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Utilizing ABAQUS finite element software, the study established the relationship between a brake pad structure and distributions
of temperature and thermal stress on brake disc. By introducing radial structure factor and circular structure factor concepts, the
research characterized the effect of friction block radial and circumferential arrangement on temperature field of the brake disc. A
method was proposed for improving heat flow distribution of the brake disc through optimizing the position of the friction block
of the brake pad. Structure optimization was conducted on brake pads composed of 5 or 7 circular friction blocks. The result shows
that, with the same overall contact area of friction pair, an appropriate brake pad structure can make the friction energy distribute
evenly and therefore lowers peak temperature and stress of the brake disc. Compared with a brake pad of 7 friction blocks, an
optimized brake pad of 5 friction blocks lowered the peak temperature of the corresponding brake disc by 4.9% and reduced the
highest stress by 10.7%.

1. Introduction
Disc brake is widely used currently for high-speed train
braking. It transforms dynamic energy into heat energy by
utilizing friction between brake pad and brake disc and
then dissipates the heat energy through heat exchange. This
process involves heat transfer, structural features, mechanical
characteristics, material properties, and other aspects and is
a complex thermal-mechanical coupling process. Focusing
on brake pressure, brake disk, brake mode, brake pad material, and other factors, domestic and foreign scholars have
conducted many studies on the brake disc temperature and
stress in the braking process through test experiments and
finite element analyses. Chung Kyun Kim and so forth [1–4]
studied the temperature field and stress field of brake disc.
To lower the calculation difficulty and cost, they simplified
brake disc into a 2D axisymmetric model, assuming that
heat flow transmission and contact condition are unrelated to
circular coordinate changes of the brake disc. The simplified
2D axisymmetric model, however, ignored the flow of the
heat source. Based on axisymmetrical hypothesis, papers [5–
8] chose one of symmetrical round angles of brake disc as

analysis target, established 3D circular symmetrical finite
element model of the brake disc, and studied the temperature
field and stress of the brake disc. Relative to the 2D model, the
3D circularly symmetrical model had some improvements
but still ignored the impact of periodical contact between
brake disc frictional area and brake pad in the braking
process. Papers [9–12] considered the impact of frictional
heat source flow, established 3D whole disc model, and
calculated the nonaxisymmetrical transient temperature field
of brake disc. The studies considered the impacts of brake
pad shape, instantaneous angular velocity, radial position,
and so forth but did not include the impact of the shape and
structural layout of brake pad friction blocks upon brake disc
temperature and stress.
The structure differences of friction blocks of a brake
pad can lead directly to differences in friction contact time
and friction speed at each point on the brake disc surface,
result in uneven temperature distribution on the brake disc
surface, consequently cause high thermal stress, and therefore
exacerbate the brake disc thermal fatigue. It is an important
topic to study the relationship between the structure of
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the friction blocks of the brake pad and the temperature field
of the brake disc.
Starting from the relations between the friction block
structural difference of the brake pad and the temperature and stress fields of brake disc, this paper establishes
a connection between friction block structures of brake pad
and temperature and stress distribution characteristics of
brake disc, optimizes the structure and arrangement of the
brake pad friction blocks, analyzes the variation of brake
disc temperature and stress with the optimized brake pad,
and finally validates the findings by sequential coupling
simulations with ABAQUS6.8 finite element software.

2. Disc Brake Finite Element Model and
Thermal Boundary Conditions

Figure 1: Brake disc.

2.1. Simplification of Disc Brake Friction Pairs. Disc brake
assembly consists of brake dick, disc braking element, brake
pad, lever, and other parts. It would greatly increase the
simulation difficulty and analysis time if including all the
parts in the finite element model. Only the brake disc
and brake pad are considered when creating the model.
Furthermore, the disc (Figure 1) and the pad (Figure 2) both
have symmetry; the analysis is on the friction pair of one side
of the disc friction surface and half of the pad (Figure 3).
2.2. Analysis Assumptions. Friction braking is a complex
process involving friction wear, deformation, vibration, and
so forth. It is also a process of interactions of multiple
physical, chemical, and mechanical changes. To simplify the
analysis models, the following assumptions are made:
Figure 2: Brake pads.

(i) neglect the effect of the roughness and friction wear
of the friction pair contact surfaces;
(ii) the contact of the friction pair is face to face contact;
(iii) the braking pressure is distributed evenly on the
friction blocks;
(iv) the heat dissipation of the brake disc is mainly
through convection and radiation during braking and
neglect the conduction of heat between the disc and
the shaft;
(v) the physical properties of the friction blocks do not
change with temperature in the braking process.

2.3. Thermal Boundary Model
2.3.1. Thermal Input. In the process of braking, the thermal
energy generated from the kinetic energy can be divided
into two parts: the majority of the heat is first absorbed
through conduction by the brake disc and the pads and
then gradually dissipated after the braking into the surrounding environment; the other part is rather emitted into the
surrounding environment directly off the friction surface
through convection and radiation. This paper assumes that
90% of the total kinetic energy is converted into friction
thermal energy which is absorbed by the disc and the pads.

How to distribute the friction heat between the friction
pair is also needed to be considered when establishing the
finite element analysis model. The current approach is to
set a thermal distribution ratio that artificially distributes
the thermal energy to the disc and the pads. The ABAQUS
software used in this study uses constant thermal energy
distribution factor which has a default value of 0.5, or 50%
of the thermal energy is taken by the disc and the other 50%
by the pads.
2.3.2. Convection Model. Because the brake disc rotates at
high speed, the convection coefficient of the brake disc
changes with the disc speed during braking. For convection
heat exchange based on convection heat transfer theory,
Nu = 0.337 × Re0.8 Pr0.35 .

(1)

And simultaneously,
𝐿
Nu = ℎc .
𝜆
Therefore, the convection coefficient ℎ𝑐 is
ℎ𝑐 =

𝜆Nu 0.337 × Re0.8 Pr0.35 × 𝜆
=
,
𝐿
𝐿

(2)

(3)
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is made of copper base powder metallurgy materials. The
properties of the materials are in Table 2. The brake pressure is
0.56 MPa, the friction coefficient is 0.34 which is the average
of measured data, and the initial temperature of the friction
pairs is 20∘ C.

Pad

3. Results and Discussion
The calculation is done in ABAQUS by sequential coupling
method. Refer to Table 3 for information about the mesh. In
order to improve the simulation accuracy, 8-node hexahedral
element is selected and the element size is less than 4.5 mm to
ensure that at least 5 nodes in radial direction on each friction
block of 20 mm radius are in contact with the brake disc.

Brake disc

Figure 3: Brake pad and brake disc finite element model.

where Nu is Nusselt number, Re is Reynolds number of air,
Pr is Prandtl number which is set to 0.7, 𝜆 is the thermal
conductivity coefficient which is 6.14 × 10−6 W/mK, and 𝐿 is
the characteristic length of the disc. 𝐿 in this case takes
the circumference at the location of the point, 𝐿 = 2𝜋𝑟,
where 𝑟 is the radius of the point.
The Reynolds number Re of air is calculated as in the
following equation:
Re =

V𝐿
,
𝛽

(4)

where V is the velocity of the point and 𝛽 is the air viscosity.
Therefore, the convection coefficient ℎc is
0.8
0.35
0.8
𝜆Nu 0.337Pr (𝜆/𝛽 ) (𝑟𝜔)
ℎ𝑐 =
=
𝐿
𝐿0.2

(5)

in which 𝜔 is the anglar velocity of the brake disc.
Substitute Newton’s cooling equation 𝑞 = −ℎ𝑐 Δ𝑇 into (5)
to have the convection heat transfer model:
𝑞 = −ℎ𝑐 Δ𝑇 =

0.337Pr0.35 (𝜆/𝛽0.8 ) (𝑟𝜔)0.8
𝐿0.2

Δ𝑇.

(6)

2.3.3. Thermal Radiation Boundary. This study applies Newton’s law of cooling and Stefan-Boltzmann equation to convert heat radiation to convection heat transfer coefficient.
Take the brake disc emissivity 𝜀 = 0.75; the equivalent
convection heat transfer coefficient is then
𝛼𝑟 = 0.75 × 0.567 × 10−8 (𝑇12 + 𝑇22 ) (𝑇1 + 𝑇2 ) ,

(7)

where 𝑇1 is the surface temperature of the disc and 𝑇2 is the
ambient temperature.
2.4. Parameters of Physical Properties of Materials. Refer to
Table 1 for related parameters of brake disc and friction
blocks. Brake disc is made of 28CrMoV5-08, and brake pad

3.1. Calculation of Temperature Field and Stress Field of the
Brake Disc. Figure 4 is the temperature distribution on the
brake disc surfaces which have the same total friction area.
The disc is under constant deceleration of 0.9 m/s2 from an
initial speed of 120 km/h. The temperatures and temperature
distributions of the brake disc surfaces of the 3 brake
pads are apparently different. At the initial braking phase
(Figure 4(a)), the peak temperatures of the disc surfaces
are more nonuniformly distributed in radial direction. The
maximum temperature on the surface of brake disc A1 is
relatively low. There are 3 distinct high temperature rings on
the surface of brake disc A2 and a high temperature zone with
larger radial width on the surface of brake disc A3. At the end
of the braking (Figure 4(b)), the temperature distributions
on brake disc surfaces become more uniform because the
generated heat diffuses and overlays as friction goes on. The
maximum temperature on the surface of brake disc A1 is
lower and the temperature on the surface of brake disc A3
is higher.
Figure 5 is the variations of stress of brake disc surfaces in
radial direction. Obviously, at the brake time of 10 s (after the
disc rotates 103.2 revolutions) (Figure 5(a)), the peak stress of
the brake disc A1 is 50 MPa. The disc A2 shows three stress
peaks with the largest one of 53 MPa. The stress peak value
of brake disc A3 is 55 MPa. Comparing the three brake pads,
the peak stress of A3 is 10% higher than that of A1. When
braking stops (𝑡 = 36 s, the disc rotation of 220.4 revolutions)
(Figure 5(b)), the stress distributions on the three brake pads
have similar trend with the increase in disc radii.
The above results show that for different structures of
brake pads, the distributions of the generated friction heat are
different, and, as a result, the values and distributions of the
peak temperatures and stresses on the brake disc surfaces are
different. For brake disc A1, the friction blocks are distributed
more evenly on its surface, the overlaying of friction heat
decreases, and the brake disc surface temperature and stress
are the lowest. For disc A2, the surface temperature and stress
fluctuate the most at the initial braking phase. Brake disc
A3 has the highest temperature at the end of the braking
because the friction radii of the centers of the contact areas
of the multiple friction blocks are basically the same, and
the friction heat is superimposed leading to high variation in
temperature and stress.
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Figure 4: Distribution of brake disc surface temperatures of different structures of brake pads.
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Figure 5: Variations of brake disc Mises stress in depth direction.

3.2. Structural Factor of Brake Disc
3.2.1. Introduction of the Radial Structural Factor. Assuming
that the energy produced by friction is distributed uniformly
in circumferential direction of the brake disc, the heat source
produced by the friction pair of the brake pad and brake
disc moves relative to the brake disc in the braking process.
Therefore, the heat flow density into any differential arc block
of the brake disc shall be the ratio of the total heat entering
the brake disc and the covered area of the brake disc by the
differential arc block. Then the heat flow density [13] at the
position 𝑟 of the brake disc is
𝐹
𝐹 V
𝑞 (𝑟, 𝑡) = 𝜂𝜇 ⋅ 𝑡 ⋅ 𝑟 = 𝜂𝜇 𝜔𝑟,
𝑆 𝑅
𝑆

(8)

where: 𝑆 is total area of the brake pad, m2 ; 𝐹 is force acted on
brake pad, 𝑁; 𝑅 is radius of the wheel radius, 𝑚; 𝜇 is friction coefficient between the brake disc and brake pad; 𝜔 is
angular velocity of brake disc, rad/s; 𝜂 is thermal efficiency
flowing in to brake disc; V𝑡 is brake speed of train, m⋅s−1 .

If dividing the friction area of the disc into 𝑛 rings of
different radii, any such ring will have different effective
friction area. The energy through any friction ring of radius
𝑟𝑖 with friction contact area 𝑆𝑖 in a unit time is
𝐹
𝑄 (𝑆𝑖 ) = 𝜂𝜇 𝜔𝑟𝑖 𝑆𝑖 ,
𝑆

𝑖 = 1, 2, 3, . . . , 𝑛.

(9)

The total thermal energy on the contact surface in a unit time
is as following:
𝑛
𝐹 𝑛
𝑄 (𝑆) = ∑𝑄 (𝑆𝑖 ) = 𝜂𝜇𝜔 ∑𝑟𝑖 𝑆𝑖 .
𝑆 𝑖=1
𝑖=1

(10)

From Formula (9), the friction heat on brake disc is
proportional to the friction radius of the friction pair on
the brake disc and the friction area of the friction pair. The
percentage of energy produced on any contact radius in unit
time out of total energy will reflect the structural features
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Table 1: Geometric parameters of brake disc and cylindrical friction blocks.
Brake disc size (mm)
Outer diameter
Thickness
320
20

Inner diameter
116

Friction block size (mm)
Friction block radius
Friction block height
20, 21, 22.5, 23
20

Wheel radius
445

Table 2: Properties of friction pair materials.
Density
(𝜌) kg⋅m−3

Elastic modulus
(𝐸) GPa

Poisson
ratio (V)

Brake disc

7850

202

0.29

32

477

Thermal expansion
coefficient
×10−6∘ C
12.3

Brake pad

5500

180

0.3

74

436

11.1

R1

of the brake pads, and this ratio can be defined as radial
structure factor (RSF) 𝑓𝑖 :
𝑓𝑖 =

𝑞𝑖
𝑟𝑆
× 100% = 𝑛 𝑖 𝑖 × 100%,
𝑞
∑𝑖=1 𝑟𝑖 𝑆𝑖

R0

H

(𝑖 = 1, 2, 3, . . . , 𝑛) .
(11)

3.2.3. Circumferential Structural Factor. For the impact of
brake pad structure on the friction heat distribution on
the brake disc in circumferential direction, we adopt the
circumferential structural factor, which is defined as the ratio
of clearance area 𝑆𝑐 between friction blocks to total area 𝑆𝑡 of
friction contact area of friction blocks multiplied by 𝑚, the
number of friction blocks on the same friction ring:
(12)

R5

3.2.2. The Process of Calculating the Radial Structural Factor.
The following will illustrate the process of calculating the
radial structural factor through an example (Figures 6 and
7). The geometric parameters of the brake disc and pad are
listed in Table 4. Three circular friction blocks of the same
radius are located arbitrarily on the disc friction surface
which is divided into seven equal distance rings of equal
radial distance (or the ring thickness) 𝐻 of 17.22 mm. The
criteria in choosing the 𝐻 are to ensure that there are at least
three friction rings under each friction block.
The area of each ring is as shown in Figure 7.
The center radii of the seven friction rings are calculated
based on the ring thicknesses and listed in Table 5.
The areas of the rings 𝑆1 ∼𝑆7 are calculated in AutoCAD
and are listed in Table 6.
The corresponding radial structural factors, as shown in
Table 7, are calculated according to formula (4).
Table 7 shows that the radial structural factors are relatively large with high variation and will lead to high
temperature and large temperature difference on the brake
disc. Optimization to the pad structure would be required.

R7
R6

From the point of view of energy, 𝑓𝑖 can represent the
difference in distribution of the brake disc structure. The
larger the radial structural factor on a friction ring, the higher
the energy and temperature generated.

𝑆
𝜀 = c ⋅ 𝑚.
𝑆𝑡

Specific thermal
capacity (Cp )
J/(kg⋅∘ C)

Thermal conductivity
coefficient (𝜆)
W/(m⋅∘ C)

R3
R2
R1
R4

Figure 6: Friction ring illustration.

S5

S4

S3
S6
S2
H
S1

S7

Figure 7: Areas of friction rings.

The lager the circumferential structural factor, the lager
the diversion of the brake pad in the circumferential direction.
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Table 3: Information on finite element mesh.
Number of
nodes

Number of
elements

28917
1560
1872
2183

24192
879
1053
1228

1590
2275

987
1487

Brake disc
A1
A2
A3
Brake pads
B1, B2
B3, B4

Element type

8-Node thermal
coupling hexahedral
element with reduced
integration

Table 4: Geometric parameters of the block and pad.
Disc dimension (mm)
Inner
Outer
radius
radius
147.97

268.52

𝑅2
173.80

Center radius of friction ring (mm)
𝑅3
𝑅4
𝑅5
𝑅6
191.02
208.25
225.47
242.69

Divide friction zone and calculate friction ring
parameters

𝑅7
259.91

𝑆1
𝑆2
85.62 1155.54

Calculate radial factor fi and the difference C

C < a, M < b

Table 6: Areas of friction rings.
Areas of friction rings (mm2 )
𝑆3
𝑆4
𝑆5
𝑆6
1959.88 2294.09 1566.58 986.16

Friction blocks’ initial
positions

30

Table 5: Center radius of friction rings.
𝑅1
156.58

C3D8RT

Start

Pad dimension (mm)
Number of
Radius of
blocks
friction block
3

Element abbreviation

Update block positions

No

Yes

𝑆7
434.42

Output friction blocks position data

End

3.3. Structural Optimization of Brake Pads. There is a corresponding relationship between the radial structural factor
and the circumferential structural factor of a brake pad and
the temperature field and thermal stress field of the brake
disc. The fluctuation of the radial structural factor can impact
the disc surface temperature and distribution of the stress
field. Therefore, the temperature field and thermal stress
distribution of a brake disc can be improved by reducing
the fluctuation of radial structural factor, lowering the largest
radial structural factor and increasing the circumferential
structural factor.
A program for brake pad optimization is written in
MATLAB. Firstly, program the friction block positions and
limit the moving range of the blocks. Secondly, calculate all
radial structural factors under the friction block arrangement
on any friction ring of the brake disc at certain increment.
Draw the distribution curve of radial structural factors in
radial direction, calculate the difference 𝐶 between maximum value 𝑀 and minimum value 𝑁 on the curve, and
make the difference smaller than a set value a by adjusting
the radial arrangement of the friction blocks to determine
corresponding brake pad structure. This brake pad structure
is then the most optimized brake pad structure. The process
is referred to in Figure 8.

Figure 8: MATLAB program flow chart.

Table 8 is the A1 data of optimized brake pad structure
of 5 friction blocks, in which 𝑟 is the friction ring radius
of friction block center on the brake disc and 𝜃 is the
circumferential angle (Figure 9) of friction block center on
the brake disc. Refer to Figure 10 for the optimized brake
pad structure obtained on basis of the above data and
nonoptimized brake pad structure model.
Figure 11 shows the nodal temperature distributions on
the disc surface corresponding to the brake pads formed by
5 and 7 cylindrical friction blocks before and after optimization. The braking speed is 80 km/h and the friction time is
5 s. The temperature field distribution on corresponding disc
surface after optimization is more uniform and temperature
difference is not large. On the other hand, there is an apparent
high temperature strip on the disc surface before the optimization, and the maximum temperature occurs at the radius
of the largest contact area with the brake pad. The uniformity
of temperature field distribution after the optimization is
obviously better than that before the optimization.
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Table 7: Radial structural factors.
𝑛
𝑟𝑖 𝑆𝑖
𝑛

1
13406.38

2
200850.23

3
374376.28

4
477744.24

∑𝑟𝑖 𝑆𝑖

5
353198.76

6
239331.17

7
112910.10

19.93

13.51

6.37

1771817.16

𝑖=1

𝑓𝑖

0.76

11.34

21.13

26.96

Table 8: Data of optimized pad structure.

B1

B2
2

Serial number
In friction ring
radius 𝑟 (mm)
Circumferential
angle 𝜃 (∘ C)
In friction ring
radius 𝑟 (mm)
Circumferential
angle 𝜃 (∘ C)

1

2

202

3

217

240

4
262

5

6

3
1

12.3

41.5

26.6 13.26 34.25

214

228

245

260

265

5

7

284

291

291

B3
2

1
4

B4

5
7
4
3

6

Figure 10: Numerical model of friction blocks arrangement (optimized: B1 and B3, nonoptimized: B2 and B4).

14.95 28.36 5.46 18.56 35.24 9.65 26.85
y

Brake disc

r

Pad
𝜃

o

x

Figure 9: Diagram of friction pair.

Figure 12 shows the radial distribution curves of nodal
temperatures on the brake disc surface. The maximum
temperature on the surface of brake disc B1 is 33.1∘ C, and the
maximum temperature on brake disc B2 is 43.4∘ C. The maximum temperature drops by 24% on disc surface pairing with
the brake pad of five friction blocks after optimization. The
maximum temperature on brake disc B3 surface is 34.8∘ C,
and the maximum temperature on brake disc B4 surface
is 49.8∘ C. The maximum temperature decreases by 30% on
the disc surface pairing with the brake pad of seven friction
blocks after optimization. The maximum temperature on
the disc surface corresponding to the optimized pad of five
friction blocks decreases by 4.9% compared to the maximum
disc temperature caused by the optimized pad structure of 7
friction blocks.
Figure 13 shows the relationship curves between radial
structural factor and friction radius of brake pad. Curves
B1 and B3 are of optimized brake pads and B2 and B4
are of radial structural factors of nonoptimized brake pads.
Obviously, B1 and B3 fluctuate less, and the corresponding
disc surface temperature distributions are more uniform

(Figure 12). B2 and B4 fluctuate more and have increased
nonuniformity in the disc surface temperature distributions
(Figure 11). The matching disc temperature decreases as
circumferential structural factor increases. Thus in terms of
structural factors, B1 and B3 structures are superior to B2 and
B4 structures.
Comparing Figures 12 and 13, there is a certain consistency between the nodal temperature distributions and the
structural factors, which demonstrates that the surface nodal
temperatures of the brake disc and the structural factors
in radial direction have the same trend and they have a
corresponding relationship.
Figure 14 is the radial distribution curve of thermal stress
on brake disc surface. For the optimized brake pad of 5
friction blocks, the largest stress on brake disc B1 surface is
22.6 Mpa, and for the nonoptimized brake pad of 5 friction
blocks, the largest stress on brake disc B2 surface is 32.3 Mpa.
The maximum stress on brake disc surface decreases by 31.3%
after optimization. For the brake pad of 7 friction blocks, the
largest stress on brake disc B3 surface is 25.3 MPa, and for
the nonoptimized brake pad of 7 friction blocks, the highest
stress on brake disc B4 surface is 38.2 Mpa. The largest stress
on brake disc after optimization decreases by 33.7% than
that before the optimization. The largest stress on optimized
brake pad of 5 friction blocks decreases by 10.7% than that on
optimized brake pad of 7 friction blocks.

4. Conclusion
(i) With the same total contact area of friction pair,
the number and arrangement of friction blocks can
impact the temperature and stress on the brake disc
surface. An appropriate brake pad structure can make
friction energy distribution more uniform to lower
peak temperature and stress.
(ii) Based on the relationship between the features of
friction blocks arrangement and the heat distribution
on brake disc surface, the concepts of radial structural factor and circumferential structural factor are
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Figure 11: Nodal temperature distribution on brake disc.
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Figure 12: Relationship between nodal temperature and friction radius.
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Figure 13: Relationship between structure factor and friction radius.
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Figure 14: Relationship between thermal pressure and friction radius.

introduced. The radial structural factor reflects the
distribution pattern of friction power on brake disc in
radial direction; the circumferential structural factor
reflects the distribution pattern of friction power
in circumferential direction. The larger the radial
structural factor and the smaller the circumferential
structural factor the more uniform the temperature
distribution on the brake disc surface and the lower
the maximum temperature on the disc surface.
(iii) Utilizing MATLAB to program brake pad structure
optimization. The brake pads formed by 5 round friction blocks and 7 round friction blocks are optimized
by reducing the largest radial structural factor and
increasing the circumferential structural factor. The
maximum temperature and stress on brake disc of the
optimized brake pad of 5 friction blocks are 4.9% and
10.7% lower, respectively, than those of the optimized
brake pad of 7 friction blocks.
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