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Railway wheels are one of the most important components of a rolling stock. Quality and
design of wheels are required to ensure safety of the rolling stock since wheel damage will
lead to serious accidents. Nippon Steel Corporation applies its own requisites in conjunction
with JIS E 5402-1 in order to control wheel quality. In terms of fatigue design of the wheel
web, Nippon Steel applies the loads to the wheel rim from the rail specified in JRIS J 0405.
In addition, thermal stresses due to tread braking which affect the fatigue strength are also
considered. In this report, our approaches to safety of the wheels with respect to quality and

design are described.

1. Introduction

Railway wheels play an important role as undercarriage compo-
nents. They are regarded as the most important components because
damage on wheels may cause the rolling stock to derail, resulting in
serious accidents. Wheels are engaged with an axle and used as a
wheelset. A wheel consists of a rim, which will come into contact
with a rail; a hub, which will be engaged with an axle; and a web,
which connects the rim and hub (refer to Figs. 1 and 2). Rims sup-
port the weight of rolling stock and roll on rails as one role. They
are also used as brake drums by pressing the brake shoes to the
wheel treads for braking. Accordingly, they must have rolling fa-
tigue resistance, wear resistance, and thermal crack resistance as
their characteristics. In addition, hubs, which are coupled with axles,
must have rigidity to secure holding strength. At the web, stress oc-
curs due to reaction force from a rail per rotation of the wheel (me-
chanical stress) and thermal stress originating in brake heat occurs.
Accordingly, the webs must have strength to endure such stress.

To ensure the safety of wheels, reliability from the viewpoints of
product quality and design is required. With regard to quality,
Nippon Steel Corporation determined its original quality manage-
ment items and specifications so as to supplement JIS E 5402-1Y
and has been working to improve product strength and production
management.

There was a movement in Japan to standardize the quality of
wheels that had actually been used in Japan and as a result, new

wheel quality standards were established after deliberation by the
Japan Association of Rolling Stock Industries.?

As regulations for evaluating the strength of wheel webs in de-
signing, JRIS J 0405% includes regulations for mechanical stress.
Nippon Steel evaluates the strength also considering thermal stress
from brake heat so as to design wheels with higher safety. In addi-
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tion, to make strength evaluations more accurate, we performed fa-
tigue testing to understand fatigue strength at wheel webs when me-
chanical stress and thermal stress worked simultaneously, which has
made it possible to determine more appropriate allowable stress.
Furthermore, in order to evaluate stress working on wheels more
precisely, we have made it possible to analyze elastic-plastic stress
in practical time, in place of conventional elastic stress analysis.
This was enabled thanks to the advancement of analysis techniques
in recent years.

2. Wheel Quality Management

As standards for the quality of wheels to be used for convention-
al line rolling stock in Japan, JIS E 5402-1 “Rolling stock-Solid
wheel-Part 1: Quality requirements” (hereinafter, “JIS E 5402-1”) is
available. In addition to the quality management items in the stan-
dards, Nippon Steel uses its own quality management items in man-
ufacturing. In 2022, JRIS D 1202 “Rolling stock-Solid rolled
wheels-Quality requirements” (hereinafter, “JRIS D 1202”) that ad-
ditionally includes such original quality management items of Nip-
pon Steel was established as the standards to supplement JIS E
5402-1.

When railway companies adopt new wheels (wheels manufac-
tured by new manufacturers and/or wheels manufactured with a new
manufacturing method based on a new condition or newly designed
wheels), they need to refer to both JIS E 5402-1 and JRIS D 1202 in
order to retain the same quality as wheels that have actually been
used in Japan.

2.1 Main characteristics of Nippon Steel’s wheel quality man-
agement
(1) As wheel materials, continuously cast materials produced at

Kansai Works Wakayama Area are used. Such materials have

the excellent characteristics listed below.

A. Regarding the hydrogen content, which affects the brittle-
ness of materials, we sample test specimens in the melting
process at appropriate sampling timing and use appropriate
analysis equipment in such a way that the measurement ac-
curacy becomes the highest. This enables us to understand
the residual hydrogen content accurately, which works well
to suppress hydrogen embrittlement.

B. The content of Cu components, which affect hot forging per-
formance, is low.

C. The quantity of nonmetallic inclusions, which may cause
wheels to break, is small.

(2) In wheel production, we periodically check quality even though

this is not a prerequisite of JIS E 5402-1.

We extract wheels five times per year for each steel type to

check for variations due to changes in the quality management

items over the years.

2.2 New quality management items determined since JIS E

5402-1

Table 1 lists the new quality management items that are included
in JRIS D 1202 but not included in JIS E 5402-1. They were addi-
tionally determined by drawing on the characteristics of the wheel
quality management at Nippon Steel.

While JIS E 5402-1 instructs that only shipping inspections be
performed, JRIS D 1202 instructs that type inspections be per-
formed to check the quality of new wheels and perform periodic in-
spections, which Nippon Steel conducts on a regular basis, to check
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Table 1 Additional quality requirement for JRIS D 1202 in contact
with JIS E 5402-1

. . Regular
Quality requirement Type test

intervals test

Chemical composition
(Check analysis)
2 |Hydrogen content

O

Mechanical properties
(After heat treatment)
Impact resistance characteristics

Hardness in the rim

Material cleanliness

Fracture toughness

ARSI RV RS
O|O0|O0|O0|0O| O |O] O
O|O0]O0|O0|0O] O

Residual stresses

Hardness variation of rim

>
|

9 |divided into 8 circumferential
sections

Fatigue strength of wheel web of
wheel plate

Wear test VN
Circumferential residual stresses

11

12
after tread-braking test

On-track test A

13
O: Necessity

~: According to situation (Wheel corrugation, abnormal wearing, etc.)

whether the quality is maintained.

Type inspections are performed to determine whether the new
wheels’ properties are within the specification ranges of the quality
management items.

In periodic inspections, wheels are sampled five times per year
for each steel type (SSW-QS and SSW-QR) to determine whether
their specification values are within the specification ranges of the
quality management items.

3. Method to Evaluate the Strength of Wheel Webs

For most of the wheels that are used on conventional trains in
Japan, a braking method in which the brake shoes are pressed to the
treads where the wheels are in contact with rails is used to reduce
the speed. In this braking method, the temperature of the wheels in-
creases due to frictional heat from braking, generating thermal
stress. The mechanical stress due to reaction force from rails is high-
cycle stress for which the stress intensity periodically changes as the
wheels rotate. Meanwhile, thermal stress does not change much in
one rotation of a wheel and thereby it is almost constant. According-
ly, thermal stress works as mean stress and does not work as fluctu-
ating stress. However, the thermal stress is larger compared with
mechanical stress (refer to Figs. 3 and 4). Its superposition on me-
chanical stress greatly affects the fatigue strength of the wheel web.
Therefore, thermal stress may need to be taken into account in fa-
tigue strength designing.

As standards for evaluating the strength of wheel webs, JRIS J
0405 is provided. However, JRIS J 0405 only describes evaluations
based on mechanical stress and does not mention thermal stress due
to braking. With regard to overseas standards, the European Norm
(EN) 13979-1 and International Union of Railways (UIC) 510-5%
do not include evaluations of thermal stress occurring at webs. The
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Fig. 3 Thermal stress distribution obtained by FE analysis
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Fig. 4 Mechanical stress distribution obtained by FE analysis

Association of American Railroads (AAR) S-660¢ provides stan-
dards for evaluating thermal stress on webs through elastic stress
analysis but does not include fatigue strength evaluations. Nippon
Steel has been analyzing thermal stress on webs through elastic
stress analysis for many years and, as described above, we have
been regarding it as mean stress in fatigue strength designing. Using
this strength evaluation technique, we developed new A-type corru-
gated wheels as brake heat-resistant wheels,” and the use of the
product began in 1994 in Japan and overseas. The recent advance-
ment of finite element analysis techniques has made it possible to
use general programs for elastic-plastic stress analysis. This encour-
aged Europe to start utilizing elastic-plastic stress analysis to evalu-
ate residual stress on wheel rims that occurs as a result of braking.
Consequently, to make more logical fatigue strength evaluations in
line with the current techniques’ levels, we started utilizing elastic-
plastic stress analysis to calculate the thermal stress on wheel webs
and using the obtained results to evaluate the fatigue strength. This
paper reports the evaluation technique. In addition, an allowable
stress diagram is required to evaluate fatigue strength. However, the
allowable stress diagram included in current JRIS J 0405 lacks data
on the high-stress ratio, which is required when thermal stress is
considered. Therefore, we performed additional fatigue testing and
proposed a new allowable stress diagram that was created based on
the results.® The details will be reported in another report entitled
the “Railway Wheel Web Allowable Stress Diagram.”

4. Wheel Web Strength Evaluation Technique Con-

sidering Thermal Stress Due to Braking

Figure 5 shows the flowchart for calculating the fatigue safety
factor of a wheel to be evaluated.
(1) Analysis model creation

To eliminate differences in the calculation results originating in
analysis models, the strength evaluation areas, element types, mesh-
ing method (including element sizes), and boundary conditions were
determined in detail (refer to Fig. 6).
(2) Analysis of wheel temperature after wheel tread braking

With regard to temperature analysis targeting brake heat, condi-
tions are determined based on results of investigations of the tem-
perature on the sides of the wheel rims of currently-used rolling
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‘ (1) Create an analysis model ‘

v

‘ (2) Thermal analysis of a wheel by tread brake

v

‘ (3) Thermal stress analysis ‘

(4) Mechanical stress analysis under a condition subjected to

reaction force from rail

v

(5) Calculation of mean stress and stress amplitude in all nodes of web surface

}

(6) Evaluation of safety factor in all nodes of web surface

Fig. 5 Evaluation flowchart of fatigue strength of wheel web
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Fig. 6 Strength evaluation area, meshing and boundary condition

Table 2 Conditions for heat transfer analysis

Heat tit
cat quantity pet Period of heat (s)
second (kJ/s)
Braking frequency is high 19.6 1200
Other than above 11.9
/s / ll'/!-
|‘- 60mm (Heat input area)
4
\ -
' | 4 26mm

Fig. 7 Heat input area in heat transfer analysis

stock measured with thermo labels. Temperature analysis conditions
are determined for two cases: One in which braking is frequently
applied and the temperature of the wheel rims is high and another
case for the other travel conditions. Specifically, conditions are de-
termined such that the temperature 10 mm below the tread of a new
wheel will become 230°C or 150°C. Table 2 and Fig. 7 show the
analysis conditions. Before determining these conditions, a braking
bench test was performed to confirm that the temperature of the side
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of a wheel rim measured using a thermo label and that 10 mm below
the wheel tread measured with a thermocouple are evaluated as
equal. The heat input time was determined such that the increase of
the temperature 10 mm below the wheel tread would become close
to equilibrium. However, the braking conditions vary depending on
the rolling stock and services. Thus, analysis conditions need to be
discussed among interested parties and need to be revised, as re-
quired.

(3) Thermal stress analysis
Thermal stress is calculated through stress analysis by using the

wheel temperature distribution that was obtained through wheel

temperature analysis as heat input conditions. Thermal stress is cal-
culated through elastic-plastic stress analysis considering the fact
that it exceeds the material’s yield stress.

(4) Elastic-plastic stress analysis in a state where thermal stress oc-
curs simultaneously with mechanical stress due to reaction force
from a rail
The web stress when thermal stress and mechanical stress occur

at once is evaluated through elastic-plastic stress analysis. As reac-

tion force from a rail, which is an analysis condition required to cal-
culate the mechanical stress, the four conditions shown in Fig. 8 are

used. These conditions are the same as those included in JRIS J

0405. For each of the four loading conditions, elastic-plastic stress

analysis is performed. Because the stress exceeds the yield stress

under the conditions, to make evaluations in an elastic shakedown
state where plastic deformation settles, the stress in the third turn of
the wheels is used for evaluations.

(5) Evaluations of mean stress and stress amplitude for all nodes
For each node on the surface of a wheel web, the mean stress

and stress amplitude are calculated to evaluate the fatigue strength.

First, the maximum value among the maximum principal stress val-

ues under the four conditions is regarded as maximum stress o

and then the stress in the maximum stress direction is output for

each loading condition. The minimum value among the stress values
is regarded as minimum stress ¢, . Formula (1) is used to calculate
the stress amplitude o, and formula (2) is used to find the mean

stress o, .

(amax B O—min)

5, = s T, )
(Umax + (Tmin)

I @)

(6) Evaluation of the safety factors for all nodes

Figure 9 is the allowable stress diagram to be used to evaluate
strength. To calculate the allowable stress o, which is expressed as
stress amplitude, an eighter of formulas (3) and (4) is used based on

the stress ratio R.

7,=220-0.202%_(R<0.51) 3)

5,=313-0426%5_(R>0.51) 4)
o_.

R=-—— ®)

Where, the unit of the o, and o _is MPa. The safety factor S, is
calculated as follows: By plotting the mean stress o, and stress am-
plitude ¢, which were calculated through stress analysis, on the al-
lowable stress diagram as point A (g, , ¢,); and by using formula (6)
and intersection B at which the line extended from line segment OA
meets the allowable stress line.

OB
5= (©)

The safety is finally assessed by confirming, through compari-

son, that the calculated safety factor is higher than the safety factor

of existing wheels that have actually been used for traveling.

5. Conclusions

(1) Railway wheels are critical components. Nippon Steel has
been working on its own on the following matters from the
viewpoints of quality and design so as to enhance the safety.

» With regard to manufacturing quality, we manufacture wheels
based on our management standards that are stricter than wheel
quality standards JIS E 5402-1 by drawing on the advantage of
us also being a steel manufacturer.

* We conduct periodic quality inspections, working to maintain
stable and consistent quality.

» Regarding designing, in addition to evaluations of web strength
against mechanical stress due to reaction force from rails,
which are defined in JRIS J 0405, we have been conducting
strength evaluations through elastic stress analysis, also con-
sidering the influence of thermal stress due to braking.

* As the finite element analysis techniques have advanced in re-
cent years, elastic-plastic stress analysis is used for stress anal-
ysis that considers brake heat. In line with the application, the
allowable stress diagram was also reviewed, which has made
more precise evaluations possible.

(2) To stipulate the quality of wheels that had actually been used
for travelling in Japan, JRIS D 1202 was established in 2022 as
new quality standards. In order to achieve the same quality as
wheels that have been used in Japan, the new standards must
be referred to.

(3) Regarding designing, new standards for evaluating wheel web
strength considering thermal stress to be caused by wheel tread
braking are under adjustment toward establishment.

E
E Unit (mm)
125 =
L 65 35 35 95
O\ lQ 10 Q 10
P, P, gt P
a)  Casel b) Case2 ©) Case3 d) Case4

Fig. 8 Combination of loads and load position®



NIPPON STEEL TECHNICAL REPORT No. 133 MARCH 2025

A
i
AN

Stress amplitude o, , Allowable stress o 4(MPa)

0a =220 —0.202 X on

“
'\_/ (out om=107¢)

Omax = O f

\ B 0.=313 — 0426X 0Om
.
N, s
\ g T~
BN A (g, @) * S~
N N\ ~——_
. i S~
o (0, 0) Flow Tensile True fracture
Stress o' strength o stress o't
Mean stress o, (MPa)
Fig. 9 Allowable stress diagram
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