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ABSTRACT

The calibrated mechanistic surface energy approach (CMSE), developed at Texas A&M University, is one of
the fracture damage micromechanical analysis approaches for fundamentally characterizing the properties of
asphalt concrete mixtures.

The CMSE approach utilizes the fundamental mix properties including tensile strength, fracture, healing,
visco-elasticity, anisotropy, crack initiation and crack propagation to determine fatigue life. This approach
requires creep or relaxation, strength and repeated load tests and a catalogue of fracture and healing
surface energy components of asphalt binders and aggregates measured separately.

In a cooperation between Delft University of Technology and BAM Wegen, an extensive research program is
carried out to verify the findings of the CMSE-approach using Dutch asphalt concrete (AC) mixtures. Both
physico-chemical and mechanical properties are determined. In the paper the results of the surface energy
measurements on six bitumen and ten aggregates are presented. Based on these results the surface energy
components of both bitumen and aggregates and the specific surface area of the aggregates are
determined. From these data an estimation of the fracture, healing and stripping characteristics of the
resulting asphalt mix can be made.

In the paper the research program is discussed and the findings are presented.
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1. INTRODUCTION

One of the most intriguing properties of an asphalt concrete mix is its ability to recover from mechanical damage. Due
to these healing properties, a shift exists between laboratory testing and behaviour of asphalt mixtures in the field. In
pavement design procedures, healing is taken into account by the introduction of a healing factor. In the Dutch
procedure [1], a healing factor of 4 is used, which implies that due to healing the life span of an asphaltic pavement lasts
4 times longer than calculated with lab testing as input. This factor of 4 was determined decades ago [2], and since that
time many things in the asphalt mixture have changed, e.g. new aggregates are used, the properties of the bitumen have
been changed or new types of binders are introduced. Due to these changes, the use of the factor 4 for healing is
questionable. For this reason, the determination of the healing properties of an asphalt mixture has become an important
research topic.

Also in the Netherlands, healing is a popular topic in road engineering. In one of the research programs, the calibrated
mechanistic approach with surface energy measurements [3,4] (abbreviated as CMSE), is used as one of the theories to
describe the healing process. The approach is based on the theory that an asphalt concrete mixture is a non-linear visco-
elastic material and its resistance to fatigue consists of two components: resistance to fracture and the ability to heal.
Both of the processes change with time [5]. This approach requires mechanical tests like creep or relaxation, strength
and repeated load tests. Also fracture and healing surface energy components of asphalt binders and aggregates are
needed [6]. In this paper, the determination of the fracture and healing surface energy components are discussed.

2. THE SURFACE ENERGY PART OF THE CMSE APPROACH

The surface energies play an important role, not only in fracture but also in healing of the AC mixture. The surface
energy of the binder and aggregate in the mixture are made up of contributions from non-polar Lifshitz-van der Waals
forces and polar acid-base forces mainly associated with hydrogen bonding [7,8,9]. The polar acid-base surface energy
is itself a combination of the acid and the base surface energy components.

The difference between the total fracture and healing surface energies lies in the measurement of the individual surface
energy components using carefully selected materials with known surface energy component values. Fracture
components are found when dewetting, and healing components are determined when wetting occurs [3,7,8,9,10]. In the
simplest fundamental theory of energy, if a relatively higher amount of energy is required or must be expended to cause
fracture damage (i.e., initiate and propagate a microcrack through the AC layer), then the AC mixture is substantially
resistant to fracture damage. If, on the other hand, a higher amount of energy is required or must be expended to repair
the fracture damage, then the AC has relatively less potential to self-heal.

Surface energy data constitute input parameters for the healing, crack initiation, and propagation calculations in the
CMSE fatigue analysis. The equations (1) through (8) for the SE data analysis required for the CMSE approach, based
on an adhesive mode of fracturing under dry conditions, are described hereafter [5].
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r = surface free energy component of the binder or aggregate (mJ/m?);

i = subscript “i” for binder (healing or fracture) and “J” for aggregate;

h,f = subscript “h” for healing and “f” for fracture;

LW = superscript “LW” for Lifshitz-van der Waals (LW) component;

AB = superscript “AB” for acid-base (AB) component;

+ = superscript “+” for Lewis acid component of surface interaction;

- = superscript “—” for Lewis base component of surface interaction;

T'ij = interfazcial surface energy between binder and aggregate due to “LW” or “AB” (superscripts) components
(mJ/m°);

AG = total s121rface free energy due to “h” or “f” (subscripts) for “LW” and/or “AB” (superscripts) components
(mJ/m°).

Equations (1) through (8) quantify the bond strength within the binder mastic and the binder-aggregate adhesion. The
lower the value of AGy, the greater the potential to self-heal and the higher the value of AGy, the greater the resistance to
fracture for AC [5].

3. DETERMINATION OF THESURFACE ENRGY OF BITUMEN AND AGGRAGATES

Different methods exist for the indirect measurement of the surface energy of aggregates and bitumen. For surfaces with
a lower surface energy, like bitumen, in this research program the Wilhelmy Plate method is used. The high energy
surface of aggregates is accurately measured using the Universal Sorption method, which is based on the adsorption
isotherm of the aggregates and the used probe liquids [11].

3.1 Wilhelmy plate method (WP method)

In the Wilhelmy Plate method a thin slide of a specimen is lowered into a probe liquid (Figure 1). The thin slide is

hanging under a microbalance. The microbalance measures the change in force of the slide when immersing in the

probe liquid. With this change in force the contact angle between the slide and the probe liquid is indirectly measured.

An indirect contact angle of a specimen immersing in a probe liquid is called the advancing contact angle. An indirect

contact angle of a slide receding from a probe liquid is called the receding contact angle. For the bitumen slides both
indirect contact angles are measured. From the indirectly

P measured contact angles, the surface energy of a specimen

can be calculated using a relationship between the contact
angle and the surface energy of the specimen.

i illi " Each bitumen type is tested with five different probe liquids:
v Advancing ' :E;Te N9 distilled water, diiodomethane, glycerol, ethylene glycol and
Angle formamide. This results in an over-determined system of

equations with five equations and three unknowns. Using the
least squares method for this over-determined system of
equations results in surface energy components of the
bitumen samples.

Liquid Liquid

Figure 1: Principle of the Wilhelmy Plate method for :
a slide coated with bitumen [12]. Microbalance

3.2 Universal Sorption Device (USD)
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Surface energy measurements conducted by means of the USD are SoTpan. GEY

based on the fact that molecules in the atmosphere are adsorbed and
desorbed on a surface under influence of pressure, temperature and
surface energy of the adsorbent. At the start of the test a vacuum is
created in the testing chamber surrounding the aggregates. The
pressure is increased by adding one liquid vapour in the testing
chamber at constant temperature. Now molecules from the vapour are
adsorbed on the surface of the aggregates. At some moment in time
the number of molecules adsorbing onto and desorbing from the
aggregates are equal resulting in an equilibrium (Figure 2). Figure 2: Principle of USD method [13].

—*Aggregate

.'O .:'.... 00y

At this moment the mass of the aggregates including the adsorbed vapour is measured. Then the pressure is increased
again by adding the probe liquid vapour in the testing chamber at constant temperature. Now the aggregates including
the adsorbed molecules are weighed again. An adsorption isotherm is produced by repeating the previous procedure for
about 8 to 10 pressure levels. An adsorption isotherm shows the relationship between the equilibrium mass of the
vapour adsorbed on the solid surface and partial vapour pressure of the probe vapour.
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4. EXPERIMENTAL PROGRAM

The experimental program covers six bitumen types and ten aggregates. Both bitumen and aggregates are used in daily

practice:

e Both standard penetration bitumen and polymer modified binders are tested. The types of bitumen are encrypted
with the code B1 to B6;

o 10 different kinds of aggregates are tested. All these aggregates are used in asphalt mixtures in the Netherlands.
Some of these aggregates are found in the Netherlands, but most of the aggregates are imported from abroad. Also
some waste and recycled aggregates are within the test program.

The aggregates are encrypted with the code Al to A10.

After performing the tests with the WP-method and the USD, the surface energy components of the bitumen and the
aggregates are computed from the output parameter from the tests, contact angles for the bitumen samples and
spreading pressures for the aggregates. Finally the surface energy results are translated to the input parameters of the
CMSE approach, which can be calculated with only the surface energy experiments conducted.

5. TEST RESULTS

5.1 Surface energy bitumen

The surface energy components are computed for the measured advancing and receding contact angle. The computed
surface energy components of the bitumen samples for the advancing contact angles are given in table 1. and for the

receding contact angles in table 2.

Table 1: Surface energy components of the bitumen samples using the Wilhelmy Plate Test, from advancing
contact angles in (mJ/m?).

Bitumen 7' " y-W Stdev. s Stdev. s Stdev.
Bl 19.05 17.9 0.6 0.2 0.1 1.9 0.3
B2 29.57 25.7 0.8 0.1 0.1 26.6 1.8
B3 16.40 13.1 0.5 0.6 0.1 4.8 0.7
B4 29.93 29.9 0.5 0.0 0.0 0.1 0.1
B5 18.37 17.0 0.4 0.3 0.1 1.6 0.4
B6 21.97 22.0 0.8 0.0 0.0 2.5 0.3

Table 2: Surface energy components of the bitumen samples using the Wilhelmy Plate Test, from receding
contact angles in (mJ/m?).

Bitumen Ys y-W Stdev. s Stdev. s Stdev.
Bl 40.73 38.2 0.7 0.1 0.0 15.5 0.9
B2 45.57 39.1 0.8 0.6 0.1 16.5 15
B3 43.16 38.2 0.8 0.3 0.1 23.3 1.3
B4 47.46 37.6 0.9 1.3 0.2 19.3 1.1
B5 39.94 34.9 1.3 0.3 0.1 22.2 1.0
B6 39.63 39.6 0.9 0.0 0.0 12.2 0.8

Bitumen are generally expected to show a non-polar behaviour with advancing contact angles. This means with a very
high non-polar component (y,-") and with very small polar components (ys*, ys). This behaviour is very well illustrated
by all bitumen except bitumen B2. Bitumen B2 has a remarkable low advancing contact angle with water. This results
in quite a large polar component as shown in table 1. The Lewis base component of 26.6 mJ/m? is even larger than the
Lewis base component of water (25.5 mJ/m?). Within the bitumen there is a large deviation between the non-polar
components. For instance the non-polar component of B3 is more than halve that of bitumen B4. A higher non-polar
component tends to have better resistance against water in asphalt mixtures. Surface energy calculated from receding
contact angles for bitumen are normally larger than the surface energy calculated from advancing contact angles. This
can also be seen in these measurement results. Only the Lewis base component of bitumen B2 decreases if calculated
from receding contact angles.

5.2 Aggregate surface energy

The results of the experiments of the USD are measured spreading pressures for the three probe liquids with the
aggregate samples. The fundamental work of adhesion between a probe liquid and the surface of an aggregate can be
written as:

Wy =T, +¥/°5(1 + cos8) 9)
where:

5th Eurasphalt & Eurobitume Congress, 13-15th June 2012, Istanbul



W, = the fundamental work of adhesion;

I, = the spreading pressure at saturation vapour pressure of the probe liquid;
7i®® = the total surface energy of the probe liquid;
0 = contact angle between probe liquid and aggregate surface.

In adsorption tests the contact angle between probe liquid and aggregate surface, 0, is per definition going to zero,

resulting in.

W, =T, + 2y

(10)

The van Oss theory relates the surface energy of the probe liquid and the solid surface with the fundamental work of

adhesion [7], according:
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where:

W, = work of adhesion;

vi*W = free energy of Lifshitz-van der Waals forces of bitumen;
v = free energy of Lifshitz-van der Waals forces of aggregate;
v = contribution of Lewis base of bitumen;

Vs = contribution of Lewis acid of aggregate;

7 = contribution of Lewis acid of bitumen;

Ys = contribution of Lewis base of aggregate.

(11)

Now a similar system of equations as with the contact angles of the Wilhelmy Plate can be established. However, now
relations between spreading pressures and surface energy components of the aggregates are considered using the probe
liquids distilled water, n-hexane and methylpropylketone. Three equations with three unknows surface energy
components of the aggregates occur, which can be solved easily. In table 3 the surface energy components are given.

Table 3: Surface energy components of the different stone samples in (mJ/m?) and SSA in (m°/g).
Aggregate s o Yo ol Ys SSA
Al 201.72 49.03 7.27 801.84 0.94
A2 119.93 49.12 1.08 1165.47 0.49
A3 50.00 43.83 0.01 1529.47 0.40
A4 89.29 47.97 1.04 408.87 0.76
A5 105.68 45.64 0.68 1332.82 0.34
A6 182.06 54.88 3.00 1348.21 0.95
A7 458.14 46.69 53.61 789.46 1.49
A8 111.41 40.20 1.18 1078.78 0.50
A9 149.62 49.13 2.10 1204.49 0.92
Al0 173.18 52.66 1.76 2061.17 0.22

As can be seen the non-polar surface energy component (ys-) does not vary much over the different aggregates.
However the polar components (ys', vs) show quite some deviation. Very remarkable is the very high Lewis acid
component (ys') of aggregate A7. In general, natural aggregates tend to show a mono-polar behaviour with a large
Lewis base component (ys) and an almost non-existing Lewis acid component (ys"). This behaviour is very clear by the
other aggregates. Interesting to see is also the very low Lewis base component of aggregate A4, which is 5 times
smaller than the same component of aggregate A10.

5.3 Input parameters of the CMSE approach

The components of equations (5) to (8) can be calculated with the measured surface energy components of the bitumen
and aggregate combinations. The non-polar input parameter for the healing, crack initiation, and propagation is
calculated with equation (5), which uses the non-polar surface energy components of the bitumen and the aggregate.
The polar input parameter of the bitumen can be calculated by multiplying the Lewis acid and Lewis base component of
the bitumen according equation (6). The polar input parameter of the interacting bitumen and aggregate can be
calculated with equation (7). The required surface energy components are the Lewis acid and Lewis base of the bitumen
and the Lewis base component of the aggregate. The polar input parameters of the aggregates are calculated in the same
way as the polar input parameter of the bitumen, but now using equations (1) and (2). The results of all the bitumen
aggregates combinations are given in the tables 4 and 5.
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Table 4: Non-polar part of the surface energies due to healing of all the bitumen-aggregate combinations in
(mJ/m?).

AGLHY Al A2 A3 Ad A5 A6 A7 A8 A9 A10

Bl 59.28 59.34 56.05 58.64 57.20 62.72 57.85 53.68 59.34 61.44

B2 70.99 71.06 67.12 70.22 68.49 75.11 69.28 64.29 71.07 73.58

B3 50.67 50.71 47.90 50.11 48.88 53.60 49.44 45.88 50.72 52.51

B4 76.62 76.69 72.44 75.78 73.92 81.06 74.77 69.38 76.70 79.41

B5 57.80 57.86 54.65 57.17 55.77 61.15 56.41 52.34 57.86 59.91

B6 65.62 65.68 62.04 64.90 63.30 69.42 64.03 59.42 65.68 68.00

Table 5: Polar part of the surface energies due to healing of all the bitumen-aggregate combinations in (mJ/m?)

AG® Al A2 A3 Ad A5 A6 A7 A8 A9 A10

Bl 30.72 30.94 32.41 19.45 32.30 34.98 43.29 30.01 32.54 41.01

B2 49.08 36.35 30.28 25.73 35.92 45.45 96.62 35.86 41.01 47.81

B3 54.67 56.25 59.63 35.10 58.90 63.19 74.53 54.50 58.90 74.58

B4 1.68 0.65 0.05 0.64 0.51 1.08 4.57 0.68 0.90 0.83
B5 36.94 38.98 41.90 24.11 40.97 43.48 48.31 37.72 40.62 51.71
B6 8.77 3.63 0.71 3.43 2.98 5.84 23.26 3.76 4.92 4.67

The total surface energy due to healing is the sum of the non-polar and the polar part according to equation (3). The
total surface energies due to healing of all the bitumen and aggregate combinations are given in table 6. In the CMSE
fatigue analysis approach the surface energies calculated from advancing contact angles are taken for the due to healing.

Table 6: Surface energies due to healing of all the bitumen and aggregate combinations in (mJ/m?).

AGy Al A2 A3 A4 A5 A6 A7 A8 A9 Al0

Bl 90.01 90.28 88.46 78.09 89.50 97.70 101.14 | 83.69 91.88 102.45

B2 120.08 | 107.41 97.40 95.95 104.41 | 120.56 | 165.90 | 100.15 | 112.08 | 121.38

B3 105.34 | 106.97 | 107.53 85.21 107.79 | 116.80 | 123.98 | 100.37 | 109.62 | 127.09

B4 78.30 77.34 72.49 76.42 74.43 82.14 79.34 70.06 77.60 80.23

B5 94.74 96.84 96.55 81.29 96.74 104.63 | 104.72 90.06 98.48 111.62

B6 74.38 69.31 62.74 68.33 66.29 75.26 87.29 63.18 70.61 72.67

Finally the surface energy due to fracture or dewetting can be calculated using equation (4). The value of the surface
energies due to fracture or dewetting of all the bitumen and aggregate combinations are given in table 7. In the CMSE
fatigue analysis approach the surface energies due to fracture or dewetting are calculated from the receding contact
angles of the bitumen.

Table 7: Surface energies due to fracture or dewetting of all the bitumen and aggregate combinations in (mJ/m?).

AG; Al A2 A3 A4 A5 A6 A7 A8 A9 Al0

Bl 125.84 | 116.56 | 107.42 | 106.56 | 113.24 | 128.61 | 160.06 | 107.84 | 120.16 | 129.08

B2 15459 | 150.49 | 145.83 | 127.14 | 149.35 | 165.23 | 189.68 | 140.45 | 154.73 | 173.90

B3 141.66 | 131.69 | 122.79 | 116.23 | 128.91 | 14598 | 184.04 | 122.55 | 136.24 | 149.11

B4 173.28 | 171.90 | 169.97 | 13941 | 17224 | 188.70 | 211.34 | 161.20 | 176.79 | 202.84

B5 138.70 | 129.46 | 121.30 | 113.27 | 127.01 | 143,51 | 180.01 | 120.61 | 133.94 | 14731

B6 106.98 95.48 83.95 94.33 90.79 105.36 | 137.16 87.40 98.35 100.63

With these non-polar and the polar part of the total surface energies due to healing are calculated. However at this
moment the healing indices cannot be calculated yet, because the parameters from the mechanical tests are not
determined yet.

6. WORK OF ADHESION AND RESISTANCE TO STRIPPING

In this last paragraph two other applications of surface energy are described. The fundamental work of adhesion is
calculated together with the resistance against stripping of all bitumen-aggregate combinations.

6.1 Work of adhesion

When the surface energy components of the solid, e.g. a stone, and the liquid, e.g.bitumen, are measured and known,
the fundamental work of adhesion can be calculated. This fundamental work of adhesion is the energy required to
separate the bitumen molecules from the stone surface. The fundamental work of adhesion can be interpreted as the
least amount of energy that is necessary to split the bitumen from the stone surface. With equation (11) the fundamental
work of adhesion is calculated for all the bitumen and aggregate combination. The results are given in table 8.
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Table 8: Fundamental work of adhesion between the bitumen-aggregate combinations in (mJ/m?).

Al A2 A3 A4 A5 A6 A7 A8 A9 A10
B1® 90.01 90.28 88.46 78.09 89.50 97.70 83.69 91.88 102.45
B2* 97.40 95.95 104.41 100.15
B3* 105.34 85.21 100.37
B4* 78.30 82.14 79.34 80.23
B5° 94.74 96.84 96.55 81.29 96.74 104.63 | 104.72 90.06 98.48
B6° 87.29
B1 125.84 | 116.56 128.61 120.16 | 129.08
B2 154.59 | 150.49 | 145.83 | 127.14 | 149.35 140.45 | 154.73
B3' 141.66 | 131.69 | 122.79 128.91 | 145.98 122.55 | 136.24 | 149.11
B4 139.41
B5' 138.70 | 129.46 | 121.30 127.01 | 143.51 120.61 | 133.94 | 147.31
B6" 137.16

# means surface energy of bitumen from advancing contact angles. " means from receding contact angles. Green means
the best 25%, yellow the next 25%, orange the next 25% and red the lowest scoring 25%.

From the table it becomes clear that the calculated fundamental adhesion of aggregate A7 with almost all bitumen
scores very high. This can especially be explained by the very large Lewis acid component (y,") measured for aggregate
A7. This component is multiplied by the large Lewis base components from the bitumen. According to these
calculations aggregate A4 has the lowest scores of all aggregates. Bitumen B2 seems to be a good bitumen with respect
to fundamental adhesion. Bitumen B6 has the lowest scores for all bitumen. If the surface energy of bitumen B4 is
calculated from advancing contact angles, bitumen B4 has one of the lowest scores for the fundamental work of
adhesion. However if the surface energy from receding contact angles is used, bitumen B4 has the best scores with all
the aggregates.

6.2 Resistance to stripping

Stripping occurs when the interfacial energy between bitumen and aggregate is lower than the interfacial energy

between water and aggregate. The correlation between the surface properties of materials and their tendency to strip in

the presence of water is relatively well established in the literature. The three quantities based on the surface energies of

asphalt binders and aggregate that are related to the moisture sensitivity of an asphalt mixture are [11]:

o work of adhesion between bitumen and aggregate W ag

o work of debonding or reduction in free energy of the system when water displaces the bitumen from a binder-
aggregate interface W agw,

e work of cohesion of bitumen or mastic, Wgg.

The work of adhesion of the bitumen-aggregate system under the influence of water can be calculated using the
following equation:

B = Yaw + VYaw — Vas (12)
where:
W = work of debonding or reduction in free energy of the system when water displaces the bitumen from a
binder-aggregate interface;
Yaw = the interfacial energy between aggregate and water;
YBw = the interfacial energy between bitumen and water;
YAB = the interfacial energy between aggregate and bitumen.

The two energy terms W g and Wagw Were combined into a single parameter ER; that is directly proportional to the
moisture resistance of the asphalt mixture as:

Was

ER, = (13)

where:

Wae = work of adhesion between bitumen and aggregate;

Waew = work of debonding or reduction in free energy of the system when water displaces the bitumen from a
binder-aggregate interface.

A higher ratio of ER; shows a higher resistance against stripping, because in that case the work of adhesion between

bitumen and aggregate is relatively larger. The parameter ER; is calculated for all the bitumen and aggregate
combinations. The results are shown in table 9.
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Table 9: Stripping parameter ER; for all bitumen-aggregate combinations.

| 0408 |
| 0.561 | 0456 | 0458

[ 0742 | 0879 | 039 | 0458 | 0403 | 0404 | 0329 |
|
0737 |

| 0896 | 0464 | 0901 | 0498 | 0.522 |FNOATHN
| 0460 | 0518 | 0494 | 0516 |

AT

To account for the influence of the wetting properties of the bitumen in the sensitivity to stripping a new parameter was
developed, ER,. This parameter is the same as parameter ER; only the cohesive bond is deducted from the work of
adhesion between the asphalt binder and aggregate:

ER, = |taezte (14)
Wagn
where
Wgg = cohesive bond energy of the bitumen.

Again a higher ratio of the parameter shows a higher resistance against stripping, because in that case the work of
adhesion between bitumen and aggregate is relatively larger. The parameter ER; is calculated for all the bitumen and
aggregate combinations in this project. The results are shown in table 10.

Table 10: Stripping parameter ER; for all bitumen-aggregate combinations.

Al A6

BI* | 0.258 |
B2 | 0281

| 0148 |

0.297 0.255 0.235 0.257 0.239 0.253 0.220
Lo | 7—‘
i 0362 |

o | iy |
| 0231 | |

In the tables 9 and 10 it is shown that particularly aggregates A4 and A7 have very high values for the parameters ER;
and ER,. This means that these aggregates are expected to have the largest resistance against stripping, although this
depends on the bitumen as well. For instance bitumen B6 has clearly one of the lowest scores even with aggregates A4
and A7. Remarkable again is that bitumen B4 has the lowest scores combined with all the different aggregates if the
surface energy is calculated from advancing contact angles, but has the highest scores if the surfaces energy is
calculated from receding contact angles. Among the tested bitumen, bitumen B3 seems to have the best overall scores in
the combination with all the aggregates.

The moisture sensitivity of asphalt mixtures is also inversely related to the overall microtexture of the aggregate
surfaces, which is approximately proportional to its specific surface area (SSA). In order to accommodate the influence
of surface roughness at a micro level, two additional parameters were considered:

ER, - SSA = | Was | 5SA (15)
Wagw
ER,- 554 = |Za5-88] . 554 (16)
Wagur
where:
SSA = specific surface area of aggregate.
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Higher ratios of these parameters show higher resistance against stripping. These stripping parameters are calculated for
all the bitumen and aggregate combinations in this project. The results are shown in tables 11 and 12.

Table 11: Stripping parameter ER;-SSA for all bitumen-aggregate combinations.

| 0083 | | 0113
0148 |

" 00s6 [WOOSN 012 |GGG

0255 | 0087 | 0071 | 076

Remarkable to see is that the importance of the bitumen becomes much less when stripping parameters ER;-SSA and
ER,-SSA are used instead of stripping parameters ER; and ER,. Table 11 and 12 show that according to the parameters
ER;-SSA and ER,-SSA aggregates A7, A4 and Al have the best anti-stripping potential. A10 and A5 have the lowest
scores for these stripping parameters. The bitumen type seems not much of an importance. These aggregates A10 and
Ab are expected to have the lowest resistance against stripping. This is mainly because these aggregates have the lowest
SSA compared to the other tested aggregates (for A10: 0.22 m?/g and for A5: 0.34 m?/g).

7. CONCLUSIONS AND RECOMMENDATIONS

Based on the results of this research project, the following conclusions and recommendations can be formulated:

1. The CMSE fatigue analyses approach shows a way to explain the resistance against continuous loading of asphalt
mixtures from a fundamental starting point. The model takes into account healing and anisotropic effects and
bridges the gap between molecular theory and material behaviour;

2. The different bitumen show practically non-polar behaviour with advancing contact angles. This is in accordance
with bitumen in general. Only bitumen B2 has a distinct surface energy, with a very high Lewis base component
larger than the Lewis base component of water;

3. Almost all aggregates show practically mono-polar behaviour. This is in accordance with aggregates generally
found in literature. However the deviation in the size of the Lewis base component is quite significant. The base
component for A4 is about 5 times smaller than the base component of aggregate A10. Only aggregate A7 has not
particularly a mono-polar behaviour. From the fundamental adhesion and stripping parameters calculations it is clear
this has a very large effect;

4. Aggregates A7 and A4 have the highest scores for the stripping parameters and therefore according to the theory are
expected to have the largest resistance against stripping. Aggregate A10 scores low for all stripping parameters.
Aggregate A5 scores lower for stripping parameters ER;-SSA and ER,-SSA. This is mainly caused by the additional
importance of the specific surface area. Aggregate A5 has the lowest SSA after aggregate A10. Bitumen B3 has high
scores for stripping parameters ER; and ER; and bitumen B6 has overall one of the lowest scores for stripping
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parameters ER; and ER,. Bitumen B4 is expected to have an overall good resistance against stripping, if calculations
are made from receding contact angles.
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