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1. Introduction 

Among brakes, clutches and driving devices of 

many vehicles, friction composites make up important parts 

[1, 2]. The reliability and stability of the executive compo-

nents are directly linked with friction composites [3]. 

Hence, suitable friction coefficients and better wear re-

sistance under various temperatures and complex conditions 

must be presented [4]. The friction composites should no 

noise and vibration-free during working, and consist of eco-

friendly ingredients. So they are usually made up of over ten 

ingredients, such as resin binder, fibres, abrasive fillers, Lu-

bricating or antifriction agent, and quality modifiers [5 –7 ]. 

These fibres reinforced materials play a key role in improv-

ing mechanical strength and preventing all kinds of damage 

[8 – 11].  

Numerous friction and wear testing means for 

these friction composites are quite popular globally, one is 

full-scale friction testers [12], such as brake-dynamometer 

tester [13, 14], Krauss tester [15], the other is a small sample 

friction tester, such as FAST tester, Chase tester [16], Con-

stant speed tester [17] etc. Among these testing machines, 

the Krauss tester had originated in Germany and was devel-

oped by ATE-TEVES and ERICH.KRAUSS. This Krauss 

tester had been widely used in the field of friction material 

examination in Europe, and been recognized as the authori-

tative equipment for evaluating the performance of automo-

tive brake friction materials. A number of researchers [18 -

22] used the Krauss friction tester to evaluate the friction 

and wear properties of friction composites. 

Since the small sample friction testers and the full-

scale friction testers have performed different test proce-

dures, different simulation conditions and different evalua-

tion methods, their test data are completely different, so they 

are difficult to have uniform and similar results. The small 

sample friction testers such as Chase and FAST are mainly 

considered as a quality control test in the laboratory to ob-

tain material component properties [23]. The full-scale fric-

tion testers such as Brake-Dynamometer and Krauss can 

truly simulate various working conditions, and can obtain 

more realistic experimental data for evaluating product 

quality. Similarity theory is a reliable method to establish a 

close relationship between the small sample friction testers 

and the full-scale friction testers. In recent years, similarity 

theory has been widely applied to different fields such as 

structural engineering, vibration and shock issues. It can 

help researchers reliably predict the performance of the pro-

totype [24, 25]. Luo et al. [26] proposed a design method of 

similarity model considering the requirement of static 

strength and established dynamic similarity relation by us-

ing equation analysis method. Wang et al. [27] designed a 

1/2 scale lunar rover model based on similarity theory. The 

slope angle and wheel velocity were taken as the experi-

mental factors, the wheel sinkage and slip ratio were taken 

as the experimental index, test on lunar rover's slope traffi-

cability was carried out. Through finite element simulation 

and small model impact test, Wang et al. [28] demonstrated 

the feasibility of analyzing the energy absorption character-

istics of the axial impact process of aluminum foam based 

on similarity theory. Wang et al. [29] performed a compar-

ative experiment of vibrating screen model and prototype 

based on similarity theory, which verified the consistency 

and reliability of prototype and model. Guo et al. [30] de-

duced the similitude criteria for steady operation and non-

steady operation of externally pressurized spherical gas 

bearing with inherent compensation. The results of theoret-

ical analysis were consistent with the numerical calculation. 

Based on the similarity theory, foreign scientists Sanders et 

al. [31] had developed a reduced-scale inertial brake dyna-

mometer. The testing machine had designed one sliding fric-

tion surface and matched two friction specimens, which had 

been manufactured and examined by the link company. The 

test results showed that the agreement between testing ma-

chines was excellent and the minimal friction variability 

was displayed. Engineers Zhao et al [32] had developed a 

reduced-scale brake dynamometer, which provide a single 

friction surface to match a single sample. Comparative test 

results indicated that their friction coefficients have the 

same trend in the whole experiment process. Researchers 

Ma et al. [33] had manufactured an inertial reduced-scale 

friction test device. Based on the above research, Krauss 

GMBH of Germany and Jilin University Mechanical and 

Electrical Equipment Research Institute jointly proposed the 

idea of developing a reduced-scale Krauss friction tester, 

which has been reported to ISO organization. 

2. Scaling 

2.1. Similarity criterion for braking components in friction 

process 

If there are n physical quantities in a physical phe-

nomenon, and φ(x1, x2, x3,…,xn)=0. There are m basic phys-

ical quantities, and their dimensions are independent of each 

other. Then these n physical quantities can be expressed as 

a functional relationship between n-m similarity criteria π1, 
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π2, π3,…, πn-m. That is, f(π1, π2, π3,…, πn-m.)=0. The dimen-

sion of the main physical quantity in the friction process had 

been selected, and the relationship between the physical 

quantities had been established according to the similar sec-

ond theorem, then: 

 ( ), , , , , , , , ,     0.E A P F L T M R D =  (1) 

Where, the physical quantities are as shown in Ta-

ble 1. In order to facilitate the dimension analysis, braking 

force F; length L and braking time T are taken as three basic 

dimensions. Using the dimension matrix analysis method, 

the expressions of the relevant physical quantities in the 

force system are shown in Table 1. 

Table 1 

The dimensionless expression of the relative physical 

quantity in the force system 

Physical quantity Symbol Dimension 

Friction coefficient μ F0L0T0 

Elastic modulus of friction disk E FL-2 

Pad area A L2 

Pad pressure P FL-2  

Braking force F F 

Length L L 

Braking time T T 

Friction torque M FL 

Effective radius R L 

Friction disc diameter D L 

Its π term is: 

 

,a b c d e f g h j kE A P F L T M R D =  (2) 

 

where: a, b, c, d, e, f, g, h, j, represents the indices of μ, E, 

A, P, F, L, T, M, R, D respectively, the dimensional matrix 

of the system is: 
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According to the relationship between the indices, 

the following equations are obtained: 
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After transformation, the following equations: 
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According to the similarity theorem, the π matrix 

of each parameter of the braking process is obtained. 
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Each dimension of the above π matrix represents 

the power of each parameter. The power of the same row in 

a matrix constitutes a π factor. The seven similarity criteri-

ons 1  ~ 7 are obtained in turn as follows: 1 ; =  
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2. 2. Derivation of the similarity ratio of each parameter 

It is assumed that the similarity ratio between the 

parameters of the prototype and the similar model during 

braking is expressed as: ;
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The scaling model of the brake assembly is similar 

to its prototype in terms of geometry and boundary condi-

tions. Based on the physical object of the brake component, 

the geometric size of the scaling model is enlarged or re-

duced according to the scale factor. That is 
p

m

L

L
= LC =  , 

where   is scale factor. 

It is assumed that the time T required for each brake 

and the pad pressure P should be the same. Then TC =1, PC

=1. Other scale factor between the model and the prototype 

can be obtained: 1;C =  
2 ;AC =  

2 ;FC =  
3 ;MC =

;RC = .DC =  

3. Reduced-scale Krauss machine design 

3. 1. Basic parameters 

For the selection of the scale coefficient, different 

technical fields had different requirements, and this coeffi-

cient was selected according to the specific conditions of the 

test. In general, the smaller the scale coefficient was, the 

smaller the model was, the volume of the device would be 

reduced and the test error would be larger. Increasing the 

scale coefficient could improve the testing accuracy, and if 

the coefficient was larger, its value will be greatly weak-

ened. In the field of tribology, it was necessary to ensure that 

the friction linear velocity of the reduced-scale test machine 
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was the same as that of the original test machine, and the 

smaller the friction radius, the higher the friction disk rota-

tional speed and the higher the manufacturing precision. The 

scale factor of the reduced-scale inertia dynamometer stud-

ied in the previous study was 1:4 or 1:5 [31–32, 34]. The 

friction area of the Mercedes-Benz brake liner installed on 

the full-scale Krauss tester was about 88 cm2. The pad area 

of the small sample testing machine such as the constant 

speed friction testing machine is 6.25 cm2, and the Chase is 

6.45 cm2 [35]. The size of the friction specimen was usually 

taken as an integer to facilitate the preparation of the sample. 

This proportional coefficient also determines the size of the 

brake disc. If the brake disc was too small, it was easy to 

cause manufacturing and installation problems. For ease of 

calculation, the pad area ratio of reduced-scale model to 

full-scale product is given as 1:4.4, that is CA=λ2= 4.4. The 

size of the reduced-scale sample was exactly 44×25 mm. 

The geometric scaling ratio of the model is obtained, 

AC = 2. Many parameters of the Krauss testing ma-

chine are determined according to the Mercedes disc brake. 

The basic parameters of the reduced-scale Krauss tester are 

determined, as shown in Table 2. 

Table 2 

Basic parameters of reduced-scale Krauss tester 

Parameters Symbol Scale Value Units 

Sliding speed ν 1:2 7.46 m/s 

Pad area A 1:4.4 10 cm2 

Pad pressure P 1:1 10 bar 

Braking force F 4.4:1 1003 N 

Braking time T 1:1 5 s 

Effective radius R 1:2 54 mm 

3. 2. Structure and composition 

The reduced-scale Krauss tester for tribological 

evaluation of brake friction materials should be able to sim-

ulate operating conditions such as sliding speed, contact 

pressure and temperature etc. As shown in Fig. 1, the re-

duced-scale Krauss tester is mainly composed of power sys-

tem, temperature measurement system, speed measurement 

system, braking system, servo loading system, torque meas-

urement system and cooling and dust-removal system. The 

power system is equipped with a 15 kw motor that drives 

the main shaft to rotate through a belt. The friction disc is 

fixed at the end of the main shaft. The temperature measure-

ment system can measure the temperature of the disc and the 

pad during the experiment. The speed measurement system 

is used to accurately measure the rotation speed of the main 

shaft. The friction torque is obtained by the pressure sensor 

in the torque measurement system. Brake pad pressure is 

provided by the servo loading system. In the cooling and 

dust-removal system, the brake disc is cooled by the blower 

through the air supply pipe, and the heat and dust are dis-

charged by the exhaust fan through the exhaust duct. It can 

not only control the test temperature well, but also keep the 

brake system and the inside clean. 

The braking system structure is shown in Fig. 2. 

The braking system is designed with reference to the Mer-

cedes disc brakes, which can greatly enhance the accuracy 

of the comparison test. The whole assembly is mainly di-

vided into two parts, which is named left caliper body and 

right caliper body. The boss on the upper part of the left cal-

iper body is connected to the braking arm. The exhaust hole 

and oil entrance are respectively arranged in the top and the 

bottom of the two caliper bodies. The specimen clamp is 

placed in the middle of the brake caliper, and the specimen 

is installed in its cavity. The ring handle is designed to fa-

cilitate the specimen clamp to be removed and placed from 

the caliper body. The caliper body is made into a hydraulic 

cylinder body, in which a piston is installed and sealed 

through a sealing ring. The friction disc is located in the 

middle of the two specimen clamps and is connected to the 

main shaft by means of a flange. 

  

Fig. 1 Diagram for the reduced-scale tester 

 

Fig. 2Diagram of braking system 

 

Fig. 3 Diagram of torque measurement system 

As shown in Fig. 3, the torque measurement sys-

tem is closely connected to the braking system. The shaft 

sleeve is fixedly connected to the left caliper body and the 

javascript:showjdsw('jd_t','j_')
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force arm. The bearing is mounted between the shaft sleeve 

and the main shaft. When the main shaft rotates, the shaft 

sleeve does not rotate with it. During the braking process, 

the generated friction torque is transmitted to the shaft 

sleeve through the left caliper body and measured by the S-

type sensor. The upper end of the S-type sensor is articulated 

with the force arm, and the lower end is supported on the 

bracket of the bearing seat. 

The designed brake disc (Fig. 4) is fully-pearlitic 

cast iron disk, which has the same composition and micro-

structure as Mercedes-Benz brake disc with hardness of 

HB170 to HB190. The main ingredients and content are 

shown in Table 3. The microstructure of the material is 

pearlite > 98 %, ferrite < 2 %. Blowhole, impurities, shrink-

age porosity, cracks and other defects are not allowed in the 

casting process. 

 

Fig. 4 Dimensions and factual picture of friction disc 

Table 3 

Ingredients and content of the friction disk 

C Si Mn Ni Cr P S 

3.5~ 

4.0 

2.0~ 

2.4 

0.6~ 

1.0 

0.6~ 

0.7 

0.15~ 

0.25 

<0.1 <0.1 

 

The detailed structure of the reduced-scale Krauss 

tester is illustrated in Fig. 5. During the test, the speed is 

measured by the speed sensor, the output torque is provided 

by the torque sensor, and the pressure sensor shows the 

brake pressure signal. According to the test standard, the 

thermocouple which is closely attached to the surface of the 

friction disc is used to collect the temperature signal. The 

detailed structure of the full-scale Krauss tester is illustrated 

in Fig. 6. The motor and the spindle are directly connected 

by flanges, Full-scale brakes were selected. The temperature 

was adjusted by air conditioning. The torque was measured 

by a sensor on the sliding table. The pressure loading and 

temperature measurement are the same as the reduced-scale 

Krauss tester. 

 

Fig. 5 Detailed structure for the reduced-scale Krauss tester 

 

Fig. 6 Detailed structure for the full-scale Krauss tester 

4. Experimental 

4.1. Test procedure 

In order to evaluate the performance of the re-

duced-scale Krauss tester, the international ECE R-90 test 

procedure was used to compare with the full-scale Krauss 

tester. The main test procedures for the ECE R-90 are indi-

cated in Table 4. The test procedure has a total of 12 brake 

sequence. The pilot project consists mainly of bedding, 

cooling cycle, fade, recovery and thermal performance. A 

total of 84 consecutive brake applications were carried out 

during the whole test process. Each brake application has a 

braking interval of 5 seconds brake applied followed by 10 sec-

onds brake released. During the braking time of 5s, data is 

collected approximately one time per 2ms, and nearly 2500 

sets of data are collected for each brake application. 

Table 4 

E R-90 test procedure 

 

4.2. Results and discussion 

 

Comparison of experimental data obtained from 

reduced-scale and full-scale Krauss tester was performed. 
The results of friction torque M, braking pressure P, test 

Brake se-

quence 

Test section Brake 

cycle 

Number of 

brake 

applications 

rpm Pressure (Bar) Initial brake 

temperature, 

°C 

Forced 

cooling Full-

scale 

Reduced-

scale 

Full-

scale 

Reduced-

scale 

1 bedding 1-6 5 660 1229 15.6 19.8 100 yes 

2 cooling cycle 7 5 660 1229 15.6 19.8 100 yes 

3 fade 8 5 660 1229 15.6 19.8 ≤150 no 

4 fade 9 5 660 1229 15.6 19.8 200 no 

5 fade 10 5 660 1229 15.6 19.8 ≤250 no 

6 fade 11 5 660 1229 15.6 19.8 300 no 

7 recovery 12 3 660 1229 15.6 19.8 250 yes 

8 recovery 13 3 660 1229 15.6 19.8 200 yes 

9 recovery 14 3 660 1229 15.6 19.8 150 yes 

10 recovery 15 10 660 1229 15.6 19.8 100 yes 

11 thermal performance 16 5 660 1229 15.6 19.8 ≤250 no 

12 thermal performance 17 5 660 1229 15.6 19.8 300 no 

http://dict.cnki.net/dict_result.aspx?searchword=%e8%af%95%e9%aa%8c%e9%a1%b9%e7%9b%ae&tjType=sentence&style=&t=test+items
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temperature T, friction coefficient μ and test time were com-

pared and analyzed. 

 

4.2.1. Comparison of friction torque and pressure 

When the temperature is close to 250 °C, the resin 

binder in the friction material will decompose at high tem-

perature. During this process, the friction coefficient of the 

brake friction material will decrease, resulting in a reduction 

in the braking friction torque. Subsequently, the friction ma-

terial has been solidified, the friction coefficient is in-

creased, and the recovery process begins. In this process, the 

braking torque increases and the fluctuations range de-

creases. In the fade and recovery phases, single brake appli-

cation with an initial brake temperature of 250 °C was se-

lected, and the friction torque and brake pressure were com-

pared and analyzed. The comparison results are shown in 

Fig. 7, the same pressure-controlled had been chosen for 

analysis in the whole process. 

 

a 

 

b 

 

c 

 

 

d 

Fig. 7 Comparison of friction torque and pressure results 

during fade and recovery at 250°C: a) Friction curve 

of the reduced-scale Krauss tester in the fade stage; 

b) Friction curve of the reduced-scale Krauss tester 

in the recovery stage; c) Friction curve of the full-

scale Krauss tester in the fade stage; d) Friction curve 

of the full-scale Krauss tester in the recovery stage 

Each brake application of the vehicle is roughly di-

vided into three processes, brake growth process, main 

brake process, and a brake release process. As illustrated in 

Fig. 7a and 7b, during the braking growth process, brake 

pressure and torque curves of the reduced-scale Krauss 

tester experienced the process of rapid ascent, concussion 

finishing and stabilization. The main reason for this phe-

nomenon was that the brake piston diameter of reduced-

scale and full-scale Krauss tester was about 1:2.36. Since 

the piston diameter and working volume of the hydraulic oil 

are smaller, in addition, the small piston has a relatively 

smaller motion drag, so the pressure rises rapidly. Then the 

vibration of the pressure was adjusted, the fluctuation range 

was gradually reduced, and finally the braking pressure was 

close to the given value. In the same way, during the brake 

release process, the small piston responded quickly and 

moved rapidly, so each stop time was about 4630 ms, 370 

ms earlier than the given value. As can be seen from Figs. 

7(c) and (d), there is no loading fluctuation in the friction 

torque and brake pressure of the full-scale Krauss tester dur-

ing the brake growth process. Due to larger piston diameter, 

slower motion response and greater motion drag, each stop 

time is approximately 5240 ms, which is 240 ms behind the 

given value. 

4.2 2. Comparison of friction coefficient 

As can be seen from Fig. 8, the two groups of fric-

tion coefficient data have the same changing trend during 

the test. The average coefficient of friction of the reduced-

scale Krauss test during the whole test was 0.473, and that 

of the full-scale Krauss test was 0.443. Their average fric-

tion coefficient was close, and the relative error was only 

6.3%. It can be seen from the figure that the fluctuation 

range of friction coefficient of full-scale Krauss test was 

greater than that of reduced-scale Krauss test. The results 

showed that in the fade section, the minimum friction coef-

ficient appeared in the 55th brake, the values of full-scale 

and reduced-scale is 0.219 and 0.427 separately. The maxi-

mum friction coefficient appeared in the 57th brake in the 

recovery phase, the value of full-scale and reduced-scale 

was 0.578 and 0.567 separately. 
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4.2.3. Comparison of test temperature 

The disk temperature was selected in the ECE R-

90 test procedure. As can be seen from Fig. 9, the tempera-

ture agreed well between the reduced-scale and full-scale 

Krauss tester. Fig. 10 exhibits the results of correlation anal-

ysis between two test temperature data. The linear fitting 

curve equation of the test temperature was obtained as y = 

1.138x-40.61, and R2 = 0.972, indicating that test tempera-

tures of two tester had a good linear correlation. 

 

Fig. 8 Comparison chart between average friction coeffi-

cient 

 

Fig. 9 Comparison chart between test temperatures 

 

Fig. 10 Relationship between test temperatures 

4.2.4. Comparison of test time and cost 

The average value of each brake time of the re-

duced-scale and full-scale Krauss tester is 4.62 s and 5.24 s 

respectively. As shown in Fig. 11, with the increased of 

brake numbers, the accumulative test time difference be-

tween the two Krauss testers increased gradually. The more 

brake numbers, the greater the cumulative brake time differ-

ence. After the test, the cumulative test time for reduced-

scale and full-scale Krauss tester was 3877.9 s and 4793.6 

s, respectively. The total test time for reduced-scale Krauss 

tester was about 4/5 of full-scale Krauss tester. 

 

Fig. 11 Comparison chart between accumulative test time 

During the test, the motor power consumption is 

mainly divided into two parts, which can be calculated as 

follows: 

 

1 2 ,W W W= +  (7) 

 

where: W is the total power consumption of the motor; W1 

is the power consumption of the brake applied time; W2 is 

the total power consumption of the brake release time. 

It is assumed that the active loss is converted into 

friction work in each brake applied. In the process of brake 

release, the reactive power loss is about 10 % of the rated 

power. Then:  

 

1 1 11
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2 2 21
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m

k k N bk
W P t P t m

=
=    (9) 

 

where: P1k is the power loss of each brake applied; t1k is each 

brake applied time; P2k is the reactive power loss of each 

brake release; t2kis each brake release time; T is the average 

torque of the test machine; n is the rotation speed of the test 

machine; ta is the average time of each brake applied; tb is 

the average time of each brake release; m is the number of 

brake applied or release; PN is the rated power of the motor; 

η is the motor efficiency. 

Then the ratio of the power consumption of the mo-

tor is: 
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The subscript R represents reduced-scale Krauss 

tester parameters; subscript F represents full-scale Krauss 

tester parameters. The known parameters are shown in Ta-

ble 5. 

It was known by calculation that if the same other 

conditions existed, the power cost of the reduced-scale 

Krauss tester was 20.79 % of the power cost of the full-scale 

Krauss tester when the ECE R-90 test program was exe-

cuted. It could be concluded that the reduced-scale Krauss 

test had great potential to reduce test time and cost. 

Table 5 

Krauss tester parameters 

 

5. Conclusions 

Based on the similarity principle, the reduced-scale 

Krauss tester had been designed and manufactured. The 

same batch and molded NAO brake friction material had 

been rigorously evaluated on two Krauss testers following 

ECE R-90 procedure. The comparative evaluation results of 

the testing machine showed that the reduced-scale Krauss 

tester was faster response than that of the full-scale Krauss 

tester in the process of brake growth and brake release, the 

average value of each brake time of the reduced-scale and 

full-scale Krauss tester is 4.62 s and 5.24 s respectively. 

During the entire test, the average coefficient of friction was 

closer and the relative error is 6.3 %, and the maximum and 

minimum values of the friction coefficient appeared at the 

same brake sequence, test section and brake cycle. The test 

temperature had good linear correlation in the whole test 

process. In each test, the power cost of the reduced-scale 

Krauss tester was 20.79 % of the power cost of the full-scale 

Krauss tester when the ECE R-90 test program was exe-

cuted. It could be concluded that the reduced-scale Krauss 

test had great potential to reduce test time and cost. 
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Zhenyu WANG, Jie WANG, Lining WANG, Yunhai MA  

DEVELOPMENT AND COMPARATIVE 

EVALUATION OF REDUCED-SCALE KRAUSS 

FRICTION TESTER BASED ON SIMILARITY 

THEORY 

S u m m a r y 

Based on the similarity principle, the basic param-

eters of the reduced-scale Krauss tester were derived from 

the full-scale Krauss tester by using the dimensional analy-

sis method. The main structure of the Krauss testing ma-

chine had been made, and some components and parts such 

as brake system, servo loading system and torque measuring 

system had been designed and manufactured. The same 
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batch and molded NAO brake friction material had been rig-

orously evaluated on two Krauss testers following ECE R-

90 procedure as per the ‘‘Economic Commission for Eu-

rope” (ECE) regulations and these parameters such as fric-

tion torque, brake pressure, friction coefficient, test temper-

ature and time had been discussed. The results showed that 

the reduced-scale Krauss tester was faster response than that 

of the full-scale Krauss tester in the process of brake growth 

and brake release, the brake completion time was about 370 

ms ahead of schedule. However, the full-scale Krauss tester 

had a slower response and the brake completion time delay 

was about 240 ms. During the entire test, the average coef-

ficient of friction was closer and the relative error is 6.3%, 

and the maximum and minimum values of the friction coef-

ficient appeared at the same brake sequence, test section and 

brake cycle. The test temperature had good linear correla-

tion in the whole test process. The total test time for re-

duced-scale Krauss tester was about 4/5 of full-scale Krauss 

tester. In each test, if the same other conditions existed, the 

power cost of the reduced-scale Krauss tester is 20.79 % of 

the power cost of the full-scale Krauss tester when the ECE 

R-90 test program was executed. From the comparison of 

the main test indexes, the test data of the scaled Krauss test 

machine reflected the fluctuation and correlation of the test 

data of the full-scale Krauss test machine to a certain extent, 

providing a new test equipment for the brake friction mate-

rial. 

Keywords: similarity theory, Krauss tester, friction mate-

rial, comparative test, development. 
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