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Abstract

A typical air disc brake generates the braking torque by friction between rotor and pads
located on both sides of the rotor. Friction causes pad and rotor to wear every time brakes are
applied. As a result, a gap called running clearance is created between pads and rotor. Auto-
matic adjuster compensates for the wear and keep the running clearance stable. If any mal-
function occurs in the automatic adjuster, brake will not self-adjust and the gap will get larger.

In this study, the effect of the running clearances to the braking performance was analysed.
Braking forces caused by friction between brake pads and rotor were calculated from air disc
brake’s mathematical model for different running clearances and compared with the experi-
mental results.

Both the calculated and experimental results indicate that the braking force is affected from
running clearance. Air chamber stroke increases proportionally as the running clearance in-
crease but it has a physical limit. The mechanical advantage ratio of operating shaft is higher
at large stroke values but it is observed that the air chamber, which provides the input force
is inversely affected by the clearance after 50mm pushrod stroke. Excessive brake gap com-
bined with high deflections caused by high input pressures overcome the operating shaft ratio
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increase and reduce the output force of the brake.
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1. Introduction

Braking systems are one of the most critical parts of vehicle dy-
namic system and any fault at braking system may cause serious
accidents. A brake system has 3 main tasks; slowing and/or stop-
ping a vehicle, maintaining speed when driving on a downhill and
holding stationary on a downgrade. [1]

Two types of friction brakes are commonly used on heavy vehi-
cles: drum brake and disc brake. When a drum brake is applied,
linings, which are mounted on the shoes, expand and press against
the inner surface of the rotating brake drum. On the other hand, a
disc brake serves the same purpose by clamping the pads on both
sides of the rotating brake disc. [2]

A common vehicle failure associated with braking is vehicle
drifting during brake application. This issue is defined by deviation
from linear path during deceleration. A light deviation can be cor-
rected by driver steering input but an early reaction from the driver
is crucial. [3]

Most modern vehicles have advances braking systems that helps

brake force distribution and vehicle stability but faulty brakes are
still a source of disruption for these systems. [4]

Braking forces directly affect the vehicle stability during brak-
ing and may cause vehicle pull if left and right brakes of an axle
produce different braking forces. Although, the limit of the differ-
ences in braking forces on an axle is set by the authorities as 30%,
vehicle manufacturers prefer to work with smaller difference val-
ues. [5]

In the previous published technical paper studied by Shridhare
et al., the effect of braking force differences between left and right
brakes on an axle was investigated by modelling a vehicle with the
known parameters like brake force, tire properties, steering geom-
etry, suspension hard points, vehicle CoG, scrub radius, castor an-
gle etc. It is stated that the moment caused by the braking force
difference causes the pulling problem by rotating the axle itself rel-
ative to the middle axis of the vehicle. They recommended to use
tires with high lateral stiffness against this problem. [6]

Larger than normal brake running clearance may also effect the
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ABS system as it limits the operating cycling frequency of brake
applications. Poor brake adjustment is the source of many acci-
dents involving trucks and a big driver of standardization of auto-
matic brake adjustment mechanisms on air disk brakes. [7] [8]

On the other hand, smaller than normal brake running clearance
has its own set of problems, such as brake drag and hot running.
These problems result in more wear on brakes and rotor, increased
fuel consumption and emissions. [9] [10]

The aim of this study is to calculate the braking performance
efficiency for air disc brakes at different running clearances be-
tween rotor and brake pads. Braking forces which directly affect
the vehicle stability during braking were calculated at different air
pressure levels for different running clearances and they were com-
pared with the experimental test results.

2. Air disc brakes

Air disc brakes have two brake pads that are clamped against the
rotating disc when the brake is actuated. As the brake pads are
clamped, the friction force is generated against the motion of the
disc and slows the disc down.

Operating Air
Shaft Actuator

Automatic
Adjuster

ke i}
Carrier

Fig. 1. Air disc brake

Air disc brake main components are illustrated in Figure 1. The
air actuator is assembled to the caliper and operates the internal
brake lever assembly thus removing the necessity for a conven-
tional external lever and linkage arrangement. Sealing is provided

by rubber components placed between the air actuator and housing.

The carrier is mounted to the vehicle and supports the brake pads.
The caliper slides on two fully sealed guide sleeves bolted to the
brake carrier. As the pads wear, brake is self-adjusted by the built
in automatic adjuster.

Exploded view is shown in Figure 2A. Disc brake is mounted to
the axle with a brake carrier (2). There are two guide sleeves (24,
26) that are bolted on to the brake carrier by guide sleeve screws
(25, 27). The caliper housing (18) is connected to and slides over
the guide sleeves. The reaction force is provided on the outboard
pad (3) with the help of the bridge (1) which is fixed to the caliper
housing (18). Bushes (14, 16) are fixed into the housing (18) and

the bridge (1) and caliper housing (18) can slide on it. The bush
placed on the short guide sleeve (26) side is oval in order to ac-
commodate brake deflection during braking. The longer sleeve (24)
is round to ensure the position of the caliper housing (18). Sealing
are provided externally by dust excluders (12) and end caps (28).

Fig. 2a. Air disc brake exploded view [11]

The operating shaft (21) amplifies the force, which is introduced
from the air actuator, via its geometry. This force is transmitted to
the inboard pad (3) via the half-bearings (20), the rollers (19), the
tappets (36), the pistons (37) and the Piston Heads (7). When the
inboard pad applies force against the rotor, the reaction force is
transferred through the housing (18) and bridge (1) pulls the out-
board pad towards the rotor. Braking force is created by the friction
force between the brake pads and rotor. This force is transferred to
the carrier at the end of the pads.

The brakes are released by reducing the clamp force of the brake.
This reducing is provided by decreasing the input force on the op-
erating shaft (21). Then the return spring (48) returns the clamping
mechanism and operating shaft to their starting position and a de-
fined running clearance between the pads and rotor is provided.
The clearance between the outboard pad (3) and the rotor is gener-
ated by means of the small run out of the rotor and hub-bearing
clearances.

2.1 Automatic Adjustment

The automatic adjuster adjusts the position of the brake pad to
compensate for pad wear. Every time the brake is applied, the sys-
tem senses whether adjustment is required or whether the running
clearance of the brake pads to the brake rotor is still within the
built-in tolerance and does not need to be adjusted. The built in
tolerance is determined in the design by the clearance between the
ball-ended drive pin (46). [11]
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Fig. 2b. Air disc brake section view [11]

2.2 Mathematical model of air disc brake

In order to calculate the generated braking torque, air chamber
and operating shaft, which transfers the push force to the rotor was
modelled mathematically.

In theory, air chamber converts the incoming air pressure to
pushing force directly proportioned to the surface area of the dia-
phragm. Air chamber push rod are shown in Figure 3.

Table 1. Air chamber mathematical equations

Symbol | Description

P Air pressure [Bar]

A Plate surface area [mm?]

Fairen Push force from pushrod to operating shaft [N]
S Stroke [mm]

E—————— ]

Air Pressure

Fig. 3. Air chamber push rod
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However, in real conditions, there are some disruptive factors
such as friction and pushrod stroke distance. Due to these factors,
diaphragm, which pushes the push rod by means of pressed air,
bends under the influence of compressed air and cannot maintain
its flatness. So linear force obtained under the pressure decreases
as the diaphragm’s stroke increase. An efficiency coefficient that
is a function of the stroke should be added to the equation in order
to compensate for this variation.

In this study, push force variation throughout full stroke of the
air chamber was measured from 2 different air chambers at 3 and
6 bar air pressure in order to determine the efficiency coefficient.
The results are given in Figure 4. For the most accurate represen-
tation, 6th degree least squares curve fit method with %699.52 ac-
curacy in worst case was applied to every result obtained. Table 2
shows the results of curve fit method

10000
\\m‘_/’_—\‘\ —3BarLeft
Z 8000 ~ —6BarLeft
§ 6000 3BarRight
S -«k 6BarRight
= 4000 —— —
= J
=
&~ 2000
0

0 10 20 30 40 50 60 70
PushRod Stroke [mm]

Figure 4. Push force variation due to the push rod stroke
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Table 2. Curve fit polynomials
Air Pressure [Bar] x® x° x* x3 x? xl x°

Chamber 1 at 3bar = 7.00E-07 -0.0001 0.009 -0.325 7.8132 -132.46 4812.3
Chamber 2 at 3bar =~ 6.00E-07 0.0001 0.0066 -0.2293 5.867 -115.78 4795.4
Chamber 1 at 6 bar = -2.00E-07 = 5.00E-05 -0.0056 0.1967 0.7763 -141.74 9615.9
Camber 2 at 6 bar -8.00E-07 0.0001 -0.0089 0.2371 1.201 -149.22 9530.1

2.33E-07 -3.33E-05 3.00E-03 @ -1.08E-01 2.60E+00 -4.42E+01 1.60E+03

Coefficient/oressure 2.00E-07 3.33E-05 2.20E-03 -7.64E-02 1.96E+00 -3.86E+01 1.60E+03

P -3.33E-08 8.33E-06 -9.33E-04 3.28E-02 1.29E-01 -2.36E+01 1.60E+03

-1.33E-07 1.67E-05 @ -1.48E-03 3.95E-02 @ 2.00E-01 @ -2.49E+01 1.59E+03

Coefficient 6.67E-08 @ 6.25E-06 @ 6.96E-04 -2.81E-02 1.22E+00 @ -3.28E+01 1.60E+03

Air chamber mathematical model was determined as the aver-
age of all curve fit polynomials.
F,=PS+xS +x'8'+ xS+ x2S +x5 +x°58%) (2
Push force provided by the air chamber is amplified by the me-
chanical ratio of the operating shaft which is nonlinear and in-
creases with the stroke of the brake. This special nonlinear ge-
ometry is built into the operating shaft to counter the loss effi-
ciency of the air chamber at higher strokes. In this study, stroke
ratios of the input and output ends of the operating shaft was
calculated by using a 3D model in order to determine the me-
chanical ratio. For the most accurate representation, 6th degree
least squares curve fit method with %99,79 accuracy was ap-
plied to every result obtained. Operating shaft section view is

shown in Figure 5 and Figure 6 illustrates the movement of op-
erating shaft.

Pushrod Stroke

Roller Stroke

Fig. 5. Operating shaft

Fig. 6. Operating shaft movement

OpShaftMechRatio =2.33%x107"°S° -3.79x10°S" +2.11x10°S"
-2.14x107°S° - 0.0017xS* +0.088xS" + 12890 3

Push force transmitted by the roller is calculated by multiplying
the push force provided by the air chamber and the mechanical ra-
tio, which is a function of the lever stroke. Where Frgjier iS push
force from roller to the piston heads.

F,..=F... * OpshaftMechRatio

roller (4)

Pressured air supplied to the brake chamber creates a linear force
that acts on the brake pads through brake operation shaft and roll-
ers. Braking torque (T) is generated between the pads and the rotor.
Torque generated is directly proportional to the friction (us) be-
tween the pads and the rotor. As shown in Figure 7, pads actually
create a distributed pressure on the rotor friction surface but this
can be simplified to a force at the effective radius (refective)

Braking torque (T) is calculated by the equation 5.

T=2XF 0 X Voprcae * K, ©
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to disc friction surfaces
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Radius

Fig. 7. Disc brake section view

3. Experimental Tests

In this study, a data acquisition system (IMC Cronosflex400)
and a software (IMC Studio) was used to collect data. Stroke (Sen-
sonics SR100W), pressure (UNIK5000), input force (custom) and
output force (for 2 pistons) (Kistler 9061A) was measured. The
data was collected with a sampling frequency of 1 kHz, except for
the output force (because of amplifier limitations, it was collected
with sampling frequency of 100 Hz).

Experiments were carried out on two identical air disc brakes
with instrumented actuator.

Actuator’s push rod was instrumented with a strain gauge bridge
to measure brake input force. The load was calibrated through a
data logger that also acts as an amplifier. [12] As seen in the Figure
8, LVDT was mounted to the back of actuator to measure brake
stroke. Also a pressure sensor was used to measure input air pres-
sure level. Output force of the brake was measured with piezoelec-
tric load cells. The air disc brakes used for this experiment have
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Braking force [N]

1 1.5

mBrake No:1 - Braking Force (Experimental)
mBrake No:2 - Braking Force (Experimental)
—Brake No:1 - Difference [%]

two pistons, therefore to measure the total output force, two load
cells were used.

Stroke measurement (LVDT) Output force measurement (loadcells)

Rotor

Air Chamber ~ Brake
Fig. 8. Experimental setup

Brake fixture

Experiments were carried out with air pressure level of 3 Bar
(30% of max vehicle air pressure level) and 6 Bar (60% of max
vehicle air pressure level). Four different pad clearances (1 mm,
1.5 mm, 2 mm, 2.5 mm) were set with a feeler gauge.

Feeler gages in general are sensitive to parallelism between the
measured components. To have a more reliable initial gap, brake
caliper was slid to one direction and pads were slid to opposite di-
rection. This method concentrates two pad-rotor gaps, and two
brake-pad gaps into one easier to measure volume. [13]

Brake adjuster mechanism was locked to prevent the brake from
auto-adjusting. For each pad clearance, brake was applied 10 times.
Input force, stroke and output force was measured at the peak pres-
sure levels. Experimental results are given in Table 3.

2 2.3

Gap between disc and brake pad

mBrake No:1 - Braking Force (Calculated)

mBrake No:2 - Braking Force (Calculated)
Brake MNo:2 - Difference [%]

Figure 10. Comparison Bar Chart — Brake 1 and Brake 2 at 6 Bar
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Fig. 9. Comparison Bar Chart — Brake 1 and Brake 2 at 3 Bar

Pad clearence

Ref. Pressure = Brake number

Brake 1
3 Bar

Brake 2

Brake 1
6 Bar

Brake 2

3. Comparison of Results

In this study, test results and mathematical model was compared
in various braking scenarios mentioned above. Differences be-
tween calculated and experimental braking forces in diverse air

[mm]
1.0
15
2.0
25
1.0
15
2.0
25
1.0
15
2.0
25
1.0
15
2.0
25

Table 3. Experimental Result

Brake Chamber Stroke = Pressure = Input force = Piston 1 = Piston 2 = Total output force

[mm]
27.07
33.43
40.07
46.86
26.36
31.47
39.67
45.27
35.80
41.60
49.44
56.25
33.95
40.58
47.98
54.71

[Bar] [kN] [kN] [kN] [kN]
2.99 3.87 2729  19.75 47.04
3.01 3.86 2768  19.33 47.01
3.02 3.98 26.88  20.20 47.08
3.01 391 2634  19.86 46.19
3.04 4.24 19.76  26.42 46.18
3.03 4.07 1943 26.01 45.45
3.02 4.11 19.94 2617 46.11
3.00 4.08 1971 2591 45.62
6.02 8.32 61.07  46.82 107.89
6.03 8.32 6158  46.66 108.24
6.03 8.03 60.96  46.65 107.61
6.03 7.83 59.22 4551 104.73
6.03 8.46 4846 5471 103.17
6.03 8.51 4899 5545 104.44
6.03 8.44 4992  57.23 107.14
6.03 8.12 49.04 5530 104.34

chamber strokes and running clearances at 3 Bar and 6 Bar air pres-
sure is given in the Table 4.

At 3 Bar, air chamber stroke and the differences between calcu-
lated and experimental braking forces increase proportionally as
the running clearance increases. Results at 3 Bar air pressure is
given in Figure 9 and Table 5.
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At 6 Bar, air chamber stroke and the differences between calcu-
lated and experimental braking forces increase as the running
clearance increases. However, the increase is not linear when com-
pared with the results at 3 Bar. Results at 6 Bar air pressure is given
in the Figure 10 and Table 6.

Both the experimental results and mathematical models suggests
that the output force of the brake increases with the brake running
Table 4. Comparison of Results

Ref. Pres- = Brake Num-  GapP

sure ber
Brake 1
3 Bar
Brake 2
Brake 1
6 Bar
Brake 2

[mm]

15

2.5

15

2.5

1.5

2.5

1.5

2.5

Air Chamber
Stroke

[mm]
27.07
33.43
40.07
46.86
26.36
31.47
39.67
45.27
35.8
416
49.44
56.25
33.95
40.58
47.98
54.71

Alir Pres-
sure

[Bar]
2.99
3.01
3.02
3.01
3.04
3.03
3.02
3.00
6.02
6.03
6.03
6.03
6.03
6.03
6.03
6.03

clearance until the air chamber force (input force) is inversely af-
fected from over stroke (>50mm). This means, the brake’s stop-
ping power does start to fall off after an optimum air chamber
stroke value.

Braking Force (Experi-

mental)

[kN]
47.04
47.01
47.08
46.19
46.18
45.45
46.11
45.62
107.89
108.24
107.61
104.73
103.17
104.44
107.14
104.34

Table 5. Comparison Table— Brake 1 and Brake 2 at 3 Bar

1

Brake Number 1 - Braking Force (Experimental) =~ 47.04

Brake Number 1 - Braking Force (Calculated)

53.07

Brake Number 2 - Braking Force (Experimental) = 46.18
- Braking Force (Calculated) 53.78

Brake Number 2
Brake Number 1
Brake Number 2

- Difference

- Difference

11.37%
14.13%

15
47.01
55.25
45.45
55.63

14.92%
18.30%

2
47.08
57.61
46.11
57.46

18.28%
19.79%

Braking Force (Calcu-

lated)

[kN]
53.07
55.25
57.61
58.87
53.78
55.63
57.49
58.61
112.08
115.89
118.31
115.76
111.01
115.34
118.26
116.87

2.5
46.19
58.87
45.62
58.61

21.54%
22.16%

Diffe-
rence

[kN]
11.37%
14.92%
18.28%
21.54%
14.13%
18.30%
19.79%
22.16%

3.74%
6.60%
9.04%
9.53%
7.06%
9.44%
9.40%
10.72%
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Table 6. Comparison Table— Brake 1 and Brake 2 at 3 Bar

Brake Number 1 - Braking Force (Experimental)
Brake Number 1 - Braking Force (Calculated)
Brake Number 2 - Braking Force (Experimental)

Brake Number 2
Brake Number 1 - Difference
Brake Number 2 - Difference

4, Conclusion

The aim of the study is to demonstrate the effect of the running
clearance to the braking performance at different pressure levels.
In order to achieve this aim, mathematical model of the disc brake
was used and it was compared with the test results.

The results show that the running clearance between the pads
and rotor affects the output force of the brake. The output force
increase with the brake gap as the operating shaft mechanical ad-
vantage ratio is higher at larger stroke values. But the air chamber
which provides the input force is inversely affected by the clear-
ance after 50mm pushrod stroke.

Excessive brake gap combined with high deflections caused by
high input pressures overcome the operating shaft ratio increase
and reduce the output force of the brake. These differences of brak-
ing force may affect the vehicle stability and may cause pulling
issues at field conditions.

The study also shows that it is valuable to investigate how the
brake reaction times are affected by the brake clearance.
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