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Contact models - Hertzian contacts

Pummelling

Surface Roughness

Creepage/slip, Creep forces - including thirdbody layers
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Conformality

Equivalent Conicity
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Fundamentals of Contact Mechanics

Contact Mechanics

Geometry Stresses Applications

[Point Contact (circle)} [- Macroscale }
I

Line contact (band) Non-hertzian bearings, gears, wheel/rai
Ellipse (in between) e friction e Microscale
General Shape e plasticity easperity interaction, wear

P |
'S PRINCIPLES COURSE - JUNE 22 en e s \WIRE 2022



Hertzian contacts

Semi-minor axis - b

Rollirig Ralius
of Wnazal

Semi-major axis - a
Semi-infinite bodies
area of contact small compared to size of the
body and radii of curvature
! The surfaces are continuous and non-conforming
Frictionless

=
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Hertzian Line Contact

[pE]”
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A y P’=P/t = load per unit length
/-’ - R = (1/R,+1/R,) "= effective radius
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Line Contact Stress Field

-~1.0 a/pe 0 0.5 1.0 1.15 x/b
}
T T T T T T

A

05 \ The stress field
. appears the

L Po same in any

| n parallel plane,

Fe i.e. “plane
b \ stress”
2.0 ‘
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Point Contact "

* e.g. ]

— sphere on flat K 2 ﬂ =
— sphere on sphere o i

— two cylinders '
crossed at right e 214
L, _ 1| 6PE
angles S e
a2
2=

PRINCIPLES COURSE - JUNE 22 g iy

Conseil national de
a recherches Canada



P

Hertzian Formulae

Line Contact
Width 2b, Load P’ per unit length

Circular Contact
(diameter 2a, load P)

Semi-contact width or
contact radius

L2
e
E

1/3
2
4 E

1/3
Maximum contact p-|P E]" p-l 6PE”
pressure (“Hertz Stress”) ¢ R ° x| R?
P [1-v2[ 4R 1], 1-v2[ 4 & 1fo p2 1"
Approach of centers O=""—1—L|In—t——|+—*|In—* |- O="—=—|>—"—
T | E b 2 E, b R 2|2RE
Ry - P 2
Mean contact pressure =—=—P =—==P
p p 2b 4 4 p mz 3 o
T, =030P, T .=031P,

Maximum shear stress

at (x=0, z=0.78b)

at (r=0, z=0.48a)
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Most contacts are non-Hertzian

|
=

Generally: Hertzian assumption is not
too bad: +20%
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'S PRINCIPLES COURSE - JUNE 22 en e s \WIRE 2022



L=

10

Terminology

Wheel flange Flange Wheel tread Field side
root

Wheel hollowness i

Tread wear

Worn wheel
Unworn wheel
Back of flange

Wheel tread

Field side
contact False flange

Top of the rail

Wheel flange wear

Rail head
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Wheel/rail stresses

Stress and damage
depend on:

L=

wheel radius

wheel load

friction coefficient

wheel/rail profiles
(contact geometry)
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High rail

Non-conformal contact

/ Wheel False Flange

Hollow wheels
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Contact Stress Calculation #1

Wheel load
P=18000 kg
=39600 Ib

e.g. AAR1B wheel

T
480mm radius wheel f \

=38"” diam

\
-
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Contact stress calc. - TOR _

. . _(1-vi 1-v]
Steel wheel on Steelrail & =\~ "%
1 2
v, = v, = 0.29, E, =E, =200GPa - E*=109¢e9 Pa = 1.58e7 psi
8” (200mm) rail head radius Ry = 0.200m, Ry = oo
New tapered wheel profile Ryt = o0

Wheel radius is 480mm (=19”) Ry, =0.480m
Wheel load is 18000 kg X 9.81 =176.6 KN=P

2 ,
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Complete calculation

= L 1/3
#2
-1 -1 h 1 (SJ?EE
Rr=(—+-—) =(5+=) =020m . P= —— | F1(R,/Ry)
Rpr Ry 0.20 a EHlpUcaI o T }?-
1 1\"1 /1 1 -1 contact
R, = (R_RL+R_VI/L) —(g+m) = 0.480m_

R =./R:R;, = V0.20 x 0.480 = 0.31

1/3
1/3 3 PR
_1|6x176,600 x(109¢2)*| " . a= [_ n } Fi(R./Rr)
Py = ;[ Y ] = 1616 e° Pa 4 F
1/3
a = |2 20 < 0,00722 m = 7.22mm ->14.5mm diam, 9/16”
4 109e
é National Research  Conseil national de
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Contact Stress calc. — gauge shoulder

Wheel load
P=9000 kg
=19800 Ib
240mm radius wheel /'
~19” diam R3g/ R32
\ /
- 14w smems WIR 2022
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Hertzian Contacts — Sigh Convention

Contact with flat Conformal contact Counterformal contact

R,
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Contact stress calc. — rail shoulder
32 mm radius Ry = 0.032m, Ry = o0

* 38 mm flange root radius Ry =(-0.038m
e Wheel radius is 240 mm Ry, = 0.240m

R, = 0.240m
_1 . . B
R, =(; _ ;) _00027 [ R=V0240x02027 = 0.221
0.032 0.038
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Complete calculation

P =9000 X 9.81 = 88290N

L1173

6 x88290%(109e

R: POZ%[

4 109e°

1/3
3 PR} L [3 88290%0.22111/
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0.2212

o2 1/3
] = 1608 e® Pa

1/3
] =0.00512 m =5.12mm —10.24mm diam, 13/32
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l HertzWin 3.3.1
Material propertie
Body 1
Select material
Young's modulus
Poisson's ratio

Maximurn stress

Dimensions and o

(®) Circular/ eliptical
Body 1

Radius 1x ||E|E|EIEIIII
Radius 1y |225
Ruughness||:|

Results

Contact radius a
Contact radius b
Hertz contact stress
Max. shear stress 1
Max. shear stress 2

=
L=

o HertzWin 3.3.1
Material properties
Body 1

Select material

Young's modulus
Poisson's ratio

Maxirmum stress

Dimensions and cor

(@) Circular/elliptical
Body 1

Radius 1x 1000000
Radius 1y |32
Roughness |0

Anale III deqre

Results

Contact radius a
Contact radius b
Herz contact stress
Max. shear stress 1
Max. shear stress 2

PRINCIPLES

o HertzWin 3.3.1
Material properties

Body 1

Select materil e
Young's modulus GPa
Poisson's ratio
Maximum stress MPza

Dimensions and contact type

i®) Circular/ elliptical contact
Body 1

Radius 1x 10000000 mm
Radius 1y mm [ ] Infinite
Roughness D um

Angle III degrees %ﬂ;-ﬂﬂgle

Results

Contact radius 3
Contact radius b
Hertz contact stress
Max. shear stress 1

£.699 mm

2.155 | mim

2920 MPE

'|'I

953.2 MPa
COURSE - JUNES22

Max. shear stress 2

Body 2

Select materil e
Young's modulus GPa
Poisson's ratio
Maximum stress MPa

() Line contact

Body 2

Radius 2x (240  |mm [ Infinite
Radius2y (50  |mm []Infinite

Rnughnesslzl um

Tensile stress at radius a 206.7 MPa
Tensile stress at radius b 254.2 MPa
Impressiaon 147.7 um

Hertz contact stiffness Cz
Elastic energy

5.22 |8

8.97E08 N/m

Edit material...

Force
Newtun

(O Rolling

Mormal

(®) Static

Contact
F |narmal

23
L. 2w

Litetime
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Rail/Wheel: Hertzian Contact Stress (MPa)

P

o

6 PE **
TR’

spherical contacts

1/3

Fi(RL / RT)—2/3

accounts for ellipticity

Location

Traverse Radius

Load, Wheel Radius

Rail Wheaal 18 Tonnes 18 Tonnes 9 Tonnes

{mm) {mm) 480 mm 240 mm 240 mm
+200 =300 1130 (1.00) 1438 {1.27) 1141 (1.01)
Rail Cromn i +75 =100 1428 (1.26) 1734 (1.59) 1424 (1.26)
+100 =300 1819 (1.61) 2267 (201 1800 (1.59)
[ +200 infinity 1645 (146) 2053 (1.82) 1629 {144}
Rail Shoulder b +32 238 1637 (145) 2043 (181 1622 (144}
+32 44 1984 (1.76) 2469 (2.18) 1960 (1.73)
Flange Root +3 -85 2678 (2.37) 3317 (2.9 2632 (2.33)
Falze Flange +300 +50 2845 (2.52) 3520 (312} 2794 (247}

P

H

= PRINCIPLES COURSE - JUNE 22
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Elastic loading of quarter space

d/a=2.0

d/a=1.14 d/a=1.14
T/N=0.0 T/N=0.4 T/N=0.0

» Leads to gauge corner collapse

* In lubricated track, the DSS’s are “cylindrical”

* In dry track, the DSS’s are “flatter” or “straight”
» Collapse is stronger if closer to the edge

- |
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*  Plan view of contact ellipses on high

Wheel/rail contact

oint 1

Po=2626.87
Flong=8402.61

Point 0
Po=1103.15
Flong=-5796.96
Flat=12307.6
Pn=55477.8

rail for different angles of attack
i I
% 3

116

TOP
RUNNING ¢
SURFACE
FLANGE |
SURFACE

&

-]

1
/////F///////////'/
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(/S SV SN S
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ANGLE OF ATTACK O
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Surface Damage and Pummelling

RELATIVE

0.5¢

FREQUENCY
0.5f
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Pummelling

i
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re136_10.400 re141.400
—————
re136_10.400 re141.400
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SURFACE ROUGHNESS

>
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Surface Roughness

X5000 ¢  XS000 On d MICro-
%7 T T X
i »g\ W scale,all
@ E F G H f
X1000 / surtaces are
 Xsooo4 =~
’ . rough
: >, ; - 7 l D, //4' g
g y y x
(b) A B C D from Dagnall H, Exploring
\ Surface Texture, Rank Taylor
W\‘ " M Hobson (1980).
X5000 $ X% X X

- |
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Contact between real surfaces

e Real area of contact is much smaller
than the nominal area

* Apparent area:
AA :ab /M_,_'b 7

Pyl

* Real area ) L
AR - i=l Al reuliu af cnnluc? ) |
I

* Pressure = load/area
- |
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Contact Stress

e Elastic contact models can be applied with errors of
only a few percent if the combined roughness of the
two surfaces is less than about 5% of the bulk elastic

compression, I.e.

_ o 16E"R\"/* c
a = 5 0'( 9P ) < 0.0
* Hertzian spring: 0.05-0.15mm =>2.5-7.5 um
< e e wmese. WIRI 2022
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Effect of wheel load and wheel radius

0.25

0.2

0.15

0.1

0.05

8 9

10 11

roughness G, (microns)
6= (6,2 +0,2)12
Where:
0 = composite roughness
6; 6, = RMS roughness values of bodies 1 and 2
Orms = 1.3 6¢ 4 (Measured)

-

\/ PRINCIPLES COURSE - JUNE 22

wheel load (kg)

200mm rail crown radius
457 mm wheel radius (36” diam)

Cutting wheel diam in half
increases roughness threshold by
approx. 1 micron

Roughness threshold (microns)

Wheel load | Wheel radius (in/m)
klb kg 18/0.457 9/0.229

6600] 3000 3 3.5
19800 9000 7 7.5
33000{ 15000 9.5 10.5

I * l National Research  Conseil national de
Council Canada recherches Canada
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Roughness from rail grinding

Y (micsans)

T T T T T T T T T
60 .
50
40 T
30
20 I

U

1 ) Immediately after grinding

1 1 1 1 1
0 10000 20000 30000 40000 50000 60000
X {microns)

B) Approx. 2MGT after grinding

A8BERRE

o 10000 20000 30000 40000 50000 60000 U S Tra NS |t

X (microns)

- |
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“Rough” grinding

VA, W Y TR
Ll o o T S e -, T

May contribute to noise and vibration, corrugation,
RCF and squats/studs

P

National Research

vy Rel
\©/ PRINCIPLES COURSE IUNEE =
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The rough wheel and wheel climb =

Flange profile curve (before test) Feed Contact area
Cuﬁgﬂsg speed Tread Flange
. : 35 rpm
Asperity Surface roughness ; : . P:25kN  Q:25kN
\ Ra: 2.96 um (Using cutting fluid) .
' . T. Ban et al, A study on the
W e N <4—0.5mm/rev—Pp» ‘ ' coefficient of friction
Test wheel 1 : between rail gauge corner
and wheel flange focussing
Ra: 11.4 um on wheel machining,
Proceedings International
R Wheelset Congress,
(JR standard feed) Y u Orlando, 2004
<4 |.0mm/rev—Pp kl
Test wheel ii
Ra 303 um
<4—2.0mm/rev—p» }m“" }u
50u Test wheel iii A ;‘
0.5mm 10mm

@ PRINCIPLES COURSE - JUNE 22 e s sz WIRE 2022
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Surface Roughness - conclusion

Important
— high frequency phenomena (noise, vibration)
— Deformation of the micro-surface layer
Little impact
— bulk contact stresses
— Wheel/rail forces
Wheel roughness «— wheel climb ??

Rail corrugation: == 30% on hertz stress
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CREEPAGE/SLIP

>
\o/ PRINCIPLES COURSE - JUNE 22

i+l co

34

nal Research  Conseil national de
cil Canada recherches Canada



From AH Wickens (1978), Dynamics and the Advanced Passenger Train

>
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Longitudinal
Creepage

1% creepage
Under traction: 1.01 revolutions of
wheel to travel 1 circumference
(e.g. 363.6° vs 360°)

l e l National Research  Conseil national de
Council Canada recherches Canada



Creepage in a single wheel/rail .
contact

™~ Longitudinal Creepage
V.-V,
|y Ty

il

— Lateral Creepage

) Wy
Yy 7 Y

s Spin Parameter

ot o (@) :{ (ab)‘“}an i

V.R R

1

P |
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Stick and Slip in the Contact Patch

T, |5
P
. Wy > W, | 4 4N — Limiting Friction Force
S T T
o0 ! ]
= : :
8 o ' .
8 &y $xi o ! . Contact patch
s ©) : fxy T ! . (shaded area
v o o} a | | are regions
3 L= 14 | o | ! of slip
S I
g 0 AL S i :
g @ I ﬁx: : :
2 — 52 : ' . »Creepage
S Wz f ‘«——Creep > Slip — Pag
e ; O O
E , Pure rolling Gross slip (u * Load)
6):1 . Tl axl

Elastic deformation in rolling bodies in stick and slip regions in rolling sliding contact

P |
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THIRDBODY LAYERS AND THE
TRACTION-CREEP RELATIONSHIP

>
-
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Third-body layer

- Petrochemical:

oil, soap, grease

- Solid / mechanical:
moly, graphite

- Chemical:
phosphate, salts, etc.

FILM

WHEEL
%ﬂ [V YNNIV
AT AT AL AT

A h A A AN A A A A P Al M
N VI AR VA A A AR VAR BB VA A T L

LAYERS:

Any microscopic
mixture of solid
and semi-solid
particles

!
!

10000x I RAIL
10X

»
Ll

P
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Thirdbody layer

Stick Slip
Zone. Zone.:
Body 1 (wheel) M, /' }
Body 2 (rail) ( 5
5,=56,=0 , .
g 8 |18 i B
s=0

Body 3 (Interfacial layer)

Body 2 (rail)
5, 3
=

=0
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FRICTION-CREEP CURVE

° ° 40 / - ~o
Wheel/rail traction- |/
N
\\\
creepage curve ] et et
./7/ \\ \\\‘\
/o~ - B ~—~u
§ ll /, \ :(:EI AND \\\\
5 25 | ><\ T
= /4 TER T4 _
w 2o / — = O
1 = R~
Fleld TEStS ._zu /§NUIL HATER-SAND
[8)
. «c 15
(Logston & Itami 1980) w 7 f
!
10
EFFECT OF RAIL CONDITION
TANGENT TRACK
S - AVERAGE F-C_CURVES
TRACTION MOTOR 1
ALL TEST SITES
0 U 1

0O S 10 15 20 25 30 35
PERCENT CREEP

- |
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COF (i) at TOR/wheel-tread contact

P

t

o

SUNSHINE

»

RAIN HUMID WEATHER
| |
no layer Fe,0,and H,0
p=0.2-0.3 p<0.2

Y

thick layer of Fe;0,
u=0.6-0.7

Y

rate of removal
(chemical or mech.)

Y

COEFFICIENT OF FRICTION
0.05 TO 0.7

film (no layer)
u=0.05-0.2

weaken or strengthen
the layer

weaken the layer

oil or grease

inorganic
contaminants
(sand, clay, rust)

PRINCIPLES COURSE - JUNE 22

organic contaminants
(leaves, hydrocarbons)

l*l National Research  Conseil national de
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PERCENT FRICTION

Stick-Slip - The prony brake )

FRICTION-CREEP CURVE
40 —=~ . . . . .
N Negative Friction Characteristic

35 o + Ccreepage
* Noise
/ . .
/ f\<0n. SAND e Vibration
\ S~
* Corrugation

——
/

EFFECT OF RAIL CONDITION
TANGENT TRACK

S AVERAGE F-C CURVES
TRACTION MOTOR 1

ALL TEST SITES

0O S 10 15 20 25 30 35
PERCENT CREEP

P
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Wheel/rail stresses

« \Vertical, longitudinal, and lateral forces
- Leadto a complex stress field

— Compressive, tensile and shear
stress components

* P, Is maximum normal contact stress
* Important stresses = 1,, T,,

— The stress on the z plane in the x A A
and y direction L s Fome Longiudina

— Cause shear of rail surface

- |
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Effect of shear stress

Direction of longitudinal

creep forces applied to
rail by wheels
Flakes/Cracks

Microstructure Laminates

Figure 14.(c): Ratcheting Strains in Rail Material Caused by Large
Longitudinal Creep Forces Between Wheel and Rail

P |
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SHAKEDOWN

>
\o/ PRINCIPLES COURSE - JUNE 22

i+l co

46

nal Research  Conseil national de
cil Canada recherches Canada



Surface + Subsurface Fiow

Subsurface Flow C

Load Factor

\ Repeaied Plastic Fiow

Surface Flow

+ - elasfic limit

—_—
| | | 1

elastic-perfectly plastic
shakedown fimit
kinematic-hardening
shakedown iimif

0.1

Line Contacts
“

NS PRINCIPLES COURSE - JUNE 22

0.2 0.3 0.4 0.5

Traction Coefficient

?.
hurernaTivG INCREMENTAL GROWTH
PLASTICITY
(PLASTIC {RATCHETTING )
s} SHAKEDOWN)

ELASTIC
SHAKEDOWN

ELASTIC

Subsurface — 1 ——— o

Surface

l e National Research  Conseil national de

01 2 = 0L
Traction coefficient f

Point Contacts

Council Canada recherches Canada

05

0-6
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Limit- Standard Rail

Shakedown Diagram: Mk3 Coach, 1000m Radius Curve 48
Ground Rail Profiles, High Rail

= = = =Ljmit- Hardened Rail
Limit- Empirical
+ MNMew P8 Wheels WS1 tread

AT

Rail Technology Unit {1100

23009 . Lightly Womn P8 Wheels W1 tread
Wrisa2 Wheels WS1 tread
2000 - e
S
» L]
— ‘ -
™ a
5 1500 4 .
E ...-. '..1.:.‘ :;
0 1agd Susa 1‘-? o -
@ &'3‘3’“-&}?&':{3’:? S g
F - & “ : < - -
- R Y S A e e i L
2 1000 $==i A S S
At
=
L]
o
500 A
D 1 T T T L] T T 1] T 1
i 0.05 0.1 015 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Tangential Force Coefficient

P |
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CONFORMALITY

>
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Conformality

PRINCIPLES COURSE - JUNE 22

- closely conformal (as per hertzian spring)
0.1 mm (0.004”) or less
- conformal
0.1 mm to 0.4mm
(0.004” to 0.016”)
* hon-conformal
0.4 mm (0.016”) or larger

RDRLBOGIE: AMTK5622 L2 Acela Coach: 3215 L1
X

X

l A l National Research  Conseil national de
Council Canada recherches Canada



Conformality

51

)

-

-y

Single Point Contact

<Al >. A R o ]

Gage corner damage

P

B
'~/ PRINCIPLES COURSE - JUNE 22

Two Point Contact

Conformal Contact

Worse steering

Better steering in curves

I W l National Research  Conseil national de
Council Canada recherches Canada



Wheel and rail profiles - conformality between
the wheel and high rail

S

MNSF grain car wheel d AAR1B narrow flange wheel
T P
RE 136-10" rail / NRC-H1 template

1pt, non-conformal 2pt, non-conformal

S

’MSF wheel "Average" BNSF grair%el

RE 136-10" rail NRC-H2 template

\ /%mot conformal

1pt, conformal

52
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m<04

"High stress"

Seg 02

[1-0.4 to -0.1

Seg 03 Seg 04

m-0.1to 0.1

Seg 05

@0.1to 0.4

H>04

"High wear"

53
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Conformality Analysis summary - sharp curves

S2-2: Elizabeth S2-3: Elizabeth

||||II |I|I| thi | | Illllll‘ '||| ‘ ||||||| | | ||| "- | |||I| | II| i I || [ |
~
‘- o ©
- Ay =3 w

S$3-2: Mystic S3-1: Mystic

ol .|.|.||||||u||......|‘ “ “'W” ol .. mem \M H mm”

© ~

~ S 3

. ! ‘-. 1 Bl B
N o o

) ) )

= = = =

-
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EQUIVALENT CONICITY

>
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Rolling
Radius
Difference

(zero for unworn,
centered wheelset)

Wheel trem\

B2B

Wheelset back to back

Yaw stiffness k

Note: Assumes wheels have same diameter!
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Rolling

Radius o
Difference o
(for straight tapered

wheel)

Lateral —V
Offset :

Yaw stiffness k dy

R=(R, +Ry)/2
Longitudinal Creepage v, = OR/R
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The Free Wheelset - Hunting
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Rolling Radius Difference

mmmmmmmmmmmmmmmmm InpulOutpu

10 - 2 ;
of : ) 0.16 16| 3 Load: 5100
i BR_ec(250,026)-0.159747  + . 16 R_load 5100
af : 14 :
2 : 12 :

|||||||
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Why do we care?

Effects

Hunting

Lateral Forces
Wheel/rail wear
Wheel/rail RCF
Corrugation
Noise

Vibration

>
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Consequences

Comfort, lading damage, safety
Safety (Wheel climb, rail rollover)
Economics, V/T availability
Safety, inspection, maintenance
V/T damage, maintenance
Comfort, health

V/T damage

l o l National Research  Conseil national de
Council Canada recherches Canada



61

Conclusions

Hertzian contacts

e Linear elasticity - line, point and elliptical contacts
* These calculations are “reasonable”

* Lesson: don’t rely too much on absolute numbers

Pummelling — need to consider whole range of profiles/conditions
borne by rail/wheel

Roughness generally not a contributing factor re contact stress
Wheel and rail (transverse) profiles control contact stress
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Conclusions — cont’d

Friction raises the stress levels (and damage) considerably
Stick and slip regions in the contact patch
The wheel most always slips on the rail

Negative Friction is a root cause of much noise, vibration,
corrugation

Shakedown, conformality and effective conicity - useful
methods to assess compatibility

It is worth investing in contact mechanics to “get things right”

2 ,
"C) PRINCIPLES COURSE - JUNE 22 e semes WIRE 2022



THANK YOU

Eric.Magel@nrc-cnrc.gc.ca
National Research Council, Canada

-

\/ PRINCIPLES COURSE - JUNE 22

N| IR asch Conseil natiol Id
I*l Cou recherches G

63

VVRI2022



