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e Computational modeling and tests of composites with a rubber (an elastomer) matrix such as tire casings, especially with focus

on strain-stress states and modal analysis and computational modeling of composites after the degradation processes, tire-road
interaction and vehicle parts;

e Tests of tires on static and dynamic test machines with the pressure footprint analyses of contact footprints between tires and a

plane road or a bump and also prediction of radial stiffness of tires;

e Low cyclic loading tests of composites with textiles on a test machine with a video extensometer and static tests of composites

with planning of tests with a design of geometric parameters of test samples and test conditions for testing of tire casing parts;

¢ Determination of material parameters that can be used as input data into computational models;

e Microscopic observation of interface bonds between steel and textile cords and an elastomer;

» 3D printing of technical objects.
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RESEARCH AREA

. Experiments of tires;
- Experiments of structure parts of tires;

. Microstructure of interfaces between

reinforcement cords and non-linear matrixes inside
composites such as steel-cord belts and their

computational modeling after degradation
processes,;
. Computational modeling of tires;

- Computational modeling of structure parts of
tires.



Author deals with:

The complex approach to experiments and computation
of tires from macrostructure and microstructure too.
Namely computational modelling of strain-stress states
of the composite structures of tire-casing and the tire-
road interaction and experimental modelling of tires too.
Also computational modelling of parts and structural
parts of vehicle, computation and experiments of
composites with non-linear matrixes, microscopy
observation of bond between cord reinforcement and
rubber matrixes, degradation processes of tires and

composite structures with rubber.



. For TIRE COMPUTATIONAL MODELING (analyses:
stress- strain, modal, temperature field, combine,
dynamic)

- by FEA tires models in programs: ANSYS (over 16 years)

VERIFICATION APPROACH TO COMPUTATIONAL MODEL
OF RADIAL TIRE

! |

EXPERIMENTS FOR OBTAIN MATERIAL PARAMETERS
~ EXPERIMENTS OF TIRES ON ,,ADHESOR®
PRESSURE FOOTPRINT ANALYSES
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Experiments and
Computational Modelling of

TIRES

The university textbook has an international significance. It can be
used by students of universities / faculties in Minsk Belarus, Sumy
Ukraine, Graz Austria, Katowice Poland, Pardubice Czech Republic,

with which the author collaborates, but also students who are

interested in the issue of tires.

13
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Preface

This special textbook deals with experiments and computational modelling
of tires as complex specific long fiber composites. The textbook is focused
on the radial tires for passenger cars namely. Students gain knowledge
about structure of tire, about the inputs parameters to the tire calculation,
abut evaluation the results of the calculations and experiments etc.:

1. Tire introduction: Definitions, Composite, Structure of cross section of
tire, Type of tire casing.

2. Tire tests: Planned experiments, Static adhesor, Dynamic adhesor,
Deformation characteristics, Radial stiffness — calculation.

3. Output from experiments: Load conditions of tires, Contact patch,
Contact pressure, Pressure footprint analyses, Comparison winter with
summer tires, Special graphs from dynamic tests, Static test of bicycle
tire.

4. Experiments of tire parts: Preparation of test samples, Tensile load,
Bend load, Character of deformation, Outputs from tests.

14
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. Degradation processes:. Degradation, Limit state, Corrosive test,
Outputs from tensile tests, Microscopic evaluation of interaction of the
cord — rubber (elastomer).

. Computational modelling of tire: FEA by program ANSYS, Parts of
tire, Elastomer, Determinaton of Mooney-Rivlin parameters,
Comparison of experiment results with simulation results of tire parts.

. Creation of computational models: Geometrical parameters, Material
parameters (characteristics) as input for computational model,
Replacement of belt structure for FEA of tire.

. Outputs from simulations: Strain-stress analysis, Verification criteria,
Simulation of tire-road interactions, Outputs from plane surfaces and
obstacles, Dynamic loading, Modal analysis.

. Interest information: Optimalization of computational time, Material
parameters and their sensitivity to the precision of results, Structure
of truck tire, Freeware (CADEC) for compute of composite material
parameters.

10. Conclusion: Recycling of tires, Future tire design — advantage and

disadvantage, Search study about computational modeling of tire
noise.

15
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| believe that this textbook will help university students to better
understand the interdependencies between material parameters,
experiments and tire calculations, and the information contained in it
will contribute to broadering of knowledge of the wider professional

public and will be used by students anywhere in the World.

Jan Krmela, the author

16
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Part 1 — TIRE INTRODUCTION

Definitions, Composite, Structure of
cross section of tire, Type of tire
casing, Tire production

17
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Definitions

Tire

CSN 641001: tire casing + rim + inflation pressure.

Tire casing

CSN 641001: only part of tire = ,elastic “ part =
interaction with road and rim.

18
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One construction of tire is used for
passenger cars, other constructions for
trucks, off-highway cars and sports cars.
The tires for air transportation,
agricultural vehicle, mining machine and
other vehicles have got complicated
structured in comparison radial tires for
passenger cars.

20
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Bias-ply tires have plies that cross at 35-45° angles
Radial tire — plies carcass - angle 90°

21
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MATERIAL

COMPLEX LONG-FIBRE ]
COMPOSITE

, TOROIDAL BODY
GEOMETRY (TOROID)

‘s L Y,
s
: T\
-5 MECHANICAL ORTHOTROPIC
S PROPERTIES PROPERTIES )
z
> STRENGTH OF )
Q [
2 ::% T eI %::% PRESSURE VESSEL )
=
Z AUTOMOBILE-ROAD )
= | E-
- ::% FUNCTION I%::% (UNEVENNESS) INTERFACE
- . , - R
:% LOAD ' '
J
N\
MOTION I%::% ROTATION
vy

Tire = as polycomponent composite with a rubber matrix reinforced with
textile and steel cords. 23
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COMPOSITE - definition

Consist of min. 2 phases (namely called matrix + fibre).

Phases must be different in mechanical or physical or
chemical properties.

Min. 5% fibre in matrix.

Composite must be material with better material parameters
than matrix and fibre themselves.

24



- Tire has specific behavior by complex structure = requirements

OPERATIONAL
require ments

FUNCTIONAL
re quire me nts

MATERIAL
require me nts

ECONOMIC
re quire me nts

low rolling resistance
low noise

resistance to wear
resistance to ageing
resistance to absorbity

ability do damp unevenness

troublefree operation

appropriate stress-strain characteristics
optimum inflating

prevention of aquaplaning

optimum adhesive properties

static and dynamic balance

long lile

low mass

good mechanical properties

ability to be retreaded

ability to be recycled

resistance to weather conditions

low price
availability of materials

accessible production technologies

25
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TIRE SAFETY

¥

Passive

Tire manufacturing
quality

Manufacturing technology

-~

Materials for production

~

A

~
{in computational modelling
ey

Accuracy of calculation

A

Computing algorithm

-

v

A .
Active :
J '
L]
~ ]
L]
> High life :
v L]
L]
™~ L}
]
»  Breakdown resistance .
J '
]
~ L]
- Speed resistance :
(maximum speed) :

vy
]
w :
.| High operating safety on !
different surfaces 1
L}
. (]

Dry / wet
Icc/ snow
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STRU CTU RE Crown (with steel-cords)

Shoulder

S

Sidewall

: Y

L. .
Tire-casing

height

Tire-casing width

j 2)

175/65 R15

Bead ‘::; , ' ;1 ;‘.Z
# o :El ll 4 l
" 1) 165/70 R13

C-éﬁons‘of radia tires
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The vehicle tire can be generally understood as
long-fiber composite material where there is an
interaction with the elastomeric matrix with metallic
as well as non-metallic reinforcements.
The composite structures used In tire with the
different cord-angle, material of cords, numbers of
layer (single-layer or multi-layer) are:

e textile tire carcass;
e overlap textile belt;
e steel cord belt.

28
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The standard automobile radial tire consists of elastomer parts and parts with
textile-cords and steel-cords in tire tread as reinforcements. The sidewall of
tire for passenger cars consists of one polyester ply and into tread are namely
four plies: one polyester-, two steel- and one polyamide- ply. The textile
carcass density (it is number of ends per one meter width, marked as EPM) is
from 700 to 1 150 m'. The EPM of textile cap ply is 1 1001 200 m-'. Tests of
specific long-fibre composite materials with elastomer are not standardized.
Therefore, for tests of cyclic loading the shape of specimens of single-layer
with textile cords and elastomer must be designed.

29
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‘
COMPOSITE STRUCTURES of tire carcass
v
. A
Textile Steel cord Ply cord
overlap belt helt textile carcass
I |
v
Elastomer matrixes Cords (reinforce ment) Number of layer
A 4 A
s p
steel Material Shape - one-layer
v . »,
“ 2 2 "\
textile R Orientation, angle 4’[ wire > two-layer
v, J . A
com bine I— lengthwise oriented -« 4‘[ wire strand - multi-layer
) | ! _\ JE—
kevlar I— crosswise oriented - [ twisting character 4'-{ odd number
other R angle 21° - 27° J‘*"[ symme trical oriented - 4_{ even number
other angle }‘7"{ unsymmetrical oricnted [

31
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Textile overlap belt layer

B Steel-cord belt two-layer
& (cord 2-2x0.28 mum)

Structure in the middle of tire crown Steel-cord 242x0.28 mm
Steel-cord and elastomer interface
of different radial tires (1 and 2)

Tread

Detail A
1) 165/70 R13 Matador
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Steel-cord belt two-laver
Textile overlap belt layer ; (cord 2+2x0.28 mm)

Detail D | - Textile overlap belt
. /. two-layer

S LT G Textile carcass laver
kord 2+2x0,28 mm Textile carcass two-laver /

Structure at the end of the belt layers
Delamination (separation) between steel-cord belt layers

Detail B
1)1165/70°R13 = Ml o B 2)175/65 R15
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These structures of tire have got:

» Different cord-angle (e.g. for steel belt applied angle
21-27° into radial tire for passenger car);

» Material of cords (steel, textile, Kevlar, combine);
» Shape and construction of cord (wire, wire strand);
* Numbers of layer (single-layer or multi-layer).

-

So tire has got characteristic specific deformation
properties

39
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Steel-cords can be in form of thin wire or wire strand with different

Steel-cords constructions

ey

Tire for passenger car Truck tire

High-strehgth steels are used exclusively for steel-cord production and good adhesive bond
between rubber and cords required. Steel-cord surfaces are modified by chemical-thermal

treatment - braze or copperier (cooper 63,5 % and brass 3 + 7 g/kg steel), to achieve the best
adhesive bond of a steel cord and rubber and get it corrosion resistant 40
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Construction of steel-cords

Construction Diameter of cord Dc[mm] | Maximum load [N]
2X0,30 HT 0,60 405
4x0,28 0,66 600
3%0,15 + 6x0,27 0,85 960
3%x0,20 + 6x0,35 1,13 1 550
3%x0,20 + 6x0,35 HT 1,13 1 770
3+9%0,22+0,15 1,17 1210
12x0,22+0,15 1,18 1210
3x7%x0,22 HE 1,52 1 720
27%x0,22+0,15 1,58 2 600
3+9+15x0,22+0,15 1,60 2 600
7%x4x0,22+0,15 1,81 2725

41
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Tire cord types (by MATADOR Puchov and producer e.g. DROTOVNA Hlohovec, BEKAERT):
> HT high tensile, '

» NT normal tensile,

» HE HIGH ELONGATION CORD = e.g. 3x7x0,22 HE (= 3x7x0,22 SS) —
overlap belt with angle 0°. Elongation up to 7.5 %. Expensive production. .

Modern cords: hybrid with polymer inside, carbon C 0,60-1,15%, manganate Mn 0,10-1,10%, silicon Si
max. 0,90% + Cr, Ni, Cu, Co, V.

42
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TEXTILE cords
Textile labelling appplication
PES 144x1x2 , _
Polyester Tire casing
PES 167x1x3
PA 6 94x1x2
Polyamid 6 o Overlap belt
PA 6 94x1
Polyamid 6.6 (nylon) PA 66 140x1x2 Overlap belt
VS 184x1x2
Viskoza (rayon) VS S3 184x1x3 Tire casing
VS 244/1x2
Aramid Aramid 110x1x2 Sport

43
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For tire carcass rayon and polyamid (nylon PA 66):
e High strength,
e Elastic property.
Aramid (tire casing for sport) high strength (to

2 750 MPa), low module of elasticity, low elongation and

dimensional stability.
EPDM 70 + 115 (numer of cord for 10 cm width).

44
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Stress
[mN/tex]

aramid

polyester

polyamid

rayon

Strain [%]

45



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

 Modulus of elasticity

(from producer or experiment modulus for ¢ =5 % = name of modulus
is LASE — Load At Specific Elongation 5 %;

Or modulus as stress necessary on elongation 100 %, extrapolation
for elongation 2 %)

* Poisson ratio = no constant, dependence on deformation

= standard strength (N/dtex) and elongation (%).

After vulcanization process — modulus can be change (influence
heat).

46
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— modulus Poiss. ration
materia
E; [MPa] ve[1]
Nylon (PA 66; overlap belt 1 600+ 2 000 0,32 + 0,45
PA 94x1) (900 = 3 450; 9 = 50 cN/dtex)
Rayon (carcass PES 144x1x2) 1200+ 1 400 0,38
(600 + 11 000; 8 - 120 cN/dtex)

= Temperature 20°C and humidity 65 %

length 500 mm
= unit of E

cN/dtex

47
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Part 2 — TIRE TESTS: _

Planned experiments, Static adhesor,
Dynamic adhesor, Deformation
characteristics, Radial stiffness —

calculation

48
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Planned experiments of tire

‘Why experiments?
‘Knowledge? Can | test?? If yes, than continue/ If no, | must study of
problem !
‘Which test? Static / dynamic ?? Why?
‘Which tire? Passenger car, truck, ....
‘Why test (purpose)? Stiffness, contact area, ....??
‘Which standards? CSN, ...
‘Which test machine? Have | them? If yes, than ....
If no, | have done because | can not do experiments.

Barriers? Time, finance, software, ... If no barriers, than no problems, |
can start with experiments........

Experiment conditions? Given or must be design
‘Parameters of test? Loading by ? speed, ...
Verification analyse of results? By literature?
*Outputs from experiments?

*Outputs for computational modelling? 49
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TEST OF TIRE

functional i tire deformation characteristics, rolling resistance,
netional properties static unbalance, rated footprint pressure, etc.

[ Tests of ] weight, depth of tire-tread pattern, size of tire trace,

strength of footstep ropes, breakdown strength,
L[ Tests of | 8 P rope 8

e heating of the tire in dependance of the speed,
strength and lifetime resistance to rod penetration, etc.

. dimensional measurement (depth of
[non-destructiveJ [destructive] (| tire-tread pattern, etc.), deformation
static \373 properties (static radius, trace analysis),
resistance to rod penetration,
pressure strength by water, etc.

[ Laboratory tests

rolling resistance, dynamic radius,

dynamic ]_. tests of directional properties,
tests of destructive velocity, etc.

[HHO:Q > vy EHE=4H HES =HO »u4

on testing polygons ]_l tests of controllability, stability,
=~ tire wear, breaking properties,
[ Road tests on real road ]HJ aquaplaning, noise, comfort, etc.
adhesive tests, noise,
dynamometric trailers]—' wear of tire-tread pattern,
tire lifetime, etc.
. test of resistance to sharp stones in fracture,
Special tests .
street curbs, hot slag in metalworks, etc.

50
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CSN 63 1001-4 — Standard: Terminology of tyres.
Testing, 1980 (in Czech and English)

CSN 63 1502 — Standard: Tyre testing. Introduction
for the preparation of tyres for laboratory tests, 1988
(in Czech)

CSN 63 1554 — Standard: Tyre testing. Determination
of tyre / ground contact pressure, 1983 (in Czech)

CSN 63 1509 — Standard: Determination of force
variation at radial stress, 1985 (in Czech)

CSN 631511 — Standard: Testing of tyres.
Determination of static radial stiffness and static tyre
radius, 1983 (in Czech)

51
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* Load index

Maximum static radial load.

» Static loaded radius F:

Non-rotation tire

Deflection of tire

1Az

diagonal radial

52
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I

diagonilni! | radialni

L//}zz

Contact area of radial tire is greather than diagonal tire.
Contact area dependences on:

» Radial loading;
> Inflation pressure;
» velocity. 53
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Deformation characteristics of tire

(load-deflection curves)

Radial
Torsion

Lateral

54
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Radial deflection (vertical deformation) characteristic

of tire - dependence between radial load (tire normal force)
and radial deflection.

Full radial deformation characteristic =
loading up and loading down.

o

AZ

b)
Dependence on shape of obstacle (convex = decrease,

concave = increase) 55
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Radial stiffness

The radial stiffness, which is obtained from the radial
deformation characteristic by calculation, is an
important parameter entering the calculation of
entire cars, because the stiffness parameter
replaces the whole tire.

The standard CSN 63 1511 defines the radial
stiffness from the radial deformation characteristic by
using a computational relationship, which s

determined by points corresponding to 75% and
125% of LI (load index).
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Radial stiffness

The radial stiffness dependences on inflation pressure of tire.

F 0 - F 0
S — 125% load 75% load [N /mm]

x125% load ~ x75% load

Where:

S [N/mm] radial stiffness;

F..500aa [IN]  Vvertical force for 125% load,;

F.se0aqa [N]  Vvertical force for 75% load;

X425%10aq LMM] radial deformation for 125% load (F,,50,,0aq)5
X;s50.10ad LMM] radial deformation for 75% load (F5.,,,.4)-

load index (LI)
o7
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The radial stiffness can be obtained by calculation relating to the static
radial deformation characteristics from two points of deformations
corresponding to forces for 75 and 125 % of tire load capacity (marked
as LI) by the standard CSN 63 1511.

Stiffness is an important parameter in relation to the calculation of tires
as the integral car system because the stiffness value replaces the
tire including its geometry, structure, material parameters, influence

reinforcements and inflation pressure.
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Tire Matador 165 / 65 R13 MP16 77 T Stella 2) for passen-
ger cars (on steel wheel rim 5Jx13) by the help of two test
machines for static and dynamic experiments. The tire has
maximum load capacity of 412 kg (load index LI is 77) and
the maximum inflation pressure of the tire is 300 kPa.

Maximum velocity of tire is 190 km/h (the speed index is T).

The tire carcass consists of one layer of polyester and the
tread consists of two layers of steel-cord belt and two layers
of polyamide belt. The density of the steel-cord belt is 96.1
ends per decimeter.

The inflation pressures of the tire used for static experi-
ments were 160 kPa (underinflated tire) and 240 kPa (cur-
rent inflation pressure of tire for given passenger car). Dif-
ferent pressures were used for the comparison of their
influence on the static radial deformation characteristics.

The maximum circumference of the tire is 1713 mm for max-

Imum inflation pressure.
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Tire 165 / 65 R13 for experimental testing

60
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From the technical data of the tire-casing in the catalogue of the producer
can be seen that the static loaded radius of the new tire-casing for the
maximum load capacity and the given inflation pressure (probably
250 kPa) is 248.0 mm. The static loaded radius is the distance from wheel
axle centerline to supporting tread surface at a given radial load and inflation
pressure in a static condition.

By recalculation (from the diameter of new tire) the preliminary value
of the radial deformation of the tire-casing in contact with the ground can
be obtained for maximum load capacity of the tire. In this case the radial
deformation is 24.0 mm. The static radial stiffness (for the given inflation
pressure, which is related to the value of the radial deformation) can be
estimated, using a simple equation, as the ratio of the maximum load ca-
pacity in N and radial deformation in mm according to equation (1):

S — Fio006of L1 _ 412-9.81[N]

XlOO%of LI 24.0 [mm]

=168.4 [N/mm]

Where: S [N/mm] or [KN/m] — static radial stiffness of tire (for the given
Inflation pressure 250 kPa),

F100 % of LI [N] — Vertical force for maximum load capacity of tire (LI),

X 100 % of LI [MM] — radial deformation of tire-casing for LlI.

The static radial stiffness for the given inflation pressure 250 kPa is 168.4
N/mm. It is only a preliminary value from equation
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Radial stiffness in N/mm

High profile number (70 — 82) stiffness
200 N/mm.

Low profile number (45 — 40) stiffness 280-300
N/mm (R16- R18)

Standard stiffness values for modern tire for passenger cars are 200-
320 N/mm.
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The radial stiffness depends on the inflation pressure of
tire. It is a fact that with the increasing inflation pressure,
the radial stiffness increases. Moreover, the radial
stiffnress depends on the composition and the
construction of the tire-casing. Tires with high profile
number from 70 to 82 have static radial stiffness 200
N/mm, tires with profile number 50 have stiffness e.g.
240 N/mm. Tires with low profile number 45 — 40 and
radiuses from R16 to R18 have stiffness approx. 260 —
320 N/mm. In general, the static radial stiffness values of
radial tires for passenger cars are in range 200 — 320
N/mm.
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a) b)
F.
diagonalni
arctgcy resp. cx Aﬁlni
Ap AX =

Torsional deformation characteristic

Torsional deformation characteristic

Dependence between torsion moment M, and angle rim-casing Ag.
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p, = 0,35 MPa

G,=30kN

65
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Lateral deformation characteristic

K deformace
' béhounu \

G, = 35 kN; 0,56 MPa

G = 20 kN; 0,56 MPa
G, = 20 kN; 0,23 MPa

10 1

-

10 20 30 40 50  Ay(mm)
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ROLLING RESISTANCE
A

f
f l F’"\ f.il
_| s
4
° g ~ /
Diameter of tire

thel kordu 90 Houdtka dezénu

A Cord angle Thickness tread
f \/
-
B

Width of tire 67
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Radial tire casing

expensive, accuracy of manufacture in comparison with
diagonal

» economic. low rolling resistance = low fuel consumption
slower tread wear = higher lifetime in km

> safeness: bigger contact area = shorter braking distance
good cornering stability

» comfort. elasticity sidewall = vibration of road surface
bumps = less than diagonal
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TIRE TREAD PATTERN
Winter comparison with summer tire:

e tread profile

e rubber mixture with silica.

winter A SILICA, supplanting black = goog elasticity under 7° C
to -30 °C =

M+S (,mud and snow").
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Profile number

LI, GSY, PR (equivalent of number of plies)
TWI

Wear (progresive T with speed and temperature)
REGLOOWABLE

Inflation pressure

Radius r static, r dynamic
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Load index

(kg) (kg) (kg) (kg)
50 68

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
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EXPERIMENTS OF TIRES ON ,,STATIC

ADHESOR*

» Static loading max 2 t with
hydraulic hand jack (1 t with manual)
> Tire casing from R13 to R19
» Tire width max 240 mm

,A
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 STATIC ADHESOR

Rim angle Ag

Mk . &
torsion momenty

Radial
displacement
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L " 7

5 [ vertical load ¥

e\ [

detail of contact patch
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STATIC ADHESOR

L

b
M=
» - % 2
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On the statical adhesor is possible to tests the tires from the radius of tire
R13 to R18 and maximum width of tire-casing c. 245 mm. 76
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Data logger Force tensiometer Linear

Sensor for humidity and temperature SENSors potentiometer
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SENSORS ON STATIC ADHESOR FOR MEASUREMENTS:

Force:
Three force tensiometer (strain-gauge) sensors EMSYST EMS40 2.0kN

Deformation:
Linear potentiometer

and three Position inductive sensors with X-Y Recorder for orientation of
force-deformation dependence

Data logger:
Data Logger System dataq DI-718B-US with three Strain Gage Input Modules
DI-8B38 and one Potentiometer Input Modules DI-8B360

Software WinDaq/Lite for on-line data record on notebook.

Force accuracy: ¢. 100 N on 10 000 N
Position accuracy: ¢. 0.1 mm on 100 mm

Photo documentary by Canon EOS 600 D with objective and tripod 70
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It is possible to obtain outputs as:

Statical radius of tire;
Radial deformation characteristic (dependence between radial
force loading of tire and radial deformation);
Radial stiffness (in radial force loading / radial deformation) in N/mm;
Torsion (longitudinal) deformation characteristic (slip curve by
twist moment);
Torsion stiffness (in twist moment / rim angle) in Nm/° or longitudinal
stiffness (in tangential force / tangential deformation) in N/mm;
Contact patch - footprint shape and size with contact pressure
colour distribution in contact patch by special pressure FUJIFILM
Fuji Prescale® indicating film (Ultra Low film LLLW, pressure range 2-
6 kg/cm®);

At following main conditions:
o Loading (radial force, twist moment);
o Size of radial deformation;
o Inflation pressure (under-inflation, overinflated tire, specified and

practiced pressure);

o Unevenness (shape, surface roughness, material) etc. 80
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Data on the tyre:

S
v radial deformation characteristics T
v size and shape of contact surface A
. ey : T
v distribution of contact pressure in contact surface I
A \ ¢

S . il \ \

/ | W )

F.‘;" || _ T ,."I.
/ il based on specified measurement conditions: yooA

'f

P || % shape of the obstacles D
/ | % loading H
/ . . E
/ ‘ % inflation pressure S
/ ’ % size of radial deformation )
/ | % ambient temperature, R

They are possible other measurements on static adhesor:

« contact pressure analyze by pressure FUJIFILM indicating film
(distribution of contact pressure in contact area)

« statical torsion (longitudinal) stiffness with torsion deformation
characteristic etc.
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EXPERIMENTS OF TIRES ON ,,DYNAMIC
ADHESOR*“

82



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

Drum testing machine

A smooth surfaced, rotating drum with a diameter of 1705 mm
is turned by an engine at the desired speed. The testing
machine can simulate contact between the tire and the road
with specified velocity.

The conditions relating to the use of the dynamic test machine:
- radial load of the tires up to the value of 500 kg,

* maximum speed is 180 km/h,

* test of the tires from the radius of R13 to R17 tire.
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Part 3 - OUTPUT FROM

Load conditions of tires, Contact patch, Contact
pressure, Pressure footprint analyses,
Comparison winter with summer tires,

Special graphs from dynamic tests, Static test of
bicycle tire
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RADIAL STATIC STIFFNESS

The new formula takes into account more real
operating conditions during the loading of tires.

F _F
1.25-0.75-L1 0.75-:0.75-LI
S=— A L [N/mm]

X (125075 L1y ~ * (0.75.0.75 LI

Where: S [N/mm] — radial stiffness;
F1.25.0.75..1) [N] — vertical force for 125% of 0.75-maximum load,;
F0.75.0.75..1 [N] — vertical force for 75% of 0.75-maximum load;

X(1.25.0.75.L.)) [Mm] — radial deformation for 125% of 0.75-maximum
load (F(1.25.0.75.L)));
X0.75.0.75.L1) [Mmm] — radial deformation for 75% of 0.75-maximum
load (F0.75.0.75.L1).

Tires are loading approximately 75% of LI. 85
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RADIAL STATIC STIFFNESS

The FINAL equation for calculation of the values of radial
stiffness from the experimental data was designed, which
corresponds to operating conditions. The two points
corresponding to 60 % and 100 % of LI (it is 0.8 multiple of load
by the standard CSN 63 1511) are used for obtain of stiffness by
equation (1):

F(0.8-125) B FEO.8-75) . F

100

'F60

X0.8125) ~X0.875)  *100 ~ K60

where

S [N/mm)] = radial stiffness for the given inflation pressure,
F100 [N] = vertical force for 100 % of LI,

Feo [N] = vertical force for 60 % of LI,

X100 [mm] = radial deformation for 100 % of LI,

¥xan ImMm1 = radial deformation for 60 °% of | |
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Sample of radial deformation characteristic

Vertical load [N]

7000

6000

5000

4000

3000

2000

1000

[ 2.5bar and 100% LI = 615kg
' eomte— Test No. 5D

125% LI

b 4 4 3 3 I 4 4 4 4 1 4 4 3 4 | 4 4 4 4 4 5 4 4 || 4 ’

0 5 10 15 20 25 30

Radial deformation [mm]
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nght truck tlre

Sample of contact pressure

Sample of contact area ana(yses: analyses:
Area size 97,7 cm? Gradation of colours
" Area in per cent from rectangle 37% Red = maximum

(green, yellow)
Blue = minimum

Non pressurex film
only blue carbon paper 88
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The software FPD-8010E by FUJIFILM (Fujifilm
Pressure Distribution Mapping System for Prescale)
for contact pressure analyses by FUJI Prescale®
indicating film

Software 4000 Eur (film patch = scan = analyses).

Film only 300 Eur.

89
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Sample: winter tire 165 R13 (=165 / 82 R13)

Deformation of tire-casing of winter tire for 2.3 bar and load 530 kg
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Extended pressure measuremenis - With extended pressure method. applied pressure 1s increased gradually up to the given level, andtwill be
maintained continuosly at that level. In order to get the best and accurate results (and where it is possible and applicable). prefereably pressure
should be applied gradually up to its highest value by a 2 minutes time basis, and it should be mamntamed at the highest level for other 2 minutes.

Momentary pressure measurements - If necessary Prescale Film could be also used for impact pressure measurements, with application time

depending from application itself. When possible (and where applicable) prefereably pressure should be applied gradually up to its highest
magnitudo by a 5 seconds time basis, and it should be maintained at the highest level for other 5 SECOIldEﬁJ

Determining the pressure level and distribution

As explained. with pressure applied, Prescale Film turn mto a several level of magenta color, whose intensity (density), 1s directly proportional

The Ultra Low Film Fuji Prescale® with exposure time 2 minutes and 30 seconds we

standard used for contact patch with contact pressure distribution.
1. Film type used (PSI of kg/cm?): 28-85 PSI (2-6 kg/cm?)

Ultra Low Film from roli
2. Approximate exposure time: 2 minutes and 30 seconds

3. Approximate temperature: c. 16°C
4. Approximate humidity: c.<20%

5. Experiment date:

6. Radial force loading 530 kg;
Tire inflating pressure 2.3 bar (c. 33.4 PSI).
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- PRESSURE FOOTPRINT ANALYSES

The contact patch and contact pressure by FUJI film

Contact patch after measurement (left) and color "map” of contact pressure
distribution after special analysis with color indicates precise PSI value (right) 4
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Data information

Sample hame

Examination Date & Time

Prescale Type
Pressure Type
Resolution

Scanning Count (447
Tempersture
Humiclity

Srcanner Rezolution

Uzer Load Value

Remarks
FROGM O data fils.

Measurement Date & Time

wranik_21 _100_druha
2017-05-10 13:48
2017-05-10 21:00
LLLwy

Continuaus

0125 mm

1

21.00°C

20 %

200 oipi

noneg

X]

Measurement

I

Pin Point Average Area Size  |qx] | (DI1E mm2)

X

[w &l Measurement Display

ry 5 5 5 £ 3 a q Pencil area
aa i} on 0a aa 0o oo aa |
MNa. Wikale Partial -
Prescale Effective Rate(9:) 1 5.3 0o
Freszed Arealmmz 2 g00z a
Aye PressurethPa) 3 n=4 oo
Max PressurelMPa) 4 064 000
< Laseh) - 0
Measurad Araa(mm2) B 24735 ] |

Setup Conditions

wranik_cimr1 i

Sample MName

X

Examination Date & Time |QUW j i |

S 1 K= (8 KER= B8 K=~

Measurament Date & Time | Ik j ‘ |
Prescale Type

Horizontal Scanning Count (24) |4 =

L
-
Yertical Scanning Count - Q Momentary
Examination Temperature™C) oA _I
Examination Humidiby (%) |20 Q

Fesalution] mm)

Pressure Color Bar
{+ Basic Pressure Bar

(" Custom Pressure Bar

LLLYY A

= 91 K= I KO8= e ECB=~

Pressure Type

* Continuous

]

Cancel

Measurement

e

X

Fin Point &yverade Area Size 1x1 - | (0016 mm2)

[v Al Meazurement Display

A 5 G 5 E F 3 m Fencil area
a0 o0 Qo Juli] ja]] ula] 0o a0 |
Ha. hals Fartial -
FPrescale Effective Rate(%) 1 g4z oo |
Fressed Area(inm) 2 167 a |
Lwve Pressure(MPa) 3 0zs oo
e Pressure{MPal 4 064 o0a
T ; T
Mezsured Arealmmz) b 23755 ]
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THE RADIAL DEFORMATION CHARACTERISTICS

Radial deformation characteristics
700 et 3 Winter retreaded tire 165 R13 82 N OR 32 M+S max
[ Tire inflating pressure: 2.3 bar 180% LI (7'40 kg) @
6500 [ Tm— Load 100% LI: 475 kg
[ Max. load: ¢. 530 kg (= 112% of LI} /
6000 - Tire Matador 165/65 R13 MP16 77 T /
600 A Tire inflating pressure: 2.5 bar
[ O Load 100% LI: 412 kg
5500 [ | Max. load: c. 740 kg '~ 180% of LI !) _ / max.
- — , 112%LI(530 k
| 5000::___________________125°/E.L|_t=_‘;_xg_}g/ o LI 9)
S0or : 100% LI (475 kg)
z 4500 = /
[=) | o q 100% LI (412 kg)
= 0l £ 4000} 7z
o O [
S - - L
2 ® 3500 | / 4 75% LI (356 kg)
L o [
"1;:’ ' ¢_'§ 3000 S 75%L1(309 ka) /
o 300fF 2 g /Q
> t : .
3 L]
> 2000 | Main output:
20 2000 STATIC RADIAL STIFFNESS
1500 | _
' S _ F(1.25-0.75-LI) F(O.?S-O.?S-LI) [N/mm]
100 1000 | X - X
i Y (1.25-0.75- L) (0.75-0.75- LI)
)
i / Data evaluation: 03/2011 Krmela
ok )] 4 W E—— a4 4 3 ....I....II....II.--.l..-.ll,
0 5 10 15 20 25 30 35 190.5 N/mm 96

Radial defarmation Imm/]
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0% loading
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25% loading




50% loading
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LAl
A‘.-—ﬂ‘-—‘ i ‘L-.:LL—-; - ;!
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75% loading

100
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100% loading = 4795 kg
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125% loading

—_—

-----
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150% loading

-
-

103



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

170% loading = cca 810 kg !!!! = very overloaded tire

1 v %

S

ik

-
- .
....

il
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2.1 bar and radial force 412 kg equal 100% load

Tire Matador 165 / 65 R13 } a

= : [~ SE—
50% (206 kg) 75% (309 kg)

‘
'

100% (412 kg) 1259 (515 kg)
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Output data / Inflation pressure 1.8 bar 2.5 bar
Radial deformation for 100% LI = 412 kg [mm] 27.0 22.5
Value of radial stiffness [N/mm] 153 185
Size of contact patch [mm?] 11 820 10 125
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Gorrect
Inflatien
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The contact patch and contact pressure by FUJI film

8

Contact patch after measurement for 2.5 bar (left) and colour “map” of contact pressure distribution after
special analyse with colour indicates precise PSI value (right)
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Experiments of tire 245/40 R18 on test machine. EXTRA LOAD !!!!!!

The tire has maximum tire pressure 3.5 bar and maximum load 730 kg (signs on tire-casing). But tire is
necessary inflation pressure for concrete car e.g. requirement is 2.6 bar which is only c. 75% of maxima
tire pressure. The maximum load is not 730 kg for this pressure but only 670 kg as load index (L
marking) by technical databook. Next e.g. for 2.9 bar maximum load is 730 kg. History of deformation

process of tire near contact patch during loading for inner pressure 2.6 bar is on the Fig.

T - J e - o=l
0% of LI 25% of LI 650% of LI

L

75% of LI B 100%of LI T 125%ofLl | 109
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125% of L1 100% of L1
Load: 836 kg Load: 673 kg
Radial deformation: 28.3 mm Radial deformation: 22.6 nun
Tire pressure: 2.6 bar Tire pressure: 2.6 bar
Contactarea: ¢. 17950 mm? Contactarea: ¢. 14800-15800 mm?

100 mm 100 mm
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The radial stiffness by Eq. (standard) is 280 N/mm and by Eq. (new) is 270 N/mm
that is better for description of real state of tire loading.

9'00t

800

700

600

500

400

Vertical load [kg]

300

200

100

Vertical load force [N]

9000‘:
8000 E-
7000 :-
6000 :-
5000 E-
4000 :—
3000 :—
2000 :

1000

125% LI ”

100% LI

75% LI

2.6 bar and 670 kg as 100% LI

Experiment No. B (Contact No. 2)
« Experiment No. C (Contact No. 2}
Experiment No. A (Contact No. 1) |

PR R SR T ST WA [ SR S T S S T T W S W S T T ’

10 15 20 25 30
Radial deformation [mm]
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Continental 225/50 R17 Matador 165/70 R13
Bridgestone 205/55 R16

comparison

112
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Character of deformation

Deformation of the tire-casing 165/70 R13 in contact
with the surface plate was recorded during the
experiment.

The deformation of tire-casing for 100% of LIl is c. 21.5
mm.

Deformation of the tire-casing 205/55 R16 for 100% of
LIis 26.5 mm.

The tire 225/50 R17 has deformation equal c. 25.0 mm
for 100% of LI.

114
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Deformation of the tire casing 205/55 R16

’ A
. .

100% of LI

125% of LI
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T = * el
. i i R B B N B

—=—

0% ofI

100% of LI

Deformation of the tire casing 225/50 R17

: '.:'._: 3

E o -~
bl vt sy = e T T i e

125% of LI
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0 % of LI 75 % of L1
Start of experiment Deformation is 16.4 mm

100 % of LI
Deformation is 22.5 mm Deformation is 27.5 mm

165/ 65 R13 Deformations of the tire-casing for
240 kPa by static experiment
117
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9000 &

Vertical load force [N]

8000

7000

6000

5000

4000

3000

2000
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- 4
225/50 R17 (2.5 bar) /

- == == 205/55 R16 (2.3 bar) /

=== 16570 R13 (2.5 bar)
75% LI (499 kg)
75% LI (461 kg)
S
'25'1 00% LI (412 kg)
4 g
7,7
'4@'75% LI (309 kg)
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Radial deformation [mm]
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2.9 bar |

-I-n--l----In---l----I----I----’

0 5 10 15 20 25 30 35

Radial deformation [mm]

Radial deformation characteristics of 225/50 R17
for different pressures

119



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

ne radial stiffness of tire 165/70 R13 is ¢. 185 N/mm.
ne value of the stiffness for tire 205/55 R16 is 251 N/mm.
ne tire 225/50 R17 has stiffness ¢. 240 N/mm.

120
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Q&0

033

Q50

Q40

03E

030

- ® 100 mm

Contact area: ¢. 8430 mm?

Contact pressure [kPa]

Contact patch with distribution of contact pressure by
indicating film analysis for tire 205/55 R16 for 50% of LI and
2.3 bar 121
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100 mm

Contact area: c. 12850 mm
Contact patch by "ink print" method for tire 225/50 R17 for 100% of LI

and 2.5 bar

2
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5500 |
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— 4500 |
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2 g 3500 |-
® o
2 -
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= 2500 |
200 2000 P
P, Vertical load: 412 kg = 100% LI
1500 Inflating pressures: 1.8 and 2.5 bar
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Radial deformation characteristics for different inflation pressures — verification analyses between
computations and experiments 125
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The laboratory with statical adhesor for measurement of
tires is complexly laboratory at Slovak university which
enabling on-line measurements and evaluation all outputs
from experiments of tires for passenger cars.

In future Iin contemplation test machine will next
innovation in special pressure system and construction
design of adhesor for quasi-dynamically tests of tires
(only low velocity).
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Maximum of vertical loading on the static adhesor is
c. 2000 kg. Some tires with low load index (e.g. tire
165/70 R13 where maximum load LI is only 412 kg)
are possible to test from 0 to 240% of LI and those
tires for small car can be overloaded with great
deformation. Low-profile tires with maximum load
index c. 102 are possible to test on the static
adhesor.

The knowledge about contact patches and contact
pressures is necessary for verification analyses
between experiments and computations of tires by
Finite Element Analyses.
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=
S

(a) Camber angle 3° (b) Camber angle 5° (c) Camber angle 7°
I
t .

I
1 |

(d) Camber angle 10° (g) Camber angle 12° {f) Camber angle 15°

Figure 11. Tire camber deformation under different camber angles (the inflation pressure is 0.25 MPa, and
the vertical foad is 5194 N).
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BICYCLE TIRE
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(24) Maxxis High Roller 26x2,50

Uréenie- zjazd
Dezen- jednosmerny,
90% stav
Mat. patky- ocel
Mat. textilnej vystuze- Nylon
Prevadzkovy tlak- 250 - 450 kPa
Max. zataZenie- nezname
Krajina povodu- Taiwan
TPI- 60
Poznamka- zmes gumy
Super Tacky,
butylova vystuz
bocnice

Atramentovy odtlaCok

Tlak- 180 kPa
Zatazenie- 70 kg
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Bicycle tires was tested at three different inflation
pressures 180. 280 and 380 kPa

Load: 200 kg

Inflation pressure: 180 kPa

Deformation: 27.8 mm
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2500
2000
1500

[
]
2
B

Force {N)

500

=
I

0 6.6 10 13.6 16.7 183 22.7 255 27.8
Deformation (mm)

The radial deformation characteristic
(dependency radial deformation of tire out of
the radial load) at inflation pressure 180 kPa

Bike tire:
Maxxis High Roller 2,5 26"

Load: 100% = 100 kg

Inflation pressure: 180 kPa
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The radial stiffness of bicycle tire for given inflation pressures

Pressure (kPa) Radial stiffness (N/mm)
180 84.0
280 96.5
380 120.0

The determined values of the radial stiffness of the tire very

depending on inflation pressure of tire.

180

280 380
Inflation pressure (kPa)
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I 18

With the application of a pressure -
sensitive film is able to analyze the
contact pressure distribution, which is in
color spectrum

Distribution of contact pressure
in the contact patch by inflation pressure
180 kPa and load 100 kg
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EXPERIMENTS OF TIRES ON ,,DYNAMIC
ADHESOR*

> Radial loading max 0.5 t
» Maximum velocity 180 km/h
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The tire inflation pressures used for dynamic experimental testing
at different velocities of 0, 30, 60, 90 and 120 km/h were 160 kPa
(underinflated tire), 180, 205, 215, 230, 240, 250, 260, 280 kPa, and

the maximum inflation pressure 300 kPa.
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RADIAL DEFORMATION CHARACTERISTICS
for velocity 0 km/h for different inflation pressures

7000 g

6000

5000

4000

3000

2000

1000

Radial deformation [mm)]

165/ 65 R13 MP16 77 T (Stella 2) A 700
240 kPa I
" velocity 0 km/h static adhesor
[ ’
- ’l !
- P = 600
L ,’ 160 kPa
I I\g} static adhesor [
= 500
F - 400
= 300
= 200
Experiments I
dynamic L 100
(contact with drum with diameter 1705 mm)
static ===
(contact with plane)
| A 1. M EPEPEPEPIE PP EPEPEPENE PP BRI B |
0 5 10 15 20 25 30 35 40

Vertical load [kg]
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radial deformation characteristics WITH LINES OF CONSTANT

DEFORMATION for different inflation pressures

7000 g

X 165 /65 R13 MP16 77 T (Stella 2)

velocity 0 km/h

5000 _ experiments by dynamic adhesor

I {contact with drum with diameter 1705 mm)

i inflation pressure

. QP ® Qo T o o ot >

o F &R { K R

5000 |- AR NN %@“ RIS )

2y
Z,
&
(2
\ ‘F
>

100 % of Lt 'b/% qFy/w//ﬁ’/ry/‘}

/A

////// 7

Radial deformation [mm]
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Vertical load [kg]
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100 % of LI

[ 60 % of LI

velocity 60 km/h

165/ 65 R13 MP16 77 T (Stella 2)

experiments by dynamic adhesor
(contact with drum with diameter 1705 mm)

inflation pressure

-1 100

Radial deformation [m)]

-*?00
-: 600
-: 500
- 400
- 300

=1 200

Vertical load [kg]
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165/65 R13 MP16 77 T (Stella 2)

velocity 120 km/h

dynamic experiments
{contact with drum with diameter 1705 mm)

100 % of LI

inflation pressure

Radial deformation [mm]

600

500

400

300

200

100

Vertical load [kg]
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radial deformation characteristics: COMPARISON BETWEEN

STATIC AND DYNAMIC EXPERIMENTAL DATA

Vertical load force [N]
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6000

5000

4000

3000

2000

1000

0

165/65 R13 MP16 77 T (Stella 2) A o0
L experiment data by dynamic adhesor @ [
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L in comparison 21
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& -
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radial deformation characteristics: COMPARISON BETWEEN
STATIC AND DYNAMIC EXPERIMENTAL DATA

The radial deformation characteristic for inflation pressure of 160 kPa
and velocity of 120 km/h from the dynamic adhesor is conformable to the
radial deformation characteristic for the same inflation pressure from the
static adhesor. In addition, the radial deformation characteristic for inflation
pressure of 240 kPa and velocity of 120 km/h from the dynamic adhesor
is conformable to the characteristic for the same inflation pressure of 240

kPa from the static adhesor.
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Values of radial stiffness for different velocities and inflation pressures of tire

Radial stiffness
[N/mml]
160
- 180
S 205
= 215
-
A 230
&
o 240
=
-E 250
= 260
=
- 280
300

128.0
139.2
150.6
157.9
166.6
171.4
179.9
185.4
191.9
205.5

30

130.7
140.0
153.6
160.6
168.8
173.1
181.6
188.2

197.6
206.8

Velocity [km/h]

60 90
132.2 135.1
141.0 143.5
155.0 155.8
160.8 163.6
169.9 170.8
175.3 176.6
185.9 188.4
190.5 193.6
199.3 201.5
207.5 207.6

120

136.5
144.2
158.6
164.1
171.8
182.3
190.4
195.4

204.6
212.3

SO*
142.1

177.5

* S0 - static adhesor (velocity 0 km/h), only for pressures 160 and 240 kPa
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Dependence of radial stiffness on inflation pressure of tire for different velocities
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220.0 -
210.0 - /‘
= ® —@ Inflation
pressure
200.0 - [kPa]
. —K
190.0 I E A S160
£ N —0—300
g 180.0 / 280
n ye e h L, e
- - - 250
e
@ / A ——240
T 160.0 / —m-230
o]
= ——215
150.0 + 205
— # =180
140.0# — —i
—4—160
/ _’
. "
13001
120.0 r r v v .
0 20 40 80 100 120

60
Velocity [km/h]

Dependence of radial stiffness on velocities for different inflation pressure of tire ~ 148



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

Stiffness [N/mm or kN/m]

Main output:
STIFFNESS for different velocities and inflation pressures

y[/f'??//;]
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Prediction of radial stiffness

The radial stiffness can be predicted on the basic of results of radial stiffness
obtained from experiments. The radial deformation characteristics can be trans-
formed into the dependences of vertical force parameter on radial deformation The
vertical force parameter is calculated by equation:

y = 100- F [N/kPa]

- pt+A-p,

Where:

y [N/kPa] — vertical force parameter,

F [N] — vertical load force,

p [kPa] — inflation pressure of tire,

A [1] — constant depended on specified velocity,

pr[kPa] — rated (current) inflation pressure of tire and for tested tire, pris 240 kPa.
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2500 & 165 / 65 R13 MP16 77 T (Stella 2)
| velocity 0 km/h: A =0.24
velocity 30 km/h: A=0.24 - 1.1256=0.27
" velocity 60 km/h: A =0.24 - 1.25=0.30
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The A constant is 0.24 for tire 165 / 65 R13 and velocity is 0 km/h. The A
constants for velocities of 30, 60, 90 and 120 km/h are shown in figure. The
linear regression has been calculated for the vertical force parameter and
radial deformation for specified tire:

v =56.3- x [N/kPa]

Where:
X [mm] — radial deformation.

Then, the values of radial stiffness can be predicted for given velocity and
inflation pressure by equation:

S, =563-(p+A-p,)-100 [N/mm]

Where:
Spv [N/mm] — predicted static radial stiffness for the different velocities
and the inflation pressures.
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If velocity increases about one km/h that constant A increases about
one thousandth, e.g. for velocity 100 km/h the constant A is 0.24

plus 0.1, therefore this constant A is 0.34. Similarly, constant A is

0.42 for velocity 180 km/h etc.
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The values of radial stiffness calculated are shown in Table. The average error of
the values of radial stiffness from experiments in comparison to the values of pre-

dicted radial stiffness is less than 1.9 %. The maximum error is 4.7 %.

Values of predicted radial stiffness for different velocities and inflation pressures of tire

Radial stiffness
[N/mm]

160
180
205
215
230
240
250
260

280
300

Inflation pressure [kPa]

122.7
134.0
148.1
153.7
162.2
167.8
173.4
179.1

190.4
201.6

30

126.8
138.0
152.1
157.8
166.2
171.9
177.5
183.1

194.4
205.7

Velocity [km/h]

60

130.8
142.1
156.2
161.8
170.3
175.9
181.6
187.2

198.5
209.8

90
134.9
146.1
160.2
165.9
174.3
180.0
185.6
191.3

202.5
213.8

120

138.9
150.2
164.3
169.9
178.4
184.0
189.7
195.3

206.6
217.9
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The inflation pressure has much more influence on the change of radial
stiffness in comparison to the velocity. When the tire is in a rolling motion,
the radial stiffness of the tire is higher in comparison to the tire which is
in the stationary position (dynamic experiments for velocity of 0 km/h).

Then estimate of predicted stiffness is possible for other velocities (e.g.
stiffness value is 192.2 N/mm for velocity 180 km/h and pressure 240 kPa)
and other pressures (e.g. stiffness value is 201.0 N/mm for pressure 270
kPa and velocity 120 km/h).

Some of experiments with utilization of the dynamic adhesor with drum can
be replaced by experiments with utilization of the static adhesor on the
plane surface or some of experiments with utilization of the static adhesor
can be replaced by experiments with utilization of the dynamic adhesor.
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The laboratory with statical adhesor for measurement of tires
is complexly laboratory which enabling on-line measurements
and evaluation all outputs from experiments of tires for bicycle
and passenger cars.

Exgeriment on adhesor: Stiffness — FINAL FORMULA

F -F F; -F
0.8125) % of LI 0.875) % of LI 100 % of LI 60 % of LI
g =" SUDULL [N/mm]

X(0.8125)% of LI ~ X(0.875)%0f LI 100% of LI ~ *¥60 % of LI
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Part 4 - EXPERIMENTS OF
TIRE PARTS: Preparation of test

samples, Tensile load, Bend load,
Character of deformation, Outputs from
tests
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PLAN OF EXPERIMENTS

Activity name / time - year 2007 | 2008 | 2009 | 2010
Study literature, information X
Test specimen’s preparation for experiments X|x x|x x|x
Tests of specific statically characteristics of whole tires - <Ix x1x xlx
deformation characteristics and pressure measurement
The corrosion tests in a corrosion chamber X|x X|x x|Xx
The statically tests of structure parts of tires
- tensile tests x|x x]|x
- tests under combined loading states X X|x
Hardness tests according to SHORE A method X|[x x|x x
Tests of resistance to aggressive surroundings and
wear tests e e xpx X
The microscopy observation of
- the interfaces between steel-cord and elastomer X X|Xx x|Xx
- the interfaces after failure after corrosion test XX X|Xx X
The computational modelling of strain-stress analyses of
- tires X Xx|x x|x
- parts of tires
The evaluation and analysis of obtained results from
experiments apxe o xx x| x
The verification analysis and confrontations of outputs from
computations e x[xoxx o x
The confrontations of outputs from microscopy observation X X
The publishing of obtained results X X X X

158



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

Planned experiments

‘Which test? tensile/bend/...

‘Why test (purpose)? E, stress-strain, force-deformation
‘Which standards? ASTM, ISO, ...

‘Which test machine? universal test machine, ....
Geometry parameters of specimens (by standard or must be
design)? Width, lengh, shape, ...

‘Number of specimens?

-Parameters of test? loading speed, ...

*Outputs from experiments for computational modelling?

159



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

Elastomer
Standards: CSN 640605 or ISO 37 (2005)
ISO 527-1 and ISO 527-2, or ASTM D638

25+1

33+2
b > 25+1
\@)
&
/ < q;—g
(]
I ¥
&
80+5
115

ASTM (American
Elastomer — type tests / standard S‘::;t[{;:;;:::ifg ISO
USA normy)
Clash-Berg Modulus ASTM D1043 | ISO 815
Compression Set ASTM D395 ISO 37
Elongation at Break ASTM D412 --
Elongation at Yield ASTM D412 --
Elongation Set After Break ASTM D412 --
Tear Strength ASTM D624 ISO 34-1
Tear Strength, Split ASTM D412 --
Tensile Set ASTM D412 | --
Tensile Strength at Break ASTM D412 | 1SO 37
Tensile Strength at Yield ASTM D412 ISO 37
Tensile Stress at 100% ASTM D412 ISO 37
Tensile Stress at 200% ASTM D412 ISO 37
Tensile Stress at 300% (E 300 %) ASTM D412 1SO 37
Tensile Stress at 50% ASTM D412 --
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Composites

Elastomer — typ zkouSky / Norma ASTM
Mass per unit area of prepregs BS EN ISO 10352: 1997
Resin flow of pre-impregnates ISO 15034

Analysis of uncured sample by DSC

BS EN ISO 11357

Degree of cure by DSC

BS EN ISO 11357

Gel time

ISO 15040

Test panel manufacture

ISO 1268: 1974

Test and conditioning atmospheres

BS EN ISO 291: 1997

Tensile - unidirectional

BS EN ISO 527-5: 1997

Tensile - multidirectional

BS EN ISO 527-4: 1997

Compression - unidirectional

ISO 14126

Compression - multidirectional

ISO 14126

Shear : 45 degree tension

BS EN ISO 14129: 1998

Shear modulus : plate twist

ISO 15310

ILSS : through thickness

BS EN ISO 14130: 1998

Flexure

BS EN ISO 14125: 1998

Mode I fracture toughness ISO 15024
Fatigue ISO 13003
Creep testing ISO 899
Moisture uptake/conditioning ISO 62
Effect of water/moisture ISO 62/175
Effect of chemicals ISO 175
Effect of heat ageing IEC 60216
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Laminate

Tensile Test Methods

Tensile Properties of Polymer Matrix Composite Materials

ASTM D 3039 ) i
Specimen Type: Rectangular, with tabs

Tensile Properties of Plastics
ASTM D 638
Specimen Type: Dumbbell

Plastics - Glass-Reinforced Materials - Determination of
Tensile Properties

ISO 3268 Specimen Type: Type | Dumbbell
Type Il Rectangular, no tabs
Type lll Rectangular, with tabs

Tensile Properties of Oriented Fiber-Resin Composites
SACMA SRM 4 ) )
Specimen Type: Rectangular, with tabs

Tensile Properties of Onented Cross-Plied
SACMA SRM 9 Fiber-Resin Composites

Specimen Type. Rectangular, with tabs

163



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

steel cord belt ply of tire
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The samples must have different:

- Angle of cord (with respect of the direction of
loading — not only longitudinal and transverse
orientated samples);

- Material of cord (surface treatment);
- Form of cord (wire, thin wire);

- Number of layers (single-layer, two-layer, multi-
layer);
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designed multi-layer test samples with different wide 10, 15
and 25 mm and of length 120 mm. The cord-angle
orientations in single-layer specimens are 0°, 22.5°, 45°,
67.5° and 90°. Two-layer specimens are symmetrically
orientated between top/bottom layer +22.5°, +67.5°, +45°
and asymmetrically orientated with cord-angles +0°/-45° and
+67.5°/+22.5° (it is +22.5°/-112.5°, specimen D) with
thickness 4 mm.

cutting machine with abrasive water jet (AWJ) technology
cord-angle

arientation
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Geometrical parameters of sample

length .... 120 mm
wide ..... 10, 15and 25 mm.

Also must be determined conditions for individual type of tests:

Statically tensile tests (uniaxial and biaxial);
Statically bend tests;

Statically tests of composites under combined loading states
(combinations tensile with bend) - that are to be approximated
tire real state during tire operational loading (predicate about
real deformation behaviors of steel-cord belt plies);

Corrosion tests in a corrosion chamber (exposition time);
Dynamically test etc.
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Test condictions

Tensile e Initial length between the jaws of the testing machine
IS 92 mm;
e Elongation measured on the same length and also
measured on 50 (or 25 mm) in centre of specimens;
e Rate of test is 10 or 25 mm/min.

Bend e tree-point;
e distance between end points 50 mm.
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symetrical

Asymmetrical

Failure of two-layer symmetrical
+22.5° and asymmetrical

_ specimens +67.5°/+22.5° (right)
Lafter tensile test
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TWO-LAYER BELT SAMPLES with cord-angle +45° and +22.5°

0
- 10.0 mm width
2B -

+22.5% wire

26

24 -

22 +22.5° thin-wire
"E- |
A 2o
=

18 . .
% TR » thin-wire
@ +22 5%
ﬁ 16 wire
= O—O0—© 5o thin-wire
.5 * * % wire
g 12
=) , . +45° wire
c 10 +45° thin-wire O
LLl

Thin-wire

| N
2 NN
i =02084 mm i =4x0 28 mm
0
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40
Strain [%]

QOutputs from tensile test of steel-cord belt samples — stress-strain dependences
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’ensﬁe test.

172



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

SIMPLE TYPES OF LOADING
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{b) Compression
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(e) Flexure

a Orthotropic Lamina b -Tension-Shear Coupling

Nending-Twisting Shear Coupling d Tension-Twisting Coupling
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EXPERIMENTS OF PART OF TIRE CASING

The tire casing was cut by water jet
cutter in longitudinal and transverse
direction in order to obtain the
specimens from the whole under-
tread reinforcing area of the casing.
The specimens were prepared with
different width and it was 10, 15 and

20 mm.
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The static tensile tests and
bend tests were performed for
the specimens in an
agreement with  standard
specifications and it was with
the aim to obtain modulus of
elasticity for different
directions of configuration of

specimens.

Specimens - cuttings in longitudinal direction (up) and

transverse direction (down) with different width, prepared for

performance of the tensile and bend tests
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The main purpose of the research was to determine the required
materials parameters for the reinforcing layers in relation to
selected casing which is designated as 245/40 R18 type. The
chosen tire casing was cut by water jet cutter in longitudinal and
transverse direction in order to obtain the specimens from the
whole under-tread reinforcing area of the casing. The specimens
were prepared with different width and it was 10, 15 and 20 mm.
The static tensile tests and bend tests were performed for the
specimens in an agreement with standard specifications and it
was with the aim to obtain modulus of elasticity for different

directions of configuration of specimens.
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The conditions of the tensile tests were:

« Starting value of length between clamps of test machine
was 100 mm;

 Elongation measured on the same length;

 Loading speed was 10 mm/min.

The conditions of the bend tests were:

 The value of distance between outside points was 50 mm;

« The loading speed was 5 mm/min
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Specimens in radial direction
with and without tread after
bending loading
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BEND test

Bending stress [MPa]
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Specimen Steel —cord belt Cord-angle Specimen geometry
No. accordant with the tire [°] width x thickness [mm]
1 165 R13 +23° 143x2.4
2 235/65 R17 +32° 14.0x 1.0
3 MATADOR unspecified +23° 140x 1.5
4% not from real tire +23° 14.3.x4.5
5 BARUM unspecified +31° 14.0.x 1.0

The concrete initial conditions which were used — speed of loading is

10 mm/min and initial length of specimen between brackets of tensile

test machine is 80 mm.
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Specimens after tensile tests
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METHODS FOR DETERMINATION OF
MODULUS OF ELASTICITY

As the first method we have selected a method based
on 0-8% strain. Principle of the method consists in
calculating the value of 8% strain of the specimens. From
intersection of the graph we read the values for applied
force for given strain and these values insert into the
equation for calculating modulus of elasticity.

Other methods are similar, but we change the values
of the strain of 4-8%, 0-10% and 4-10%. The last method is
based on reading values of strain of linear part of graphs.
The strain into tires is moving between 0-10%. By reason of
the most accurate determination of modulus of elasticity we
suggested just these computing methods.
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1 (F-F)1
E=iga="= F1_(F-F) [MPa]
e Al-S (L,-1,)-S

the modulus of elasticity;

the stress;

the strain;

the tensile force applied to the specimen;

the initial length of the specimen between brackets of tensile test machine;
the 1nitial cross-section area of specimen;

the length through which the specimen is elongated amount;

ending tensile force for concrete method;

starting tensile force for concrete method;

ending elongation for concrete method;

starting elongation for concrete method.
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Final modulus of elasticity for specific tire composite structure specimens

Specimen Methods E
No. start — end of strain [%] [MPa]
0—-8% 225.8
4—-8% 218.5
1 0—10% 223.1
4-10% 233.1
linear part 265.4
0—-8% 55.4
4 - 8% 53.6
2 0-10% 58.6
4-10% 59.5
linear part 200.0
0— 8% 357.1
4 - 8% 380.9
3 0-10% 380.9
4-10% 412.6
linear part 1023.1
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0- 8% 109.2

4 - 8% 65.5

4 0-10% 1013
4-10% 67.0

linear part 64.0

0— 8% 106.7

4-8% 151.7

S 0-10% 160.7
4-10% 154.7

linear part 295.2

From the results was the task as precisely as possible the method for determination of the modulus

of elasticity, which is suitable for other specimens of steel-cord belt configurations.

Because of nonlinear character given depending, force-deformation dependences, we have
identified several methods that we consider most appropriate for determination of modulus of elasticity.
The comparing of the results of modulus of elasticity obtained by individual methods between
the specimens, we concluded that the most appropriate method to calculate of modulus of elasticity of

steel-cord belts is a method based on determination of the modulus of elasticity of 4-8% elongation.
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Textile overlap belt laver

Detail C

_ Steel-cord belt two-layer
& (cord 2+2x0.28 mm)

» =

- Detail C
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The photographic documentation showing the geometric
configuration of reinforcing cords in steel cord belts and tire-
crown was supplied in order to obtain accurate geometric data
which were needful for computational modeling of the given steel
cord belt.

The software IMPOR 5.0 with plug-in ObjectMeasuring is used for
image analysis.

The geometric parameters of the reinforcements of tlre-casing
245/40 R18 in place end of steel-cord belts are showed on the
Figure 6 on the left and schematic structure in the center of the
tread is on the right. The EPM of textile cap ply is 800900 m-'.
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PHOTOGRAPHS
ANALYSES

Thickness of layers t [mm]

Diameter of cords D [mm)]

Construction of steel-cords

Number of steel-cords per
decimeter width of one steel-cord
belt layer (plumb on cords) [10cm-"]
(EPDM) ......
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2

PHOTOGRAPHS
ANALYSES

Thickness of layers t [mm]

Diameter of cords D [mm]

Construction of steel-cords

Number of steel-cords per decimeter width
of one steel-cord belt layer (plumb on cords)
[10cm™'] (EPDM) ......

TEXTILEBELT

Structure of
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Composite structure Steel cord belt Textile Textile
. eel cord be
parts of tire belt carcass
Number of layers [-] 2 1 1
Thickness of layers [mm] 2x0.98 1.28 0.92
Diameter of cords [mm] 0.62 0.69 0.49
Construction of steel cord 7x0.30
belts
Distance betwe?n middles 100-1.14
of steel-cords in top and 107
bottom layers [mm] '
Spacing between middles 1.09 fo.r top lgyer 0.90+1.50
of cords in layer [mm] 1.09+1.15 for 1.09
y bottom layer '
Number of steel-cords
per decimeter width of | 920 for top layer
one steel-cord belt layer 920960 for
(plumb on cords) bottom layer
[10cm™]

Distance between middles
of steel-cords in top layer
of steel-cord belt and
middles of textile cords
in textile belt [mm]

0.69+0.97
0.84
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Dynamic test DMA

Experimental tests were performed in order to
obtain material characteristics and parameters of
the selected parts of the tire casing as important
material inputs into the calculations for verification
and analysis of computer models with experi-
mental data.

Samples were prepared from treads, alluvial |
mixtures and sidewalls of tree variously aged tire =
casings. i

Dynamic DMA tests were performed on
PYRIS Diamond test device from Perkin Elmer in
the temperature range from -70 to 110 °C at fre- =
quency 1 Hz.
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Dependencies of dynamic modules of elasticity from temperature
obtained from DMA tests
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. 2200 -
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Dependency of elastic modulus E* of treads from temperature

Dependency of modulus E* of alluvial mixtures from temperature
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modules of elasticity were calculated.

Values of E of the samples at temperature 20 °C

Sampl E 05 (mid. E 17 (oldest) | E MP44 (new)
PI€ | aged) [MPa] [MPa] [MPa]
Tread 5.34 11.22 20.07
Sidewall 1.02 1.52 0.65
Alluvial 2.73 2.01 1.34
mixture
Values of dynamic modulus E* at 20 °C
Samole E" 05 (mid. E"17 (oldest) E"MP44
P aged) [MPa] [MPa] (new) [MPa]
Tread 72.70 18.21 86.74
Sidewall 21.06 13.98 33.01
Alluvial 34.79 19.70 33.01
mixture
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IRHD hardness tester the hardness of the selected
variously aged tire casing parts was determined.

Values of IRHD hardness
Sample IRHD MP44 IRHD 05 (mid. IRHD 17
P (new) [-] aged) [-] (oldest) [-]
tread 72.83 73.50 79.33
sidewall 43.17 56.67 65.00
alluvial 44.00 51.50 62.17
mixture

From the dynamic and static experiments modules of
elasticity of tread, sidewall and alluvial mixture samples
were determined and compared. The results show that
the dynamic modules have much higher values than the
static ones.

From the results of the IRHD hardness test can be
clearly seen that hardness increases with age. This is
most significant in the results for tread samples. From all
of the results can be concluded that the oldest tire casing

is significantly degraded.
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Part 5 - DEGRADATION \

Degradation, Limit state, Corrosive test,
Outputs from tensile tests, Microscopic
evaluation of interaction of the cord -
rubber (elastomer)
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The part deals with experimental study of the adhesive bond between a
steel-cord and non-linear matrix upon failure after corrosion test. The
corrosion causes birth of dangerous delaminations on steel-rubber
interface. Therefore, is necessary to deal with adhesive bond upon failure
into microlocality. For experiments was used metallography observation
and statically test for analyses of uniaxial stiffness. The obtained results
from experiments will be used namely to computational modeling of steel
belt of tire.

The knowledge about experimental modeling of tire from
macrostructure and microstructure are necessary for computational
modeling. The essential factor expressive influence on coherence of
whole tire, are good adhesive bonds between reinforcement materials and
rubber parts of tire.
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The tire steel-cords are exposed to various chemical and thermal influences during
cyclic loading states by tensile-compression in tire loading processes.
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The adhesive bonds are affected by internal impacts (inserted during production,
mounting) and external impacts (operating conditions, surrounding conditions etc.) or
their interaction. It can be caused degradation on reinforcement-matrix adhesive bond.
The degradation leads to failure into whole macro volume of tire. What isn’t admissible

from safety aspect of vehicle

200x zoom . —— 5 Rubber matrix 100x zoom

»

Rubber drift

-

~~ Wirestrandcord- "~ . .
N R B T A

e Wire cord

| Copperier on wire strand cord surface

Bond between = take in computational
steel-cord and rubber model

Microscopy with 100x-200x zoom 204
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The light microscope was used for metallography observation of
the adhesive bond between steel-cord and rubber upon failure after
corrosion test in corrosion chamber under extreme conditions and
statically tensile test. Together with metallography are performed
experimentally analyses of uniaxial stiffness for using the obtained
results for computational modeling . The selected samples of one-
layer steel-belt of tire are effected to experiments. The
reinforcement is wire form with radius 0.94 mm with surface
treatment of cords.

40x zoom

o, 8
L ..
DR .m '-:'J'r'- M

l‘_ -
=

. Rubber matrix
Rubber drift
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In addition if the tire is in use is defected in tire crown (e.g.
defect caused by sharp object as a nail and after the
repair is placed back into operation) the initiation of
corrosion with faster process is being assumed.
Consequently this can lead to gradual or sudden failure of
the steel-cords and bonds of steel-cord and rubber with
a serious car accident as a final consequence.

Any damage in the area of tire crown, namely into steel-
cord belt, is perilous.

Tires are subject to internal and external effects which can
more or less cause limit states leading to degradation
processes.

206



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

The corrosion causes formation of oxides on steel-cord and rubber
interface. The oxides accelerated of birth of dangerous delaminations after
uniaxial test and so providing that fitting surface treatment of tire cords

Delamination
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The oxide film is strongly affected on failure of adhesive bond which show
comparison between test sample without corrosion only tensile loading and
test sample after corrosion test together tensile test by tensile force in
dependence on elongation. The tensile stiffness descended more than half in
consequent on failure

0 0,1 mm
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Tire life is affected by many factors (e.g.
manufacturing way of a tire, its operation and
handling, storage conditions of base materials for tire
production etc.) while it's assumed an ideal adhesive
bond among the rubber elements in matrix
(e.g. an interface between tire tread and textile
overlap belt) and the cord reinforcing and rubber drift
Inside tire carcass, and belts is assumed in this
cases. For long life tires must resist during operating
to surrounding effects, to negative effects of
operation and to other effects, which could lead to
wear and degradation processes as are e.qg.
delaminations.
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Tires must resist during operating to surrounding effects,

to negative effects of operation and to other effects, which
could lead to wear and degradation processes as are e.g.

delamination.
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Cut through
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Ageing, etc.
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Resistance to the following effects is considered:

Puncture — capability of tires to resist puncture by sharp objects;

Cut-through — capability of tires (especially of the tread and sidewall) to
resist contact with sharp objects;

Breakdown — capability of tires to resist damage during short-term loading
by concentrated forces;

Fatigue — capability of tires to resist material fatigue and defects in
consequence of repeated loading cycles;

Separation and delamination — capability of structural tire components to
maintain integrity of the system during operation;

Humidity — tire elements must be able to resist degradation by contact with
water;

Ozone influence — capability of tires and of theirs components to resist
degradation caused by ozone present in atmosphere;

Temperature — tire components must be able to resist high and low ambient
temperatures and also consequences of contact with the road;

Chemicals — capability of tires and theirs components to resist degradation
caused by chemicals (in winter — influence of salt solutions);

Corrosion processes — capability of tire reinforcing cords to resist corrosion,
etc.
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CORROSION TEST The corrosion chamber

500 hour by temperature 70°Celsius in saline application 5%
authors note: such extreme conditions should not ever appear in tire
operations |f proper. condltlons are kept

s 2

Steel-cords are exposed to various
chemical and thermal influences =
corroding process = adhesive bonds
between cord-elastomer are damaged =
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TWO-LAYER BELT SAMPLES with cord-angle £22.5° with corrosion
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CORROSION
TEST
+ tensile test

Fig.1. Specimens of steel-cord belt after failure with details of fracture area.
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&
STRESS-STRAIN dependance of
12 4 selected specimens with width 10 mm
Ygtfe—fe FF3 thin-wire NESYM +67.5°/+22.5°
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@@ —® EE3 wire NESYM +67.5%/+22.5°
10 4 | Ve BB3 thin-wire SYM =45°

| e |
O
o
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T 8 9 140 " 1z 13 14 15 16
Specimens angle orientations
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It is necessary to prepare of samples for microscopy observation
of structures so that the samples included different:

- Form of cord;
- Geometrical configurations and number of layers;

- Level of corrosion impact of steel-cords — adhesive bonds
(without corrosion, easy corrosion, after corrosion test behind
extremely conditions).

For selected cords were accounted:

- Uniformity of layer of rubber drift on cord surfaces;

- Surface treatment of cords;

- Interface between cord-rubber matrix after tire production;
Structural change into microlocality of cord-rubber after corrosion.
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WIRE after production
i

. Filament of
wire cord

Filament of
wire cord

Rubber matrix

Good adhesive bond between wire steel cord 2+2x0.28 mm (cord consists of 4 filaments) and
rubber after tire production (without corrosion)
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WIRE - after extreme corrosion
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MICROSCOPY OBSERVATION

Detail of cord after extreme corrosion
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THIN-WIRE - after
production

Rubber matrix Rubber drift Rubber drift

L}

Good adhesive bond between thin-wire steel cord 0.94 mm and rubber drift after
tire production (without corrosion)
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kord

claslomerova
matrice

nanosovy elastomer nanosovy elastomer
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Rubbermatrix

Rubber drift

Rubber drift

(]

Rubber matrix

THIN-WIRE - after
extreme corrosion

Rubber
dnft
0.2 mm

Damaged adhesive bond between thin-wire steel cord 0.94 mm and rubber drift after
corrosive attack (with extreme corrosion and tensile loading) with detail of oxide on
cord surfaces 229
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extrémni korozni napadeni

; , nanosovy elastomer
nanosovy -

elastomer

elastomerova matrice

nanosovy
elastomer
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Rubber matrix

Rubber drift
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On the base of corrosion tests is possible note:
* Arise of uniform surface corrosion;

* Fragility and hardness of corrosive layer;

* Quicker grow of oxides near cord surfaces;
 Fracture of oxide layer;

* Quality of cord-surfaces and surface treatment
of cords with respect to corrosion attack;

 Decreased of material characteristics of steel-
cord belt on the basic of tensile tests.
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 Any damage in the area of tire crown is
perilous.

 If extreme corrosion on cords then cord
surface treatment lost function of corrosive
protection.

* If cords are with corrosion then adhesive
bonds between cord-rubber matrix are
damaged and safety of steel-cord belt plies
and also tire Is decreased.

* For predication of damaged belt ply is
possible used combination of computational

with experimental modeling.
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On the basis of experiments of tested samples from tire are lost
their mechanical and physical properties in exposition to critical
corrosion loading. Whereby these property losses are lead to
decrease suitability of tires in operation namely where tires are
exposed to heavy duty and also where small initiation can be caused
one wire cord burst or steel cords burst into concrete part of tire or

Sample specification: wire cord; one layer steel-cord belt with

whole tire disru ption ; cord-angle 65° with respect to loading direction; width 8.5 mm

~etensile test

/

4

lf‘

200 A

250 ./
r tensile test
/ after CORROSION test

]
=]
L==]

150 -+

Tensile force [N]

100 -

50 1
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Computational models of belt:
- Without adhesive bonds including (it is model reinforcement-

matrix);
- With adhesive bonds including (it is model reinforcement-
adhesive bond-matrix) — adhesive bonds will be included

influence of corrosion attack, drift rubber and surface treatment
of cords. Then this model based on higher level knowledge with
inclusion of all necessary input data.

It is necessary take into consideration:
- Adhesive bond cord-rubber;
- Matrix relations with reinforcing cords;

- Non-uniformity in cord location on cross-section of steel-cord
belt.
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Part 6 - COMPUTATIONAL |

MODELLING OF TIRE: FEA by

program ANSYS, Parts of tire, Elastomer,
Determination of Mooney-Rivlin
parameters, Comparison of experiment
results with simulation results of tire parts

———— e — e ——
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For creations of computational models of tires it is necessary to
have good knowledge about:

o Complete tire geometry parameters,
e Structure of tire-casing from macrostructure point of view,

e Number of composite layers and their geometrical
configurations (namely thickness),

e Construction of steel-cord belt which are used into tire (as
angle and number of cords per meter width of belt layer),

o Construction and material of cords into tire (with specification
of construction),

o Material parameters of elastomer matrixes and cords as
reinforcements,

e Complete loading conditions (as inflation pressure into tire,
loading force, shape of unevenness) etc.
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For creation computational models of parts of tires (as model of
belt layers of tires) it is necessary to have next knowledge
about:

e Microstructure of interface between cords — elastomer after
tire production (by microscopy),

o Surface treatment of cords (as thickness of surface),

o Uniformity of layer of elastomer drift on cord surfaces (as
adhesive bond),

e Next e.g. structural change into microlocality of steel-cords
— elastomer after degradation process as corrosion attack.
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Tire by laminate theory

One-layer, cord angle =0 \

(transform)
HOMOGENEQUS
OFF AXIS
ORTHOTROPIC PLY
PROPERTIES PROPERTIES
HUEIHEFI COMPOMNENT APPROXIMATE OFF AXIS
CORD PROPERTIES MlCRDHECHANICSr n ”
THEORIES ANFORMATION
\/
LAMINATION THEORY
Multi-layers
TIRE MODEL
PREDICT TIRE
STRUCTURAL ( < )
RESPONSE two Iayers

-

A

MULTI-PLY LAMINATE

PROPERTIES

One-layer, cord angle # 0

240



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

APPROACHES

point contact roller contact fixed footprint

radial spring radial-interradial flexible ring finite element
spring
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Before | start two explain these enveloping models | will give overview
of other, different enveloping models.

As already explained the point contact model is not able to describe the
tire behaviour correctly. No lengthening of the response and no
swallowing of obstacles.

The rigid roller model is able to lengthen the response, but is not able
to swallow obstacles.

The major problem of the fixed footprint model and the radial spring
model is that there is no connection between adjoining springs, i.e.
there is always a continues contact patch.

All other models, the radial-interradial spring model, the flexible ring
model and the finite element model are able to describe the tire
response rather well. The computational effort is however very large.
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2-D Wire Frame

2-D Wire Frame
* 1-pitch pattern » 2-D tire section
2-D Mesh
+ 1-pitch pattern !
2-D Mesh
2-D Mest‘; * 2-D mesh of tire section
* Multi-pitch pattern
v 3 D M
3-D Mesh 0_3_[) t:'—;’od -
. Mlllti-pitch pattern Y IT
v
Combination
-Tread + BOCEY mﬂShﬂS

Fig. 4. 3D tire meshing process considering the detailed tread blocks.
Detailed tread mesh

(@)
Fig. 10. 3D tire model with partial tread mesh: (a) before

+2D 1-P mesh 2D 3-P mcsh

5, *2D 1-P wire frame

& &\
RS

o

=
- ‘"ﬁ'ﬁﬁe ASDs,
==

Curvilinear
| = o7 = e |

Mappifl_g; _

- &Extriusion

P Pitch

Fig. 5. Proccdure for gencrating trecad meshes (no nced of the transition
mesh for the full tread mesh).

assembling; (b) after assembling.
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36 000 elements
155 000 nodes

Fourth part of model:
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GEOMETRICAL AND MATERIAL PARAMETERS of matrixes and

reinforcements into tire 165/65 R 13 (on the basic on measurement into cross-section by author)

Textile

Composite structure parts of tire Steel-cord overlap Textile tire
belt carcass
belt
Number of layer 2 1 1
[]
Thickness of layer
Y 0.95 0.80 0.95%
[mm]
—_— Diameter
m m * *
E = [mm] 0.60 0.40 0.48
T 2 Cord- |
- oreange +23 0 90
o T = []
O ©
= Texture
O =] o 961 420* 1160
Q [m-]
Spacing between 1.04 2.38* 0.86*
cords ** [mm]
Volume of cord in N
whole layer [%] 28.6 6.6 21.6
Stress moclulus for matrix E .
(MPa 12 21 12
— = Poisson ratio for matrix v
.g = 0.4995 0.4995 0.4995
s g ]
S Stress modulus for reinforcing
= 5 £ [MPa] 180 000 11 000 3400
Poisson ratio for reinforcing v 0.3 0.66 0.4

[

* — only orientation value; ™ — spacing determined by texture.
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Mooney-Rivlin parameters for elastomer parts of tire.

Mooney-Rivlin parameters C10 [MPa] C01 [MPa]

Tread 0.417 0.519
Inner liner 0.109 0.259
Bead elastomer 0.692 0.371
Sidewall with Tread side edge 0.532 0.065
Bead bundle -0.111 1.945

for steel-cord belt 0.638 0.284
Elastomer drift for textile overlap belt 0.548 0112

for textile tire carcass 0.328 0.119
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M-R parameters

azz-[z—%}[cl—ﬁjz o _—Ci+C
A A 2.(1_L)

Y=4-X+B& ° =C-A+C, Y:qooi_l_COl

1 J Lambda A = Epsi + 1

1
o=C,,-(Epsi+1)+C, ) 2-|1-
( " ( b ) 01) ( (Epsi+1)3J

Excel  sigma = [C10*(Epsi+1)+CO01]*2*[1-1/(Epsi+1) 3]
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Uniaxial Tension with Mooney (2 parameter)

-.'- Exp Datal

+ Mooney (2 par

| T |
n.04 0.06
Strain

0.05

Stress

Uniaxial Tension with Mooney (3 parameter)

-'.'- ExpDatal

U | U | U | U |
n.o2 004 .06 0.0
=train
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Material parameters of elastomer matrixes
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—

251



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

[ COMPUTATIONAL MODELLING of the stress-strain states of tire composite structures

(steel-cord belt)
o mindlaniorun e dean e e e s s e ol e v i e g "'F P it =l e i o e S oS et il W
' INFLITS  — DUTPUTS .
i B o h k'
N o character
S i | {deve lopmeni of
"] . - - L deformation ) o
CGeometry J = cpecimen cross section Strain ) :
- = g tuide
cord eriss section ) g
s .-'= =
. . distribution in marrix
= gords (steel. fexgile) Stress J

' Mate rial
paramete s
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o .
| cord angles
—y ' &
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i Ty
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L A
' & T
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. e -
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distrilmation in cords

=

=

Critical area for
composite failure

N . )

Conce pt of an optimum size of the specimens
from the viewpoint of the computing time and
comparsoen with the e xpe rime nis

Ex pe rime nis

| anrmsmimrnsmsmsnral

5 HERIFI(ATIG‘H

N N N R G R R



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

model without adhesive bond
Material parameters for

x _ _ non-linear matrix
| Modul of inertial = Mooney-Rivlin

% hyperelastic model
¢ ‘ ¢ o

2D model cross section

0.9500 mm

Cord by solid or beam element

0.5814
mm

4253
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ile force

Tens

Rubber

interlaver

Symmetrical

One-layer / Two-layer

Mg x ¥
A Sl A I ol S . e
R T A
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One-layer 23°
stress [MPa]
«—cord stress

 mattrix stress

. 399291

27.65 B2.151 136.652 181,153

Symmetrical two-layer *23°
cord stress [MPa]

54.5 109.401 163,902
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23° two-layer tensile test

_—7” Right
Total displacements
in the cords in
the bottom layer of
the specimen.

Left /

View of the whole
specimen

Centre

Top view of the upper
surface of the bottom
layer of a two-layer
specimen (i.e. the "place
of contact" of the upper
and bottom layer of the
specimen).

I s L.
Jlcoo4z 1.0327 =.174 ERECHINE 4.448
.46B8520 1.€06 2.743

Displacements along specimen length 256
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23° specimen — tensile test

< Two-layer specimen

Single-layer specimen

colusy

Total displacements and comparison with a single-layer specimen 257
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30° — tensile, 10 mm width

I 120 7
110

100

&~

Compute vers. experiment:
— good

70—

a -

Sila [N]

04

40

.
Tahova sila na prodlouZeni

30 T S ;
(na nominalni 92mm deformaci a méiené 20 mm deformaci)

20 Experiment - méfena deformace

m—u = = Vypocet - méfena deformace

10 Experiment - nominalni deformace

N Vypocet - nominalni deformace

G | | | T | |

U 10 20 30 40 S0 60 70 258
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60° — bend, 5.6 mm width

018

014

012 —

0.1

Sila [N]

g —

0.06 —

IRms_dﬂ do 14%

Compute vers. experiment:

= good

7 Vipotet 8% — IMR = -3.1794; 46208 -11.002; d = 0.15
g (s normalizaci, lepsi popis niZsich hodnot, z jedno 1
' dvojosé napatosti z dar do 8%)

g - méfena deformace
0.4 — o
.-'/I-
/.:' -
S Sila na prahybu
-
0.02 y FExperiment
o ~ = Vypaiet
.f.l.
n’/j'l
0 I
0 1 2
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23° - BEND / 4 mm

< Two layers / one layer

U

E
0032273 WET4CCE Z.745 2.6l 3.L86
.438557 1.20% 2.1z 3.051 3.BEL

EE—
LB0E2-032 LTELRE] 1.4168 2.201
TATARD T 1m T R34 v ORAR
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67° - BEND / 4 mm

< Two layers / one layer

U

N
—_1°RRFD STANEARY LI ForRdE S.FT
L32TIER 1.254 2.1:21 3.108 1.10%

516 i Z.743 =3
LEEG1EL 1.37%4 2,201 f 3,207 4,130
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model with bond cord-rubber

This specific area between the cord
and the rubber in the computational
models of the steel-belt leads to the
decreasing of the cord diameters.

Thickness of this area is also
determining parameter for correct
consideration of adhesion and
degradation processes in

the border of steel cord/drift
rubber/rubber matrix.
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model with bond cord-rubber

The way of adhesive bond incorporation in way of considering
the replacement by third material will be show on the next figure.
The model of half of one steel-belt layer with the reinforcement
formed by compact wire is being concerned. Original border of
cord-matrix (i.e. steel-cord diameter) is illustrated with dash line.
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model with bond cord-rubber
Rubber

/\ Transition region
/ A \

Originalﬁ cord diameter

F
Wire cord
Meshing of FEM model
\ ) 7 / i
£ / / N / \ /

Design of computational model of wire steel-cord belt (half of one-
layer with orientation angle 30°) with adhesive bond

Sample output Stress von Mises into cord [MPa]

= == 2 - FLbd 1.2¢
LLenses £.381 7. 601 B SRS Z6. <04 «310%31 + 9199 d-32l 2.1z2 2.724
c R .
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COMPUTATIONAL MODEL OF STEEL-CORD
BELT for STRESS-STRAIN ANALYSES

» material parameters of matrix (Mooney-Rivlin) and cord,
> optimalization (computational time, type of analyses),

» ,open“‘= other analyses (after supplementation of necessary input data
to the models, analyses of thermal field, dynamical form of loading,
eventually combination these loading states will be possible),

» outputs are inputs to FEA model of tire,
» model of steel-cord belt with degradation (CORROSION).

Macro and microstructure of steel-cord belt (interface
cord-rubber by microscopy).

Corrosion test of sample of steel-cord belt.
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Part 7 - CREATION OF
COMPUTATIONAL MODELS:

Geometrical parameters, Material
parameters (characteristics) as input for
computational model, Replacement of belt
structure for FEA of tire
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For simulation of driving dynamics

For basic principle of behaviour

[ Combination ]

* l Statics i
d - @@ " -
. . No-plane 1 Plane 1
-+ Dwynamics ’
| P + |
.

For study of properties m detail
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A

T
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of rolling
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Criteria for choosing of tire computational models and requirements 267
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Creation of 2D FEA static tire model

for deformation analyses

Computational modelling by ANSYS 269



Jan KRMELA: Experiments and Computational Modelling of Tires, 2020

Creation of 3D FEA static tire model

for stress-strain analyses | i T >f
. 