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The stones used for the construction ofroad surfaces have acomplex mineralogical
and hence chemical composition. They are made up of several types of minerals
put together. This generates a significant difference in adhesion with the
bituminous binder. The aim of this study is to create a mathematical model able

to predict the adhesion between bitumen and stone on the basis of contact angle
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and the aggregate.

measurements made on different pure minerals. The mathematical model used
was developed keeping in mind the exponential bond that the minerals have
with the corresponding bond angle. This model also confirmed the established
fact that the lower the value of A, the better the adhesion between the bitumen

1. Introduction

Road pavements are made up of over 93%
stones and less than 7% of bitumen which works
as a binder. Bitumen is a soft multicomponent ma-
terial that is derived from petroleum industry pro-
cesses. For this reason, its chemical composition is
complex and different additives can be used to im-
prove its properties [ 1-13]. To reduce atmospheric
emissions and costs during the laying of bitumen
on the roads, some additives can be used able to
make the conglomerates more workable at lower
temperatures [14, 18].

Depending on the chemical nature of the stones
and bitumen, there can be a greater or lesser affin-
ity between the two and this significantly affects
the road life span.

Before of the processing of asphalt concrete,
adhesion tests are generally carried out (Boiling
Test, Rolling Bottle Test, Contact Angle, etc.) to
check the compatibility between the aggregate and
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bitumen and possibly [19-23], if the latter is in-
sufficient, intervene with additives called adhesion
activators [24-30].

Empirical tests such as the Boiling Test deliver
a fast but very indicative evaluation of the affini-
ty between aggregate and bitumen. Contact angle
measurements actually facilitate having more ac-
curate data, even if they involve using more so-
phisticated and expensive equipment and require
higher lead times.

The goal of this study is to create a purely the-
oretical model that allows you to predict the adhe-
sion between stone and bitumen, using the contact
angle values recorded between the bitumen and
each mineral that makes up the aggregate. For this
purpose, contact angle measurements were made
between the binder and several pure minerals, in
order to create a database of some sort containing
the information necessary for the development of
the theoretical model. To evaluate the effective-
ness and validity of the model, three stones were
tested and contact angle measurements in conjunc-
tion with further Boiling Test measurements were
carried out on them.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Both the aggregates and the minerals were char-
acterized by X-ray analysis. The samples differ
only in the chemical nature of the stones and the
minerals being that only one type of bitumen was
used for all measurements.

2 .Materials
2.1. Bitumen binder

In this study, a 50/70 bitumen was used which
was kindly supplied by Loprete Costruzioni
Stradali. The bitumen was produced in Italy, while
the crude oil was from Saudi Arabia. Reported be-
low are some of the physical properties of the bi-
tumen:

* Penetration Grade (59 £ 1) 0.1 mm in according
to ASTM standard D946;

* Softening point R&B (51.7 £ 1) °C in according
to ASTM Standard D36;

* Asphaltene content (27.1 + 0.1) w/w % by
Modified Conventional Method [31].

Stone 2 crystal size 1500 um

4,5%

7.4%

® Quartz ® Orthoclase

® Muscovite Plagiovlase

2.2. Stones

Three stones were analysed in this study. Fig-
ures 1 and 2 show the XRD analysis results for the
mineralogical composition and the crystal sizes for
each sample, while information about the charac-
teristics of the 15 minerals analysed is given in Ta-
ble 1 [32]. These stones were kindly supplied by
Cosentina Marmi (Italy).

Stone 1 crystal size 70 um

2,1% 1,7%

A

m Calcite m Quartz = Orthoclase 1 Plagioclase

Fig.1. XRD analysis, the mineral composition (fine
grain) Calcarenite.

Stone 3 crystal size 1490 um

1,0%

\

® Plagioclase ® Olivine

® Pyroxene

Fig. 2. XRD analysis, the mineral composition (medium grain) of the used stones: (a) — Granite and (b) — Basalt.

3. Methods
3.1. Contact Angle Measurements (CAM)

All stones were cut to obtain smooth surfac-
es with adept precision using the MT100 Remet
cutting machine, with a diamond blade (300 mm)
Wendt Boart. The stones were then polished with
a fine polishing cloth ALKASEL (diameter gran
size 1 um), washed with water and dried at room
temperature for 24 h. Subsequently, using a nee-
dle, three drops of hot bitumen (at 150 °C) were
dropped on the stones of each sample (at room
temperature).

When preparing the samples for contact an-
gle measurement, the drop size of the bitumen on
the stone is very important to get correct results
[33-35].

The contact angle measurement was made
through the following steps:

1. The samples were kept at 25 °C for 10 min.

2. The samples were kept for 10 min at 25 to
30 °C higher than the R&B of the bitumen, and
then cooled to room temperature for 10 min.

3. The samples were kept for 2 h at a tempera-
ture of 5 °C less than the R&B of the bitumen,
dried and cooled to room temperature for 10 min.

For each step, the measurements were made at
room temperature. The adhesion was evaluated us-
ing the contact angle obtained in step 2 and 3 using
Eq. 1 as follows:

A = Contact Angle STEP3 — Contact Angle STEP2
(Eq.1)
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Table 1
Characteristics and chemical composition of the minerals

Mineral Cleav- Hard- Densi- Photoelec- Fermion Boson Chemical Composition (%)
age ness ty gm/ tric barns/  Index  Index
(Mohs) cc electron

GARNET No 7 3.5 1.59 0.02 0.98  29.99 Mg0/44.71 Si04/25.3 Al,O;

PYROXENE Yes 6 3.19 1.61 0.03 0.97  40.15 Mg0/59.85 SiO,

GYPSUM Yes 2 2.36 3.97 0.0019  0.99 32.57 Ca0/20.93 H,0/46.5 SO;

ANALCIME No 5.5 2.27 1.52 0.01 0.99  54.58 Si0,/8.18 H,0/23.16
Al,05/14.08 Na,O

ORTOCLASE No 6. 2.6 2.85 0.01 0.99 64.76 Si0,/16.92 K,0/18.32 Al,O;

DOLOMITE Yes 4 2.84 3.13 0.01 0.99  30.40 Ca0/21.90 Mg0O/47.70 CO,

PYRITE No 6.5 4.84 16.89 0.01 0.99 46.55Fe/53.45S

MUSCOVITE Yes 2 2.8 2.39 0.01 0.99 4521 Si0,/4.62 H,0/11.81
K,0/38.36 Al,O;

TALC Yes 1 2.75 1.57 0.03 0.97  31.88 Mg0/63.37 Si0,/4.75 H,0O

BIOTITE Yes 3 3.09 4.04 0.02 0.98  23.24 Mg0O/41.58 Si0,/4.27 H,0/10.86
K,0/11.76 Al1,05/8.29 FeO

QUARTZ No 7 2.65 1.8 0.02 0.98 100 SiO,

CALCITE Yes 3 2.71 5.06 0.002 0.99  56.03 Ca0/43.97 CO,

TOURMALINE No 7 2.99 1.42 0.02 0.98 12.61 Mg0O/37.60 SiO,/3.76 H,0/31.90
Al,04/3.23 Na,0/10.90 B,0O;

PLAGIOCLASE  Yes 7 2.62 1.75 0.01 0.99  67.39 Si0,/20.35 Al,0,/1.07
Ca0/11.19 Na,O

OLIVINE No 7 3.27 1.53 0.04 0.96 57.29 Mg0/42.71 SiO,

Consequently, the contact angle measurements
established that the lower the value of A the great-
er the affinity/adhesion between the bitumen and
the mineral. More details can be found in reference
[36].

3.2. Boiling test

The boiling test procedure used in this study
was performed according to ASTMD3625 [37].
All details can be found in reference [25].

3.3. Petrographic characterization

To characterize the petrographic qualities, X-ray
powder diffraction XRPD patterns were used. The
XRPD patterns were obtained by a Bruker D§Ad-
vance (Bruker, Billerica, MA, USA) X-ray diffrac-
tometer with the use of CuKa radiation, monochro-
mated with a graphite sample at 40 kV and 40 mA.
Scans were conducted in the range of 3°-66° (20),
with a step interval of 0.02° and a step-counting
time of 3 s. The mineral phases of the stones were
identified using the EVA software (DIFFRACplus

EVA). The peaks were then compared with the
2005 PDF?2 reference patterns; this software com-
pares the experimental peaks with the 2005 PDF2
reference patterns. An estimate of the mineralog-
ical phases and amorphous substances present in
the samples was obtained by Rietveld refinements
[38-40] carried out using TOPAS software V.4.2
(Bruker, Karlsruhe, Germany).

4. Results and discussion

A stone can be considered as an entirety of dif-
ferent minerals [41], each of which has its own
chemical nature. Consequently, each of them has
a different interaction with bitumen. The chemical
composition of the bitumen is another important
factor that affects adhesion, but in this study, since
only one type of binder is used, this parameter is
to be considered constant for all samples. Another
determining parameter for adhesion is the size of
the individual crystals that make up the stone [42].
In fact, the presence of large crystals or crystals
with sizes similar to the bitumen drops used, make
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Table 2
Contact Angle values of some pure minerals with the reference bitumen
Mineral Step 1 Step 2 Step 3 A ()
GARNET 120.7 72.7 74.3 1.6
PYROXENE 120.6 80.8 82.8 2.0
GYPSUM 122.9 52.6 66.8 14.2
ANALCIME 118.7 81.6 100.0 18.4
ORTHOCLASE 126.8 76.6 77.4 0.8
DOLOMITE 128.5 51.7 56.4 4.7
PYRITE 125.5 42.8 46.1 33
MUSCOVITE 103.3 38.1 118.1 80.0
TALC 113.4 54.7 111.7 57.0
BIOTITE 98.9 27.9 74.1 46.2
QUARTZ 116.0 30.9 41.9 11.0
CALCITE 126.6 54.8 60.4 5.6
TOURMALINE 117.2 52.0 59.0 7.0
PLAGIOCLASE 109.5 72.9 79.5 6.6
OLIVINE 123.2 62.3 108.3 46.0

the contact angle measurements more uncertain
than for samples with small grain or crystals. This
is most likely due to the fact that the surrounding
minerals often have a very different affinity for
bitumen and if the grain is large, areas are creat-
ed on the surface of the aggregate. These areas of
space account for a huge difference in adhesion
which can lead to a worsening in the magnitude
of the contact angle, a less evident problem when
the grain is fine, since the surface is more homo-
geneous. This problem was alleviated by choosing
fine or medium grain stones for this study and by
performing an adequate number of measurements
in order to obtain reliable mediated values.

Table 2 shows the results obtained through con-
tact angle measurements made with our bitumen
of reference on 15 different types of pure minerals
[43]. Boiling tests could not be carried out on these
minerals because the extremely small quantities
and dimensions of the pure mineral samples were
not sufficient and suitable for carrying out a test in
accordance with ASTMD3625 regulations.

From the results obtained, it is clear that the
minerals that have better adhesion with the bitu-
men used are: Orthoclase, Garnet, Pyroxene, Py-
rite and Dolomite. The latter in fact has a A very
close to zero, this indicates that the angle was not
significantly influenced by the action of water and
temperature in step 3. To confirm this, the contact
angle values recorded in the last step was the low-
est obtained.

On the other hand, Biotite, Talc, Olivine and
Muscovite have a poor affinity with bitumen.

4.1. Mathematical Model

Assuming we can carry out Boiling Tests on
pure minerals (as already stated to be impossible),
we can easily hypothesize that the percentage of
coating achieved on the individual minerals ex-
ploits the additive property given that the miner-
al mixtures form the stones. Keeping in mind the
exponential bond that these have with the corre-
sponding contact angle, we can assume the follow-
ing empirical formula:

. Y fiel
Theoretical Contact Angle (TCA) =1n ﬂwﬂ
(Eq. 2)
where f; and A, are respectively the percentage and
the contact angle of the i mineral present in the
stone, and TCA the resulting contact angle of the
analysed stone.

The validity of the model is tested on 3 types of
stones with 3 different mineralogical compositions
characterized by X-ray, with different grain sizes
ranging from 70 to 1500 pm (see mineralogical
composition shown in Figs. 1 and 2).

Table 3 shows values obtained by means of
experimental contact angle measurements carried
out directly on the stones. These values are called
Measured Contact Angle (MCA) while those ob-
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Table 3
MCA, CBT, TCA, TBT and MBT calculated/measured for the analysed stones MBT

Stones mean crystal size Minerals MCA/CBT Stones TCA/TBT Stones  MBT Stones
Stone 1 Calcite 72.5% A=5.6°
(Calcarenite) Quartz 23.7% A=11° o_ <0 o — 400 0
70 um Orthoclase 2.1% A =0.8° 10%=57% 147 =49% 6%

Plagioclase 1.7% A =6.6°
Stone 2 Quartz 51.1% A=11°
(Granite) Orthoclase 37.0% A =0.8° o— 410 o_ 1m0 o
1500 pm Muscovite 4.5% A =80° 79°=4.1% 827 =3.7% Y

Plagioclase 7.4% A =6.6°
Stone 3 Plagioclase 58.3% A=06.6
(Basalt) Pyroxene 40.7%  A=2.0° 35°=22% 46° =23% 15%
1490 um Olivine 1% A =46°

tained according to the theoretical model for pre-
dicting the adhesion in Eq. 2 are called Theoretical
Contact Angle (TCA) in addition to the results car-
ried out on the same stones.

Having calculated the TCA, it was also possi-
ble to derive the percentage of theoretical coating
of the Boiling Test (TBT) using the formula pro-
posed in the article [34], whose parameters were
obtained from samples by the same methodology.
In the same way it was possible to obtain CBT (cal-
culated boiling test) for stones from the MCA.

TBT = 83,4 00387C4, (Eq.3.1)

CBT = 83,43_0'038 MCA; (Eq 32)

In Eq. 2 the constants of Eqgs. 3.1 and 3.2 are
both canceled, because the inverse function of the
same exponential function is applied.

Boiling Test Measures were also carried out di-
rectly on the examined stones (MBT) to compare
them directly with those obtained through Egs. 2
and 3 (see Table 3).

In summary, the differences in absolute value
between MCA/TCA and MBT/TBT for every sin-
gle stone are as follows.

In Table 4, the average between MBT and CBT
divided by TBT was calculated. We observe that
the values are in close range of each other: this re-
sult confirms that the mathematical model is trust-
worthy. In particular, it shows the differences in
contact angle and boiling test between the mea-
sured values obtained in our experiments, the cal-
culated values and the theoretical values obtained
by using the suggested mathematical model. Al-
though all three stones had values that are close to

the theoretical values, stone 2 has the lowest differ-
ence in values between the theoretical and practi-
cal phenomena hence it is the most suitable among
the samples.

These results demonstrate how possible it is to
predict using Eq. 2, the adhesion between stone
and binder, knowing its mineralogical composition
and the affinity between each individual mineral
and the bitumen used. In Eq. 2, the contact angles
become an exponential function, consequently,
the mineral that has greater contact angle (A) is
dominant with respect to the other minerals even
if present in low percentages in the mineralogical
composition of the stone.

One of the main limitations of the contact angle
technique is that it cannot be used for stones formed
from coarse-grained crystals (> 2000 pm). In this
study, no experiments were conducted with stones
formed from coarse-grained crystals given that the
experimental measurements are highly dependent
on the size of the crystals that make up the anal-
ysed stone. Even though the measurements made
on each individual mineral are independent of this
parameter, we can assume that the TCA value cal-
culated for coarse-grained stones may be closer to
the real affinity between aggregate and bitumen
than any MCA carried out directly on the stone.

Table 4
MCA-TCA, MBT-TBT, (MBT+CBT)/2 -TBT
value are reported

Sample |((MCA- |((MBT- |(MBT + CBT)
TCA)|(°) TBT)| (%) /2-TBT| (%)
Stone 1 4.0 16 12
Stone 2 3.0 1.3 0.9
Stone 3 11 8.0 4.5

Eurasian Chemico-Technological Journal 22 (2020) 197-203
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5. Conclusion

By determining the adhesion between pure
minerals and a specific bitumen while knowing the
mineralogical composition of aggregate, it is pos-
sible to predict the affinity of the latter with bitu-
men using the model of Eq. 2. This work gives a
theoretical indication of adhesion but is complicat-
ed to apply it practically.

In order to use Eq. 2, it is necessary to have the
affinity data between the minerals and bitumen
used and this involves conducting contact angle
measurements with pure minerals for each type of
bitumen you want to use. Furthermore, to obtain
accurate results, once the bitumen has been select-
ed, the surfaces of the minerals must be perfectly
smooth. Contact angle measurements from differ-
ent observation points can then be made around
the bitumen drop and then the resulting values are
averaged. The experimental indications reported in
reference [36] should be followed in order to obtain
accurate data. It is important to note that as long
as the mineralogical composition of the stone com-
prises a mineral with a A significantly greater than
the other minerals even if it is present in small per-
centages, the value of the latter will be greatly influ-
enced. For example, in stone 3, Olivina that has a A
of 46° is present with a mineralogical composition
of 1%. The final contact angle (TCA) of the stone
is 46° which is the same as the value of A regard-
less of the low percentage. This is justified by the
fact that in Eq. 2, the contact angles are exponential
functions. The practical disadvantage is that this
technique requires special equipment, both to make
the measurements and to prepare the samples while
also requiring long processing times. All these lead
to long durations and high costs which are unfavor-
able. However, once a database with used stones
and bitumen has been created, it will be possible
to foresee the adhesion simply by developing Eq. 2
without needing to carry out further measurements
thus identifying the best stone/bitumen combination.

The main purpose of this work was to provide
through the definition of Eq. 2, a mathematical
confirmation of both the correlation between the
Boiling Test and the contact angle as well as be-
tween the adhesion of the individual minerals and
the respective stones.

In conclusion, from the results obtained, we can
affirm that it is possible to predict the adhesion be-
tween a specific aggregate and a bitumen knowing
its mineralogical composition and the adhesion be-
haviour of each individual mineral which makes

up the stone. In particular, as long as in the min-
eralogical composition of the stone, a mineral is
present with a A much higher than the other stone
minerals, the final value of the contact angle can
be approximated to that of the pure mineral even if
present in a low percentage.
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