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Abstract

In pavement engineering design, the pressure under a tyre is assumed to be a circular vertical contact pressure for
analytical design methods. The true contact pressure and area is very difficult to predict due to the complexity of
the system. A normal test that is undertaken to understand an asphalt’s performance for near surface rutting is the
small-scale wheel tracker. The contact pressure and area of the tyre for different loads and surface types is not
known. This is an area that needs to be addressed to better understand the contact pressures in this crucial test for
asphalt rutting. Different pavement surface material slabs were made all with different surface textures for testing
in the small-scale wheel tracker. A device was chosen to measure contact pressure between the tyre and these
different surfaces. The device deforms around the surface aggregates and gives a very good understanding of the
forces between the tyre and the pavement surface. It was shown that there is a great deal of variability between the
different surface types. It is recommended that pavement loading for design should have a factor based on the
contact pressure characteristics of a pavement surface.
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1. Introduction

In pavement engineering design, the pressure under a tyre is assumed to be a circular vertical contact pressure for
analytical design methods. However, the contact pressure shape and stress components are dependent on the
complex mixture of tyre type, inflation (if pneumatic tyre), loading and surface texture of the pavement. The true
contact pressure and area is very difficult to predict due to the complexity of the system. The best solution is to
measure the contact pressure between a tyre and a pavement surface. Several methods exist to measure contact
pressure of tyres a lot of these methods have limitations that either make them cumbersome to use or use an
idealised pavement surface. The contact pressure and area variation probably does not have a large influence on
the traditional areas of pavement distress (fatigue cracking at the bottom of the asphalt and rutting on top of the
subgrade) as the contact pressure evens out through the pavement. The areas where these complex contact pressure
have an influence on pavement performance are in the near surface (cracking and rutting) and the skid resistance
of the aggregates.

A normal test that is undertaken to understand an asphalt’s performance for near surface rutting is the small-scale
wheel tracker which consists of a solid rubber tyre and known load running over a slab of asphalt at a known
temperature and speed. An important piece of information is not known though, the contact pressure and area of
the tyre for different loads and surface types. This is an area that needs to be addressed to better understand the
contact pressures in this crucial test for asphalt rutting.

Three objectives were formulated to address this issue:

e To manufacturer different pavement surface material slabs all with different surface textures for testing
in the small-scale wheel tracker.

e Measurement of the tyre-pavement contact pressure by means of a deformable measuring mat that fits
between the surface of the materials and the small-scale wheel tracker wheel.

e Analysis of the results of the contact pressure measurement for different materials and processing of the
statistical significance of these results.

2. Background

True tyre contact pressure is composed of non-uniform vertical, transverse and longitudinal contact pressures. The
largest component of stress is the vertical contact pressure and it is this that has the largest influence on pavement
behaviour (Pottinger, 1992; De Beer et al, 1997; Myers et al., 1999; Blab, 1999; Fernando et al., 2006; Wang &
Roque, 2010). The non-uniform contact pressure is in stark contrast to the representation of contact pressure as a
uniform circular contact pressure in current design methods (Powell et al., 1984; Theyse et al., 1996). It is shown
that these non-uniform contact pressures are of importance to the behaviour of pavements especially on the surface
and near surface (Siddharthan and Sebaaly, 1998; Perret, 2002; Novak et al., 2003a; Park et al., 2005; Luo and
Prozzi, 2006). The conditions that are created in the near surface are greatly different from these for uniform
conditions and could lead to rutting and cracking in these regions (Perret, 2002; Luo and Prozzi, 2006; Al-Qadi
and Wang, 2012). It has been shown that there are significant differences to surface cracking potential caused by
non-uniform contact pressure (Collop and Cebon, 1995; Casey et al., 2012; Casey et al., 2014).

The magnitude of these non-uniform contact pressures has been shown to be highly influenced by the tyre type,
tyre loading and inflation pressure (Marshek, et al., 1985; Pottinger. 1992; De Beer et al., 1997; Blab, 1999; De
Beer et al., 1999; Novak et al., 2003b; Fernando et al., 2006; Douglas et al., 2008; Wang & Roque, 2010,
Woodward et al., 2013). An individual tyre can have a large range of vertical contact pressure depending on the
inflation pressure and tyre loading (Prozzi and Luo, 2005, Fernando et al., 2006). The majority of the studies
presented here use an instrumented idealised asphalt surface to measurement contact pressure. Therefore, they are
not measuring the contact pressure between a real surface and a tyre. A device was chosen to measure contact
pressure between the tyre and these different surfaces. The device used was a flexible piezo-electric pressure mat
with very dense resolution. The device deforms around the surface aggregates and gives a very good understanding
of the forces between the tyre and the pavement surface. The contact pressure areas can also be calculated by using
the influence area of each measuring point that is in contact with the tyre and the pavement surface. This will give
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a better insight into the contact pressure between a tyre and the pavement without having to idealised the pavement
surface by turning it into a measuring device.

3. Methodology

The experiments for this study took place on the Cooper technology small tracking device at NTEC (Nottingham
Transportation Engineering Centre) at the University of Nottingham. This machine is used to identify the rut
susceptibility of asphalt mixtures by tracking a solid rubber tyre across the sample surface at different temperatures
for a number of repetitions until a set amount of defomration has taken place. The loading arm was set in the
British Standard (BS) wheel tracking testing position and the BS loading was used for a portion of the experiments.
The wheel was held in a static position for the measurement of contact pressure on the 6 different samples that
were tested.

Table 1. The different types of samples used to measure contact pressure

6 mm (max aggregate size) stone mastic asphalt (SMA)

14 mm (max aggregate size) stone mastic asphalt (SMA)

20 mm (chipping size) Under-chipped hot rolled asphalt (HRA)
14 mm (max aggregate size) asphalt concrete (AC)

Unchipped hot rolled asphalt (HRA)

Smooth Steel without texture

The six samples listed show a diverse cross-section of different types of surface finish (Table 1 and Figure 1).
There are samples that have positive texture (under-chipped HRA), negative texture (SMA and AC) and two that
have relatively smooth finishes (unchipped HRA and the Smooth Steel). This will allow for a comparison to be
made between the different materials and the contact pressure they create between their surface and the small
wheel tracker static wheel.

Figure 1. Asphalt samples tested from left to right: Unchipped HRA, Under-chipped HRA, 14
mm AC, 14 mm SMA and 6 mm SMA.
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The contact pressure was measured by the University of Ulster using the Xsensor flexible pressure mat which has
a diverse range of applications from a patient’s pressure points in a bed to the automotive industry. The mat is a
flexible rubber membrane with a matrix of pressure cells (the one used in this study the grid is at 2.57 mm centres).
This mat can be placed between two objects and the forces between the two bodies can be measured. The device
also allows the contact area between the two bodies to be measured for comparison by using the number of points
loaded and the influence area of these points. The forces and the influence area are then combined to the contact
pressure for each measurement point. The test set-up consisted of placing the sample on the test steel loading
platen then lowering the wheel on to the slab and marking the position. The wheel was then raised and the flexible
pressure mat was placed on the slab (Figure 2) and the wheel was lowered again. 100 readings of the contact
pressure were then captured per test combination. This was to eliminate any inaccuracy that could be caused by
settling on the device. These values were post-processed to give single numbers for each test combination. Each
sample was measured with no loading (there is still loading from the self-weight of the arm and wheel) and with
BS loading in the same way as described here.

Figure 2. Test set-up with the small wheel track up and the flexible pressure mat
over the sample

All the samples were measured for unloaded and BS loaded conditions using the test set-up described. This gave
a large quantity of information that needed to be sorted and processed to give descriptive statistics of how the
nature of contact pressure is different for each test combination. The results of this can be seen in the next section.

4. Results and Discussion

The contact pressure between the surface of each sample and the small wheel tracker was recorded for the loaded
and unloaded conditions. The statistics of these combinations were extracted from the sensor readings after post-
processing. These values show how the values change for the different surface types and loading conditions (Table
2).

Table 2. A list of the kev statistics for the 6 sample tvpes and 2 loadina conditions for the small wheel tracking device
SmoothBteel Unchipped@RA 6EnmBMA 14@nm3BMA | Under-chipped@HRA 14@nmEAC
Unloaded |Loaded|Unloaded| Loaded|Unloaded | Loaded|Unloaded|Loaded | Unloaded | Loaded |Unloaded| Loaded

Averagel{kPa) 210 345 209 365 271 390 294 367 250 429 280 466
Min@kPa) 12 12 12 24 11 12 12 12 12 12 12 23

Max@kPa) 406 628 452 901 1039 1765 1607 1765 1765 1765 1361 1765
StdevikPa) 119 182 113 154 181 277 350 370 333 414 266 411
Area@mm?2) 1000 1277 903 1097 697 1006 626 1019 781 961 716 942

The unloaded average contact pressure varies from 209 (unchipped HRA) to 294 kPa (14 mm SMA). This shows
a large spread across the different sample types with it being nearly one third of the lowest average. The loaded
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average varies from 345 (smooth steel) to 466 kPa (14 mm AC). This is a large spread across the different samples
and proportionally very like the unloaded scenario. The interesting aspect of this is that there is an interchange of
ranking depending on the loading scenario (Table 2). The contact of each sample increases with loading but so too
does the average contact pressure. This shows that the contact area grows with the increase in loading but not
proportionally. There is a plateauing of the contact area at the higher average contact pressure loading. The
maximum value that the sensor outputs is 1765 kPa and this is reached for four of the samples (loaded), this is all
the samples with a texture. An interesting observation is that the 14 mm SMA and AC are both negative texture
surface finishes and have similar average contact pressure for the unloaded condition (294 and 280 kPa
respectively) but for the loaded condition there is a big change (367 and 466 kPa).
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Figure 3. The cumulative frequency of contact pressure values for the different samples loaded

It can be seen that there is a relative linear relationship between the percentage of values and contact pressure up
to 70 % and 500 kPa (Figure 3). However, after these values the is a divergence of behaviour between the smooth
steel and unchipped HRA and the rest of the samples. There is a rapid increase in contact pressure measurements
after this point for the other four samples showing how the texture of these samples creates areas of high contact
pressure. The samples with the greatest frequency of high contact pressure measurements is the under-chipped
HRA and 14 mm AC reflecting their high average contact pressure (Table 2). Given the same aggregate type it is
probable that the samples with the highest contact pressures will wear quicker and lose skid resistance quicker as
they become polished. This is significant for the specification of a particular surface type for the whole life costing
of that material.
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Figure 4. Contact area vs. Average contact pressure for all the samples loaded and unloaded

The contact pressure vs. the contact area show two distinct groupings for the loaded and unloaded conditions
(Figure 4). There is good alignment in this groups of both average contact pressure increasing with increased
contact area. The unloaded grouping has an R? value of 0.93 and the loaded has an R? of 0.63. This difference is
probably due to the 4 loaded textured samples levelling off on contact area but the average contact pressure
continuing to increase. This limiting of the contact pressure to the loading is probably linked to the deformation
characteristics of the rubber of the loading wheel.
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Figure 5. The contact pressure (kPa) for the Smooth steel sample (top) and for the 14 mm AC (bottom) loaded
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It is shown that there is a great difference between the distribution of contact pressure for the smooth steel and 14
mm AC (Figure 5). The smooth steel has a hertzian contact pressure distribution whereas the 14 mm AC has peaks
on the aggregates. These aggregates have very high contact pressures with areas in between having very low
contact pressure. This would mean that as a tyre passes over this material these aggregates will be continuously
subjected to high contact pressure wearing the aggregates and damaging the surface. The contact pressure of the

tyre will be transmitted to the pavement via this small high pressure contact patch.
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Figure 6. The contact pressure (kPa) for the 6 mm SMA sample (top) and for the 14 mm SMA (bottom) loaded

The comparison of the 6 and 14 mm SMA is interesting as it shows that for the same asphalt mix but with different
maximum aggregate size the different distribution of contact pressure (Figure 6). The use of a smaller stone size
distributes the contact pressure more evenly across the surface. This creates smaller peaks in contact pressure. This
would mean these aggregates are more evenly worn and should have a longer service life. The 6 mm stone would
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have higher laying cost but in the long term could be less expensive due to an increased service life.
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Figure 7. The contact pressure (kPa) for the unchipped HRA sample (top) and for the 20 mm under-chipped HRA
(bottom) loaded

It is interesting to note the difference between the two HRA samples (Figure 7). The unchipped sample shows
some minor peaks of contact pressure probably due to the slightly uneven surface achieved of the sample. The
under-chipped on the under hand has three pieces of aggregate where there are very high peaks in contact pressure.
The chippings completely change the nature of the contact pressure. This would wear these 3 stones
disproportionately quicker than the rest of the surface. This would mean that in addition to providing too few
stones and possibly inadequate skid resistance to start with the rate of the decrease in skid resistance would be
more rapid.

The themes in the study are that the larger aggregate sizes give the highest average contact pressure values for the
loaded scenario. The 14 mm AC and 20 mm under-chipped HRA give the highest values and it would be expected
these would wear quicker due to this. The next highest is the 14 mm SMA which has a significantly lower average
contact pressure compared to the 14 mm AC. This shows that the same maximum aggregate can have very different
contact pressure. The 6 mm SMA was the best performing of the textured samples with the contact pressure spread
over more small aggregates and therefore giving a lower average contact pressure. The smooth steel and unchipped
HRA showed a similar average contact pressure but the smooth steel having a larger contact area when loaded.
These results will not only have a bearing on the wear of the aggregates but the surface and near surface structural
performance of the pavement. If the wheel load is transmitted into the pavement over a smaller area with higher
contact pressure this will lead to an increased accumulation of damage in the form of cracking and rutting. It is
generally true that smaller maximum aggregate size asphalt is more expensive than larger but it could be the case
that over time with reduced rates of accumulation of distress the pavement has a longer service life. This would
reduce the whole life cost of the pavement.
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5. Conclusions

The information presented in this paper is focused on understanding the nature of contact pressure between the
small wheel tracker and different pavement surfaces for loaded and unloaded scenarios. The results and discussion
lead to several conclusions being drawn from this work.

e The loaded scenario compared to the corresponding unloaded scenario has higher average contact
pressure and greater contact area for all samples.

e The textured samples have the highest proportion of high contact pressure measurements relative to the
total number of contact pressure measurements.

e The average contact pressure is highest for a 14 mm AC followed by a 20 mm under-chipped HRA for
the loaded condition. This would suggest that these two would wear more quickly than the other samples
for skid resistance and near surface distress.

e The 14 mm SMA has an average contact pressure nearly 100 kPa lower than for the 14 mm AC. This
shows it is not just maximum aggregate size that influences the contact pressure.

e The textured sample with the lowest average contact pressure is the 6 mm SMA showing that the smaller
aggregate size can reduce the contact pressure by spreading the contact pressure over more points with
lower peak values lowering the rate of wear and near surface distress. This could help to increase the
service life of this material compared to the other textured samples and give it a better whole life cost.
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