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Abstract: Tire rolling resistance has a significant influence on fuel consumption in cars and trucks
and on CO, emissions. Rolling resistance depends on the tire construction, pavement texture and
stiffness, as well as environmental and traffic conditions. This article presents a pilot study on the
impact of pavement texture on the rolling resistance of passenger car tires. Reasons why Mean Profile
Depth is not a good descriptor of pavement characteristics from the point of view of rolling resistance
are presented, and an experimental method which takes into account tire deformation on texture
and partial enveloping is described. A method based on testing the volume and depth of tire tread
deformation is also proposed.
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1. Introduction

Due to the need to slow climate changes, it is necessary to reduce energy consumption,
especially energy that is not renewable and comes from fossil fuels. According to [1], in
2016, crude oil production was approximately 4.4 billion tones, of which approximately
60% was converted into motor fuels (gasoline and diesel). As the vast majority of this type
of fuel is consumed by motor vehicles, this means that reducing vehicle fuel consumption
by only 1% can result in a reduction of crude oil consumption by about 15-20 million tons
per year. According to [2], annual greenhouse gas emissions are around 50 billion tones,
of which road transport accounts for around 12%, that is, 6 billion tones. A 1% reduction
in fuel consumption thus means a reduction in emissions of around 60 million tonnes
per year.

Rolling resistance of car tires is one of the most important components of the total
resistance acting on motor vehicles. It is assumed that for low and medium speed driving
(3090 km/h), reducing the total resistance acting on a vehicle by 1% (with similar impact
on fuel consumption) requires reducing the rolling resistance of tires by 3%—4% [3].

Tire rolling resistance depends on many factors, including tire construction, road
surface characteristics, weather conditions and traffic parameters. The subject of this article
is the influence of the road surface, in particular the influence of the texture of the road
pavement. In many available publications [4-7] there have been attempts to perform
the assessment of the influence of the pavement on the rolling resistance on the basis of
Mean Profile Depth (MPD) [8], but in most cases correlation between rolling resistance and
MPD was not very high. A comprehensive state of the art review was published by Wills,
Robbins and Thompson [9] and they concluded that: “ ... the greater the texture of the
pavement, the greater the rolling resistance” and “In many cases, texture could change the
rolling resistance of pavement by 5 to 10 percent”.

Understanding the relationship between pavement texture and rolling resistance is
important because it enables multi-criteria optimization of the pavement. The texture
affects, among others, tire/road noise, grip (wet and dry), tire wear and driving comfort.
Since precise measurements of rolling resistance in road conditions are very difficult to
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perform [10], it is advantageous to determine whether the pavement will promote low
rolling resistance based on its geometrical characteristics. In many countries develop-
ment work is currently underway to create environmentally friendly pavements, that is,
pavements that reduce vehicle noise and contribute to fuel consumption reduction [11].
Multi-criteria optimization of the pavement is difficult because there are many factors that
influence pavement characteristics in a complicated way. For example, on surfaces with
high MPD, with little rainfall, water is collected in dip pits and voids. This reduces the
risk of hydroplaning and does not require intensive pumping of water by the tire tread,
which is also beneficial for rolling resistance. Such a pavement, however, stores water for a
longer period of time, and this in turn leads the longer lasting pavement dampness after
the rain has stopped, but the water stored in the road cavities cools the tires and this in
turn significantly increases the rolling resistance [12].

Undoubtedly there is a strong relationship between pavement texture and rolling
resistance, but the pavement texture must be parameterized in the way the tire “sees” it.
The MPD is a purely geometric texture parameter that has been designed to describe the
texture in terms of its effect on tire/road noise where volume of cavities between tread
rubber and pavement surface plays an important role. MPD may also indicate the surface’s
ability to accumulate water during low-intensity rainfall. Unfortunately, the MPD does
not describe the deformation of the tread elements well, because the tread rubber does
not “sense” the exact shape of texture of the surface during contact, but in most cases the
contact is restricted only to the summits of the texture. This phenomenon is called tire
enveloping [7].

In Figure 1 such exaggerated cases of enveloping are presented. The green profile
represents a rather smooth pavement (MPD = 0.5 mm) that ascertains full contact with
tire tread. The red profile represents a very “aggressive pavement” (MPD = 5 mm) that
interacts with tread rubber only in the most elevated regions (summits). In this article,
the authors use the term “aggressive pavement” to mean a pavement with high, positive
texture [13] dominated by summits not by pots, with harsh edges and sharp peaks of the
aggregate. Such a surface usually shows very good friction, especially in wet conditions
and when it is covered with a thin layer of ice or snow, but is noisy and has high rolling
resistance. It seems reasonable to speculate that for rolling resistance, which is related to
tire deformations, change of MPD (provided that the shape of peaks is similar) between
these two extreme cases will not be important; thus, rolling resistance will not correlate
with MPD.

AAAAARAAAA/

Figure 1. Tire enveloping on two very different road pavements.

The above statement, however, conflicts with observations of nearly all researchers [9]
that a certain correlation between those two parameters exists after all. According to
research carried at the Gdansk University of Technology [7] the correlation is, however,
not just a simple result of higher MPD but it is caused by different shape of the “summit
regions” of typical textures with high MPD (coarse pavements) in comparison to smooth
pavements. Such aggressive pavements usually have sharp, widely spaced aggregate
which, in order to transfer the pressure, penetrates the tread elements much more deeply.
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A lower contacting area and steeper slopes of the mineral aggregate edges cause local
strains and deformations to be very high. Due to the hysteresis of the tread material and
the nonlinear phenomena typical of it, the increase in deformation leads to substantial
increase in energy losses, which results in increase of rolling resistance. This is visualized
in Figure 2. So, in the authors’ opinion, the increase of rolling resistance on pavements with
high MPD is not due to the fact that the cavities (pits) are deeper and more specious but
because the summits are sharper and less congested.

Low MPD High MPD

Figure 2. Tire enveloping on two very different road pavements.

2. Materials and Methods

In order to determine the effect of texture on rolling resistance, it is necessary to
conduct road and laboratory tests using surfaces with realistic textures. In the case of
laboratory tests, the main difficulty is related to the fact that international standards [14-17]
require testing on smooth steel drums so the vast majority of research institutions only
have such devices. However, the Gdarisk University of Technology (GUT, Gdarisk, Poland)
laboratory uses a roadwheel facility with an external drum with a diameter of 2.0 m on
which replicas of road surfaces with matching texture can be mounted (see Figure 3).
Thanks to this, a high degree of measurement representability is obtained, as the only
serious disturbance of the tire/road interaction is the curvature of the drum. The facility is
located in an isothermal chamber, which enables rolling resistance tests to be carried out at
temperatures from —15 to +30 °C.

Figure 3. Roadwheel facility for tire rolling resistance measurements.

For road tests, however, more complex equipment is needed because the popular coast-
down tests, used a long time ago, have questionable accuracy and are very impractical to
carry out, at least on public roads. At GUT, a specialized R? Mk.2 test trailer (manufactured
by GUT, Miami, FL, USA) is used for rolling resistance tests, which was specially made
for this purpose and has very advanced systems, reducing the impact of unavoidable
disturbances like road grade, speed deviations, ruts, etc. (see Figure 4). There are only a
few test trailers in the world that can measure rolling resistance, and the R?> Mk.2 trailer is
possibly the most technically advanced and efficient [18].


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

Coatings 2021, 11,776

4of 14

Figure 4. Test trailer R Mk.2 for tire rolling resistance measurements.

The oscillatory engineering method, which is described in [19], can also be used to
roughly evaluate the influence of pavement texture on the rolling resistance. This method
examines the oscillations generated after the tire is dropped onto the surface sample (see
Figure 5). Energy dissipation during cyclic tire deflections causes decay of oscillations,
which may be used as a specific measure of rolling resistance. This method has been used
for some of the experiments described in this article.

Figure 5. Facility to test dissipation of energy in tire by oscillation method.

In order to test the tread rubber enveloping texture of a given road pavement it is
necessary to use special, non-standard test methods. The methods based on pressure-
sensitive film do not allow for the 3-D observation of the contact zone of the tire with
the road surface and are practically useless on more aggressive surfaces, such as surface
dressing, because the film is pierced by the sharp edges of the aggregate. For the needs
of such tests, a special method was developed at GUT, based on casting an imprint of the
tire/road contact in self-vulcanizing rubber.

The tested road surface is covered with a liquid, low-viscosity, self-vulcanizing rubber,
which is extruded by the tire pressed against the pavement by a given load (exactly in the
same way as rainwater is extruded from the tire/pavement footpath). The rubber is in a
liquid state and the hardening process takes over an hour, so the rubber does not carry
any load as it can flow out freely. As a consequence, the tire only rests on the rigid road
surface and rubber remains only in places where there is no tire/pavement contact. After
the rubber has hardened and the tire has been removed from the casting, fragments that
were in direct contact with the tire protrude from the hardened rubber plane where there
was no such contact. The method can be applied to virtually all types of road surfaces.
In very few cases, it may be necessary to assist in displacing the liquid rubber by drilling
drainage holes through the pits of the pavement sample. Figure 6 shows the process of
obtaining castings and Figure 7 shows a cast made on an artificial pavement consisting of
evenly spaced pyramids.
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Figure 7. Contact deformations obtained on experimental pavement composed with equally spaced
pyramids: (a) rubber casting; (b) digital model.

An advantage of this method is its great simplicity and the possibility of preserving
the shapes of contact deformations of the tire tread, which can then be analyzed qualita-
tively and quantitatively. The most important disadvantage of the method is that static
deformations that are registered might not necessarily be the same as in the case of driving,
when the interface between the tire and the road is very short-lived and the tread material
does not have time to fully settle on the pavement (tread rubber has hysteresis depending
on excitation frequency). Nevertheless, in the opinion of the authors, the advantages of the
method outweigh its disadvantages.

In order to determine the time characteristics of the tire tread deformation process
forced by the pavement protrusions, a special device was developed (see Figure 8), in
which a pneumatic actuator drives a penetrator of a given shape into the tread of a tire
resting on a flat steel plate (the penetrator is marked with an arrow in the figure). It is
possible to change the shape of the penetrator and even to use penetrators made of small
fragments of the actual road surface (see Figure 9). Thanks to this device it is possible to
determine the relationship between the force acting on the penetrator and depths of rubber
deflection, and how quickly the rubber deforms.
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Figure 9. Different penetrators used in this study.

The applied pneumatic system provides a relatively high speed of free penetrator
extension which is comparable to the speed with which the protrusions of the pavement
are pressed into the rubber of the tread at slow speed driving.

3. Results
3.1. Qualitative Investigation of Enveloping Properties on Two Different Road Pavements

In order to roughly determine the influence of the surface type and the type of rubber
mixture in the tread area on the enveloping phenomenon, tests of tire tread deformations
were carried out for two road surfaces, which were very different in terms of texture. They
were Stone Mastics Asphalt (Code name SMAS), which is a very popular, relatively smooth
road surface, and Surface Dressing (code name APS) with a very aggressive texture. The
SMAS8 pavement had MPD = 1.58 mm, and the APS pavement had MPD = 4.48 mm. The
tests were carried out for two test tires with smooth treads made of rubber mixtures of
very different hardness. These were tires intended for mountain races where the “HARD”
tread had a hardness of 68 °Sh at 21 °C and the “SOFT” tread had hardness of 44 °Sh. It is
necessary to stress that sport tires, especially designed for mountain races, are optimized
for traction, not rolling resistance, so tread rubber has fairly big hysteresis, at least in the
high excitation frequency range. Addition of silica makes it possible to reduce hysteresis in
low frequency range (good for rolling resistance) maintaining high hysteresis in the high
frequency range (good for traction) [20]. Nevertheless, despite the specific characteristics
of sports tires, they allow testing of compounds with a hardness that is covers, or even
goes beyond, the range used in commercial tires. A big advantage for this particular
investigation is that tested tires had smooth tread (slick). The tests were performed with
the method of rubber impressions described in Chapter 2.
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Figure 10 presents partial contact area between the test tires and the SMAS surface.
The limits of contact area between the tested tires and the road are clearly visible. The
penetration of the pavement into the tire tread is greater for the SOFT tread than for the
HARD tread. This is visible in Figure 11 showing the cross-section of the pavement and
the cross-sections of deformed tire treads along the line marked in Figure 10.

Road pavement SMA8 Contact area - hard tread Contact area - soft tread

Figure 10. View of SMAS8 pavement and contact area of HARD and SOFT treads.

[mm]

0 50 100 150

@ Oryginal texture D Enveloped texture - hard tread O Enveloped texture - soft tread
Figure 11. Profile of SMAS8 pavement and profiles of tread deflections of HARD and SOFT tires.

It should be taken into account that making a rubber impression takes considerable
time, so the pressure of the tire on the pavement is static. When the tire rolls on the road,
the contact duration is very short (at 80 km/h only a few milliseconds), which probably
makes the penetration even smaller. So, it seems safe to say that the actual aggregate
penetration into the tread is somewhat smaller during driving than that obtained in the
static test reported here.

Similar tests were also carried out for the APS pavement and the results are shown in
Figure 12. In the case of this surface, contact occurs only in the region of the summits of
the aggregate, over a very small area. This small area, however, is compensated (in terms
of caring the load) by the deep penetration into the tread rubber. This penetration is, of
course, greater for the SOFT tread than for the HARD tread. This is presented in Figure 13
showing the cross-section of the pavement and the cross-sections of deformed tire treads
along the line marked in Figure 12. It can be presumed that for such deep penetrations the
time factor is even more important than for the situation with the SMAS surface, i.e., the
actual contact of the tire with the surface is even smaller.
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@ Oryginal texture O Enveloped texture - hard tread O Enveloped texture - soft tread

Figure 13. Profile of APS pavement and profiles of tread deflections of HARD and SOFT tires.

For all cases reported above the estimation of “enveloped MPD” was carried out based
on tire deflection profiles presented in Figures 11 and 13. The values of MPD are presented
in Table 1. On average, due to restricted enveloping, even for relatively smooth pavement
SMABS the tires “sense” only 70% of the nominal MPD. For very aggressive Surface Dressing
APS is only 45% of nominal MPD.

Table 1. Comparison of “enveloped MPD” for tested slick tires with MPD calculated on the base of
raw pavement profile.

MPD (mm) SMAS APS

“Raw” (based on pavement profile) 1.58 4.48
“Enveloped” for SOFT tire 113 2.22
“Enveloped” for HARD tire 1.11 1.81

For confirmation of the assumption that profiles made of self-curing rubber reproduce
the deformation of the tire well, and that during dynamic interaction between tread and
pavement the deflections of the tread are not bigger than shown by rubber castings, the
oscillatory engineering method described above was used. The Coefficients of Energy
Losses (CEL) [19] obtained during the tire tests on the original SMAS8 and APS surface
samples were compared with measurements on samples where the profile depth was
reduced artificially by pouring liquid resin to the level corresponding to the enveloped
MPD. Table 2 presents the values of the CEL before and after “flattening” the pavement
texture. As shown in Table 2, the values of these coefficients have not changed, which
means that the conditions of contact between the tire and the road have also not changed.
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This implies that the texture pits eliminated by filling with resin did not take part in the
transmission of tire load, even in dynamic conditions.

Table 2. Comparison of CEL for tested slick tires tested on raw APS sample and APS sample with
reduced texture.

CEL [-] SOFT Tread HARD Tread
“Raw” texture 0.0143 0.0207
Texture reduced to value of enveloped MPD 0.0143 0.0203

The deformations of rubber resulting from the pressure of aggregate summits depend
largely on both the hardness of the compound and the shapes of the summits. Figure 14
presents the penetration characteristics of two differently shaped penetrators pressed into
the SOFT and HARD tire. As the figure shows, the pyramid-shaped penetrator penetrates
the rubber more quickly and more deeply than the spherical-shaped penetrator. This
confirms the assumption that the shape of the aggregate is very important for the deflection
of the tread material, thus, also for rolling resistance.

5

——Pyramid, SOFT tread
——— Pyramid, HARD tread
- - -Sphere, SOFT tread
- - -Sphere, HARD tread

Penetration [mm]
N

1.5
1
0.5
0 0.05 0.1 0.15 0.2
Time [s]

Figure 14. Deflection of tire tread by penetrators of different shape.

3.2. Results of Rolling Resistance Tests

As the vast majority of tire development tests are carried out in the laboratory, a
significant problem is to confirm that the results obtained on replicas of road surfaces
are representative and reflect well the results obtained during road tests. In Figure 15
comparison of road and drum measurements is presented. Five passenger car tires of size
205/55R16 were tested on the road pavement SMAS8 and on its replica road surface mounted
on a drum. The replica was cast 7 years ago on this particular road so its structure replicates
brand new SMAS. Unfortunately, after 7 years of use, despite low traffic volume on this
road, the MPD value lowered from initial value of 1.55 to 0.85 mm. During measurements
the capped inflation pressure principle was used (210 kPa for cold tire). The figure indicates
very good correlation between road and drum results. Lower rolling resistance values
obtained during road measurements should be attributed to lower MPD.

In Table 3 results of rolling resistance measurements performed for SOFT and HARD
slick tires used for experiments reported in this article are presented. For both tires there is
50% increase of Coefficient of Rolling Resistance (CRR) on APS pavement in relation to
SMAS. At the same time, for both surfaces, the difference between the rolling resistance for
HARD and SOFT tires is about 15%. At first glance this may look strange (and contrary
to the considerations made above) that a SOFT tire experiencing deeper tread deflections
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caused by pavement texture exhibits lower rolling resistance than a HARD tire. This
is, however, a result of considerably lower strains in soft rubber which are associated
with the flattening of the tire torus in the area of contact with the road. In tires with a
conventional tread pattern, the grooves, especially transverse grooves, make the tire more
elastic, reduce the stresses and, thus, also the rolling resistance. The slick tire, however,
lacks a tread pattern, and therefore the hard, continuous tread layer is subjected to very
high stresses. Additionally, during sports driving, the tires heat up much more than during
test drives, and even the hard compound becomes softer due to high temperature. Tires
with conventional tread pattern are unfortunately not suitable for studies utilizing casting
of footprints as the tread grooves interfere with the analysis.

Speed 80 km/h

0.01

0.009 - N

0.008 - =

0.007 - 4

CRR - drum results

0.006 -

0.005 —t———t—
0.005 0.006 0.007 0.008 0.009 0.01

CRR - road results [-]

Figure 15. Comparison of Coefficients of Rolling Resistance measured by road method on SMAS8
pavement and by drum method on SMAS replica.

Table 3. Coefficients of Rolling Resistance of SOFT and HARD slick tires tested according to ISO
standard on replicas SMA8 and APS at 80 km/h.

CRR [-] SOFT Tread HARD Tread
SMAS8 0.0102 0.0119
APS 0.0158 0.0178

To compare the relation between CRR and MPD a set of six passenger car tires was
tested on seven replica road surfaces covering MPD range from 0.42 up to 4.75 mm.
On each replica values of CRR obtained at 80 km/h were averaged and plotted against
corresponding MPD (see Figure 16). During these tests, the air temperature was 25 °C and
the regulated inflation pressure principle was used. It is apparent that there is a rather
weak relation between rolling resistance and conventionally established (“classical”) MPD.
One must observe that MPD value of about 5 mm is measured only on very aggressive
pavements and in many investigations such extreme pavements were not included. For
all tested replicas values of enveloped MPD were also evaluated and are presented in
Figure 16 (green markers and line). Measured CRR showed much stronger relation to
enveloped MPD than to the classical MPD.
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0.02 =

0.01
] e

CRR [1]

® enveloped MPD

® classical MPD

0.00 ] } } }
0 1 2 3 4 5
MPD [mm]

Figure 16. Comparison of relations between MPD (evaluated in the classical method and using
enveloping correction) and Coefficient of Rolling Resistance.

4. Discussion

Due to the fact that the research presented in this article is a “pilot study” it is not
possible to unequivocally define how the optimal, easy to evaluate parameter describing
pavement influence on rolling resistance should look. As can be seen from the considera-
tions presented above, the rolling resistance cannot correlate well with the MPD evaluated
in a classical way, as the tire in most cases only partially envelops the pavement texture.
The conducted experiments showed that experimental estimation of the enveloped MPD is
possible and that it allows elimination of those texture regions that do not come into contact
with the tire. Although the method of making rubber castings is laborious, it allows for a
more realistic estimate of the enveloped MPD value, just as in the way the tire “feels” it.

The authors believe that a completely different method of pavement characterization in
respect to rolling resistance could also be used, which takes better account of the pavement
texture properties that are important for energy losses. The proposed method examines
the relationship between the penetration depth of the texture summits and the volume of
deformed rubber. If the pavement has the structure as shown in Figure 10 (for example
like SMAS), to obtain deformation of significant volume, even a small penetration depth is
enough. If, on the other hand, the pavement structure is as shown in Figure 12, then deep
penetration is necessary to achieve deformation of the same volume of rubber (as is the
case with the APS pavement). It can, therefore, be speculated that the characteristics of the
deflected rubber volume as a function of the penetration depth can classify the surfaces in
terms of their “aggressiveness” influencing the rolling resistance.

In Figure 17, the principle of such texture evaluation is described. In the first step,
using the 3D recording of the pavement texture, the analyzed area should be determined.
In the study discussed in this article, each time this was a 50 mm x 50 mm square located
in the region of the center of the tire imprint. For this square, the level of the highest
summit is established (in Figure 17 marked as h = 0) as well as the lowest pit determined
by the enveloped tire imprint (marked as hmax). Then, starting from h = 0 up to hpmay, the
total volume of unevenness that penetrates the tread is determined (V =V; + Vo + V3 +
V4 + ... ). Thus, the function V = f(h) is created, describing the relationship between the
volume of deformed rubber of the tread compound as a function of penetration depth. For
aggressive pavements (with sharp-contour aggregate) the relation V = f(h) is flatter than
for pavements having rounded aggregate deeply embedded in the binder.
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1500

1000

500

Volume of displaced rubber [mm?]

Figure 17. Explanation of proposed method of characterization of pavement texture in respect to
rolling resistance.

In Figure 18 relations V = f(h) acquired for SOFT, smooth tires are presented for
pavements SMAS8 and APS. The relations were obtained by two different methods. The
first method, purely geometrical (described above), was based on the volume of summits
that protrude over the horizontal plane placed at a distance “h” below the highest summit
(see also Figure 17). Such a characteristic is easy to obtain on the base of a digital 3D texture
profile. These relations are marked with solid lines. The second method accounted also
for final shape of tread rubber “bridges” hanging over pots between the summits. These
relations are marked with dashed lines. The principle of hanging “bridges” is explained
also in Figure 19. Although the characteristics produced according to the second principle
seem to be better correlated with actual tread deformations, they are more difficult to
evaluate, as the shape of the bridges must be known (for example by molding technique).
As the maximum tread penetration for the second method is known, the dashed lines end
at the maximum penetration height. Looking at Figure 18, it can be seen that the maximum
penetrations (in the case of SMAS this is 1 mm and for APS it is 3.2 mm) correspond to

the volume of about 100 mm? on curves which do not take into account the shape of
the bridges.
= = SMAS8 * -see explanation
—5MA8
i
U = = APS * - see explanation
]
! ——APS
'
]
]
'
1
I
!
] ]
[ /
1 ’
1 ’
1 ’
1 s
/] .
H L
g e B s L -
""" P Py
1 2 3 4 5 6 7 8

Penetration depth [mm)]

Figure 18. Relation between volume of deflected rubber and penetration depth for pavements SMA8 and APS. Solid
lines show relations accounting only for geometrical shape of the texture while dashed lines account also for tread

“bridges” deflection.
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Figure 19. Relation between volume of deflected rubber and penetration depth for pavements SMAS8 and APS.
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