provided by Nottingham ePrints

r The Uniyersitg of
M | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Casey, Dermot and Airey, Gordon and Grenfell, James
(2017) Relative pavement performance for dual and
wide-based tyre assemblies using a finite element
method. Journal of Testing and Evaluation, 45 (6). pp.
1896-1903. ISSN 1945-7553

Access from the University of Nottingham repository:
http://eprints.nottingham.ac.uk/50739/1/s1-In6197172031425374-
1939656818HwWf2625849091dV-118898122619717PDF_HI0001.pdf

Copyright and reuse:

The Nottingham ePrints service makes this work by researchers of the University of
Nottingham available open access under the following conditions.

This article is made available under the University of Nottingham End User licence and may
be reused according to the conditions of the licence. For more details see:
http://eprints.nottingham.ac.uk/end_user_agreement.pdf

A note on versions:
The version presented here may differ from the published version or from the version of
record. If you wish to cite this item you are advised to consult the publisher’s version. Please

see the repository url above for details on accessing the published version and note that
access may require a subscription.

For more information, please contact eprints@nottingham.ac.uk


https://core.ac.uk/display/153533008?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:eprints@nottingham.ac.uk

Journal of Testing and Evaluation

Journal of Testing

| and Evaluation
e

Relative pavement performance for dual and wide-base tyre
assemblies using a finite element method

Journal: | Journal of Testing and Evaluation

Manuscript ID | JTE-2016-0589

Manuscript Type: | Technical Manuscript

Date Submitted by the Author: | 15-Nov-2016

Complete List of Authors: | Casey, Dermot; AECOM, Pavement Design and Asset Management
Airey, Gordon; University of Nottingham, NTEC
Grenfell, James ; University of Nottingham, NTEC

ASTM Committees and | D04.20 Mechanical Tests of Bituminous Mixtures < D04 ommittee on Road
Subcommittees: | and Paving Materials

Keywords: | finite element method, tyre contact pressure, pavement performance

https://mc04.manuscriptcentral.com/astm-jote




Page 1 of 22

©CoO~NOUTA,WNPE

Journal of Testing and Evaluation

Relative pavement performance for dual and wide-based tyre assemblies using
a finite element method

Dermot B. Casey’, Gordon D. Airey® and James R. Grenfell®

'AECOM, Nottingham, NG9 6RZ
2 Nottingham Transportation Engineering Centre (NTEC), University of Nottingham, University Park,
Nottingham, NG7 2RD, UK

Abstract

There is a need to assess the realistic tyre contact pressure created by a tyre in contact with a
pavement. The contact pressure is a function of tyre type, axle loading and tyre inflation pressure
(TiP). The research carried out considered dual tyre and wide-based tyre assemblies across a range
of axle loading and TiP. These contact pressures were incorporated into a finite element package
(CAPA-3D) and modelled on a simple pavement structure. The strains from this modelling were
sorted to produce key strains associated with the mechanisms of surface distress, near surface
distress, deep asphalt distress and the subgrade. The main distress mechanisms being top down
cracking, asphalt cracking/rutting, bottom-up fatigue cracking and subgrade rutting. This gave a
method to fairly compare the dual and wide-based tyre assemblies with the same axle loading and
TiP. The analysis gave interesting results for the different distress mechanisms of the pavement. The
wide-based tyre gives consistently higher shear strains for all the areas of distress investigated.
There is great variation in surface and near surface shear strains due to the different combinations
of axle loading and TiP. It is clear that the wide-based tyre is a more damaging tyre for all
combinations of TiP and axle loading. It is also apparent that how these factors interact has a great
influence on the damaging potential of a tyre.

Introduction

There have been a great deal of developments in tyre types available, inflation pressure and axle
loading increases since the AASHTO road tests. This has led to there being a great deal of variability
in the actual stress being transmitted into a pavement structure for a given axle loading. There
needs to be an assessment of not just the axle loading but the tyre used and the inflation pressure. It
is only when these three factors are considered that a more accurate understanding of the damaging
effect of vehicles can be made. In this paper the influence of different inflation pressures, axle
loading and tyre types are investigated to understand how two tyre types compare and how these
tyres’ performance varies for a specific range of inflation pressure and axle loading.

True tyre contact pressure is composed of vertical, transverse and longitudinal contact pressures.
The largest component of stress is the vertical contact pressure, the next largest is the transverse
contact pressure and the smallest is the longitudinal contact pressure [1-6]. The transverse and
longitudinal contact pressures are similar in magnitude with the vertical component being much
larger. It is shown that these non-uniform contact pressures are of importance to the behaviour of
pavements especially at the surface and near surface [7-11]. It has been shown that there are
significant differences to surface cracking potential caused by non-uniform contact pressure [12-14].

The magnitude of these 3-D contact pressures has been shown to be highly influenced by the tyre
type, tyre loading and inflation pressure [1, 2, 4-6, 15-18]. An individual tyre can have a large range
of vertical, transverse and longitudinal contact pressure depending on the inflation pressure and tyre
loading [5, 19, 20]. This means that to characterise pavement behaviour to truck loading a
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combination of tyre types, inflation pressures and tyre loading is needed to assess the behaviour of a
specific truck axle [4, 21].

The influence of this variable loading has been shown to have different effects on different key
locations in the pavement. The locations are at the surface for top down cracking, near surface for
asphalt cracking and rutting, the bottom of the asphalt for bottom-up cracking and the top of the
subgrade for subgrade rutting [6, 17, 22, 23]. The loading of the pavement due to the three key
parameters of tyre type, inflation pressure and axle loading effect these areas to different degrees
and the behaviour is not always predictable especially on the surface due to the 3-D contact
pressure components [24].

Objectives

This paper uses 3-D tyre contact pressure representations of dual and wide-based tyre assemblies.
This is to understand the effects these tyres have on the pavement if they have the same axle
loading and TiP. The key objectives of the paper to assess the effects are:

e To assess the shear strains generated on the surface of the pavement to give an indication
of surface damaging potential of the different combinations

e To assess the shear strains generated between 50-80 mm from the surface of the pavement
to indicate the near surface damaging potential of the different combinations

e To assess the tensile strain at the bottom of the pavement for the two tyre assemblies to
give an indication of the bottom-up cracking potential of the different combinations

e To assess the vertical strain on the top of the subgrade for the two tyre assemblies to give
an indication of the subgrade rutting potential of each of the different combinations

These measures act as a method of comparing the two tyres for key areas for the performance of a
pavement for the major forms of pavement distress. The performance in these areas and for these
strains will give a good indication of the distress the respective tyre assemblies will have on the life
of the pavement. This will act as a method for assessing the different loading in a fair way. Analytical
design methods relate these strains to damage and number of repetitions to failure. Depending on
the methods used these will give different values but the overall principle of higher strain equals
higher damage is generally applicable.

Method

The model in this paper utilises static loading, a linear-elastic material model, a simple pavement
structure and an intricate 3-D tyre contact pressure loading technique using a finite element
method. The critical strains for surface shear strain, near surface asphalt shear strain, bottom of the
asphalt tensile strain and compressive strain on top of the subgrade were recorded for each loading
combination. These were the major outputs from the analysis to compare the relative performance
of the pavement for the particular loading combinations. This set-up allows for the effect of the
detailed tyre pavement contact pressures to be assessed against each other for 2 tyre types, 3
inflation pressures and 3 axle loadings.

The pavement is modelled as a three-layer system with an asphalt layer, a sub-base layer and a
subgrade layer. The modelling is done using the CAPA-3D finite element software that has a number
of functions and features [25]. The asphalt layer is 150mm in thickness, the sub-base is 300mm and
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the subgrade layer is assumed to behave as a semi-infinite layer but for the purposes of the model is
2m deep (Figure 1). This is a simple pavement structure that is of reasonable composition for a
regional pavement and could be classed as a thin pavement structure. The material properties for
the pavement are isotropic linear elastic and represent values that would be typical for such layers
and for the type of pavement. The asphalt modulus is 7500 MPa with a Poisson’s ratio of 0.35. These
values represent good quality asphalt at lower temperatures. The sub-base layer has an elastic
modulus value of 690 MPa and Poisson’s ratio of 0.35. This would represent a lightly bound confined
material that would have values of this order from in-situ testing. The subgrade layer is modelled as
a semi-infinite layer with a modulus of 100 MPa and a Poisson’s ratio of 0.35. This would represent a
good subgrade material.
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Figure 1 3-D image of pavement model and pavement structure

The finite element analysis utilises a 4 m x 4 m and 2.45 m deep finite element mesh consisting of
20-noded quadratic elements using full 27 integration points per element (Figure 1). The mesh is
fixed in all directions at the base and restrained in the lateral direction at the sides. The dimensions
of the mesh are such that there is no influence from the boundary restraints on the strains that are
of interest to the study. The tyre contact area element dimensions on the plane are set to match the
discretisation of the raw tyre contact pressure data, which are 15mm in the longitudinal direction
and 17mm in the transverse direction. This area is a feature of the measuring device and is therefore
set by it. The mesh has this discretisation for a set distance from the edge of loading and slowly
becomes coarser as it moves away from the contact area. This is to stop any stress jumping across
elements due to a poorly constructed mesh. The stress and strain outputs at the pavement surface,
at the bottom of the asphalt and the top of the subgrade for the model for a simple circular contact
pressure representation were compared against BISAR. They were found to compare well against
each other [26]. This showed that the model behaves well and the mesh density and boundary
conditions are stable. The maximum difference in vertical stress was a 1% underestimation by the
finite element model compared to BISAR (Figure 2). A similar result was recorded for the radial
stress along the depth of the pavement at the centre of the loading.
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Figure 2 Variation of vertical stress for depths in the pavement along the centre of the loading
area

There are 2 tyres used, one a wide-based tyre and the other a dual tyre assembly. Each of these
tyres is loaded with 3 TiPs and 3 axle loadings for a total of 5 loading combinations for each tyre
(Table 1). This gives a reasonable spread of inflation and tyre loading conditions to compare the two
tyre types against each other. These tyre types are directly in competition as the wide-based tyre is
being used to replace the dual tyre in the US and has practically replaced it in Europe. Another
interesting aspect of the study is to understand the variation in behaviour for the combinations of
inflation pressure and axle loading to see how it performs at the extremes of loading and inflation
pressure and how this compares with more reasonable loading and inflation pressure.

Table 1 Matrix of tyres, inflation pressure and half axle loading

Dual Tyre Trailer Tyre

Half Inflation Half Inflation

Axle Pressure Axle Pressure
Load kN kPa Load kN kPa
52 520 52 520
65 520 65 520
65 620 65 620
65 820 65 820
82 620 82 620

The dual tyre assembly consists of two 295/75R22.5 tyres and the wide-base radial tyre consists of a
425/65R22.5 tyre. The tyres are loaded for each run for 3 of the inflation pressures with the median
half axle loading and for 3 of the half axle loading and the median inflation pressure. This allows for
the spread of tyre behaviour to be observed for different operating conditions. These parameters

https://mc04.manuscriptcentral.com/astm-jote

Page 4 of 22



Page 5 of 22

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Journal of Testing and Evaluation

give a basis to conduct a comparison of the relative aggression of each axle loading and inflation
pressure to a specific mode of distress. The loads used are from a software package called Tireview
from the Texas Transportation Institute. This is a library of tyre contact pressures from the VRSPTA
(Vehicle-Road Surface Pressure Transducer Array) stress in motion sensor for different tyres, axle
loads and TiPs (De Beer et al., 1997). The device measures the vertical, transverse and longitudinal
contact pressure using strain measuring pins that simulate a road surface. The width between the
pins in the transverse are fixed (17 mm) and it measures at low speed about one sample point for
every 1 mm in the longitudinal direction. The longitudinal measured stresses were averaged over 15
mm as this is the supporting length of each pin and 17 mm is the supporting width for each pin. This
gives a good detail of contact pressure for modelling the contact pressure of the different loading
combinations (Figure 3). The loading combinations used are limited by the inflation pressures and
axle loading available in the software common to both tyre types, but this is probably the most
complete and flexible tyre contact pressure database of its type.

Figure 3 Images of the -contact pressure of the dual tyre and the wide-based tyre loaded at 52 kN

The 3-D contact pressure discretisation matches the mesh dimensions in the loading area. This
allows for a reasonable representation of the contact pressure and a number of elements that is not
excessive for the memory capacity of the computer resource used to run the finite element code.
This used CAPA-3D’s uniform contact pressure loading function with a spreadsheet designed to
discretise the raw contact pressure data and assign it to the correct location on the mesh and to the
dimensions of the contact patch. This gives a tool that can be used to transform the raw data from
the Tireview software to CAPA-3D contact pressure removing the time consuming activity of
individually assigning small areas of contact pressure to build up the 3-D contact pressure.

This discretisation activity reduces the density of contact pressure data to a reasonable density for
use in finite element analysis, but it must also maintain the nature of the raw data. This was checked
for each of the contact pressures used to assure that this reduced data remains reasonably close to
the raw data. The relative error was calculated for each of these components of contact pressure to
illustrate the robustness of the discretisation process at converting the raw contact pressure
readings. The percentage difference of the raw average vertical contact pressure and the discretised
representation was 0.4% underestimated. In the case of the transverse contact pressure the
discretised representation underestimated the raw data by 1.7%. Finally the longitudinal
representation underestimated the raw contact pressure by 3.4%. These values are broadly
representative of all the conversions of raw contact pressure to discretised representations. The
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variation in error is due to the particular nature of each contact patch and the fuzzy definition of the
dimensions of the contact patch from the VRSPTA sensor.

Pavement Surface Asphalt 50-80 mm from Surface

Bottom of Asphalt Top of the Subgrade

4

Figure 4 Cross-section of the pavement model with the key output levels shown

The output from each of these runs of the model were just for key locations for the life and
performance of the pavement (Figure 4). There were over 45,000 stress and strain output values
recorded for each run of the model. At each level in the pavement these values were recorded there
is a spread of points to try and capture the critical value. The areas of interest were on the surface of
the asphalt layer, at a depth of 50-80 mm in the asphalt layer, the bottom of the asphalt layer and
the top of the subgrade layer. The tensile strain / shear strain on the surface can influence the
formation and rate of top-down cracking. The shear strain in the asphalt can influence the formation
and rate of asphalt rutting and cracking. The tensile strain at the bottom of the bound asphalt layers
can influence the formation and rate of bottom-up cracking. The compressive strain on the top of
the subgrade layer can influence the formation and rate of subgrade rutting. The amount of output
points for each combination of factors was the same.

Results

In this section a direct comparison between a dual 295 tyre and a wide-based tyre (425) is
presented. This was undertaken to show under the same conditions which would result in higher
maximum strains for the identified key locations for pavement life. The values of inflation pressure
and axle loading allow for a comparison for equal inflation pressure and axle loading to be
undertaken. The comparison is most relevant for jurisdictions where the wide-based tyre has not
been adopted yet like the US. The pavement conditions were as per the previous sections. There
were 5 loading combinations for each tyre.
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Figure 5 Comparison of the maximum surface shear for a dual and wide-base tyre
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Figure 6 Comparison of the maximum asphalt shear for a dual and wide-base tyre
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Figure 7 Comparison of the maximum longitudinal tensile strain at the bottom of the asphalt for a
dual and wide-base tyre
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Figure 8 Comparison of the maximum transverse tensile strain at the bottom of the asphalt for a
dual and wide-base tyre
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22 Figure 9 Comparison of the maximum compressive strain on the subgrade for a dual and wide-
;i base tyre

25

26

27 The distribution of the differences between the two tyres is interesting. The half axle load of 65 kN
28 results in the two values being rather close for the maximum shear on the pavement surface and the
29 three inflation pressures (Figure 5). However, at the two extremes of axle load there is a large
22 variation between the two tyres. The 52 kN half axle load had a difference of 31 microstrain and the
32 82 kN had a difference of 46 microstrain (Figure 5). This gave percentage differences of 51% and 53%
33 respectively. The percentage difference was calculated as the average of the two values being
34 compared divided by the difference between the values and then multiplied by 100 to give a
35 percentage value. Therefore, in these two cases the wide-base tyre would cause much greater shear
36 strain on the surface. This would contribute to increased deterioration of the pavement probably
37 through top-down cracking.

38

39

40 The shear strain in the asphalt between 50-80 mm from the surface shows considerable differences
j’é between the two tyres. The wide-base tyre has created higher values for all the loading
43 combinations. The greatest difference was for the 82 kN half axle load which was 47 microstrain, a
44 percentage difference of 37% (Figure 6). Overall the average difference between the two tyres for
45 this strain was 33 microstrain, a percentage difference of 28%. This was a considerable difference
46 and demonstrates that the wide-base tyre with the same loads and inflation pressure would be
47 more damaging to this pavement. These strains would lead to asphalt rutting and could cause
48 cracking that could coalesce with top-down cracking to cause deep cracks in the pavement.

49

50

51 The longitudinal tensile strain at the bottom of the asphalt pavement was less than the asphalt
gg shear. There was a good degree of variability of the difference between the two tyres across the
54 different combinations of half axle loading and inflation pressure (Figure 7). The greatest variability,
55 as for the surface shear, can be seen for the highest and lowest half axle loads. The 52 kN half axle
56 load gave a difference of 27 microstrain, the 82 kN half axle load’s difference was 20 microstrain.
57 This gave percentage differences of 31% and 21% respectively and an overall percentage difference
58

59

60
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of 17%. Therefore, the wide-base tyre carrying the same loads and having the same inflation
pressure would have more of a propensity to cause bottom-up cracking.

The transverse tensile loading at the bottom of the asphalt layer exhibited a large difference
between the two tyres across all the loading combinations (Figure 8). The wide-base tyre exhibits
much higher strain values compared to the dual tyre. As with the longitudinal strain the difference
was greatest for the highest and lowest half axle load. The lowest giving a difference of 41
microstrain and the highest giving a difference of 43 microstrain. This gave percentage differences of
61% and 59% respectively. The overall difference for all the values was 34 microstrain giving a
percentage difference of 48%. This means the wide-base tyre has a negative impact on the life of the
pavement for the same axle loading and inflation pressure.

The final measure of the two tyres’ performance was the vertical strain on the top of the subgrade.
The three values for the 65 kN half axle load were in reasonable agreement (Figure 9). The 52 kN and
82 kN half axle load values showed a big difference between the two tyre types. The wide-base tyres
show much greater values for these loading combinations. The difference for two of them was 51
microstrain and 50 microstrain respectively. This gave a percentage difference for each of them of
23% and 17% respectively. This is a large increase to experience for a tyre that has the same loading
combinations as the alternative. This highlights that even at the top of the subgrade, which is
450mm from the loading area, the effects of the tyre type can be felt.

Discussion

The two tyres with the same loads and same inflation pressures were tested against each other to
see if one could replace the other without undue change to the strain in the pavement. This was
most definitely not the case as the wide-based tyre created higher strains for every location and
strain measured. The shear strain on the surface was similar over the 65 kN axle load but for the
lower 52 kN and higher 82 kN there was a large increase for the wide-base tyre. The situation for the
shear strain in the asphalt gave consistently higher strains for the wide-base tyre across all the
loading scenarios. This would no doubt increase the propensity of the pavement to crack or rut. The
longitudinal and transverse tensile strain at the bottom of the pavement also gave higher readings
for the wide-based tyre. The strain on the top of the subgrade was much closer for the two tyres in
comparison to the other strains. The wide-base tyre was still the highest though.

These results point to a clear outcome that the wide-base tyre causes varying degrees of increased
strain on this pavement compared with a dual tyre for the same axle load and inflation pressure.
Therefore, the adoption of the wide-base tyre compared to the dual tyre increases the strain in
pavement at key locations for pavement distress. This means by consequence the pavement
becomes damaged quicker than if dual tyres were used. The use of wide-base tyres reduces rolling
resistance and fuel cost making truck transport cheaper for the haulier. These savings may not be
passed on to consumers but the cost of more road maintenance must be financed by the road
owner which is usually from the public purse.
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Conclusions

The results and discussion presented in the preceding sections allow a number of conclusions to be
drawn from the research conducted. These conclusions are in the context of the model used, the
ranges of inflation pressure and axle loading available for each tyre type.

e A wide-base tyre for the same axle loadings and inflation pressures creates higher strain
across all presented strain measurements than a dual tyre with the same loading
combinations. This would suggest that the wide-base tyre would be the most damaging tyre
for the presented axle loading and inflation pressure.

e The greatest strain recorded was for the asphalt shear strain and this was the strain that had
the greatest and most consistent difference between the two tyre types. This would suggest
that the wide-base tyre would have increased rutting.

e The difference between the wide-base tyre and the dual tyre were greatest at the extremes
of axle loading for the presented strain measurements for the direct comparison. This would
suggest that the wide-based tyre performs worse the further it is operating from its
recommended inflation pressure and axle loading.

This means by consequence the pavement becomes damaged quicker with wide-based tyres than if
dual tyres were used. This could lead to more maintenance interventions in the future and a higher
cost of operating the pavement.
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