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Three-dimensional contact
stresses of a slick solid
rubber tyre on arigid surface

M De Beer, Y Van Rensburg, J W Maina

The main aim of this paper is to quantify the three-dimensional contact stresses imposed by a single
slow-moving (or rolling) slick solid rubber tyre on a relatively rough contact surface, such as stiff
asphalt concrete or airport concrete surfacing layers. The results indicated the tyre-contact patch of
a slick solid rubber tyre to be of rectangular shape for a vertical tyre loading range between 20 kN
and 100 kN. The rectangular tyre contact shape was confirmed with static paper prints, as well as

an electronically measured contact patch with the stress-in-motion pad device. The study included
load calibration using a mass load scale, and a stress-in-motion device. These were used with an
existing full-scale accelerated pavement test device, referred to as the heavy vehicle simulator.

In addition, simplistic multi-layer linear elastic modelling was used to quantify differences
between stress and strain responses of two types of two relatively ‘stiff’ based pavements, such
as an asphalt concrete base and Portland cement concrete base, on similar subbase and subgrade
layers. Notable differences were obtained, which could potentially influence further detailed
studies on the performance of full-scale slick solid rubber tyres on typical multi-layered pavements.

BACKGROUND

Firstly, in the realm of tyre-pavement contact
stress, little is known about the actual tyre-
pavement contact between full-scale slick
solid rubber tyres, as opposed to pneumatic
rubber tyres. As pavement modelling meth-
odologies develop, it is possible to model the
actual shape of the tyre-pavement contact
patch, as well as include three-dimensional
(3D) contact stress data input. This is an
introductory paper into this aspect, and it
includes tyre-pavement contact shape and
capturing of the actual 3D stress regime

at the interface described by De Beer et

al (1997), De Beer and Maina (2011), and
Maina et al (2013). The stress-in-motion
(SIM) pad device described by De Beer and
Fisher (2013) was used for the measurements
of these stresses. Secondly, in-plane tensile
stress and strain responses at the bottom of
the base course of two pavement types — i.e.
asphalt concrete (AC) and a stiffer pavement
such as a Portland cement concrete (PCC)
base under the slick smooth solid rubber
tyre — are demonstrated by analysing a
three-layered system using a multi-layer
linear elastic (MLLE) model with a static tyre
loading. This analysis was done using actual
vertical contact stresses (Szz) only, for a tyre
loading range from 20 kN to an extreme
loading of 100 kN. This information may be
useful to pavement engineers when designing
pavements for loading areas in harbours, the

mining industry, factory floors and airport
apron pavements where most of the loading
is from slow-moving heavy vehicles with slick
solid rubber tyres, such as front-end loaders,
cargo passenger boarding bridges and mining
equipment. Normally this type of equipment
needs increased manoeuvrability, stability
and safety, and solid rubber tyres eliminate
the need for maintaining high tyre inflation
pressures required by traditional pneumatic
tyres (Kargo Press-on PBB 2020).

PROBLEM STATEMENT

One of the main limitations for design
purposes in pavement engineering, including
airport apron pavements, is more realistic
contact stresses (or loads) applied on these
pavements under commercially available
slick solid rubber tyres. Virtually no informa-
tion on the actual contact patch of slick solid
rubber tyres is available to pavement engi-
neers to be used in mechanistic modelling.

OBJECTIVE

The objective of this paper is to quantify tyre-
pavement contact shapes and 3D distributions
of contact stresses of a full-scale slick solid
rubber tyre. The foregoing is proposed to be
used in pavement modelling. In this study, a
typical ‘press-on-rim’ slick solid rubber tyre
was selected for this purpose.
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Figure 1 Side view of slick solid rubber tyre on a commercial vertical
mass load scale

il A
Figure 2 Close-up frontal view of slick solid
rubber tyre on the SIM pad test device

SCOPE

The scope of the paper is to demonstrate

the quantification of full-scale tyre contact
patches for the solid tyre, and use the results
to model two different pavement types. The
approach was to use a commercial, calibrated
vertical load scale (see Figure 1), and a spe-
cially developed 3D load and contact stress
device, referred to as the stress-in-motion
(SIM) device (SIM pad), described by De

Beer and Fisher (2013) in Figure 2. The SIM
pad device can measure vertical, lateral and
longitudinal contact forces (or loads), which
are converted to contact stresses. The surface
of the SIM test area is relatively rough, com-
parable to a dry, coarse asphalt pavement sur-
facing layer. An array of 3D load cell pins is
mounted across the SIM device and is capable

pad testbed*

of capturing time-based contact stresses
(approximate 10 mm wide across tyre width)
of a slow-moving (~5 km/hr) tyre over the
SIM system. See De Beer and Fisher (2013).

RESULTS

An image of the slick solid rubber tyre used
in this study, which was assembled on the
heavy vehicle simulator (HVS), is shown in
Figures 1, 2 and 3.

Image of solid rubber ‘press-
on-rim’ tyre mounted on the

HVS (used in this study)

In Figure 3 a close-up of the pin arrange-
ment on the SIM device (SIM pad) is shown.
Note that the test surface is not smooth, but
consists of small gaps (~10 mm) between the
array of calibrated steel measuring pins (or
3D load cells), and dummy steel pins for the
rest of the SIM pad testbed.

Tyre deformation rate (Dtyre)

by measured recoverable

(elastic) tyre deformation

The slick solid rubber tyre was an available
commercial tyre of size 40” x 16” x 30”

(1 016 mm x 406 mm x 762 mm) with

a tyre contact width of approximately

330 mm at 20 kN to 355 mm at 100 kN
loading. To establish the recoverable tyre
deformation (or elastic deflection) char-
acteristics, such as the elastic deformation

Figure 4 Manual measurement of the axle
height relative to the rigid base
centre of the tyre axle on the HVS

rate Dy
rigid concrete base (and a mass load scale

), the tyre was loaded onto a

(Figure 1)) over a range of loads between 0
and 100 kN. The total deflection of the tyre
axle on the HVS was measured, both on
the left and right sides (see Figure 4). The
ambient temperature of the rubber tyre
was approximately 20°C to 25°C during the
time of testing.

Tyre hardness and temperature
The slick solid rubber tyre used in this
study is considered as a medium to

* Note the SIM pad testbed pins and gaps in-between. The red-marked dots indicate the perpendicular array of sensor measurement load cell pins of the SIM device.
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Table 1 Test matrix for tyre deformation (in mm) and associated results from SIM pads 1 and 2

| AppliedHvstoad(kN)___| o | 20 ] 50 ] 40 ] s0 | 60 | 70 f s0 ] 90 | 100

Total height (mm) - left

Total height (mm) - right
Actual deformation (mm) — left 0.0 20 40
Actual deformation (mm) -right 00 20 3.0

Average deformation (mm) 0.0 2.0 35

Total height (mm) - left

Total height (mm) - right
Actual deformation (mm) — left 0.0 2.0 40
Actual deformation (mm) - right 0.0 2.0 3.0
Average deformation (mm) 0.0 2.0 35

All average deformation (mm) 0.0 2.0 3.5

4430 4410 4390 436.0 4350
436.0 434.0 4330 431.0 4300

4440 4420 4400 438.0 4370
4350 4330 4320 4290 4280

4340 4330 4320 431.0 4290

4280 4260 4250 4240 4220

70 8.0 90 100 1.0 120 140
50 60 80 100 11.0 120 140
6.0 70 85 100 11.0 120 140
4350 4340

4330 4320

4270 4250 4240 4230

6.0 70 90 100 1.0 120 130
6.0 70 80 100 11.0 120 140
6.0 70 85 100 11.0 120 135
60 70 85

10.0 11.0 12.0

Standard deviation (mm) 0.0 0.0 0.6 0.8 0.8 0.6 0.0 0.0 0.0 0.5

+Std dev (mm) 0.0 20 4.1 6.8 7.8 9.1 100 1.0 120 143

-Std dev (mm) 00 20 29 52 62 79 100 110 120 133
120

Applied tyre loading (HVS) in kN

y = 7.2571x
R?2 =099
O

O T T T
0 2 4 6

8 10 12 14 16

Recoverable deformation of solid rubber tyre (mm)

== All average deformation (mm) O +Standard deviation (mm)

= = | inear (all average deformation (mm)) A -Standard deviation (mm)

Figure 5 Applied tyre loading on a stationary tyre and associated measurement of tyre
deformation (approximate linear elastic in this study)

hard shore hardness (Totallyseals 2021).
Although not part of this study, it should
be noted that most materials expand when
heated. Rubber does just the opposite — it
contracts. During vulcanisation, crosslinks
of sulphur in rubber occur. The contrac-
tion occurs because the heat causes the
molecules to become tangled with each
other. Rubber bands that have tangled
molecules at rest become more so when
heated. Remove the heat and the rubber
band returns to its original shape, just as it
did when the stretching stopped (Doitpoms
2021). In the context of the solid tyre inves-
tigated, temperature and hardness were not
regarded as variables. Given the above, the

4

hypothesis is that, with increased tyre rub-
ber temperature and hardness, the contact
patch may shrink at the same load, thereby
increasing the associated contact stress.
This, however, is to be investigated with
further studies.

The test matrix for vertical tyre defor-
mation and associated results is shown in
Table 1.

Testing matrix

The test matrix for tyre deformation

and associated results measured from
rigid base to centre of axle is given in
Table 1. The test data of this study is illus-
trated in Figure 5. An approximate linear

Volume 63 Number3 September 2021

Figure 6 Grease applied to tyre surface to
provide smooth contact for tyre
print to minimise friction

Figure 7 White paper of A3 size for the
vertical tyre contact prints

relationship was obtained from the slick
solid rubber tyre (this study).

Outcomes of tyre deformation test
Rubber is essentially an incompressible
substance that deflects by changing
shape rather than changing volume. It
has a Poisson’s ratio (v) of approximately
0.5. At relatively low strains, the ratio of
the resulting stress to the applied strain
is a constant rate of deformation, or
Dyyres in this case. This value is the same
whether the strain is applied in tension
or compression. Hooke’s law is therefore
valid within this proportionality limit
(Schaefer 2018).

Given this, the main outcome of
the tyre deformation results indicates a

Journal of the South African Institution of Civil Engineering



(a) Single solid rubber tyre

HVS load: 20 kN

(b) Single solid rubber tyre

HVS load: 30 kN

(c) Single solid rubber tyre

HVS load: 40 kN
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Figure 8 Footprints of the slick solid rubber tyre on a paper grid of dimensions 450 mm vertical and 300 mm horizontal for a vertical applied load
range of 20 kN to 100 kN (see page 6 for description)
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Figure 9 Calibration outputs - HVS versus mass load scale
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Figure 10 Calibration outputs - HVS applied load on the SIM pad devices*

constant rate of deformation, or Dy, of

tyr
the slick solid tyre, to be approximz)l,tely
7.3 kN/mm (average slope of line obtained
in Figure 5). The data approximated a
linear relationship during test conditions
of r2 = 0.99, with one approximate stand-
ard deviation on the rate of deformation
measurements of the Dy, data ranging
between 7.0 kN/mm and 7.5 kN/mm. It
should, however, be noted that up to the
40 kN applied loading (~6 mm defor-
mation), the relationship is somewhat
concave downward (non-linear) before it
becomes more linear. This could be inter-
preted as rubber visco-elastic response,
linked with tyre-steel rim ‘settling’ in

at the time of increased loading from

the HVS.

Tyre footprint data
As part of the investigation, static tyre
footprints were measured with paint
(grease) on paper for every load condition
given in Table 1 (see Figures 6 and 7).
Scaled versions of the outcome of the
paper prints are self-explanatory and
are shown in Table 2. There was a slight
increase in tyre width, but a larger increase
in contact length under the range of test
loads, ranging from 20 kN to 100 kN. The
shape also becomes more rectangular
with increased loading and an associated
increase in the contact area of approxi-
mately 1.8 times. The slightly oval shape
of the footprint at 20 kN results from the
fact that the cross-section of the tyre was
not perfectly flat, as there was a noticeable

crown of a few mm (~2 mm) at the tyre
centre. However, at higher loading, this
becomes flatter, and the tyre wider directly
because of the Poisson’s ratio (v), as rubber
is considered incompressible, i.e. v = 0.5.
For road surface design purposes, it is the
opinion that a rectangular shape is accept-
able, as demonstrated in this paper.

Paper footprints of the solid tyre on
a grid of 450 mm vertical and 300 mm
horizontal for a vertical load range 20 kN
to 100 kN are shown in Figures 8(a) to 8(i)
on page 5.

3D CONTACT STRESS
MEASUREMENTS

Full calibration check of

the SIM pad device

A commercially available vertical mass load
scale was used in the static mode to cali-
brate the actual applied load by the HVS.
The SIM pad device was calibrated in a
factory using a special sensor load calibra-
tion device. Fairly good calibrations were
achieved between these devices, which
increased the level of confidence in these
data sets. The load calibration data for

the two cases — i.e. HVS versus mass load
scale, and HVS applied load on the SIM
pad devices — are given in Figures 9 and 10.

3D measurements of contact
stresses using a SIM pad device

The tyre loading range for 3D testing was
20 kN to 100 kN, at ambient room tem-
perature between 20°C to 25°C. The test
speed was slow at approximately 5 km/hr
in a straight line. The tyre was free rolling
using the HVS as the full-scale loading
device. In Figure 11 the typical approach
of the full-scale slick solid rubber test tyre
towards the SIM pad system is shown. The
contact stresses are measured on the fly.

Normalised contact stress ratios (NCS)
For normal pneumatic tyres, it was estab-
lished that normalised maximum contact
stress (NCS) ratios — i.e. vertical (Z), lateral
(Y) and longitudinal (X) — for a free-rolling
tyre in a straight line are approximately
10:3:1 when the Szz is normalised to 10 (De
Beer et al 1997). For this case of a slick solid
rubber tyre, the results are summarised in
Table 2. As expected, the NCSs for the free-
rolling solid rubber tyre are slightly different
from those of pneumatic tyres. The NCS

* Note: For calibration purposes, both SIM pads (1 and 2) were used, since the solid tyre could primarily be used as a calibration device for APT machines, e.g. HVS.
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Figure 11 The slick solid rubber tyre
approaching the SIM pad device for
the 3D contact stress measurement
of the free-rolling tyre

result obtained for the slick solid rubber tyre
was found to be 10:1.8:1.2 (or rounded-off
10:2:1) relative to NCS_Z. The longitudinal
stresses (or loads) (X direction) within the
contact patch were found to be slightly
lower than those typically from free-rolling
pneumatic tyres. This is probably owing to
the combined effect of the Poisson’s ratio
and the friction forces in the direction of
rolling (or rolling resistance) of the solid tyre
over the relatively rough SIM pad device.

It should be noted that both paper prints
and the captured shape of contact stresses
were of rectangular shape. Since the vertical
forces (or contact stresses Z) are the highest
of magnitude, such as for pneumatic tyres,
the mechanistic MLLE analyses only focus
on measured vertical contact stresses under
a range of loading, using theory by Maina et
al (2017).

Compatrison of tyre prints

In this section, it is shown that the slick
solid rubber tyre footprints from the static
condition (paper prints) are approximately
10% smaller compared to those captured
(or measured) by the SIM system (see

Table 2 Normalised contact stress ratios (NCSs) from SIM pad 1

Maximum | Maximum Maximum
Tyre vertical lateral longitudinal
loading 9 NCS_Z NCS_Y NCS_X
(kN) (Z) stress (Y) stress (Y) stress
(kPa) (kPa) (kPa)
20 858 146 14 10 1.7 13
30 1044 169 123 10 1.6 1.2
40 1273 216 143 10 1.7 1.1
50 1408 249 155 10 1.8 1.1
60 1505 276 170 10 1.8 1.1
70 1614 289 185 10 1.8 11
80 1719 306 207 10 1.8 1.2
90 1792 333 237 10 19 1.3
100 1921 354 263 10 1.8 14
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Paper print captured areas (mm?2)

[ SIM captured contact patch (mm?)

=== | inear (one to one)

Figure 12 Paper prints versus SIM electronically captured contact patch areas

Figure 12). It is postulated that there are
two main reasons for this — paper prints
were made in the static mode, whilst on
the SIM system the electronic contact
shapes (or prints) were measured under
slow-moving (~5 km/hr) free-rolling tyre
on a non-smooth SIM test surface, which
provides a relatively longer contact patch
owing to SIM contact friction, causing
the rubber to stretch in the direction of
movement (see Figure 13). This might need
further experimentation in the future. For
application in the modelling discussed in
the next section, the shapes from paper
prints were used, since the tyre-pavement

Journal of the South African Institution of Civil Engineering  Volume 63 Number3 September 2021

contact patch can be represented by a rec-
tangular shape for this paper.

Typical selected vertical (Z) contact
stresses under the solid rubber tyre at
slow speed over the SIM pad are illus-
trated in Figures 14 to 17. For the lateral
(Y) and longitudinal (X) contact stresses
some examples are shown in Figures 18 to
21 and Figures 22 to 25, respectively (this
study). Note that in these images both
longitudinal (X) and lateral (Y) axes are
in mm units. A smoothing interpolation
algorithm was used for the calculation
presentation of the actual measured con-
tact stress values (De Beer et al 2012).
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patch image.

Figure 13 Two-dimensional image of measured vertical contact stress (Z) under slow-moving solid tyre at 40 kN load applied by HVS using the SIM
pad device; note the relatively rectangular tyre contact shape at the far right
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Figure 14 3D image of measured vertical contact stress (Z) under the Figure 15 3D image of measured vertical contact stress (Z) under the
slow-moving solid tyre at an HVS applied load of 20 kN using slow-moving solid tyre at an HVS applied load of 50 kN using
the SIM pad device* the SIM pad device
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Figure 16 3D image of measured vertical contact stress (Z) under the Figure 17 3D image of measured vertical contact stress (Z) under the
slow-moving solid tyre at an HVS applied load of 75 kN using slow-moving solid tyre at an HVS applied load of 100 kN

the SIM pad device using the SIM pad device

* Note: For illustrative purposes, the contact stresses are shown on the vertical axes on all the legends and images of Figures 14—25.
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Figure 18 3D image of measured lateral contact stress (Y) under the

slow-moving solid tyre at an HVS applied load of 20 kN using
the SIM pad device

Figure 19 3D Image of measured lateral contact stress (Y) under the

slow-moving solid tyre at an HVS applied load of 50 kN using
the SIM pad device
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Figure 20 3D image of measured lateral contact stress (Y) under the

slow-moving solid tyre at an HVS applied load of 75 kN using
the SIM pad device

Figure 21 3D image of measured lateral contact stress (Y) under the

slow-moving solid tyre at an HVS applied load of 100 kN
using the SIM pad device
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114

Figure 22 3D image of measured longitudinal contact stress (X) under

the slow-moving solid tyre at an HVS applied load of 20 kN
using the SIM pad device

Figure 23 3D image of measured longitudinal contact stress (X) under

the slow-moving solid tyre at an HVS applied load of 50 kN
using the SIM pad device
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Figure 24 3D image of measured longitudinal contact stress (X) under
the slow-moving solid tyre at an HVS applied load of 75 kN

using the SIM pad device

APPLICATION OF TEST
RESULTS ON RELATIVELY
STIFF PAVEMENT SURFACES

Mechanistic approach

As pointed out earlier, for illustration in
this paper, a relatively simple multilayer
linear elastic mechanistic (MLLE) method
was used to get an idea of the obtained
effective tensile stress/strain characteristics
at the bottom of a relatively stiff top layer
(surfacing/base) of this tyre type. Only ver-
tical load intensity (i.e. measured contact
stresses in the Z direction) representing
the tyre contact as rectangular (Maina et a/
2017) was considered in this paper. See the
simple tyre contact model in Figure 26.

Analyses of tensile stresses
and strains at the bottom
of the surfacing layers

Tyre-pavement model

As mentioned, the tyre-pavement model
used here is a three-layered MLLE system,
with a rectangular tyre contact shape
(Figure 26). Figure 27 shows the simplistic
pavement modelling definition used in this
paper. MLLE was selected in this paper
owing to fast analysis (Maina et al 2017),
and merely to demonstrate the theoretical
stresses and strains under the given loading
of the slick solid tyre. The modular ratios
between asphalt (AC) base/subbase and
concrete (PCC) base/subbase pavements
modelled here are larger than 10, both on
similar subgrade. The two relatively simple
pavements, with base layer thicknesses of
150 mm, were selected for demonstration
purposes only, of which relatively ‘stiff’ bases
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Figure 25 3D image of measured longitudinal contact stress (X) under
the slow-moving solid tyre at an HVS applied load of 100 kN
using the SIM pad device

kPa
410

328
246
164

82

z -75

154 0
X

X (mm) 75 -163

Figure 26 Rectangular tyre model vertical (Z) contact for the slick solid tyre at 20 kN load

Solid rubber tyre

Tyre loading: P
* Rectangular contact patch

Base layer: Asphalt (AC) — 150 mm: E, = 5000 MPa, } u =044
Concrete (PCC): 150 mm: E- = 30 000 MPa, u = 0.20 : Position A: Bottom of top layer: Tensile stress/strain
G () m—

Subbase layer: 150 mm: £, = 450 MPa, u = 0.35
Maximum density = 86%, Saturation = 30%

Note: For a relatively shallow (or rigid)
pavement model, the modular ratios between
base and subbase (E»/E, and E-/E,) were
arbitrarily chosen to be larger than 10.

Subgrade layer (semi-inf):
E3 =100 MPa, u =035

Figure 27 Multi-layer linear elastic (MLLE) model (this study)
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Table 3 Summary results of the maximum tensile stress and strain at the bottom of the asphalt

concrete (AC) base layer

Maximum tensile
stress (kPa)
response at the
bottom of the
top layer (Sxx)

Applied vertical
load (kN) -

Applied average
uniform vertical
stress (Szz) on the
surface (kPa)

rectangular
pavement contact

Maximum tensile
strain (ng) response
at the bottom of
the top layer (Exx)

20 kN 40770 591.20 7756
30 kN 51810 848.80 110.63
40 kN 67180 1123.00 146,00
50 kN ~734.00 1342.00 174.05
60 kN 81940 1571.00 202.52
70 kN -880.80 177600 22805
80 kN 99220 201800 25963
90 kN ~1070.00 223100 285.92
100 kN 114800 2 443.00 3134
3000
2500 -
< 2000- =
o
= 1500 2
x x
A ]
g 1000 =
g 8
£ 5001 s
o u
E 0 - g
(7]
F 500 F
1000 A
1500 | ! ! | | | | | 0

Applied vertical tyre loading in kN
Il Average uniform vertical stress on surface (kPa)
[ Maximum tensile stress (kPa) at bottom of asphalt (AC) layer (Sxx)
=== Maximum tensile strain (ue€) at bottom of asphalt (AC) layer (Exx)

20 30 40 50 60 70 80 90 100

Figure 28 Stress-strain characteristics of asphalt concrete (AC) base pavement

Table 4 Summary results of the maximum tensile stress and strain at the bottom of the concrete

base layer

Maximum tensile
stress (kPa) at the
bottom of concrete

Applied vertical
load (kN) -
rectangular

Average uniform

vertical stress (5zz)
on surface (kPa)

pavement contact layer (Sxx)

20 kN —-407.70 924.50

30 kN -518.10 1342.00
40 kN —-671.80 1779.00
50 kN -734.00 2 154.00
60 kN -819.40 2536.00
70 kN -880.80 2891.00
80 kN -992.20 3293.00
90 kN -1 070.00 3 657.00
100 kN -1148.00 4023.00
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25.55

36.99

4899

59.21

69.55

7918

90.24

100.00

110.10

Maximum tensile
strain (pe) at the
bottom of the
concrete layer (Exx)

can also be referred to as relatively ‘shallow’
pavements due to relatively flexible support.
The engineering parameters are given in
Figure 27. The case for flexible pavements, of
typical modular ratios of say less than three
is, however, not discussed in this paper.

Relatively stiff asphalt surfacing flexible
pavement (three pavement layers)
Summary results of the maximum tensile
stress and strain at the bottom of the asphalt
layer [note the calculation was made inside
(~1 mm) the bottom of the layer] may also be
described as ‘bottom of the top layer’, to avoid
interface conditions which might influence
the stress and strain results (see Table 3). It
should further be noted that interface condi-
tions for the pavement analyses were assumed
to be in full friction (i.e. no slip).

The results clearly indicate increased
maximum tensile stress (Sxx), and maxi-
mum tensile strain (Exx) at increasing load
levels. These response values were found to
be across the contact patch of the tyre. This
is indicative of potential crack initiation of a
lateral crack in the AC layer, relative to tyre
movement. Hypothetically, a lateral crack
might develop growing towards the surface
with increased loading repetitions (i.e. bot-
tom-up cracking). The results are illustrated
for trends in the associated Figure 28. As
expected, linear trends, typically for MLLE
type of analyses with full friction between
layers for both response parameters, i.e.
maximum Sxx and maximum Exx are illus-
trated with increased applied tyre loading.
Sxx ranged between 591 kPa to 2 443 kPa,
and Exx between 77 pe and 313 pe. Note
that the scale of parameter Exx is on the
right of Figure 28.

Concrete airport (rigid) pavement

and aprons (three pavement layers)
Similarly, the summary results of the maxi-
mum tensile stress and strain at the bottom
of the concrete layer [note calculation was
made inside (~1 mm) the bottom of the
layer] may also be described as ‘bottom of
the top layer’ to avoid interface conditions
which might influence the stress and strain
results (see Table 4). It should further be
noted that interface conditions for the
pavement analyses were assumed to be in
full friction (i.e. no slip).

As for the AC pavement, the results
indicate increased maximum tensile stress
(Sxx), and maximum tensile strain (Exx)
at increasing load levels, across the contact
patch. These response values were found to
be across the contact patch of the tyre and

1



5000 9T 120
4000 - 100 L 100
90
= -
& 30001 7 e EL
x x
x x
A 2000 3 w
£ 10001 s
2 3 )
2 O | o 40 §
i o
10004 26 20
-2000 , . . . . . . . 0

20 30 40 50

Applied vertical loading in kN
Il Average uniform vertical stress on surface (kPa)
[ Maximum tensile stress (kPa) at bottom of concrete layer (Sxx)
=== Maximum tensile strain (ue) at bottom of concrete layer (Exx)

60 70 80 90 100

Figure 29 Stress-strain characteristics of concrete (PCC) base pavement

indicate the potential for crack initiation
of a lateral crack in the PCC layer, relative
to tyre movement. Hypothetically, a lateral
crack might develop growing towards the
surface with increased loading repetitions
(i.e. bottom-up cracking). The results are
illustrated for trends in the associated
Figure 29. As expected, linear trends, typi-
cally for MLLE type of analyses with full
friction between layers for both response
parameters, i.e. maximum Sxx and maxi-
mum Exx, are illustrated with increased
applied tyre loading. Sxx ranged between
925 kPa to 4 023 kPa, and Exx between

26 pe and 110 pe. Note that the scale of
parameter Exx is on the right of Figure 29.

DISCUSSION OF RESULTS
Quantification of the actual measured 3D
contact stresses imposed by a single slow-
rolling (<5 km/hr) slick smooth (no tread
pattern) solid rubber tyre has been demon-
strated. The tests were done on a relatively
rough contact surface, such as stiff asphalt
concrete (AC) and very stiff concrete (PCC)
base layers. Simplistic modelling of three-
layer MLLE was made on two pavement
types for demonstration purposes.

3D contact stresses

As illustrated, the tyre contact of a slick
solid rubber tyre could be measured with
a device such as the SIM pad used in this
paper. The result appears to be very illus-
trative in three dimensions. It also showed
that, for a slow-moving free-rolling solid
rubber tyre, in both the lateral (Y) and lon-
gitudinal (X) directions there were acting
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stresses (and strains) in the plane of non-
smooth contact on the SIM pad device.
Both static and slow-moving conditions

of the slick solid rubber tyre showed that
the tyre-contact patch is rectangular. It is
therefore recommended to model the tyre-
pavement contact of slick solid rubber tyres
with the given rectangular shape obtained
through measuring in this study.

Mechanistic modelling

The modelling of the two pavement types
was performed with MLLE theory, since
both pavements were relatively stiffer in
the base layers compared to typical flex-
ible pavements. Linear trends in response
parameter stresses and strains were

found at the bottom of the bases for both
pavement types. These responses, under
increased tyre loading, could be quantified,
and showed that the average maximum
tensile stress ratio and maximum tensile
strain: AC/PCC were 0.62 and 2.92 for the
AC pavement relative to those of the PCC
pavement in this study. This indicates that
the stiffer the base, i.e. PCC, the higher the
tensile stress at the bottom of this layer,
relative to the AC base pavement (approxi-
mately five times higher), and therefore
more prone to immediate fracture under
loading. Acceptable standard deviations
were noted (see Table 5).

Note

It should be noted that to estimate, for
example, the ‘fatigue cracking life’ of

the pavements studied here, appropriate
transfer functions are needed which were
not the purpose of this study and should
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Table 5 Summary of the ratio of pavement
response parameters for both pavements

Maximum Maximum
tensile tensile
stress strain
ratios ratios
AC/PCC AC/PCC
0.64 3.04
0.63 299
0.63 298
0.62 294
0.62 291
0.61 2.88
0.61 2.88
0.61 2.86
0.61 2.84
Average 0.62 292
1% §t§ndard 001 007
deviation

be addressed in further studies regarding
the slick solid rubber tyre used here. It is
recommended that these studies should
include accelerated pavement testing
(APT), such as the HVS or similar available
equipment, to get results in an affordable
and timeous manner. For the asphalt base
pavements a more suitable visco-elasto-
plastic approach is highly recommended.
For the concrete pavement it is also
recommended to include more appropriate
boundary conditions, such as joints and
slab corners, if the concrete is not continu-
ally reinforced with steel and/or fibres.
Finally, it is accepted and recommended
that the important effect of environmental
factors, e.g. layer density, pavement and
tyre temperature, moisture, interlayer
conditions and tyre dynamics, should also
be included in future studies for a typical
range of road roughness indices.

Main findings of this study

Tyre measurements

1. Under an applied static load range from
20 kN to 100 kN, a single commercial
slick solid rubber tyre showed a linear
deformation trend with a rate of tyre
deformation (Dy,,.) ranging between
7.01 kN/mm and 7.50 kN/mm, with the
average value of 7.3 kN/mm.

2. The measured shapes of the tyre-
pavement contact patch under a static,
or slow-moving speed commercial slick

Journal of the South African Institution of Civil Engineering



solid rubber tyre were found to be rect-
angular, which increase in length with
increased tyre loading.

Measured vertical (Z) contact stresses
of a slow-moving commercial slick
solid rubber tyre were found to range
between a minimum of 858 kPa and a
maximum of 1 921 kPa for a loading
range of 20 kN and 100 kN.

Measured lateral (Y) contact stresses
for a slow-moving commercial slick
solid rubber tyre were found to range
between a minimum of 146 kPa and

a maximum of 354 kPa for a loading
range of 20 kN and 100 kN.

Measured longitudinal (X) contact
stresses for a slow-moving commercial
slick solid rubber tyre were found to
range between a minimum of 114 kPa
and a maximum of 263 kPa for a loading
range of 20 kN and 100 kN.
Normalised contact stresses (NCS) for
a slow-moving commercial slick solid
rubber tyre resulted in a nominal ratio
of roughly 10:2:1.

Pavement modelling responses

1.

For mechanistic modelling purposes

of both the asphalt and concrete base
pavements a nominal rectangular shape
for tyre-pavement contact was used
with applied uniform static vertical
stress (Z) ranging between 408 kPa and
1 148 kPa for a loading range of 20 kN
to 100 kN.

Asphalt base pavement (AC): Calculated
maximum tensile stresses (Sxx) for a
slow-moving commercial slick solid
rubber tyre were found to range
between a minimum of 591 kPa and a
maximum of 2 443 kPa for a loading
range of 20 kN and 100 kN.

Patch under an asphalt base pavement
(AC): Calculated maximum tensile
strains (Exx) for a slow-moving com-
mercial slick solid rubber tyre were
found to range between a minimum of
78 pe and a maximum of 313 pe for a
loading range of 20 kN and 100 kN.
Concrete base pavement (PCC):
Calculated maximum tensile stresses
(Sxx) for a slow-moving commercial
slick solid rubber tyre were found to
range between a minimum of 925 kPa
and a maximum of 4 023 kPa for a load-
ing range of 20 kN and 100 kN.
Concrete base pavement (PCC):
Calculated maximum tensile strains

(Exx) for a slow-moving commercial
slick solid rubber tyre were found to
range between a minimum of 26 pe
and a maximum of 110 e for a loading
range of 20 kN and 100 kN.

6. A maximum tensile stress ratio of 0.62
and a maximum tensile strain ratio of
2.92 was found comparing the asphalt
base pavement (AC) with the concrete
base pavement (PCC) under an applied
vertical tyre load ranging between
20 kN and 100 kN.

CONCLUSIONS

To conclude, the quantification of the
three-dimensional (3D) contact stresses
imposed by a single slow-moving (or roll-
ing) slick solid rubber tyre on a relatively
rough contact surface, such as stiff asphalt
concrete or airport concrete surfacing lay-
ers, has been presented. The results indi-
cate that the tyre-contact patch of a slick
solid rubber tyre is rectangular for a verti-
cal tyre loading range between 20 kN and
100 kN. The rectangular tyre contact shape
was confirmed with static paper prints, as
well as an electronically measured contact
patch with the SIM pad device. The study
included load calibration using a mass load
scale, and a stress-in-motion (SIM) device.
These were used with an existing full-scale
accelerated pavement test device, referred
to as the heavy vehicle simulator (HVS).

In addition, simplistic multi-layer linear
elastic (MLLE) modelling was used to
quantify the differences between the stress
and strain responses of two types of two
relatively ‘stiff” based pavements, such as an
asphalt concrete (AC) base and a Portland
cement concrete (PCC) base, on similar sub-
base and subgrade layers. Notable differenc-
es were obtained, which could potentially
influence further detailed studies on the
performance of full-scale slick solid rubber
tyres on typical multi-layered pavements.
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