

Vehicle mass 1524 kg - 134141 km
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Parking brake efficiency, relative to the total vehicle mass

Service brake efficiency, relative to the total vehicle mass

Service brake stopping distance difference
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Chapter 6. EXPERIMENTAL RESULTS REGARDING THE 

TRIBOLOGICAL BEHAVIOR OF THE BRAKING SYSTEM 
 

6.1  Introduction  
In order to determine the tribological behavior of the braking system under heavy and 

moderate traffic conditions, several successive tests were conducted on a vehicle to monitor the 

wear trend of the brake pads, as well as the brake discs, and the evolution of the braking system's 

efficiency. To achieve this, tests were carried out on a dynamometer stand as well as in real 

traffic to determine the efficiency of the braking system based on the vehicle's mass, speed, 

braking distance, and braking time. 

In this study, the efficiency of the tested vehicle's braking system was determined by 

measuring the stopping distance and braking time, which represents the novelty of this research 

(measuring the braking time). Additionally, measuring these parameters (distance and braking 

time) allowed for the validation of the efficiency of the vehicle's braking system used for 

research.. 

 

6.2 Materials and research methodology 
he tested vehicle was also used in rural areas characterized by flat road routes at constant 

speeds, where the braking system was not heavily used but rather moderately. The chosen 

experimental vehicle, equipped with ABS and brake assistance devices, featured disc brakes 

and brake pads on both the front and rear axles (see Figure 5.4). The front axle had ventilated 

discs (see Figure 5.4a), while the rear axle had solid (non-ventilated) discs (see Figure 5.4b). 

The testing of the braking system's efficiency was performed on a dynamometer at a 

speed of 5 km/h and a braking force of 6 kN, following the specifications provided in reference 

[23]. 

Therefore, the experimental procedure/methodology followed the same path as 

presented in Chapter 5 (the case of discs and brake pads used after covering 18,664 km, from 

115,477 to 134,141 km). This chapter proposes the study of the behavior of the same vehicle's 

braking system with new discs and brake pads under heavy and moderate traffic conditions to 

enhance road safety by establishing its efficiency.. 

 

6.3 Experimental determination of the braking system's efficiency with new 

discs and brake pads 
In order to determine the efficiency of the braking system, both the discs and brake pads 

were replaced with new ones. Previously, only the brake pads had been replaced, not the discs. 

After the earlier replacement of the original brake pads from the manufacturer with aftermarket 

pads, significant wear on the brake disc could be observed, underscoring the importance of 

using high-quality brake pads. 

It is essential to note that the original brake disc was used with original brake pads for 

approximately 50,000 km. Subsequently, it was used for an additional 23,857 km with 

aftermarket brake pads. In Figure 6.1, the degree of wear on the brake disc can be observed 

(Figure 6.1). 

The disc shows a relatively advanced stage of rust, as well as deep scratches across its 

entire surface. Due to the advanced wear of the brake disc, even though the brake pads were 

replaced 23,857 km ago (from 115,477 to 139,334 km), they experienced uneven wear. This 

justifies the previously demonstrated low efficiency of the braking system through tests on the 

brake stand. 

In Figures 6.1 and 6.2, you can observe the uneven wear of the brake pads both on the 

front and rear axles..   
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Fig. 6.1 Uneven wear of the brake pads                Fig. 6.2 Uneven wear of the brake pads 

on the front axle                                                       on the rear axle 

In order to determine the degree of wear on the front axle brake pads, a special gauge 

(Figure 6.3) was used. 

 
Fig. 6.3 The measurement of brake pad wear on the front axle 

 The thickness of the friction material on a new brake pad is 13 mm. For the worn brake 

pad, the gauge indicates a thickness of 10 mm, resulting in a wear of 3 mm over the 23,857 km 

traveled. For the rear axle brake pads, the thickness of the friction material on a new pad is 10 

mm, and the gauge (Figure 6.5) indicated a thickness of 6.5 mm, resulting in a wear of 3.5 mm 

over the 23,857 km traveled. 

Wear intensity, Iu, represents the amount of material lost/removed in thickness, hu (in 

mm), per unit of distance traveled (friction length - in this case, per kilometer). Thus, for both 

the front and rear axles, it will be determined using the formula [57]: 

 

𝐼𝑢 =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑎𝑑 − 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑 (𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ)
=

ℎ𝑢

𝐿𝑓
,                                                              (6.1) 

Where: hu - material thickness, in mm; Lf - wear length (distance traveled), in km. 

Substituting the measured values, we get: 𝐼𝑢 =  
13𝑚𝑚−10𝑚𝑚

23.857km
 ≈ 125 ∙ 10−6 𝑚𝑚

𝑘𝑚
.      

In another form, the degree of wear can be expressed as a coefficient, ku, or as a 

percentage, ku , %:        

𝑘𝑢 =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑎𝑑 − 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑎𝑑
 ,                                                                 (6.2) 

Calculating, results: 𝑘𝑢 =  
13𝑚𝑚−10𝑚𝑚

13mm
 ≈ 0,23 sau 𝑘𝑢, % =  

13𝑚𝑚−10𝑚𝑚

13mm
× 100 ≈ 23,08 %. 

 
Fig. 6.5 The measurement of brake pad wear on the rear axle  
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Proceeding similarly and for the rear axle, applying the same relationships (6.1) and 

(6.2), we obtain: 

𝐼𝑢 =  
10𝑚𝑚−6,5𝑚𝑚

23.857km
 ≈ 0,146 ∙ 10−6 𝑚𝑚/𝑘𝑚; 𝑘𝑢 =  

10𝑚𝑚−6,5𝑚𝑚

10 𝑚𝑚
= 0,35 or 

 𝑘𝑢, % = 35,00 %.  
It is observed that the wear of the front axle brake pads (0.125 x 10^-6 mm/km or 

23.08%) is lower than that of the rear axle (0.146 x 10^-6 mm/km or 35.00%), which is 

debatable due to the different levels of stress/usage. This means that the lifespan of the front 

axle brake pads is longer than that of the rear axle, which contradicts reality. Therefore, this 

highlights the need for further research and experiments. To address this, the discs (Fig. 6.4) 

and brake pads were replaced with new ones (Fig. 6.5). Additionally, the brake fluid was 

replaced, and the brakes were bled to achieve optimal pressure in the braking system.  

                                 
                Fig. 6.4 Worn brake disc                         Fig. 6.5 New disc and pads assembly 

The testing of the service brake and parking brake was conducted under the same 

conditions and in the same manner as previously described in Chapter 5. Additionally, the 

arrangement of the vehicle on the testing stand remained unchanged (see Figs. 5.8 - 5.10). 

The results of the experimental trials led to the determination of the braking system's 

efficiency, along with other key parameters. These are presented in Tables 6.1, 6.2, and 6.3. 

 

Table 6.1 Results obtained from the tests - Test 1 

Parameter 
Unit of 

measurement 

Admissible 

limit 

Measured 

Value 

Total braking force of the service brake. kN - 10.38 

Total braking force of the parking brake. kN - 3.44 

Difference in braking force of the service brake. % 30 13 

Efficiency of the service brake, relative to the total mass of the vehicle. % 50 71 

Efficiency of the parking brake, relative to the total mass of the vehicle 
% 16 23 

Table 6.2 Results obtained from the tests - Test 2 

Parameter 
Unit of 

measurement 

Admissible 

limit 

Measured 

Value 

Total braking force of the service brake. kN - 10.42 

Total braking force of the parking brake. kN - 3.50 

Difference in braking force of the service brake. % 30 12 

Efficiency of the service brake, relative to the total mass of the vehicle. % 50 72 

Efficiency of the parking brake, relative to the total mass of the vehicle % 16 24 
 

Table 6.3  Results obtained from the tests - Test 3 

Parameter 
Unit of 

measurement 

Admissible 

limit 

Measured 

Value 

Total braking force of the service brake. kN - 10.42 

Total braking force of the parking brake. kN - 3.28 

Difference in braking force of the service brake. % 30 11 

Efficiency of the service brake, relative to the total mass of the vehicle. % 50 71 

Efficiency of the parking brake, relative to the total mass of the vehicle % 16 22 
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6.4  Experimental results regarding the braking distance and time in relation to 

the vehicle's speed  

A. Worn brake discs and pads 

To facilitate comparison, the braking time and distance were determined as a function 

of the vehicle's speed (in two situations: the vehicle with worn brake discs and pads and the 

same vehicle with new brake discs and pads). A series of successive tests were conducted in 

the field. 

It is worth mentioning that all values presented correspond to emergency braking, taking 

into account only the actual braking distance and time, excluding reaction time/distance since 

the brake pedal actuation point was established prior to the tests. At the time of conducting the 

tests, the vehicle had a mass of 1524 kg: 
 

a) For speeds ranging from 20-25 km/h, the experimental results are shown in Figure 

6.6, which displays graphical representations of braking time and distance as a 

function of speed. 

 
Fig. 6.6 Variation of braking time and distance as a function of travel speed between 20-25 

km/h 

 

b) For speeds ranging between 37-40 km/h, the experimental results are depicted in 

Figure 6.7, showing graphical representations of braking time and distance as 

functions of speed.  

 
Fig. 6.7 Variation of braking time and distance as a function of travel speed between 37-40 

km/h 

 

c) For speeds ranging between 50-51 km/h, the experimental results are presented in 

Figure 6.8, showing graphical representations of braking time and distance as 

functions of speed 

 
Fig. 6.8 Variation of braking time and distance as a function of travel speed between 50-51 

km/h  
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B. New brake discs and pads 

To determine the braking time and distance as a function of the vehicle's speed 

(equipped with new brake discs and pads), a series of successive tests were conducted in the 

field. At the time of conducting these tests, the vehicle had a mass of 1484 kg. As such; 
 

a) For speeds ranging between 20-25 km/h, the experimental results are presented in 

Figure 6.9, showing graphical representations of braking time and distance as functions 

of speed. 

 

 
Fig. 6.9 Variation of braking time and distance as a function of travel speed between 20-25 

km/h 

 

b) For speeds ranging between 37-40 km/h, the experimental results are shown in Figure 

6.10, depicting graphical representations of braking time and distance as functions of 

speed. 

 
 

 
Fig. 6.10 Variation of braking time and distance as a function of travel speed between 37-40 

km/h 

 

c) For speeds ranging between 50-51 km/h, the experimental results are displayed in 

Figure 6.11, illustrating graphical representations of braking time and distance as 

functions of speed. 

 

 
Fig. 6.11 Variation of braking time and distance as a function of travel speed between 50-51 

km/h 
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6.5 . Experimental results regarding the braking system efficiency after covering 

10,553 km in heavy traffic. 
 

6.5.1. Experimental results obtained on the testing stand 
 

It is important to note that the vehicle was predominantly driven in the urban area, 

subject to heavy traffic. In this context, the braking system is one of the most heavily used 

components of the vehicle. Out of a total of 10,553 km traveled, 8,000 km were conducted in 

urban conditions, highlighting the intensity of using the braking system in such conditions. 

In Figure 6.12, you can see the difference between the surface of the original disc from 

the manufacturer (Figure 6.12a) and the surface of the aftermarket disc. At the time of the test, 

the original disc had been used for approximately 50,000 km with original brake pads, while 

the aftermarket disc (Figure 6.12b) had been used for approximately 10,553 km with 

aftermarket brake pads. It can be observed that the aftermarket disc shows much more advanced 

degradation, despite being used for a shorter distance, emphasizing the importance of choosing 

high-quality discs and brake pads. 

        
(a)                                              (b) 

Fig. 6.12 The degree of wear on the brake discs: 

a) original brake disc b) aftermarket brake disc  

After covering 10,553 kilometers, the vehicle's braking system underwent a new set of 

tests to assess the performance and integrity of its components. These tests took place on a 

brake dynamometer, a specialized instrument that measures braking forces and provides 

detailed information about the efficiency and safety of the system. This evaluation is essential 

to ensure that the braking system is operating at optimal parameters and to identify signs of 

wear or damage.  

I. Test 1: 

Similar to the previous testing methodology, the vehicle was weighed to determine the 

parameters of the braking system. 

Centralized results - Test 1 

The essential parameters of the braking system were measured during the conducted 

tests and are presented in Table 6.4.. 
 

Table 6.4  Results obtained from the tests– Test 1 
 

Parameter 
Unit of 

measurement 

Admissible 

limit 

Measured 

Value 

Total braking force of the service brake. kN - 14.98 

Total braking force of the parking brake. kN - 9.55 

Difference in braking force of the service brake. % <=30 3.20 

Efficiency of the service brake, relative to the total mass of the 

vehicle. 
% >=50 

3 

Efficiency of the parking brake, relative to the total mass of the 

vehicle 
% >=16 

21 
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II. Test 2: 

Similar to the testing methodology used previously, the vehicle was weighed to 

determine the parameters of the braking system. The vehicle was placed on the brake 

dynamometer rollers, simulating a speed of 5 km/h. The brake was repeatedly activated to 

ensure precise results that reflect the real behavior of the system. A sensor was attached to 

quantify the force applied to the brake pedal. 

 

Centralized Results - Test 2 

The fundamental parameters of the braking system were determined from the conducted 

tests and can be viewed in Table 6.5.. 

 

Table 6.5  Results obtained from the tests– Test 2 
 

Parameter 
Unit of 

measurement 

Admissible 

limit 

Measured 

Value 

Total braking force of the service brake. kN - 9.43 

Total braking force of the parking brake. kN - 3.19 

Difference in braking force of the service brake. % <=30 4 

Efficiency of the service brake, relative to the total 

mass of the vehicle. 
% >=50 

63 

Efficiency of the parking brake, relative to the 

total mass of the vehicle 
% >=16 

21 

 
III. Test 3: 

After establishing the vehicle's parameters, tests were conducted on the braking system 

on both axles. The vehicle was placed on the brake dynamometer rollers, simulating a speed of 

5 km/h. The brake was repeatedly activated to ensure precise results that reflect the most 

realistic behavior of the system. A sensor was attached to quantify the force applied to the brake 

pedal. 

 

Centralized Results - Test 3 

The fundamental parameters of the braking system were determined from the conducted 

tests and can be viewed in Table 6.6. 

Table 6.6 Results obtained from the tests– Test 3 
 

Parameter 
Unit of 

measurement 

Admissible 

limit 

Measured 

Value 

Total braking force of the service brake. kN - 10.11 

Total braking force of the parking brake. kN - 3.25 

Difference in braking force of the service brake. % <=30 7 

Efficiency of the service brake, relative to the total 

mass of the vehicle. 
% >=50 

65 

Efficiency of the parking brake, relative to the 

total mass of the vehicle 
% >=16 

22 

  

6.5.2 Rezultate experimentale privind distanța și timpul de frânare in funcție de viteza 

de deplasare a autovehiculului – discuri și plăcuțe uzate 
 
a) The degree of brake pad wear after 10,553 km. Statistical estimation of brake pad wear 

To statistically estimate the wear over time of the braking system, the vehicle was 

periodically driven for distances of 10 km under both intense and moderate traffic conditions. 

This revealed an average number of brake applications as follows: 

- 42 light brake applications 

- 27 moderate brake applications 

-14 hard/abrupt brake applications.   
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Observing a total of 83 brake applications over 10 km, we can estimate the wear per 

10,000 km as follows: 

- Light brake applications: 42 × 1000 = 42,000 brake applications/10,000 km. 

- Moderate brake applications: 27 × 1000 = 27,000 brake applications/10,000 km. 

- Hard/abrupt brake applications: 14 × 1000 = 14,000 brake applications/10,000 km. 

We consider the wear units factor k', with a value as close as possible to the maximum 

allowable, for each brake application (determined experimentally and recommended by the 

manufacturer, k' = 0.2 ... 0.9) based on: 

- Light brake applications: k' = 0.3 

- Moderate brake applications: k' = 0.6 

- Hard/abrupt brake applications: k' = 0.9 

Calculating the number of wear units: 

(42000 × 0.3) + (27000 × 0.6) + (14000 × 0.9) = 12,600 + 16,200 + 12,600 = 41,400 units. 

This means that the degree of wear will be: 
 

𝑘′, % =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑒𝑎𝑟 𝑢𝑛𝑖𝑡𝑠

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑒𝑎𝑟 𝑢𝑛𝑖𝑡𝑠
× 100                                                                             (6.3) 

 
where the maximum number of wear units is 165,000, representing the total allowed wear of 

the brake pads according to the manufacturer.  

             Replacing these values, we obtain:  𝑘′ =
41.400

165.0000
 × 100 = 25,09 %. 

 

b) The calculation of the actual wear degree of the brake pads 

The new brake pads have a thickness of 13 mm on the front axle and 10 mm on the rear 

axle. After measuring with the gauge, it was observed that the worn pad has a thickness of 

approximately 10 mm on the front axle and approximately 7 mm on the rear axle, resulting in 

a wear of 3 mm after a distance of 10,553 km.  

On the other hand, the new pads have a thickness of 10 mm on the rear axle. After 

measuring with the gauge, it was observed that the worn pad has a thickness of approximately 

7 mm, resulting in a wear of 3 mm. Uniform wear is observed, but it is concerning given the 

number of kilometers traveled (10,553 km). In this case, the wear intensity, Iu, according to the 

equation (6.1), will be: 

- for the front axle: 𝐼𝑢 =
13 𝑚𝑚 −10 𝑚𝑚

10.553 𝑘𝑚
 ≈ 284 ∙ 10−6 𝑚𝑚

𝑘𝑚
, and 

 

- for the rear axle: 𝐼𝑢 =
10 𝑚𝑚 −7 𝑚𝑚

10.553 𝑘𝑚
 ≈ 284 ∙ 10−6 𝑚𝑚

𝑘𝑚
. 

 
The wear coefficient, ku according to equation (6.2), will be:  

- for the front axle: 𝑘𝑢 =  
13𝑚𝑚−10𝑚𝑚

13 mm
 ≈ 0.284, and the wear degree (percentage).   

𝑘𝑢 =  
13𝑚𝑚−10𝑚𝑚

13 mm
 × 100 ≈ 28.42%;                                                                                            

 - for the rear axle, we will have: 𝑘𝑢 =  
10𝑚𝑚−7𝑚𝑚

10 mm
 ≈ 0.284,                                                        

respectively: 𝑘𝑢 =  
10𝑚𝑚−7𝑚𝑚

10 mm
 × 100 ≈ 28.42%.         

Statistical analysis showed that the aftermarket brake pads have a wear 

coefficient/factor of 25.09% and a wear intensity of 284∙10^(-6) mm/km. In absolute terms, this 

translates to a real wear rate of 28.42% after 10,553 km traveled, or a wear intensity of 284 ∙

10−6 𝑚𝑚

𝑘𝑚
. This difference can be explained by several factors that influence the lifespan of a 

brake pad, including driving style, road conditions, and vehicle load..  
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c) Experimental results regarding braking distance and time in relation to the vehicle's speed 

After covering approximately 10,553 km and conducting experiments on the testing stand, 

the vehicle underwent a series of tests to determine braking distance and time, correlated with 

the braking system's efficiency of 63%, measured on the brake dynamometer.  

The instruments used for experimentation included a stopwatch, tape measure, and the 

vehicle's diagnostic system to monitor the exact speed. Markers were used to record the moment 

when the brake pedal was engaged. For testing purposes, the vehicle was brought to the desired 

speed and then set on autopilot to maintain that speed. Using the reference standard, the 

thickness of the brake pad substrate on both the front and rear axles was measured. 

 

c1) for speeds ranging between 20-25 km/h, the experimental results are shown in Figure 

6.13, which displays graphical representations of braking time and distance as functions of 

speed. 

 
Fig. 6.13 Variation of braking time and distance as a function of travel speed between 20-25 

km/h after covering the distance of 10.553 km 

 

c2) for speeds ranging between 37-40 km/h, the experimental results are presented in Figure 

6.14, which displays graphical representations of braking time and distance as a function of 

speed.. 

 

 

Fig. 6.14 Variation of braking time and distance as a function of travel speed between 37-40 

km/h after covering the distance of 10.553 km 

c3) for speeds ranging between 50-51 km/h, the experimental results are presented in Figure 

6.15, which displays graphical representations of braking time and distance as a function of 

speed.  
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Fig. 6.15 Variation of braking time and distance as a function of travel speed between 50-51 

km/h after covering the distance of 10.553 km 

 

The calculation of the coefficient of friction 

For determining the coefficient of friction, we will use the braking force measured on 

the dynamometer, taking into account the vehicle's mass, 

m = 1524 kg (see Table 5.15. from thesis) 

From 5.18 (found in thesis), we have the total braking force of the service brake: 

Ff = 8,88 kN, though 

𝐹𝑓 =  µ × 𝐹𝑁 ,                                                                                                                        (6.4) 

𝐹𝑁 = 𝑚 × 𝑔,                                                                                                                         (6.5) 

where: µ - coefficient of friction, FN – normal force, m – vehicle mass (1524 kg – from table  

5.15 in thesis), g = 9,81 ≈ 10 m/s2.  

Calculation the normal force: 

𝐹𝑁 = 1524 × 10 = 15240 𝑁    

From equation (6.4), results: 

µ =
𝐹𝑓

𝐹𝑁
 .                                                                                                                                  (6.6) 

Replacing the values, we get:: 

 𝐶𝑂𝐹 = µ =
8.880 N

15240,
=  0.582   

The obtained coefficient of friction, µ (COF), with a value of approximately 0.582, 

indicates the relationship between the braking force and the weight of the vehicle on the road.  

A coefficient of 0.582 is a reasonable value and falls within the typical range for braking 

a vehicle on dry asphalt.  

This value suggests good tire grip on the road surface, which is essential for efficient 

and safe braking. 

Similarly, the COF can be calculated for each braking force of the vehicle, 

corresponding to different masses, both measured on the brake dynamometer.  

These values are presented in Table 6.7, along with the evolution of the braking system's 

efficiency and the measured braking force, based on the vehicle's mass (considering masses of 

1,480, 1,484, 1,514, and 1,524 kg) and the number of kilometers driven (115,477; 134,141, 

139,334, 149,887), and graphically represented in Figure 6.16..  

Travelling speed [km/h] Travelling speed [km/h] 

Breaking distance, m Breaking time, s 

D
is

ta
n

ce
 [

m
] 

Ti
m

e 
[s

] 



 Studies and research on the tribological behavior of vehicle breaking systems  

  

Author: Eng. Andreea-Cătălina CRISTESCU     Scientific Coordinator: Univ. Prof. Eng. Ph.D. Filip ILIE 
 42  

Table 6.7 Braking System Efficiency Based on Weight and Kilometers Driven 
 

 

Vehicle mass 

1480 kg- 

115477 km 

  

Vehicle mass 

1524 kg - 

134141 km 

  

Vehicle mass 

1484 kg - 

139334 km 

 

Vehicle mass 

1514 kg - 

149887 km 

 

Braking force for the service 

brake (kN) 
9.14 8.88 10.38 10.06 

Braking force for the parking 

brake (kN) 
2.94 2.91 3.44 2.71 

Difference in braking for the 

service brake (m) 5 5 12 8 

Efficiency of the service 

brake, relative to the total 

vehicle mass (%) 

71 59 72 63 

Efficiency of the parking 

brake, relative to the total 

vehicle mass (%) 

16 19 24 21 

Coefficient of friction (COF) 
0,617 0,582 0,699 0,664 

 

 
 Fig. 6.16 Evolution of the braking system efficiency depending on the vehicle's mass and 

traveled kilometers  

Furthermore, in Figure 6.17, the evolution of the COF (Coefficient of Friction) in 

relation to the braking force and the vehicle's mass, as measured on the brake dynamometer, is 

presented.  

 

Fig. 6.17 The evolution of the coefficient of friction (COF) in relation to the total force of the 

service brake and the vehicle's mass    

  To determine the COF following an emergency stop through calculation, you will use 

the equations for uniformly decelerated motion based on the velocity of the vehicle. [57]: 

𝑢 = −𝑎 ∙ 𝑡 = 𝑑 ∙  𝑡,                                                                                                               (6.7)  
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where: u - initial velocity (considering u = 40 km/h, which is equivalent to 11.11 m/s after 

converting from km/h to m/s), t - braking time (2.35 s in this case – see Table 6.14 from thesis),  

a - acceleration in m/s2. d - deceleration, which is negative in the case of braking, expressed in 

m/s2: 

a = − d =  −
𝑢

𝑡
, therefore d = u/t.                                                                                                   (6.8) 

Replacing the measured values for the speed of 40 km/h and braking time of 2.35 

seconds, we obtain:  

d = (11,11/2,35) = 4,727 m/s2. 

Then, we know that the deceleration (negative acceleration) is: 

a = - d = - μ·g, resulting d = μ·g,                                                                                              (6.9) 

g - the acceleration due to gravity, and it has a value of approximately 9.81≈ 10 m/s2, μ - COF. 

Therefore, the coefficient of friction, COF = μ, can be determined from equation (6.9) as: 

µ = −
𝑎

𝑔
=  

𝑑

𝑔
                                                                                                                        (6.10) 

Results µ =
4,727

10
=  0.472.    

Therefore, a very good COF within the recommended range of 0.3 - 0.7 by literature, 

designers, and automobile manufacturers for calculations in brake system design. The negative 

values are purely conventional and indicate deceleration. The real COF (without the negative 

sign) is approximately 0.472. Similarly, the COF will be calculated for each speed of the vehicle 

at the moment of braking, corresponding to a measured braking efficiency on the brake 

dynamometer and presented in Table 6.8 and Figure 6.18 

 

Table 6.8 Distance, braking time, and COF (Coefficient of Friction) based on braking 

system efficiency and speed 
 

Braking System 

Efficiency, % 

Vehicle 

speed, 

km/h 

Braking 

time, 

s 

Braking 

distance, 

m 

COF 

Brake system with worn 

discs and pads 59 

25 1.5 1.76 0.463 

40 2.35 4.65 0.472 

50 2.5 5.35 0.555 

Brake system with new 

discs and pads 72 

25 1.3 1.5 0.534 

40 2.12 4.22 0.524 

50 2.22 5.2 0.625 

Brake system with worn 

aftermarket discs and pads 63 

25 1.58 1.79 0.439 

40 2.36 4.69 0.470 

50 2.55 5.4 0.544 

 

 

Fig. 6.18 Comparison between braking times and distances measured for the worn brake 

system and the new brake system: WOD - worn original disc; WAP - worn aftermarket pads; 

NAD - new aftermarket disc; NAP - new aftermarket pads; WAD - worn aftermarket disc  
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Figure 6.19 shows the evolution of COF (Coefficient of Friction) as a function of 

traveling speed corresponding to the brake system efficiency according to Table 6.8.  

 

 

Fig. 6.19 Figure 6.19 shows the evolution of COF (Coefficient of Friction) as a function of 

traveling speed corresponding to the brake system efficiency according to Table 6.8 

 

It can be observed that the evolution of COF alternates in a similar pattern with the 

vehicle's traveling speed. On average, it increases with the rising speed when the braking 

efficiency is at 59%, after which it follows a nearly insignificant decrease when the braking 

efficiency is at 72% (see Table 6.8). This pattern repeats for a braking efficiency of 63% as well 

(see Figure 6.18). 

Speeds, distances, braking times, and COF were compared for both the worn brake 

system with DOU + PUA and the new brake system with DNA + PNA, as well as for the worn 

brake system with DUA + PUA. Under normal vehicle load conditions (1524 kg), a braking 

system efficiency of only 59% was observed. Considering that the minimum acceptable braking 

system efficiency is 50% (see Table 6.8), these results are concerning and suggest the need for 

replacing the braking system at a much shorter interval than recommended..  

 

6.6. 3D finite element numerical simulation study of the car braking system and 

the friction pair of disc brake pads 

6.6.1 3D numerical simulation with finite element analysis 

The wear of the friction material is one of the important characteristics of brake pads. 

Good brake system performance is closely associated with the quality of the material, as well 

as operational safety, and is therefore directly related to the brake's lifespan [133, 134]. 

A 3D finite element numerical model of the car's brake system was used for friction and 

wear analysis using the ANSYS Workbench R16 software. The model considered the brake pad 

and brake disc as viscoelastic materials. 

The 3D geometric model of the brake system was designed using SOLIDWORKS, and 

coupled thermal and structural analysis was performed using the ANSYS Workbench R16 

software. 

The brake was applied when the car was traveling at 51 km/h (𝜔 = 54.5 rad/s), and the 

braking duration until the car stopped was approximately 𝑡 ≈ 2.5 s. For the given example, the 

average COF during braking, considering the pressure on the brake pad 𝑝 = 4.5 MPa, was 𝜇 = 

0.4. 

It should be noted that the simulation program was extended to a speed of 87.5 km/h (𝜔 

= 125 rad/s), braking time 𝑡 = 5 s, brake pad pressure 𝑝 = 7.5 MPa, and 𝜇 started at 0.35, values 

that also match those measured during the tests (as presented above). 

The mechanical characteristics and dimensions of the gray cast iron disc brakes and the 

selected brake pad materials in the analysis are presented in Table 6.9.  

Travelling speed [km/h] 
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Table 6.9. Material Characteristics and Dimensions of the Brake Disc and Brake Pad 
 

Dimensions / Properties Disk   Pad  

Inner Diameter (mm) 61  170.2 

Outer Diameter (mm) 260.0  258 

Thickness (mm) 22.0  15 

Density (kg/m3) 7200  2030 

Mass (kg) 4.71  0.230 

Young's Modulus (MPa) 210000  3180 

Poisson's Ratio 0.28  0.35 

Coefficient of Thermal Expansion (mm/°C) 1,1∙10-5  3,1∙10-6 

Thermal Conductivity (W/K.m) 37  0.275 

To generate finite element meshes, a 3D tetrahedral method will be used. In general, 

85,856 nodes and 44,867 contact elements are used for the disc and brake pads, as shown in 

Figure 6.20.. 

 
Fig. 6.20 Capture of the mesh with ventilated disc. 

 

A. Simulation Model. Boundary Conditions 

For the simulation, boundary conditions are required as follows: The coefficient of 

friction (COF) for the contact pair (disc-brake pads) is 0.4; the initial temperature was 22°C; 

the disc material is gray cast iron; along with the geometric dimensions and material properties 

of the disc and brake pad, as listed in Table 6.9. The wheels are decelerated from a traveling 

speed of 51 km/h (54.5 rad/s) and 87.5 km/h (125 rad/s) to a final speed of 0 km/h in 2.5 s and 

then 5 s, and mechanical energy is converted into thermal energy. A braking pressure of 4.5 

and 7.5 MPa is applied to the brake pad to generate the braking force. The boundary conditions 

applied to the simulation model of the disc and brake pad geometry are illustrated in Figure 

6.21. 

 

 
 

Fig. 6.21 Boundary conditions in the simulation program - disc brake with brake pads  
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B. Analysis of deformation and stresses in the brake disc and brake pad 

From the deformation analysis of the disc shown in Figure 6.22, it can be observed that 

the total displacement of the brake pad is 0.312 mm (Figure 6.22(b)), which is relatively close 

compared to the disc's displacement of 0.417 mm (Figure 6.22(a)).  

 

                        

(a)                                                                 (b) 

Fig. 6.22 The distribution of the total displacement on the disc and brake pad: 

(a) Displacement of the disc.(b) Displacement of the brake pad. 

 

The analysis of the mechanical stress of the disc, as shown in Figure 6.23 (a) and (b), 

presents the distribution of the equivalent Von Mises stress at the end of the simulation (on the 

inner disc, Figure 6.23 (a), and on the outer disc, Figure 6.23(b)). The scale of values ranges 

from 1,335 to 344.65 MPa for the disc-brake assembly. 

The maximum value of 344.46 MPa recorded during the simulations in the disc-brake 

pad pair occurs at the bowl/cavity of the disc. This is because the disc is fixed to the wheel hub 

by bolts, preventing its movement.  

 
Fig. 6.23 The equivalent (Von Mises) stress distribution on the inner disc (a) 

and the outer disc (b) 

 

In brake systems, the sliding speed between the disc and the brake pads is variable 

(Fig.6.24). At low and very low speeds, the stick-slip phenomenon occurs due to the elasticity 

of the brake system components [139, 140]. The amplitude of this phenomenon is influenced 

by the stiffness characteristics of the brake system, the operating speed, and the friction 

behavior of the disc-brake pad material pair. 

 
Fig. 6.24 The results outline the sliding distance for the disc-brake pad pair.   
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C. The analysis of the contact pressure distribution at the disc-brake pad interface 

Figure 6.25 shows the contact pressure distribution at the friction interface of the inner 

brake pad at different simulation times. For this distribution, the scale ranges from 0 to 11.812 

MPa and reaches a maximum value at t ≈ 2.5 s and t = 5 s, corresponding to the stopping of the 

vehicle. The distribution of the contact pressure on the disc surface exhibits a non-uniform load 

field at the surface contact with the brake pad. 

The distribution of frictional stresses for the geometric model of the disc with the brake 

pad is presented in Figure 6.26. Considering that the model takes into account the sliding 

phenomenon, the resulting variation of the frictional stress is artificial..  

                                             

   Fig. 6.25 Contact pressure distribution        Fig. 6.26 Distribution of frictional stresses 

  

D. Numerical simulation of wear at the brake disc-pad interface 

The results of the simulations, in the form of volumetric wear evolution over time and 

the cumulative wear profile (total volumetric wear), are presented in Figure 6.27(a) and (b). 

The input data for solving the differential equation (6.13) with the initial condition Vt(0) = 0 

were as follows: Kdisc = 1066 (mm3/m), Hdisc = 720 (MPa), Kpad = 906 (mm3/m), Hpad = 120.7 

(MPa), and a time step Δt = 0.25 s.. 
  

 
Fig. 6.27 Time evolution of volumetric wear (a) and total volumetric wear (b) obtained during 

braking, for disc (red line) and pad (blue line) 

 

From the analysis of the tribological behavior of the braking system (disc-brake pads) 

of the tested car, through the finite element method, results can be obtained for the efficient 

design of the basic components of the braking system. 

The contact pressure between the disc and brake pads is higher on the outer areas than 

on the inner areas of the pads, with the highest value being near the central axis of the outer 

area. Additionally, it can be observed that the wear of the brake pads is approximately five 

times greater than that of the brake disc..  
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6.6.2 Experimental evaluation of wear and COFof the disc-brake pad couple 

For the experimental evaluation of COF and the intensity of wear of the disc-disc brake 

torque the tribometer was used. The disc samples were made from a disc with a diameter of 60 

mm, and the plate samples are cylindrical sticks of 10 mm in diameter. The experimental tests, 

both for friction (COF) and for wear (volumetric wear intensity), were carried out under 

different conditions (Fig. 6.28): speed, constant contact pressure and temperature (FIG.6.28(a)); 

temperature at constant speed and constant contact pressures (Figur.6.29(b)); specific braking 

pressure at constant velocity and temperature(Figure 6.28(c) – for COF, respectively the volume 

wear intensities relative to the energy consumed by friction, constant speed, and constant touch 

pressure (Figu.6.27(d)). It is worth noting that COF and wear intensity values are average 

values. 

 

 
 

Fig. 6.28 COF variation according to speed (a), temperature (b), specific braking pressure (c) 

and volume wear intensity according to temperature (d),ining two other parameters constantly 

 

It is observed that the COF variation is relatively constant (about 0.4) with very small 

variations. The COF variation with speed at constant contact pressure and temperature (see Fig. 

6.28 (a)), starts from the approximate value of 0.36 - 0.37 at a relative speed of 20 km/h, then 

has a slight increase to the value of 0.4 - 0.42 at a speed of 50 km/h (where it reaches its 

maximum), after which it decreases relatively slightly with the increase in speed, because at the 

speed of 87.5 km/hr, the COF reaches the value from where it started (0,36 – 0,37). The COF 

variation with temperature at constant speed and contact pressure starts from an approximate 

value of 0.37 - 0.38 (see Fig. 6. 28 (b)), to a temperature of 50oC, followed by an increase to 

200oC, where it reaches a maximum of 0.4 – 0.42 then start to decrease relatively slightly to 

the temperature of 450oC, when it reaches back to the original value of 0.37 - 0.38.  
 

6.7 Modal analysis of the disc-brake brake system 
 

6.7.1 Generalities 

Modal analysis is a dynamic analysis, giving the natural frequencies at which a structure 

will resonate. These natural frequencies are of paramount importance in various fields of 

engineering [139]. In the automotive industry, suspension and braking systems are usually 

adjusted to have different natural frequencies for passenger cars and racing cars. The problem 

of braking systems demonstrates the friction contact of and uses its own complex solutions to 

predict unstable modes (noise, vibrations, etc.)  
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In Fig. 6.29 is schematically rendered how can be done modal analysis of the brake disc-

plate assembly, by simulation of dynamic transit, harmonic, random vibrations and by response 

spectrum.  
     

 
Fig. 6.29 Methods of modal analysis of the brake disc-plate assembly 

 

A simple overview of the brake disc-plate model created with the 3D CAD program 

SolidWorks2022, Dassault Systèmes, USA is presented in Fig. 6.30. The disc is ventilated and 

has a total thickness of 22 mm, with a full (right-left) section of 10 mm, and the brake plates 

are 15 mm thick. The inner diameter of the disc is 61 mm, and the outer diameter is 260 mm. 

On this model a pre-tensioned modal analysis is performed using different methods to 

determine the unstable modes 

 
Fig. 6.30 Brake disc-plate assembly 

6.7.2 Contact and target pair modeling 

Problems arising in the contact area of the brake disc-plate usually require manual calculations 

of asymmetrical terms deriving from sources such as friction sliding and then introducing 

asymetric terms using special elements (cum ar fi MATRIX27). The surface-surface friction 

contact pairs with a friction coefficient of 0.3-0.5 are used to define the contact between the 

brake plates and disk to simulate the friction slip contact that occurs at the plate-disk interface. 

The surface-to-surface contact pairs are also used to define the contact for other components 

that will always be in contact throughout the braking process. The contact and target pairs for 

the friction contact on both sides of the disc are shown in Fig. 6.31 (a) and (b). 

 
(a)                                                                        (b) 

Fig. 6.31 Contact pairs and target for friction contact disc-brake plates: (a) inner face (to the 

engine); (b) outer face (quad wheel)  
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For the friction contact pairs, the augmented Lagrange algorithm is used, because the 

pressure and friction stress are increased during the equilibrium iterations, so that the 

penetration is gradually reduced.  

6.7.3 Generating internal sliding movement and the finite element network of the brake 

disc-plate pattern 
 

For generating internal sliding motion, the CMROTATE command is applied which 

defines constant rotation speeds on the contact/target nodes. The specified rotation speed is 

used only to determine the sliding direction and has no effect on the final solution. Thus, the 

final discretized grid for the disc-brake brake assembly is shown in Fig. 6.32. 

 
Fig. 6.32 Discretized end grid for brake disc-brake pad assembly 

 

6.7.4 Conditions at the limit of movement and loading  

After setting the discretization grid, the model load (Fig. 6.33) is reduced with 

restrictions regarding:  

- the force due to the pressure of the heater, the wheel moment, the reaction due to wheel action 

on the lane and the angular (rotation) speed of the disc; 

- the inner diameter of the disc hose and screw holes is narrowed in all directions; 

- a small pressure is applied to both ends of the plate to establish contact with the brake disc 

and to include the pretension effects; 

- the pressure is increased nominally to 7.5 MPa in two stages (the first is 4.5 MPa); 

- the movement on the brake plate surfaces where pressure is applied is restricted in all 

directions except the axial direction (de-a lungul axei Z). 

 

Fig. 6.33 Conditions at the limit of movement and loading 

6.7.5 Modal analysis and control solutions 

The complex modal analysis and solution control settings are carried out using the UNSYM 

resolution algorithm with the own UNSYM solution, as a method of non-compressed linear 

modal analysis. For this, the geometry of the brake assembly (brake disc-plates) is imported 

and the model is configured as above, respectively the contact rigidity matrix is based on its 

initial state and when the rigidization stress effects are not critical. Then the following modular 

analysis command fragment (CMROTATE) is inserted to generate the sliding friction force.   
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6.7.6 Mode participation factor 

Naturally, in any analysis the question arises whether each natural frequency is equally 

important. For a real physical model, we could have thousands or millions of degrees of release 

(DOF), which means we can find just as many natural frequencies. For example, considering 

the case of the brake plate disc there is a very large number of DOFs, that is, as many 

frequencies and natural modes. 

Thus, the participation factor, γi, for module i and temperature, T, will be:  

 𝛾𝑖 = {𝛷}{𝛷}𝑖
𝑇[𝑀]{𝐷} ,                                                                                                      (6.11) 

where: {𝜙} – mode shape; [M] – the mass matrix; {D} – the direction of the excitation vector, 

and the actual mass of the module i, is: 

 Mef, i = 𝛾𝑖
2,                                                                                                                           (6.12) 

that is, the square of the participation factor is the actual mass. In some specialty papers, the 

actual mass is even called the participation factor, γ. The participation factor, γ and effective 

mass, Mef have similar roles in modal analysis.  

Variation of solving time by modal analysis is shown in Figure 6.34

 
Fig. 6.34 Variation of solving time by modal analysis 

6.7.7 Results and discussions 

The unstable predictions for the brake disc-plate assembly using both methods were 

very close, due to the relatively small precompression load. The non-compressed linear modal 

solution predicted unstable modes at 6474 Hz, while the completely disturbed non-linear model 

foresaw unstability at 6458 Hz.  

Five motor vehicle speeds were chosen, along with the maximum speed required by 

design, as being the most common. In each case analysed 6 frequencies were determined at 

which the mechanical structure enters into resonance in increasing order, the first being 

determining in establishing the efficiency of the structural integrity of the disc (see Table 6.10).. 

 

Table 6.10 Scenarios analysed at different speeds of the vehicle 
Scenario analyzed  Angular speed (rad/s) Moving speed (km/h) 

1  60.38 50 

2  96.60 80 

3  150.9 125 

4  217.4 180 

5  265.7 220 
 

If the disc reaches resonance, depending on the frequency at which it resonates, it 

deforms from the original structure by up to 47 mm, in which case the maximum stress in the 

piece reaches the value of 50,965 MPa, Fig. 6.35.   
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Fig. 6.35 Disc voltage state, vibration mode 2, scenario 2 

 

The frictional stress at different travel speeds and different COF values is presented in 

Table 6.11 and 6.12. 

 

Table 6.11 Frictional Stress at Different Vehicle Travel Speeds 

The 

analyzed 

scenario 

Viteza 

unghiulară 

(rad/s) 

Friction-Induced Stress 

(MPa) 

 

 

Frictional Stress Distribution 

 

 

1 60.38 0.3361  

 

2 96.60 0.3365  

 

3 150.9 0.3383  

 

4 217.4 0.3528  

 

5 265.7  0.3697  
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Table 6.12 Frictional Stress at Different Coefficient of Friction Values 
 

The 

analyzed 

scenario 

Coefficient of 

Friction (μ) 
 Frictional Stress (MPa) 

 

1 0.2  0.3357 

 

2 0.25  0.409 

 

3 0.3  0.4789 

 

4 0.35  0.5454 

 

5  0.4  0.6089 

 
 

Therefore, the results obtained from the simulations confirm the possibility of 

introducing modal analysis into the design process, as well as advancing experimental research 

on the vibration behavior of the brake disc and optimizing it in this regard. From the estimated 

values and graphical representations obtained from the simulations, it can be concluded that the 

rotational speed of the disc at which it vibrates at the resonance frequency (equivalent to over 

1650 km/h) is much higher than the speed it experiences during operation, indicating the 

structural integrity of the disc.. 
 

Conclusions 

There are many studies and research based on models that closely mimic reality; 

however, there are few that incorporate real-time data from operation. Experimental results 

have been validated through experimental testing methods as close to operational reality as 

possible, including data sampling during operation. 

This applies particularly to brakes and braking systems, which need to be tested and 

approved in accordance with various regulations and safety standards related to road safety. 

Following experimental tests, a significant decrease in the efficiency of the braking system was 

observed after just 18,664 km of operation under both heavy and moderate traffic conditions. 
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The braking system of the tested vehicle was evaluated according to the current 

regulations and safety standards for road safety. There are situations where, under normal 

vehicle load but with brake pads and discs that have covered 18,664 km under heavy and 

moderate traffic conditions, the efficiency of the braking system is slightly above the minimum 

acceptable point (50%). As a result, these findings are worrisome, indicating the need for brake 

system replacement at a much shorter interval than recommended. 

After replacing the worn discs and brake pads, it was found that the braking system's 

efficiency increased by 14% (from 59% to 73%). Following the replacement with new 

aftermarket discs and pads, the vehicle covered 10,553 km under heavy traffic conditions. The 

braking system's efficiency decreased to 63%, and a pad wear rate of 28.42% was observed. 

These results are concerning and emphasize the importance of using quality brake discs and 

pads, as well as the impact of heavy traffic on the braking system. 

The experimental tests showed that recommendations regarding the frequency of disc 

and brake pad replacement are inconsistent with the actual wear of the braking system. It is 

necessary to study the parameters of a new brake system to estimate its wear over time. After 

testing the vehicle's braking system in the field, the system will be replaced, and tests on the 

new braking system will be conducted to determine its efficiency. The determination of braking 

system efficiency was based on measuring braking distance and time as a function of vehicle 

mass, speed, and kilometers traveled. 

It was found that the relative deformations of the brake pads and disc are greater in the 

outer diameter zone than in the inner diameter zone. This is due to the fact that the contact 

pressure between the brake disc and pads is higher on the outer zones than on the inner zones 

of the pads, with the highest value near the central axis of the outer zone. 

Within the scope of statistical analysis, a discrepancy was identified between the 

theoretically calculated wear rate and the actual wear rate of aftermarket brake pads. Over the 

course of 10,000 km, a theoretical wear rate of 25.09% was obtained, while the actual 

measurement indicated a wear rate of 28.42%. This difference can be explained by several 

factors influencing the lifespan of brake pads, including driving style, road conditions, and 

vehicle load. Therefore, it is recommended to perform regular and detailed measurements to 

obtain a clearer and more precise picture of the wear rate, allowing for proper adaptation of the 

vehicle's maintenance strategy, thus ensuring a longer lifespan and increased safety. 

To study the structural characteristics and tribological behavior of a vehicle's braking 

system, a simulation program was developed using ANSYS Workbench. The results obtained 

through finite element analysis provide reference values for the structural selection of materials 

used in designing a more efficient brake system with disc and pad structures. Additionally, the 

numerical research results have shown that an increase in contact pressure and/or relative 

velocity between contact surfaces leads to an increase in the amplitude of the stick-slip 

phenomenon. 

Significant improvements in work efficiency and reduced design time are observed 

through the use of software such as ANSYS Workbench. Additionally, brake pad wear is 

several times greater (approximately five times) than brake disc wear. Simultaneously, 

experimental results correlate with theoretical ones, justifying and validating the research 

methods used in this thesis.. 
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Chapter 7. GENERAL CONCLUSIONS. PERSONAL CONTRIBUTIONS. 

FINAL CONCLUSIONS. RECOMMENDATIONS AND PERSPECTIVES. 
 

7.1. General conclusions 
 

Tribology, the science of studying friction, wear, and lubrication, plays a vital role in 

understanding the performance and reliability of any mechanical system. In the automotive 

field, where safety is of the utmost priority, the tribological behavior of the braking system 

provides critical insights into the efficiency and durability of this essential system. Studying the 

tribological behavior of the braking system under various traffic conditions has become 

imperative due to the complexity and diversity of situations on modern public roads. 

The study revealed some concerning findings, especially regarding aftermarket brake 

pads and discs. It appears that many of these aftermarket components do not meet the quality 

standards of original parts. As a result, they exhibit accelerated wear under heavy traffic 

conditions, which can lead to reduced brake performance and even potential dangerous 

situations in traffic. Moreover, inferior brake pads can produce excessive noise and decrease 

the overall efficiency of the braking system. 

Recent research has shown that, under heavy traffic conditions, the wear of braking 

system components, especially pads and discs, is significantly accelerated. More alarmingly, 

many aftermarket components don't seem to adhere to the same quality standards as original 

parts. This can lead to reduced performance, increased noise, and most concerning, potential 

compromises in vehicle safety. 

In light of these findings, there is a clear need for stricter regulations for aftermarket 

components and proper consumer awareness regarding the potential risks associated with using 

these products. They also highlight the necessity for ongoing tribological studies to monitor the 

evolution of production techniques and materials and ensure the safety of vehicles and their 

passengers on increasingly congested roads. 

It's evident that there's an acute need to address these findings with seriousness and 

rigor. Tribological research must continue and deepen, monitoring the evolution of technology 

and materials. Only through understanding and adaptation can we hope to maintain a high level 

of road safety in today's traffic context. Additionally, consumers need to be educated about the 

importance of choosing quality components and the risks associated with using inferior quality 

parts. 

Following a meticulous study that involved successive changes of braking system 

components and repeated monitoring of its performance, the significant impact of various 

factors, including heavy traffic, on braking efficiency can be highlighted. 

At the beginning of the experiment, the braking system, consisting of the original worn 

disc and new aftermarket brake pads, showed an efficiency of 73%. As mileage accumulated, 

at 18,664 km, efficiency dropped to 59%, a phenomenon observed in the context of heavy 

traffic, which requires repeated and substantial use of the braking system. After recording 

23,857 km, a complete replacement of the braking system with new aftermarket components 

was carried out, resulting in an efficiency increase to 72%. However, a different wear rate is 

noted between the front axle, at 25.09%, and the rear axle, at 14.676%, indicating the impact of 

heavy traffic and driving style on the differential wear of brake pads.. 

At a new checkpoint, 10,553 km later, the system's efficiency was assessed at 63%, with 

a wear rate of 28.42%. This new data set highlights the fact that heavy traffic continues to have 
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a significant impact on braking efficiency, consistently and progressively stressing the braking 

system components. 

The current study also focused on a detailed analysis of the structural characteristics and 

tribological behavior of the braking system, exploring these dimensions with the aid of a 

simulation program implemented in ANSYS Workbench R16. The finite element analysis, 

which was central to this research, facilitated the creation of a well-defined set of criteria for 

material selection. This scientific approach played a crucial role in conceptualizing an 

optimized braking system, with a pronounced emphasis on the disc and brake pad architecture. 

The study also showed a disproportionate wear rate between the brake pads and the 

brake disc, establishing a ratio of five to one. This fact underscores the importance of more in-

depth research into the materials used for brake pads to extend their lifespan and improve the 

overall efficiency of the braking system. 

The significant advantages of using the ANSYS Workbench R16 software in the 

research process were demonstrated. Not only did it optimize the design process, reducing the 

required time, but it also provided a robust platform for the experimental validation of the 

methodologies adopted within this thesis. Moreover, it highlighted a remarkable consistency 

between theoretical data and experimental results, thus validating the reliability and accuracy 

of the obtained data. This shows that the use of advanced technologies can significantly improve 

precision and efficiency in developing safer and more reliable braking systems. 

In conclusion, heavy traffic played a decisive role in the fluctuations of the braking 

system's efficiency, imposing accelerated and differentiated wear on its components. The 

implementation of a regular maintenance and monitoring regime is vital to ensure an optimal 

level of safety and performance under conditions of intense and variable traffic. Considering 

these findings, it is recommended to perform periodic checks on the braking system, especially 

in the context of a dynamic driving style and complex traffic conditions. 

7.2. Personal contributions 
 

In the context of the doctoral thesis, the aim was to expand knowledge in the field of 

braking system performance, placing special emphasis on the influence of usual components 

under different traffic conditions. A fundamental aspect of my research was the practical 

approach, geared towards real traffic, in contrast to most existing studies that largely rely on 

laboratory results. The details of the contributions are presented below: 

Analysis of the braking system under traffic conditions (on the field) - considering that 

most research in this area is conducted in the laboratory, I chose to study the braking system 

under real traffic conditions. This helped me obtain a more realistic perspective on the 

performance and wear of components. 

Study on the use of worn original discs and new aftermarket pads - under real traffic 

conditions, I evaluated the efficiency and wear rate of the system using this specific 

combination. The results highlighted interactions between aftermarket components and worn 

original ones. 

Full assessment of the aftermarket system in heavy traffic - I analyzed the performance 

of a braking system fully equipped with new aftermarket discs and pads. This study was vital 

for identifying potential issues related to the quality of braking system components. 

Statistical estimation of pad wear - I simulated and analyzed the wear rate of brake pads 

under heavy and moderate traffic conditions, observing the braking trend over a distance of 10 

km. 

Monitoring critical parameters - I closely monitored and analyzed essential parameters 

such as the degree of wear, friction coefficient, wear rate, braking distance, and time. These 

measurements provided a clear picture of the impact of speed and efficiency on performance. 
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Finite element analysis - modeling and detailed analysis of the braking system using the 

finite element method/analysis can help determine benchmark parameters when choosing 

braking system materials. 

Integration/correlation of experimental results from dynamometer testing - although the 

emphasis was on field (on-ground) research, I also included dynamometer tests to validate and 

complement my conclusions from the real-world environment. 

Through this combined approach, my research provided an innovative and 

comprehensive perspective on braking systems. It underscores the need for a balanced approach 

between laboratory research and real-world conditions to gain a complete understanding of this 

crucial field of automotive engineering. 

7.3. Final conclusions. 
 

In the conducted research, we examined the tribological behavior and mechanical 

performance of the braking system, comprised of the original, already worn brake disc, and new 

aftermarket pads. From the initial analysis, the braking system's efficiency determined by 

dynamometer methods showed a value of 73%. Intriguingly, after a distance of 18,664 km, 

dynamometer data indicated a significant drop in efficiency, recording 59%. This decline also 

manifested in the physical condition of the disc, which, at 23,857 km, showed damage in the 

form of deep scratches, a clear sign of suboptimal compatibility with the inferior quality 

aftermarket pads. Wear assessments indicated values of 25.09% for the front axle and 14.676% 

for the rear axle. 

The statistical analysis of the braking system, conducted over a distance of 10 km, 

considering various traffic conditions, revealed valuable information regarding the system's 

behavior and wear in real-time. Observing the number of brakes and behavior in traffic, we can 

conclude that braking systems exhibit increased wear risk under heavy traffic conditions 

compared to moderate traffic. This analysis underscores the need for proactive maintenance 

strategies and possibly developing more durable braking systems to ensure optimal functioning 

and increased safety under the varied traffic conditions encountered in practice. 

Following these preliminary results, we proceeded to replace the system with new 

components, aiming to investigate the behavior of an entirely new system under similar 

conditions. Regrettably, after only 10,553 km in heavy traffic, the pads again showed evident 

signs of relatively accelerated wear. Moreover, the wear coefficient of the pads reached a value 

of 28.42%, and the overall efficiency, evaluated dynamometrically, recorded a new decline, 

standing at 63%. 

The experimental data highlighted a strict correlation between the braking system's 

efficiency and vital parameters, such as braking distance, braking time, and friction coefficient. 

These correlations, evidenced in an advanced academic context, bring to the forefront the 

imperative of ongoing research in the braking field and underscore the vulnerabilities in using 

aftermarket components. In heavy traffic conditions, these relationships become even more 

pronounced, underlining the crucial importance of component selection and continuous 

research. 

The study tackled the structural characteristics and tribological behavior of the braking 

system through a simulation program implemented in ANSYS Workbench. The finite element 

and modal analysis, applied in this research, facilitates defining selection criteria for the 

materials used, thereby contributing to designing a more efficient braking system, with a 

particular emphasis on the disc's structure and brake pads. 

The results indicate an amplification of the stick-slip phenomenon in the context of 

increased contact pressure and/or relative speeds between contact surfaces. It is also noteworthy 

that there's significantly higher wear of the brake pads compared to the brake disc, with a ratio 

of about five to one.. 

Additionally, several important conclusions can be highlighted: 
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1. Evaluation of the braking system's efficiency: 

- There's a notable degradation in the braking system's efficiency over a relatively short 

range of km (18,664 km and 10,553 km respectively), suggesting that component wear may be 

faster than initially anticipated under heavy and moderate traffic conditions. 

- Replacing worn brake pads and discs significantly improves the braking system's 

efficiency, with an increase of 14%. 

2. Performance parameters and their variability: 

- Contact pressure is higher in the outer area of the discs, making that zone more prone 

to wear. 

- A slight discrepancy exists between theoretical and actual wear rates, particularly in 

the case of aftermarket brake pads. This can be attributed to the unpredictability of the materials 

used and external factors like traffic, driving style, weather conditions, etc. 

3. Using ANSYS Workbench R16 software: 

- The use of the ANSYS Workbench software not only optimized efficiency and 

shortened the design process duration but also allowed for experimental validation of the 

research methodologies adopted in this thesis, highlighting a notable concordance between 

theoretical and experimental data. 

- The software significantly assisted in modeling and analyzing the tribological behavior 

and structural characteristics of the braking system, providing critical benchmark values in 

material selection and design. 

- Results suggest that increased pressure and/or speed can amplify the stick-slip 

phenomenon, emphasizing the importance of focusing on these parameters in braking system 

development. 

4. Impact of heavy traffic: 

- Heavy traffic not only impacts the braking system's efficiency but also driver behavior, 

underscoring the need for a highly efficient braking system. 

- There's an acute need for ongoing research in the field of braking system behavior 

under heavy traffic conditions to ensure better road safety. 

5. Correlation between theoretical and experimental data: 

- Experimental results validate and justify the research methods used in the thesis, 

showing a good correlation with theoretical data. 

- A zig-zagging trend in the friction coefficient (COF) evolution was observed, varying 

based on several factors, including vehicle weight and braking force. 

6. Vehicle maintenance recommendations: 

- Regular and detailed checks of the wear rate are recommended, allowing for 

appropriate adjustments to the vehicle maintenance strategy for longer lifespan and increased 

safety. 

- Current recommendations regarding the frequency of replacing brake discs and pads 

might be inadequate, indicating a need for revisiting them to more accurately reflect the actual 

wear observed in experiments. 

7. Implications for future design: 

- The findings suggest that there's significant room for improving the current design of 

braking systems, involving different material choices or structural modifications to reduce wear 

and enhance efficiency..  
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- The experience gained from this study can be instrumental in guiding future 

developments in this field, contributing to the creation of optimal braking systems.  

The results of this doctoral thesis illustrate not only the need for a rigorous scientific 

approach in evaluating and selecting braking components (original disc - aftermarket pads, 

aftermarket disc - aftermarket pads), but also the disproportionate impact of heavy traffic on 

their durability and performance. These achievements emphasize the imperative of adopting 

higher standards in the production of aftermarket components and a deep understanding of the 

dynamics of heavy traffic on braking systems, thus contributing to the safety and efficiency of 

road traffic. 

In conclusion, the current study proves to be essential in the context of changing 

dynamics of modern traffic. The findings underscore the importance of regular and attentive 

maintenance, as well as the judicious selection of components, to guarantee optimal efficiency 

and increased long-term safety. It is vital to understand that current traffic realities impose a 

new standard for road safety studies, and thus, this research significantly contributes to updating 

and adapting our knowledge in this crucial domain.. 

7.4. Recommendations and Perspectives (Future Research Directions) 
 

Deepening Research on Materials for Brake Pads and Discs - In light of our data, there 

is a clear need to explore and develop new materials or combinations of materials that better 

withstand the high demands of intense traffic. Investigating composition, heat treatments, or 

manufacturing technologies may reveal more durable and efficient alternatives. 

Continuous Investigation in Intense and Moderate Traffic Conditions - The data clearly 

shows that intense traffic accelerates component wear compared to moderate traffic. It is crucial 

to continue research under these conditions to better understand the relationship between traffic 

intensity and brake system performance. The approach should not be limited to the laboratory 

but should also include tests in real conditions to capture the real dynamics and complexity of 

traffic and road situations. 

Artificial Intelligence and Real-Time Monitoring - There is immense potential in 

integrating artificial intelligence (AI) for real-time monitoring of brake system parameters. An 

AI system can collect and analyze real-time data, such as friction coefficient, temperature, and 

wear, providing instant and predictive feedback to drivers and mechanics. 

Predictive Alert Systems - Using advanced algorithms, AI can be trained to recognize 

wear patterns and anticipate potential failures, issuing alerts before they become critical. 

Advanced Simulations - While real-world testing is essential, increasing technology and 

computing power can be used to create advanced simulations. These can replicate various traffic 

and wear conditions, allowing researchers to anticipate and adapt to challenges before they arise 

in reality. 

Education and Awareness - It is essential to educate the general public and the 

automotive industry about the importance of correct component selection and the risks 

associated with using inferior quality aftermarket components. 

Industry-Academic Collaboration - Partnerships between academic institutions and the 

industry can lead to significant innovations, combining practical expertise with fundamental 

research. 

In summary, intense and moderate traffic significantly influence the performance and 

durability of braking systems. Given this finding and potential implications for road safety, the 

emphasis on research under these conditions and the integration of modern technology becomes 

essential for the evolution and optimization of braking systems. 
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