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Preface

Highway engineering is the term that replaced the traditional term road engineering used
in the past, after the introduction of modern highways. Highway engineering is a vast sub-
ject that involves planning, design, construction, maintenance and management of roads,
bridges and tunnels for the safe and effective transportation of people and goods.

This book concentrates on design, construction, maintenance and management of pave-
ments for roads/highways. It also includes pavement materials since they are an integral part
of pavements. It has been written for graduates, postgraduates as well as practicing engi-
neers and laboratory staff and incorporates the author’s 30 years of involvement in teaching,
researching and practicing the subject of highway engineering.

Advancements in pavement materials, design, construction, maintenance and pavement
management and the globalisation of the market make it imperative for the highway engi-
neer to be aware of the techniques and standards applied globally.

One of the objectives of the book is to provide integrated information on the abovemen-
tioned disciplines of highway engineering.

Another objective is to include in one book both European and American standards
and practices (CEN EN, ASTM, AASHTO and Asphalt Institute). This would result in a
more useful reference textbook to pavement engineering courses taught in European and
American educational establishments.

Another objective of this book is to provide a reference textbook to practicing pavement
engineers and materials testing laboratory staff, working in countries employing European
or American standards and techniques.

Apart from information regarding European and American practices, the reader can
also find some specific information on practices employed in countries such as the United
Kingdom, France and Greece, as well as Australia.

In addition, this book also aims to provide integrated information related to pavement
materials (soil, aggregates, bitumen, asphalts and reclaimed material), material testing for
acceptability and quality assurance, asphalt mix design, flexible and rigid pavement design,
construction, maintenance and strengthening procedures, quality control of production and
acceptance of asphalts, pavement evaluation, asphalt plants and pavement recycling. It also
covers the basic principles of pavement management.

The book in its 18 chapters contains many tables, graphs, charts and photographs to
assist the reader in learning and understanding the subject of pavement engineering and
materials. It also contains a great number of references, a valuable tool to help the reader
seek more information and enhance his or her knowledge.

The short description of all pavement material testing procedures, required by European
and American standards, as well as pavement design and maintenance procedures covered,
does not, by any means, substitute or replace the standards and procedures developed by the
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various organisations and agencies. The reader is advised to always consult the standards
or manuals developed when engaged in testing, design, construction or maintenance works.

It is hoped that this textbook will not only contribute to the understanding of the wide
and challenging subject of pavement engineering but also enable a more effective and eco-
nomical design, construction and maintenance of pavements by employing updated stan-
dards, practices and techniques.

Prof. A.F. Nikolaides
Aristotle University of Thessaloniki, Greece
March 2014
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Chapter |

Soils

1. THE FORMATION OF SOILS

Soil is the natural material over which the pavement is going to be constructed. According
to CEN EN ISO 14688-1 (2013), soil is defined as ‘assemblage of mineral particles and/
or organic matter in the form of a deposit but sometimes of organic origin, which can be
separated by gentle mechanical means and which includes variable amount of water and air
(and sometimes other gases)’. The term also applies to ground consisting of replaced soil or
man-made materials exhibiting similar behaviour, for example, crushed rock, blast furnace
slag and fly ash.

All types of soil derive from the disintegration of rocks and decomposition of vegetation.
Disintegration and decomposition were caused by physical and chemical action. The major
ones are wind, water, temperature variations and chemical reactions.

Soils are characterised by the way they were created. They are defined as residual, sedi-
mentary, aeolian and glacial.

Residual soils are those formed by rocks located just below them. Climatologic conditions
(temperature and rainfall) were the main reasons of disintegration of the parent materials.
Those soil types consist of inorganic grainy materials, in the form of fine particles in upper
layers and in the form of more coarse particles in lower layers. These soils can be used as
pavement foundation layer, provided that no drastic chemical disintegration has occurred
(tropical climatologic conditions).

Sedimentary soils are those formed by the deposition of materials that were in suspension
in aqueous environments, such as lakes, rivers and oceans. The sedimentary soils vary from
clean sand to flocculent clay of marine origin.

From the sedimentary soils, the alluvial soils are generally suitable as pavement founda-
tion material.

The marine soils, those created by ocean erosion of the materials transferred from riv-
ers to the sea, should be treated with care in pavement engineering, particularly when they
contain a high percentage of fine particles.

Aeolian soils are those formed by aeolian action, that is, materials transported, eroded
and deposited by winds. These soils appear as sand dunes or calcitic silt. Pavement construc-
tion on sand dunes, which are not protected by topsoil, appears to be problematic. A cut on
calcitic silt may have very high gradient (slope) owing to the cohesive properties of calcium.
The usage, however, of disturbed calcitic silt on embankment is problematic because cohe-
sion has been lost.

Glacial soils are soils formed during the glacier era. These soils may extend to a depth of
many kilometres; they consist of boulders, cobbles, gravel, sand, silt and clay, and they are
widely found in the Northern Hemisphere.
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Glacial soils may be characterised with respect to their content in inorganic materials.
Soils in which the inorganic ingredients of mineral materials outclass the organic substances
are called inorganic soils. Otherwise, they are called organic soils, which are characterised
by their dark brown colour and their characteristic smell.

Regardless of the way they have been formed, the lack of homogeneity is a feature of soils.
Soils appear to vary from loose to very well compacted, with or without cohesion, with
continuous or non-continuous particle size distribution. The above heterogeneity appears in
both horizontal and vertical levels. The highway engineer has to deal with many kilometres
and in most cases has to use the existing soil without any adjustment. This fact makes the
determination of its representative mechanical behaviour more difficult and tricky.

1.2 SOIL FRACTIONS

Natural soils, despite their lack of homogeneity, can be assorted in fractions or subfractions
by reference to their particle size. The definition of ‘particle size’ in this case refers to the
maximum size of the particle that is incorporated in the soil. This type of assortment is
quite useful to engineers, since it is directly connected to the mechanical behaviour of the
soil material. The basic fractions of soils are boulders, cobbles, gravels, sand, silt and clay.

The representative size of the particles for the above groups and subgroups differs slightly
from one specification to another. The representative size of the particles for the above frac-
tions and subfractions in accordance with CEN EN ISO 14688-1 (2013), AASHTO M 146
(2012) and ASTM D 2487 (2011) standards are shown in Table 1.1.

Boulders and cobbles, gravels and sands are granular soils. Their particles do not have
any or almost any cohesion. They are easily recognizable and they are distinguished for their
high permeability and good stability under the influence of axial load. The term gravel is

Table I.] Soil fractions

CEN EN ISO 14688-1 (2013)  AASHTO M 146 (2012) ASTM D 2487 (201 1)

Groups Particle size (mm)
Boulders >300 >300
Large boulder (LBo) >630 — —
Boulder (Bo) >200-630 — —
Cobble (Co) >63-200 >75-300 >75-300
Gravel (Gr) >2.0-63 >2.0-75 >4.75-75
Coarse (CGr) >20-63 >25-75 >19-75
Medium (MGr) >6.3-20 >9.5-25 —
Fine (FGr) >2.0-6.3 >2.0-9.5 >4.75-4.75
Sand (Sa) >0.063-2 >0.075-2.0 >0.075-4.75
Coarse (CSa) >0.63-2.0 >0.425-2.0 >2.0-4.75
Medium (MSa) >0.2-0.63 — >0.475-2.0
Fine (FSa) >0.063-0.2 >0.075-0.425 >0.075-0.475
Sile (Si) >0.002-0.063 0.075-0.002 <0.075-PI <4
Coarse silt (CSi) >0.02-0.063 — —
Medium silt (MSi) >0.0063-0.02 — —
Fine silt (FSi) >0.002-0.0063 — —
Clay <0.002 <0.002 <0.075-P1 >4

Peat Organic soil
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used for natural granular materials of rivers, mines or other deposits, which in their major-
ity have a spherical shape. Reversely, the term crushed gravel refers to a material having the
same dimensions as gravel but derived from crushing natural gravels and has at least one
broken and crushed surface. This is similar to the distinction between natural sand and
crushed sand.

Silt is soil consisting of very fine particles, which, in contrast with the above groups, have
some cohesion. It is rather difficult to visually recognise unless it is dried, broken and sieved
using a 0.075 mm sieve (No. 200) or a 0.063 mm sieve. Thus, in this case, silt appears to
be in the form of a powder. The silt particles range from 0.002 to 0.063 mm (0.075 mm),
that is, larger than clay but smaller than sand particles. The shape of silt particles is mainly
spherical.

Silts are characterised by low to modest plasticity, very low permeability and the fact
that they are subject to substantial shrinkage and expansion owing to moisture change.
Shrinkage and expansion are particularly obvious when the particle dimensions approach
the dimensions of clay. The stability of the layer consists of silt under the influence of axial
loads depending mainly on the existence or nonexistence of decomposed organic substances
as well as plate-shaped inorganic particles, such as mica. Organic silts are unstable and
present high compressibility. It is also very likely for silts, which include a high percentage
of mica, to present high compressibility as well as elasticity.

Clay is the finest soil material with a particle size less than 0.002 mm. When dispersed
in water, it gives a colloid in which the particles are in suspension for a very long time. In
contrast to silts and sands, the shape of clay particles is flattened and elongated. Because of
the size and nature of particles, a particular mass of clay has the largest specific surface of
any other equivalent soil mass. Moreover, the surface of particles is more chemically active
as well as unstable than any other soil material. Characteristically, it is reported thatin 1 g
of clay, there are approximately 90 billion particles, whereas in 1 g of silt and coarse sand
(0.5-1.0 mm), there are 5.5 million particles and 700 particles, respectively (Millar et al.
1962).

The chemical activity of the clay is due to its surface electrical charge, which causes the
attraction and adsorption of mainly positive ions, such as hydrogen ions, exiting in water,
or calcium, or sodium ions. The swelling of clay in the presence of water is due to the attrac-
tion of hydrogen ions. The stabilisation of clay, however, is due to the attraction of calcium
or sodium ions.

Clays are distinguished by their medium to very high plasticity, relatively high strength in
dry state, high volume fluctuation with respect to moisture changes and their impermeabil-
ity. By increasing the moisture content, the bearing capacity of the clay layer is dramatically
decreased. Clayey soils appear to be highly problematic and should be treated with extra
care. Clayey soils are often considered as inappropriate for pavement foundation layers,
without any other treatment (stabilisation) or use of geotextiles.

Clayey soils, which include montmorillonite, appear to be the most problematic of all
because of their unstable structure (two tetrahedral sheets sandwiching a central octahedral
sheet). They also show high swelling and shrinkage, as well as very high plasticity. Less
problematic soils are those that contain kaolinite. Their structure is rather stable. Kaloninite
clay is a layered silicate mineral, with one tetrahedral sheet linked through oxygen atoms to
one octahedral sheet of alumina octahedral. As a result, swelling, shrinkage and plasticity
are rather lower in relation to montmorillonite. In between, there are clayey soils containing
illite or chrorite — the most common minerals found in clayey soils (O’Flaherty 2002).

It is known that many soils do not belong exclusively to one of the abovementioned groups
but simultaneously to two or three of them. For instance, there are soils that consist of an
amount of sand and an amount of silt or an amount of sand and gravel, and so on. In these
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cases, the designation of such soils derives from the two basic ingredients, for example, ‘silty
sand’ and ‘sand-gravel’.

They are also found in soils under the designation ‘loam’, ‘loess’ and ‘peat’. The first one
is another expression for clayey soil. The second is aeolian soil with properties mentioned
in Section 1.1. The third consists mainly of vegetable substances in decomposition and it
contains a high percentage of moisture content (or absorbs a lot of moisture) and is rather
compressive and absolutely inappropriate for the foundation layer of pavements. It should
be noted that the knowledge of particle size distribution is not sufficient to fully judge the
soil’s properties and its behaviour under loading. For instance, in terms of shear resistance,
natural spherical sand performs in a manner completely different from that of angular
sand despite the fact that they may have the same particle size distribution. The behaviour
between silty and clayey soils is more complicated. Thus, in any project (highways, road-
works, etc.), the engineer should thoroughly investigate the behaviour of soils in order to
ensure the stability of the construction.

More instructive classification systems for soils have been developed by the American
Association of State Highway and Transportation Officials (AASHTO) and the American
Society for Testing and Materials (ASTM) standards. These two classification systems are
described in Section 1.5.

1.3 PHYSICAL PROPERTIES OF SOILS

Natural soil can be assumed to be a large number of solid particles with scattered voids or
pores. Some of these voids, or all of them, or even none of them contain water. The combina-
tion of the three phases (solid, liquid and air) gives the soil its basic properties, which affect
its mechanical behaviour. For a better explanation and understanding of the properties of a
soil, the three phases for a unit volume (V) or mass (M) have been separated in a simplified
way as shown in Figure 1.1.
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Figure I.I Diagram showing the three phases of soil.
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1.3.1 Moisture content

Moisture (water) content of soil (w), often referred to as natural moisture, is defined as the
ratio of the water mass contained in the soil (M,,) to the mass of solids (M) and is expressed
as a percentage by mass of solids. The equation used is simply

w = (M,/M,) x 100(%).

The natural moisture of the soil is a crucial factor for the highway engineer, since the
bearing capacity of the pavement’s foundation layer depends directly from it.

More information regarding the determination of water content can be found in AASHTO T
265 (2012), ASTM D 4959 (2007), ASTM D 4643 (2008) and CEN ISO/TS 17892-1/AC (2005).

1.3.2 Void ratio or index

Void ratio or index (e) is defined as the ratio of the volume of air voids (V,) and water voids (V,,)
to the volume of solids (V;). The equation used to determine void ratio or index is as follows:

e=(V,+ V)V,

In case the soil is saturated, all existing voids are filled with water. In other words, V, =
V.., and thus, the void ratio may be calculated using the relationship

e=VJ/V, = (MJ/M)pdp,) = w x (p/py),

where p, is the density of the soil, p,, is the density of water and w is the moisture content.

1.3.3 Porosity

Porosity (n) is defined as the ratio of the volume of all voids (V,) (air voids and voids filled
with water) to the total volume (V) and is expressed as a percentage of total volume. The
equation used is simply

n=(V,/V)x100(%).

The porosity of the soil can also be calculated from the porosity index (e) using the fol-
lowing relationship:

n=[e/(1 +e)] x 100(%).

The porosity index and the porosity are parameters that characterise the soil whether it is
loose or dense. However, in soil mechanics, the term relative density (D,) is also used, since
it defines soil densification. A value of relative density of approximately 0.15 signifies a very
loose soil, while a value of 1.0 signifies a very dense soil. The equation used to determine the
relative density of a soil can be found in any soil mechanics textbook.

1.3.4 Percentage of air voids

The percentage of air voids (12,) is defined as the ratio of air voids (V,) to the total volume (V)
and is determined from the equation

n, = (V.JV) x 100(%).
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1.3.5 Percentage of water voids

The percentage of water voids (12,,) is defined as the ratio of volume of voids filled with water
(V) to the total volume (V) and is determined from the equation

n = (V,JV) x 100(%).

Knowing the percentage of water voids () and the percentage of air voids (1), porosity
(n) can also be calculated using the equation 7 = n, + 7.

1.3.6 Degree of saturation

The degree of saturation (S) is defined as the ratio of the volume of the water to the volume
of all voids (V,) (volume of air voids and voids filled with water). The equation to determine
the degree of saturation is

S = (V,/V,) x 100(%).

1.3.7 Density and specific gravity of soil particles

The density of soil particles (p,) is defined as the ratio of the mass of soil particles solids (M)
to the corresponding volume of soil particles (V;). In other words:

p. = MJV, (kg/m?).

The specific gravity of a soil (g or y) is the ratio of the weight in air of a given volume
of soil particles at a stated temperature to the weight in air of an equal volume of distilled
water at the stated temperature.

The term density is used by EN specifications while the term specific gravity is usually
used by US specifications.

The density or specific gravity of soils can be determined in the laboratory by using a
pyknometer or flasks of various sizes. The procedure is similar to the one followed for the
determination of density or specific gravity of aggregate materials (see Section 2.12).

However, details regarding laboratory investigation of density and specific gravity of soils
can be found in CEN ISO/TS 17892-3 (2005), ASTM D 854 (2010) or AASHTO T 100 (2010).

1.3.8 Density and unit weight of soil in place (in situ)

The soil density (p) in situ is defined as the ratio of the mass of solids (M,) and the mass of
water (M) to the total volume (V) of the soil. In other words:

p=(M,+ M,)/V (kg/m?).

In some cases, the soil density can also be called ‘apparent soil density’ or ‘wet density of soil’.

The density of the undisturbed or compacted soil in situ is determined by the ‘sand-cone’
method (ASTM D 1556 2007 or AASHTO T 191 2013), the rubber balloon method (ASTM
D 2167 2008) or nuclear methods (ASTM D 5195 2008 or AASHTO T 310 2013). All three
methods are outlined in Section 1.11.

The density of the soil in its undisturbed state depends on various factors, the main fac-
tors being the soil classification group, the moisture content and the degree of natural com-
paction. Indicatively, in situ soil density values vary from 1200 to 1700 kg/m? for loose soils
and 1500 to 2200 kg/m? for dense soils.
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1.3.9 Density of saturated soil

The density of saturated soil (p,,,) is defined as the ratio of the mass of solids (M,) and the
mass of water, which occupies all pores (V,), to the total volume (V). In other words:

Poac = (M + V, x p )1V (kg/m?),

where p,, is the water density (kg/m?).

1.3.10 Other useful relationships

The following useful relationships arise from some of the above soil properties:
w = (p - pa)lpg or pg = p/(1 +w)
e = (ps = pallpg or pg = pJ/(1 +¢)
p=(p;+Sxexp,)(l+e)

Peac = (Ps + € x p/(1 + e),

where w is the moisture content (%), e is the void ratio, p is the soil density in situ (kg/m?3),
S is the degree of saturation (%), p, is the dry density (kg/m?), p; is the density of soil parti-
cles (kg/m?), p,, is the density of water (kg/m?) and p,, is the density of saturated soil (kg/m?3).

It is noted that density can be replaced with the respective specific gravity in all the above-
mentioned equations.

1.3.11 Laboratory maximum density of soils

The laboratory density of the disturbed and recompacted soil, along with the corresponding
moisture content, is defined by the Proctor method (see Section 1.4.6). The determination
of the optimum moisture is considered to be of great importance for roadworks, since pave-
ment must be sited on sufficiently compacted soil material so that settlement does not occur.
Sufficient compaction is achieved when the density of the soil material, after compaction,
is greater than or equal to a certain required percentage of the laboratory optimum density
determined. The required percentage to be obtained, depending on the type of soil, varies
from 92% to 98%.

1.4 BASIC SOIL TESTS

1.4.1 Particle size analysis

Particle size analysis is the determination of the particle size distribution of a soil sample.
It is one of the most important physical characteristics of soil since classification of soils is
based on that and many geotechnical and geohydrological properties of soil are related to
the particle size distribution.

The determination of the particle size distribution may involve two processes: sieving and
sedimentation. Sieving is the process whereby the soil is separated in particle classes by the
use of test sieves. Sedimentation is the process of the setting of soil particles in a liquid.
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Conventional sieving is applicable to soils with less than 10% fines (materials passing
through 0.063 or 0.075 mm sieves). Soils with more than 10% fines can be analysed by a
combination of sieving and sedimentation (EN ISO/TS 17892-4). According to ASTM D
422 (2007) or AASHTO T 88 (2013), sieving by sedimentation is required normally when
the percentage of fines is more than 20%.

A rather crucial factor for the credibility of the results is the representativeness of sam-
pling and the mass of test portion. The mass of test portion required depends on the maxi-
mum size of the soil particles. For example, the minimum mass of test portion normally
used for a maximum soil particle size of 9.5 mm is 0.5 kg and that for a maximum soil
particle size of 75 mm is 5 kg.

1.4.1.1 Particle size distribution by sieving

Sieving is carried out using appropriate diameter and size sieves. The procedure is similar to
aggregate sieving described in Section 2.11.

More specific information can be found in CEN ISO/TS 17892-4 (2005), ASTM D 422
(2007) or AASHTO T 88 (2013).

1.4.1.2 Particle size distribution by sedimentation

According to ASTM D 422 (2007) (AASHTO T 88 2013), materials passing through a 2.0
mm sieve are separated. A mass of test portion of approximately 100 g, if sandy soil is used,
or 50 g, if clay and silt size, is placed in a 250 ml beaker. The sample is covered with 125 ml
of stock solution (sodium hexametaphosphate solution, 40 g/L), stirred until is thoroughly
wetted and allowed to soak for at least 12 or 16 h. At the end of soaking, the contents of the
beaker are washed into a dispersion cup using distilled or demineralised water and dispersed
for a period of 60 s in a mechanical stirring apparatus. An alternative air-jet method may
be used for dispersion.

Immediately after dispersion, the soil-water slurry is transferred to the sedimentation
cylinder, water is added until the total volume is 1000 ml and the contents are shaken by
hand for approximately 60 s.

At the end, the cylinder is placed in a convenient location with stable temperature, and
hydrometer readings are taken at intervals of 5, 15, 30, 60, 250 and 1440 min or as many as
needed. In fact, the depth (d) of the hydrometer is recorded (see Figure 1.2).

After the last hydrometer reading is taken, transfer the suspension to a 0.075 mm sieve and
wash with tap water until the wash water is clear. The material retained on the 0.075 mm
sieve is transferred into a suitable container and dried in an oven at 110°C. The dried mate-
rial, together with the portion retained on the 2.0 mm sieve, is sieved using the desired set of
sieves. This sieving provides the gradation curve of the soil fraction >0.075 mm.

The gradation curve of the material passing through the 0.075 mm sieve, that is, the
particle size distribution, is determined from the hydrometer readings according to Stock’s
law. Details for determining the particles’ diameter can be found in ASTM D 422 (2007) or
AASHTO T 88 (2013).

The two gradations obtained are combined and presented as a final result.

Similar to the above procedure is the procedure described in CEN ISO/TS 17892-4
(2005).

The conjunction of the three gradation curves, in other words, the curve of the fraction
retained on the 2.00 mm sieve, the curve of fraction from 2.00 to 0.075 mm, and the curve
of fraction passing through the 0.075 mm sieve, gives the final gradation curve of soil mate-
rial. It should be mentioned here that bearing out the sieve analysis with hydrometer is only
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Figure 1.2 Schematic representation of the hydrometer test.

necessary for very fine soils (clayey soils, silty sands, clayey sands, etc.) or soil materials con-
taining a great amount of material passing through the 0.075 mm sieve (higher than 20%).

1.4.1.3 The usefulness of aggregate gradation

The position, the shape and the slope of the gradation curve provide useful information for
the soil material. The position of the gradation curve determines more or less the soil clas-
sification group, while the shape and slope determine the distribution of the particles and
the deficiency or sufficiency of certain size particles.

Typical gradation curves of soil materials are given in Figure 1.3.
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Figure 1.3 Indicative gradation curves of typical soil materials.
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The particle size of the soil material affects its mechanical behaviour. Coarse soil materi-
als have a better mechanical behaviour than fine ones in terms of strength and resistance to
loading. Additionally, the particle size determines the ability or possibility of water retention
or absorption, as well as the possibility of frost damage or swelling. Very fine soils (particu-
larly silt and clay) absorb and retain water. As a result, they swell and they are also suscep-
tible to frost damage. Coarse materials do not have any of the abovementioned deficiencies;
hence, they are preferable and more suitable as foundation layer materials. More details
regarding the suitability of soil materials, in general, can be found in Table 1.8.

The relatively moderate slope of curves A, C, E and F indicates a uniform particle distribu-
tion and consequently the existence of all sizes particles. The almost vertical ‘S>-shaped curve
(curve D) indicates a material with almost single-size particles. The double ‘S’-shaped
curve (curve B) indicates a material in which certain particle sizes are absent. This type of
curve is known as a gap graded curve.

The uniformity of the soil material, desirable in most cases, is quantified by reference to
the uniformity coefficient and the coefficient of curvature. The uniformity coefficient (Cy)
and the coefficient of curvature (C.) are determined by the following equations:

CU = d60/d10
and
Ce= (d30)2/<d10 X dao),

where d,,, dy, and d, are the particle sizes corresponding to the ordinates 60% and 10% by
mass of the percentage passing.

According to CEN EN ISO 14688-2 (2013), the shape of the grading curve with respect
to Cy and Cc is characterised as shown in Table 1.2.

Similar but not the same values for determining the shape of the grading have been pro-
posed in ASTM D 2487 (2011).

It should be noted that the shape of the grading influences the shear strength and the per-
meability of the soil material. Soils with non-uniformly distributed particles possess higher
shear strength, while they have lower permeability in comparison to soils with uniformly
distributed particles.

1.4.2 Liquid limit, plastic limit and plasticity index

The liquid limit (2, or LL) of a material is the water content at which the soil passes from
the liquid to plastic condition and is determined by the liquid limit test.

The plastic limit (2, or PL) of a material is the water content at which the soil becomes
too dry to be in a plastic condition and is determined by the plastic limit test.

Table 1.2 Shape of grading curve

Shape of grading curve Cy Ce
Multi-graded >15 | <Cc<3
Medium graded 6-15 <l

Even graded <6 <l

Gap graded Usually high Any (usually <0.5)

Source: Reproduced from CEN EN ISO 14688-2, Geotechnical Investigation
and Testing — Identification and Classification of Soil. Part 2: Principles for a
Classification, Brussels: CEN, 201 3. With permission (© CEN).
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The liquid and plastic limits are known as Atterberg limits.

The numerical deference between the liquid limit and the plastic limit is defined as the
plasticity index (I;); that is, I, = w; — wp, or PI = LL — PL.

The Atterberg limits and plasticity index are used in several engineering classification
systems to characterise the fine-grained fractions of soils and to specify the fine-grained
fraction of construction materials. They are also used to correlate with compressibility, per-
meability, compactibility, shrinkage and shear strength.

The liquid limit test is carried out using a liquid limit device also known as a Casagrande
apparatus. The test is performed on a sample passing through a 0.425 mm sieve and in
accordance with ASTM D 4318 (2010) or AASHTO T 89 (2013).

The soil material containing a certain amount of water is spread in a brass cup and
divided into two portions by a grooving tool. Then, by repeatedly dropping the cup, the
material flows close to the groove. The number of blows (required to be between 15 and 35)
with the corresponding water content is recorded and plotted on a semilogarithmic graph
with the water content being a coordinate on the arithmetic scale. From the straight line
obtained, the liquid limit is the water content corresponding to the 25-drop abscissa.

The values for liquid limit vary widely. However, for clay material, the liquid limit values
are expected to be within 40% to 50%, while for clay-slit, values are expected to be between
within 25% to 50%.

The plastic limit, according to ASTM D 4318 (2010) or AASHTO T 90 (2008), is per-
formed on a mass of a 20 g sample prepared for the liquid limit test. The water content in the
sample is reduced so that it can be rolled without sticking to the hands. A smaller mass of
approximately 2 g is rolled between the palm or fingers and a ground-glass plate to roll the
mass into a thread of uniform diameter throughout its length. The thread is further rolled
so its diameter reaches 3.2 mm within 2 min. Then, break the thread into several pieces.
Squeeze the pieces together, knead the thumb and the finger and re-form into an ellipsoidal
mass and reroll. Continue this alternate rolling to a thread of 3.2 mm diameter and repeat
the procedure until no thread can be formed. Collect the portions of the crumbled thread
and determine the water content. The average value of two water content determinations is
reported as the plastic limit of the material tested.

Typical values of plastic limit for silts and clays are between 5% and 30%, with the silty
soils having lower values. Materials that cannot be rolled to a 3.2 mm thread are character-
ised as non-plastic materials.

The plasticity index (I, or PI) is the most commonly used parameter in pavement engineer-
ing. Soil materials with a high plasticity index value are unsuitable for pavement foundation.
Examples of such materials include all clayey, silty and sand-silt materials. Table 1.3 gives
indicative values of the plasticity index that are usually used, in relation to the degree of
plasticity of the soil material.

Table 1.3 Plasticity of soils related to plastic index

Soil material Is (PI) Characteristics of soil in a dry stage

Very high plasticity >35 or >40 High cohesiveness, almost impossible to break lumps by hand
when dry

High plasticity 16-35 or 2040  Medium to high cohesiveness, difficult to break lumps by hand

Medium plasticity 7-150r 1020  Low to medium cohesiveness, lumps break with low hand pressure

Low plasticity 4-6 or 5-10 Low cohesiveness, easy to break lumps by hand

Slight plasticity to 0-3 or 0-5 Very low to noncohesiveness, lumps break by contact

non-plastic
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Table 1.4 Variation of characteristic soil properties with respect to Pl and LL

Comparing soils of equal w_ Comparing soils of equal I, with
Characteristic with I, increasing w, increasing
Compressibility Approximately the same Increases
Permeability Decreases Increases
Rate of volume change Increases —
Dry strength Increases Increases

Source: O’Flaherty C.A., Highways: The Location, Design, Construction and Maintenance of Pavements, 4th
Edition. Burlington, MA: Butterworth-Heinemann, 2002.

The plasticity index, apart from being used to classify soils into groups or categories, in
relation to the liquid limit, makes it possible to comparatively assess soils in terms of com-
pressibility, permeability, volume change and dry strength (cohesiveness in dry conditions).
Table 1.4 gives the expected changes on these properties when either I, (PI) or w; (LL) varies.

Apart from the above commonly used soil characteristic parameters, there are also the
shrinkage factors, such as shrinkage limit (S), shrinkage ratio (R), the volumetric change
(VC) and linear shrinkage (LS). These characteristic parameters are not often used in pave-
ment engineering projects. A detailed description of the test procedure to determine the
above parameters can be found in AASHTO T 92 (2009).

1.4.3 Relationships between I, w, and w,

Two other characteristic parameters that are rarely used in pavement engineering are the
liquidity index (I;) and the consistency index (I.). These indexes are defined by the follow-
ing equations:

Iy = (w - wy)/p
and
Ic = (wy - w)ly,

where w is the natural water content, w) is the plastic limit, w/ is the liquid limit and I, is
the plasticity index.

The above indexes, especially I, are mostly applied to clayey soils in order to estimate
cohesiveness. Clayey soils at their natural water content may be in solid condition, if I > 1;
in plastic condition, if I is between 0 and 1; or in liquid condition, if I < 0.

1.4.4 Alternative method to determine the
liquid limit — cone penetrometer

In the early part of 1970, another apparatus to determine the liquid limit — the cone pen-
etrometer — was developed and is still being used in some countries. Determining the liquid
limit using this apparatus seems to be rather easier, because it does not depend on the experi-
ence of the person executing the liquid test and the results obtained have better repeatability.

The test consists of the measurement of the penetration depth of a standard cone, with a
mass of 80 g, forced into the soil material. By carrying out measurements at different mois-
ture contents, a diagram similar to the number of blows versus moisture content is obtained.
The liquid limit is determined as the moisture content at which the penetration depth is
equal to 20 mm.
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The results obtained using this apparatus might be slightly different from those deter-
mined using the Casagrande device. However, the differences are not significant. A detailed
description of the test is given in BS 1377: Part 2 (1990).

1.4.5 Moisture-laboratory density relationship

Pavements are constructed on soil materials that, prior to the construction of the overlying
layers, must be compacted sufficiently. Insufficient compaction will cause settlement of the
subgrade after a certain period.

The compaction of the soil material is directly related to the moisture content of the sub-
grade soil at compaction. Unless the moisture content is at its optimum value during com-
paction, maximum density cannot be achieved. The determination of the optimum water
content is carried out in the laboratory using various methods, the most common of which
is the proctor method (compaction).

1.4.6 Proctor compaction test (modified) by American standards

The proctor compaction test defines the relationship between soil density and moisture con-
tent with the aim of determining the maximum density at a certain moisture content, known
as the optimum moisture content.

According to ASTM D 1557 (2012) or AASHTO T 180 (2010), a sufficient mass of soil
material is mixed well with water, is transferred to a mould and is compacted by a dropping
rammer. The mass of the rammer is 4.54 kg and the height of the drop is 457.2 mm. The
term modified test is used since the standard mass of 2.5 kg and the drop height have been
modified from those originally assigned.

Modification was necessary since the development and use of heavier rollers resulted in
higher site densities than laboratory densities at even lower optimum water content. The
phenomenon is observed mostly in cohesive soils. Table 1.5 shows the differences observed
between a standard and a modified proctor when specimens were compacted in the labora-
tory using either compaction method.

The sizes of the moulds used are 101.6 or 152.4 mm (diameter) by 177.8 mm (height). The
101.6 mm mould is used only when the percentage retained on the 4.75 mm sieve is less than
7%. However, the 152.4 mm mould may be used in all cases.

The soil sample should have particles all passing through the 19.0 mm sieve. In case the
soil contains particles retained on the 19.0 mm sieve and its percentage is 10% to 30%,
the corresponding percentage retained shall be replaced by an equivalent mass of material

Table 1.5 Typical values of optimum moisture content obtained by the modified proctor
compaction method

Maodified proctor compaction method Standard proctor compaction method
Maximum dry Optimum moisture Maximum dry Optimum moisture
Type of soil material density (kg/m?) content (%) density (kg/m?) content (%)
Clayey soil 1875 18 1555 28
Silty clay 1945 12 1670 21
Sandy clay 2055 I 1840 14
Sand 2085 9 1940 I
Gravels, sand and clay 2200 8 2070 9

Source: O’Flaherty C.A., Highways: The Location, Design, Construction and Maintenance of Pavements, 4th Edition.
Burlington, MA: Butterworth-Heinemann, 2002.
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passing through the 19.0 mm sieve and retained on the 4.75 mm sieve. When the percentage
retained on the 19.0 mm sieve is higher than 30%, follow the test procedure in accordance
with ASTM D 4718 (2007).

The compaction of specimens is carried out in five layers of approximately 127 mm thick-
ness. Each layer is compacted by 56 well-distributed blows. In the case where the small
mould is used, the layers shall be five, but each layer is compacted by 25 blows. Once the
compaction has been completed, the surface is flattened with a straight edge and the mate-
rial with the mould is weighed. Then, a representative sample is collected for moisture
content determination. The moisture content of the sample (w), as well as the dry specific
gravity (apparent) (p,) of the compacted soil, is calculated using the following equations:

w=[(A-B)/(B-C)] x100
and
pg = po/(1 + 20/100),

where w is the moisture content (%), A is the mass of the container and wet specimen (g),
B is the mass of the container and oven dry specimen (g), C is the mass of the container (g),
pq is the dry specific gravity of the compacted specimen (kg/m?3) and p,, is the moist specific
gravity of the compacted specimen (kg/m?).

The moist specific gravity of the compacted soil specimen (p,,) is calculated using the
relationship

Pm = M/V,

where M is the mass of the moist soil compacted specimen in the mould (kg) and V is the
volume of the compaction mould (see Annex A1, ASTM D 1557 2012).

Once the above procedure is repeated for different moisture contents (two specimens per
moisture content), the pair of values (moisture content, dry density) are plotted on linear-scale
x—y axes. Joining the points, a curve like the one presented in Figure 1.4, curve A, is obtained.

Standard
compaction
effort

Pa1 A 100% saturation line

| Pa2 / B
/ Pd1 > Pd2
/ W< Wy

Less than standard
compaction effort

Dry density (kg/m3)

wy wy

Moisture content (%)

Figure 1.4 Graphical representation of dry density versus moist content.
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The moisture content that gives the maximum dry density is defined as ‘optimum mois-
ture’ for maximum compaction. Needless to say, the use of less compaction effort would
result in different optimum moisture contents and, of course, less dry compacted density
(see curve B, Figure 1.4).

Instead of dropping rammer, a vibration rammer may be used, which perhaps better
simulates the compaction applied on site (vibration rollers). This type of compaction is sug-
gested in a similar procedure proposed in BS 1377: Part 4 (1990).

1.4.7 Proctor compaction test by European standards

The modified proctor compaction test procedure in accordance with CEN EN 13286-2
(2012) slightly differs from the one described in ASTM D 1557 (2012) or AASHTO T 180
(2010).

The key differences include the maximum size of the particles of the soil to be tested, the
sizes of the moulds and the mass and diameter of the rammer and its dropping height, in
case a large-sized mould (250 mm) is used.

The recommended particle sizes, the percentage passing and the type of mould to be used
are given in Table 1.6.

The standard mould size is the one with 150 mm diameter. However, any mould can be
used provided its diameter is four times the maximum size (D) of the particles in the soil
sample. Finally, when the percentage of particles retained in the 63 mm sieve is greater than
25%, the test is inappropriate.

The number of specimens required is at least five or at least three when the material is
known.

When the 250 mm diameter mould is used, the mass and diameter of the rammer are 15 kg
and 125 mm, respectively. The drop height differs and it is 600 mm instead of 457 mm when
a 100 mm or a 150 mm diameter mould is used.

Additionally, in the case of the 100 mm diameter mould, the number of blows per layer is
25, instead of 56 when a 150 mm diameter mould is used. In the case of the 250 mm diam-
eter mould, the number of blows is 98 and the number of layers is decreased to 3.

As for the height of the moulds, it is 120 mm for the 150 mm or 100 mm diameter moulds
and 200 mm for the 250 mm diameter mould.

1.4.8 Moisture condition value test

As mentioned earlier, there is a strong relationship between compaction effort, moisture
content and density.

Table 1.6 Size of mould and required mass of material for proctor test

Percentage passing (%), per sieve Mass required  Mould diameter,
16 mm 31.6 mm 63 mm (kg) mm (type)
100 — — B 100 (A)
40 150 (B)
75-100 100 — 40 150 (B)
<100 75-100 100 40 150 (B)
— <75 75-100 200 250 ()

Source: Reproduced from CEN EN 13286-2, Unbound and Hydraulically Bound
Mixtures, Part 2:Test Methods for the Determination of the Laboratory Reference Density
and Water Content — Proctor Compaction, Brussels: CEN,2012. With permission (© CEN).
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The moisture condition value (MCV) test involves testing a soil material at fixed moisture
content but by different compaction methods (number of blows or by a vibratory rammer).
Thus, the compaction effort beyond which there is no further increase in density is deter-
mined. This test is much newer than the proctor test; it has been developed in the United
Kingdom (Parsons 1992) and is also used by some other countries.

In fact, the test is carried out for quick acceptance control of materials (soils or stabilised)
regarding their natural moisture content for effective compaction.

The device used is similar to the proctor compaction device, but it is smaller, manually
operated and easily transported.

The device consists of a metal mould (100 mm in diameter and 200 mm in height) and
a rammer (97 mm in diameter and 7 kg in mass), which drops from a standard height of
250 mm on the soil specimen surface.

After the initial load application, the rammer falls freely on the soil specimen, and after a
predetermined number of blows, the penetration of the rammer is measured. The process is
carried out repeatedly until no additional rammer penetration is observed. On completion,
the soil sample is taken for redetermination of the moisture content.

The rammer penetration for any n blows is compared with a penetration for 4xn
blows, and their difference, which in fact constitutes an indication of change in density,
is recorded as change in penetration. The data recorded, the number of blows and the
change in penetration are represented in a semilogarithmic coordinate system (x-axis is
the logarithmic axis, which represents the number of blows). The MCV is defined by the
following equation:

MCV =10 x logB,

where B is the number of blows, where the change in penetration is 5 mm.

The test is repeated for a number of specimens with different moisture content. Thus,
each time, a different MCV value is determined. When the MCV values and the moisture
content are plotted, a straight line is obtained. This is useful for the quick determination of
the natural moisture of the material in situ provided that the relatively quick MCV test is
executed on site (almost half an hour is required). The test is described in detail in BS 1377:
Part 4 (1990).

More related details can be found in Parsons (1976), SDD AG 1 (1989), BS 1377: Part 4
(1990) and Parsons (1992).

As a general guide, an MCV of 8.5 is recommended to be the lower limit of acceptability
of a soil material compacted in its natural moisture content. Specific conditions may require
that the limit of 8.5 be lowered or raised marginally (SDD AG 1 1989).

1.5 SOIL CLASSIFICATION

The soil fractions as described in Section 1.2 along with the description of natural proper-
ties (such as origin, colour, shape, etc.) did not help engineers to easily recognise the soil’s
suitability for roadworks. As early as 1928, the AASHTO developed a soil classification
system for highway engineering. The system has been revised several times, and the 1945
version formed the basis of the existing soil classification system by AASHTO.

A necessity was also recognised, more than 60 years ago, for runway pavements where
the construction had to be more meticulous because of heavier loads applied to the pave-
ment. As a consequence, in the 1940s, Casagrande developed another classification sys-
tem for airfields (Taylor 1948). It was then named as Unified Soil Classification System
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(USCS) and started to be used in all civil engineering works. In 1966, it was adopted by
the ASTM, and today, it is also known as the ASTM classification system (ASTM D 2487
2011).

Since then, other countries adopted or developed their own soil classification systems.

In this book, the AASHTO, the ASTM, the European and the UK soil classification sys-
tems will be presented in brief.

All the abovementioned systems are based on particle size distribution and plasticity
(plasticity index and liquid or plastic limit). The main variation among them lies on the
designation of coarse (or very coarse) and fine soils.

The AASHTO soil classification system considers coarse soil materials (boulders, cobbles,
gravels and sands) as those in which >65% of their mass is retained on a 0.0075 mm sieve.
Fine soil materials (silts and clays) are those in which >35% of their mass passes through a
0.075 mm sieve.

The ASTM soil classification system considers coarse soil materials (boulders, cobbles,
gravels and sands) as those in which >50% of their mass is retained on a 0.075 mm sieve.
Fine soil materials are those in which >50% of their mass passes through a 0.075 mm
sieve.

The European soil classification system distinguishes very coarse materials (boulders and
cobbles) as those in which most particles are retained on a 63 mm sieve, coarse materials
(gravels and sands) as those in which most particles are retained on a 0.063 mm sieve and
fine soil materials as those with low plasticity and are dilatant (silts) or those that are plastic
and non-dilatant (clays).

The basic UK soil classification system is similar to the ASTM classification system.

1.5.1 AASHTO soil classification system

The soil classification system is described in detail in AASHTO M 145 (2012).

The coarse soil material is divided into three major groups (A-1, A-2 and A-3) and seven
subgroups (A-1-a, A-1-b, A-3, A-2-4, A-2-5, A-2-6 and A-2-7), depending on the retained
percentage in certain sieves, the liquid limit and the plasticity index. The A-1 group is con-
sidered to be the coarsest, whereas the A-3 group is the least coarse.

Fine soil material is divided into four major groups (A-4, A-5, A-6 and A-7) and only A-7
is further divided into two subgroups (A-7-5 and A-7-6). The A-4 and A-5 groups refer to
silts, while the A-6 and A-7 groups refer to clays.

The analytical soil classification table is shown in Table 1.7.

To classify soil material in groups, the percentage passing through a particular sieve, the
liquid limit and the plasticity index must be known. In certain cases, the group index is
also determined, which is notified at the end of the group categorisation. For instance, soil
material under category A-2-6(3) means that the fine fraction (passing through the 0.075
mm sieve) is <335, the liquid limit is <40, the plasticity index is >10 (>11) and the group index
was found to be 3.

1.5.1.1 Group index of soils

The group index of soils (GI) indirectly expresses the bearing capacity of soil material. The
values obtained are higher than zero (0). Low values from 0 to 4 indicate a soil material
with good bearing capacity, whereas values >8 indicate a soil material with bearing capacity
varying from low to bad.

Under no circumstances does the determination of group index exempt the engineer from
not determining the bearing capacity of the soil material by other laboratory or in situ tests.
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The group index of a soil material depends on the liquid limit, plasticity index and the
percentage passing through the 0.075 mm sieve. The relationship used to calculate the GI
is as follows:

GI = (F - 35) x [0.2 + 0.005 x (LL = 40)] + 0.01 x (F - 15) x (PI = 10),

where F is the percentage passing through the 0.075 mm sieve (expressed as an integer), LL
(or w;) is the liquid limit and PI (or I},) is the plasticity index.

The value of group index is expressed as an integer; if negative values are obtained, GI is
zero.

1.5.2 Unified soil classification system (ASTM system)

The USCS or ASTM soil classification system is described in detail in ASTM D 2417.

In this system, the soils are divided into groups: (a) coarse soils, (b) fine soils (silts and
clay) and (c) highly organic soils (peat).

As mentioned, coarse soils are those in which a mass of >50% is retained on a 0.075 mm
sieve and fines are those in which 250% of its mass passes through a 0.075 mm sieve.

Coarse soils (gravels and sands) are further divided into eight subgroups (GW, GP, GM,
GC, SW, SP, SM and SC), starting with very coarse (GW) to least coarse (SC). The fine soil
materials are divided into six subgroups (ML, CL, OL, MH, CH and OH), ranked in order
of decreasing fine particle size. Highly organic fine soils, peat, are classified in one group
under the notification (P,).

The two letters used for notifying the subgroup derive from a combination of the following
letters: ‘G’ for gravel, S’ for sand, ‘M’ for silt, ‘C’ for clay, “W’ for well graded, ‘P’ for poorly
graded (mainly single-size particles), ‘H’ for high plasticity index, ‘I’ for low plasticity index
and ‘O’ for organic. As a consequence, ‘GW’ symbolises well-graded gravel, whereas ‘SP’
denotes poorly graded sand (almost single sized). Further explanation is given in Table 1.8.

Awareness of attributes of particle size distribution (i.e. percentage passing through a 0.075
mm sieve, d,, dg, and dj,), either coefficient of uniformity, Cy;, or coefficient of curvature,
Cc, as well as plasticity index (PI), is required for the classification of soils in some subgroups.

The well-graded materials, which generally plot as a smooth and regular curve, do not
lack of any size of aggregate. The uniformity coefficients (Cy;) of well-graded gravels are
greater than 4 and those of well-graded sands are greater than 6.

The coefficient of curvature (C.) ensures that the particle size distribution will have a
concave curvature within relatively narrow limits for a given d,, and d;, combination. As
for well-graded gravels, C. values should range from 1 to 3.

The analytical table of the USCS or ASTM soil classification system (ASTM D 2487 2011)
is given in Table 1.8 (see also Figure 1.5).

Other tables related to USCS have been developed to ease the work of engineers. One of
them is shown in Table 1.9. A similar table has been published in BS 6031 (1981).

1.5.3 The European classification system

The European classification system is prescribed in EN ISO 14688-2 (2013) in conjunction
with CEN EN ISO 14688-1 (2013). According to EN ISO 14688-2 (2013), soil classification is
the assignment of soil into groups on the basis of certain characteristics, criteria and genesis.

The classification principles established are applicable to natural soils as well as similar
man-made material in situ and re-deposited, to be used in all engineering works (roads,
ground improvements, embankments, drainage systems, foundations and dams).
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Table 1.8 USCS chart

Type of soil Criteria for classification (based on materials passing through the ~ Group
material 75 mm [3-inch] sieve) symbol Group name®
Coarse soils, Gravels >50% Clean gravels Cy24and | <Cc GW Well-graded
>50% retained on the <3P gravel*
retained on 4.76 mm With <5% fines!  C, > 4 and/or | > GP Poorly graded
the 0.075 (No. 4) sieve C.>3 gravelc
mm (No. Gravels with Fines: ML or MH GM Silty gravelcef
200) sieve fines
With >12% fines¢ Fines: CL or CH GC Clayey graveleef
Sands >50% Clean sand Cy26and | <C. SW Well-graded
passing through <3 sands
the 4.76 mm With <5% fines  C, < 6 and/or | > SP Poorly graded
(No.4) sieve C.>3b sands
Sand with fines Fines:ML = MH SM Silty sandefs
With >12% finesh Fines: CL = CH SC Clayey sandefe
Fine soils, Silts and clays Inorganic Pl > 7 and plots on CL Lean clayi*!
>50% passing with liquid limit or above the ‘A’
through the <50 line'
0.075 mm Pl < 4 or plots ML Sl
(No- 200) below the ‘A’ line!
sieve Organic LL (dried)/LL (not oL Organic clayilm
dried) <0.75 or organic
silghtn
Silts and clays Inorganic Pl plots on or CH Fat clayi!
with liquid limit above the ‘A’ line
250 Pl plots below the ~ MH Elastic silt!
‘A’ line
Organic LL (dried)/LL (not OH Organic clayikle
dried) <0.75 Organic silth'p
Highly organic Primarily organic matter, dark in colour and organic odor PT Peat
soils
Source: Reprinted from ASTM D 2487, Standard Practice for Classification of Soils for Engineering Purposes (Unified Soil

Classification System), West Conshohocken, PA: ASTM International, 201 |. With permission (© ASTM International).

a n o »
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If samples contain cobbles or boulders, or both, add ‘with cobbles or boulders, or both’ to the group name.

Cy = Dgo/D g, Cc = (D30)2/D)g * Dgo.

If soil contains >15% sand, add ‘with sand’ to group name.

Gravels with 5% to 12% fine require dual symbols, such as GW—-GM, well-graded gravel with silt; GW-GC, well-graded
gravel with clay; GP-GM, poorly graded gravel with silt; GP-GC, poorly graded gravel with clay.

If fines classify as CL-ML, use dual symbol GC-GM or SC-SM.

If fines are organic, add ‘with organic fines’ to group name.

If soils contains >15% gravel, add ‘with gravel’ to group name.

Sands with 5% to 12% fines require dual symbols, such as SW-SM, well-graded sand with silt; SW-SC, well-graded sand
with clay; SP-SM, poorly graded sand with silt; SP-SC, poorly graded sand with clay.

If Atterberg limits plot in hatched area, soil is a CL-ML, silty clay.

If soil contains 15% to 29% retained on sieve No. 200, add ‘with sand’ or ‘with gravel’, whichever is predominant.

If soil contains >30% retained on sieve No. 200, predominately sand, add ‘sand’ to group name.

If soil contains 230% retained on sieve No. 200, predominately gravel, add ‘gravelly’ to group name.

Pl > 4 and plots on or above ‘A’ line (see Figure 1.5).

Pl < 4 or plots below ‘A’ line (see Figure |.5).

Pl plots on or above ‘A’ line (see Figure 1.5).

Pl plots below ‘A’ line (see Figure 1.5).
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Figure 1.5 Plasticity index (Pl) graph with liquid limit (LL). (Reprinted from ASTM D 2487, Standard
Practice for Classification of Soils for Engineering Purposes [Unified Soil Classification System], West
Conshohocken, PA: ASTM International, 2011. With permission [© ASTM International].)

The European soil classification system distinguishes the following groups:

a. Very coarse materials, subdivided into boulders (Bo), those in which most particles are
retained on the 200 mm sieve, and cobbles (Co), those in which most of the materials
are retained on the 63 mm sieve.

b. Coarse materials, subdivided into gravels (Gr), those in which most particles are retained
on the 2 mm sieve, and sands (Sa), those in which most particles are retained on the
0.063 mm sieve.

c. Fine materials, subdivided into silts (Si), those with low plasticity and that are dilatant,
and clays (Cl), those with intermediate to high plasticity and that are non-dilatant.

The denomination of the materials into groups with similar properties is carried out using
the principal component (Bo, Co, Gr, Sa, Si and CI) at the end and the secondary or tertiary
component before. As an example, the denomination ‘sasiGr’ stands for sand-silt—gravel.

Based on the above, Table 1.10 has been proposed. Table 1.10 shows further subdivision
of the main soil subgroups.

If the soil materials are to be distinguished on the basis of the contents of the main frac-
tions (gravel, sands, silts and clays) alone, Table 1.11 can be used.

Other quantifying terms that can be used to describe soils are also suggested and these are
as follows: for sands and gravels, the density index (Ip); for fine soils, the untrained shear
strength (c,); for silts and clays, the consistency index (I.).

Finally, some other parameters may be used for soil classification for specific purposes,
namely: dry density, clay activity, mineralogical nature, saturation index, permeability,
compressibility index (C), swelling index and carbonate index.

More details on all the above can be found in CEN EN ISO 14688-2 (2013) and CEN EN
ISO 14688-1 (2013).
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Table 1.10 Principles of classification of soil in accordance with the european specification

Soil Denomination into groups of Further subdivision as
Criterion group Quantification similar properties appropriate by
Wet soil Very Most particles Bo x?Bo coBo Requires special
does not coarse >200 mm boCo consideration
stick Most particles Co saCo, grCo sagrGr
together >63 mm
Coarse  Most particles Gr coGr cosaGr Particle size
>2 mm saGr, grSa sasiGr, grsiSa (grading)
Most particles Sa siGr, cIGr siSa, clSa, Shape of grading
>0.063 mm orSa saclGr curve
Relative density
Permeability
(Mineralogy and
shape)
Wet soil Fine Low plasticity Si saSi sagrSi Plasticity
sticks Dilatant clSi, siCl saclSi Water content
together Plastic Cl orSi, orCl sagrCl Strength, sensitivity
Non-dilatant Compressibility,
stiffness
(Clay mineralogy)
Dark colour, Organic Or soar, siOr clOr Requires special
low density consideration
Not naturally Made Deposited Mg x*Mg® Man-made Requires special
ground material consideration
Relaid As for natural soils
natural
materials

Source: Reproduced from CEN EN ISO 14688-2, Geotechnical Investigation and Testing — Identification and Classification of Soil.
Part 2: Principles for a Classification, Brussels: CEN, 2013. With permission (© CEN).

2 x,any combination of components.
® Mg, made ground components.

Table .11 Division of mineral soils based on contents of fractions

Content of fraction in wt%  Content of fraction in wt% Name of soil
Fraction of material <63 mm of material <0.063 mm Modifying term Main term
Gravel 20 to 40 Gravelly
>40 Gravel
Sand 20 to 40 Sandy
>40 Sand
Silt + clay 5to I5 <20 Slightly silty
(fine soil) >20 Slightly clayey
I5 to 40 <20 Silty
>20 Clayey
>40 <10 Silt
10 to 20 Clayey Silt
20 to 40 Silt Clay
>40 Clay

Source: Reproduced from CEN EN ISO 14688-2, Geotechnical Investigation and Testing — Identification and Clas-
sification of Soil. Part 2: Principles for a Classification, Brussels: CEN, 2013. With permission (© CEN).
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1.5.4 The UK soil classification systems

The basic UK soil classification system is based on and very similar to USCS. Details can be
found in Dumbleton (1981).

The Highways Agency in the United Kingdom has developed another classification system
of materials for highway earthworks. This system, apart from soil materials, also includes
stabilised soils or any combination of materials (Highways Agency 2009a).

The proposed Highways Agency classification system also provides information for typi-
cal use of materials and property requirements, together with acceptability limits and com-
paction requirements.

The soil materials, as well as the stabilised soil materials or any other material or combina-
tion of materials for highway earthworks, are grouped into nine general categories denoted
by numbers from 1 to 9. Each number corresponds to the following general category:

. Category of materials for general granular fill
. Category of materials for general cohesive fill
. Category of materials for general chalk fill

. Category of materials for landscape fill

. Category of materials for topsoil

. Category of materials for selected granular fill
. Category of materials for selected cohesive fill
. Category of materials for miscellaneous fill

. Category of materials for stabilised materials

O 0 N LA WD~

The first level of subclassification is notified by a letter from A to S, and the second level
of subclassification, where needed, is notified by a number from 1 to 5. For example, class
6F2 refers to a selected granular fill material, coarse grading, for capping.

The classification table developed is known as Table 6/1 and consists of 32 pages. Details
regarding Table 6/1 and many more can be found in the manual MCHW, Vol. 1-Series 600
and MCHW Vol. 2-Series NG 600 (Highways Agency 2009 a,c).

1.6 SOIL BEARING CAPACITY TESTS

The bearing capacity or the strength of the soil material over which the pavement is going
to be constructed is expressed in pavement engineering by reference either to the California
bearing ratio (CBR) or to the modulus of subgrade reaction, k. These parameters are very
useful since they are utilised by many pavement design methodologies.

Apart from the abovementioned parameters, the resistance R value is also used. However, the
resistance R value is indicative of performance when untreated or treated soil material is used.

1.6.1 CBR laboratory test

The method was developed by the California Road Service in the 1930s and has since been
adopted by many administrations/organisations around the world. The original test method
has been slightly modified by some organisations. The modifications were mainly concerned
on the moisture at compaction and on the compaction effort. The procedure, however, in
determining the CBR value remained unchanged.

The test determines the soil’s bearing capacity from laboratory-compacted specimen,
expressed as CBR.
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CBR is defined as the ratio of the load required to cause a certain penetration of the
plunger into the soil material to the load required to obtain the same penetration on a speci-
men of standard material.

The CBR laboratory test can be carried out by ASTM D 1883 (2007), AASHTO T 193 (2013)
or CEN EN 13286-47 (2012); other equivalent national specifications may have been developed.

1.6.1.1 CBR test procedure according to ASTM D 1883 (2007)
1.6.1.1.1 Compaction of specimen

The soil material, after being pulverised so as no aggregations (lumps) exist, passed through
a 19.0 mm sieve. In case there are remaining aggregates on the 19.0 mm sieve, an equivalent
mass is replaced from the same soil material passing through the 19.0 mm sieve but was
retained on the 4.75 mm sieve. This replacement is necessary for the validity of the result
when coarse soil material is tested.

A sufficient amount of moist soil material is prepared at the desired moisture content (usu-
ally at the optimum moisture content). The total amount of material required to perform the
test is approximately 35 kg.

A test portion is placed in cylindrical metal moulds (152.4 mm in diameter and 177.8 mm
in height) and is compacted with a rammer similar to the one used in the modified proctor
compaction method (weight of rammer, 4.54 kg; diameter, 50.8 mm; height of drop, 457
mm).

The compaction of specimen is carried out in three approximately equal layers of 125
mm compacted thicknesses. Each layer receives a certain number of blows. This number of
blows, which is the same for each layer, is determined in such a way that the density reached
per specimen is either a little lower or a little higher than the maximum density, determined
by the proctor method. In most cases 10, 30 and 65 blows are used for three different CBR
determinations.

1.6.1.1.2 Specimen saturation

After compaction and once the metal extension collar is removed, the soil material is flat-
tened by means of a straightedge (knife or spatula) until it is even with the top of the mould.
Afterwards, the soil specimen with the steel mould is inverted and clamped on a perforated
base plate (a coarse filter paper is added to the interface of the perforated base plate and soil
specimen). Sufficient annular weights (usually three) are added on the compacted soil mate-
rial in the mould in order to produce a surcharge equal to the weight of the overlying layers.
Soil material, mould and surcharge weights are immersed in water (water level shall be 25
mm above the specimen’s surface). At the same time, a tripod with a dial indicator is placed
over the mould and its initial indication is recorded. The whole system remains undisturbed
for 96 h.

At the end of the 96 h and after the last indication has been recorded, the whole system
is removed from the water bath. The tripod and the surcharge weights are removed and the
specimen is allowed to drain downwards for 15 min. After this time, the compacted soil
specimen is ready for the CBR determination test. From the measurements of the dial indica-
tor (first and last indication), the swell (as a percentage of the initial height of the specimen)
of the soil material is determined.

1.6.1.1.3 Loading—penetration measurement

After placing annular weights on the specimen (slotted metal plates of 2.26 kg weight each,
with a bigger slot diameter than the diameter of the loading plunger), the compacted and
wet specimen is placed on the CBR apparatus. The device imposes a steadily increased load
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through the cylindrical loading plunger (49.63 mm in diameter) with a penetration velocity
of 1.3 mm/min. The loading plunger comes in contact with the specimen’s surface; the pen-
etration and load measuring gauges are set to zero and loading begins. Load indications are
marked at regular intervals of depth of penetration. Once a penetration of approximately 8.0
mm is achieved, the loading stops. A typical layout of a CBR apparatus is given in Figure 1.6.

Figure 1.6 CBR apparatus.

1.6.1.1.4 CBR determination

The pairs of value penetration of plunger and applied load or penetration of plunger and
applied stress are placed in linear coordinates and a curve of form A or B is received (see
Figure 1.7). The applied stress or load is related to the resistance in penetration.

If a type A curve is obtained, there is no need for correction before CBR determination.
In case a type B curve is obtained, that is, the curve concaves upwards after the initial load-
ing, correction of the curve is required. This correction consists of redetermination of the
coordinate’s origin.

The new position of the coordinate’s origin is defined by the point where the extension of
the linear section of the curve intersects with the ordinate’s axis (see Figure 1.7).

After correction (if needed), the applied stresses are determined for penetration of 2.50
and 5.00 mm, respectively. The CBR is calculated using the following relationship:

CBR = [(stress for 2.5 or 5.0 mm penetration)/(6.89 or 10.34)] x 100,

where 6.89 or 10.34 is the applied stress (in MPa), which causes the plunger’s penetration in
a standardised material of 2.5 or 5.0 mm, respectively.

The CBR value is the value that corresponds to a penetration of 2.5 mm, provided that the
value received is higher than the one corresponding to a penetration of 5.0 mm. If not, the
test is repeated. If the repeated test gives the same outcome, then the value corresponding to
a penetration of 5.0 mm is taken as the CBR of the material tested.
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Figure 1.7 Diagram for CBR determination.

Results are usually expressed as an integer, provided that CBR values are higher than
10%. If values are lower than 10%, one decimal point is sufficient.

If the determination of the CBR value is based on the applied load, the values in the
denominator of the relationship above are 13.45 or 20.02 kN, corresponding to 2.5 or 5.0
mm penetration, respectively.

This is similar to the determination of the CBR value in AASHTO T 193 (2013).

1.6.1.1.5 Determination of design CBR

Design CBR is usually defined by the relationship between CBR and the dry density of com-
pacted soil material. The results of the three specimens compacted at different compaction
efforts (number of blows), and thus having different densities, are presented in Figure 1.8.

30

25
. Design CBR 65 blows/layer
2 w0t ya
o X
=
© 15t

30 blows/layer
10 |
B 95% of max. laboratory
5 10 blows/layer compacted density
L L L L L L

1500 1600 1700 1800 1900 2000
Dry density (kg/m3)

Figure 1.8 Determination of design CBR.
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From the resulting curve in Figure 1.8, the design CBR is determined. Usually, the design
CBR is the value obtained for density equal to 95% of the maximum density according
to the (modified) proctor method. Additional information for the design CBR is given in
Section 10.2.2.

1.6.1.2 CBR test procedure according to CEN EN 13286-47 (2012)

The test in accordance with CEN EN 13286-47 (2012) is carried out in materials passing
through a 22.4 mm sieve. By carrying out the test, the CBR and the immediate bearing
index are determined, in case the latter one is required.

The difference between CBR and immediate bearing index determination is the use or
non-use of annular weights. Annular weights on soil material are used for the determination
of CBR, regardless of how the specimen is cured. However, this is not the case when it comes
to the determination of the immediate bearing index. Apart from the above difference, the
rest of the procedure is the same for both tests.

If specimen saturation (of 96 h or more) is required as part of the curing of the specimen,
the European standard also includes swelling measurement during specimen saturation as
the respective American standard.

The specimen’s compaction is carried out using the proctor method in accordance with
CEN EN 13286-2 (2012) (normal or modified compaction, whichever is chosen), whereas
the diameter of circular piston (50 + 5 mm), the piston’s penetration velocity (1.27 mm/min)
and the rest of the procedure are similar to the American standard.

The CBR, as well as the immediate bearing index, is calculated by expressing the force on
the piston for a given penetration (2.5 or 5 mm) as a percentage of a reference force (13.2 or
20 kN, for 2.5 or 5 mm penetration, respectively).

The final value is rounded to the nearest 0.5% if the value varies from 0 to 9, to the nearest
integer if the value varies from 10 to 29 and to the nearest 5% value if the value is higher than 29.

Additional information is provided in CEN EN 13286-47 (2012).

1.6.1.3 Variations on determining the CBR value

Some countries do not fully abide by the abovementioned procedure (methodology) of CBR
determination. The main deviations are the moisture content at compaction, the non-use
of specimen saturation before penetration and the manner of compaction (static as against
dynamic compaction).

In these cases, moisture content at compaction is not the optimum; the optimum value
is the expected moisture content of the soil material during a pavement’s service life. This
results in not subjecting the specimens to saturation before testing. In most cases, the mois-
ture content at compaction is the maximum expected moisture of the material and the CBR
is determined at that moisture content.

Using static instead of dynamic compaction is advantageous since specimens can be com-
pacted in any desirable dry density precisely. It also requires less manual effort.

As a consequence, all compaction and curing procedures for determining the CBR and
even more for the determination of the design CBR value must be clearly stated in the con-
tractual requirements.

1.6.2 CBR in situ

The CBR of compacted soil material can also be measured ‘in situ’. This provides the engineer
quick information as regards the material he has to handle at a specific natural moisture content.
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Table 1.12 Comparison between laboratorial and in situ CBR values

Dry density Moisture CBR values (%)
Type of soil (kglm’) content (%) Laboratorial In situ
Clay (w, = 69,w,=27) 1522 24.8 8.9 7.9
Clay (w, = 59,w,=23) 1538 25.1 3.9 3.0
Silty clay (w, = 37, w; = 23) 1746 19.5 2.0 1.2
1714 19.0 5.0 1.1
1666 16.1 22 2.2
Sandy clay (w, = 30,w, = 18) 1522 19.2 22 3.1
1858 12.2 14 7.0
Clayey sand 1826 12.6 10 9.0
1746 10.0 12 18.0
Well-graded sand 1750 8.0 24 7.5
Crushed slag 2243 4.8 41 44

Source: Adapted from Croney, D., The Design and Performance of Road Pavements. Transport and
Road Research Laboratory (TRRL), now TRL. London: HMSO, 1977. With permission.

The apparatus used is similar to the one used in the laboratory, with the only difference
being the manual application of load. This requires the use of a means for providing reac-
tion/resistance so that the load is applied on the surface. The rest of the procedures (i.e.
test execution and eliciting results) are exactly the same as the procedure executed in the
laboratory.

A key observation is that CBR values determined in situ always differ from values
obtained in the laboratory, for the same moisture content and degree of compaction. This
is primarily due to the confinement conditions. The restriction imposed by steel mould in
soil material is higher than that of the compacted layer. Hence, the values determined in the
laboratory are usually higher than the values obtained in situ. The differences observed are
more intense in coarse soils. Table 1.12 shows some typical values obtained in a variety of
soil materials.

Moreover, it should be mentioned that the in situ determination of CBR of coarse soils
should be avoided, since particle dimensions in relation to the diameter of the plunger also
affect the result.

1.6.3 Dynamic cone penetrometer

Dynamic cone penetrometer (DCP) is used to measure quickly the in situ bearing capacity
or strength of the subgrade material as well as the weakly bound material. The strength is
expressed in penetration rate or index and may be related to in situ CBR value.

One advantage of the DCP over the static cone penetrometer is that coarser and stronger
material can be tested (with CBR values up to 100%). Additionally, the layer’s thickness and
its strength can be identified down to a depth of, normally, 1 m or more.

The device has a very basic construction and can be easily used. It uses a standard 8 kg
rammer (4.6 kg optional for weaker materials) dropping through a height of 575 mm and
a steel drive rod with a replaceable point or disposable 60° cone tip. During the test, the
depth of penetration is recorded every time the load is applied and results are expressed in
millimetres per blow, known as the DCP index or rate.

To convert the DCP index to CBR values, correlation equations are used. According to
ASTM D 6951 (2009), the correlation equations used are as follows:
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for all soils except for CL soils with CBR < 10 and CH soils,
CBR =292/DCP"12;

for CL soils with CBR < 10,
CBR = 1/(0.07019 x DCP)%
and for CH soils,
CBR = 1/(0.002871 x DCP),

where DCP is the dynamic cone penetration index (mm/blow).
The Highways Agency in the United Kingdom uses a different correlation equation devel-
oped by TRL (Highways Agency 2008), which is as follows:

CBR = 10(2.48—1.057><L0g P)’

where P is the penetration index (or rate) (mm/blow).
It is stated that the accuracy of the above equation reduces for CBR values below 10%.
More details regarding the apparatus and execution of the test can be found in rele-
vant standards such as ASTM D 6951 (2009), CEN EN ISO 22476-2 (2011) and DMRB
HD29/08 (Highways Agency 2008).

1.6.4 Correlations between CBR and index
properties of soil material

Correlations between CBR and index properties of the soil material or DCP value have
been established (National Cooperative Highway Research Program [NCHRP] 2001,
2004) and proposed to be used with the new pavement design procedures of AASHTO
known as Mechanistic-Empirical Pavement Design Guide (MEPDG) (AASHTO
MEPDG-1 2008).

The correlation between CBR and index properties of soil material is as follows:

For coarse, clean material, typically non-plastic material such as GW, GP, SW and SP, for
which wPI = 0:

CBR = 28.09 (D)5

For soils containing more than 12% fines and exhibiting some plasticity, such as GM,
GC, SM, SC, ML, MH, CL and CH, for which wPI other than 0:

CBR = 75/[1 + 0.728 x (wWPI)],

where CBR is the California bearing ratio (%), Dy, is the diameter at 60% passing from
particle size distribution (mm) and wPI is the weighted plasticity index (= P,,, x PI), where
P,,, is percentage passing through sieve No. 200, used as a decimal, and PI is the plastic-
ity index.
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1.7 PLATE BEARING TEST - MODULUS OF REACTION (k)

The plate bearing test is used for the determination of soil bearing capacity with respect to
the modulus of surface reaction (k value). The subgrade bearing capacity in terms of k value
is used, mainly, in rigid pavement design methodologies.

The determination of modulus of reaction is based on the Westergaard theory for stresses
and deformations (deflections) for loading concrete plates, where the subgrade elastic reac-
tion in a vertically loaded plate with pressure (p) is considered to be vertical and proportional
to the vertical deformation (deflection) of subgrade, at all levels of loading. The constant of
proportionality between the applied pressure (p) and the respective deflection (8,) is defined
as the modulus of subgrade reaction (k); thatis, p = k x §,.

The test is carried out on compacted material with certain moisture, using a steel circular
plate and a load application system. The steel plate can be of various diameters, but the
plate normally used has a 762 mm diameter. For increasing plate’s rigidity, two additional
circular plates of smaller diameter (approximately 650 and 550 mm) are placed on top of
it. Load application is usually carried out with hydraulic jack assembly, which is properly
adjusted to a fixed reaction beam of a load vehicle. Plate bearing test arrangement is shown
in Figure 1.9.

When the load is applied, the pressure induced on the layer’s surface results in a corre-
sponding deflection, which is measured by two, three or even four gages. The average value
of deflection measured at different magnitudes of pressure determines the pressure (kPa)
versus deflection (mm) curve. Theoretically, the curve should be linear. However, this is not
the case because of the nonelastic behaviour of the soil or unbound material. As a result, the
k value is determined from a point of the curve as defined by the test procedure adopted. In
most cases, either the pressure corresponding to 1.25 mm deflection or the deflection caused
by 68.94 kPa pressure, using a 762 mm diameter plate, is used.

Thus, the modulus of reaction (k value) is calculated with one of the following equations:

ks, = p/1.25 (kPa/mm)
or
ks, = 68.94/8, (kPa/mm),

where k-, is the modulus of reaction using a 762 mm diameter plate, p is the applied pres-
sure (kPa) and 8, is the deflection (mm).

Fixed reaction beam

{ ’ g
Penetration | | ﬂ_ Pressure  Ppenetration
dial gauge

dial gauge gauge
Fixed reaction Fixed reaction
system Hydraulic system
Steel plates —T jack

| .

| 1 |
T

RS
Subgrade or subbase or basecourse

Figure 1.9 Schematic representation of the plate bearing test.
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The above test is described in detail in ASTM D 1195 (2009) or BS 1377: Part 9
(1990). It should be noted that the test procedure according to ASTM D 1195 (2009)
differs from the abovementioned, which is the one prescribed in BS 1377: Part 9 (1990).
The difference is in the way the loading is applied and in the determination of the
applied pressure.

It should be mentioned that during the test, the moisture content of the layer tested should
be determined and reported.

1.7.1 Correlation between CBR and k value

Provided that composition and thickness uniformity of soil layer exists, it has been found
that the following relationship (HA Vol. 7 IAN 73/06) between CBR and k stands:

CBR = 6.1 x 10-8 x (k)1 73(%),

where k-, is the modulus of reaction measured with a 762 mm diameter plate for plate pen-
etration, which is usually 1.25 mm.
In case a smaller plate is used, k-, can be calculated with the following relationship:

R76r = F % Ry
where F is the coefficient calculated with the following relationship:
F=0.00124D + 0.0848,

where D is the diameter of loading plate (mm), and k., is the modulus of reaction deter-
mined by the plate bearing test, using a certain millimetre diameter plate.

Using the above relationships, the plate bearing test is used by some organisations, as well
as for the estimation of CBR of soil layer, which contains a high percentage of coarse soils.

1.8 RESISTANCE R VALUE TEST

This test method is used to measure the potential strength of subgrade, subbase or even base
course soil materials in pavements. The R value is also used by some agencies as an accep-
tance criterion of the material for subgrade or even subbase/base course.

The use of the test is limited nowadays, and for this reason, no detailed description will
be given here. However, the reader can find all the details in the relevant standards (ASTM
D 2844 2013 or AASHTO T 190 2013).

1.9 ELASTIC MODULUS AND RESILIENT MODULUS OF SOILS

The bearing capacity of the subgrade, expressed with the abovementioned parameters, con-
stitutes a rather useful parameter and provides the engineer with the chance of designing
a pavement with semianalytical methods. However, when the elastic theory for pavement
structural analysis and design is to be used, it is necessary to know the fundamental elastic
parameters, such as modulus of elasticity (E) and Poisson ratio (p).

Modulus of elasticity of the subgrade for static load could be calculated with the
Boussinesq theory in conjunction with the plate bearing test. The relationship, which can be
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used for defining modulus of elasticity, assuming that the soil material behaves elastically
under static load, is as follows:

E=[nxPxrx(1-p?)]/2x8,
where P is the applied pressure (kPa), r is the plate radius (mm), p is the Poisson ratio and &

is the deflection (mm).
Depending on the Poisson ratio value, the above relationship is simplified as follows:

k4

E=1.45x (P x 1/3,), for p=0.3
E=1.50x (P x#/3,), forp=0.2.

The application of static loading instead of dynamic loading, which really exists on site,
in conjunction with the difficulty of executing the test under different moisture content or
density, and given the fact that soils and aggregates are nonelastic materials (load duration
dependent), led to laboratory determination of the stiffness modulus (E) or resilient modulus
(Mg).

The triaxial test with a repeated loading was found to be the most acceptable test for
determining a soil material’s stiffness.

1.9.1 Repeated triaxial test — resilient modulus test

The repeated triaxial test applies a repeated axial cyclic stress of fixed magnitude, load
duration and cycle duration to a cylindrical specimen. While the specimen is subjected to
the dynamic cyclic stress, it is also subjected to a static confining stress provided by a pres-
sure chamber. The cyclic load application, though, is to better simulate the actual traffic
loading.

The triaxial test under repeated axial loading is performed using a similar apparatus to
the one used for the typical triaxial test in which a static axial loading is used (ASTM D
2850 2007).

The apparatus used for the determination of the resilient modulus is as shown in Figure 1.10.

The deviator stress 6, (=6, — 6,) is repeated, at a fixed magnitude and frequency. The load-
ing of the soil specimen, under the influence of deviator stress, results in a deformation, part
of which is recoverable during the stage of unloading. This recoverable strain along with the
deviator stress determines the resilient modulus (My), or the modulus of elasticity (E), of the
material tested, using the equation

Mgy(or E) = o /e, (kPa),

where ¢, is the recoverable strain (mm/mm).

A detailed description of the test procedure can be found in the Asphalt Institute MS-10
and AASHTO T 307 (2007).

The compaction of the soil specimens is carried out by either the double plunger method
or the kneading compactor and the specimen is tested at maximum density. The test can also
be carried out in undisturbed specimens extracted from the site.

The dimensions of the cylindrical specimens depend on maximum particle size. The
length of the specimen should not be shorter than twice its diameter and its minimum diam-
eter shall not be less than 71 mm or six times the maximum size particle. The cylindrical
test samples are normally 100 mm in diameter by 200 mm in height.
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Figure 1.10 Schematic representation of apparatus determining M. (From Asphalt Institute MS-10, Soils
Manual. Manual Series No. 10. Lexington, KY: Asphalt Institute. With permission.)

After compaction, the specimen is covered with a plastic membrane and is placed in the
triaxial apparatus (chamber), where it is subjected to loadings of 200 repetitions. In each
loading cycle of 200 repetitions, a different deviator stress is used by increasing or decreas-
ing the radial stress, 6;. At the end of each loading cycle of 200 repetitions, the recovered
deformation is measured, from which both the recovered strain and the corresponding resil-
ient modulus (My) are calculated using the equation above. The number of loadings at dif-
ferent levels of deviator stress is defined by the specification.

For a pavement design study, the above procedure may be repeated for different percent-
ages of moisture contents; hence, the curve of resilient modulus versus moisture content is
obtained. Upon knowing the representative moisture content of the layer during a pave-
ment’s service life, a more representative resilient modulus (My) or stiffness modulus (E) can
be determined for further calculations.

1.9.2 Correlation between resilient modulus and CBR

The analytical and some semianalytical pavement design methodologies use a fundamental
mechanical property for expressing the bearing capacity or strength of the subgrade soil
and not the empirical CBR value. This property is the resilient modulus (My) or the stiffness
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modulus (E) of the material. The determination of the material’s stiffness requires the use
of more expensive and complex apparatuses than the CBR apparatus. On the other hand,
there is great experience and a large amount of data collected from CBR measurements. The
above two factors advocate that the existence of a correlation between CBR and stiffness
would be very useful to the engineers.

After extensive work carried out by researchers on behalf of organisations/laboratories,
reliable correlation equations have been established for estimating stiffness from CBR val-
ues. The most widely used equations for fine-grained soil material are as follows:

E = 17.6 x CBR%6* (MPa) (1.1)
M, = 10.3 x CBR (MPa) (1.2)
M, = 8.0 + 3.8 x R (MPa) (1.3)
M, = 206.84 x (,/0.14) (MPa) (1.4)

where E is the stiffness modulus (or surface stiffness modulus) (MPa), My is the resilient
modulus (AASHTO T 307 2007) (MPa), CBR is the California bearing ratio (ASTM D
1883 2007 or AASHTO T 193 2013, rammer compaction) (%), R is the resistance R value
(ASTM D 2844 2013 or AASHTO T 190 2013) and g, is the AASHTO structural layer
coefficients (AASHTO 1993).

In order to express the unit of MN/m? in psi unit, the following conversion factor can be
used: 1 psi = 0.006895 MN/m?2.

Equation 1.1 proposed by Powel et al. (1984) is based on the work carried out by Jones
(1958) and is used in the current UK pavement design methodology (Highways Agency
2006). The validity of the equation is restricted to fine soil material with laboratory CBR
values from 2% to 12%.

Equations 1.2 and 1.3 are proposed to be used by the Asphalt Institute of the United
States (Asphalt Institute MS-1). They are applicable to materials classified as A-7, A-6, A-5,
A-4 and finer A-2 soils (AASHTO designation) or CL, CH, ML, SC and SP (USCS), or in
general for materials that are estimated to have a resilient modulus of 207 MPa or less.

Equation 1.4 is used in the AASHTO guide for the design of pavement structures
(AASHTO 1993).

It must be pointed out that the above relationships are valid for fine soil material. For very
fine soil material with a plasticity index (PI or I) greater than 30, the resilient modulus is
recommended to be determined by laboratory testing.

As for the coarse soil material (gravels and sands) or coarse crushed material, relevant
information regarding the resilient modulus can be found in Section 10.5.6.

A broad estimation of resilient modulus, My (=E), as well as CBR and R value, may be
carried out using Figure 1.14.

Finally, the resilient modulus (M) may be predicted from correlation equations where soil
index properties are used, that is, LL, PI, percentage of clay, percentage of silt, percentage
passing through No. 200 sieve, and so on (George 2004).

1.9.3 Dynamic plate test

The dynamic plate test is carried out in situ and determines the stiffness of the subgrade or
unbound subbase/base course in terms of a stiffness modulus by using dynamic plate load-
ing. The particular modulus is usually called surface modulus (E).
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Figure .11 Light weight deflectometer. (a) Typical LWD. (b) LWD with two additional geophones. (Courtesy
of Dynatest International A/S.)

The apparatus used is portable and is known as light weight deflectometer (LWD) (see
Figure 1.11).

The apparatus consists of a steel handle with a steel circular plate of 300 mm (standard
size) or 150 mm in diameter in its end.

During the test, a certain load (typically 10 kg) drops from a certain height to the steel
plate, to produce a certain peak stress ranging from 30 to 150 kPa (typical value used, 100
kPa) with a load pulse time ranging from 8 to 20 ms. The applied load on each impact is
measured with a load cell. The vertical displacement, deflection, is measured by a geophone
(velocity transducer) positioned at the centre of the loaded area.

The surface stiffness modulus is calculated using the following general equation (Highways
Agency 2009b):

E=2x(1-p?) xR xP)/D,

where E is the surface stiffness modulus (MPa), p is the Poisson ratio (normally 0.35), R is
the radius of load plate (mm), P is the applied pressure (kPa) and D is the deflection under
the centre of the plate (pm).

The standard LWD may be equipped with two additional geophones, if the thickness of
the underlying layer is to be estimated (see Figure 1.11b).

All data are stored and can be transferred to a portable data processing unit or to a por-
table computer.

General instructions for executing the dynamic plate test with an LWD can be found in
ASTM E 2583 (2011). More information about LWD and field measurements can be found
in Nazzal et al. (2007), Hossain and Apeagyei (2010) and Marradi et al. (2011).

A device similar to the LWD is known as the German Dynamic Plate. The only differences
are that the deflection is measured with an accelerometer, it operates with a constant applied
stress of 100 kPa with a load pulse type of 18 ms and the stiffness range measured is limited
to 10-200 MPa. More information can be found in Fleming et al. (2002, 2007).

It should be noted that the fundamental principles of the LWD are similar to those of a
larger device known as falling weight deflectometer. This particular device is mainly used
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for determining the bearing capacity of pavements, as well as to determine the layers’
stiffness modulus. ASTM D 4694 (2009) constitutes the relative standard for executing
the test.

Other portable dynamic plate devices developed and used in the past were the TRL foun-
dation tester and the Prima and Humboldt soil stiffness gauge (Fleming et al. 2000, 2002).

1.9.4 Springbox equipment

The Springbox equipment (see Figures 1.12 and 1.13) is a new device for laboratory testing
of unbound granular and some weak hydraulically bound mixtures (Edwards et al. 2005).
The Springbox uses the standard Nottingham Asphalt Tester loading frame and software.

It consists of a steel box containing a cubical sample of material, with an edge dimen-
sion of 170 mm, to which a repeated load is applied over the full upper surface. One pair of
the box sides is fully restrained and the other is restrained through elastic springs, giving a
wall stiffness of 10-20 kN/mm. The above arrangement simulates the lateral support of the
material within the compacted layer.

The material to be tested is compacted with a vibrating hammer; the assembly provides
means to introduce water to the sample or drain the water from its underside.

Loading takes the form of repeated vertical load applications of controlled magnitude at
a frequency of at least 1 Hz and no greater than 5 Hz. The load capacity is equivalent to a
vertical stress of at least 150 kPa.

Measurements of both vertical and horizontal (spring restrained) deflection can be made,
with two measurement transducers for each measure. In the case of vertical deflection mea-
surement, the equipment allows the transducers to make direct contact with the specimen,
via holes in the loading platen.

The stiffness modulus of the material can be calculated from the averaged deflections
measured over a series of loading patterns (Highways Agency 2009b).

Additional information of the Springbox test can be found in Edwards et al. (2004).
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Figure 1.12 Cross section of springbox. (From Edwards J.P. et al., Development of a simplified test for
unbound aggregates and weak hydraulically bound materials utilizing the NAT. Proceedings of
the 6th International Symposium on Pavements Unbound, A.R. Dawson [ed.], pp. 3—II. Rotterdam,
The Netherlands: A. A. Balkema, 2004.)
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Figure .13 Springbox equipment. (Courtesy of Cooper Research Technology Ltd.)

1.9.5 Correlation between mechanical parameters
of soils and soil classification groups

Correlations between mechanical parameters (Mg, CBR, k value and R value) and soil
classification groups have been developed and presented in tabular—graphical form (Shell
International 1985). The table shown in Figure 1.14 may be used to estimate the mechanical
properties of a soil material from its classification group. The value obtained may be used in
a pavement design calculation but only at its preliminary stage.

1.10 COMPACTION OF SOIL MATERIALS ON SITE

Sufficient compaction of the soil material constitutes a key prerequisite in avoiding pre-
mature settlement and other negative consequences. Sufficient compaction is ensured by
applying necessary compaction energy at optimum, or almost optimum, moisture content.
The application of the necessary compaction energy is obtained with the use of appropriate
compaction plants applying a sufficient number of passes.

The thickness of the layer to be compacted constitutes another key factor for effective
and uniform compaction with respect to depth. It is again related to the type of compaction
plant used as well as the type of soil material. Vibratory rollers are able to compact thicker
layers than static rollers. Pneumatic tyre rollers are not suitable for uniformly graded granu-
lar materials (single sized) or silty cohesive materials.

Rolling velocity and tyre pressure, in case of pneumatic tyre rollers, constitute additional
factors affecting compaction. With respect to the velocity, it should not be higher than
3 km/h, in all cases. As for the tyre pressure, it is determined by the manufacturer and
should not fluctuate during compaction.

The engineer, before compaction, for a given thickness and type of soil material, should
determine the number of passes, so that sufficient compaction is achieved by using the
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Figure .14 Correlation of mechanical parameters and soil classification groups. (From NCHRP, Guide for
Mechanistic—Empirical Design of New and Rehabilitated Structures, Final Report, Appendices CC-I.
Washington, DC: National Cooperative Highway Research Program, Transportation Research
Board, National Research Council, 2001. With permission.)

compaction plant. This is achieved after trials on site by taking density measurements after
a certain number of passes. The number of passes is sufficient when the achieved dry density
satisfies the requirements. Usually, a certain percentage of the maximum dry density deter-
mined in the laboratory is required, which varies from 92% to 100%.

Adequacy or acceptability of compaction may also be based on MCV determined in situ
(Highways Agency 2009b; Matheson and Winter 1997).

In some countries, the satisfactory compaction is judged by running the plate bearing test
twice, with two different numbers of passes. The surface stiffness modulus is determined in
both cases (E, and E,) from the k value obtained. If the E,/E, ratio is less than 2, the com-
paction is considered satisfactory.

Table 1.13 provides very useful information for compacting sufficiently different types
of soil materials with alternative compaction plants (machines). The suggested minimum
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Table 1.13 Compaction plants for soil materials (minimum number of passes per maximum compacted depth)

Well-graded
granular, dry or
stony cohesive

Uniformly graded

Wet cohesive granular or silty

materials materials cohesive materials
Type of compaction plant Category D N D N D N
Smoothed wheeled kg/m width of roll:
roller (or vibratory >2100-2700 125 8 125 10 125 10°
roller operating >2700-5400 125 6 125 8 125 8
without vibration) .
>5400 150 4 150 8 Unsuitable
Grid roller >2700-5400 150 10 Unsuitable 150 10
>5400-8000 150 8 125 12 Unsuitable
>8000 150 4 150 12 Unsuitable
Deadweight tamping >4000-6000 225 4 150 12 250 4
roller >6000 300 5 200 12 300 3
Pneumatic tyre roller kg per wheel:
>1000-1500 125 6 Unsuitable 150 10
>1500-2000 150 5 Unsuitable Unsuitable
>2000-2500 175 4 125 12 Unsuitable
>2500-4000 225 4 125 10 Unsuitable
>4000-6000 300 4 125 10 Unsuitable
>6000-8000 350 4 150 8 Unsuitable
>8000-12,000 400 4 150 8 Unsuitable
>12,000 450 4 175 6 Unsuitable
Vibratory roller (rolling kg/m width of a
velocity 1.5 to vibratory roll:
2.5 km/h) >270-450 Unsuitable 75 16 150 l6
>450-700 Unsuitable 75 12 150 12
>700-1300 100 12 125 10 150 6
>1300-1800 125 8 150 8 200 10
>1800-2300 150 4 150 4 225 122
>2300-2900 175 4 175 4 250 10
>2900-3600 220 4 200 4 275 8
>3600-4300 225 4 225 4 300 8
>4300-5000 250 4 250 4 300 62
>5000 275 4 275 4 300 42
Vibrating plate kg/m? of base plate:
compactor >880-1100 Unsuitable Unsuitable 75 6
>1100-1200 Unsuitable 75 10 100 6
>1200-1400 Unsuitable 75 6 150 6
>1400-1800 100 6 125 6 150 4
>1800-2100 150 6 150 5 200 4
>2100 200 6 200 5 250 4
Vibro-tamper Mass:
>50-65 kg 100 3 100 3 150 3
>65-75 kg 125 3 125 3 200 3
>75-100 kg 150 3 150 3 225 3
>100 kg 225 3 200 3 225 3

(continued)
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Table 1.13 Compaction plants for soil materials (minimum number of passes per maximum compacted depth)

(Continued)
Well-graded
granular, dry or Uniformly graded
Wet cohesive stony cohesive granular or silty
materials materials cohesive materials
Type of compaction plant Category D N D N D N
Power rammer >100-500 kg 150 4 150 6 Unsuitable
>500 kg 275 8 275 12 Unsuitable
Dropping weight Mass of rammer
compactor >500 kg weight drop:
>|-2m 600 4 600 8 450 8
>2m 600 2 600 8 Unsuitable

Source: Adapted from Highways Agency, The Manual of Contract Documents for Highway Works (MCHW),Volume |: Specifica-
tion for Highway Works, Series 600: Earthworks. London: Department for Transport, Highways Agency, 2009a.

Note: D, maximum thickness of compacted layer; N, minimum number of passes.

2 Roller shall be towed by track-laying tractors. Self-propelled rollers are unsuitable.

number of passes (N) should ensure the achievement of the minimum required degree of
compaction (Highways Agency 2009a).

1.11 DENSITY TESTS IN SITU

Compaction density obtained on site is measured in situ by one of the following methods:
the sand-cone method, the rubber balloon method, nuclear methods or the drive-cylinder
method. The complex impedance method may also be used.

I.11.1 Sand-cone method

The sand-cone method used for the determination of compacted layer density is perhaps
the most popular of all tests available. It consists of creating an almost cylindrical hole,
weighing the extracted material and measuring the volume of the hole created. The volume
is measured by filling the hole with fine sand. Provided that the mass of the sand used for
filling the hole and the apparent specific gravity are known, the volume of the hole as well
as the dry density of the compacted layers can be calculated.

For the determination of the mass used to fill the cylindrical hole created, a (normally)
metal cone having a plastic bottle in its upper part with an outflow valve was used (see
Figure 1.15). The bottle contains a preweighted mass of fine sand.

After placing the cone on the hole, the sand outflow valve is opened; the sand then occu-
pies the hole’s space and the cone’s space. Once sand outflow stops, the valve is closed and
the remaining quantity of the sand in the plastic bottle is being weighed. The weight of the
sand used for filling the cone and the hole arises from the difference in weight of the initial
amount of sand and the one remaining in the bottle.

Knowing in advance the mass of sand required for filling the cone, the volume of the hole
opened (V) is calculated by the following relationship:
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Figure 1.15 Sand-cone apparatus.

V = (ml - mZVGap,

where 1, is the mass of the sand used (g), 72, is the mass of the sand in the cone (g) and G,
is the apparent specific gravity of sand (g/cm?).

The mass of soil material that came out of the hole is weighed immediately and a repre-
sentative sample is received in order to determine its moisture content. As a result, the dry
compacted density (p,) is calculated by the following relationship:

pa = [ms/(1 +w)/V],

where 715 is the weight of soil material with moisture (g), w is the moisture content (%) and
V is the volume (cm’) from the previous equation.

The sand-cone method is recommended for soil materials that contain particles not bigger
than 50 mm in diameter. The volume of the hole created is by reference to the maximum
particle contained in the soil material. The minimum volume for soil materials that do not
contain particles larger than 4.75 mm is suggested to be 700 cm?, whereas for soil materials
containing particles up to 50 mm in diameter, the minimum suggested volume is 2830 cm?.
Further information and analytical description can be found in the standard ASTM D 1556
(2007) or AASHTO T 191 (2013).

1.11.2 Rubber balloon method

The rubber balloon method is used only by a few agencies and organisations. In this method,
the volume of the hole created is measured by water, which is secluded by a rubber mem-
brane, creating a balloon.

A specific device is used for performing the test, known as the rubber balloon apparatus.
It consists of a volumetric cylinder, one end of which is made of a thin elastic membrane.
The volumetric cylinder is filled with a known mass of water before testing. The device is
placed over the hole, and with the aid of low air pressure, the water occupies the available
space (Figure 1.16).

The volume of the hole is calculated by volume difference, which appears in the volume
counter tube. Once the volume has been determined, the dry compacted density is calcu-
lated the same way as in the previous method.
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Figure I.16 Schematic presentation of the apparatus for the rubber balloon test.

This method is simpler than the sand-cone method. However, it is not suggested for very
soft soil materials, which are deformed easily, and the walls of the hole are not stable.
Additionally, this test method may not be suitable for soils containing crushed rock frag-
ments or sharp edge materials that may puncture the rubber membrane. Regarding the
restriction on maximum particle size contained in the soil material, the maximum shall not
be more than 63 mm.

A detailed description of the method can be found in ASTM D 2167 (2008).

1.11.3 Nuclear method

This is a rapid non-destructive method for in situ measurements of wet density, water con-
tent and the determination of dry density of soil and soil aggregate mixtures.

The rapid nondestructive determination of the compacted density (less than 5 min) allows
the almost immediate detection of areas that compacted insufficiently. This is of great
advantage since if measurements are taken during construction, corrections can be applied
within hours.

The nuclear density devices are much more expensive than conventional devices (cone-
sand or rubber balloon) but they are very popular in highway projects.

The density may be measured by direct transmission, backscatter or backscatter/air-gap
method of gamma radiation. The measurements of moisture content are taken, in most
devices available, in backscatter mode, regardless of the mode being used for density.

In the direct transmission method, the gamma source extends through the base of the
gauge into a preformed hole to a desired depth. In the backscatter or backscatter method,
the gamma and neutron sources and the detectors are in the same plane (see Figure 1.17).

The depth of measurements is normally up to 300 mm; hence, the devices are known as shal-
low-depth measurements. However, nuclear devices capable of taking measurements at a desired
greater depth also exist. They are called devices for measurements at depths below surface.

The direct transmission gauge provides more representative results, especially in depths
from 150 to 300 mm.

The backscatter devices are usually used for layer thickness of 100 mm to 150 mm, they
are more practical and the results derived quicker than the direct transmission mode. These
devices seem to be more popular than others.

The backscatter/air-gap devices constitute a variant of the previous ones in order to elimi-
nate the possibility of errors attributed to the surface roughness.
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Figure I.17 Types and representative nuclear gauges for density determination. (a) Direct transmission,
(b) backscatter and (c) backscatter/air gap method.

All devices should be calibrated for the type of soil to be used. The precision of the mea-
surements is affected by the uniformity of the layer and the chemical composition of the soil
material. The results obtained by nuclear method are comparable to those of conventional
methods.

The nuclear density devices are safe to operate because they possess an automatic cutoff
safety system. However, because of the use of a radioactive element, every appropriate safety
measure must be taken.

More details regarding the procedure of the test for shallow depths can be found in ASTM
D 6938 (2010) or AASHTO T 310 (2013); with regard to measurements below surface,
details can be found in ASTM D 5195 (2008).

It is mentioned that nuclear devices may also determine the compacted density of asphalt
layers. In this particular case, the method of determination is specified by ASTM D 2950
(2011).

1.11.4 Drive-cylinder method

This test method is used to determine the in situ density of soils that do not contain signifi-
cant amounts of particles coarser than 4.75 mm and which can be readily retained in the
drive cylinder.

This test method is not recommended for use in organic or friable soils. This test method
may not be applicable for soft, highly plastic, non-cohesive, saturated or other soils that are
easily deformed, compress during sampling or may not be retained in the drive cylinder.

The test method involves obtaining a relatively intact soil sample by driving a thin-walled
cylinder and the subsequent activities for the determination of in-place density. When sam-
pling or in situ density is required at depth, test Method D 1587 should be used.

More information regarding the test is given in ASTM D 2937 (2010).

1.11.5 Complex impedance method

The test method is a procedure for estimating in place the density and water content of soils
and soil aggregates on the basis of electrical measurements, using a Complex-Impedance
Measuring Instrument.

The electrical properties of a soil are measured using a radiofrequency voltage applied to
soil electrical probes driven into the soils and soil aggregates to be tested, in a prescribed pat-
tern and depth. Certain algorithms of these properties are related to wet density and water
content. This correlation between electrical measurements and density and water content is
accomplished using a calibration methodology. In the calibration methodology, density and



46 Highway engineering

water content are determined by other ASTM test standards that measure soil density and
water content, thereafter correlating the corresponding measured electrical properties to the
soil physical properties.

Although this test method causes minimal disturbance, it may not be applicable to all
types of soil.

More information regarding the test is given in ASTM D 7698 (2011).
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Chapter 2

Aggregates

2.1 GENERAL

Aggregates used in pavement construction can be crushed aggregates, natural aggregates,
slags, mine waste, demolition materials, artificial aggregates, recycled materials or any other
material, which meets the required mechanical, natural and chemical properties for the
layer to be used. The first two aggregates are defined as conventional or ‘primary aggre-
gates’, whereas the others can be defined as ‘secondary aggregates’.

2.2 CRUSHED AGGREGATES

Crushed aggregates are produced in quarries by various rocks with proper mechanical and
chemical properties. Rocks are classified into three general groups depending on how they
were formed: igneous rocks, sedimentary rocks and metamorphic rocks.

Rocks formed by cooling molten elements (materials) are defined as igneous rocks.
Depending on cooling rate, they are characterised as ‘coarse’ textured, such as granite rocks
(slow cooling rate), or ‘fine’ textured, such as basalt (quicker cooling rate).

Igneous rocks are classified according to their chemical or mineral composition, in par-
ticular their silica content (SiO,). They can be classified as (a) ‘felsic’, that is, containing a
high silica content of approximately >65%, for example, granite; (b) ‘intermediate’, if the
silica content is between approximately 55% and 65%, for example, andesite; (c) ‘mafic’, if
the silica content is low, approximately 45%-55%, the iron—-magnesium content is typically
high, for example, basalt and gabbro; and (d) ‘ultramafic’, if the silica content is <45%, for
example, peridotite.

Igneous rocks are distinguished into four main categories: gabbros, basalts, granites and
porphyries.

Gabbros are mafic with a coarse-grained texture, basalts are also mafic but are finer
grained, granites are felsic coarse grained and porphyries are mainly felsic (or intermediate)
finely grained with large, clearly discernible crystals embedded. The main rock types used
by engineers are given in Table 2.1.

Sedimentary rocks are classified depending on how they were formed. They are divided
into four groups: (a) ‘clastic sedimentary rocks’, (b) biochemical (or biogenic) sedimentary
rocks, (c) chemical sedimentary rocks and (d) ‘other’ sedimentary rocks formed by impact,
volcanism and other processes.

Clastic sedimentary rocks are mainly composed of quartz, feldspar, rock fragments
(lithic), clay minerals and mica. Clastic sedimentary rocks are further subdivided into con-
glomerates (mainly composed of rounded gravels), breccias (mainly composed of rounded
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Table 2.1 Igneous rocks

Gabbros Basalts Granites Porphyries
Gabbro Basalt Granite Porphyry
Diorite Andesite Granodiorite Rhyolite
Gneiss Diabase/dolerite Syenite Obsidian
Norite Quartzite dolerite Quartzite diorite Quartzite porphyry
Peridotite

Table 2.2 Sedimentary rocks

Limestones Sandstones Quartzites Siliceous
Limestone Sandstone Quartzitic Chert
Gritstone sandstone Flint
Dolomite (older name, dolostone) Greywacke Ganister
Tuff

gravels), sandstones (composed mostly of sand-sized grains) and mudrocks (composed of at
least 50% silt- and clay-sized particles).

Biochemical or biogenic sedimentary rocks are formed from calcareous skeletons of
organisms. The main constituent mineral is calcite (CaCO;). Limestone is the main rock
type in this category.

Chemical sedimentary rocks are formed as precipitates from supersaturated solutions pre-
cipitating out around. Oolitic limestone is an example of rock in this category.

Sedimentary rocks may be distinguished into four categories for engineering purposes:
limestones, gritstones, quartzites and pyrites (siliceous). Some of the sedimentary rocks that
are classified under these categories are given in Table 2.2.

Metamorphic rocks are rocks formed by the transformation of other types of rocks such
as igneous or sedimentary rocks under a high-temperature or high-pressure environment.
They are divided into schists, hornfels, marbles and gneisses. Phyllite, schist, slate and all
rocks that appear to be layered or foliated are examples of schist. These are all shortened
along one axis during recrystallisation (metamorphism). Marble is transformed limestone,
whereas gneiss is derived from transformed granite.

The majority of igneous rocks, sandstones from sedimentary rocks and hornfels from
metamorphic rocks are usually hard rocks. They typically produce durable crushed aggre-
gates that can be used for all pavement layers. Special care should be given to the adhesion
of bitumen to these rocks.

Crushed aggregates derived from sedimentary rocks, such as limestone and dolomite,
have very good to excellent properties and can be used in all pavement layers except for
surface courses, because they have low resistance to polishing.

2.3 NATURAL AGGREGATES

Natural aggregates derived from natural deposits are known as gravels, sand-gravels or
natural sand. They can be found in a slightly consolidated form in old streambeds or stream
banks, in plateaus created during the postglacial era and in estuaries of rivers, streams
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or beaches. Natural deposit materials can be used in a wide range of applications such as
subbase materials and in certain cases as base materials. They can also be used for produc-
ing bituminous mixtures, provided they are first processed (by presieving and washing) to
remove any soil or silt that they might contain. Then, they are crushed and sieved to produce
the desired particle size distribution.

Natural deposit materials are termed ‘loose’. Thus, they are extracted with the aid of an
excavator or even a ‘strong’ loader.

Natural deposit aggregates are mixtures of various rocks, the majority of which are mainly
limestones, sandstones and granites. Because of their particular composition, crushed grav-
els have better mechanical properties than limestone rocks. For this reason, they should be
preferred to limestones for wearing courses, when there is a lack of harder rocks.

2.4 SLAGS

Slags are by-products that are produced during the production process of metals such as iron
and nickel. Slags vary depending on their chemical composition, specific weight and poros-
ity. The use of slags in highway engineering is usually limited to works that are carried out
at a relatively close distance to the production factories. Slags are used mainly as a substitute
for aggregates not only in bases or subbases but also for producing bituminous mixtures.
Only in a few cases are they used as a substitute for filler.

2.5 MINE WASTE

Mine waste is rock with a low metal content, rejected during the enrichment process. These
materials are mainly used as base/subbase materials.

2.6 DEMOLITION MATERIALS

Demolition materials are used in the same way as mine waste, usually in subbase or base
layers after preselection and crushing. Demolition materials may also be used in subbase
and base mixtures (Woodside et al. 2011).

2.7 ARTIFICIAL AGGREGATES

Artificial aggregates are mainly produced from the calcination of rocks such as bauxite.
Calcined bauxite has good antiskid properties. Other types of aggregates are designated by
their low density or specific gravity (unit weight) and are used mainly in producing light-
weight concrete.

2.8 RECYCLED (PULVERISED) AGGREGATES

Pulverised pavement materials are also known as recycled asphalt plannings. They are pro-

duced by crushed and screening old asphalt materials during reconstruction projects. They
can be used as an aggregate replacement in new asphalt materials.
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2.9 AGGREGATE SIZES

Aggregates are divided into coarse aggregates, fine aggregates, fines and filler aggregates or
fillers.

According to European standards, coarse aggregates for bituminous mixtures (asphalts)
are defined as aggregates whose particles are retained on a 2 mm sieve and pass through
a 45 mm sieve. In the case of aggregates for unbound and hydraulically bound layers, the
aggregate particles retained on a 2 mm sieve are defined as coarse aggregate without specify-
ing an upper size sieve.

Fine aggregate for bituminous mixtures are defined as aggregates whose particles pass
through a 2 mm sieve and retained on a 0.063 mm sieve. In the case of aggregates for
unbound and hydraulically bound layers, aggregates whose particles pass through the 6.3 mm
sieve are defined as fine.

Fines, in all cases, are defined as the particle size fraction of an aggregate that passes
through the 0.063 mm sieve.

Filler aggregates or fillers are aggregates most of which pass through a 0.063 mm sieve.
They are added to construction materials to provide certain properties.

According to American Association of State Highway and Transportation Officials
(AASHTO) and American Society for Testing and Materials (ASTM) standards, coarse
aggregate is retained on the 4.75 mm sieve (also known as the No. 4 sieve); fine aggregate
passes through the 4.75 mm sieve and is retained on the 0.075 mm sieve (or No. 200 sieve);
for fines, all particles pass through the 0.075 mm sieve (or No. 200 sieve).

2.10 AGGREGATE TESTS

Because of the variability of aggregate sources, aggregates should be tested to determine
their suitability for use in asphalt (bituminous mixtures) or as material in base and subbase
layers. Their suitability is defined in reference to geometrical, physical and chemical proper-
ties/requirements. Table 2.3 summarises the main test methods.

2.11 GEOMETRICAL PROPERTIES DETERMINATION TESTS

Geometrical properties such as particle size and particle size distribution, particle shape and
angularity (angled surfaces caused by crushing or friction) affect the mechanical properties
of layers with or without binder. Well-graded aggregates having a cubic shape, a small por-
tion of flaky-shaped aggregates and angled surfaces caused by crushing are expected to have
the best mechanical behaviour.

Particles with size smaller than 0.002 mm, that is, clay, might also affect cohesion of
the asphalt (bituminous) mixture, as well as the mechanical behaviour of both asphalt and
unbound layer in the presence of water.

A brief description of the main tests for defining the geometrical properties of aggregates
is given in the following paragraphs.

2.11.1 Particle size distribution — sieving method

The distribution of aggregate sizes is determined by sieving or sieve analysis. The aim of
sieve analysis is to determine the aggregate gradation curve.
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Table 2.3 Tests required by the European standards CEN EN 13043 (2004) and CEN EN 13242 (2007) on
aggregates for bituminous mixtures (BM) and unbound (UBM) or hydraulically bound
mixtures (HBM)

Requirement

BM UBM and
(asphalts) HBM

A/A Tests Test standard

Geometrical properties

.1 Particle size distribution CEN EN 933-1 (2005) Yes Yes
1.2 Grading of filler aggregates, if filler CEN EN 933-10 (2009) Yes —
content is >10%
Particle shape of coarse aggregates:
1.3 Flakiness index CEN EN 933-3 (2012) Yes Yes
1.4 Shape index CEN EN 933-4 (2008) Yes Yes
1.5 Percentage of crushed and broken CEN EN 933-5 (2004) Yes Yes
surfaces in coarse aggregate particles
1.6 Flow coefficient of aggregates (angularity CEN EN 933-6 (2004) Yes —
of fine aggregates)
Cleanliness and quality of fines, if fines
content >3%:
1.7 Fines content CEN EN 933-1 (2005) Yes Yes
1.8 Methylene blue, (MBg) on 0/0.125 mm CEN EN 933-9 (2009) Yes —
fraction
1.9 Methylene blue (MB) on 0/2 mm fraction CEN EN 933-9 (2009) — Yes
1.10 Sand equivalent CEN EN 933-8 (2012) — Yes
2. Physical properties
Resistance to fragmentation/crushing
2.1 Resistance to fragmentation (Los Angeles CEN EN 1097-2 (2010) §5 Yes Yes
test)
22 Resistance to impact (SZ) CEN EN 1097-2 (2010) §6 Yes Yes
Resistance to polishing/abrasion/wear/
attrition
23 Resistance to polishing of coarse CEN EN 1097-8 (2009) Yes —
aggregate (PSV test)
24 Resistance to surface abrasion (AAV test) CEN EN 1097-8 (2009) Yes —
25 Resistance to wear of coarse aggregate CEN EN 1097-1 (2011) Yes Yes
(micro-Deval test)
2.6 Resistance to wear by abrasion from CEN EN 1097-9 (2008) Yes? —
studded tyres (Nordic test)
2.7 Classification of the constituents of CEN EN 933-11 (2009) — Yes
coarse recycled aggregates
Particle density and water absorption
28 Particle density and water absorption CEN EN 1097-6 (2005) Yes Yes
29 Loose bulk density and voids CEN EN 1097-3 (1998) Yes —
Durability against freeze/thaw, weathering
and thermal shock
2.10 Magnesium sulfate test CEN EN 1367-2 (2009) Yes Yes
211 Resistance to freezing and thawing CEN EN 1367-1 (2007) Yes? Yes?
2.12 Water absorption as a screening test for CEN EN 1097-6 (2005) Yes Yes

freeze/thaw resistance

(continued)
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Table 2.3 Tests required by the European standards CEN EN 13043 (2004) and CEN EN 13242 (2007) on
aggregates for bituminous mixtures (BM) and unbound (UBM) or hydraulically bound mixtures
(HBM) (Continued)

Requirement
BM UBM and

A/A Tests Test standard (asphalts) HBM
2.13 Boiling test for signs of ‘Sonnenbrand™ in CEN EN 1367-3 (2004) Yes Yes
basalts
2.14 Resistance to thermal shock CEN EN 1367-5 (2011) Yes —
2.15 Affinity of coarse aggregates to CEN EN 12697-11 (2012) Yes —
bituminous binders
2.16 Water content of aggregates CEN EN 1097-5 (2008) Yes —
2.17 Particle density of filler CEN EN 1097-7 (2008) Yes —
Stiffening properties
2.18 Voids of dry compacted filler CEN EN 1097-4 (2008) Yes —
2.19 Delta ring and ball test of filler aggregates CEN EN 13179-1 (2000) Yes —
for bituminous mixtures
3. Chemical properties
3.1 Chemical composition
Petrographic description of aggregates CEN EN 932-3 (2003) Yes Yes
32 Determination of lightweight CEN EN 1744-1 (2009) Yes —
contaminators
33 Determination of acid-soluble sulfate CEN EN 1744-1 (2009) — Yes
34 Determination of total sulfur CEN EN 1744-1 (2009) — Yes
3.5 Determination of water-soluble sulfate CEN EN 1744-1 (2009) — Yes
Determination of unsoundness of blast- CEN EN 1744-1 (2009),
furnace and steel slags
3.6 Dicalcium silicate disintegration of §19.1 Yes Yes
air-cooled blast-furnace slag
37 Iron disintegration of air-cooled blast- §19.2 Yes Yes
furnace slag
38 Volume stability (expansion) of steel slag §19.3 Yes Yes
39 Water solubility of filler aggregate CEN EN 1744-1 (2009) §16 Yes —
3.10 Water susceptibility of fillers for CEN EN 1744-4 (2005) Yes —
bituminous mixtures
3.1 Water-soluble constituents CEN EN 1744-3 (2002) — Yes
3.12 Calcium carbonate content of limestone CEN EN 196-2 (2013) Yes —
filler aggregate
3.13 Calcium hydroxide content of mixed filler CEN EN 459-2 (2011) Yes —

2 Usually in countries with cold climate.
® Type of weathering of basalts.

For bituminous mixtures or unbound/hydraulically bound layers, the size and number of
sieves are selected from a basic sieve set and from one of two alternative sieve sets (set 1 or
set 2). The basic set of sieves and the basic set of sieves plus set 1 or set 2 are shown in Table
2.4. Each European Union country selects the set it is going to use. The sieves from one set
should never be mixed with the series of sieves of the other.

Between sieves 0.063 and 1 mm, European standards recommend using one or more
sieves having a size between 0.063 and 1 mm. These sieves are 0.150, 0.250 and 0.500 mm
regardless of the sieve set selected.
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Table 2.4 Series of sieves recommended by European and American standards

European standards (CEN EN 13043 2004 and 13242 2007) American standards
ASTM D 2940, ASTM
Basic set plus set | Basic set plus set 2 D 3515, AASHTO M
Basic set (mm) (mm) (mm) 92 (2010)
0.063 0.063 0.063 0.075 mm (No. 200)
| 1 | 0.150 mm (No. 100)
2 2 2 0.300 mm (No. 50)
4 4 4 0.425 mm (No. 40)
— 5.6 (5) — 0.600 mm (No. 30)
— — 6.3 (6) 1.18 mm (No. 16)
8 8 8 2.36 mm (No. 8)
— — 10 4.75 mm (No. 4)
— 1.2 (1) — 9.5 mm (3/8in.)
— — 12.5 (12) 12.5 mm (1/2 in.)
16 16 16 19.0 mm (3/4 in.)
— — 20 25.0 mm (I in.)
— 224 (22) — 375 mm (I 1/2/in))
31.5 31.5 (32) 31.5 (32) 50 mm (2 in.)
— — 40 63 mm (2 1/2in.)
— 45 — 75 mm (3 in.)
63 63 63
— — 80°
— 90° —

Note: Bold characters denote the sieves of the basic series.

2 The rounded value given may be used only for simplification of the size of the aggregate.
® This sieve may be used if needed. In special cases, the 125 mm sieve may also be used.

Table 2.4 also shows the equivalent sieves used in American standards.

Each sieve is designated by a number that corresponds to the aperture of the sieve mesh.
Sieves used for sieve analysis have apertures of square shape, as specified by CEN EN 933-2
(1995) or ASTM E 11 (2013). They are designated by the edge lengths of the square apertures.

A basic condition of sieve analysis is to first obtain a representative bulk sample of aggre-
gate and then to use a proper quantity of this for sieve analysis. The coarser the aggregate is,
the larger the required quantity of sampled aggregate. A representative sample of the bulk
sample is prepared in the laboratory by quartering or by using a splitting vessel. The mini-
mum amount of aggregate required by European standards for sieve analysis, depending on
the aggregate particle size, is shown in Table 2.35.

Table 2.5 Minimum mass of aggregates for sieving, per batch

Minimum mass of aggregates for particle size distribution by

Aggregate size, D (mm) sieving method (kg)
63 40
32 10
16 2.6
0.6
<4 0.2

Source: Reproduced from CEN EN 933-1, Tests for geometrical properties of aggregates — Part I:
Determination of particle size distribution — Sieve analysis, Brussels: CEN, 2005.With permission (© CEN).
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Table 2.6 Minimum masses of aggregate for sieving by American standards

Minimum field sample mass of Minimum mass for

Aggregate size (mm) aggregates®® (kg) sieving, per batche (kg)
2.36 10 0.3

4.75 10 0.3

9.5 10 |

12.5 15 2

19 25 5

25 50 10

375 75 I5

50 100 20

63 125 35

75 150 60

90 175 100

2 ASTM D 75 (2009) (AASHTOT 2 2010).

b Regarding combined coarse and fine aggregates, the minimum weight shall be that of the coarse
aggregate plus 10 kg.

¢ ASTM C 136 (2006) (AASHTO T 27 201 1).

According to American standards, the minimum mass of aggregate for sieving, as well as
for initial sampling, is presented in Table 2.6.

During sieving, the ‘overloading’ of each sieve should be avoided. According to CEN EN
933-1 (2003), to avoid ‘overloading’, the portion retained on each sieve at the end shall not
be over the specified proportion, expressed in grams, which is determined by the following
equation:

(A xd)/200

where A is the surface of the sieve (mm?) and d is the aperture size of the sieve (mm).

If the retained portion on a sieve is larger than the one determined by the above equation,
the portion is divided into two or three smaller parts and further sieving is carried out by
hand. Finally, to determine the final portion retained, the subportions retained on a sieve are
combined for the particular sieve.

The respective maximum retained acceptable proportions are not specified by American
standards. According to American standards, effective sieving is ensured by extending the
sieving time for 1 min. During this extension of time, the extra portion passing through the
particular sieve shall not be more than 0.5% of the total sample weight.

2.11.1.1 Aggregate size

According to European standards, aggregate size designates an aggregate in terms of lower
(d) and upper (D) sieve sizes expressed as d/D. This designation accepts the presence of some
particles that are retained on the upper sieve (oversize) and some that pass through the lower
sieve (undersize). The lower sieve size (d) can be zero.

In the case of a coarse aggregate for bituminous mixtures, the upper sieve size (D) is des-
ignated as the sieve from which 90% up to 99%, or 85% up to 99% or even 80% to 99%
of the aggregate mass passes through the upper sieve. In the case of coarse aggregate for
unbound or hydraulically bound layers, the above percentage might vary from 85% up to
99% or 80% up to 99%. The lower sieve size (d) for bituminous mixtures is designated as
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the sieve from which 0% to 10%, or 0% to 15%, or 0% to 20% and even 0% to 35% of
the aggregate mass passes through the lower sieve. For unbound and hydraulically bound
materials, the above percentages may be 0% to 15% or 0% to 20%. The coarse aggregate is
categorised by the letters ‘G’ followed by two numbers that correspond to the percentage
passing though the upper sieve ‘D’ and the percentage passing through the characteristic
lower sieve ‘d’. For example, coarse aggregate category G:90/15 means that at least 90% of
its mass passes through the upper sieve and not more than 15% passes through the lower
sieve.

In the case of fine aggregate for bituminous mixtures, the percentage passing through
the upper sieve ‘D’ (D < 2 mm) can range from 85% up to 99%, while for unbound and
hydraulically bound materials, the allowable ranges are 80% to 99% or 85% to 99%. The
fine aggregate is categorised by the letters Gy followed by a number that corresponds to
the percentage passing through sieve D. For example, G:85 means that at least 85% passes
the upper sieve.

In the case of an ‘all-in aggregate’ (aggregate mix), the aggregate is categorised by the let-
ters G, followed by a number that corresponds to the percentage passing through the upper
sieve ‘D’ (D < 45 mm for bituminous mixtures and D > 6.3 mm for unbound and hydrauli-
cally bound materials).

The designation or classification of the aggregate (coarse or fine) sizes according to
American standards (ASTM D 448 2012) is based on the size number designation and
nominal size range. The size number designation ranges from 1 to 10 with some intermedi-
ate numbering. The nominal size range corresponds to the upper and lower sieve. The upper
sieve, unlike the European specification, is the one from which 100% of the mass passes
through the upper sieve. The lower sieve is the one from which 0% to 10% or 0% to 15%
of the aggregate mass passes through.

2.11.1.2 Sieving procedure and aggregate gradation curve determination

The sieving procedure is carried out on dry aggregates using the appropriate sieve series and
a sieve shaker. If there is no suitable sieving apparatus, sieving can be carried out by hand.

According to the European standard CEN EN 933-1 (20035), before sieving, the aggregate
sample is washed thoroughly and dried until it obtains a stable mass. This allows the per-
centage of fines to be determined. A detailed description of the sieving procedure according
to the European and American standards is given in CEN EN 933-1 (2005), ASTM C 136
(2006), ASTM C 117 (2013), ASTM D 546 (2010), AASHTO T 11 (2009), AASHTO T 27
(2011) and AASHTO T 37 (2011).

After sieving for a sufficient period, the mass retained on each sieve is weighed and
expressed initially as a retained percentage (RP) of the total mass (see the examples in Table
2.7, column 3).

The mass retained on each sieve is then expressed as a cumulative percentage passing
through each sieve (see column 4 of Table 2.7). The cumulative percentage passing through
each sieve is calculated by the following formulas:

For the first sieve, (CPP), = 100 — (RP),;

for the second sieve, (CPP), = 100 — (RP), — (RP),;

for the third sieve, (CPP), = 100 — (RP), — (RP), — (RP)s;

for the fourth sieve, (CPP), = 100 — (RP), — (RP), — (RP); — (RP),; and so on,

where RP,, RP,, RP,, RP,, and so on, are retained percentages on the respective sieves.
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Table 2.7 Sieving results

Cumulative percentage

Sieves (mm) Retained mass (g) Retained percentage passing
14 0 0.0 100
10 100 4.3 95.7
6.3 650 27.8 67.9
4 714 30.6 373
2 614 26.3 11.0
0.5 85 3.6 7.4
0.25 36 1.5 59
0.063 79 34 25
Filler 58 2.5 —
Total 2336 100.0

The cumulative percentage with the corresponding sieve is plotted on graph paper and
hence the aggregate gradation is obtained. The European specification suggests that both
axes be linear, unlike the American specification that requires the x-axis to be logarithmic.

Determination of the filler portion is important as its presence or absence in the mixture
directly affects the behaviour of either the bituminous mixture or the unbound aggregate
mixture. In general, too much filler is more harmful than the lack of it. However, the latter
is unusual.

High filler content in aggregates (usually >10% for aggregates used in bituminous mix-
tures or >15% for aggregates used in unbound layers) contributes to (a) increase of the bitu-
men content and increase of the water content for optimum compaction density, (b) decrease
of the mixture workability, (c) the aggregate coating, (d) stiffness of the bituminous mix and
(e) the ‘balling’ effect in either cold or hot bituminous mixtures.

2.11.2 Particle shape tests of coarse aggregates

Tests for determining the particle shape or form of aggregates are the Flakiness Index and
Shape Index. They are carried out mainly on crushed aggregates. The shape of a crushed
aggregate is affected by its petrological composition and the crushing process (number of
crushing stages, type of crusher and size of rock used to feed the initial crusher).

2.11.2.1 Flakiness index test

According to the European specification CEN EN 933-3 (2012), the aggregates used for the
Flakiness Index test have a nominal diameter smaller than 80 mm and bigger than 4 mm.
The test consists of two sieving processes. First, the sample is divided into the various aggre-
gate fractions depending on their size, that is, passing through an upper sieve D, and retained
on the lower sieve d;. The fraction size is expressed as d/D,. A portion from each fraction
size is then sieved using a special Flakiness Index sieve. This sieve consists of stainless steel
bars that have a specific space between them; hence, they are called bar sieves. The typical
EN series of sieves with the corresponding opening between the bars is shown in Table 2.8.

The total Flakiness Index is designated as the total aggregate mass passing through each
bar sieve, expressed as the percentage of the total sample mass of dry aggregates tested.

If the Flakiness Index for each aggregate size d;/D; is required, it is calculated by the mass
passing through the bar sieve expressed as a percentage of mass of the respective aggregate size.



Aggregates 6l

Table 2.8 Bar sieves according to CEN EN 933-3 (2012)

Particle size fraction d,/D, (mm) Width of slot in bar sieve (mm)
63/80 40 £ 0.3
50/63 31.5+£0.3
40/50 25+0.2
31.5/40 20+£0.2
25/31.5 16 £0.2
20/25 125+£0.2
16/20 10+0.1
12.5/16 8+0.1
10/12.5 6.3 0.1
8/10 5+0.1
6.3/8 4+0.1
5/6.3 3.15+0.1
4/5 25+0.1

Source: Reproduced from CEN EN 933-3, Tests for geometrical properties
of aggregates — Part 3: Determination of particle shape — Flakiness index,
Brussels: CEN, 2012. With permission (© CEN).

More information, as well as a calculation example, is presented in CEN EN 933-3 (2012).

The Flakiness Index value determined in accordance with the European specification dif-
fers from the one determined by BS 812-Part 105, which was used in the past by many
countries. Thus, care must be taken to the limiting values that may have been set.

2.11.2.2 Shape Index test (CEN EN 933-4 2008)

According to the European standard CEN EN 933-4 (2008), single particles of aggregate
are classified according to their length L and their thickness E using a slide gauge (caliper).
The Shape Index is calculated as the mass of aggregate with a ratio of dimension L/E > 3
expressed as a percentage of the total dry mass of the sample tested.

The test is conducted on each aggregate fraction d,/D;, where D (maximum particle size) <
2d (minimum particle size).

More information about conducting the test and the minimum quantities of aggregate
required for the test is given in CEN EN 933-4 (2008).

The Shape Index and Flakiness Index test methods are essential when the aggregate is
to be used in bituminous mixtures particularly those incorporating single-sized aggregates
such as porous asphalt, surface dressing or precoated chippings for HRA. In general, the
particle shape of coarse aggregates influences the mechanical properties of some construc-
tion materials and may affect placement, compaction and consolidation.

2.11.3 Flat particles, elongated particles or
flat and elongated particles test

This test proposed by the American standard ASTM D 4791 (2010) is equivalent to the
Flakiness and Shape Index test methods proposed by the European standards. It determines
the percentage of flat particles, elongated particles or flat and elongated particles in coarse
aggregates (retained on 9.5 mm or 4.75 mm sieve depending on the requirements).

Individual aggregate particles of specific sieve size are measured to determine the ratios of
width to thickness, length to width or length to thickness.
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Two procedures are detailed, that is, Method A and Method B. Method B is intended for
use with Superpave specifications.

More information about conducting the test is given in the relevant standard ASTM D
4791 (2010).

2.11.4 Crushed and broken surfaces test

This is carried out in accordance with the European standard CEN EN 933-5 (2004) using
coarse aggregate d/D;, where D, < 63 mm and d; > 4 mm. The test is a manual segrega-
tion of the aggregate sample into two groups: (a) crushed and broken particles including
totally crushed or broken particles and (b) rounded particle group including totally rounded
aggregates.

The mass of each group is recorded and expressed as a percentage of the total sample mass.

A totally crushed or broken particle is defined as a particle with more than 90% of its
surface crushed or broken and is expressed with the index C,.

A crushed or broken particle is defined as a particle with more than 50% of its surface
crushed or broken and is expressed with the index C..

A rounded particle is defined as a particle with 50% or less of its surface crushed or bro-
ken and is expressed with the index C..

A totally rounded particle is defined as a particle with more than 90% of its surface
rounded and is expressed with the index C,,.

In conclusion, crushed or broken surfaces are defined as facets of gravel produced by
crushing or breaking by natural forces and bound by sharp edges.

More information about the test method, minimum quantities of aggregate for testing,
and so on, are given in CEN EN 933-5 (2004).

A similar method is given in the American standard ASTM D 5821 (2006). Particles with
n-fractured (crushed) surfaces are separated from the aggregate sample. The percentage of
fractured particles with the specified number of fractured faces is determined by mass or
count. More detail about the test method is given in ASTM D 5821 (2006).

The percentage of crushed and broken surfaces affects inter particle friction and hence the
shear strength of a mixture. It also affects friction and surface texture for aggregates used
in pavement surface courses.

2.11.5 Flow coefficient test

This test is conducted using coarse aggregates (4—20 mm) and fine aggregates (0—4 mm)
according to CEN EN 933-6 (2004). Angularity is expressed in reference to flow coefficient.
For coarse aggregate, the flow coefficient is linked to the percentage of crushed and broken
surfaces. As a result, this test can be used in association with the test specified in CEN EN
933-5 (2004). Shape and surface texture characteristics also influence the results.

The flow coefficient (E,) of an aggregate is the time, expressed in seconds, for a specified
volume of aggregate to flow through a given opening, under specified conditions using an
apparatus consisting of bar sieves conforming to CEN EN 933-3 (2012) and a vibrating plate.

More details regarding the mass of test portion, equipment required, the procedure and
how to determine flow coefficient (E.) is given in CEN EN 933-6 (2004).

2.11.6 Assessment of cleanness of fine aggregates and fines

Assessment of cleanness of fine aggregates and fines is carried out to ascertain the exis-
tence of harmful fines, that is, material that passes through the 0.063 mm sieve (silt or clay
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particles). The presence of this material affects the behaviour of the bituminous mixture,
causing swelling of unbound layers or asphalt layers, and may be the reason for ravelling.
The tests used are (a) the determination of fines content, (b) the sand equivalent test con-
ducted on fine aggregates and (c) the methylene blue test conducted when the fines content
is greater than 3%.
The fines content is determined during the procedure for determination of particle size
distribution in accordance with CEN EN 933-1 (2005).

2.11.6.1 Sand equivalent test

This test is conducted to determine quickly the relative proportion of the fine clay-like mate-
rial in fine aggregate and granular soils. A low sand equivalent value indicates the presence
of clay-like proportion. This is detrimental to the quality of the aggregate and characterises
the aggregates as ‘non-clean’.

The sand equivalent test may be conducted in accordance with either CEN EN 933-8
(2012) or ASTM D 2419 (2009) (AASHTO T 176 2008).

According to CEN EN 933-8 (2012), the test is conducted on aggregates that pass through
the 2 mm sieve. It is noted that, if lumps are retained on the 2 mm sieve, they should be
broken up so that it is included in the test.

From a representative sample, a mass of 120 g of dried material is placed into a graduated
transparent cylinder. A portion of calcium chloride solution is added to the cylinder until it
reaches about 100 mm. The contents of the cylinder are left undisturbed for about 10 min
and then, after loosening the material from the bottom and placing a stopper, it is shaken
manually (more than 90 times) or in a mechanical shaker for 30 + 1 s. Then, more calcium
chloride solution is added to the cylinder until the cylinder is filled to the 380 + 0.25 mm
graduation mark. The cylinder and its content are then left undisturbed for 20 min. During
this period, the material settles out from suspension to form two distinctive layers. The
height of the clay suspension (b,) and the height of the sand reading (h,) are taken.

The sand equivalent (SE) is calculated by the following formula:

SE = h /b, x 100.

The average of two results is rounded to the nearest whole number. In case the difference
between the two results is greater than 4 units, the test is repeated. More information about
the test is given in CEN EN 933-8 (2012) and ASTM D 2419 (2009).

Differences between European and American standard methods can be found in the fine
aggregate fraction, the mass of sample taken, the number of tests carried out at the same time
and the expression of results. In the European standard, the fine aggregate assessed passes
through the 2 mm sieve in contrast to the 4.75 mm sieve according to the American standard.
In the European method, the test portion quantity is designated by mass (120 g), whereas in the
American method, it is designated by volume (approximately 85 ml). The European sand equiva-
lent value is determined by averaging two results rounded to the nearest whole number, in con-
trast to averaging three results rounded to the nearest 0.1% according to the American standard.

The key difference that affects the result is the aggregate size. The rest of the differences
are believed to have a minor effect.

Research carried out by Nikolaides and Manthos (2007) on aggregates derived from vari-
ous rocks (limestones, gabbros, basalts, crushed sand-gravel and steel slags) found that the
sand equivalent values determined in accordance with the European standard (SE,,,) were
always lower than those determined in accordance with the American standard (SE, ;5).
The results obtained are shown in Figure 2.1.
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Figure 2.1 Sand equivalent values of sands from various rocks. (From Nikolaides A. and E. Manthos, Sand
equivalent of road aggregates tested with European and American standards and methylene blue
results. Proceedings of the 4th International Conference, ‘Bituminous Mixtures and Pavements’, Vol. 1,
p. 199. Thessaloniki, Greece: Aristotle University, 2007.)

From the same study, a good correlation was also found among the results, which is
expressed by the following formula:

SE,y, = 0.842 x SE4 -5 — 3.547 (R2 = 0.91),

where SE, is the sand equivalent value determined by the CEN EN 933-8 (2012) proce-
dure (%) and SE,, ;5 is the sand equivalent value determined by the ASTM D 2419 (2009)
procedure (%).

The difference observed is important as the limiting SE values set by many national
specifications suggest that the test is conducted in accordance to the American standard.
Hence, if a material has an acceptable but close to the limit SE value when derived using
the American standard procedure, it will not have an acceptable SE value if tested using
the European standard procedure. This necessitates altering the limiting value set if the
European standard is specified for determining the SE value.

Generally, surface courses containing aggregates with a lower SE value than the limiting
value are expected to suffer from ravelling and, ultimately, potholes. Subbase and base lay-
ers constructed from aggregates with low SE aggregates are prone to swelling. Finally, soils
on which a pavement is to be constructed with a very low SE value (lower than 10%) will
develop excessive swelling and have very low bearing capacity in wet/saturated conditions.

2.11.6.2 Methylene blue test

The methylene blue test is used to determine the quality of fines by ascertaining the exis-
tence of active clay minerals. In contrast with inactive clay minerals, active clays tend to
swell depending on their water content. This swelling has a detrimental impact on both the
bituminous mixture and the unbound layers of the pavement.

The test is based on the adsorption principle of clay minerals using methylene blue dye.
During the test, the quantity of methylene blue required to cover all clayey ingredients is
measured. The quantity of methylene blue dye adsorbed is related to the specific surface of
the clay mineral (montmorillonite, illite and kaolinite). Active clay minerals have a large spe-
cific surface in contrast to inactive clay materials. As a result, the required methylene blue
quantity will be proportional to the quantity and the type of clay minerals.
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The methylene blue test is supplementary to the sand equivalent test, since the latter deter-
mines only the existence of clay particles and not the presence of active clay minerals. In
some countries, the methylene blue test has replaced the sand equivalent test.

The test, according to CEN EN 933-9 (2009), is executed on either the 0/2 mm or 0/0.125 fine
aggregate fraction. At least 200 g for the 0/2 mm particle size or 30 + 0.1 g for the 0/0.125 mm
particle size is added to 500 + 5 ml of distilled water. The solution is stirred for S min and then
a dose of 5 ml of methylene blue dye is added. Further stirring is carried out for at least 1 min
and then the methylene blue test is performed by taking one drop of suspension by means of the
glass rod and depositing it on a filter paper. The stain formed consists of a solid blue colour sur-
rounded by a colourless wet zone. The test is considered to be positive if, in the wet zone, a halo
is formed consisting of a persistent light blue ring of about 1 mm. The end point of the test is con-
firmed by repeating the stain test at 1 min intervals for 5 min, without adding more dye solution.

The methylene blue value (MB) of the 0/2 mm fraction, expressed in grams of dye per
kilogram, is determined from the following relationship:

MB = (V,/M,) x 10 (g/kg),

where V, is the total volume of dye solution injected (ml) and M, is the mass of the test por-
tion (g).
If the test is carried out by adding kaolinite, the above equation becomes

MB = ((V, = V))/M,) x 10 (g/kg),

where V' is the volume of dye solution absorbed by the kaolinite (ml).

In the case a fraction 0/0.125 mm is used, the result is marked as MB;. In both cases, the
methylene blue value is recorded to the nearest 0.1 g/kg.

More information about the test is given in CEN EN 933-9 (2009). The test may also be
carried out in accordance with the American standard ASTM C 837 (2009).

Methylene blue tests for determining both MB and MB;. values have been carried out on
various rocks (Nikolaides and Manthos 2007). The results obtained are shown in Figures
2.2 and 2.3.

From Figure 2.2, it can be seen that when a 0.2 mm fraction is used, some samples from
certain rocks gave MB values that are above the limiting value of 3.0 g/kg normally used.
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Figure 2.2 Graphical representation of methylene blue (MB), 0/2 mm fraction, from various types of
rocks. (From Nikolaides A. and E. Manthos, Sand equivalent of road aggregates tested with
European and American standards and methylene blue results. Proceedings of the 4th International
Conference, ‘Bituminous Mixtures and Pavements’, Vol. |, p. 199. Thessaloniki, Greece: Aristotle
University, 2007.)
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Figure 2.3 Graphical representation of methylene blue (MB) 0.0125 mm fraction for various types of rocks.
(From Nikolaides A. and E. Manthos, Sand equivalent of road aggregates tested with European
and American standards and methylene blue results. Proceedings of the 4th International Conference,
‘Bituminous Mixtures and Pavements’, Vol. |, p. 199. Thessaloniki, Greece: Aristotle University, 2007.)

However, all samples except gabbro and some andesite aggregates, when a 0/0.125 frac-
tion was used, gave M B values below the limiting value of 10 g/kg normally used.

The limestone, the crushed gravel and the diabase aggregates gave methylene blue values
below the limiting values regardless of fraction size tested.

Prior to CEN EN 933-9 (2009), the methylene test was carried out in accordance to an ISSA
specification (ISSA TB 145 1989). The aggregate fraction used was 0/0.075 mm and the sam-
ple mass was 1 g added to 30 ml of distilled water. The methylene blue dye was added in steps
of 0.5 ml. The methylene blue value (MB,) was expressed in grams of dye solution per 100 g
of fines (ISSA TB 145 1989). The magnitude of the MB; value was one-tenth of the MB; value.

2.11.6.3 Grading of fines

The particle size distribution of fines should be determined in case their content in the mix-
ture of aggregates is greater than 10%. In the case where a filler has been used, its particle
size distribution should be determined regardless of the percentage added.

The grading of the fines is determined in accordance with CEN EN 933-10 (2009), using
an air jet sieving apparatus.

A dried test portion is placed on a 0.063 mm sieve fitted on the air jet sieving apparatus
and is sieved until sieving is completed (minimum, 3 min). The mass retained is recorded and
placed on a 0.125 mm sieve for further sieving. By recording the mass retained again, the
cumulative percentages of the original dry mass passing through the 0.125 and 0.063 mm
test sieves are determined and compared with the requirements.

More details about the sieving procedure, sample preparation and the apparatus are given
in CEN EN 933-10 (2009).

2.12 PHYSICAL PROPERTIES DETERMINATION TESTS

2.12.1 Resistance to fragmentation and polishing/abrasion tests

Resistance of fragmentation/crushing and polishing/abrasion are specified for determining
the mechanical behaviour of aggregate under the disruptive action of traffic, as well as the
wear experienced during production, laying and compaction of the materials.



Aggregates 67

The tests to determine resistance to fragmentation of aggregates are the following:

e Resistance to fragmentation by the Los Angeles test
e Resistance to impact test

With regard to the resistance to polishing/abrasion of the aggregates, the tests are as follows:

e Polished stone value (PSV) test
e Aggregate abrasion value (AAV) test
e Resistance to wear by micro-Deval test

In countries where studded tyres are used or permitted in the winter, the resistance to
wear by abrasion from studded tyres test also needs to be conducted.

2.12.1.1 Resistance to fragmentation by the Los Angeles test

This test is perhaps the oldest and best known of all the aggregate tests. It determines the
wear on aggregates under the influence of crushing and abrasion forces. The forces are
developed during rotation of the aggregate and steel spheres in an apparatus known as the
Los Angeles machine (see Figure 2.4). The machine consists of a rotating drum with internal
dimensions 508 mm (length) by 711 mm (diameter).

The standard size of aggregate tested in accordance with CEN EN 1097-2 (2010) is 10/14
mm size aggregate.

The mass of the test sample used is 5000 + 5 g and is obtained from a sampled mass of at
least 15 kg of aggregate. It is required that 60% to 70% of the test sample mass should pass
through the 12.5 mm sieve. If an 11.2 mm sieve is used, the percentage changes to 30% to
40%.

Along with the dry aggregate, 11 steel spheres 45 to 49 mm in diameter and mass between
400 and 445 g each are also added. The drum is then sealed and is rotated for 500 revolutions

=

Figure 2.4 Los Angeles apparatus. (Courtesy of Controls Srl.)
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Table 2.9 Aggregate sizes for the Los Angeles test

Mass of indicated sizes (g)

Sieve size (mm) Grading

Percentage Percentage

passing retained A B C D
375 25 1250 £ 25 — — —

25 19 1250 + 25 — — —

19 12.5 1250 £ 10 2500 + 10 — —
12.5 9.5 1250 £ 10 2500 = 10 — —
9.5 6.3 — — 2500 + 10 —
6.3 4.75 — — 2500 = 10 —
4.75 2.36 — — — 5000 + 0
Total mass 5000 + 10 5000 + 10 5000 + 10 5000 + 10
Number of spheres 12 I 8 6

Source: Reprinted from ASTM C |31, Standard test method for resistance to degradation of small-size coarse aggregate by abra-
sion and impact in the Los Angeles machine,West Conshohocken, Pennsylvania, US:ASTM International, 2006.With permission
(© ASTM International).

at 31 to 33 revolutions per minute. After completion of the test, the aggregates are sieved
(wet sieving) to determine the mass of material that is retained on a 1.6 mm sieve.
The Los Angeles coefficient (LA) is calculated as

LA = (5000 -m)/50,

where 71 is the mass retained on a 1.6 sieve (g).

The lower the Los Angeles coefficient, the more durable and resistant the aggregate is to
fragmentation.

When the test is carried out in accordance with the American ASTM C 131 (or AASHTO T
96 2010), the size of aggregate tested can be of maximum nominal size 37.5 mm, 19
mm, 9.5 mm or even 4.75 mm. Coarser than 37.5 mm aggregate can also be tested; details
can be found in ASTM C 535 (2012).

The mass of the test sample is 5000 + 10 g. The test sample required is shown in Table 2.9.
The steel spheres used are similar in size and mass to the European CEN EN 1097-2 (2010)
method. The number of revolutions is also the same but the number of steel spheres added
to the drum depends on the size of the aggregate (grading) tested (see Table 2.9).

The American LA coefficient is calculated as the difference between the initial and final
mass retained on a 1.7 mm sieve and is expressed as a percentage of the initial mass of the
aggregate tested.

More details regarding the test are given in the relevant standards.

2.12.1.2 Resistance to impact test

The resistance impact test is an alternative test to the resistance to fragmentation by the Los
Angeles test and is conducted in accordance with CEN EN 1097-2 (2010). It is also known
as the German Schlagversuch test.

During the test, an aggregate of size 8/12.5 mm is added to a metal mould and is crushed
under the influence of a dropped load (10 blows from a height of 370 mm). After crushing,
the aggregate is sieved through the 0.2, 0.63, 2, 5 and 8 mm test sieves.
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The impact crushing value (SZ) is calculated as
SZ = M/5 (%),

where M is the sum of the percentage of the mass passing through each of the five above-
mentioned sieves.

More information about the test accompanied by a calculation example is given in CEN
EN 1097-2 (2010).

2.12.1.3 Polished stone value test

This test is conducted on coarse aggregates that are used for surfacing mixes. The PSV test
determines the resistance of the coarse aggregate to the polishing action of vehicle tyres.
The test consists of two parts: in the first part, test specimens are subjected to a polishing
action in an accelerated polishing machine. In the second part of the test, the state of polish
reached by each specimen is measured using the Pendulum tester apparatus. The PSV is then
calculated from the friction determinations.

The test is carried out in accordance with CEN EN 1097-8 (2009) or with ASTM D
3319 (2011) (AASHTO T 279 2012). The key differences between the two standards are
the nominal size of aggregate used, the polishing medium used, the number and the type of
test wheels, the way the aggregates are subjected to polishing and the way the PSV index is
calculated.

According to the European standard, the aggregate should pass through a 10 mm sieve
and be retained on a 7.2 mm grid sieve. The polishing medium is emery (in two grades —
emery corn and emery flour), the number of wheels are two (one for each type of emery) and
the polishing time is 6 h (3 h +3 h for each polishing medium). With respect to the American
standard, the aggregate should pass through a 12.5 mm sieve and be retained on a 9.5 mm
sieve, the polishing medium is sand, only one wheel is used and the total polishing time may
reach up to 10 h. The final result obtained by either standard cannot be the same. The fol-
lowing short description refers to the test carried out in accordance with CEN EN 1097-8
(2009).

Approximately 36 to 46 aggregate particles of size 7.2/10 mm are carefully placed in
a single layer in a mould with their flattest surface lying on the bottom. The interstices
between the aggregates are filled with fine sand. The quantity of sand used is such that
only three quarters of the depth of the interstices is filled. Then, the mould is in-filled with
an epoxy resin and any surplus is removed with a spatula. After the resin has hardened,
the specimen is cleaned thoroughly to remove any sand and is transferred to the polishing
machine.

The polishing machine (see Figure 2.5) has a metal wheel called the road wheel. This is
406 mm in diameter and holds the test specimens and the stone control specimens around
its rim. The number of specimens placed around the wheel is 14 in total. The wheel rotates
at 320 revolutions per minute during the test. The rubber-tyred wheel has a static contact
force with the moulds of 725 N. For the first 3 h of the test, corn emery is fed onto the wheel
at a rate of 27 + 7 g/min together with a sufficient amount of water. The corn emery has a
gradation with 98%-100% of the particles passing through the 0.600 mm sieve.

After the first 3 h, the second rubber-tyred wheel is fitted and the test is repeated for
another 3 h using flour emery. The emery flour rate is 3 + 1 g/min with the rate of water
approximately twice that of the emery flour.

On completion of the test after 6 h, the test specimens are cleaned and tested for friction
using the Pendulum friction tester (see Figure 2.6).
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Figure 2.5 Typical accelerated polishing machine. (Courtesy of Controls Srl.)

Figure 2.6 British pendulum friction tester. (Courtesy of Controls Srl.)

The PSV is determined using the following equation:
PSV =8 +52.5-C,

where S is the mean value of skid resistance for the four aggregate test specimens and C is
the mean value of skid resistance for the four PSV control stone specimens (this value should
range from 49.5 to 55.5 units).
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The determination of PSV is considered necessary for determining the suitability of aggre-
gate for any type of surfacing asphalt and surface dressing. Aggregates are considered to be
suitable when their PSV is greater than or equal to the value given by the national specifica-
tion. These values are related to traffic level and the type of site.

The most detailed specification regarding PSV requirements is considered to be the one
used in the United Kingdom. Table 2.10 shows the minimum PSV required for coarse aggre-
gates in hot applied thin surface course systems used in the United Kingdom. A similar

table exists with regard to chippings or coarse aggregates in other bituminous surfacings
(Highways Agency 2012).

2.12.1.4 Aggregate abrasion value test

The resistance of the aggregate to surface wear by abrasion under traffic is determined in the
laboratory by the AAV test. According to the European standard CEN EN 1097-8 (2009),
the test is carried out on coarse aggregate passing through a 14 mm sieve and retained on
a 10.2 mm grid sieve. The test is considered complementary to the PSV test. It is suggested
that it should be used for high skid-resistant aggregates (typically those with a PSV of 60 or
greater) to determine whether they are susceptible to abrasion under traffic.

At least 24 aggregate particles are placed in a steel mould in a single layer with their
flattest surface down. The interstices between the aggregates are in-filled with fine sand to
approximately three quarters of their depth. The rest of the mould is in-filled with epoxy
resin, and a metal plate, which has been precoated with grease, is placed on top. After the
resin hardens, the specimen is removed from the mould, cleaned thoroughly from any sand
and transferred to the abrasion machine.

The aggregate abrasion machine (Figure 2.7) consists of a machined flat circular cast iron
or steel grinding lap wheel not less than 600 mm in diameter. Two specimens are pressed
against the surface of the grinding lap using a mass of 2000 + 10 g. This gives a resultant
force of 0.365 N/cm? acting on the specimen. The grinding lap then rotates horizontally for
500 revolutions at a speed of 28 to 31 min-'. The interface of the aggregates and the abrasion
head is continuously fed with sand at a rate of 800 + 100 g/min for each specimen.

After completion of the test, the specimens are cleaned thoroughly and weighed with an
accuracy of 0.1 g.

The AAV index is calculated in reference to the loss of weight of the specimen using the
following equation:

AAV = 3(A - B)/pyq»

where A is the mass of the specimen before abrasion (g), B is the mass of the specimen after
abrasion (g) and p,, is the particle density of the aggregate (on a saturated surface dry basis)
(Mg/m?).

AAV limiting values relate to traffic volume. The limiting values proposed by the UK
Highways Agency are given in Table 2.11.

2.12.1.5 Resistance to wear by the micro-Deval test

The test was developed in France by an engineer, Deval, and is similar to the resistance to
fragmentation Los Angeles test. The test according to CEN EN 1097-1 (2011) uses 14/10 mm
single-sized aggregates (passing through a 14 mm sieve and retained on a 10 mm sieve).
This is similar to the Los Angeles test. The key differences with the Los Angeles test are the
following: (a) the amount of aggregates used is smaller (500 + 2 g); (b) the drum is smaller
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Figure 2.7 Aggregate abrasion machine. (Courtesy of Cooper Research Technology Ltd.)

Table 2.1 Maximum AAV by British specifications

Traffic (cv/lanelday) at design life <250  251/-1000 1001-1750 1751-2500 2501-3250 >3250

Max.AAV for chippings for hot 14 12 12 10 10 10
rolled asphalt and surface
dressing, and for aggregate in
slurry and microsurfacing
systems
Max.AAV for aggregate in thin 16 16 14 14 12 12
surface course systems,
exposed aggregate concrete
surfacing and coated
macadam surface course

Source: Highways Agency, Design Manual for Road and Bridges (DMRB), Volume 7: Pavement design and maintenance, Section 5,
Part I, HD 36/06. London: Department for Transport, Highways Agency, 2006 (© Highways Agency).

Note: For roads carrying less than 1750 cv/lane/day, aggregates of higher AAV may be used where experience has shown
that satisfactory performance is achieved by an aggregate from a particular source.

with 200 + 1 mm internal diameter and 154 + 1 mm length; (c) the rotation time is longer,
2 h (12,000 revolutions); (d) the rotation speed is higher (100 revolutions per minute); (e) the
diameter of the steel spheres added is smaller (10 + 0.5 mm); and (f) 2.5 + 0.05 [ of water is
added to the drum. During the micro-Deval test, the aggregates are subject to higher distress
than that in the Los Angeles test.
After completion of the test, the aggregates are dried and sieved through the 1.6 mm sieve.
The micro-Deval coefficient is calculated as

Mpy = (500 — m)/S,

where My is the micro-Deval coefficient and 72 is the mass of aggregate retained on the
1.6 mm sieve (g).
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The reported coefficient M, of the aggregates tested (the value is rounded to the nearest
whole number) is the mean value of two samples tested. The test may also be conducted
without the addition of water. The reported value is designated Mps. A detailed description
of the test procedure is given in CEN EN 1097-1 (2011).

The micro-Deval test is not as popular as the Los Angeles test. It is optional for some
countries, whereas it is obligatory for a few such as France. The relationship between micro-
Deval and Los Angeles coefficients following the French standard (XP P 18-545 2003) is
normally -5 units of the LA value obtained. In certain cases, according to the French stan-
dard, the micro-Deval test is supplementary to the Los Angeles test. The maximum permis-
sible M and LA values for roadwork aggregates according to the French practice are given
in XP P 18-545 (2003).

The micro-Deval test is also described by the American standard ASTM D 6928 (2010).
The main differences from the European standard are as follows: (a) the aggregate fractions
tested 19/9.5, 12.5/4.75 and 9.6/4.75 mm and (b) the proportion of sample tested, which is
1500 g in all cases.

2.12.1.6 Resistance to wear by abrasion from studded tyres — Nordic test

The test to determine resistance to wear of aggregate by abrasion from studded tyres test
was developed in Finland, Norway and Sweden. In these countries, studded tyres are per-
mitted and used during the winter period.

The test simulates the polishing/abrasion effect of these specific tyres on the surfacing
coarse aggregates. The abrasion machine is known as the Nordic abrasion machine (see
Figure 2.8).

The test is conducted normally on 11.2/16 mm or, alternatively, on 8/12 mm size aggre-
gates, using an apparatus similar to the micro-Deval test. The only difference is three ribs
are mounted on the interior of the drum to give extra abrasion. The test is performed in the
presence of water.

Figure 2.8 Nordic abrasion machine. (Courtesy of Cooper Research Technology Ltd.)
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After rotating the aggregates and steel spheres for the specified period, the aggregates are
dried and then sieved to determine the mass retained on a 14 mm test sieve. The 14 mm sieve
is nested with a 2.0 mm sieve protected by an 8.0 mm guard sieve. Their sum is deducted
from the initial mass of the aggregates and expressed as a percentage of the initial mass of
the aggregate. The value obtained is designated as the Nordic abrasion value.

More information about the test procedure is given in CEN EN 1097-9 (2008).

2.12.2 Particle density and water absorption tests — general

Determining the density or the specific gravity of aggregates is important as the value is used
in calculations such as composition of aggregate in bituminous mixtures, determination of
voids in a bituminous mixture and calculations of weight/volume.

The ratio of the mass of aggregate to the volume the aggregate occupies in water is desig-
nated as density and its units of measurement are g/cm?, Mg/m?3 or kg/m3. The mass of the
volume of aggregates to the mass of an equal volume of water, normally at 25°C, or alterna-
tively 23°C or 20°C, is designated as specific gravity. The value determined is dimensionless.

In either case, what is taken as volume of the aggregate affects the result.

In an ideal situation in which the aggregates do not have any internally enclosed or sur-
face micro- or macropores, the measured volume (V) coincides with the absolute volume of
aggregate. In this case, the absolute density (p) or the absolute specific gravity of aggregates
(G) is determined.

However, in almost all cases, there are some impervious micropores enclosed in the mass
of the aggregate (see Figure 2.9). As a result, the measured volume is not the real, but the
apparent one. Thus, the density or the specific gravity derived is the apparent density (p,) or
the apparent specific gravity (G,) of the aggregate.

Aggregates also have surface pores or cavities (see Figure 2.8). Hence, the actual volume
determined is relative; that is, the aggregate volume is greater than the apparent volume.

In this case, the density or the specific gravity reported is designated as relevant density
(p,q) or bulk specific gravity (G) of the aggregate. These terms are simply referred to as den-
sity or specific gravity of aggregate.

Impervious pores Surface Pervious
hollows pores 16
Impervious v
pores imp
Pervious
V,
ores v "

1
Mass of &

" aggregate Vam

agg | without pores

(@) (b)

Figure 2.9 Schematically explanation of pores and respective volumes in the aggregate mass (M, mass; V,
volume). (a) Aggregate particle. (b) Schematic presentation.
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The European standard describing the procedure for the determination of aggregate par-
ticle density as well as the determination of water absorption is CEN EN 1097-6 (2005).
The corresponding American standards are ASTM C 127 (2012) (AASHTO T 85 2013) and
ASTM C 128 (2012) (AASHTO T 84 2013).

Both standards use wire baskets or pyknometers for the determination of the volume of
the aggregate depending on its size.

According to CEN EN 1097-6 (2005), the density determination of aggregates passing
through the 63 mm sieve and retained on the 31.5 mm sieve or retained on the 63 mm sieve
in general is carried out with the use of wire baskets.

The testing of aggregates passing through the 31.5 mm sieve and retained on the 0.063 mm
sieve is carried out with the use of pyknometers.

It should be noted that the density determination of aggregate particles from 4 to 31.5 mm
may also be carried out with the use of wire baskets. However, in case of dispute, the pyk-
nometer constitutes the reference method.

2.12.2.1 Determination of density of aggregate particles
between 31.5 and 63 mm by wire-basket method

The basic equipment for the determination of density of this coarse aggregate are as follows:
a watertight tank, a balance (weighing capacity of 0.1 g) and a wire basket of suitable size
that is suspended from the balance.

After sampling the aggregate in accordance with CEN EN 932-1 (1996) and reducing the
amount in accordance with CEN EN 932-2 (1999), a representative portion of dry coarse
aggregate is placed in the wire basket, which is then immersed in a water tank for 24 +
0.5 h, at 22°C + 3°C. The minimum mass per test portion required is given in Table 2.12.

After 24 h, the basket containing the aggregate is weighed (M,) in water at 22°C + 3°C.
The water temperature is recorded when the mass is determined.

The aggregate is then carefully removed from the wire basket and the empty basket is
weighed in water (M;).

The aggregate is placed on absorbent paper or cloth and dried until any surplus water is
removed from its surface. The aggregate is then weighed (M,).

Finally, the aggregate is placed in an oven at 110°C + 5°C until it reaches constant mass (M,).

The apparent density (p,), oven dry density (p,4) and saturated surface dry density (p,y), in
Mg/m?3, are calculated as follows:

Pa = pw x My/[My - (M, — M;)]
Prd = Py X My/[M; = (M, = M;)]

Pssd = Pw X Ml/[Ml - (MZ - M3)]

Table 2.12 Minimum mass of mest portion (wire-basket method) by
CEN EN 1097-6 (2005)

Maximum size of aggregates (mm) Minimum mass of test portions (kg)
63.0 15
<45 7

Source: Reproduced from CEN EN 1097-6, Tests for mechanical and physical prop-
erties of aggregates — Part 6: Determination of particle density and water absorption,
Brussels: CEN, 2005.With permission (© CEN).
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The water absorption (WA,,) after 24 h immersion in water is calculated as
WA,, = 100 x (M, — M,)/M,,

where WA,, is water absorption (% by mass of dry sample), p, is the density of water at
the temperature recorded when the mass M, was determined (Mg/m?3), M, is the mass of
saturated surface dry aggregates in air (g), M, is the apparent mass in water of the basket
containing the sample of saturated aggregate (g), M, is the apparent mass in water of the
empty basket (g) and M, is the mass of the oven-dried test portion in air (g).

The calculated density values are rounded to the nearest 0.01 Mg/m? and the value of
water absorption is rounded to the nearest 0.1%.

More information about the test can be found in CEN EN 1097-6 (2005).

2.12.2.2 Determination of density of aggregate particles
between 4 and 31.5 mm - pyknometer method

Apart from the basic equipment as before, pyknometers of appropriate capacity (1000 to
5000 ml) are required for the determination of the density of aggregate particles from 4 to
31.5 mm.

A representative portion of dry aggregate is placed in a pyknometer, which is then filled
with water. The minimum mass per test portion required is given in Table 2.13. The pyk-
nometer is gently rolled and jolted in a tipped position to remove any entrapped air. The
entrapped air can also be removed by applying a vacuum. The pyknometer is then placed in
a water bath set at 22°C + 3°C for 24 + 0.5 h.

After 24 h, the pyknometer containing the aggregate is overfilled with water, and after
placing its cover, it is dried on the outside and weighed (M,). At this point, the water tem-
perature is also measured.

The aggregates are then removed and the pyknometer is refilled with water, dried on
the outside and weighed with its cover (M;). The temperature of water is again recorded.
The two temperatures during determining mass M, and M; shall not differ by more than
2°C.

The wet aggregates are placed in absorption paper or cloth and gently surface-dried until
no free-water content exists on their surfaces. The saturated surface dry aggregates are
transferred to a tray and weighed (M,). The aggregates are then dried in an oven set at
110°C + 5°C, until a stable mass is reached (M,).

Table 2.13 Minimum mass of test portions (pyknometer method) by
CEN EN 1097-6 (2005)

Maximum size of aggregates® (mm) Minimum mass of test portions® (kg)
315 5
16 2
8 |
Source: Reproduced from CEN EN 1097-6, Tests for mechanical and physical prop-

erties of aggregates — Part 6: Determination of particle density and water absorption,
Brussels: CEN, 2005.With permission (© CEN).

2 For other sizes, the minimum mass of test portion may be interpolated from the
masses given in Table 2.12.
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The apparent density (p,), oven dry density (p,4) and the saturated surface dry density (p,,)
in Mg/m?3 is calculated as

Pa = Pw X M4/[M4 - (MZ - M3)]
pra = M/IM; = (M, — M3)]
Pssd = MI/[MI - (MZ - M3)]

The water absorption (WA,,), as a percentage of dry mass of sample, after being immersed
in water for 24 h is calculated by the following formula:

WA,, = 100 x (M, — M,)/M,,

where M, is the mass of saturated surface dry aggregates in air (g), M, is the mass of the
pyknometer containing the sample of saturated aggregate and water (g), M, is the mass of
the pyknometer filled with water only (g), M, is the mass of the oven-dried test portion in
air (g) and p,, is the density of water at the test temperature (Mg/m?3).

The calculated density values are rounded to the nearest 0.01 Mg/m? and the water
absorption value is rounded to the nearest 0.1%.

More information about the test procedure is given in CEN EN 1097-6 (2005).

Knowing the percentage of water absorption is important when the aggregates are to be
used in unbound layers and in bituminous mixtures. The mass of aggregates is increased
when they absorb water. They require higher water content for optimum compaction and
a higher asphalt percentage for optimum behaviour in comparison with aggregates having
low or almost zero water absorption. When water absorption is greater than 2%, the aggre-
gates may be susceptible to freezing.

The water absorption of aggregates used in unbound layers may range from 0.1% to
4.0%. Limestones, sand-gravels and some igneous rocks have a low percentage, usually
0.1% to 0.8%. In contrast, slags or some igneous rocks of volcanic origin may have values of
2.0% to 4.0%. Other types of rock such as basalt and sandstone can have water absorption
ranging from 0.5% to 2%.

The maximum permissible water absorption value is normally 1.75% or 2%. Aggregates
with a higher absorption percentage can be also permitted, under certain circumstances,
provided that the rest of the required physical and chemical properties are satisfied.

2.12.2.3 Determination of density of aggregate particles
between 0.063 and 4 mm - pyknometer method

The determination of aggregate particle density between 0.063 and 4 mm using the pyk-
nometer method is similar to the method for aggregate particles between 4 and 31.5 mm.
The key difference is the amount of aggregate tested, which should not be less than 1 kg.

Before starting the test, the aggregate is sieved so that all the particles pass through the
4 mm sieve and are retained on the 0.063 mm sieve.

Following the procedure described in Section 2.12.2.2 and using the same equations, the
density of aggregate particles between 4 and 0.063 mm is determined.

More information about the test is given in CEN EN 1097-6 (2005).
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2.12.2.4 Determination of predried particle density
of aggregates (normative methods)

The method for determining the density of predried aggregate in an oven at 110°C + 5°C is
described in CEN EN 1097-6 (2005), Annex A.

The density of very coarse aggregate between 31.5 and 63 mm is determined using the
wire-basket method. For aggregates between 0.063 and 31.5 mm, the pyknometer method
is used.

The volume of aggregate is determined either by immersing it for at most 10 min in water
or by immersing it in a pyknometer of known volume.

The required test portions for very coarse aggregates are given in Table 2.11. For aggre-
gates with particles smaller than 31.5 mm, the test portions are smaller than those given in
Table 2.15; for details, see CEN EN 1097-6 (2005)/Annex A.

The density of predried aggregates (p,) using the wire-basket method is calculated as

Pp = Pw X M,/[M, - (M, - M3)],

where p,, is the density of water at the test temperature (Mg/m?3), M, is the mass of the oven-
dried test specimen (g), M, is the mass in water of the basket containing the test sample
under water (g) and M; is the mass in water of the empty basket (g).

Using the pyknometer method, the density of predried aggregates (p,) is calculated as

pp = Pw X (Ml - Ml)/[V_ (MS - MZ)])

where p,, is the density of water at the test temperature (Mg/m?); M, is the mass of the pyk-
nometer and funnel (g); M, is the mass of the pyknometer, funnel and test specimen; M is
the mass of the pyknometer, funnel, test specimen and water (g) and V is the volume of the
pyknometer (ml).

More information about the tests is given in CEN EN 1097-6 (2005). Method density
determination of lightweight aggregates is also described in this standard.

The determination of predried density is not usual. It is only used when aggregates do
not have a high water absorption value, they are dry and a quick determination of density
is required.

2.12.2.5 Particle density of filler - pyknometer method

The determination of filler particle density is carried out using the pyknometer method. The
pyknometers used are smaller than those used for determining the density of aggregates.
The capacity of the pyknometer used is usually 50 ml.

According to CEN EN 1097-7 (2008), a small amount of dry filler, namely, 10 + 1 g,
is placed in the 50 ml pyknometer along with a suitable liquid. The suitability of liquid is
determined by its ability to detach fine grains. Liquids such as water, denatured ethanol,
redistilled kerosene or toluene have been found to be suitable for many types of fillers.
Significant attention during the test should be paid to the determination of the volume of the
pyknometer with liquid, as well as to the absence of enclosed air in the mass of filler located
inside the pyknometer.

The particle density of filler (p;) is calculated (Mg/m?) as follows:

pe = (my = mo)/[V = (my —my)/py,
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where 1, is the mass of the empty pyknometer with stopper (g), 72, is the mass of the pyk-
nometer with the filler test portion (g), 71, is the mass of the pyknometer with the filler test
portion, topped up with liquid (g), V is the volume of the pyknometer (ml) and p, is the den-
sity of the liquid at 25°C (Mg/m?3).

The masses are determined with an accuracy of 0.001 g. The final result is the mean of
three test values and is expressed in 0.01 Mg/m?.

More information about calculating the volume of pyknometer and performing the test is
given in CEN EN 1097-7 (2008).

The equivalent American standard test method is carried out according to AASHTO T
100 (2010) (ASTM D 854 2010). The density of particles smaller than 4.75 mm is deter-
mined using volumetric flasks of >100 ml. More information about the test is given in the
relevant standards.

2.12.2.6 Determination of density of aggregate mix

When the determination of aggregate density is carried out separately, that is, for each aggre-
gate fraction, the density of the aggregate mixture is calculated from the general formula:

Px = 100/[(p1/px1) + (Pz/sz) + ...+ (pn/pxn)])

where p, is the density of aggregate mixture of any expression p,, .4, Psd (Mg/M3); D1, D2se- D,
is the percentage of aggregate fraction in the mixture (%); Pyis Pr2s---Pxy 1S the respective den-
sity of aggregate fraction (Mg/m?) and # is the number of aggregate fractions in the mixture.

2.12.2.7 Determination of loose bulk density and voids

Loose bulk density is the mass of dry aggregates that fills a container of a particular volume
without any compaction divided by the volume of the container.

The test is conducted according to CEN EN 1097-3 (1998) and applies to natural, crushed
and artificial aggregates.

The container of a particular capacity (see Table 2.14) is filled with dry aggregate. The
amount of sample should be between 120% and 150% more than the amount required in
order for the vessel to be filled without any compaction or vibration to occur.

The loose bulk density (p,) is calculated by the following formula:

Py = (5 = my)/'V,

where 71, is the mass of the empty container (kg), 72, is the mass of the container and test
specimen (kg) and V is the volume of the container ().

Table 2.14 Minimum capacity of container depending on
the aggregate size by CEN EN 1097-3 (1998)

Upper size of aggregate, D (mm) capacity (I)
Up to 4 I
Upto 16 5
Up to 31.5 10
Up to 63 20

Source: Reproduced from CEN EN 1097-3, Tests for mechanical and
physical properties of aggregates — Part 3: Determination of loose bulk
density and voids, Brussels: CEN, 1998.With permission (© CEN).
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The representative loose bulk density is the mean of three test values and is expressed in
0.01 Mg/m?.
The voids () in loose aggregates are calculated from the following formula:

u = [(p, = py)/p,] x 100,

where u is the percentage of voids, py, is the loose bulk density (Mg/m?) and p, is the oven-
dried or predried particle density (Mg/m?).
More information about the test is given in CEN EN 1097-3 (1998).

2.12.3 Thermal and weathering tests
2.12.3.1 Magnesium sulfate test

This test determines the resistance to weathering or disintegration of aggregate when sub-
jected to the cyclic action of immersion in magnesium sulfate, followed by oven drying.
It simulates the long-term resistance to weathering due to volume changes caused by the
impact of alternating seasonal temperatures. If the aggregate is not resistant to ambient tem-
perature change, its disintegration may cause loss of bearing capacity of the layer, cracks,
potholes and pavement surface disintegration.

The simulation of volume change is carried out with the crystallisation and hydration of
magnesium sulfate (Mg,SO,) within the pores of the aggregates during the drying stage of
saturated aggregates. A mass of 500 g of aggregate particles between 10 and 14 mm, accord-
ing to CEN EN 1367-2 (2009), is immersed for 17 + 0.5 h in a magnesium sulfate solution.
The aggregate is left to drain for a period of 2 + 0.25 h and then dried at 110°C + 5°C for
24 + 1 h. This process is repeated five times.

The aggregates are then washed with tap water to remove any magnesium sulfate. The
aggregates are then dried at 110°C + 5°C and sieved manually using the 10 mm sieve. The
loss of weight attributed to wear is recorded and expressed as a percentage of the original
sample mass. The mean value of two tests, rounded to the nearest integer, is reported as the
magnesium sulfate (MS) value.

More information about the test performance is given in CEN EN 1367-2 (2009).

The maximum permissible MS value normally allowed is 18% or 25% (MS,4 or MS;;).

The American standard test is conducted in accordance with ASTM C 88 (2013)
(AASHTO T 104 2011).

According to this standard, fine aggregates (<4.75 mm), coarse aggregates (4.75 to 63 mm)
or even a mixture of fine and coarse aggregates can be tested. As a consequence, the result
obtained differs depending on the size of the aggregate even for the same rock. More infor-
mation can be found in ASTM C 88 (2013) or AASHTO T 104 (2011).

2.12.3.2 Determination of resistance to freezing and thawing

The resistance to freezing and thawing test provides information about the behaviour of
an aggregate subjected to the cyclic action of freezing and thawing. The test is usually con-
ducted in countries having subzero temperatures.

The test according to CEN EN 1367-1 (2007) is conducted on aggregate particles from
4 to 63 mm.

A predefined mass of dry aggregate is first immersed in a water bath at 20°C + 5°C for
24 h and is then subjected to gradual freezing to —20°C for a predefined period. The sample
is then thawed at 20°C + 3°C. This freezing and thawing procedure is repeated 10 times.
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The sample is then sieved through a sieve smaller than that used to determine the test
sample (half the lower size sieve used). The loss of weight due to freezing and thawing is
recorded and expressed as a percentage of the initial mass of the test sample. The representa-
tive freezing and thawing value is the mean of three test values.

More information about the test is given in CEN EN 1367-1 (2007).

2.12.3.3 Determination of resistance to thermal shock

This test determines the resistance of aggregate to thermal shock attributed to heating and
drying during the production of hot bituminous mixtures. This test is used to condition
aggregates for testing using the Los Angeles or impact test methods.

According to CEN EN 1367-5 (2011), test samples of aggregate particles 14 mm/10 mm
and about 1000 g in mass are immersed in a water bath at room temperature for 2 + 0.5 h.
They are then placed onto a pan and then in an oven after they have been surface dried with
the aid of absorbent paper or cloth.

The sample of aggregate is left in the oven at 700°C + 50°C for 180 + 5 s.

After removing the aggregates from the oven, they are allowed to cool at room temperature.

The procedure is repeated in 1000 g increments until a sufficient amount of aggregate for
the fragmentation test according to CEN EN 1097-2 (2010) is obtained.

Once a sufficient amount is obtained, the whole mass of aggregate is sieved through a
5 mm sieve. The mass passing through the sieve is recorded (M,).

The percentage of undersized aggregates passing through the 5 mm sieve due to exposure
to thermal shock is determined using the following equation:

I = (M, - M,)/M, x 100,

where I is the percentage of undersized aggregate due to thermal shock, M, is the initial
mass of the test portion (g) and M, is the mass of the undersized aggregate passing through
the 5 mm sieve (g).

Then, the Los Angeles fragmentation test or the impact test is carried out on two test
samples in accordance to CEN EN 1097-2 (2010). The first test uses aggregates that under-
went thermal shock and the second one uses aggregates that did not undergo thermal shock.

The thermal shock resistance value (V4 or Vi), depending on which test is conducted
(Los Angeles test or impact test), is determined by the following formula:

Vi lor V) =LA, (or SZ,) — LA, (or SZ,),

where LA, is the Los Angeles coefficient according to CEN EN 1097-2 (2010), paragraph
5.3; LA, is the Los Angeles coefficient for aggregates that underwent thermal shock, accord-
ing to CEN EN 1097-2 (2010), paragraph 5.3; SZ, is the impact value according to CEN EN
1097-2 (2010), paragraph 6.3; and SZ, is the impact value for aggregates that underwent
thermal shock according to CEN EN 1097-2 (2010), paragraph 6.3.

The percentage of undersized aggregates is expressed to 0.1% and the loss of resistance is
rounded to the nearest whole number.

More information about the test is given in EN 1376-5.

2.12.3.4 Boiling test for ‘Sonnenbrand’ signs on basalts

The test is conducted for the determination of Sonnenbrand and is used to test basalt
aggregate.
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The test is conducted according to CEN EN 1367-3 (2004) and applies to pieces of rock
and graded coarse aggregate.

The Sonnenbrand effect starts with the appearance of grey/white star-shaped spots.
Hairline cracks are then usually generated. They reduce the strength of the minerals and the
rock decays into smaller particles.

The required amount of basalt particles is placed in a steel can containing water, which
is boiled for 36 + 1 h. Sonnenbrand signs, as well as the development of cracks and possible
cracking of aggregate particles, are visually determined. The mass loss after boiling, as well
as the loss of resistance to strength after boiling, is determined.

The loss of mass (M,) is determined as a percentage by weight of the initial sample after
sieving through a sieve having an aperture of half the lower nominal size.

The loss of strength (S; ) attributed to boiling is determined on aggregates that have and
have not undergone the boiling test. More details and information about the test are given
in CEN EN 1367-3 (2004).

2.12.4 Water content test

The water content or moisture test for aggregates is determined by drying them in a ventila-
tion oven at 110°C + 5°C.

According to CEN EN 1097-5 (2008), the required amount of aggregate is placed in a
suitable tray, weighed with the tray and then placed in an oven set at 110°C + 5°C.

The amount of test sample depends on the maximum aggregate particle (D). If D >
1.0 mm, the minimum sample proportion in kilograms is 0.2D. If D < 1.0 mm, the mini-
mum proportion is 0.2 kg.

The mass of aggregate (M) is determined by subtracting the tray mass (M,). The aggregates
are left in the oven until constant mass (M) is achieved (the plate mass [M,] is subtracted).
Constant mass is achieved when the difference between successive weighings, after drying for
at least 1 h and cooling at room temperature, is 0.1% or less of the previous dry mass.

The water content in the aggregate (w) is expressed as a percentage of the dry sample
mass. This percentage is determined using the following formula:

w = [(M; - M;)/M;] x 100 (%),

where M, is the mass of the test portion (g) and M; is the constant mass of the dried test
portion (g).

The result is expressed in 0.1%.

More details and information for the test are given in CEN EN 1097-5 (2008).

2.12.5 Voids of dry compacted filler (Rigden test)

This test is conducted on both natural and artificial fillers to determine their ability to retain
bitumen. It is related to the space availability within the compacted filler.

The voids of the dry compacted filler are determined using the Rigden apparatus.

According to CEN EN 1097-4 (2008), 10 + 1 g of filler is placed in the Rigden apparatus
and compacted by applying 100 blows of a dropping load weighing 875 + 25 g. After com-
paction, the height of the compacted filler inside the cylinder is determined.

Using the particle density of filler, the air void content of the compacted filler (v) is calcu-
lated from the following formula:

v=[1-(4x10%xm,)/n x & x p; x b)] x 100,



Aggregates 85

where v represents voids (%), 71, is the mass of compacted filler (g), « is the inner cylinder
diameter (kg), p; is the filler particle density (kg/m3) and 4 is the height of the compacted
filler (mm).

The void percentage of the filler is the mean value of three tests, rounded to the nearest
1%.

More information about the test is given in CEN EN 1097-4 (2008).

2.12.6 Delta ring and ball test of filler for bituminous mixtures

This test determines the stiffening effect of filler when mixed with bitumen. More informa-
tion about the test is given in CEN EN 13179-1 (2000).

The test is normally performed on fillers that will be used in mastic asphalt applica-
tions. However, useful information may be provided for other asphalt performance criteria
(Vansteenkiste and Vanelstraete 2008).

2.13 CHEMICAL PROPERTIES TESTS

2.13.1 Petrographic description of aggregates

The petrographic composition of both natural and artificial aggregates, if required, is deter-
mined according to CEN EN 932-3 (2003).

This standard specifies basic procedures for the petrographic examination of aggregates
for purposes of general classification.

2.13.2 Determination of lightweight contamination

This test is a method for estimating the mass percentage of lightweight particles in fine
aggregates (or in coarse aggregates), such as lignite and coal. These substances are critical in
concrete and mortars as they may cause pop-outs or staining.

More details can be found in CEN EN 1744-1 (2009), paragraph 14.2.

2.13.3 Determination of acid-soluble sulfates

The determination of sulfate ions is applied to both natural aggregates and air-cooled blast-
furnace slags according to CEN EN 1744-1 (2009), paragraph 12.

Sulfates are extracted from a representative mass of aggregates (about 2 g, passing through
the 0.125 mm sieve) by dilute hydrochloric acid and determined gravitationally (from sub-
sidence of sediment). Sulfate ion content is expressed as a percentage by mass of aggregate.
More information can be found in CEN EN 1744-1 (2009).

2.13.4 Determination of total sulfur content

The determination of total sulfur content is applied to both natural aggregates and air-cooled
blast-furnace slags and is carried out according to CEN EN 1744-1 (2009), paragraph 11.

A representative test portion of aggregates (about 1 g, passing through the 0.125 mm
sieve) is treated with bromine and nitric acid to convert any sulfur compounds into sulfates.
Sulfates in the form of BaSO, sink and then weighed. The total sulfur content is expressed
as a percentage by mass of aggregate.

More information about the test is given in CEN EN 1744-1 (2009).
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2.13.5 Unsoundness tests for blast-furnace and steel slags
2.13.5.1 Dicalcium silicate disintegration of air-cooled blast-furnace slag

This test is used on crushed air-cooled blast-furnace slags to determine their susceptibility
to disintegration resulting from the inversion of dicalcium silicate from the ‘b’ form to the
‘g’ form. This is sometimes called ‘lime disintegration’.

According to CEN EN 1744-1 (2009), paragraph 19, the surface of crushed slag is fluo-
resced under the influence of ultraviolet light in the field of visible spectrum. The aspect and
colour of fluorescence enable the detection of slags that are suspect to silicate disintegration.

At the end of the test, observations made on the appearance of freshly broken surfaces are
recorded. Slags that exhibit numerous or clustered large and small bright spots of a yellow,
bronze or cinnamon colour on a violet background are recorded as suspect to disintegration.

Slags with a uniform shine in various shades of violet and those exhibiting a limited num-
ber of bright spots uniformly distributed are deemed sound.

More details and information about the test are given in CEN EN 1744-1 (2009).

2.13.5.2 Iron disintegration of air-cooled blast-furnace slag

This test is used on crushed air-cooled blast-furnace slags for determining their sensitivity to
disintegration as a consequence of iron and manganese sulfide hydrolysis.

According to CEN EN 1744-1 (2009), paragraph 19.2, the disintegration of iron occurs
by ageing in a humid atmosphere, in rain or more rapidly in water. It is observed by exami-
nation of slag particles that have been immersed in water.

Thirty slag particles of size 40 to 150 mm are immersed in water at 20°C + 2°C for 2
days. If one or two particles crack or disintegrate, the test is repeated for another 30 par-
ticles. If a particle cracked or disintegrated again, the slag does not pass the test.

More details and information about the test are given in CEN EN 1744-1 (2009).

2.13.5.3 Volume stability (expansion) of steel slags

This test is used for steel slags to determine their susceptibility to expansion as a conse-
quence of the hydration of free lime or free magnesium oxide.

According to CEN EN 1744-1 (2009), paragraph 19.3, a compacted slag specimen is
subjected to a flow of steam at 100°C in a steam unit at ambient pressure for 24 or 168 h (7
days) depending on slag type.

Any change in volume, owing to the reaction of moisture with free lime or magnesium
oxide, is recorded with the aid of a dial gauge. The result is expressed as a percentage
increase of the volume in relation to the initial volume of the compacted sample.

More details and information are given in CEN EN 1744-1 (2009).

2.13.6 Water solubility of filler and aggregates

According to CEN EN 1744-1 (2009), paragraph 16, an appropriate aggregate test portion
is extracted with an amount of water twice the mass of aggregates. The test portion is as
follows: coarse aggregate, 2 + 0.3 kg; fine aggregate, 500 + 75 g; and filler, 10 + 0.2 g. After
24 h extraction, the aggregate is dried and weighed.

The water solubility (WS) is calculated from the following formula:

WS = [(myy = my,)/my ] x 100 (%),
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where 71,; is the mass of aggregates before extraction (g) and m1,, is the mass of aggregates

after extraction (g).
More details and information about the test are given in CEN EN 1744-1 (2009).

2.13.7 Water susceptibility of fillers for bituminous mixtures

The water susceptibility of fillers for bituminous mixtures is determined by separation of the
filler from the bitumen—filler mixture. The test is conducted according to CEN EN 1744-4
(2005).

The bitumen and filler mixture, which contains 50 + 0.5 g of low-viscosity bitumen solu-
tion (50/70 bitumen and kerosene) and 10 + 0.1 g of filler passing through the 0.125 mm
sieve, is stirred with hot water at 60°C + 1°C for 300 + 5 s and left to rest for 300 + 5's. The
water is then emptied into a conical flask and stirred again for a further 300 + 5 s.

The mixture at the end of 300 s is visually examined to determine any uncoated filler
(separation is indicated by the turbidity of the water). If not, the filler is considered nonsus-
ceptible to water. Otherwise, the water is collected and filtered to recover the filler.

The susceptibility of filler to water (W) is calculated from the following formula:

W, = [(my —my)/m,] x 100 (%),
where 71, is the mass of filler test portion (g), 771, is the mass of the filter paper (g) and m, is
the mass of filter paper with filler retained (g).

The result is rounded to the nearest 1% by mass.

More details and information about the test are given in CEN EN 1744-4 (2005).

An alternative method for determining the susceptibility of filler is based on volume
increase and Marshall stability loss. This gives a measure of the influence of fillers on the
durability of asphalt in the presence of water.

An aggregate mixture 0/8 mm with a predetermined mass of aggregate fractions 5/8,
2/5,0.125/2 and 0/0.125 mm (test filler) is mixed with 160/220 bitumen. The compacted
Marshall specimens are placed in a water bath at 40°C + 1°C and allowed to soak for 48 h.

The percentage of volume increase (Q) and the percentage of stability loss (S,,,) are deter-
mined by comparing the two properties derived from samples tested dry and after being

immersed in water.
More details about the test are given in CEN EN 1744-4 (2005), Annex A.

2.13.8 Water-soluble constituents in filler

The determination of water-soluble constituents in filler for paving mixtures is conducted in
accordance with CEN EN 1744-3 (2002).

2.13.9 Calcium carbonate content of limestone filler aggregate

Determination of the calcium carbonate content of limestone filler aggregate for bituminous
mixtures is conducted in accordance with CEN EN 196-2 (2013).

2.13.10 Calcium hydroxide content of mixed filler

Determination of the calcium hydroxide content of mixed filler for bituminous mixtures is
conducted in accordance with CEN EN 459-2 (2011).
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2.14 BLENDING TWO OR MORE AGGREGATES

Aggregates that are used in unbound, hydraulically bound and bituminous layers almost
always consist of an admixture of two or more aggregate fractions or fine aggregate, medium
and coarse aggregate and perhaps extra filler. These materials are proportioned in the mix-
ture in such a way that the final gradation is within the specification limits. The procedure
to determine the optimum proportions is known as aggregate composition.

The aggregate composition can be carried out by trial-and-error, mathematical (linear
equation or least squares) or graphical methods.

2.14.1 Trial-and-error method

The trial-and-error method is used only by experienced engineers. This method is based on
estimation of the approximate optimum proportions and verification of the estimation. In
the case that the original estimation does not give a gradation within the limits specified, the
process is repeated with different values.

2.14.2 Mathematical methods
2.14.2.1 Linear equation method

The linear equation method is the most common method used to blend two or more aggre-
gates. It is based on linear equations of the form

ax Py +bxPy+cxPq+dxPp +...=Py,

where a, b, ¢, d ... are percentage proportions of individual aggregates A, B, C, D and so on,
used in the composition; Py;, Py, Pc;, Pp;, ... are the percentage of material passing through
a given sieve (i) for the individual aggregate A, B, C, D and so on; and Py is the percentage
of combined aggregates passing through a given sieve (initially, this percentage is equal to
the mid value determined from the range of limiting values given in the specification).

The linear equation system may be constructed to have as many equations as the number
of sieves used.

Additionally, the system includes the basic equation

a+b+c+d+..=1 (or100).

Determination of the percentages a, b, ¢, d and so on, is carried out by solving the system
of linear equations. The disadvantage of this method is that more than one solution or com-
bination can be found. To find the optimum or desired solution, successive approximations
are needed, having determined an acceptable solution.

The method is best explained with the following example.

Example

Blend an aggregate mixture consisting of three aggregates A, B and C, such that the gra-
dation of the final mix is within the specified limits. The percentage passing the particu-
lar size for each aggregate as well as the specified limits is shown in Table 2.15.

Solution

Let a, b and ¢ be the percentages of aggregates A, B and C from which the final mixture
will be derived and be within the specification limits.
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Table 2.15 Results from sieve analysis and specification limits for aggregate
composition

Aggregate Specification Limits’ mid
. . A B C limits value
Sieve size
(mm) Percentage passing (cumulative), by weight
19.0 100 100 100 100 100
12.5 90.0 100 100 90-100 95
4.75 40.0 100 100 60-75 67.5
236 6.5 98.1 100 40-55 47.5
0.600 3.0 20.7 93.2 20-35 27.5
0.300 1.2 12.2 58.7 12-22 17.0
0.075 0.5 33 27.4 5-10 7.5
Itis known thata+ b +c=1 (2.1)

Using successively the general equation (Equation 2.1), the following equations can be
derived:

For the 12.5 mm sieve: 90 xa + 100 x b + 100 x ¢ = 95 (2.2)
For the 4.75 mm sieve: 40 xa + 100 x b + 100 x c = 67.5 (2.3)
For the 2.36 mm sieve: 6.5 xa +98.1 x b + 100 x ¢ = 47.5 (2.4)
For the 0.60 mm sieve: 3.0 xa +20.7 xb + 93.2 xc=27.5 (2.5)
For the 0.30 mm sieve: 1.2xa+12.2xb + 58.7 xc=17.0 (2.6)
For the 0.075 mm sieve: 0.5 xa+3.3xb+274xc=7.5 (2.7)

The solution to the above system of equations can be done in various ways. One is to
subtract Equation 2.3 from Equation 2.2, which gives

50 x a =27.5; hence, a = 0.55.
Then replacing the value of a found into Equation 2.1, the equation becomes
b+c=1-0.550rb=045-c.
By replacing the values a and b into Equation 2.4, the equation becomes
6.5 x0.55 +98.1 x (0.45 — ¢) + 100 x ¢ = 47.5; hence, c = -0.12.
The resulting negative value means that the curve of the combined mix does not pass

through the midpoint determined from the limiting values specified for the 2.36 mm

sieve. However, by changing slightly the value 47.5 say to 48, a positive value can be
obtained. This is

6.5 x0.55 +98.1 x (0.45 — ¢) + 100 x ¢ = 48; hence, c = 0.15.
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Using the basic equation (Equation 2.1), the value of b can be determined:

0.55 +b +0.15 = 1; hence, b = 0.30.

Hence, the aggregate mixture could consist of 55% of aggregate A, 30% of aggregate
B and 15% of aggregate C. This result is not necessarily the optimum or the desired one.
To decide whether this proportion is the one that will be used, it is advised to determine
the gradation of the mix and plot it against limiting values.

This is done by constructing Table 2.16 and plotting the result as in Figure 2.10.

The gradation of the final mix (curve X) deviates from the curve determined from the
mid values of the limits specified (specification curve). If this mid curve was the desirable
one, adjustment of the result and curve X is needed. This is carried out by altering the
percentages derived so as to bring curve X as close as possible to the mid curve.

By successive adjustments, the best result was found to be when the proportion was
55% for aggregate A, 22% for aggregate B and 23% for aggregate C. This gives curve Y

Table 2.16 Evaluation of determined proportion

A
geregate Aggregate mix
o A =55% B = 30% C=15% (A+B+0)
Sieve size
(mm) Percentage passing, by mass
19.0 100 x 0.55 =55 100 x 0.30 = 30 100 x 0.15 =15 100.0
12.5 90.0 x 0.55 =495 100 x 0.30 = 30 100 x 0.15=15 94.5
475 40.0 x 0.55 =122 100 x 0.30 = 30 100 x 0.15=15 67.0
2.36 6.5 x0.55=3.6 98.1 x 0.30 =294 100 x 0.15 =15 48.0
0.600 3.0x055=1.6 20.7 x 0.30 = 6.2 93.2x0.15=14 21.8
0.300 1.2 x0.55=0.7 122 x0.30=3.7 58.7x0.15=88 13.2
0.075 0.5x0.55=0.3 33x030=1.0 274 % 0.15=4.1 54
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Figure 2.10 Gradation curves of aggregate mix after blending.
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as shown in Figure 2.10. This is the final result of the procedure followed for blending the
three aggregates, known as the job-mix formula.

However, in some cases, it may not be possible to get a proportion with all percentages
being positive. This means that using all three sizes of aggregate, it is impossible to com-
bine a mixture to have a gradation within the specified limits. In this case, examination
to combine only two of the aggregates must be carried out. It may be possible to obtain
a gradation within the specified limits; otherwise, with the given aggregates, it is impos-
sible to blend a mix within the specified limits.

2.14.2.2 Least squares method

The equations derived in the example above can be solved by the least squares method. To
solve the system of linear equations with the least squares method, the reader is referred to a
suitable handbook. However, this method is nowadays included in most computer software
readily available (Microsoft Excel, etc.).

It should be stated that the advantage of using the least squares method is the fact that one
and only one solution — the optimum one — is obtained.

Hence, the reader in encouraged to use this method.

2.14.3 Graphical method

The graphical method of aggregate composition was used in the past by some engi-
neers as it was considered simple and did not require solving mathematical equations.
It was easy to combine two aggregates and a bit more complicated for three or more.
Nowadays, the graphical method has been phased out. If the reader prefers to combine
two aggregates with the graphical method, he can find relevant information in Asphalt
Institute MS-2.
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Chapter 3

Bitumen, bituminous binders
and anti-stripping agents

3.1 GENERAL

Bitumen or asphalt is well known and used since ancient times, because it is the oldest and
widely accepted structural material. It is used since 6000 BC as a waterproofing and binder
material of great quality. A prominent example of bitumen use is cited in the Old Testament,
since it was used as coating for Noah’s Ark. The Sumerians used to use it in the pros-
perous shipbuilding industry, whereas the Babylonians used it as a binder in the mixture
production for castle construction (Babel Tower). Asphalt was also used by the Egyptians
both to mummify the dead bodies and to waterproof tanks. Around 3000 BC, the Persians
also used bitumen for road construction. Finally, Herodotus and Plinius describe bitumen’s
export and use.

The Greek word asphaltos was used during Homeric times, which means a stable or solid
substance. Afterwards, it was used by the Romans (asphaltus); hence, the term asphaltic, or
even its root, exists until now in all modern languages.

Until the beginning of the 20th century, the asphalt or bitumen used was a natural prod-
uct. The first natural deposits were found at the Dead Sea (or Salt Sea) where bitumen used
to emerge from the bottom of the sea, floated to the surface and discharged into the banks.
This was the reason why the ancient Greeks called this lake ‘Lake Asphaltites’. Surface
discharge of asphalt also existed in other parts of the Middle East. Later on, around 13th
to 14th century AD, the largest surface deposits of natural asphalt in the world were dis-
covered in Trinidad island (Lake Asphalt of Trinidad), as well as in the coasts of Venezuela.

Natural asphalt also exists in the form of rocks, that is, rocks (mainly limestones or
sandstones) enriched with bitumen. This type of asphalt is known as rock asphalt or tar
sand. Such kinds of rocks, in deposit size order, were found in Alberta in Canada (the area
of Athabasca having the largest deposits in the world); East Venezuela; Malagasy; Utah,
California, New Mexico and Kentucky in the United States; Buton Island in Indonesia;
Albania (area of Selenitza); Romania (Derna area); Kazakhstan; as well as in various other
areas, but in smaller deposits, such as in France (Gard and Thann), Switzerland (Traver
Valley), Italy (Ragusa) and Greece (Paxos/Antipaxos and Marathoupoli).

Apart from Trinidad and Venezuela asphalt, all other natural asphalt sources were used
only occasionally in pavement construction. Today, only a few of the abovementioned
deposits are currently exploited (mainly deposits of Albania, Romania and Kazakhstan).
The reason is the high cost of recovering the asphalt from the rock.

Apart from the natural asphalt, there is also the ‘artificial asphalt’, which is a residue
of fractional distillation of crude oil (petroleum oil), simply called bitumen or asphalt
nowadays.
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Bitumen (or asphalt), apart from being used in the production of bituminous mixtures for
road construction, also has a wide range of applications, such as waterproofing, protective
coatings and a range of industrial products (more than 250; Asphalt Institute MS-4 1989).

3.1.1 Terminology today

At this stage, in order to avoid confusion, it is necessary to clarify the meaning of the terms
bitumen and asphalt, as well as their adjectives bituminous and bituminous binder. The rea-
son is that, nowadays, the above terms have different meanings, certainly among European
and American specifications and practising engineers.

In Europe and according to CEN EN 12597 (2000), bitumen is virtually an involatile,
adhesive and waterproofing material derived from crude petroleum or present in natural
asphalt, which is completely or almost completely soluble in toluene and very viscous or
almost solid at ambient temperatures.

According to the same specification, asphalt is a mixture of mineral aggregate and bitu-
minous binder.

In addition, bituminous is the adjective applicable to binders and mixtures of binders and
aggregates containing bitumen. Hence, bituminous binder is the adhesive material contain-
ing bitumen.

Furthermore, natural asphalt is a relatively hard bitumen found in natural deposits, often
mixed with fine or very fine mineral matter, which is virtually solid at 25°C and viscous
fluid at 175°C at the same time.

In American English and according to American specifications, more often the term
asphalt is used rather than the term bitumen. According to ASTM D 8 (2013), ‘asphalt’ or
‘bitumen’ is ‘a dark brown to black cement-like residuum obtained from the distillation of
suitable crude oils’. Another term also used in North America is asphalt cement, which has
the same meaning as asphalt.

The term asphalt binder has been utilised in the Superpave mix design method to classify
the grade of asphalt cement used in an asphalt mix based on expected performance under
specific environmental conditions and anticipated traffic loading. Asphalt binder according
to ASTM D 8 (2013) is ‘an asphalt which may or may not contain an asphalt modifier’.

Finally, in American specifications, the term native asphalt is used instead of the term
natural asphalt used in European standards. The term native asphalt is defined as ‘the
asphalt occurring as such in nature’.

In order to avoid confusion to the readers of this book, the terms bitumen and asphalt, as
defined by CEN EN 12597 (2000) will be adopted throughout the text, unless reference is
made to the American standards or specifications.

3.2 NATURAL ASPHALT

Natural asphalt is derived from the natural mutation of petroleum. This mutation happened
a million years ago under the influence of bacteria. This bacterial decomposition of petro-
leum resulted in reduced content of saturated hydrocarbons, mainly n-alkylenes, and of
light oils, which became heavier and more viscous, taking the form of asphalt.

According to CEN EN 12597 (2000), natural asphalt is defined as ‘a relatively hard bitu-
men found in natural deposits, often mixed with fine or very fine mineral matter, which is
virtually solid at 25°C but which is a viscous fluid at 175°C’.
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3.2.1 Trinidad asphalt

The asphalt that comes from Trinidad Island is the most widely known natural asphalt, in
semi-solid or very viscous form, which is currently used in highway engineering construc-
tions. Deposits are superficial and form ‘lakes’, which is the reason that this natural asphalt
is also known as ‘Pitch lake or Lake asphalt’. The largest lake asphalt can be found in the
south part of Trinidad Island, near La Brea. The total surface of the lake is approximately
500,000 m?2 (50 ha), with a maximum depth of approximately 90 m, and it is estimated
that there are approximately 15 million tonnes of asphalt. This constitutes one of the larg-
est deposits of very good quality natural asphalt in the world (Chilingarian and Yen 1978).

The paradox is that although the asphalt is mined, the deposits remain almost the same.
Surface mining is possible since the lake asphalt surface is hard enough to withstand the
loads of the mining machinery.

Trinidad natural asphalt contains a small amount of water and foreign materials, mainly
topsoil and stones, which are removed once the asphalt is heated, at 160°C, and ‘sieved’. The
final product, known as Trinidad Lake Asphalt (TLA) or Epuré, has the following typical
composition: 54% asphalt, 36% mineral matter and 10% organic matter. Its specific gravity
varies from 1.39 to 1.44 g/cm?. The TLA’s typical chemical composition, together with the
typical chemical composition of other natural asphalts, is given in Table 3.1.

The pure asphalt (Trinidad Epuré) is very hard (penetration, 0-2 dmm; softening point,
93°C-99°C) to be used alone in the production of bituminous mixtures. Hence, it is mixed
with soft crude petroleum bitumen (usually 200 pen [dmm)]) in order to produce suitable
paving asphalt (a proportion of approximately 50/50 results in a 50-pen asphalt/bitumen).

Table 3.1 Typical chemical compositions of some natural asphalts

Chemical composition (average values)

Average
bitumen Saturated Aromatic Sulfur
Place/country of content  hydrocarbons  hydrocarbons Asphaltenes content
appearance (%) (%) (%) Resins (%) (%) (%)
Trinidad Island 54 5.7 248 385 31.0 6.0-8.0
Venezuela 64 — — — — 59
Alberta (Athabasca) 2-8 17.2 38.2 29.3 15.3 3.54
Canada 13.6 39.8 40.6 6.0 5.30
14.1 20.3 53.3 12.3 —
14.2 20.6 51.6 13.7 —
Tham region, SE of — 14.6 30.6 47.9 6.9 —
France 14.0 25.1 52.0 8.9 —
10.8 31.8 30.6 26.8 —
Travers valley, — 20.5 12.4 53.6 13.5 0.77
Switzerland 22,6 27.9 423 7.2 I.10
Selenizza, Albania 8-14 — — — — 6.1
Derna, Romania 15-22 — — — — 0.7
SW of France (shelf — 1.2-4.6 14.4-35.3 34.6-48.7 19.4-46.8 7.9-10.6
at depths of
19002600 m)

Source: Reprinted from Bitumens, Asphalts, and Tar Sands, Chilingarian, G.V. and Yen, T.F, Copyright 1978, with permission
from Elsevier.
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3.2.2 Venezuela and other natural asphalts (pitch lake asphalts)

The natural asphalt of Venezuela, from the Guanoco area, is also superficially deposited and
forms a lake. The covered area is larger than Trinidad Lake, approximately 4,000,000 m2,
but it has lesser depth (maximum depth, 3 m). The quantities that exist are almost the same
as those in Trinidad Island and the asphalt content is approximately 64%. This natural
asphalt is not as widespread as the Trinidad asphalt.

Other asphalt lakes can be found in California (La Brea tar pits in urban Los Angeles,
McKittrick tar pits in Kern County and Carpinteria tar pits in Santa Barbara County) and
are mostly used as tourist attraction areas.

3.2.3 Rock asphalt and gilsonite

Rock asphalt is natural asphalt found in solid form. It was formed millions of years ago
when layers of petroleum harden after heavier components settled while lighter compo-
nents evaporated. The hardening took place, in most of the cases, within the pores of rocks
(mainly limestone or sandstones); thus, a number of mineral materials are normally found
within rock asphalt.

Rock asphalt, as natural asphalt in liquid-viscous form, was used historically in engineer-
ing works but today its use in road works is rare. Rock asphalt nowadays is used only as an
additive to petroleum bitumen. Since it is a very hard material, its use is to harden petroleum
bitumen.

The largest natural surface deposits of rock asphalt that are commercially exploited are
found in Utah in the United States (28 km?) and Kermanshah in Iran.

The rock asphalt in the Uintah Basin in Utah has the trade name gilsonite, from S.H.
Gilson, the founder of a mining company in 1888.

Gilsonite today is a well-known additive for hardening petroleum bitumen.

3.2.4 Other natural rock asphalts

All the other natural asphalts in rock formation can be found at a depth ranging from 3 to
1000 m. The typical asphalt content of these deposits range from 5% to 20%. Because of
this low asphalt content and the costly and time-consuming purifying procedure, the exploi-
tation of these natural asphalts turns out to be unprofitable. As a result, their extensive
usage in both highway engineering and other industrial applications is limited.

The only exception seems to be the rock asphalt of Buton Island (south of Sulawesi Island)
in Indonesia. In this island, the rock asphalt forms hills and mountains. This porous rock
contains hard natural asphalt (penetration of 5-10 dmm) at 15%-30% and soft limestone
with fossilised shell impurities. The extraction is very simple and cheap, because of low local
labour cost; thus, it is used locally for the production of bituminous mixtures.

The rock asphalt is grinded into fine grains 0-2 mm in diameter, and this constitutes the
binder under the trade name Asbuton. Asbuton is mixed with aggregates and solvents and
thus cold bituminous mixtures are produced for pavements with medium to low traffic vol-
ume. Because of the binder’s specificity, to ensure the quality of the mixture and of the con-
struction, a specific mix design methodology has been developed (MoPW 1989). In the early
part of the 1990s, several pavements had been constructed or maintained successfully using
the mixture designed with the specially developed mix design methodology (Nikolaides
1990, 1991a,b). Lasbutag and Latasbushir, trade names for coarse and fine bituminous
mixtures, respectively, are considered to be alternative low-cost bituminous mixtures for
maintenance and construction of pavements in the remote areas of Polynesia.
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Natural rock asphalt can also be found in small deposits in Greece, particularly in
Marathos, Paxos and Antipaxos islands; Divri; Suli; Prouso; Fteri; Kalarrytes; Dremissa
village in Giona; Zakynthos; and Epirus.

Natural rock asphalt in larger deposits can be found in the Jordan Valley, Dead Sea
banks, France, Switzerland, Antilles, Venezuela and Cuba.

3.3 TAR

Tar is a product of fractional distillation of primary tar produced by carbonation of natu-
ral organic matters, such as coal or wood. When the primary tar is derived from coal, the
product is called pitch tar. Similarly, when it is derived from wood, it is called wood tar.
The pitch tar is further mixed with oil distillates, to produce the processed tar, commonly
known as tar. The tar differs in chemical composition and odour to bitumen. Tars consist
of variable mixtures of phenols, polycyclic aromatic hydrocarbons (PAHs) and heterocy-
clic compounds, and their odour is characteristically more aromatic than the odour of the
asphalt.

The classification of the tars is carried out mainly in reference to the equiviscous tem-
perature (EVT). According to BS 76 (1974), there are eight different tar types, from 30°C
to 58°C EVT. EVT is the temperature in which 50 ml of tar has a flow time of 50 s when
passing through the 10 mm hole of the tar viscometer. As a consequence, the higher the
EVT, the more viscous the tar is. Tar with 50°C-58°C EVT is suitable for dense bituminous
mixtures in heavy traffic volume sites, whereas tar with 30°C-38°C EVT is used in open
graded bituminous mixtures for low traffic volume sites. Tar with 34°C-46°C EVT is usu-
ally used for surface dressings.

The tar was widely used for many years both in highway engineering and for the produc-
tion of insulators. Over the last years, the usage of tar has been minimised mainly for envi-
ronmental and health reasons. In some countries, such as Germany and the Netherlands,
and some US states, the use of tar in highway engineering works has been prohibited.
Nowadays, tar is used almost exclusively for the production of specific bituminous mix-
tures, not affected by petrol or oils, known as fuel-resistant mixtures. It may also mix with
petroleum bitumen to produce better-quality binder for surface dressing works. Better coat-
ing of aggregates, as well as better adhesion of bitumen to aggregate, is achieved with the
use of tar/bitumen binder. Tar/bitumen binder is used almost exclusively used in the United
Kingdom.

Apart from the abovementioned advantages, the tar, or tar/bitumen, does not offer any-
thing else. On the contrary, it is more sensitive to temperature variations, and as a result, it
softens easier and it hardens and becomes brittle quicker than bitumen of similar viscosity.

3.4 MANUFACTURED BITUMEN

Manufactured bitumen, or bitumen as it is always called, is a product of fractional distilla-
tion of crude oil. Crude oil is derived from organic matter (vegetable matter, marine organ-
isms), which, millions of years ago, deposited in very thick layers together with mud and
rocks at the bottom of oceans. Under the action of overlying pressure, waterborne rocks were
formed. The saline environment disintegrated the organic matter, which, under the influ-
ence of high pressure, temperature, bacterial activity and probably radiation, transformed
into hydrocarbons in the form of crude oil. Further rock deposits in later years forced the
crude oil to rise towards the earth surface through the pores of the rocks. In places where
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the rocks were impermeable, the crude oil with gases formed underground reservoirs and
remains there until it is extracted.

Depending on the initial composition of the organic matter, as well as the prevailing
conditions, crude oil obtained its physical properties and chemical composition. As a con-
sequence, crude oil differs from one oil field to another and varies from a black, viscous to
a tawny, low-viscous liquid.

The major oil-producing areas are the Middle East, the United States, countries around
the Caribbean, ex-Soviet Union countries, North Sea and Indonesia. Nowadays, there are
more than 1500 types of crude oil worldwide. Only certain types of crude oil can produce
bitumen suitable for the asphalt paving industry.

The bitumen from crude oil (petroleum) is produced from fractional distillation of crude
oil under high-temperature vacuum conditions. An additional process (separation) is also
used in a solvent deasphalting unit, usually placed after the distillation tower. The solvent
deasphalting unit separates aliphatic compounds from asphaltenes also producing high-
quality deasphalted oil. Further processing may also be carried out by ‘blowing’ (oxidation)
if harder and more viscous bitumen is to be produced. The products are then called oxidised
bitumens. A schematic representation of bitumen production is shown in Figure 3.1.

The type of bitumen produced is determined by both the origin of crude oil and the
vacuum (10-100 mm Hg) and temperature conditions (350°C-400°C) exist in the distilla-
tion column.

By reforming-gasoline
1 Propane, butane|
—» Naptha Chemicals
Atmospheric o
distillation & Kerosene ) Aviation fuel
Crude oil Domestic fuel
(petroleum) _-> » Gas oil » Diesel fgel
Crackin Domestic fuel
| =rackng . Motor gasoline
chemicals
Residue
Lubrication
oils
Vacuum
distillation
. at high Gas oil
— .
temperatures distillates
De-asphalting unit Blowing Blown

(oxidized)

DAO % »
¢ bitumens
Bitumen

Bitumens

Figure 3.1 Simplified representation of crude oil distillation process for bitumen production and other
materials.
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Bitumen can be subject to further processing apart from blowing, such as emulsification
or dissolution with solvents. In these cases, bituminous emulsions and cut-back and flashed
bitumens are produced, respectively.

Finally, various chemical additives may be added to the bitumen, producing the modified
bitumens.

3.4.1 Groups and grades of bitumen

The bitumen and bituminous binders may be divided into three general groups: (a) the pav-
ing grade bitumens, (b) the hard paving grade bitumens and (c) the oxidised bitumens.

Paving bitumens are bitumens produced from the residue distillation of crude oil, whereas
oxidised bitumens are produced from bitumen subjected to a blowing process during which
oxidation of bitumen occurs.

3.4.1.1 Paving grade bitumens

Paving grade bitumens in Europe are designated by the nominal penetration or viscosity
ranges as appropriate.

Paving grade bitumens according to CEN EN 12591 (2009) are divided into three groups:
(a) bitumen from 20 to 220 dmm in penetration, at 25°C; (b) bitumen from 250 to 900 dmm
in penetration, at 25°C; and (c) soft bitumen, which are designated by kinematic viscosity,
at 60°C.

The paving grades used in the construction and maintenance of roads, airfields and other
paved areas are the bitumens with penetration values from 20 to 220 dmm. Within this
range of values, eight different grades are distinguished, with the first one being 20/30 and
the last being 160/220. The selection of the most suitable grade is based on the climatic and
traffic conditions encountered.

Paving grade bitumens are characterised by their consistency at intermediate (determined
by penetration test), consistency at elevated service temperatures (determined by softening
point or viscosity test) and durability (determined by resistance to hardening test). Their
brittleness at low service temperature (determined by the Fraass breaking test) and tempera-
ture dependence of consistency (determined by the penetration index) may also need to be
determined to meet regional requirements for specific conditions such as extreme cold or
wide ambient temperature variations. Flash point is also determined as well as, optionally,
the density.

The requirements for the above properties of paving grade bitumens specified by CEN
EN 12591 (2009) for grades from 20 to 220 dmm, per subgrades, are given in Tables 3.2
and 3.3.

The requirements for grades 250 to 900 dmm or for soft bitumens can be found in the
same specification, CEN EN 12591 (2009).

In the United States, paving bitumens are graded in reference to either penetration or
viscosity value. Since 1980, bitumens have been graded mainly in reference to their viscosity
(kinematic), at 60°C, hence the term viscosity-graded asphalts (bitumens). Other properties
such as penetration, flash point and kinematic viscosity at 135°C are also considered.

The requirements of the viscosity-graded bitumens (asphalts or asphalt cements) in accor-
dance with ASTM D 3381 (2012) (or AASHTO M 226 2012) are based on original bitu-
men or on residue after rolling thin-film test. In the first case, the viscosity grade bitumens
are notified by the letters AC — in the second case, by the letters AR — followed by numbers
related to viscosity values.
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Table 3.2 Paving grade bitumen specifications for grades from 20 to 220 dmm penetration

Paving grade bitumen

Test
Property method ~ 20/30 30/45 35/50 40/60 50/70 70/100  100/150  160/220
Penetration at CENEN 20-30 3045 35-50 40-60 50-70 70-100 100-150 160-220
25°C (dmm) 1426
(2007)
Softening CENEN 55-63 52-60 50-58 48-56 46-54 43-5I 3947 3543
point (°C) 1427
(2007)
Softening point CENEN  >240 2240 2240 2230 >230 >230 >230 >220
°Q) ISO 2592
(2001)
Solubility (%) CENEN 2990 2990 2990 2990 2990 299.0 299.0 >99.0
12592
(2007)
Resistance to CEN EN
hardening at 12607-1
163°C (2007)
Retained >55 >53 >53 >50 >50 >46 >43 >37
penetration (%)
Increase in
softening point
Q)
Severity |, or <8or <Bor <8or <9or <9or <Yor <10 or <l or
Severity 22 <10 <l <l <l <l <l <12 <12
Change of <0.5 <0.5 <0.5 <0.5 <0.5 <0.8 <0.8 <I.0
mass®
(absolute

value) (%)

Source: Reproduced from CEN EN 12591, Bitumen and bituminous binders — Specifications for paving grade bitumens, Brussels:
CEN, 2009. With permission (© CEN).

2 When Severity 2 is selected, it shall be associated with the requirement for Fraass breaking point or penetration index or
both measured on the unaged binder (see Table 3.3).
® Change in mass can be either positive or negative.

Table 3.4 gives the requirements of the AC viscosity-graded bitumens (asphalts) in accor-
dance with ASTM D 3381 (2012). There are six distinct grades, with the first being AC-2.5
and last being AC-40.

Additionally, Table 3.5 gives the requirements of penetration-graded bitumens (asphalts)
in accordance with ASTM D 946 (2009). In this case, there are five distinct grades, with the
first being 40/50 and last being 200/300.

3.4.1.2 Hard paving grade bitumens

Hard paving bitumens have very high stiffness modulus values and are used for the con-
struction and maintenance of road and airport pavements or other kinds of bitumen sur-
faces. Hard paving bitumens constitute an extension of common paving bitumens. They are
usually used in locations with very high daily traffic flow, when annual ambient tempera-
tures are intermediate or high.

Hard bitumens, according to CEN EN 13924 (2006), are designated by a range of pen-
etration values, at 25°C. Sometimes, they also bear the discreet letter ‘H’ or ‘HB’.
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Table 3.3 Paving grade bitumen specifications for grades from 20 to 220 dmm penetration — properties
associated with regulatory or other regional requirements

Paving grade bitumen

Test

Property method 20/30  30/45  35/50 40/60  50/70 70/100 100/150 160/220

Penetration =~ CEN EN =1.5to +0.7 or NR¢
index? 12591
(PL) (2009),

Annex A

Dynamic CEN EN >440 >260 >225 =175 >145 >90 >55 >30
viscosity 12596 orNR orNR orNR orNR orNR orNR or NR or NR
at 60°C (2007)

(Pa's)

Fraass CEN EN <=5 <=5 <=7 <-8 <-10 <-12 <-15
breaking 12593 orNR orNR orNR orNR orNR or NR or NR
point? (2007)

Q)

Kinematic CEN EN >530 >400 >370 >325 >295 2230 =175 2135
viscosity 12595 orNR orNR orNR orNR orNR orNR or NR or NR
at 135°C (2007)

(mm?/s)

Source: Reproduced from CEN EN 12591, Bitumen and bituminous binders — Specifications for paving grade bitumens, Brussels:
CEN, 2009. With permission (© CEN).

2 When Severity 2 is selected, it shall be associated with the requirement for Fraass breaking point or penetration index or
both measured on the unaged binder.

b Reference to normative Annex A of CEN EN 12591 (2009) dealing with the calculation of penetration index.

¢ NR, no requirement may be used when there are no regulations or other regional requirements for the property in the
territory of intended use.

Table 3.4 Requirements for viscosity-graded asphalt cement

Test Viscosity grade (grading based on original asphalt)
method
Property (ASTM)  AC-2.5 AC-5 AC-10 AC-20 AC-30 AC-40
Viscosity at 60°C (Pa's) D2171 255 50%10 10020 200+40 300x60 40080
Viscosity at 135°C (mm?s) D 2170 2125 2175 2250 2300 2350 2400
(2010)
Penetration at 25°C (pen) D5 2220 =140 >80 260 >50 240
(2013)
Flash point (Cleveland D92 2|65 2175 2220 2230 2230 2230
open cup) (°C) (2012)
Solubility in D 2042 >99.0 >99.0 >99.0 >99.0 >99.0 >99.0
trichloroethylene (%) (2009)
After thin-oven test at D 1754
163°C/5 h
Viscosity at 60°C (Pa's) D 2171 <125 <252 <500 <1000 <1500 <2000
Viscosity at 25°C (Pas) DII3 >100° >100 >75 >50 >40 >25
(2007)

Source: Reprinted from ASTM D 3381, Standard specification for viscosity-graded asphalt cement for use in pavement construc-
tion, West Conshohocken, Pennsylvania, US: ASTM International, 2012. With permission (© ASTM International).

@ |f ductility is <100 cm, material will be accepted if ductility at 15°C is 2100 cm at a pull rate of 5 cm/min.
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Table 3.5 Requirements for penetration-graded asphalt cement

Penetration grade
Test method g

Property (ASTM) 40/50  60/70  85/100 120/150  200/300
Penetration at 25°C (pen) D 5(2013) 40-50 60-70 85-100 120-150 200-300
Softening point (°C) D 36 >49 >46 >42 >38 >32
Flash point (Cleveland open cup) D 92 (2012) >230 >230 >230 2220 2175
Q)
Ductility at 25°C (cm) D 113 (2007) =100 >100 =100 =100 >100°
Solubility in trichloroethylene (%) D 2042 (2009) 299.0 299.0 >99.0 >99.0 >99.0
After thin-film oven test at 163°C/ D 1754
5h:
Retained penetration (%) D 5 (2013) >55 >52 >47 242 >37
- Ductility at 25°C D 113 (2007) — >50 >75 =10 >100°

Source: Reprinted from ASTM D 946, Standard specification for penetration-graded asphalt cement for use in pavement construc-
tion,West Conshohocken, Pennsylvania, US:ASTM International, 2009.With permission (© ASTM International).

@ |f ductility at 25°C is less than 100 cm, material will be accepted if ductility at 15.0°C is 2100 c¢m at a pull rate of 5 cm/
min.

Hence, as in paving grade bitumen, a 10/20 dmm hard paving bitumen denotes that the
penetration is expected to range between 10 and 20 dmm.

As with common paving bitumens, the tests conducted on hard paving bitumens aim at
determining their consistency at intermediate service temperatures (penetration test) and at
elevated service temperatures (softening point and dynamic viscosity test) and their durabil-
ity (resistance to hardening test). Kinematic viscosity, Fraass breaking point, flash point and
solubility are also properties considered useful in the specification of hard paving bitumens.

The limiting values of hard paving bitumen specified by CEN EN 13924 (2006) are shown
in Table 3.6. It should be noted that after choosing the grade of hard paving bitumen, 15/25
or 10/20, all the other properties can satisfy the requirements of any of the technical classes
provided per property. For example, the hard paving grade bitumen 10/20 may have soft-
ening point class 4 (60°C-76°C), dynamic viscosity class 3 (>700), change in mass class 2
(£0.5%), increase in softening point class 3 (€10°C) and so on. More details can be found
in CEN EN 13924 (2006).

3.4.1.3 Oxidised bitumen

Oxidised bitumen is mainly used in roofing, waterproofing, adhesives and insulations.

The oxidation process is conducted after bitumen production and consists of blowing
air through heated bitumen (temperatures between 240°C and 320°C). The oxidation pro-
cess is conducted per bitumen batch or in a continuous bitumen feed. Oxidation ‘dehy-
drates’ and ‘polymerises’ bitumen. As a consequence, the molecular weight of asphaltenes is
increased, additional asphaltenes are created from the continuous oil phase (maltenes) and
thus bitumen with a higher molecular weight is produced. Because of these changes, bitu-
men becomes harder and it becomes less susceptible to temperature changes (the penetra-
tion index increased). However, because of hardening, oxidised bitumen is cracked easier at
temperatures below 0°C.

The extent and magnitude of change in the rheological properties of bitumen that take
place during oxidation are affected by the viscosity of the initial bitumen, the origin of crude
oil, the duration of oxidation and the temperature at which the oxidation is carried out. In
general, prolonged oxidation combined with high temperatures results in the production
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Table 3.7 Properties and test methods of oxidised bitumen

Property Test method Unit Limits and tolerances
Softening point? EN 1427 (2007) °C +5 of midpoint value®
Penetration at 25°C CEN EN 1426 (2007) dmm +5 of midpoint value®
Solubility in toluene® CEN EN 12592 (2007) % 299.0
Loss in mass after heating CEN EN 13303 % <0.5
Flash point CEN EN ISO 2592 (2001) °C >250
Fraass breaking point CEN EN 12593 (2007) °C NR¢
Staining properties CEN EN 13301 mm NRe¢
Dynamic viscosity? CEN EN 13302 (2010) Pa-s NR¢
Density CEN EN 15326 (2009) kg/m3 NR¢

Source: Reproduced from CEN EN 13304, Bitumen and bituminous binders — Framework for specification of oxidised bitumens,

Brussels: CEN, 2009.With permission (© CEN).

2 Ring-and-ball softening point testing for oxidised bitumens are carried out in glycerol, as the values typically are above
80°C.

b |f other solvents are used, it shall be stated in the test report.

¢ NR, no requirements. Values can be agreed upon between the client and the supplier.

4 The type of instrument used to determine viscosity should be agreed upon between supplier and client.

¢ Midpoint value: value that defines the ring-and-ball softening point class or the penetration class.

of harder oxidised bitumens. However, both parameters affect production cost and pro-
ductivity. In a research, it was found that the presence of B-diketone with dicarboxylic or
hydroxylic acids reduces the oxidation period but with the same desired result (Economou
et al. 1990).

In contrast to paving bitumens, the oxidised bitumen products are graded in reference to
a combination of the softening point values, and penetration at 25°C, expressed in multiples
of 5. Hence, an oxidised bitumen 85/25 means that the softening point of the product is
between 80°C and 90°C and the penetration is between 20 and 30 dmm.

Typical grades for oxidised bitumens are as follows: 85/25, 85/40, 95/25, 95/35, 100/40,
105/35, 110/30 and 115/15.

Per EN 13304 (2009), oxidised bitumens are specified by the rules given in Table 3.7.

With regard to American specifications for oxidised bitumen (asphalt), information can
be found in standards related to particular use, such as ASTM D 2521 (2014) for canal,
ditches, pond lining and so on.

3.4.2 Performance graded asphalt binders — superpave

The extensive Strategic Highways Research Program, completed in the United States in
1993, concluded in performance graded (PG) specifications for bitumens (asphalt binders)
known as Superpave (superior performing pavements) specification. These specifications
were first introduced by Asphalt Institute (Asphalt Institute SP-1) and soon became an
AASHTO standard (AASHTO M 320) and ASTM standard (ASTM D 6373 2007).

The grading designations are related to the high pavement design temperature at a depth
20 mm below the pavement surface and the low pavement design temperature at the pave-
ment surface.

The high pavement design temperature at a depth 20 mm below the pavement surface is
determined using the following equation (Asphalt Institute SP-1 2003):

TZOlnm = (T,

air

- 0.00618 x Lat? + 0.2289 x Lat + 42.2) x 0.9545 - 17.78,
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where T, is the high pavement design temperature at a depth of 20 mm, T,;, is the 7-day
average high air temperature (°C) and Lat is the geographical latitude of the project (°).
The low pavement design temperature at the pavement surface is calculated using the fol-

lowing equation (Asphalt Institute SP-1 2003):

air

x(H+25)-Z x(44+0.52x0,;)"

T, =-1.56+0.72xT,, -0.004 x Lat’ + 6.26log,

where T,,, is the low pavement design temperature at the pavement surface (°C), T, is the
low air temperature (°C), Lat is the latitude of the project (°), H is the depth to surface (mm),
6,;; is the standard deviation of the mean low air temperature (°C) and Z is 2.055 for 98%
reliability (from normal distribution table).

More details for calculating the above temperatures can be found in an example given in
Asphalt Institute (2003). A Superpave computer program that performs all these calcula-
tions based on minimal user input is provided and may also be used.

The PG asphalt binder specification is intended to reduce bitumen’s contribution to per-
manent deformation, fatigue and cracking at low temperatures of the pavement.

The specified properties per performance grade asphalt binders (bitumens) are given in
Table 3.8. A similar table is also provided by ASTM D 6373 (2007), which incorporates
practice D 6816 (2011) for determining the critical low cracking temperature using a com-
bination of test method D 6648 (2008) and test method D 6723 (2012) test procedures.
According to ASTM D 6373 (2007), if no table is specified, the default is Table 3.8.

The selection of the suitable performance grade of binder as described is for typical high-
way loading conditions (fast, transient loads). For slow-moving design loads, the binder
should be selected one higher temperature grade to the right (one grade ‘warmer’). For
example, PG 64 instead of the PG 58 determined should be used.

Also, an additional shift is proposed for an extraordinary high number of traffic loads.
These are locations where design lane traffic is expected to be >10 x 10¢ equivalent single
axle loads (ESAL). An ESAL is defined as one 80 kN dual tyre axle (Asphalt Institute SP-1
2003).

When the continuous grading temperatures and the continuous grades for PG asphalt
binders need to be calculated, it is carried out in accordance to ASTM D 7643 (2010).

Continuous grading temperatures, T., are the high, intermediate and low temperatures
at which the specification requirements given in Tables 1 or 2 of Specification D 6373
are met. The continuous grade is a grade defined by upper and lower continuous grading
temperatures.

3.4.3 Chemical composition of bitumen

Bitumen (asphalt) is a complex chemical compound composed predominately of carbon and
hydrogen (hydrocarbon), with a small amount of heterocyclic compounds containing sul-
fur, nitrogen and oxygen (Traxler 1936). Bitumen also contains traces of metals including
nickel, magnesium, iron, vanadium and calcium in the form of inorganic salts and oxides.
Elementary analysis of bitumens produced from a variety of crude oil showed that most
bitumen contains carbon, 82%-88%; hydrogen, 8%-11%; oxygen, 0%—1.5%; and nitro-
gen, 0%—1%. The exact composition of bitumen differs, and it depends on both the source
of the crude oil and the modification during its fractional distillation. It also depends on the
oncoming ageing in service (Shell Bitumen 2003).
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Bitumen
n-heptane
precipitation
Solubles Insolubles
Filter Precipitate of
asphaltenes
Silica gel/alumina
chromatography
Elusion with Elusion with Elusion with
n-heptane toluene toluene/methanol
Saturates Aromatics Resins

Figure 3.2 Schematic representation of the analysis for broad chemical composition of bitumen. (From Shell
Bitumen, The Shell Bitumen Handbook. Surrey, UK: Shell Bitumen UK, 1990.)

Despite the complexity of bitumen’s chemical composition, it is possible to be separated
into two broad chemical groups, the asphaltenes and the maltenes. Maltenes can be further
subdivided into saturated hydrocarbons, aromatic hydrocarbons and resins.

This separation of bitumen into the abovementioned fractions can be carried out using
four methods: (a) solvent extraction, (b) chromatography, (c) adsorption by finely divided
solids and removal of unabsorbed solution by filtration and (d) molecular distillation used
in conjunction with one of the other techniques.

The first two of the abovementioned methods are mostly used. The solvent extraction is
relatively simple and quick, but the separation is poorer than the one resulting from chroma-
tography. Chromatography is the most widely used method for the detection of asphaltenes.
Asphaltenes are insoluble to an n-heptane solution; thus, they are precipitated as sediment. In
contrast to asphaltenes, maltenes are soluble in 7-heptane, as well as to other solvents.
Figure 3.2 provides a schematic representation of bitumen separation.

3.4.3.1 Asphaltenes

Asphaltenes are complex polar aromatic compounds, black or dark brown solids, insoluble
in n-heptane, of high molecular weight, containing in addition to carbon and hydrogen
some nitrogen, sulfur and oxygen. The asphaltene content directly affects the rheological
properties of the bitumen. When asphaltene content increases, the bitumen is harder (low
penetration and high softening point) and more viscous (high viscosity). The percentage of
asphaltenes in bitumen usually ranges from 5% to 28%.
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3.4.3.2 Maltenes
3.4.3.2.1 Resins

Resins have similar components to asphaltenes but they are soluble in 7-heptane. They are
solid or semi-solid, dark brown in colour and strongly adhesive. Resins are dispersing agents
to asphaltenes and their proportion to asphaltenes control the gel/sol type of character of
bitumen. Their molecular weight is lower than asphaltenes.

3.4.3.2.2 Aromatics

Aromatics are naphthenic aromatic hydrocarbons, have the lowest molecular weight of the
compounds in the bitumen and represent the main dispersion medium of asphaltenes. They
are viscous fluids of dark brown colour and they can be found at 40% to 65% in bitumen.

3.4.3.2.3 Saturates

Saturates are aliphatic hydrocarbons together with alkyl naphthenes and alkyl aromatics.
Their molecular weight is similar to the molecular weight of aromatics and their compo-
nents contain both waxy and non-waxy saturates. Saturates are light yellow to white in
colour and its content ranges from 5% to 20% in bitumens.

Bitumen is generally considered to be a colloidal system consisting of high-molecular-
weight micelles dispersed or dissolved in a dispersed oil medium of lower molecular weight,
namely, maltenes (Girdler 1965). Any fluctuation in the percentage of asphaltenes and
maltenes, particularly of resins and saturates, influences the viscosity and the temperature
sensitivity of bitumen. The fluctuation of the abovementioned substances takes place mainly
during production of bitumen.

3.4.4 Changes in bitumen composition during
distillation, mixing, laying and time in service

During fractional distillations (atmospheric or with vacuum), the lightest volatile ingredi-
ents of the bitumen are removed, which results in an increase in asphaltene concentration.
Asphaltene concentration also increases during the oxidation (air-blowing) process. This
fact makes the bitumen harder and less susceptible to temperature variations (increase of
the penetration index value).

The observed change in bitumen composition during distillation and air-blowing is dem-
onstrated in Shell Bitumen (2003).

The chemical composition of the bitumen also changes during its usage, namely, from
the very moment it is mixed with aggregates until the end of the pavement’s service life. In
engineering terminology, this change is known as ageing and results in hardening of the
bitumen. Typical changes in composition with respect to mixing, laying and time in service
are presented in Figure 3.3.

As can be seen in Figure 3.3, the major changes take place during the mixing and compac-
tion stages. Consequently, great attention should be given to the recommended temperatures
during these stages.

After compaction of the bituminous mixture, natural hardening of the bitumen takes place
owing to temperature drop. From this moment, chemical hardening gradually starts to occur.

The natural hardening is caused by reorientation of the molecules owing to the tem-
perature drop and the volatilisation of some volatile ingredients. Hardening attributed to
molecule reorientation is reversible, whereas hardening attributed to volatilisation is a non-
reversible phenomenon.



112 Highway engineering

Initial bitumen
/ After mix production

/ After mix compaction
s L \ Ageing index
6
/Mo
Nl
2
0
100 -
< — Saturates
= 80
2
g Aromatics
Z 60 |
= —
)
?gb 40 - Resins
=
o
S 20
L~ Asphaltenes
0 I I I I I I I

0 2 4 6 8 10 12 14
Time in service (years)

Figure 3.3 Changes in bitumen composition and its ageing index (ratio of recovered viscosity, 1,, over
initial viscosity, 1n,) during mixing, laying and in service. (From Chipperfield E.H. et al., Asphalt
characteristics in relation to road performance. Proceedings of the Association of Asphalt Paving
Technologists, Vol. 39, p. 575. Seattle, WA, 1970.)

Chemical hardening of the bitumen with time in service is also known as ageing of the bitu-
men. It occurs because of the oxidation of organic compounds and because of further vola-
tilisation of volatile ingredients of the bitumen. This stage is also called bitumen oxidation.

Oxidation or ageing of the bitumen affects the mechanical behaviour of the bitumen and
usually reduces the pavement’s service life. The changes that occur are as follows: reduction of
penetration, increase of softening point, reduction of elasticity and adhesion ability and increase
of friability. Oxidation and ageing can be decelerated with the use of chemical additives.

Oxidation and, consequently, ageing of bitumen after construction are affected by cli-
matic conditions (ambient temperatures and periods of sunshine) and voids in the bitumi-
nous mixture. Greater oxidation of bitumen is expected in geographical locations where
ambient temperatures are high and sunshine periods are longer in a year. A similar result is
expected between open and dense graded bituminous mixtures.

Measurements have shown that an 80/10 penetration grade bitumen extracted from an
asphalt concrete surface layer with air voids of 8%, after 2 years in service in the lati-
tude of Thessaloniki, Greece, showed a reduction in penetration by 20%. Bitumen (80/100)
extracted from a similar bituminous mixture (cold asphalt concrete surface layer with 9%
air voids) but lay in the latitude of Jakarta, Indonesia, after 1 year in service, showed a
reduction in penetration of 35% to 45%.

Finally, it should be mentioned that bitumen oxidation is more intense at the surface (sur-
face layer) than within the bituminous mixture (layers beneath).
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The hardening of the bitumen during mixing, laying and compaction can be simulated in
the laboratory by either the rolling thin film oven test (RTFOT) or the thin film oven test
(TFOT), and its ageing can be simulated by the pressurised ageing vessel test (see Chapter 4).

Bitumen also hardens during hot storage; hence, prolonged storage should be avoided.

3.5 CUT-BACK AND FLUXED BITUMINOUS BINDERS

Cut-back bitumen constitutes bitumen whose viscosity has been reduced by the addition of
a relatively volatile flux. In case the volatile flux is derived from petroleum, the material is
called petroleum cut-back bitumen. Typical petroleum-derived fluxes used are white spirit
and kerosene. Petroleum cut-back bitumens are almost exclusively used, and, for simplicity,
they are called cut-back bitumens (or asphalts).

When the viscosity of the bitumen is reduced by the addition of a flux oil (a relatively
involatile oil), the bitumen is called fluxed bitumen. Flux oils can be derived from petro-
chemical, carbochemical or petroleum origin materials, or a mixture of these materials. In
this case, the product is called petroleum fluxed bitumen or mineral fluxed bitumen. Typical
flux oil is the gas oil of various boiling ranges.

Additionally, flux oils can be derived from plant-based (vegetal) products. In this case, the
product is called vegetal fluxed bitumen.

The viscosity of the bitumen is significantly reduced that cut-back bitumens or fluxed
bitumens are considered as ‘liquids’ and require far less heating energy during application in
comparison to ‘solid’ (at ambient temperatures) bitumen.

Cut-back and fluxed bituminous binders are suitable for use in the construction and main-
tenance of roads, airfields and other paved areas. The bitumen used may be paving grade
bitumen (in most cases) or by addition of polymer.

However, cut-back bitumens and, to a lesser extent, fluxed bitumens used to be extensively
used in the past, mainly for the production of open or semi-dense graded bituminous mixtures.
Today, their use is limited to prime coating, to in situ production of cold/semi-warm bituminous
mixtures particularly in remote areas away from a hot mix plant and to the production of ready-
mixed bituminous mix for repairing—filling works (potholes, utility cuts, local depressions, etc.).

Cut-back bitumens, as well as the fluxed bitumens, are designated by the viscosity and set-
ting ability or viscosity and curing time. They may also be designated by the bitumen type
(paving grade or with addition of polymer).

3.5.1 Cut-back and fluxed bitumens according
to CEN EN 15322 (2013)

According to CEN EN 15322 (2013), cut-back bitumens and fluxed bitumens are designated by
two letters (‘Fm’ or ‘Fv’), one number, followed by one or two letters (‘B’ or ‘BP’) and a number.

The letters ‘Fm’ or ‘Fv’ describe the flux material; if it is relatively volatile flux or flux oil,
the notification ‘Fm’ is used; otherwise, if it is vegetal, the notification ‘Fv’ is used.

The number after the letters corresponds to a viscosity class, the letters following notify
the type of bitumen, ‘B’ for paving grade bitumen and ‘BP’ if with addition of polymer,
whereas the last number corresponds to the class of setting ability.

The recommended classes of cut-backs and fluxed bituminous binders with the technical
requirements specified by CEN EN 15322 (2013) are as shown in Table 3.9.

According to the European standard, there are three classes (2, 3 and 4) of cut-back bitu-
mens and fluxed bitumen with respect to low and medium viscosity and three classes of high
viscosity (5, 6 and 7).
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The low and medium viscosity is expressed as efflux time, while the high viscosity is
expressed by dynamic viscosity (see Table 3.9).

Hence, using Table 3.9, the characterisation Fm 4 B 6 indicates a medium-viscosity cut-
back or flux oil material based on paving grade bitumen that contains relatively volatile
petroleum-based flux of which more than 55% distils at 225°C.

Similarly, the characterisation Fv 7 B 6 indicates a high-viscosity polymer-modified bitu-
minous binder cut-back or fluxed material that contains a flux of vegetable origin, in which
the recovered binder has a softening point higher than 50°C.

Apart from the technical properties/requirements of the cut-back bitumens and fluxed
bitumens, the standard also defines the technical properties of the stabilised (recovered)
bitumen. The properties/requirements, which are specified for stabilised bitumens with pen-
etration below 330 dmm, are such as presented in Table 3.10. There is also a similar table for
softer bitumens with penetration higher than 330 dmm (see CEN EN 15322 2013).

Table 3.10 Specification framework for the technical requirements and performance classes of stabilised
binders, when penetration at 25°C after stabilisation is <330 dmm

Stabilisation procedure: CEN EN 13074-1 (201 1) followed by CEN EN [3074-2 (2011)

CEN EN Classes
Technical requirements standard  Unit 0 [e 2 3 4 5 6 7
Consistency at 1426 0.1 NRe TBR <50 <100 <I50 <220 <330
intermediate (2007) mm

temperature
Penetration at 25°C

Consistency at elevated 1427 °C NR¢ TBR 255 =50 >43 >39 >35 230

temperature (2007)
Softening point
Cohesion (modified 0 | 2 3 4 5 6
binders only)
Cohesion energy by 13587  J/em> NR¢ TBR  >I >2 >3
tensile test at 5°C (100 (2010)
mm/min traction)® 13703
(2003)
Cohesion energy by 13589  J/em> NR¢ TBR 2] >2 >3
force ductility at 5°C (2008)
(50 mm/min traction)® 13703
(2003)
Cohesion energy by 13588 J/em> NR¢ TBR >0.5 =07 =10 =>12 >14
pendulum test® (2008)
Elastic recovery at 13398 % NR¢  TBR 230 240 >50 >75
10°C (for elastic (2010)
polymer binders)
Elastic recovery at 13398 % NR¢  TBR 230 240 >50 >75
25°C (for elastic (2010)

polymer binders)

Source: Reproduced from CEN EN 15322, Bitumen and bituminous binders — Framework for specifying cut-back and fluxed
bituminous binders, Brussels: CEN, 2013. With permission (© CEN).

2 Class I, TBR, may not be used for regulatory declaration and marking purposes.

® The cohesion of stabilised binder from polymer-modified cut-back and fluxed bituminous binders, which are used for surface
dressings, shall be determined in accordance with CEN EN 13588 (2008). For binders used in asphalt mixes, the test methods
given in either CEN EN 13587 (2010) or CEN EN 13589 (2008) may be used. For binders used in other applications, any one
of the three methods listed above, CEN EN 13587 (2010), CEN EN 13589 (2008) or CEN EN 13588 (2008), may be used.

¢ NR, no requirement may be used when there are no regulations for the property in the territory of intended use.
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Furthermore, the standard also requires defining the properties of the stabilised bitumen
after long-term accelerated ageing conditioning by a pressure ageing vessel (PAV).
For more information, please refer to CEN EN 15322 (2013).

3.5.2 Cut-back asphalts according to American standards

The American standards recognise only the petroleum cut-back bitumens (asphalts).
Depending on the rate of solvent evaporation or rate of curing, petroleum cut-back asphalts
(bitumens) are divided into three categories. These categories are slow curing (SC), medium
curing (MC) or rapid curing (RC) cut-back asphalts. MC cut-back asphalts are perhaps the
type mostly used in pavement engineering.

Petroleum cut-back asphalts apart from curing rate are graded with reference to their
minimum kinematic viscosity at 60°C.

According to ASTM D 2027 (2010) (AASHTO M 82 2012), there are five different grades
of cut-back asphalts of MC (MC-30, MC-70, MC-250, MC-800 and MC-3000). All of their
characteristic properties are shown in Table 3.11.

Table 3.1 Requirements for cut-back asphalt — medium-curing type

Test MC-30 MC-70 MC-250 MC-800 MC-3000
method
Property (ASTM)  Min  Max Min  Max Min  Max Min Max Min  Max

Kinematic viscosity D 2170 30 60 70 140 250 500 800 1600 3000 6000
at 60°C (mm?/s)  (2010)

Flash point (°C) D 3143 38 — 38 — 66 — 66 — 66 —
(2008)
Distillate test: D 402
Distillate, volume (2008)
% of total
distillate to
360°C:
—to 225°C — 25 0 20 0 10 — — — —
—to 260°C 40 70 20 60 15 55 0 35 0 15
—to 316°C 75 93 65 90 60 87 45 80 15 75
Residue from D 402 50 — 55 — 67 — 75 — 80 —
distillation to (2008)
360°C, per cent
volume by
difference

Tests on residue D2170 30 120 30 120 30 120 30 120 30 120
from distillation: (2010)

Viscosity at 60°C
(Pas)?

Ductility at 25°C D113 100 — 100 — 100 — 100 — 100 —
(cm) (2007)

Solubility in D2042 990 — 90 — 90 — 990 — 99.0 —
trichloroethylene (2009)
(%)

Water (%) D 95 — 0.2 — 0.2 — 0.2 — 0.2 — 0.2

(2013)

Source: Reprinted from ASTM D 2027, Standard specification for cutback asphalt (medium-curing type), West Conshohocken,
Pennsylvania, US: ASTM International, 2010. With permission (© ASTM International).

@ Instead of viscosity of the residue, the specifying agency may specify penetration (100 g/5 s) at 25°C of 120-250 for all
MC grades. However, in no case will both be required.
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Table 3.12 Energy requirement in the production of bituminous binders

Energy required to produce | gal bituminous binder (Btu)

Cut-back asphalt Asphalt cement
medium curing Cationic emulsified asphalt (bitumen)
MC-30: 70,000 CRS-1:2640 80/100 pen (dmm):
MC-70: 63,200 CRS-2:2715 2500
MC-250: 47,000 CMS-2:2715
MC-800: 36,200 CMS-2h: 2595
MC-3000: 29,500 CSS-1:2595

CSS-1:2595

Source: From Asphalt Institute, Energy requirements for roadway pavements. IS-173, USA:
Asphalt Institute, 1979.With permission.

With respect to SC and RC, there are four different grades in each category (MS or
MR-70, MS or MR-250, MS or MR-800 and MS or MR-3000). More details can be found
in ASTM D 2026 (2010) and ASTM D 2028 (2010) (AASHTO M 81 2012).

It should be noted that cut-back bitumens are energetically unadvisable and are environ-
mentally harmful. During production, normally costly solvents are used, which evaporate to
the environment after being mixed with the aggregates or sprayed to the surface. The evapo-
ration of the solvent contributes to waste of energy and to air pollution. It has been esti-
mated (Asphalt Institute IS-173 1979) that to produce a gallon of an MC cut-back asphalt,
12 to 18 times more energy is required than to produce 1 gallon of bitumen, depending on
the cut-back bitumen grade. Comparative energy required values between cut-back asphalts,
bituminous emulsions and paving grade bitumen are presented in Table 3.12.

According to the abovementioned data, the usage of petroleum cut-back bitumens, as well
as the fluxed bitumens, has been limited, and in some countries, their usage has been prohib-
ited (Asphalt Institute MS-19; Chipperfield and Leonard 1976; Nikolaides and Oikonomou
1987; Transportation Research Board No. 30 1975).

3.6 BITUMEN EMULSIONS

Bitumen emulsions are emulsions in which the dispersed phase (discontinuous phase) is bitu-
men and the water or aqueous solution is the continuous phase.

The suspension of bitumen particles is achieved by charging their surface with the same
electric charge after the addition of the emulsifier, or emulsifying agent, during the emulsi-
fication process.

Apart from the above three basic ingredients, a bitumen emulsion may contain, in minute
amounts, one or more of the following: stabilisers, break control agents, acidity regulators,
coating improvers or anti-stripping agents.

When a modified bitumen emulsion is to be produced, polymer is also added.

The size of the dispersed bitumen particles ranges from approximately 0.0001 to approxi-
mately 0.015 mm. Figure 3.4 shows a microscopic view of a bitumen emulsion.

In an unmodified bituminous emulsion, the proportion by mass of bitumen, water, emul-
sifier and other additives typically range within the values: 40%-70% bitumen, 58%-28%
water, 0.5%-1.5% emulsifier and less than 1% other additives.

Depending on the surface charge of the particles, bitumen emulsions are distinguished into
two basic categories: cationic (or acid), where particles are electro-positively charged, and
anionic (or alkaline), where bitumen particles are electro-negatively charged. The term cat-
ionic is derived from the fact that, when static electric current passes through the emulsion,
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Figure 3.4 Bitumen emulsion, photo taken by microscope.

the positively charged bitumen particles are superimposed to the cathode. Similarly, the
term anionic is derived from the negatively charged particles superimposed to the anode.
The alternative terms acid and alkaline are due to the fact that bitumen particles are found
to be suspended in acid or alkaline water environment, respectively, mainly caused by the
surplus of emulsifier.

There are also non-ionic bitumen emulsions, where bitumen particles are in suspension
of neutral water environment (pH approximately 7). These emulsions are rarely used in
highway engineering.

Finally, there are also emulsions stabilised with clay, known as clay-stabilised emulsions.
They are mostly used for industrial applications such as roofing and sealing and not in high-
way engineering works. They are essentially anionic emulsions.

The anionic bitumen emulsions were first to be used in highway engineering works in the
beginning of the 20th century (Barth 1962). In the early 1960s, the cationic emulsions were
developed, solving the inherent problem of re-emulsification of the anionic bitumen emul-
sions. Today, almost exclusively cationic emulsions are used.

Bitumen emulsions are used in a wide range of highway engineering works, such as pro-
duction of cold bituminous mixtures for the pavement construction or maintenance, surface
dressings, prime coating, tack coating, pre-coating of chippings, slurry sealing, micro-
surfacing and slope stabilisation.

The European country with the highest annual consumption of bitumen emulsion in the
year 2011 is France, 0.96 million tonnes, followed by Romania, 0.28 million tonnes, and
Spain, 0.12 million tonnes (EAPA 2011).

The use of bitumen emulsions compared to cut-back bitumens and paving grade bitumens
has the following advantages:

They require less energy for production and application.

They contribute to the atmospheric pollution reduction.

They make bituminous (asphalt) works safer.

They are able to coat successfully wet aggregates or wet surfaces with bitumen.

They accelerate the progress of bituminous works and improve the construction

productivity.

¢ They prevent some construction failures, such as surface layer slippage and bleeding,
and eliminate bitumen ageing owing to prolonged heating.

e They show better results in prime coating and tack coating works.
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The above advantages result from the fact that, because of low viscosity compared with
bitumen and cut-back bitumens, the usage of bitumen emulsions does not presuppose the
usage of heating at any stage of application. As a consequence, bituminous works are safer
and can be carried out at lower ambient temperatures than those required for hot bitumi-
nous mixtures. Furthermore, low viscosity is achieved with the addition of water and not
a solvent. This way, there is evaporation of only water and not evaporation of an expensive
substance, which requires high thermal energy input. Moreover, in contrast with solvents,
the evaporation of water does not add to the atmospheric pollution. Finally, emulsifiers used
for the production of cationic emulsions have, by nature, adhesive properties, which further
increase the adhesive ability of bitumen.

3.6.1 Types and classifications of bitumen emulsions

Bitumen emulsions, apart from the basic distinction (anionic or cationic) based on the polar-
ity of the surface charge of the bitumen particles, are further distinguished into grades
depending on the rate or setting or breaking value. American standards distinguish three
bitumen emulsion grades: slow, medium and rapid setting.

The European standard distinguishes bitumen emulsions into a higher number of grades
depending on the breaking behaviour.

Additionally, bitumen emulsions are designated by the percentage of bitumen content, the
type of bitumen or its hardness.

According to CEN EN 13808 (2013), a combination of letters and numbers is used to
describe a bitumen emulsion. The cationic emulsions are designated by the letter ‘C’; two
numbers indicating the nominal binder content; one or up to three letters such as B (for pav-
ing grade bitumen), P (for polymer-modified bitumen) and F (for bitumen with more than
3% [m/m] flux oil); and a number indicating the class of breaking behaviour.

As an example, the designation of bitumen emulsion C 69 B 2 means that the emulsion is
cationic, its nominal binder content is 69%, the bitumen contained is paving grade bitumen
and its breaking value belongs to class 2 (rapid rate of breaking).

The designation of bitumen emulsion C 65 BP 3 means that the emulsion is cationic,
its nominal binder content is 65%, produced from bitumen and contains polymer, and its
breaking value belongs to class 3 (almost rapid rate of breaking).

Additionally, the designation of bitumen emulsion C 69 BF 3 means that the emulsion is
cationic, its nominal binder content is 69%, produced from bitumen and contains more than
3% flux, and its breaking value belongs to class 3.

As for the anionic type of bitumen emulsions, there was no EN specification available at
the time of writing. This is probably due to the rare use or abandonment of use of anionic
bitumen emulsion.

American specifications for cationic emulsified asphalts (cationic bitumen emulsions),
namely, ASTM D 2397 (2012) (AASHTO M 208 2009), use the letter C for cationic emul-
sions, and ASTM D 977 (2012) (AASHTO M 140 2013) does not use a letter for anionic
emulsified asphalts. They both use two letters indicating setting rate (RS for rapid, MS
for medium and SS for slow), a number (1 or 2) and sometimes the letter ‘h’. For cationic
emulsions, number 1 indicates that the minimum bitumen content in the emulsion, for
slow- and rapid-setting emulsions, is 60% and 57%, respectively. Number 2, which is
only used for rapid- and medium-setting emulsions, indicates that the minimum bitumen
content is 65%. Letter ‘h’, when used, indicates that the bitumen contained is harder than
the usual one, 40 to 90 pen grade instead of 100 to 250 pen grade. Something similar is
used for the anionic emulsions with the difference that the designation begins with the
letters RS, MS or SS.
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Thus, according to American standards, CMS-2 indicates that the emulsion is a cationic
emulsion of medium setting with minimum bitumen content, 65%. Furthermore, CSS-1h
indicates that the emulsion is cationic, of slow setting with minimum bitumen percentage,
57%, and the bitumen is harder than the 80/100 pen bitumen.

It should be noted that in ASTM D 977 (2012), there are also emulsions designated by the
initials HF (high flow). This emulsion grade includes particular anionic emulsions, which
help the formation of thicker bituminous films to prevent draining of bitumen from the
aggregates.

Each emulsion, depending on its grade, should also meet the requirements of other prop-
erties, such as viscosity, storage stability, coating ability, oversized particles (residue on siev-
ing) and so on. Additionally, the recovered bitumen should satisfy the penetration, softening
point, ductility, solubility and viscosity requirements, to name a few, depending on the
specification employed.

According to CEN EN 13808 (2013), the required properties of a cationic emulsion suit-
able for use in the construction and maintenance of roads, airfields and other paved areas
are selected from the classes shown in Table 3.13. Additionally, the technical requirements
and performance of the residual, recovered, stabilised and aged binder from the cationic
bituminous emulsion is selected from the classes shown in Table 3.14.

The initials NR and DV used in Tables 3.13 and 3.14 are abbreviations of the following:
NR for ‘no requirement’ (this class has been included for countries where the characteristic
property is not subject to regulatory requirements) and DV for ‘declared value’, which means
that the manufacturer is required to provide a value or value range for the product.

It is noted that the CEN EN 13808 (2013) standard applies to emulsions of paving bitu-
men, fluxed bitumen or cut-back bitumen and to emulsions of polymer-modified bitumen,
polymer-modified fluxed bitumen or polymer-modified cut-back bitumen, which also
includes latex-modified bituminous emulsions.

The grades and required properties of cationic emulsions according to ASTM D 2397
(2012) are presented in Table 3.15. It should be noted that the specification includes a grade
of cationic emulsion, ‘quick setting’, exclusively used in slurry seal systems.

For anionic bitumen emulsions, a relevant specification table and other information are
given in ASTM D 977 (2012).

3.6.2 Usage of bitumen emulsions with respect to setting rate

Applications of rapid-, medium- or slow-setting emulsions mainly depend on the gradation
of aggregate mix, effectively on the relative surface area of the aggregates.

Rapid-setting emulsions are always used with open graded aggregate mixtures (low relative
surface area). On the other hand, slow-setting emulsions are always used with dense aggregate
mixtures (high relative surface area). Regarding intermediate mixtures, such as semi-dense
graded mixtures, medium-setting emulsions may be used. However, this demarcation is not
that strict. When it comes to other applications, such as tack coating, rapid- or medium-setting
emulsions are used, whereas only slow-setting emulsions are used for prime coating.

3.6.3 Emulsifiers

Emulsifiers for anionic emulsions are fatty acids, which saponify when they react with
sodium or potassium hydroxide. For instance,

R-COOH (fatty acid) + NaOH — RCOO- + Na* + H,O.
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Table 3.15 Types and requirements for cationic emulsified asphalt

uick
mZisrf) d Rapid setting Medium setting Slow setting sQetting
Property (ASTM) CRS-1 CRS-2 CMS-2  CMS-2h CSs-1 CSS-1h - CQS-1H
Test on emulsions:
Viscosity, Saybolt D 244 — — — — 20-100 20-100 20-100
Furol,25°C (s) (2009)
Viscosity, Saybolt D244  20-100 100400 50-450 50-450 — — —
Furol, 50°C (s) (2009)
Storage stability?, D 6930 <l <l <l <l <l <l —
24 h (%) (2010)
Demulsibility, D 6936 >40 — — —
35 ml, 0.8% (%) (2009)
Coating ability and water resistance:
Coating, dry D 244 — — >Good  >Good — — —
aggregate (2009)
Coating, after — — >Fair >Fair — — —
spraying
Coating, wet — — >Fair >Fair — — —
aggregate
Coating, after — — >Fair >Fair — — —
spraying
Particle charge Positive  Positive  Positive  Positive  Positive  Positive  Positive
test
Sieve test® (%) D 6933 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
(2008)
Cement mixing D 6935 — — — — <2.0 <2.0 —
test (%) (2011)
Distillation:
Oil distillate, by D 6997 <3 <3 <12 <l2 — — —
vol. emuls. (%) (2012)
Residue (%) D 244 >60 >65 >65 >65 >57 >57 >57
(2009)

Tests on residue from distillation:

Penetration, 25°C, D5 100250 100-250 100250 40-90 100250  40-90 40-90
100 g/5 s (pen) (2013)

Ductility, 25°C, 5 DII3 >40 >40 >40 >40 >40 >40 >40
cm/min (cm) (2007)

Solubility in D 2042 >97.5 >97.5 >97.5 >97.5 >97.5 >97.5 >97.5
trichloroethylene  (2009)
(%)

Source: Reprinted from ASTM D 2397, Standard specification for cationic emulsified asphalt, WWest Conshohocken, Pennsylvania,
US: ASTM International, 2012. With permission (© ASTM International).

2 This test requirement on representative samples is waived if successful application of the material has been achieved in
the field.
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Regarding cationic emulsions, emulsifiers are mostly monoamines, diamines, amido-
amines, polyamines or imidazolines (Hoiberg 1965), which are dissolved with acids, mostly
hydrochloric or acetic, before emulsification. The chemical reaction with addition of hydro-
chloric acid is of the following formula:

R-NH, (amine) + HCL — RNH; + CL".

Compounds of quaternary ammonium are also used, which are water soluble, and they
do not require acid or oxyethylene addition (Oikonomou and Nikolaides 1985).

Each molecule of the emulsifier has two groups, the hydrophobic and the hydrophilic. The
hydrophobic or lipophilic is non-polar and soluble in bitumen (R) and the hydrophobic one is
polar and soluble in water (COO- or NH3). During emulsification, the molecules of the emulsi-
fier settle onto the microscopic globules (micelles) of bitumen. As a consequence, their surface,
because of the polarity of the hydrophilic part, is charged uniformly. As a result, repulsive forces
are developed between the globules, and this ensures their stable suspension in the continuous
aqueous phase; hence, a bituminous emulsion is produced. This phenomenon is explained in
Figure 3.5. Depending on the polarity of the hydrophilic part, the emulsion is designated as cat-
ionic or anionic. Particle polarity may be determined according to CEN EN 3/18 1430 (2009).

3.6.4 Breaking mechanism of bitumen emulsions

When cationic or anionic emulsions come in contact with the aggregates or with the sur-
face of the pavement, they begin to ‘break’. In other words, the bitumen particles, owing to
the disturbance of the balance of the emulsion—aggregate system, cannot be in suspension
anymore and the bitumen particles (micelles) begin to settle on the aggregate’s surface.
Imbalance is caused by chemical reaction or water loss from the system (emulsion dehydra-
tion). Furthermore, the reduction of the emulsifier content below a crucial level may also
disturb the balance of the system. Emulsion breaking is indicated by the colour change of
the emulsion from brown to black.

The breaking process of an anionic emulsion differs from the breaking process of a cat-
ionic one. Regarding the anionic (alkaline) emulsion, breaking is mainly due to the dehydra-
tion of the emulsion (amount of water loss, initially attributed to water absorption by the
aggregates and then to water evaporation) and not to chemical reaction (Bohn 1965). Water
loss is followed by coalescence, natural settlement, agglomeration, adhesion of micelles to
the surface of aggregates and finally by emulsion breaking. Full breaking of anionic bitu-
men emulsions can occur only after almost complete removal of the water from the system
(bitumen emulsion and aggregate mixture). Otherwise, the system can be ‘re-emulsified’
with the presence of rainwater. Re-emulsification is undesirable since it leaves the aggregates
uncoated.

Regarding cationic bitumen emulsions, breaking is caused initially by a chemical reac-
tion and secondarily by dehydration of the bitumen emulsion. In particular, breaking of a
cationic emulsion takes place at three stages (Gaestel 1967; Scott 1974). At the first stage,
absorption of redundant molecules of the emulsifier and of the bitumen electro-charged
particles on the aggregate surface occurs, owing to electrostatic attraction. At the second
stage, violent coalescence and natural settlement of particles occur owing to the imbalance
of the system. At the third stage, dehydration of the emulsion takes place which causes fur-
ther coalescence and finally breaking of the emulsion. The breaking process of a cationic
emulsion with a siliceous aggregate particle is explained in Figure 3.6. These three breaking
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(discontinuous phase)
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? Bitumen particle (micelle)
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Figure 3.5 Breaking mechanism and adhesion of cationic bitumen emulsion on siliceous aggregate particle.
(2) Suspension of bitumen droplets in the water — continuous. (b) Initiation of breaking and adhe-
sion of bitumen particles to the aggregate surface. (c) Aggregation and deposition of bitumen
particles.

stages take place within a very short period; thus, the danger of re-emulsification of the
system is nullified. This fact shows a major advantage of cationic emulsions over anionic
emulsions.

In case a cationic emulsion with limestone aggregates is used, the breaking process of
the emulsion is the same, since limestone used in bituminous mixtures is not absolutely
electro-positively charged. The total surface charge of limestone aggregates is designated as
a mixture of electro-positive and electro-negative charges (Mertens and Wright 1959). As a
consequence, the first stage of the emulsion breaking, which is due to the electrostatic attrac-
tion, also occurs. Hence, cationic emulsions can be used with all aggregates, and because
they reach complete breaking much quicker than the anionic ones, they have almost phased
out the anionic bitumen emulsions.
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Figure 3.6 Schematic presentation of cationic bitumen emulsion production — continuous plant.

3.6.5 Production of bitumen emulsions

Bitumen emulsions are produced in specific stationary or mobile unit plants, which consist
of storage tanks for raw materials, pumps and piping network, emulsification system (col-
loid mill or high-speed mixer) and tanks with stirring ability to store the final product. A
schematic representation of cationic bitumen emulsion production of continuous flow is
shown in Figure 3.6.

Bitumen (usually 80/100 or 60/70 grade), water, emulsifier, chemicals used for the water
solubility of the emulsifier, stabilisers and particular oils in a small proportion and solvents
are used as raw materials.

The bitumen is heated at a suitable temperature (110°C-140°C), so as to acquire low
viscosity, and is pumped to a colloid mill. The emulsifier, the acid, calcium chlorite or any
other water-soluble additives are added to the heated water (normally less than 85°C), and
all lead to the colloid mill. Other additives such as solvent or polymer in liquid form are also
added to the colloid mill.

The high-speed mill (up to 6000 revolutions per minute) consists of a conic rotor and its
respective stator. The gap between rotor and stator is adjustable and is normally approxi-
mately 0.25-0.50 mm. Any variation of the gap affects the sizes of the bitumen globules
(particles) and, hence, the quality of the bitumen emulsion.

The bitumen and the aqueous solution of the emulsifier and other additives as they enter
the colloid mill are subjected to high shear stresses, which divide the bitumen into micro-
scopic particles (0.5 to 0.015 mm in diameter). These particles, because of the presence of
the emulsifier, are uniformly charged to the same polarity. The produced bitumen emulsion,
having a temperature of approximately 80°C-90°C, is pumped into storage tanks to cool
down.

Apart from for the continuous flow production units, there are also batch production
units. In this case, the predetermined proportions of water, emulsifier and all the other
chemicals for each batch are mixed with water in a separate tank before the aqueous solu-
tion is pumped into the colloid mill. The hourly output of this system is always lower than
the output of the continuous flow system.
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3.6.6 Properties of bitumen emulsion

The produced bitumen emulsion must be stable, so not to break during transportation
or/and storage for a certain period of time. Additionally, it should have a suitable vis-
cosity, so to be sprayed at ambient temperatures without the need of too much heating.
Finally, it should adhere to the aggregates properly and break at a desired breaking rate.
Obviously, certain properties of the emulsion, such as stability and breaking, seem to be
contrary. This is true, but the abovementioned properties are required at different stages
of emulsion usage. The first one is required during storage, whereas the second one is
needed during application.

3.6.6.1 Storage stability of bitumen emulsion

Storage stability of bitumen emulsion is of great importance, because otherwise the pro-
duced and stored emulsion could not be properly used or it would be absolutely unsuit-
able for use. Storage stability is mainly affected by the size of the bitumen globules being
in suspension in the aqueous phase as well as by their size distribution. The larger the
globule size, the bigger their mass, and as a result, they cannot remain in suspension for
a long period. They start to fall through and accumulate at the bottom of the tank or the
barrel. The sedimentation velocity is higher when the size distribution of the globules is
non-uniform. While falling down, these particles are likely to draw other particles at the
bottom, leading to a bigger volume agglomeration of globules. As a consequence, the area
at the lower part of the tank/barrel is rich in bitumen, while the area at the upper part is
bitumen deficient. At the initial stage of settlement, simple stirring or shaking may recall
the system to its initial form. Thus, it can be said that this agglomeration phenomenon
called flocculation is reversible.

Further flocculation of bitumen globules, attributed to the weight of the mass of globules
formed and the dominant hydrostatic pressure, causes fusion of the globules and the forma-
tion of a unified bituminous mass. This phenomenon is called coalescence. Coalescence is
an irreversible process. Thus, after coalescence begins, the bitumen content of the emulsion
is drastically reduced and the emulsion is unsuitable for use.

The size of bitumen globules, which should normally be between 0.5 and 0.015 mm
for at least 85% of the globules, is mainly affected by the distance of the gap between
the rotor and the stator. If for some reason (mainly metal wear) the gap becomes bigger,
the emulsion produced will be more ‘coarse’. The size of the globules can also be affected
by the low temperature of the bitumen or the aqueous solution during the emulsification
process.

The storage stability of the emulsion may also be affected by the viscosity of the emulsion,
the specific gravity of the bitumen and the emulsifier content of the emulsion.

Emulsions with relatively low viscosity and emulsions produced by bitumen with rela-
tively high specific gravity are more prone to settlement than emulsions with high viscosity
and bitumen of lower specific gravity. The use of an increased emulsifier quantity in the
system decelerates the settlement rate. However, this solution should not be preferred, since
the emulsifier constitutes the most expensive ingredient and it will have further effects, such
as increase, mainly, of the emulsion break time.

Emulsion storage stability is quickly determined by the 24 h settlement test (see Section
4.20.13). The size of bitumen globules, as well as their size distribution, can be deter-
mined using electronic microscopes or electronic apparatuses for sieve analysis. A quick
and far less costly method to determine the suitability of the bitumen emulsion in road
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works with respect to its bitumen globule (particle) size is the sieving test (see Section
4.20.12).

During storage or transport of bitumen emulsions, the cleanness of tanks or barrels should
not be overlooked. In case of residues or foreign solid particles, it is almost certain that the
stability and emulsion’s general behaviour will be affected.

At this point, it must be stated that regardless of the cleanness of the storage area, the
emulsion should not be exposed to ambient air for a long period. A partial evaporation
of the water causes surface breaking, which appears as a ‘crust’ of bitumen in the surface
of the tank, container or barrel. Thus, barrels or tanks should be sealed properly and, if
possible, be completely filled. Furthermore, it is preferable that barrels or tanks are placed
vertically.

It must be emphasised that an anionic emulsion should never be mixed with a cationic
emulsion, since as a result of their opposite electrostatic charge, instant breaking occurs.
Barrels or tanks that were used in the past for the opposite emulsion type should be cleaned
thoroughly with plenty of water or solution in case they are to be used again. It should be
ensured that no trace of emulsion of opposite type exists. Tanks that were used for bitumen
storage in the past can be used for emulsion storage, once they are checked for foreign bod-
ies or detached parts of old bitumen.

3.6.6.2 Viscosity of bitumen emulsion

Bitumen emulsions are used at ambient temperatures, and as a result, an essential change
in their viscosity can possibly have negative impacts or requirements for partial heat-
ing. Emulsion viscosity mainly affects the emulsion’s ability to be successfully sprayed
at ambient temperatures and to successfully coat the aggregates with bitumen. It also
affects the workability of the cold bituminous mixture at the mixing and compaction
stages.

The viscosity of the emulsion mainly changes with the fluctuation of bitumen content. As
the bitumen content increases, the viscosity of the emulsion also increases. The effect of the
increase is more profound when the bitumen content exceeds 65% (see Figure 3.7).

The same figure also presents the effect of temperature on the emulsion viscosity. As the
temperature is reduced, the emulsion viscosity increases. This increase is more distinct to
emulsions having a bitumen content of more than 65%. Moreover, the emulsion viscosity is
affected by the bitumen viscosity during emulsification, the acidity of the aqueous solution
and the emulsifier content (Shell Bitumen 2003). When the viscosity of the bitumen enter-
ing the colloid mill is reduced, the average diameter of particles is reduced and the emulsion
viscosity slightly increases. Additionally, a relative increase of the viscosity is observed when
the acidity of the aqueous solution is reduced and emulsifier content is increased.

The grade of bitumen (hardness) used for emulsion production also affects the viscosity
of the emulsion but to a lesser extent. The extent of influence depends on the type of emulsi-
fier (Nikolaides 1983). The type of emulsifier also affects the Newtonian or non-Newtonian
behaviour of the emulsion.

Lyttleton and Traxler (1948) examined a great number of anionic emulsions and found
that almost all of them had non-Newtonian behaviour, with the majority of them being
thixotropic. Cationic emulsions examined by other researchers exhibited the same behav-
iour, but as a whole, their viscosity was lower than the viscosity of the anionic ones, for the
same bitumen content. Clear non-Newtonian behaviour has been found (Nikolaides 1983)
in cationic emulsions when the bitumen content exceeded 60% (see Figure 3.8).
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3.6.6.3 Adhesiveness of bitumen emulsion

In all cases where bitumen is used, the need for good adhesiveness of bitumen with aggre-
gate surface is of the greatest importance.

The factors that affect the adhesiveness of the emulsion and thus of the bitumen with the
aggregates are as follows: the emulsifier type and quantity, the bitumen quality and grade,
the pH of the aqueous solution of the emulsifier and the type of aggregates.

A sufficient quantity of the selected emulsifier should be included in the emulsion so that a
sufficient number of free molecules of the emulsifier exist. The pH of the aqueous solution of
the emulsifier should fluctuate depending, mainly, on the chemical composition of the bitu-
men and the type of aggregates. Regarding the effect of the aggregate type on the adhesive-
ness of the emulsion/bitumen, it should be stated that cationic emulsions adhere very well to
all types of aggregates for the production of bituminous mixtures. In contrast, anionic ones
adhere better only to limestone aggregates.

3.6.6.4 Breaking rate of bitumen emulsion

The breaking rate of an emulsion is one of the most important factors to help achieve a good
performance of the emulsion and satisfactory mixing or spraying. The breaking rate should
be such, in order to provide the required time for the uniform and full dispersion of the bitu-
men on the surface of aggregates, to offer sufficient workability during laying and, at the
same time, to accelerate the development of the cohesion of the mixture. This may seem dif-
ficult, but in practice, it is achievable. The breaking rate of a bitumen emulsion for spraying
applications, apart from prime coating, should be higher than that for mixing applications.
The breaking rate depends on the following factors:

a. The composition of the bitumen emulsion
b. The rate of water evaporation—weather conditions (temperature and wind velocity)

c. The absorption of aggregates

d. The physical and chemical characteristics of aggregates

e. The disturbance of the emulsion/aggregate system (cold mix) during mixing and laying

The breaking rate can be changed by altering the emulsion composition, namely, the
amount of emulsifier, bitumen and additives. In a cationic bitumen emulsion, if the amount
of emulsifier and the bitumen content is reduced, or if the amount of acid or the acid/emulsi-
fier ratio is increased, the rate of breaking is reduced. Additionally, a reduction on the size
of the bitumen globules and its size distribution also reduces the breaking rate. In case an
increase of breaking rate is required, fluctuation of the above parameters should be reversed
(Nikolaides 1983).

The evaporation rate of water has a direct impact on the rate of emulsion breaking. Since
the evaporation rate is related to the climatic conditions, the rate of emulsion breaking
increases when the ambient temperature and the wind velocity increases or when the relative
humidity is reduced. Hence, the emulsion used should be susceptible as little as possible to
the abovementioned factors. Cationic emulsions seem to be more susceptible to the above
factors.

The absorption of aggregates is related to the loss of water from the bitumen emulsion.
Thus, for the same emulsion, when porous aggregates are used, the rate of emulsion break-
ing is expected to be faster. The increase of breaking rate attributed to aggregate porosity
can be eliminated by pre-moistening the aggregates (3% to 5% of water by mass of aggre-
gates may be used).
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Physical and chemical characteristics of aggregates affecting the breaking rate are the par-
ticle size distribution and the maximum particle size of the aggregate mixture (both related
to the aggregate specific surface area, the relative moisture content, the surface texture, the
origin of parent rock material and the amount and type of filler).

When the specific surface area of aggregates increases, which means that more fine aggre-
gates are in the mixture, the bitumen emulsion breaks faster. Likewise, an increase of the
breaking rate is observed when the filler percentage increases. However, the effect on the
breaking rate differs if the filler is cement, limestone or lime, for a given bitumen emulsion.
Nevertheless, the impact of the amount of filler is greater than the type of filler used.

As the relative moisture of aggregates increases, the rate of emulsion breaking decreases.
Even when using slow-setting emulsions, pre-wetting of the aggregates with a small amount
of water (approximately 1%-3%) is almost always the case during the production of a cold
bituminous mixture. The pre-wetting of the aggregates results in neutralising the surface
ions, to a certain extent.

Finally, the rate of emulsion breaking is affected by the mixing and spreading device
used (i.e. mixing unit with a spreader box or motor grader). In the first case, the rate
increases because higher shear forces are applied to the emulsion/aggregate system.
Further breaking of the emulsion is accelerated by rolling the mat for a few minutes after
laying (20-30 min).

At this point, it must be stated that the rate of emulsion breaking can also be modified by
using chemical substances. In case of asphalt dressing, the rate of emulsion breaking may
be accelerated by spraying a chemical substance on the already sprayed surface with emul-
sion, shortly before the aggregate dispersion. These substances usually play a dual role: they
accelerate the emulsion setting and improve further bitumen and aggregate adhesion.

In the beginning of the 1990s, an additive that fully controlled the breaking rate of the
emulsion, depending on the type of application, was developed. The additive was an aque-
ous solution (neutraliser) in oil (reverse emulsion) and it was added to the bitumen emulsion
shortly before its use. This additive gave excellent results both on surface dressings and on

cold bituminous mixtures of any type with conventional or modified bitumen (Redilius
1993).

3.7 ANTI-STRIPPING AGENTS

Anti-stripping agents, or adhesion agents, are mainly organic compounds used for improv-
ing the adhesion of bitumen on the aggregate surface, reducing or eliminating the danger of
bitumen stripping from the aggregate surface, in the presence of water.

The use of anti-stripping agents applies both to surface dressings (Cawsey and Gourlet
1989; Woodside and Macoal 1989), where excellent and permanent adhesion is required,
and to hot or cold bituminous mixtures (Anderson et al. 1982; Christensen and Anderson
1985). In both cases, the bitumen-aggregate adhesion is improved and the mixture resis-
tance to the disastrous impact of water is increased, in case hydrophilic aggregates are
used.

As a consequence, the cohesion, stability and tensile strength of the bituminous mix-
ture are preserved or even improved when it is subjected to a water attack. This is due to
the insertion of anti-stripping agent between the hydrophilic aggregates and the oleophilic
bitumen, which develops a strong bond between bitumen and aggregate surface. For every
aggregate category, namely, siliceous, silico-calcareous and calcareous, there is an appropri-
ate type of anti-stripping agent that should be used.
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3.7.1 Types of anti-stripping agents

Anti-stripping agents are chemical substances that have a similar composition to emulsifiers
and are divided into (a) anionic type, such as organic acids (creosote) and fatty acids (oleic
acid, stearic acid, pine pitch, etc.), and (b) cationic type, such as amines (simple amines,
diamines, tertiary amines, polyamines and imidazolines) and salts of quaternary ammonium.

Organic acids are usually used with aggregates bearing a positive electrostatic charge on
their surface, such as limestone, dolomites, laterites and so on. Fatty acids are usually used
with aggregates that are not electrostatically charged, silico-calcareous aggregates, such as
quartzites, rhyolites and so on. Finally, all anti-stripping agents of cationic type are used
with aggregates, which are negatively surface charged, as the majority of silica rocks.

The operating procedure of anti-stripping agents is the same as that of the emulsifiers.
In other words, the hydrophobic part of their molecules is dissolved in the bitumen and
the electrostatically charged free end forms a strong bond with the aggregate surface. This
bond is stronger than the one that would be formed between bitumen and aggregates under
normal conditions, even if aggregates were positively charged. In case an amount of water
appears in the system, the hydrophilic end of molecules, which have already formed a bond
with the aggregate surface, does not permit detachment of bitumen from the aggregate
surface.

3.7.2 Usage of anti-stripping agents
3.7.2.1 Anti-stripping agents in surface dressings

As it was mentioned, the anti-stripping agents are used in surface dressings. They may be
incorporated using one of the following ways:

i. Dissolved (usually in tar oil) and sprayed onto the aggregates before aggregate spreading
ii. Dissolved in tar oil and sprayed on the surface already coated with bitumen, just before
spreading the aggregates
iii. Dissolved into bitumen before spraying begins

The first way is fairly time-consuming and thus is rarely used. The second one signifi-
cantly reduces the viscosity of the bitumen film and delays the bond development. The
third way has an advantage over the other ways, since a good adhesion is achieved not only
between aggregates but also with the old surface. Thus, the third way has been established
and is used because of more positive results observed.

A key element is the determination of the necessary quantity of anti-stripping agent to
be used. This quantity depends on the type of anti-stripping agent; the type, texture and
porosity of the aggregate; and the composition, viscosity and surface tension of the bitumen
and the ambient temperature. In general terms, the required quantity of anti-stripping agent
usually ranges between 0.5% and 2.5%. A small increase of the quantity is observed when
the viscosity of the bitumen increases and ambient temperatures decrease.

3.7.2.2 Anti-stripping agents in asphalts

Anti-stripping agents are also used in the production of hot or warm asphalts (bituminous
mixtures) in order to improve the adhesion between bitumen and hydrophilic aggregates in
the presence of water. The addition of anti-stripping agent not only preserves the cohesion,
stability and stiffness of the asphalts when wet but also prevents ravelling.
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The anti-stripping agent is added to the bitumen shortly before mixing the bitumen and
the aggregates for the production of asphalts. Adding the anti-stripping agent to bitumen
shortly before mixing is due to the fact that usually most anti-stripping agents are not stable
and break up when being at high temperatures for a long period.

Asphalts treated with anti-stripping agent, apart from increasing their retained stabil-
ity, showed better behaviour in bitumen ageing (Anderson et al. 1982; Christensen and
Anderson 1985). Furthermore, some anti-stripping agents decrease the susceptibility of the
bitumen to temperature variations (Anderson et al. 1982).

Finally, it should be stated that in all cases, the effectiveness and suitability of each anti-
stripping agent differ between aggregates and also between bitumens. Thus, the anti-stripping
agent—bitumen—aggregate system should be examined in order to determine the optimum
usage of the anti-stripping agent for a given type of aggregate and origin of bitumen.

3.7.3 Test methods for determining susceptibility to
stripping or affinity between aggregate and bitumen

The determination of susceptibility to stripping in the presence of water or affinity between
aggregate and bitumen and thus the necessity of anti-stripping agent usage is carried out by
various laboratory tests. In fact, by carrying out these tests, the hydrophilia of the aggregate
is determined.

The tests may be conducted on loose or on compacted bituminous mixture. In the first
case, the affinity between aggregates and bitumen or aggregate’s hydrophilia is determined
directly. In the second case, the moisture susceptibility of the compacted bituminous mix-
ture (specimen) is specified and the susceptibility to stripping or aggregate/bitumen affinity
or aggregate’s hydrophilia is determined indirectly.

The tests that belong to the first category are (a) the rolling bottle method, (b) the static method
and (c) the boiling water stripping method. These tests are described in EN 12697-11 (2012).

In the second category, fracture tests on specimens after immersing them into water are
used for the determination of (a) the ratio of indirect tensile strength (ITSR) (CEN EN
12697-12 2008) or (b) the index of the retained compressive strength (ASTM D 1075 2011)
and (c) the ratio of retained Marshall stability.

Finally, for surface dressings, the Vialit plate shock test method is used (CEN EN 12272-3
2003).

3.7.3.1 Rolling bottle test method

In the rolling bottle test method, the affinity is determined visually by recording the degree
of the bitumen coverage of the aggregate particles after hand mixing and rotating the loose
bituminous mixture in the presence of water.

The rolling bottle test is a simple but subjective test, suitable for routine testing. This test
is not appropriate for highly abrasive aggregates.

In accordance with CEN EN 12697-11 (2012), Part A, a minimum aggregate quantity of
600 g passing through an 11.2 mm sieve and retained on an 8 mm sieve (or passing through
an 8 mm sieve and retained on a 5.6 mm sieve, respectively) is washed using an 8 mm or a 5.6
mm sieve and is dried. From the initial aggregate quantity, 510 g aggregates are heated and
mixed well (by means of a spatula) with a certain quantity of heated bitumen, namely, 16 +
0.2 g or 18 + 0.2 g, depending on the aggregate size. This quantity corresponds to approxi-
mately 3% bitumen per weight of mixture. After mixing, the loose bituminous mixture is left
onto a flat metal lid or silicone-coated paper at ambient temperatures 20°C + 5°C for 12 to

64 h.
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The loose bituminous mixture is split into three equal parts and placed into specific glass
bottles, which are filled to the middle with distilled water. After sealing the bottles with a
screw cap, the bottles are placed on a rolling machine for 6 h + 15 min. The rotation speed
is proportional to the hardness of the bitumen used. The temperature during rolling is the
ambient temperature, namely, 15°C to 25°C.

After rolling is finished, the water is removed and the content is transferred into a bowl or
flat surface, where the percentage of bitumen coverage on aggregates is estimated (to the nearest
5%) by one or two skilled operators (in case of two estimations, the average value is recorded).

The aggregate particles are left for 6 + 1 h and 24 + 1 h and returned to the bottles filled
with fresh distilled water for further rolling (6 h + 15 min rolling time). Optionally, 48 h or
even 72 h resting periods may be used.

Each time, not only the percentage of the aggregate coverage is recorded, but also the case
where lumps of particles are created. If lumps exceed 10% of the total number of particles,
the test result shall be discarded.

More information is given in CEN EN 12697-11 (2012).

3.7.3.2 Static test method

In the static test method, the affinity is also determined visually by recording the degree of
bitumen coverage of the aggregate particles after leaving the coated aggregates in water for
a certain period.

This static test is simple but subjective and suitable for routine testing for all types of
aggregates with respect to their hardness.

According to CEN EN 12697-11 (2012), Part B, a sufficient aggregate quantity passing
through a 10 mm sieve and retained on a 6 mm sieve is washed using a 6 mm sieve and then
dried. From the dried aggregate, a mass of 150 g is heated at 135°C + 5°C and mixed well (by
hand) for approximately 5 min with a certain quantity of heated bitumen at 135°C + 5°C.
The amount of bitumen is equal to 4% by weight of aggregates and similar to the one going
to be used.

If any particles are not coated after 5 min of mixing, a new aggregate proportion is mixed
again with the bitumen proportion increased in steps of +0.5% by weight of aggregates until
a mix that gives a complete coating of the aggregate is obtained.

Once full aggregate coating is achieved, a glycerol and dextrine mixture (50%/50%) is
sprayed on the mix and the loose mixture is left for 1 h + 5 min in one or two trays.

After the above time has passed, the loose bituminous mixture is covered with distilled
water at a stable temperature of 19°C + 1°C for 48 + 1 h. After immersion, the water is
removed and the loose mixture is dried at 19°C + 9°C. Then, each particle is examined for
incomplete coating by the binder. If more than three aggregate particles in a sample have an
incomplete binder coating, the test is repeated on three more samples.

During testing the number of particles with an incomplete coating of binder is recorded each
time and the average value is determined and reported as the final result. The quantity of bitu-
men used is also recorded and reported. More information is given in CEN EN 12697-11 (2012).

It is stated that a similar test method used to be executed using AASHTO T 182 or ASTM
D 1664 is now withdrawn.

3.7.3.3 Boiling water stripping test method

The boiling water stripping test is used to express the affinity in reference to the degree of
bitumen coverage on loose aggregates after immersion in boiling water containing certain
reagents (hydrochloric acid or hydrofluoric acid and phenolphthalein [as indicator]).
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It is designated as an objective test with high precision. However, it requires a greater
amount of operative skills from the laboratory staff and the use of chemicals. As a conse-
quence, hygiene and safety measures are required.

The boiling water stripping test can be used for any bitumen-aggregate combination,
which might be calcareous, silico-calcareous or siliceous aggregates.

According to CEN EN 12697-11 (2012), Part C, a minimum aggregate quantity of 2000 g
passing through a 14 mm sieve and retained on a 7 mm sieve (another aggregate fraction
may also be used) is washed using the 7 mm sieve and then dried. From the dried aggregate,
a mass of 1500 + 52 g is heated and mixed well (by a spatula) with a certain quantity of
heated bitumen (31.5 + 0.2 g). This quantity corresponds to approximately 2.1% bitumen
by weight of total mix (the quantity of bitumen is modified if aggregate fraction other than
7/14 mm is used). After mixing, the loose bituminous mixture is transferred into a vessel
and then into cold water to cool off (conditioning stage).

Two samples of coated aggregates (approximately 200 g each) are boiled in 600 ml de-
mineralised water for 10 min and then removed to dry and cool off. The coated aggregate
samples are weighed again and each was put in 5 min contact with approximately 200 g of
0.1 N hydrochloric acid in an 800 ml glass beaker, if calcareous aggregates are tested. In
case silico-calcareous or siliceous aggregates are tested, use 1 h + 1 min contact period and
0.1 N hydrofluoric acid.

After the contact time has elapsed, separate the hydrochloric acid from the aggregate by
pouring the solution gently into a 250 ml graduated cylinder. Titrate a 25 ml aliquot por-
tion with 0.1 N sodium hydroxide or N potassium hydroxide, depending on the type of
aggregate used, in the presence of phenolphthalein. Repeat the titration on a second aliquot
of 25 ml. Determine the average volume in millilitres of 0.1 N NaOH or KOH required for
the titration to the nearest 0.05 ml.

Then the volume of acid consumed is calculated using a formula, and from that, the per-
centage (%) of stripped aggregates is determined using a prepared calibration curve. The
degree of bitumen coverage (%) is calculated as follows: 100-% of stripping.

More information is given in CEN EN 12697-11 (2012).

3.7.3.4 Water sensitivity of bituminous specimens by
determination of the indirect tensile

The water sensitivity of a bituminous mixture is evaluated by determining the effect of
saturation and accelerated water conditioning on the indirect tensile strength of cylindrical
specimens of a bituminous mixture. The test can be used for evaluating the effect of mois-
ture with or without anti-stripping additives.

According to CEN EN 12697-12 (2008), a set of not less than six cylindrical specimens is
prepared. The specimens shall have a diameter of 100 + 3 mm when the nominal maximum
particle size of the bituminous mixture is 22 mm, and 150 + 3 mm or 160 + 3 mm for bigger
nominal maximum particle size.

The specimens are compacted using one of the approved compaction methods, specified
in the relevant standard (impact, gyratory, vibratory compaction or using a slab compactor).

The specimens are divided into two subgroups of three or more specimens, having approx-
imately the same average length and average bulk density. The difference of the average
length of the two subgroups must not exceed 5 mm, whereas the difference of the average
bulk density shall not exceed 30 kg/m?.

One of the subgroups of specimens is stored in a flat laboratory surface at 20°C + 5°C.
This subgroup is designated as the ‘dry’ subgroup of specimens.
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The other subgroup is placed on a perforated shelf in a vacuum container filled with
distilled water at 20°C + 5°C, to a level at least 20 mm above the upper surface of the test
specimens. A vacuum of 6.7 kPa (50 mm Hg) is applied for 30 & 5 min, and then for another
30 + 5 min, the specimens remain submerged in water under atmospheric pressure. This
subgroup is designated as the ‘wet’ subgroup of specimens. The dimensions of specimens
are measured and their volume is calculated. Any specimen whose volume has increased for
more than 2% is rejected.

Then, the wet subgroup of specimens is stored in a water bath at 40°C + 1°C for a period
of 68 to 72 h.

After that, all specimens are brought to a test temperature of 25°C + 2°C for at least 2 h
for 100 mm diameter specimens or 4 h for specimens with a diameter of 150 mm or larger.

The indirect tensile strength of all specimens is measured using the apparatus and the
methodology specified in CEN EN 12697-23 (2003).

The ratio of the indirect tensile strength (ITSR) is calculated by the following formula:

ITSR = (ITS,/ITS,) x 100,

where ITSR is the ratio of indirect tensile strength (%) to the nearest whole number, ITS, is
the average indirect tensile strength of the wet specimen group (kPa) and ITS, is the average
indirect tensile strength of the dry specimen group (kPa).

The average value of tensile strengths is rounded to three significant figures.

More information about the test is given in CEN EN 12697-12 (2008) and CEN EN
12697-23 (2003). The test is similar to the one specified in ASTM D 4867 (2009), ASTM D
6931 (2012) or AASHTO T 283 (2011).

The ratio of indirect tensile strength should be higher than the value determined by the
contractual requirements. If the ratio is lower than the required value, the use of a suitable
anti-stripping agent is required and the test is repeated.

3.7.3.5 Retained compressive strength index test

The retained compressive strength index test is conducted in accordance with ASTM D 1075
(2011). The determination of the impact of water on the bituminous mixture cohesion is
expressed as the percentage of the retained compressive strength.

The test requires cylindrical specimens of usually 101.6 mm in diameter and 101.6 +
2.5 mm height to be produced. Specimens are produced and tested on compressive strength
according to the standard ASTM D 1074 (2009) (AASHTO T 167 2010). The compaction
is carried out with a compression testing machine, which applies an initial compressive load
of 1 MPa (150 psi) to the bituminous mixture for a few seconds and then a full load of
20.7 MPa (3000 psi) for 2 min.

If the specimens are required to be compacted at a certain void percentage, usually 6%,
the abovementioned full compressive load varies accordingly.

The specimens are extracted from the moulds and left to room temperature for 24 h. Once
bulk specific gravity is determined, half of them (at least three specimens) are tested in axial
compression, without lateral support, at a uniform rate of vertical deformation (5.08 mm/
min for the 101.6 mm specimen) until crushing.

The rest of the specimens (at least three) are placed into a water bath at 60°C for 24 h or
into a water bath at 49°C for 4 days. After 4 days, they are transferred into another water
bath at 25°C for 2 h, so that the test temperature is obtained. Then, they are subject to com-
pression, as the first set of specimens.
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Compressive loads of both wet and dry specimens are recorded, so that the average com-
pressive strength can be calculated. The index of the retained strength is determined from
the ratio of the average compressive strength of wet specimens to the average compressive
strength of dry specimens, multiplied by 100 (i.e. expressed as a percentage).

More details can be found in ASTD D 1075 (2011) and ASTM D 1074 (2009).

3.7.3.6 Retained marshall stability test method

The retained Marshall stability test is conducted by some organisations, mainly in the
United States, as an alternative to determine the effect of moisture to the bituminous mix-
tures. The test consists of preparing Marshall specimens and testing them dry and wet
(after certain hours of saturation) using the Marshall apparatus. Saturation conditions have
not yet been standardised. The retained Marshall stability is calculated as the ratio of the
average Marshall stability of the wet specimens to the average Marshall stability of the dry
specimens, expressed in percentage.

3.7.3.7 Vialit plate shock test method

The Vialit plate test, according to CEN EN 12272-3 (2003), determines the binder aggre-
gate adhesivity and the influence of adhesion agents or interfacial dopes in adhesion charac-
teristics as an aid to design binder aggregate systems for surface dressing.

In particular, CEN EN 12272-3 (2003) specifies methods of measurements of (a) the
mechanical adhesion of the binder to the surface of aggregates, (b) the active adhesivity of
the binder to chippings, (c) the improvement of the mechanical adhesion and active adhesiv-
ity by adding an adhesion agent either into the mass of the binder or by spraying the interface
between binder and chippings, (d) the wetting temperature and (e) the fragility temperature.

The adhesivity value is determined as the sum of number of chippings remaining bonded
to the plate and the number of fallen chippings that are stained by the binder.

The wetting temperature is determined as the lowest binder temperature used when
spreading the chippings on the plate, which results in 90% of the chippings being stained
by the binder.

The fragility temperature is the lowest test temperature at which 90% of the aggregates
remain bonded to the plate.

The test is suitable for all bituminous binders for surface dressings, such as conventional
or polymer-modified bitumen, cut-back bitumens, fluxed bitumen or bituminous emulsions
with conventional or modified bitumen.

During testing, a binder quantity is spread out on a 200 + 1 mm x 200 + 1 mm steel plate
and is then cooled or stabilised at 5°C + 1°C. The binder rate of spread ranges from 0.7
to 1.3 kg/m? depending on the chipping size. Then, 100 graded chippings (4/6 or 6/10 mm
size) or 50 graded chippings (10/14 mm size) are laid down on the binder and rolled using a
manual rubber cylinder.

After the light rolling, the plate is placed in a heating chamber at 5°C + 1°C for 20 +
2 min. Then, it is removed and placed reversely in the Vialit apparatus. Within up to 1 min,
an impact load of dropping metal ball is applied to the plate, three times within 10 s. After
loading, the number of fallen chippings unstained by the binder is recorded as ‘a’.

The adhesivity value (b + ¢) constitutes the number of the rest of the chippings, namely,
those fallen but stained by the binder, recorded as ‘6’, and those bonded to the plate after
testing, recorded as ‘c’.

More information about the test and the way to determine wetting temperature and fra-
gility temperature is given in CEN EN 12697-3.
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Figure 3.9 Pendulum (Vialit) device. (Courtesy of Cooper Research Technology Ltd.)

3.7.3.8 Determination of cohesion of bituminous
binders with the pendulum (Vialit) test

The pendulum (Vialit) test, according to CEN EN 13588 (2008), determines the cohesion
of any bituminous binder (pure, modified or fluxed). Cohesion is one of the measures of the
performance of the bituminous binder, particularly modified bitumen or bitumen recovered
from bitumen emulsion. It is important to use binders that have a sufficient level of cohesion
according to the level of traffic to be supported.

The test method measures the cohesion of bituminous binders at temperatures ranging
from -10°C to +80°C and for expressing the relationship between cohesion and temperature.

Cohesion is defined as energy per unit area required to fully detach a cube from the sup-
port, with the previously bonded faces of the cube and support remaining fully covered by
binder (CEN EN 13888).

A 10 mm side steel cube is fixed to a steel support by a film of binder of 1 mm thickness.
The assembly is brought to the test temperature and the cube is dislodged by the impact of
a swinging pendulum. The energy absorbed by rupture of the binder is calculated from the
angle (x) of swing of the pendulum. The determination is performed over a range of at least
six temperatures covering the cohesion peak of the binder. A pendulum (Vialit) device is
shown in Figure 3.9.

More details about the test can be found in CEN EN 13588 (2008).

3.8 MODIFIED BITUMENS AND SPECIAL BITUMENS

Modified bitumens are bitumens whose rheological properties have been modified during
manufacture by the use of one or more chemical agents (modifiers). The modification alters
and improves certain bitumen properties, which results in the improvement of the respective
bituminous mixture or application and therefore improved construction quality.

The necessity of using modified bitumens initially emerged during the 1970s when, due to
a large number of bitumen origin and production sources, variability in bitumen properties
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was noticed. Additionally, the price of bitumen was increased during the same period owing
to the energy crisis.

The first resulted in several pavement failures associated to the quality of bitumen, whereas
the second one resulted in an increase of the total construction cost. As a consequence, the
need to improve bitumen quality emerged in order to ensure the qualitative stability and
improvement of the construction quality.

Factors such as the rapid increase of traffic volume and axial loading, the higher demands
of users for better and constant ride quality and the users’ disturbance during maintenance
works made the need for improvement of bitumen properties and consequently of the bitu-
minous works imperative.

The required improvements refer to temperature susceptibility, stiffness, elasticity, adhe-
sivity and ageing of the bitumen; in other words, for bitumen to not become too soft at
high temperatures, to not become brittle or fractured at subzero temperatures, to deform
less under loading, to adhere better to aggregates and to age at a slower rate. The chemical
industry met the abovementioned demands and presented a wide rage of chemical additives
(modifiers), each one satisfying some or almost all of the above requirements.

Special bitumens, according to CEN EN 12597 (2000), are bitumens manufactured
by processes and from feedstocks chosen to confer special properties that meet stringent
requirements for paving or industrial applications.

3.8.1 Usage and role of modified bitumen

Modified bitumen can be used in the whole range of bitumen works, namely, for producing
bituminous mixtures (hot to cold), in surface dressings, surface sealing, water insulation
and so on. Modified bitumens may be employed ‘directly’ or in the form of cut-backs or
emulsions, or blended with, for example, natural asphalt.

The role of modified bitumen in paving is mainly fourfold: to increase asphalt’s resistance
to permanent deformation, to improve asphalt’s fatigue life, to increase asphalt’s stiffness
modulus and to improve adhesion between bitumen and aggregate particles. All the above
tasks are to be fulfilled without affecting, if possible, the workability of the mixture. Only
certain modifiers are able to fully accomplish these rather complicated and difficult tasks.

The increase of asphalt’s permanent deformation resistance solves the problem of prema-
ture rutting typically developed in areas with high-medium traffic volume and normal-high
ambient temperatures.

The improvement of asphalt’s fatigue life delays the development of the pavement’s fatigue
cracking.

The increase of asphalt’s stiffness modulus improves the load spreading ability of the
asphalt layer; hence, lower stresses are transferred to the subgrade. This could be interpreted
as the ability to decrease the asphalt layer’s thickness, and hence the pavement’s thickness,
for a given subgrade strength and under the given traffic conditions.

Finally, improvement of the adhesion between bitumen and aggregate particles positively
affects the life of surface dressings, as well as open graded and porous asphalts, and elimi-
nates the development of ravelling.

Modified bitumens are characterised by the relatively high production and supply cost.
However, this should not be taken as a deterrent factor, since their cost must not be com-
pared with the cost of graded bitumen, but with the total pavement construction cost inclu-
sive of future maintenance cost.

As stated, modified bitumen can be used in all bituminous mixtures or bitumen works.
However, for optimising cost/benefit, it is recommended to be used in asphalts for highly
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stressed areas (highways, airports, bridge decks, etc.) or asphalts with high-quality/cost
hard aggregates or surface dressings with high-quality/cost chippings.

3.8.2 Bitumen modifiers, methods of modification and
main changes to the properties of the bitumen

Bitumen modifiers can be synthetic polymers, natural rubber (latex) and some chemical
additives such as sulfur and certain organo-metallic compounds. Fibres and fillers (inor-
ganic powders) are not considered to be bitumen modifiers. Table 3.16 gives some typical
bitumen modifiers, as well as significant improvements to asphalts. Polymers are the most
common type of bitumen modifiers, with thermoplastic elastomers being the most popular
polymer.

Table 3.16 also lists some compounds (additives), such as fillers or fibres, occasionally
added to asphalts to influence their mechanical properties rather than to modify the bitumen.

Most bitumen modifiers and other additives are found in solid form (mainly fine particles)
while others are in liquid form (mainly oleic solution).

The thermoplastic modifiers are added to the bitumen in a separate mixing—modification
procedure before mix production or spray application, and the product (modified bitumen)
may be stored. The thermoplastic polymers may be added to the aggregate mixer during

Table 3.16 Some bitumen modifiers/additives and supervened improvements

Main
improvements

(1, (2), 3), (4),
(8], [9], [10], [11],
[13]

Type of additive Example

Polymers  Thermoplastic

elastomers

Styrene—butadiene—styrene (SBS), styrene—butadiene—
rubber (SBR), styrene—isoprene—styrene (SIS),
styrene—ethyl-butadiene—styrene (SEBS), ethyl-propyl-
dien tetropolymer (EPDM), isobutene—isoprene
copolymer (lIR), polybutadiene (PBD), natural rubber

Crumb rubber

(2, [8L [9.[11]

Thermoplastic
polymers
(plastics)

Thermosetting
polymers

Chemical modifiers

Natural asphalts
Fillers
Fibres

Hydrocarbons

Ethylene—vinyl acetate (EVA), ethylene—methyl acrylate
(EMA), ethylene—butyl acrylate (EBA), polyethylene
(PE), polypropylene (PP), polyvinyl chloride (PVC),
polystyrene (PS)

Resins: epoxy resin, acrylic resin, polyurethane resin,
phenolic resin

Sulfur, lignin and certain organo-metallic compounds

Trinidad lake asphalt, rock asphalt, gilsonite
Hydrated lime, lime, carbon black, fly ash fillers
Cellulose, mineral, plastic, glass, asbestos fibres
Recycled or rejuvenating oils

(2),3). [8]. [9],
[10]

(2),(3), (4), (6),
(81, [9]. [10]
(2), (5). (6), [8],
°1.012]
(2),(4), (6), 8], [°]
(4). (6), [8], []
1. [11]

) @).[12]

Improvements to bitumen:

(1) Improves elastic behaviour

(2) Improves thermal susceptibility

(3) Improves binding ability
(4) Ageing retardation

(5) Viscosity reduction

(6) Hardens the bitumen
(7) Rejuvenates the bitumen

Improvements to asphalts:

[8] Stiffness increases

[9] Increases resistance to permanent deformation

[10] Cohesion improvement

[1'1] Better behaviour to fatigue cracking

[12] Workability increases

[13] Better behaviour to thermal cracking
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mixing. However, this procedure is not recommended since optimal modification results
cannot be achieved.

The thermosetting modifiers — two liquid compounds (resin and hardener) — are first
blended together and then with the bitumen a few seconds before application as surface
coating/surface dressing (main use) or before mixing with aggregates for the production of
hot asphalts (occasional use).

The crumb rubber is either blended with the bitumen or added to the aggregates in the
asphalt plant mixer before the bitumen is charged to the mixer. The first process is known
as the wet process and effectively modifies the bitumen. The second process is known as the
dry process and effectively modifies the properties of the asphalt. Better results are expected
when the wet process is employed.

The fibres and filler additives are added to the asphalt plant mixer during the production
of hot or cold asphalts.

The modification of the bitumen with thermoplastic elastomers or polymers in a purposely
built plant ensures proper dispersion of the modifier, full polymerisation and homogeneity
of the final product (modified bitumen). Homogeneity and optimum modification results
are affected by the duration and method of mixing (high-shear mixing or slow mixing) and
the relaxation (or ‘digestion’) period in addition to the origin of the bitumen and its compat-
ibility to the modifier used. Relaxation period is the period needed for full polymerisation
to take place and all cross-links to be developed.

During the modification process of the bitumen, chemical and physico-chemical changes,
depending on the type of modifier/additive used, occur. These changes affect the charac-
teristic properties of the bitumen such as penetration, softening point, viscosity, cohesion,
resistance to hardening, elastic recovery and Fraass breaking point.

The modification of a given bitumen with crumb rubber (wet process) depends on the
particle size of the crumb rubber, the quantity of crumb rubber blended, the mixing tem-
perature and the duration of mixing.

3.8.3 Modification by thermoplastic elastomers

Bitumen modification with elastomers is currently the most common method for producing
paving modified bitumen. The bitumen produced is often called elastomer bitumen.

Thermoplastic elastomers or elastomers are designated as elastic polymers, which, after
polymerisation, can be extended under the influence of a tensile force, and by removing the
force, they can quickly revert to their initial length. The elastic behaviour of these polymers
is due to the fact that parts of the macromolecular chains at ambient temperatures not only
can be moved under the influence of a force but also revert back to their initial position after
removing the force, provided the glass transition temperature (T,) is lower than the usual
ambient temperatures.

According to the International Union of Pure and Applied Chemistry (IUPAC), the poly-
mer is defined as ‘a substance composed of molecules characterized by the multiple repeti-
tion of one or more species of atoms or groups of atoms (constitutional units) linked to each
other in amounts sufficient to provide a set of properties that do not vary markedly with the
addition or removal of one or a few of the constitutional units’ (IUPAC 1974).

The category of elastomers includes a wide range of products, such as natural rubber
(NR), styrene—butadiene rubber (SBR), styrene—butadiene—styrene copolymer (SBS; known
as thermoplastic rubber), styrene-isoprene—styrene copolymer (SIS), polyurethane rubber,
polyether—polyester copolymer, olefinic copolymers, ethylene—propylene rubber (EPR) and
so on (see also Table 3.16).
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From the abovementioned elastomers, those widely used today for the production of elas-
tomer bitumen are SBS, SBR elastomer, SIS and, to a smaller extent, NR. It should be stated
here that crumb rubber from used tyres is also indirectly classified into this category.

During polymerisation, linear as well as multi-armed copolymers are produced, as shown
in Figure 3.10. During dispersion of the elastomer in the hot bitumen, the elastomer absorbs
components from the bitumen (maltenes) and the polymer extends (swells) (Vonk and Van
Gooswilligen 1989).

A typical example of the structure of copolymer SBS in bitumen in three-dimensional
space is given in Figure 3.11. Thermoplastic elastomers derive their strength and elasticity
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|:| Polystyrene AL Polybutadiene

Figure 3.10 Linear and branched linked thermoplastic elastomers. (a) Linear link. (b) Branched link.
(c) Radial link. (From Bull A.L. and W.C. Vonk, Thermoplastic Rubber/Bitumen Blends for Roof and
Road. Thermoplastic Rubbers Technical Manual, TR 8.15. London: Shell International Petroleum
Company Ltd., 1984; Shell Bitumen, The Shell Bitumen Handbook. Surrey, UK: Shell Bitumen UK,
1990.)

Polystyrene
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9 Bitumen

Polybutadiene /

rubbery matrix

Figure 3.1 Three-dimensional SBS thermoplastic elastomer network. (From Vonk W.C. and G. Van
Gooswilligen, Improvement of paving grade bitumens with SBS polymers. Proceedings of the 4th
Eurobitume, Vol. 1, p. 299. Madrid, 1989.)
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from the physical molecule cross-linking in space. Strength is provided by the polystyrene
and elasticity is attributed to the polybutadiene (Vonk and Van Gooswilligen 1989).

Compatibility of polymers with the bitumen to be modified is required for producing
homogeneous and stable modified bitumen. The bitumen chemical composition is of great
importance. Key factors related to the bitumen chemical composition affecting the compat-
ibility, for a given elastomer, are the asphaltene and aromatic content. Generally, phase
segregation (bitumen and elastomer) is expected if the asphaltene content is high and the
aromatic content is relatively normal. Similarly, incompatibility exists when the content of
aromatic compounds is high or the percentage of asphaltenes is very low (Van Gooswilligen
and Vonk 1986).

For a given compatible system, the quality of polymer dispersion achieved is also influ-
enced by the concentration of the polymer and the shear rate applied by the mixer (Shell
Bitumen 2003).

Testing the compatibility of the bitumen with the modifier is a rather complicated proce-
dure; however, it should be carried out whenever the origin (source) of the bitumen changes
or the bitumen chemical composition changes significantly. The advantage of using elasto-
mers is that the possibility of its compatibility with the paving grade bitumen is very high.

The compatibility of the bitumen and elastomer system can be detected on the final prod-
uct, the modified bitumen, microscopically. In a compatible system, a homogeneous and
continuous sponge-like structure will appear, whereas in a non-compatible system, a non-
continuous structure with coarse particles will be shown.

The compatibility of the system or the successful bitumen modification can also be ascer-
tained with a simple laboratory test, known as ‘storage stability test’, originally suggested
by Shell and standardised by CEN EN 13399 (2010).

The storage stability test consists of storing the modified bitumen for a certain period at
high temperature and then testing the bitumen of the top and bottom part of the storage ves-
sel, in terms of softening point test. Typical storage stability results of SBS polymer-modified
bitumens stored for up to 6 days at 180°C + 2°C, obtained in the Highway Engineering
Laboratory of the Aristotle University, are shown in Figure 3.12.

The non-compatible bitumen/polymer system (curves with a solid line) shows large
numerical differences in softening point of the top and bottom samples after 3 and 6 days’

100 -
Storage time
0 le—" required by EN 13399
(e e R T e -
80 == S
-------- LI (B N I B R R A )

~
(=)

—w—PmB A (SBS), top

——m—PmB A (SBS), bottom
== a== PmB B (SBS), top

—m@— PmB (SBS), bottom '\.
- -a- =PmB C (SBS), top

Softening point (°C)
3
I

o
(=)

40 7|~ -= -PmB C (SBS), bottom PmB A - Incompatible system
PmB B and C - Compatible systems
30 T T T T T
0 1 2 3 4 5 6 7

Storage time (days)

Figure 3.12 Effect of compatibility of the system on the storage stability of three bitumen/SBS blends.
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storage at 180°C, when compared to softening point before the storage test. The compatible
system shows very small differences in softening point after the same storage period. The
CEN EN 14023 (2010) storage stability requirement is that the softening point difference
between the top and the bottom sample should be <5°C, after 3-day storage at 180°C.

In a non-compatible system, almost the entire polymer is separated and accumulated at
the top of a storage tank. The separation and accumulation of the polymer are often quite
distinct from an expert’s naked eye (change of appearance or colour of the top surface).

3.8.3.1 Characteristic properties of elastomer-modified bitumen

The addition of elastomer to bitumen alters its characteristic properties, and the final prod-
uct — the modified bitumen — becomes more elastic and less susceptible to temperature varia-
tions. Additionally, the modified bitumen with elastomers has better cohesion properties
and higher resistance to ageing compared with the unmodified paving grade bitumen.

In particular, the elastic recovery of the bitumen has remarkably improved when modi-
fied with elastomers. Typical values of 25% to 35%, at 25°C, for conventional bitumen can
be increased, so as to reach elastic recovery values higher than 95%. As a consequence, the
strain developed when bitumen is loaded is recovered to a large extent and plastic (perma-
nent) deformation is minimised.

By adding an elastomer to the bitumen, the penetration value decreases, the softening
point increases and the penetration index increases. These changes indicate that the bitumen
becomes harder and less susceptible to temperature variations.

The addition of elastomer also lowers the Fraass breaking point. As a result, the modified
bitumen is expected to crack at lower subzero temperatures compared to unmodified paving
grade bitumen.

Finally, modification with elastomers increases bitumen’s viscosity. This implies that an
increase of working temperatures is required in order to achieve the same viscosity values as
the unmodified bitumen, to carry out mixing, laying and compaction.

It was also found that SBS-modified bitumen does not age as much as conventional paving
bitumen (Nikolaides and Tsochos 1992; Nikolaides et al. 1992).

With respect to crumb rubber modification, a recent study has shown that crumb rub-
ber (size 0/0.8 mm and quantity 5%, 10% and 15% by mass of bitumen), when blended
to 70/100 and 50/70 graded bitumens, results in improved penetration, softening point,
flexural creep stiffness and shear modulus G*. The quantity of the crumb rubber and the
provenance of the bitumen directly influence the above properties of the modified bitumen
(Neutag and Beckedahl 2011).

In another study using crumb rubber (size 0/0.7 mm and quantity 15% and 18%), it
was also found that the characteristic and rheological properties of the bitumen improved.
However, the storage stability requirement of the rubberised modified bitumen (RmB)
was not satisfied. When wet and dry processes were compared on extracted RmB from an
asphalt concrete mixture (AC 8 mm), it was found that the effect of crumb rubber was more
profound when the wet process was used (Lukac and Valant 2011).

3.8.3.2 Characteristic properties of asphalts with
elastomer-modified bitumen

The asphalts (bituminous mixtures) produced with elastomer-modified bitumen have, above
all, improved elastic properties. As a result, the asphalt layer with elastomer-modified bitu-
men has better permanent deformation and fatigue performance when compared to the
asphalt layer with conventional bitumen.
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Dynamic and static stiffness moduli of the asphalt with modified bitumen also increase
in comparison to the asphalts with conventional bitumen. However, the latter does not
constitute the most characteristic changes in asphalts produced with SBS-modified bitumen.

Permanent deformation behaviour of asphalts is determined by the wheel tracking test
(see Sections 7.6.5 and 7.6.6). From an extensive study, it was found that the wheel tracking
parameters such as rate or the wheel tracking slope and the rut depth or the proportional
rut depth of the asphalt concrete mixtures (AC 20 mm) with SBS-modified bitumen were, in
all cases, lower than those obtained for the AC 20 mm mixtures with 50/70 grade bitumen
(Nikolaides and Manthos 2009).

Permanent deformation behaviour can also be determined by using the triaxial cyclic
compression test (see Section 7.6.2). Figure 3.13 shows results obtained when asphalt con-
crete mixtures were used (AC 20 mm) with and without polymer-modified bitumen.

Cracking or fatigue performance of an asphalt is represented by its fatigue curve (see
Section 7.7.1). Typical results of fatigue curves of an asphalt concrete (AC 20 mm) with
unmodified and SBS-modified bitumen are shown in Figure 3.14. From Figure 3.14, it is
obvious that for the same tensile strain developed, the asphalt concrete with SBS-modified
bitumen will sustain more repetitive loading before fatigue cracking develops.

Finally, the use of elastomer bitumen increases Marshall stability, but it may also increase
the Marshall flow above the limiting value. This increase cannot be taken as a drawback,
since the nature of the test is such that it does not take into account the recovered (elastic)
deformation during unloading and in effect does not simulate dynamic loading. Regarding
the optimum binder content of the asphalt with or without modified bitumen, it was found
that, when asphalt concrete mixtures were tested, the optimum binder content as deter-
mined by the Marshall procedure was not significantly different (Nikolaides and Tsochos
1992).

The addition of crumb rubber from recycled tyres with the aim of improving the per-
manent deformation of the asphalts has been examined by various researchers. The results
obtained are encouraging; however, difficulties related to the homogeneity of the mixture
during mixing (development of ‘balling’ effect), when the dry process is used, have been
reported. In dry process mixing, only a small amount of very fine crumb rubber is integrated
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Figure 3.13 Triaxial cyclic compression results of AC-20 mixtures with 50/70 grade and elastomer-modified
bitumen.
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Figure 3.14 Fatigue lines of elastomer-modified bitumen and 50/70 grade bitumen.

into the bitumen. Most particles remained unchanged within the bitumen mass, acting as
elastic solid particles. The percentages of added crumb rubber examined varied widely from
5% to 40% by weight of bitumen.

When the wet process is employed, the homogeneity of mixture is ensured and the posi-
tive effect of the crumb rubber to the permanent deformation performance of the asphalts
is more distinct. It has been reported that the permanent deformation characteristics, rut
depth and the rut rate, of an asphalt concrete (AC 8 mm) with rubberised bitumen decreased
in comparison to the AC 8 mm with Venezuela 50/70 grade bitumen, when the wet process
was used (Neutag and Beckedahl 2011). The stiffness modulus determined by the indirect
tensile test was found to increase.

3.8.4 Modification of bitumen by thermoplastic
polymers (plastics)

Bitumen modification with thermoplastic polymers, also known as thermo-softening plas-
tics or plastics, is not as common as bitumen modification with elastomers for paving works.

Thermoplastic polymers are polymers that, when heated above a certain temperature
(glass transition temperature, T,), become soft and pliable or mouldable. However, when
temperature drops, they harden and preserve their shape. The ability of the macromolecular
chains to move and recover their original position at ambient temperatures is limited. The
intermolecular bonds of the polymeric chain can absorb only vibrations and torsions and are
less resistant to environmental stress cracking. As a consequence, thermoplastic polymers do
not present elastic properties at ambient temperatures.

The main thermoplastics used for the modification of the bitumen are the following: eth-
ylene vinyl acetate (EVA), polyvinyl chloride (PVC), polyethylene (PE), polypropylene (PP),
polystyrene (PS), ethylene methyl acrylate (EMA) and ethylene butyl acrylate (EBA).

The effectiveness of thermoplastic polymers and, hence, the resulting characteristic prop-
erties of the modified bitumen depend on the type and quantity used, the chemical com-
position of the bitumen and, to a lesser extent, the manner and duration of mixing. The
crystalline structure of the ethylene, responsible for the provision of hardness, constitutes
the determinant factor of the copolymer behaviour (Gilby 1985; Woolley 1986).
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The addition of a thermoplastic polymer to bitumen increases bitumen viscosity and the
bitumen becomes harder at ambient temperatures. Bitumen elasticity is not affected signifi-
cantly. The main drawbacks of the thermoplastic bitumen are that the bitumen’s elasticity
is not improved substantially and that separation of the thermoplastic polymer may occur
during heating. The latter is restored to a great extent by further mixing or recirculation of
the modified bitumen before using it.

3.8.4.1 Characteristic properties of modified bitumen
and asphalts with thermoplastic polymers

Some of the characteristic properties of thermoplastic polymers are modified when they are
added to bitumen. Penetration decreases and softening point increases in particular. These
changes indicate that the bitumen becomes harder and less susceptible to temperature varia-
tions. Additionally, bitumen’s binding ability increases. However, the Fraass breaking point
and bitumen elasticity did not significantly improve (Brule and Lebourlot 1993).

The use of modified bitumen thermoplastic polymers in asphalts significantly increases
asphalts’ dynamic and static stiffness modulus.

Early investigation on the effect of polymers on rolled asphalt surfacing found that the
most effective and simplest polymer to use was the EVA copolymer (Denning and Carswell
1981a).

However, it does not improve the elastic behaviour of the asphalt (bituminous mixture).
Thus, asphalts with thermoplastic polymer-modified bitumen present good resistance to
deformation at high ambient temperatures, but generally their fatigue cracking resistance is
similar to or even less than that of asphalts with unmodified bitumen.

In an evaluation study on asphalts with modified bitumens, it was found that asphalt lay-
ers with thermoplastic polymer-modified bitumen, when laid over cracked and uncracked
surfaces, have more intensive cracking within a very short period, in contrast to the asphalt
layers where elastomer-modified bitumen was used (Anderson et al. 1999).

Because of the abovementioned properties and results, the use of thermoplastic polymer-
modified bitumen is recommended in areas with high ambient temperatures where the
asphalt layers are subjected to high traffic loads but not over cracked pavement surfaces.

Regarding the asphalt’s characteristic Marshall properties, the use of thermoplastic polymer-
modified bitumen increases stability and decreases when compared to the same asphalt with
the same binder content.

3.8.5 Modified bitumen with thermosetting polymers (resins)

The use of thermosetting polymers, known as resins, is not as widespread as other polymers
in the modified bitumen production, even though bitumen properties have improved in all
aspects and the produced modified bitumen is the best that can be presented by the chemical
industry. The reason for this is probably their high cost.

The asphalts produced with thermosetting polymer-modified bitumen have excellent
adhesive ability, excellent resistance to deformation, excellent fatigue performance and high
stiffness modulus.

Thermosetting polymers or resins are produced by blending an epoxy resin and a hard-
ener, both in liquid form, and when they chemically react, they form a tough, thermoset
elastomer characterised by no flow or deformation at high temperature or under heavy
axle loads, high flexural fatigue resistance, high solvent resistance and no fatting up. When
blended with bitumen, the modified bitumen displays the properties of the epoxy rather
than those of the bitumen (Dinnen 1981).
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Since the epoxy bitumen presents the properties of the thermosetting polymer, the avail-
able time to use the modified bitumen is limited and depends to a great extent on the mixing
temperature. The higher the temperature, the shorter is the time of use.

The thermosetting bitumen begins to ‘cure’ and increase its strength (hardens), once it is
applied. The curing time depends on ambient temperatures. The higher the ambient temper-
ature, the longer is the curing time. Once curing is completed, future temperature increase,
which would soften the conventional bitumen, does not affect the hardness of the thermo-
setting bitumen at all. The completely cured bitumen is designated as an elastic material
having no viscous behaviour, and it is very resistant to various chemical substances includ-
ing solvents, diesel and oils.

3.8.5.1 Characteristic properties of asphalts with thermosetting polymers

Asphalts produced with thermosetting bitumen are far superior to asphalts produced with
conventional bitumen. These asphalts have exceptionally high dynamic and static stiffness
modulus at moderate and high ambient temperatures, high Marshall stability, excellent
resistance to permanent deformation and high resistance to fatigue, and they present high
cohesion. Typical comparative results of hot rolled asphalt with resin-modified and conven-
tional bitumen are given Table 3.17.

Although the use of thermosetting polymers has the most positive results of all polymers
on asphalt, their use is limited. The reason is the high purchase cost of the modified bitu-
men. As a consequence, the modified bitumen with thermosetting polymers is currently used
in certain cases where the construction cost is not the determinant factor. Such cases include
those aimed at reducing or eliminating repetitive accidents caused exclusively by the lack of
surface skid resistance (black spots) and those that entail constructing a flexible pavement
or an asphalt layer that is subjected to extreme loading, taking into account the fact that a
long-lasting, maintenance-free service is required.

In some countries, such as the United Kingdom, for high-quality surface dressings with
calcined bauxite chippings, the thermosetting polymer-modified bitumen is the only binder
recommended to be used.

Table 3.17 Results of HRA with resin-modified bitumen and conventional bitumen

HRA with epoxy-modified HRA with conventional

Mix property bitumen bitumen
Marshall stability (kN) 45 7.5
Marshall flow (mm) 4.0 4.0
Marshall quotient (kN/mm) 11.2 1.9
Rut rate, at 45°C (mm/h) 0 3.2
Stiffness® (kN/m?)

at 0°C 2.0 x 10'° [.5x 10"

at 20°C 1.2 x |0'° 3.0 10°

at 40°C 3.3x10° 4.0 x |08

at 60°C 9.5 x 108 —
Flexular fatigue resistance (cycles to failure)

with 6% binder content 1.0 x 10¢ 3.0 x 10*

with 7% binder content >20 x 108 2.0 x 10°

Source: Dinnen, A., Epoxy bitumen binders for critical road conditions. Proceedings of the 2nd Eurobitume, p. 294,
1981.

2 Determined from prismoidal specimen under constant deformation of 1.0 mm at 25°C.
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3.8.6 Modification by chemical modifiers

The chemical modifiers, such as sulfur, lignin and certain organo-metallic compounds, do
not really modify the bitumen but, rather, the properties of the asphalt mixture. The sulfur
or the lignin extend the properties of the bitumen and modify the properties of the asphalt.
Hence, the sulfur and the lignin are called bitumen extenders. The organo-metallic com-
pounds modify the asphalt mixture by their catalytic action.

The bitumen extenders replace the bitumen needed in an asphalt mixture while the
organo-metallic compounds are added to the bitumen. The typical range of bitumen replace-
ment seems to be 30% to 40%, when sulfur is used, and 10% to 12% when lignin is used.
When organo-metallic compounds are used, approximately 2% to 3%, by mass of bitumen,
is added.

The concept of using a sulfur extender/modifier is very old, but it was not until the 1970s,
during the advent of sulfur-extended asphalts, that a process was developed and started to be
used on project sites (Beatty et al. 1987; Denning and Carswell 1981b; Kennepohl et al. 1975).

The high sulfur cost in comparison to bitumen during that period, the blending and stor-
age problems encountered and the health/safety concerns had affected the use of sulfur in
asphalt works. The development of solid flour pellets, added directly to the asphalt mixing
process, and changes in sulfur/bitumen cost eliminated the abovementioned problems.

The sulfur pellets developed, initially called Shell SEAM and now Shell Thiopave, have
been tested and used successfully in various projects (Nicholls 2009). The primary advan-
tages of Shell Thiopave-modified asphalt are an increase in strength, stability and, possi-
bly, durability. The economic advantages brought about by reduced bitumen consumption,
reduced pavement thicknesses and lower energy consumption should propel its use on com-
mercial projects (Nicholls 2011). Results from another experimental program have shown
that the rutting performance of sulfur-modified warm mix asphalt (using Thiopave) was
comparable or superior to conventional mixtures, but more susceptible to cracking given its
stiffness characteristics (Elseifi et al. 2011).

Lignin, a biomass by-product (wood, corn, etc.), may also be used as an extender to bitu-
men. First laboratory test applications were carried out in the late 1970s with positive results
(Sundstrom et al. 1983; Terrel and Rimsritong 1979). Recent research has shown that the use of
lignin-containing co-products to asphalt binders causes a slight stiffening effect depending upon
the percentage and type of lignin used and that only high-temperature properties were positively
affected (McCready and Williams 2007). Further future increase in the price of bitumen in
conjunction with future surplus of biomass by-products may lead to a higher (certain) percent-
age replacement of bitumen by lignin. If a high percentage of biomass compound is used as a
bitumen replacement, then it will certainly reduce CO, emissions. Extensive work on biomass
by-products has been carried out in Australia by Ecopave (Ecopave 2014).

Another bitumen extender product based on crumb rubber, the so-called elastomeric
asphalt extender, has been recently introduced in the market under the trade name RuBind.

RuBind is added directly to the pug mill or dryer drum, replacing part of the bitumen.
Extensive research and development during 2011 and 2012 showed that mixtures produced
with RuBind outperform conventional hot mix asphalts and even common modified and
asphalt rubber mixes (RuBind 2013).

The organo-metallic compounds (organo-magnesium, organo-copper, organo-cobalt,
etc.) having been pre-mixed with oleic chemical compounds (carrier) are blended to the
bitumen, which is then mixed with the aggregates. The properties of the asphalt produced
are modified by a catalytic action, after mixing, laying and compacting.

The first multi-metallic catalyst, Chemcrete, came out in the late 1970s and was found
to improve the stability, stiffness and rutting behaviour of the asphalt, after a period of
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weeks (Chemcrete Co. 1987; Daines et al. 1985; Nikolaides 1992). This delayed catalytic
action was found to cause early rutting under certain conditions. IntegraBase, the successor
product to Chemcrete, has a slightly modified formulation aimed at improving certain per-
formance metrics such as blending optimisation and cure time reductions (Resperion 2013).

3.8.7 Natural asphalts as additives

Natural asphalts such as Trinidad asphalt, rock asphalt or gilsonite are blended with bitu-
men derived from crude petroleum in order to improve its properties. Since the above addi-
tives have very low penetration and very high softening point, the resulting bitumen becomes
harder. Since the chemical composition of the natural asphalt is similar to the bitumen from
crude petroleum, performing the blending procedure is far easier and homogeneity of the
final modified bitumen is ensured.

Because of its chemical composition, TLA is considered as a thermoplastic material. Apart
from hardening the bitumen and making it less temperature susceptible, the addition of
TLA to petroleum bitumen improves the asphalt’s durability, stability, stiffness, anti-rutting
performance and fatigue characteristics. TLA is available in semi-solid state or in pellets.
Recently, a new product, in pellet form, was introduced and was found to be suitable for
warm asphalt mixtures (Lake Asphalt of Trinidad and Tobago Ltd 2014).

The proportion blended with the petroleum binder varies and depends on the original
bitumen and the desired final properties. With regard to pellets, the appropriate proportions
range from 25% to 40%, by mass of bitumen.

The rock asphalt or the gilsonite comes in powder form of certain particle size and is
graded in softening point (140°C to 190°C). They are normally added to the aggregate/
bitumen mixture during the mixing process. A typical dosage is 3%, by mass of bitumen,
which can be adjusted according to the type of bitumen and asphalt mixture used. The addi-
tion of rock asphalt or gilsonite primarily improves the rutting resistance of the asphalt mix.

3.8.8 Addition of fillers to bitumen

The addition of fillers to bitumen does not modify the properties of the bitumen. However,
it is as an old and very economical way to increase the stability and stiffness of the asphalt
(bituminous mixture) so as to improve resistance to deformation. Today, with the develop-
ment of other modifiers and additives, their use is limited to the production of bituminous
materials for water insulation, acting as a substance to increase volume.

Cement, lime, limestone filler and filler from other rocks, such as a mixture of diabase
and dolomite, as well as sulfur filler, were used in the past (Piber and Pichler 1993). A sub-
stantial effect on the permanent deformation behaviour was seen only with the use of sulfur
(Denning and Carswell 1981b; Fromm and Kennepohl 1979).

3.8.9 Addition of fibres to bitumen

Adding fibres to bitumen does not modify any characteristic property of the bitumen.
Their function is to enhance the strength of the bituminous mixture (asphalt). Hence, when
the term modified bitumen with fibres is used, it refers to the modification of bituminous
mixture.

Fibres added to the bituminous mixtures are natural, synthetic or regenerated fibres, such
as cellulose, mineral (asbestos), metallic (iron) (Gottschall and Hollnsteiner 1985) and car-
bon, fibreglass or polymer fibres.



152 Highway engineering

The addition of fibres takes place at the stage of mix production or directly after spray-
ing the bitumen or the bituminous emulsion on the pavement’s surface. The latter creates a
stress-absorbing membrane to inhibit reflective cracking (Yeates 1994).

Another function of the fibres is to increase the relative surface area of the mixture so
as to incorporate higher percentages of bitumen and thus reduce the rate of oxidation of
bitumen. Reduction of the rate of oxidation increases the pavement’s service life (improves
fatigue life and slows appearance of ravelling). From all fibre types, cellulose fibres have
been found to allow the higher increase of bitumen content in the mixture (Peltonen 1989).

Mixtures to which fibres are added are the SMA and porous asphalt and occasionally in
micro-surfacing. Dense asphalt mixtures with fibres were also found to have high resistance to
fatigue (Samanos and Serfass 1993). The addition of plastic or iron fibres was found to increase
the resistance to permanent deformation (Courard and Rigo 1993). The percentage of iron fibres
added was 0.4% to 1.5%, while for the plastic fibres, it was 0.1 to 0.7%, by mass of bitumen.

In all cases where fibres are used, besides the appropriate amount to be used, the follow-
ing should be ensured: (a) uniform distribution in the mixture; (b) optimum length, which
depends on the type of fibres used; and (c) resistance to high temperatures (higher than the
temperatures of heated bitumen).

3.8.10 Addition of hydrocarbons

Various oils of high molecular weight, normally derived from recycled oils after rejuvenating
process, or reductant agents are sometimes added to bitumen. They are intended to improve
the viscosity (usually to decrease it) or to rejuvenate bitumen’s properties. They are normally
used in recycling or in countries with very low ambient temperatures.

In the first case, along with heavy oils, virgin graded bitumen is also added to improve
the adhesivity of the aged bitumen. The percentage and type of hydrocarbon used are deter-
mined by the chemical industry, which supplies these materials taking into account the
properties of the aged bitumen. These materials are also known as bitumen rejuvenators.

In the second case, the addition of heavy oils aims exclusively to decrease bitumen’s vis-
cosity so as to improve the workability of the mixture during laying and compaction. This
policy is very common in countries with cold climates, such as Scandinavian countries; thus,
these oils, along with some percentage of solvent, are called Scandinavian oils.

3.8.11 Special bitumens
3.8.11.1 Multigrade bitumens

Multigrade bitumen is a special binder that, for the same level of penetration as conventional
bitumen, is not as susceptible to temperature changes. This means that it is more consistent
at high temperatures and less fragile at low temperatures. In fact, multigrade bitumens have
higher penetration index values than conventional bitumen.

The asphalts produced with this type of bitumen provide better resistance to rutting and
better performance to low-temperature fatigue cracking, in comparison to those produced
with the same-grade conventional bitumen.

Multigrade bitumens are manufactured at the refinery by means of a special refining
process. The process involves the chemical reaction, under tightly controlled conditions, of
oxygen and hydrocarbons. Additives, aromatic components and others (not polymers) may
be used depending on the feedstocks.

Multigrade bitumens come with trade names such as Multiphate, Multibit, Bitrex, Biturox,
KNB-MGB, to name a few. They are normally used for the production of high-stiffness
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bituminous mixtures to be used in highly stressed pavements susceptible to deformation
owing to heavy traffic volumes and high, particularly, ambient temperature.

Experimental measurements carried out in 2009-2011 on the use of multigrade bitumens
in chip sealing (surface dressing) did not show any advantage for multigrade bitumens com-
pared to standard binders with a similar 25°C penetration value (Herrington et al. 2011).

Multigrade bitumens do not replace polymer-modified bitumens.

A European specification is going to be developed for multigrade bitumen (prEN 13924-2
under approval).

3.8.11.2 Fuel-resistant bitumens

Bitumens that are resistant to fuels and oils are specially modified bitumens and are avail-
able under patented trade names. With the modification, the bitumen does not lose any of
the required properties for the production of a satisfactory bituminous mixture. It should be
stated that today’s fuel-resistant bitumens are not tar-based bitumens.

Asphalts with fuel-resistant bitumen are used in places where fuel leaks are expected
(airport aprons, gas stations, parking areas, etc.).

3.8.11.3 Coloured bitumen

Coloured or pigmentable bitumens are those whose colour is different from black, and when
mixed with aggregates, the pavement’s surface is coloured.

The majority of coloured bitumens are produced by the addition of a pigment during mix-
ing process with aggregates. The most common pigment used is the iron oxide, which results
in the production of the most stable coloured (red) asphalt.

The disadvantages of coloured bitumens/asphalts are as follows: (a) steep price owing to
the high cost of the pigment and (b) the fact that the only truly stable colour that can be
achieved is red, which, depending on the traffic, type of asphalt and ambient temperatures,
gets ‘dirty’ (due to rubber tyre traces left on the surface).

Over the last few years, the industry has developed synthetic binders that can be coloured
in any colour with relatively less cost. Synthetic bitumens have almost the same properties
as common paving bitumens. More information can be found in Shell Bitumen (2003) and
the Web.

To preserve the colour on the pavement’s surface, it is recommended that aggregates of the
same colour as that of the pigmentable bitumen be used.

It should be stated that coloured surfaces can also be produced with slurries or micro-
surfacing using coloured emulsions.

Coloured asphalts are used in bus lanes, leisure paths or roads, tunnels where a lighter
than black colour may be desirable and so on. Another application of the coloured binder/
thin asphalt layer is on the construction of the waterproofing layer in bridges. Its purpose is
to make the layer where the bridge waterproofing system starts clearly visible for it not to be
damaged during future maintenance works of the overlying bituminous layers.

3.8.11.4 Bitumens for joint and crack filling

Bitumens for filling joints and cracks in pavements of roads, airports, parking places and
other trafficked areas are specially modified bitumens, so as to resist thermal tensile and
compressive stresses developed as a result of temperature changes. At the same time, they
possess excellent resistance to permanent deformation. Depending on the additives incorpo-
rated in the bitumen, these modified bitumens can also be fuel resistant.
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Bitumens for filling joints are hot-applied (160°C-180°C) or cold-applied at ambient
temperatures.

More information on the specified properties of hot-applied and cold-applied bitumens
for filling joints and cracks according to European standards is given in CEN EN 14188-1
(2004) and CEN EN 14188-2 (2004), respectively.

The corresponding American standards on bitumens for filling joints and cracks are
ASTM D 3406 (2006), ASTM D 5329-07 (2009), ASTM D 5893-04 (2010) and ASTM D
7116 (2005).

3.8.12 Specifications of polymer-modified bitumens

To ensure construction quality and since there is a great variety of polymer-modified bitu-
mens in the market, the properties of the polymer-modified bitumen must be specified pre-
cisely to satisfy the needs.

In the European Union, the grades of polymer-modified bitumens are selected/specified in
accordance with CEN EN 14023 (2010).

The properties specified for all polymer-modified bitumens ensure (a) consistency at inter-
mediate service temperatures (with reference to penetration at 25°C), (b) consistency at
elevated service temperatures (with reference to softening point), (c) cohesion (with respect
to force ductility, tensile test or Vialit pendulum), (d) resistance to hardening, (e) brittleness
at low service temperature (with respect to Fraass breaking point) and (f) stain recovery
(with respect to elastic recovery).

Other informative characteristic properties may also be specified, such as for flash point,
plasticity range, homogeneity, storage stability and density.

The framework specifications for polymer-modified bitumens by CEN EN 14023 (2010)
are given in Tables 3.18 through 3.20.

The properties in Table 3.18 shall be specified for all polymer-modified bitumens and
are considered essential properties. The properties in Table 3.19 are required so as to meet
specific regional conditions and are characterised as special for regional requirements. The
properties in Table 3.20 are additional properties; they are non-mandated but have been
found useful to describe better the polymer-modified bitumens.

According to the standard, the modified bitumen is graded by the penetration range and
the softening point. It is noted that having specified the penetration range, the rest of the
properties are selected from any of the classes provided.

For instance, a polymer-modified bitumen (pmb) designated as 25/55-70 is a bitumen
with penetration varying from 25 to 55 dmm, which belongs to class 3 of Table 3.18, and
with a softening point > 7°C, belonging to class 4. The rest of the essential, special and addi-
tional properties are chosen in such a way that the modified bitumen can satisfy the project
and regional requirements (traffic volume, ambient temperature, etc.).

In the United States, properties of chemically modified bitumens are specified by ASTM
D 6154 (2009). Regarding Trinidad Lake modified asphalt, ASTM D 5710 (2005) or ASTM
D 6626 (2009) is used.

3.8.13 Proposed grades of modified bitumen

Undoubtedly, the engineer has the freedom to choose/specify any combination of proper-
ties for the modified bitumen that will be used. This introduces a problem to the producers
since they have to use different recopies and provide different storage facilities per grade
requested. After many years of experience in pavement construction projects, the author
proposes three representative grades of polymer-modified bitumens (elastomer modified)
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Table 3.19 Framework specifications for polymer-modified bitumens — properties associated with regulatory or other
regional requirements

Classes for regional requirements

Test
Property method Unit 0 I 2 3 4 5 6 7 8 9 10
Fraass breaking CEN EN °C  NR* TBR® <0 <=5 <=7 <-10 <-12 <-I5 <-I8 <-20 <-22
point 12593

(2007)
Elastic recovery CEN EN % NR* TBR® >80 >70 260 >50
at 25°C (or at 13398 (275) (=500 — —
10°C) (2010)

Source: Reproduced from CEN EN 14023, Bitumen and bituminous binders — Framework specification for polymer modified bitumens, Brussels:
CEN, 2010. With permission (© CEN).

2 NR, no requirement may be used when there are no regulations or other regional requirements for the property in the territory of
intended use.

TBR, to be reported may be used when there are no regulations or other regional requirements for the property in the territory of
intended use, but the property has been found useful to describe polymer-modified bitumens.

b

Table 3.20 Framework specifications for polymer-modified bitumens — additional properties

Classes for the additional properties of polymer-modified

bitumens

Property Test method Unit 0 ) 2 3 4 5 6 7
Plasticity range CEN EN 14023 °C NR* TBR® >85 >80 =>75 =>70 =65 =60

(S.P—Fraass point) (2010), para.

5.2.84

Storage stability<, CEN EN 13399

Difference in: (2010)
- softening point CEN EN 1427 °C NR2  TBRb¢ <5 —_- = =
- penetration (2007) dmm NR: TBR <9 <I3 <I9 <26

EN 1426 (2007)
After hardening test, EN 12607-1

Drop in softening CEN EN 1427 °C NR2  TBRP <2 <5
point (2007)
Elastic recovery: CEN EN 13398
-at 25°C (2010) % NR:* TBR® >70 260 =50
-at 10°C % NRa  TBRb >50 — —

Source: Reproduced from CEN EN 14023, Bitumen and bituminous binders — Framework specification for polymer modified
bitumens, Brussels: CEN, 2010.With permission (© CEN).

Note: The following data may be given by the supplier of the polymer-modified bitumen in the product data sheet:

- Polymer dispersion (see CEN EN 13632)

- Solubility (see CEN EN 12592 2007), using the appropriate solvent declared by the supplier

- Handling temperatures

- Minimum storage and pumping temperatures

- Maximum and minimum mixing temperatures; for comparison purposes, CEN EN 13302 (2010) or CEN EN 13702 (2010)

should be used

- Density (see CEN EN 15326 2009)

2 NR, no requirement may be used when there are no requirements for the property in the territory of intended use.

® TBR, to be reported may be used when there are no regulations or other regional requirements for the property in the
territory of intended use, but the property has been found useful to describe polymer-modified bitumens.

¢ Storage conditions of the polymer-modified binder shall be given by the supplier. Homogeneity is necessary for polymer-
modified bitumens.The tendency of polymer-modified bitumens to separate during storage may be assessed by the stor-
age stability test (see CEN EN 13399 2010). If the product does not fulfil the properties in Table 3.20, Classes 2 to 5,
information shall be given by the supplier regarding storage conditions for the polymer-modified bitumen to avoid separa-
tion of the components and to ensure the homogeneity of the product.
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Table 3.21 Proposed grades of modified bitumens for locations with AAAT >12°C

Unit of PMB Type
Property Standard measurement  10/40-80  25/55-70  25/50-60
Penetration at 25°C CEN EN 1426 (2007) dmm 1040 25-55 25-55
Softening point CEN EN 1427 (2007) °C >80 >70 >60
Force ductility (50 mm/ CEN EN 13589 J/lem? 23at5°C  22at5°C  22at5°C
min traction) (2008) and CEN EN
13703 (2003)
Elastic recovery at 25°C CEN EN 13398 % >80 >80 >70
(2010)
Storage stability,
Difference in:
- softening point CEN EN 13399 dmm <5 <5 <5
(2010)
- penetration CEN EN 1427 (2007) °C <9 <9 <9
Fraass breaking point CEN EN 12593 °C <-10 <10 <-10
(2007)
Flash point CEN EN ISO 2592 °C >235 >235 >235
(2001)
Density CEN EN 15326 glem? Declare
(2009)
After hardening, EN 12607-1
Elastic recovery at 25°C CEN EN 13398 % >70 >70 260
(2010)
Retained penetration CEN EN 1426 (2007) % 260 260 260
Increase in softening CEN EN 1427 (2007) °C <8 <8 <10
point
Change of mass CEN EN 12607-3 % <0.5 <0.5 <0.5

for use in project locations with average annual air temperatures (AAAT) above 12°C. The
three proposed grades of polymer-modified bitumens are as follows: pmb 10/40-80, pmb
25/55-70 and pmb 25/55-60. The proposed grades of polymer-modified bitumens and their
characteristic properties are shown in Table 3.21.

pmb 10/40-80 is proposed to be appropriate for pavements with high traffic volume
(ESAL > 5 x 107 and AAAT > 17°C) and for aprons of international airports (regardless of
ambient temperatures).

pmb 25/55-70 is proposed to be appropriate for pavements with medium traffic volume
(ESAL =1 x 107 to 5 x 107) and for aprons of all other airport categories apart from inter-
national airports, regardless of AAAT.

Finally, pmb 25/50-60 is proposed to be appropriate for pavements with low traffic vol-
ume (ESAL < 1 x 107), regardless of AAAT.

3.9 HANDLING OF BITUMINOUS BINDERS

3.9.1 Transportation delivery

The transportation or delivery of the bituminous binders is carried out by delivery vehicles
having thermo-insulated tanks of various capacities, typically 20 to 40 m?. The delivery
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vehicles should possess an accurate temperature measuring system/sensor and a sufficient
pumping system with circulation facility.

If bitumen is to be transported to relatively long distances, the vehicles should also possess
a heating system. The provision of a heating system is absolutely necessary when transport-
ing modified bitumen.

The tank of the delivery vehicle should always be clean, before loading bituminous mate-
rials. Small proportions of foreign matter, usually petrol, diesel, oils and so on, directly
influence bitumen’s properties and, hence, the bituminous mixture and the quality of pave-
ment. Furthermore, safety is affected since the presence of these substances may lower the
flash point of the bitumen substantially. It has been found that 0.1% of diesel in bitumen
can decrease the flash point up to 28°C and increase the bitumen penetration by 10 units
(Asphalt Institute MS-4 2007). In case of transporting bitumen emulsions, the presence of
foreign substances will certainly affect the breaking time of the emulsion.

Frequent alternations of transported material should be avoided. If not possible, emptying
and scrupulous cleaning of the tank should be carried out every time the type of material
to be transported changes. Scrupulous cleaning must also be carried out in case cationic or
anionic material is to be transported alternately.

3.9.2 Storage

The bitumens in asphalt plants are stored in preferably vertical or horizontal thermo-
insulated heated tanks of various capacities (typical range, 40 to 100 m?), depending on
production demand. Seprentine heating coils are the preferred heating system rather than
direct fire from a gas burner.

Long storage periods at working temperatures should be avoided so as not to harden the
bitumen. In the case of polymer-modified bitumen, extended storage at working tempera-
tures may cause separation of the polymer.

During storage, overheating should also be avoided for hardening and safety (self-ignition)
reasons. The maximum temperatures for safe use should always be lower than bitumen’s
flash point (normally at least 30°C lower).

Storage tanks should be kept full of bitumen, if the bitumen is to be stored for a pro-
longed period at working temperatures, thereby reducing the air and the oxygen inside
them. Oxygen may cause oxidation of the bitumen, while in the case of storing bituminous
emulsion, a prolonged storage period will certainly cause surface breaking of the emulsion.

Storage tanks should have a recirculation or agitation facility, so as to achieve the desired
temperature quicker and to avoid local overheating of the bitumen. The recirculation or
agitation facility may also restore the disturbed homogeneity of the bituminous material.

Finally, storage tanks should have a reliable temperature and volume measuring system.

3.9.3 Temperatures of bituminous binders at stages of usage

In every stage of usage (pumping, mixing, spraying of the bitumen and compaction of the
bituminous mixture), bituminous binders must be at the appropriate temperature to possess
the appropriate viscosity.

During pumping, the bituminous binder should have such a viscosity so as to allow
easy flow in the pipelines, avoid pipeline blockage, cause no problem to the pumps and
ensure that the vehicles can be completely discharged. For all the abovementioned, bitu-
men’s viscosity should not exceed a maximum value during pumping. It is recognised that
the maximum viscosity value of the bitumen at pumping should not exceed 2 Pa-s (Shell
Bitumen 1990).
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During the mixing stage, the hot bitumen should also have an appropriate viscosity for
satisfactory coating to be achieved. If the viscosity is too high during mixing, the aggre-
gates will not be coated uniformly and properly. If the viscosity is too low, the aggregates
may look coated but most of the bitumen will drain off during transportation or storage.
A viscosity value approximately 0.2 Pa-s is considered to provide satisfactory coating (Shell
Bitumen 2003).

Similarly, during spraying, the bitumen should have an appropriate viscosity to carry out
the work successfully. If the viscosity is too high, there will be a blockage problem with the
nozzles, affecting the uniformity and the quantity of bitumen sprayed. If the viscosity is too
low, there is a risk that the sprayed bitumen will be in a ‘foggy spray’ form and be blown
away by the wind, resulting in the sprayed surface not receiving the required amount of bitu-
men. The optimum viscosity value for spraying is considered to be 0.06 Pa-s for penetration
grades and 0.03 Pa-s for cut-back grades (Shell Bitumen 1990). For bitumen emulsions with
up to 60% bitumen content, ambient temperatures above 10°C are considered sufficient for
proper spraying.

Finally, during compaction, the bitumen should also have an appropriate viscosity, so that
effective compaction is ensured. If the viscosity is too high, the bituminous mixture cannot
be compacted properly. If the viscosity of the bitumen is too low, the bituminous mixture
becomes too soft that it cannot sustain the dead load of the roller and compaction is delayed.
It is widely recognised that the optimal bitumen viscosity for compaction is between 2 and
20 Pa-s (Shell Bitumen 2003).

Considering all the above, the working temperatures can be determined by measuring the
viscosity of the bitumen at three different temperatures (low, medium and high). Then by
plotting the values in a semi-logarithmic scale, it is possible to determine the optimum or
critical temperatures for spraying, mixing, compaction or pumping (see Figure 3.15). Figure
3.15 has been created as an example using three different indicative typical grade bitumens.

For simplicity, typical handling temperatures have been recommended by various insti-
tutes and organisations. Table 3.22 gives the handling and storage temperatures recom-
mended by the Institute of Petroleum (UK).

A similar table that gives the recommended handling and storage temperatures of the PG
bitumens is provided by the Asphalt Institute (2007). With respect to the Asphalt Institute’s
table, as an example, the recommended range of storage and mixing temperatures for the
softer bitumen PG 46-28 is 127°C-143°C and 115°C-146°C, respectively. On the other
hand, for the hardest bitumen PG 82-22, the corresponding temperatures are 157°C-168°C
and 143°C-171°C, respectively.

For modified bitumens’ handling and storage temperatures, it is recommended that the
ones provided by the supplier be used.

However, a recent study has concluded that the steady shear flow test method and the
phase angle test method can be used successfully for determining the mixing and compac-
tion temperatures of modified bitumen, as well as of the unmodified bitumen, for laboratory
use (Randy et al. 2010).

3.9.4 Health, safety and environmental issues of bitumens

Even though the bitumen from crude petroleum is not a particularly dangerous product, all
health and safety guidelines and regulations must be followed and respected.

Most potential hazards of bitumen arise from handling the bitumen at elevated tempera-
tures (more than 100°C). At elevated temperatures, skin burns and inhalation of vapour and
fume emissions are the most common hazards that occur. However, there is always a danger
associated with water coming into contact with hot bitumen and its self-ignition—combustion.
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Figure 3.15 Schematic representation of the relation between temperature and viscosity, at different stages
of asphalt use.

3.9.4.1 Skin burns

Skin burns revolve around the wearing of protective gear (clothing, etc.) and avoiding any
skin contact with hot bitumen. Protective gear such as heat-resistant gloves, face shields,
heat-resistant material overalls and safety boots should always be worn, and all relevant
precautions published should be strictly followed.

3.9.4.2 Inhalation of vapour and fumes

A variety of vapours and fumes are emitted during handling bitumens at elevated temperatures.
Visible emissions or fumes normally start to develop at approximately 150°C and the amount
of fume generated doubles for each 10°C to 12°C increase in temperature (Shell Bitumen 2003).

The 2000 National Institute for Occupational Safety and Health (NIOSH) hazard review
continues to support the assessment of the 1977 NIOSH criteria document on asphalt fumes
(NIOSH 1977), which associated exposure to asphalt fumes from paving and other uses of
asphalts with irritations to eyes, nose and throat (NIOSH 2000). In the same review, it was
also stated that some studies reported evidence of acute lower respiratory track symptoms
among workers exposed to asphalt fumes.
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Table 3.22 Recommended bitumen handling and storage temperatures

Typical bitumen temperature at time
of application (°C)

Max. handling Typical long-term

Minimum pumping Mixing and and storage storage
Grade temperature® (°C)  short-term storage® Spraying temperature (°C)  temperature? (°C)
Paving grades (CEN EN 12591 2009)
250/330 100 135 165 190 60
160/220 110 140 175 190 65
100/150 110 150 190 190 70
70/100 120 155 — 190 75
50/70 125 160 — 190 80
40/60 125 165 — 200 80
35/50 130 165 — 200 85
30/45 130 170 — 200 85
20/30 140 175 — 200 90
Hard paving grades (CEN EN 13924 2006)
15/25 145 — 200 90
10/20 150 — 200 90
Hard industrial grades (CEN EN 13305)
H80/90 160 200 — 230 120
H/100/120 190 220 — 230 130
Oxidised grades (CEN EN 13304 2009)
75/30 150 195 — 230 1o
85/25 165 210 — 230 o
85/40 165 210 — 230 1o
95/25 175 215 — 230 120
105/35 190 220 — 230 130
[15/15 205 225 — 230 130

Source: Institute of Petroleum, Bitumen safety code, Model code of safe practice in the petroleum industry, Part 11, 4th
Edition. London: Energy Institute, 2005.

@ Maximum pumping viscosity: approximately 2000 cSt (all grades).

b Mixing/coating viscosity: approximately 200 cSt (all grades).

¢ Spraying viscosity: approximately 60 cSt (penetration grades).

4 Based on protracted storage period without addition of fresh binder. For bulk bitumens, the temperature should not
fluctuate above and below 100°C as this increases the risk of condensation leading to boilover.

3.9.4.3 Toxicity of bitumen

With respect to toxicity of hydrocarbon components of bitumen (PAHs) identified in asphalt
fumes at various work sites, the measured concentrations and the frequency of occurrence
have been low (NIOSH 2000).

To minimise possible acute or chronic health effects from exposure to asphalt, asphalt
fumes and vapours and asphalt-based paints, NIOSH recommends an exposure limit of
5 mg/m? during any 15 min period and implementation of the following practices: (a) pre-
vent thermal exposure, (b) keep the application temperature of heated asphalt as low as
possible, (c) use engineering controls and good work practices at all work sites to minimise
worker exposure to asphalt fumes and asphalt-based paint aerosols and (d) use appropriate
respiratory protection (NIOSH 2000).
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An extensive study analysed 433 lung cancer cases and 1253 controls from Denmark, Finland,
France, Germany, Netherlands, Norway and Israel and concluded the following: (a) no evidence
found of an association between lung cancer and exposure to bitumen fumes, (b) factors identi-
fied as the likely contributors to the slightly elevated incidence of cancer mortalities were tobacco
smoking and previous exposure to coal tar, (c) other occupational exposures do not seem to play
a part and (d) the study further acknowledged the importance of the continuing trend towards
minimising inhalation and dermal exposures (Eurobitume 2010; Olsson et al. 2010).

A substantial amount of information on health, safety and environmental aspects of bitu-
minous materials can also be found in the Bitumen safety code (Institute of Petroleum 2005)
and Bitumens and bitumen derivatives report (CONCAWE 1992).

3.9.4.4 Contact with water

When water comes into contact with hot water, the water undergoes a very sudden expan-
sion causing a foaming affect. This foaming effect is dangerous to the personnel and could
cause fire and explosion. For this reason, care must always be taken when handling bitumen
emulsion followed by bitumen.

3.9.4.5 Combustion

Under conditions of high temperature and in the presence of oxygen, an exothermic reaction
can occur, leading to the risk of fire or explosion of the tanks. Hence, manholes in bitumen
tanks should be kept closed and access to tank roofs should be restricted (Shell Bitumen 2003).

3.9.4.6 Skin and eye contamination

The hazards associated with skin contact of bitumens other than burns are negligible.
However, cut-back bitumens and bituminous emulsions, because they are handled at lower
temperatures, increase the chance of skin contact. Studies carried out by Shell demonstrated
that the bitumen is unlikely to penetrate the skin and the bitumens diluted with solvents
are unlikely to present a carcinogenic risk. Nevertheless, bituminous emulsions can cause
irritation to the skin and eyes and can produce allergic responses in some individuals (Shell
Bitumen 2003).

A hot bitumen splash may cause serious eye injury. Direct contact with cut-back, emul-
sions and small particles of cold hard bitumens may cause eye irritation (CONCAWE 1992).

Proper body and eye protective gear (clothing, glasses, etc.) should always be used in order
to minimise skin and eye contamination by bituminous materials.

Coal tar pitch contains a large proportion of carcinogenic compounds (Wallcave et al.
1971) and thus its use has been prohibited in many countries.

3.9.4.7 Environmental aspects of bitumens

The assessment of bitumen’s impacts on the environment should be carried out by Life Cycle
Assessment (LCA).

LCA covers the entire life cycle including extraction of the raw material, manufacturing,
transport and distribution, product use, service and maintenance, and disposal (recycling,
incineration or landfill). LCA can be divided into two distinct parts, the life cycle inventory
(LCI) and life cycle impact (Shell Bitumen 2003).

Eurobitume has carried out an LCI on bitumen, polymer-modified bitumen and bitumen
emulsion (Eurobitume 2012). The results obtained may be used in an LCA study.
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Table 3.23 Energy consumed and greenhouse gases emitted for the production of | t of material

Product Energy (MJt) COZeq (kg/m?)
Bitumen 4900 285
Emulsion 60% 3490 221
Cement (Portland cement) 4976 980
Crushed aggregates 40 10
Steel 25,100 3540
Quicklime 9240 2500
Plastic 7890 1100
Production of hot mixed asphalt 275 22
Production of warm mix asphalt 234 20
Production of high-modulus asphalt 289 23
Production of cold mix asphalt 14 1.0
Laying of hot mix asphalt 9 0.6
Laying of cold mix materials 6 0.4
Cement concrete road paving 2.2 0.2

Source: Adapted from Chappat M. and |. Bilal, The Environmental Road of the Future: Life Cycle Analysis, Energy
Consumption and Greenhouse Gas Emissions, Colas Group, http://www.colas.com/FRONT/COLAS/upload/com/pdf
/route-future-english.pdf, 2003.

Table 3.23 gives values of energy consumed and greenhouse gases (CO,,,) emitted during
the manufacture of 1 tonne of some finished products from extraction (quarry, oil deposit,
etc.) until the sale at the production unit (refinery, cement plant, etc.). These data may be
used in an LCA to be carried out. CO,,, is the amount of greenhouse gas emitted, expressed
in CO, equivalent. The main greenhouse gases are CO,, N,O and CH,.

Table 3.24 Total energy consumption and total GHGe for some pavement construction materials

Total®

Product EC® (MJIt) GHGe (kglt)
Asphalt concrete 680 54
Road base asphalt concrete 591 47
High-modulus asphalt concrete 699 55
Warm mix asphalt concrete 654 53
Emulsion-bound aggregates 365 30
Cold mix asphalt 457 36
Untreated granular material 113 15
Cement-bound material 319 51
Cement concrete slabs without dowels 738 200
Continuous reinforced concrete 1226 15
Asphalt concrete with 10% RAP 642 51
Road base asphalt concrete with 20% RAP 538 44

Source: Adapted from Chappat M. and J. Bilal, The Environmental Road of the Future: Life Cycle Analysis, Energy
Consumption and Greenhouse Gas Emissions, Colas Group, http://www.colas.com/FRONT/COLAS/upload/com
Ipdf/route-future-english.pdf, 2003.

2 Includes energy consumption for binders, aggregates, manufacture, transport and laying.
® EC, energy consumption.
¢ GHGe, greenhouse gas emissions, expressed in CO, equivalence.
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From Table 3.23, it can be seen that the highest energy consumed is in producing steel,
and although the energy consumed to produce bitumen and cement is the same, the CO
emissions during the manufacture of bitumen is approximately one-third of the cement.

Additionally, Table 3.24 gives the total energy consumption and the total greenhouse gas
emissions (GHGe) for some pavement construction materials or products, determined in the
same analysis (Chappat and Bilal 2003). It must be noted that total energy or GHGe is the
sum of energy consumed or GHG emitted at all stages: production of aggregates and binder
required, manufacture of the material, transport to work site and laying.

As can be seen in Table 3.24, the energy consumption for the construction of a concrete
layer is higher than that of the asphalt layer with virgin materials. Similarly, when 20%
reclaimed material is used, the energy consumed for an asphalt base layer is less than that
for an asphalt base layer with virgin materials. The processes that use unheated aggregate
and cold applied binders utilise the least amount of energy per tonne.

For the construction of a concrete layer, the highest energy demand is required for the
manufacture of cement, while for the construction of an asphalt layer, most of the energy is
required for the manufacture of asphalt cement and heating during the hot mix production
process (Chappat and Bilal 2003).

An LCA concluded that, on an annualised basis (based on life expectancy), different asphalt
works require differing amounts of energy per year of pavement life. New construction, major
rehabilitation, thin hot mix asphalt overlay and hot in-place recycling have the highest energy
consumption and range from 6.3 to 12.6 M]J/m?/year. Chip seals, slurry seals, micro-surfacing
and crack filling utilise lower amounts of energy per year of extended pavement life and range
from 1.3 to 3.3 MJ/m?/year. Crack seals and fog seals consume the least amount of energy per
year of extended pavement life, less than 1.3 MJ/m?/year (Chehovits and Galehouse 2010).

Finally, regarding atmospheric pollution, asphalt works pollute the environment less when
compared with other sources such as car engines or central heating burners (Hangebrauck
et al. 1967).

2eq

REFERENCES

AASHTO M 81.2012. Cutback asphalt (rapid-curing type). Washington, DC: American Association of
State Highway and Transportation Officials.

AASHTO M 82.2012. Cutback asphalt (medium-curing type). Washington, DC: American Association
of State Highway and Transportation Officials.

AASHTO M 140. 2013. Emulsified asphalt. Washington, DC: American Association of State Highway
and Transportation Officials.

AASHTO M 208. 2009. Cationic emulsified asphalt. Washington, DC: American Association of State
Highway and Transportation Officials.

AASHTO M 226-80. 2012. Viscosity-graded asphalt cement. Washington, DC: American Association
of State Highway and Transportation Officials.

AASHTO T 167. 2010. Compressive strength of hot mix asphalt. Washington, DC: American
Association of State Highway and Transportation Officials.

AASHTO T 283. 2011. Resistance of compacted hot mix asphalt (HMA) to moisture-induced damage.
Washington, DC: American Association of State Highway and Transportation Officials.

Anderson D.A., D. Maurer, T. Ramirez, D.W. Christensen, M.O. Marasteanu, and Y. Mehta. 1999. Field
performance of modified asphalt binders evaluated with Superpave test methods: I-80 Test proj-
ect. Transportation Research Record: Journal of the Transportation Research Board, No. 1661,
pp. 60-68. Washington, DC: Transportation Research Board of the National Academies.

Anderson D.A., E.L. Dukaz, and ].C. Peterson. 1982. The effect of antistrip additives on the proper-
ties of asphalt cement. Proceedings of the Association of Asphalt Paving Technologists, Vol. 51,
p- 298. Kansas City, MO.



Bitumen, bituminous binders and anti-stripping agents 165

Asphalt Institute 1S-173. 1979. Energy Requirements for Roadway Pavements. Lexington, KY: Asphalt
Institute.

Asphalt Institute MS-4. 1989. The Asphalt Handbook, 1989 Edition. Manual Series No. 4. Lexington,
KY: Asphalt Institute.

Asphalt Institute MS-4. 2007. The Asphalt Handbook, 7th Edition. Manual Series No. 4. Lexington,
KY: Asphalt Institute.

Asphalt Institute SP-1.2003. Superpave: Performance Graded Asphalt, Binder Specification and Testing,
3rd Edition. Lexington, KY: Asphalt Institute.

ASTM D 5/D 5SM. 2013. Standard test method for penetration of bituminous materials. West
Conshohocken, PA: ASTM International.

ASTM D 8. 2013. Standard terminology relating to materials for roads and pavements. West
Conshohocken, PA: ASTM International.

ASTM D 92-12b. 2012. Standard test method for flash and fire points by Cleveland open cup tester.
West Conshohocken, PA: ASTM International.

ASTM D 95-13el. 2013. Standard test method for water in petroleum products and bituminous mate-
rials by distillation, West Conshohocken, PA: ASTM International.

ASTM D 113. 2007. Standard test method for ductility of bituminous materials. West Conshohocken,
PA: ASTM International.

ASTM D 244.2009. Standard test methods and practices for emulsified asphalts. West Conshohocken,
PA: ASTM International.

ASTM D 402. 2008. Standard test method for distillation of cutback asphaltic (bituminous) products.
West Conshohocken, PA: ASTM International.

ASTM D 946/D 946M-09a. 2009. Standard specification for penetration-graded asphalt cement for use
in pavement construction. West Conshohocken, PA: ASTM International.

ASTM D 977-12b.2012. Standard specification for emulsified asphalt. West Conshohocken, PA: ASTM
International.

ASTM D 1074. 2009. Standard test method for compressive strength of bituminous mixtures. West
Conshohocken, PA: ASTM International.

ASTM D 1075. 2011. Standard test method for effect of water on compressive strength of compacted
bituminous mixtures. West Conshohocken, PA: ASTM International.

ASTM D 2026/D 2026M-97e1. 2010. Standard specification for cutback asphalt (slow-curing type).
West Conshohocken, PA: ASTM International.

ASTM D 2027/D 2027M. 2010. Standard specification for cutback asphalt (medium-curing type). West
Conshohocken, PA: ASTM International.

ASTM D 2028/D 2028M. 2010. Standard specification for cutback asphalt (rapid-curing type). West
Conshohocken, PA: ASTM International.

ASTM D 2042. 2009. Standard test method for solubility of asphalt materials in trichloroethylene.
West Conshohocken, PA: ASTM International.

ASTM D 2170/D 2170M. 2010. Standard test method for kinematic viscosity of asphalts (bitumens).
West Conshohocken, PA: ASTM International.

ASTM D 2397. 2012. Standard specification for cationic emulsified asphalt. West Conshohocken, PA:
ASTM International.

ASTM D 2521/2521M-76el. 2014. Standard specification for asphalt used in canal, ditch, and pond
lining. West Conshohocken, PA: ASTM International.

ASTM D 2872-12¢1. 2012. Standard test method for effect of heat and air on a moving film of asphalt
(rolling thin-film oven test). West Conshohocken, PA: ASTM International.

ASTM D 3143.2008. Standard test method for flash point of cutback asphalt with tag open-cup appa-
ratus. West Conshohocken, PA: ASTM International.

ASTM D 3381/D 3381M. 2012. Standard specification for viscosity-graded asphalt cement for use in
pavement construction. West Conshohocken, PA: ASTM International.

ASTM D 3406. 2006. Standard specification for joint sealant, hot-applied, elastomeric-type, for
Portland cement concrete pavements. West Conshohocken, PA: ASTM International.

ASTM D 4402/D 4402M. 2013. Standard test method for viscosity determination of asphalt at elevated
temperatures using a rotational viscometer. West Conshohocken, PA: ASTM International.



166 Highway engineering

ASTM D 4867/D 4867M. 2009. Standard test method for effect of moisture on asphalt concrete paving
mixtures. West Conshohocken, PA: ASTM International.

ASTM D 5329.20009. Test methods for sealants and fillers, hot-applied, for joints and cracks in asphal-
tic and Portland cement concrete pavements. West Conshohocken, PA: ASTM International.
ASTM D 5710.2005. Specification for Trinidad lake modified asphalt. West Conshohocken, PA: ASTM

International.

ASTM D 5893/D 5893M. 2010. Standard specification for cold applied, single component, chemically
curing silicone joint sealant for Portland cement concrete pavements. West Conshohocken, PA:
ASTM International.

ASTM D 6154. 2009. Standard specification for chemically modified asphalt cement for use in pave-
ment construction. West Conshohocken, PA: ASTM International.

ASTM D 6373-07el. 2007. Standard specification for performance graded asphalt binder. West
Conshohocken, PA: ASTM International.

ASTM D 6521. 2008. Standard practice for accelerated aging of asphalt binder using a pressurized
aging vessel (PAV). West Conshohocken, PA: ASTM International.

ASTM D 6626. 2009. Standard specification for performance graded Trinidad lake modified asphalt
binder. West Conshohocken, PA: ASTM International.

ASTM D 6648. 2008. Standard test method for determining the flexural creep stiffness of asphalt
binder using the bending beam rheometer (BBR). West Conshohocken, PA: ASTM International.

ASTM D 6723. 2012. Standard test method for determining the fracture properties of asphalt binder in
direct tension (DT). West Conshohocken, PA: ASTM International.

ASTM D 6816. 2011. Standard practice for determining low-temperature performance grade (PG) of
asphalt binders. West Conshohocken, PA: ASTM International.

ASTM D 6930. 2010. Standard test method for settlement and storage stability of emulsified asphalts.
West Conshohocken, PA: ASTM International.

ASTM D 6931. 2012. Standard test method for indirect tensile (IDT) strength of bituminous mixtures.
West Conshohocken, PA: ASTM International.

ASTM D 6933. 2008. Standard test method for oversized particles in emulsified asphalts (sieve test).
West Conshohocken, PA: ASTM International.

ASTM D 6935.2011. Standard test method for determining cement mixing of emulsified asphalt. West
Conshohocken, PA: ASTM International.

ASTM D 6936. 2009. Standard test method for determining demulsibility of emulsified asphalt. West
Conshohocken, PA: ASTM International.

ASTM D 6997. 2012. Standard test method for distillation of emulsified asphalt. West Conshohocken,
PA: ASTM International.

ASTM D 7116. 2005. Standard specification for joint sealants, hot applied, jet fuel resistant types, for
Portland cement concrete pavements. West Conshohocken, PA: ASTM International.

ASTM D 7643. 2010. Standard practice for determining the continuous grading temperatures and
continuous grades for PG graded asphalt binders. West Conshohocken, PA: ASTM International.

Barth E.]J. 1962. Science and Technology, Chapter 7. New York: Gordon & Breach Publication.

Beatty T.L., K. Dunn, E.T. Harrigan, K. Stuart, and H. Weber. 1987. Field evaluation of sulfur-extended
asphalt pavements. Transportation Research Record No. 1115. Washington, DC: Transportation
Research Board.

Bohn A.O. 1965. Chemistry of breaking of asphalt emulsions. Highway Research Record, Vol. 67,
p- 195. Washington, DC: Transportation Research Board of the National Academies.

Brule B. and E Lebourlot. 1993. Choix de bitumes pour melanges bitumes — EVA. Proceedings of the
Sth Eurobitume, Vol. 1, p. 91. Stockholm.

BS 76. 1974. Specifications for tars for road purposes. London: British Standards Institution.

Bull A.L. and W.C. Vonk. 1984. Thermoplastic Rubber/Bitumen Blends for Roof and Road. Thermoplastic
Rubbers Technical Manual, TR 8.15. London: Shell International Petroleum Company Ltd.

Cawsey D.C. and C.S. Gourlet. 1989. Bitumen-aggregate adhesion: Development of a stripping index.
Proceedings of the 4th Eurobitume, Madrid,Vol. 1, p. 225. Madrid.

CEN EN 1426. 2007. Bitumen and bituminous binders. Determination of needle penetration. Brussels:
CEN.



Bitumen, bituminous binders and anti-stripping agents 167

CEN EN 1427. 2007. Bitumen and bituminous binders — Determination of the softening point — Ring
and Ball method. Brussels: CEN.

CEN EN 1428. 2012. Bitumen and bituminous binders — Determination of water content in bitumen
emulsions — Azeotropic distillation method. Brussels: CEN.

CEN EN 1429. 2013. Bitumen and bituminous binders — Determination of residue on sieving of bitu-
minous emulsions, and determination of storage stability by sieving. Brussels: CEN.

CEN EN 1430. 2009. Bitumen and bituminous binders — Determination of particle polarity of bitumi-
nous emulsions. Brussels: CEN.

CEN EN 1431. 2009. Bitumen and bituminous binders — Determination of residual binder and oil
distillate from bitumen emulsions by distillation. Brussels: CEN.

CEN EN 12272-3. 2003. Surface dressing — Test methods — Part 3: Determination of binder aggregate
adhesivity by the Vialit plate shock test method. Brussels: CEN.

CEN EN 12591. 2009. Bitumen and bituminous binders — Specifications for paving grade bitumens.
Brussels: CEN.

CEN EN 12592. 2007. Bitumen and bituminous binders — Determination of solubility. Brussels: CEN.

CEN EN 12593. 2007. Bitumen and bituminous binders — Determination of the Fraass breaking point.
Brussels: CEN.

CEN EN 12595. 2007. Bitumen and bituminous binders — Determination of kinematic viscosity.
Brussels: CEN.

CEN EN 12596. 2007. Bitumen and bituminous binders — Determination of dynamic viscosity by
vacuum capillary. Brussels: CEN.

CEN EN 12597. 2000. Bitumen and bituminous binders — Terminology. Brussels: CEN.

CEN EN 12607-1. 2007. Bitumen and bituminous binders — Determination of the resistance to harden-
ing under the influence of heat and air — Part 1: RTFOT method. Brussels: CEN.

CEN EN 12697-11. 2012. Bituminous mixtures — Test methods for hot mix asphalts — Part 11:
Determination of the affinity between aggregate and bitumen. Brussels: CEN.

CEN EN 12697-12. 2008. Bituminous mixtures — Test methods for hot mix asphalts — Part 12:
Determination of the water sensitivity of bituminous specimens. Brussels: CEN.

CEN EN 12697-23. 2003. Bituminous mixtures — Test methods for hot mix asphalts — Part 23:
Determination of the indirect tensile strength of bituminous specimens. Brussels: CEN.

CEN EN 12846-1. 2011. Bitumen and bituminous binders — Determination of efflux time by the efflux
viscometer-Part 1: Bituminous emulsions. Brussels: CEN.

CEN EN 12846-2. 2011. Bitumen and bituminous binders — Determination of efflux time by the efflux
viscometer — Part 2: Cut-back and fluxed bituminous binders. Brussels: CEN.

CEN EN 12847. 2009. Bitumen and bituminous binders — Determination of settling tendency of bitu-
minous emulsions. Brussels: CEN.

CEN EN 12848. 2009. Bitumen and bituminous binders — Determination of mixing stability with
cement of bituminous emulsions. Brussels: CEN.

CEN EN 12849. 2009. Bitumen and bituminous binders — Determination of penetration power of
bituminous emulsions. Brussels: CEN.

CEN EN 13074-1. 2011. Bitumen and bituminous binders — Recovery of binder from bituminous emul-
sion or cut-back or fluxed bituminous binders — Part 1: Recovery by evaporation. Brussels: CEN.

CEN EN 13074-2. 2011. Bitumen and bituminous binders. Recovery of binder from bituminous emul-
sion or cut-back or fluxed bituminous binders. Part 2: Stabilisation after recovery by evaporation.
Brussels: CEN.

CEN EN 13075-1. 2009. Bitumen and bituminous binders — Determination of breaking bebhaviour —
Part 1: Determination of breaking value of cationic bituminous emulsions, mineral filler method.
Brussels: CEN.

CEN EN 13075-2. 2009. Bitumen and bituminous binders — Determination of breaking behaviour —
Part 2: Determination of fines mixing time of cationic bituminous emulsions. Brussels: CEN.

CEN EN 13302. 2010. Bitumen and bituminous binders — Determination of dynamic viscosity of bitu-
minous binder using a rotating spindle apparatus. Brussels: CEN.

CEN EN 13304. 2009. Bitumen and bituminous binders — Framework for specification of oxidised
bitumens. Brussels: CEN.



168 Highway engineering

CEN EN 13358. 2010. Bitumen and bituminous binders — Determination of the distillation character-
istics of cut-back and fluxed bituminous binders made with mineral fluxes. Brussels: CEN.

CEN EN 13398. 2010. Bitumen and bituminous binders — Determination of the elastic recovery of
modified bitumen. Brussels: CEN.

CEN EN 13399. 2010. Bitumen and bituminous binders — Determination of storage stability of modi-
fied bitumen. Brussels: CEN.

CEN EN 13587. 2010. Bitumen and bituminous binders — Determination of the tensile properties of
bituminous binders by the tensile test method. Brussels: CEN.

CEN EN 13588. 2008. Bitumen and bituminous binders — Determination of cobesion of bituminous
binders with pendulum test. Brussels: CEN.

CEN EN 13589. 2008. Bitumen and bituminous binders — Determination of the tensile properties of
modified bitumen by the force ductility method. Brussels: CEN.

CEN EN 13614. 2011. Bitumen and bituminous binders — Determination of adhesivity of bituminous
emulsions by water immersion test. Brussels: CEN.

CEN EN 13702. 2010. Bitumen and bituminous binders — Determination of dynamic viscosity of
modified bitumen by cone and plate method. Brussels: CEN.

CEN EN 13703. 2003. Bitumen and bituminous binders — Determination of deformation energy.
Brussels: CEN.

CEN EN 13808. 2013. Bitumen and bituminous binders — Framework for specifying cationic bitumi-
nous emulsions. Brussels: CEN.

CEN EN 13924/AC. 2006. Bitumen and bituminous binders — Specifications for hard paving grade
bitumens. Brussels: CEN.

CEN EN 14023. 2010. Bitumen and bituminous binders — Framework specification for polymer modi-
fied bitumens. Brussels: CEN.

CEN EN 14188-1. 2004. Joint fillers and sealants — Part 1: Specifications for hot applied sealants.
Brussels: CEN.

CEN EN 14188-2. 2004. Joint fillers and sealants — Part 2: Specifications for cold applied sealant.
Brussels: CEN.

CEN EN 15322. 2013. Bitumen and bituminous binders — Framework for specifying cut-back and
fluxed bituminous binders. Brussels: CEN.

CEN EN 15326:2007+A1. 2009. Bitumen and bituminous binders. Measurement of density and spe-
cific gravity. Capillary-stoppered pyknometer method. Brussels: CEN.

CEN EN 16345. 2012. Bitumen and bituminous binders — Determination of efflux time of bituminous
emulsions using the Redwood No. II viscometer. Brussels: CEN.

CEN ENISO 2592.2001. Determination of flash and fire points. Cleveland open cup method. Brussels:
CEN.

CEN ENISO 2719.2002. Determination of flash point. Pensky-Martens closed cup method. Brussels: CEN.

CEN EN ISO 13736. 2013. Determination of flash point — Abel closed-cup method. Brussels: CEN.

Chappat M. and Bilal J. 2003. The Environmental Road of the Future: Life Cycle Analysis, Energy
Consumption and Greenhouse Gas Emissions. Colas Group, Boulogne-Billancourt Cedex, France.
Available at http://www.colas.com/FRONT/COLAS/upload/com/pdf/route-future-english.pdf.

Chehovits J. and L. Galehouse. 2010. Energy usage and green gas emissions of pavement preservation
processes for asphalt concrete pavements. 1st International Conference on Pavements Preservation.
Newport Beach, CA.

Chemcrete Co. 1987. Tougher Flexible Roads and Modified Binders. Note 87, Internal Reports.
Chemcrete Co., Richardson, TX, USA. Available at http://www.chem-crete.com.

Chilingarian G.V. and T.E. Yen. 1978. Bitumens, asphalts, and tar sands. Amsterdam, Oxford, New
York: Elsevier Scientific Publishing Company.

Chipperfield E.H., J.L. Duthie, and R.B. Girdler. 1970. Asphalt characteristics in relation to road perfor-
mance. Proceedings of the Association of Asphalt Paving Technologists, Vol. 39, p. 575. Seattle, WA.

Chipperfield E.H. and M.]. Leonard. 1976. How our European neighbours tackle with bitumen road
construction. Journal of the Institution of Highway Engineers, Vol. XXIII, No. 12, p. 9. London:
The Institution of Highway Engineers.



Bitumen, bituminous binders and anti-stripping agents 169

Christensen D.W. and D.A. Anderson. 1985. Effect of amine additives on the properties of asphalt
cement. Proceedings of the Association of Asphalt Paving Technologists, Vol. 54, p. 593. San
Antonio, TX.

CONCAWE. 1992. Bitumens and Bitumen Derivatives. Product Dossier No. 92/104. Brussels:
CONCAWE.

Cooper Research Technology Ltd. 2014. Available at http://www.cooper.co.uk.

Courard L. and J.M. Rigo. 1993. The use of fibers in bituminous concrete as a solution to decrease rut-
ting. Proceedings of the 5th Eurobitume, Session 3, p. 497. Stockholm.

Daines MLE., J. Carswell, and D.M. Colwill. 1985. Assessment of ‘Chem-crete’ as an Additive
for Binders for Wearing Courses and Roadbase. TRL Research Report 54. Crowthorne, UK:
Transport Research Laboratory.

Denning J.H. and J. Carswell. 1981a. Improvements in Rolled Asphalt Surfacing by the Addition of
Organic Polymers. TRRL Report LR 989. Crowthorne, UK: Transport Research Laboratory.

Denning J.H. and J. Carswell. 1981b. Improvements in Rolled Asphalt Surfacing by the Addition of
Sulphur. TRLL Report LR 963. Crowthorne, UK: Transport Research Laboratory.

Dinnen A. 1981. Epoxy bitumen binders for critical road conditions. Proceedings of the 2nd Eurobitume,
p- 294. Cannes.

EAPA. 2011. Asphalts in Figures 2011. Brussels, Belgium: European Asphalt Pavement Association.

Economou N.D., V.P. Papageorgiou, and A.F. Nikolaides. 1990. New organoboron complexes as cata-
lysts in asphalt blowing. Chemical Chronika, New Series, Vol. 19, pp. 233-241.

Ecopave. 2014. Available at http://www.ecopave.com.au.

Elseifi M.A., L.N. Mohammad, and S.B. Cooper. 2011. Laboratory evaluation of asphalt mixtures con-
taining sustainable technologies. Proceedings, Association of Asphalt Paving Technologists, Vol. 80,
pp. 227-254.

Eurobitume. 2010. Health Study Update 2010. Brussels: Eurobitume.

Eurobitume. 2012. Life Cycle Inventory: Bitumen, 2nd Edition. Brussels: Eurobitume.

Fromm H.J. and G.J.A. Kennepohl. 1979. Sulfur-asphaltic concrete on three Ontario test roads.
Proceedings of the Association of Asphalt Paving Technologists, Vol. 48, p. 135.

Gaestel C. 1967. The breaking mechanism of asphalt emulsions. Chemistry and Industry, Vol. 2, p. 221.

Gilby G.W. 1985. Ethylene-vinylacetate (EVA) copolymers as modifiers for bitumen binders. Asphalt
Technology, Vol. 36, No. 36, pp. 37-41.

Girdler R.B. 1965. Constitution of asphaltenes and related studies. Proceedings of Association of
Asphalt Paving Technologists, Vol. 34, p. 34.

Gottschall A. and S. Hollnsteiner. 19835. Steel fiber reinforced asphalt. Proceedings of the 3rd Eurobitume,
Session IV, p. 518. Hague.

Hangebrauck R.P., ].U. von Lehmden and ].E. Meeker. 1967. Sources of Polynuclear Hydrocarbons in
the Atmosphere. U.S. Department of Health, Education and Welfare. Publication No. 999-AP-33,
Washington, DC.

Herrington P., M. Gribble, and G. Bentley. 2011. Multigrade Bitumen for Chipsealing Applications. NZ
Transport Agency Research Report 460. Wellington, New Zealand: NZ Transport Agency.
Hoiberg A.J. 1965. Bituminous Materials: Asphalts, Tars and Pitches, Vol. 1I, Chap. 10. New York:

Interscience.

Institute of Petroleum. 2005. Bitumen Safety Code, Model Code of Safe Practice in the Petroleum
Industry, Part 11, 4th Edition. London: Energy Institute.

IUPAC. 1974. Basic Definitions of Terms Relating to Polymers. London: Butterworths.

Kennepohl G.J.A., A. Logan, and D.C. Bean. 1975. Conventional paving mixes with sulfur-asphalt
binders. Proceedings, Association of Asphalt Paving Technologists, Vol. 44, pp. 485-518.

Lake Asphalt of Trinidad and Tobago Ltd. 2014. Available at http://www.trinidadlakeasphalt.com.

Lukac B. and A.Z. Valant. 2011. Performance of crumb rubber modified binders and asphalts.
Proceedings of the Sth International Conference ‘Bituminous Mixtures and Pavements’, Vol. 1,
p- 133. Thessaloniki, Greece: Aristotle University of Thessaloniki.

Lyttleton D.Y. and R.N. Traxler. 1948. Flow properties of asphaltic emulsions. Industrial and
Engineering Chemistry, Vol. 40, p. 2115.



170 Highway engineering

McCready N.S. and R.C. Williams. 2007. The utilization of agriculturally derived lignin as an anti-
oxidant in asphalt binder. Proceedings of the 2007 Mid-Continent Transportation Research
Symposium. Ames, IA: Iowa State University.

Mertens E.W. and J.R. Wright. 1959. Cationic asphalt emulsions: How they differ from conventional
emulsions in theory and practice. Proceedings of the Highway Research Board, Vol. 38, p. 386.

MoPW. 1989. Supervision Manual for Lasbutag. Directorate General Bina Marga, Jakarta: Ministry
of Public Works.

Neutag L. and H.]. Beckedahl. 2011. Performance of crumb rubber modified binders and asphalts.
Proceedings of the Sth International Conference ‘Bituminous Mixtures and Pavements’, Vol. 1,
p. 104. Thessaloniki, Greece: Aristotle University of Thessaloniki.

Nicholls J.C. 2009. Review of Shell Thiopave™ Sulphur Extended Asphalt Modifier. TRL Report TRL
672. Crowthorne, UK: Transport Research Laboratory.

Nicholls J.C. 2011. Shell THIOPAVE™ sulphur extended asphalt modifier. Proceedings of the 5th
International Conference ‘Bituminous Mixtures and Pavements’, Vol. 1, p. 104. Thessaloniki,
Greece: Aristotle University of Thessaloniki.

Nikolaides A. 1990. ASDP Method: Evaluation of Performance of Lasbutag and Latasbusir Trial
Sections. Internal Report, Jakarta: Ministry of Public Works.

Nikolaides A. 1991a. Evaluation of Performance of Lasbutag Pilot Projects in S.E. Sulawesi. Internal
Report, Jakarta: Ministry of Public Works.

Nikolaides A. 1991b. Asbuton-Micro: Pilot Project in Bandung-Evaluation. Internal Report, Jakarta:
Ministry of Public Works.

Nikolaides A. 1992. Use of Chemical Additives in the Production of Hot and Cold Bituminous Mixtures.
MoT, GSR&T Research Program. Highway Engineering Laboratory, Aristotle University of
Thessaloniki (in Greek).

Nikolaides A. and G. Tsochos. 1992. Mechanical properties of asphalt concrete type A 265-B with
elastomer modified bitumen. Proceedings of 1st National Conference on Bituminous Mixtures,
p. 417. Thessaloniki, Greece (in Greek).

Nikolaides A., G. Tsochos, and N. Tressos. 1992. The effect of additives to the rheological properties of
bitumen. Proceedings of 1st National Conference on Bituminous Mixtures, p. 394. Thessaloniki,
Greece (in Greek).

Nikolaides A.F. 1983. Design of dense graded cold bituminous emulsion mixtures and evaluation of
their engineering properties. Ph.D. Thesis, University of Leeds, Department of Civil Engineering.

Nikolaides A.F. and E. Manthos. 2009. Wheel tracking performance of asphalt concrete mixture with
conventional and modified bitumen. MAIREPAV 6, 6th International Conference on Maintenance
and Rebabilitation of Pavements & Technological Control, Vol. 1, p. 213. Torino, Italy, July.

Nikolaides A.F. and N. Oikonomou. 1987. The necessary replacement of cutbacks with bitumen emul-
sion. Technical Chronicals A, Vol. 7, No. 1, p. 197. Athens: Technical Chamber of Greece (in
Greek-English summary).

NIOSH. 1977. Criteria For a Recommended Standard: Occupational Exposure to Asphalt Fumes.
NTIS Publication No. PB-277-333, DHEW (NIOSH) Publication No. 78-106. Department of
Health, Education, and Welfare, Public Health Service, Center for Disease Control, National
Institute for Occupational Safety and Health. Cincinnati, OH: NIOSH.

NIOSH. 2000. Hazard Review: Health Effects of Occupational Exposure to Asphalt. Publication
No. 2001-110. U.S. Department of Health and Human Services (DHHS), National Institute for
Occupational Safety and Health (NIOSH). Cincinnati, OH: NIOSH.

Oikonomou N. and A.F. Nikolaides. 1985. Cationic emulsions in antiskidding surface courses. 10th
National Conference in Chemistry, Vol. B, p. 1094. Patra, Greece (in Greek).

Olsson A., H. Kromhout, M. Agostini, J. Hansen, C.F. Lassen, C. Johansen, K. Kjaerheim, S. Langard,
I. Stiicker, W. Ahrens, T. Behrens, M.-L. Lindbohm, P. Heikkild, D. Heederik, L. Portengen, J.
Shaham, G. Ferro, F. de Vocht, L. Burstyn, and P. Boffetta. 2010. A case—control study of lung can-
cer nested in a cohort of European asphalt workers. Environmental Health Perspectives, Vol. 118,
No. 10, p. 1418. Available at http://ehp03.niehs.nih.gov/article/info:doi/10.1289/ehp.0901800.

Peltonen P. 1989. Fibres as additives in bitumen. Proceedings of the 4th Eurobitume, Session IV, p. 938.
Madrid.



Bitumen, bituminous binders and anti-stripping agents 171

Piber H. and W. Pichler. 1993. Mineral fiber for the modification of asphalt. Proceedings of the 5th
Eurobitume, Session 2, p. 493. Stockholm.

prEN 13924-2. Under approval. Bitumen and bituminous binders — Specification framework for special
bitumen — Part 2: Multigrade bituminous binders. Brussels: CEN.

Redilius P. 1993. A novel system for delayed breaking control of bituminous emulsions. Proceedings of
the 1st World Congress on Emulsions, Vol. 1, Workshop 22, Order No. 147. Paris.

Resperion. 2013. Available at http://www.resperion.com.

RuBind. 2013. Available at http://www.rubind.com.

Samanos J. and J.P. Serfass. 1993. New developments in fiber-based bituminous mixes for road mainte-
nance. Proceedings of the 5th Eurobitume, Session 3, p. 579. Stockholm.

Scott J.A. 1974. A general description of the breaking process of cationic emulsions in contact with
mineral aggregate. Proceedings of Symposium on Theory and Practice of Emulsion Technology,
p. 151. Brunel University.

Shell Bitumen. 1990. The Shell Bitumen Handbook. Surrey, UK: Shell Bitumen UK.

Shell Bitumen. 2003. The Shell Bitumen Handbook, 5th Edition. London: Thomas Telford Publishing
for Shell Bitumen.

Sundstrom D.W., H.E. Klei, and J.E. Stephens. 1983. The Addition of Lignin From Gasohol Plants to
Asphalt. Research Report, Project No. 80-3. Storrs, CT: Civil Engineering Department, University
of Connecticut.

Terrel R.L. and S. Rimsritong. 1979. Wood lingins used as extenders for asphalt in bituminous pave-
ments. Proceedings, Association of Asphalt Paving Technologists, Vol. 48, pp. 111-134.

Transportation Research Board No. 30. 1975. Bituminous Emulsions for Highway Pavement. NCHR
Programme Synthesis of Highway Practice. Washington, DC: National Research Council.

Traxler R.N. 1936. The physical chemistry of asphaltic bitumen. Chemical Review, Vol. 19, No. 2,
pp- 119-143.

Van Gooswilligen G. and W.C. Vonk. 1986. The Role of Bitumen in Blends with Thermoplastic Rubbers
for Roofing Applications. Thermoplastic Rubbers Technical Manual TR 8.16. Chertsey, Surrey,
UK: Shell Bitumen, UK.

Vonk W.C., M.C. Phillips, and M. Roele. 1993. Ageing resistance of bituminous road binders: The ben-
efit of SBS modification. Proceedings of the 5th Eurobitume, Vol. 1, p. 156. Stockholm.

Vonk W.C. and G. Van Gooswilligen. 1989. Improvement of paving grade bitumens with SBS polymers.
Proceedings of the 4th Eurobitume, Vol. 1, p. 299. Madrid.

Wallcave L., H. Garcia, R. Feldman, W. Lijinsky, and P. Shubik. 1971. Skin tumorigenesis in mice by
petroleum asphalts and coal tar pitches of known polynuclear aromatic hydrocarbon content.
Toxicology and Applied Pharmacology, Vol. 18, p. 41.

West C.R., D.E. Watson, P.A. Turner, and J.R. Casola. 2010. Mixing and Compaction Temperatures
of Asphalt Binders in Hot-Mix Asphalt. NCHRP Report 648. Transportation Research Board.
Washington, DC: National Academy of Sciences.

Woodside A. and P. Macoal. 1989. The use of adhesion agents and their effect. Proceedings of the 4th
Eurobitume Symposium, Vol. 1, p. 200. Madrid.

Woolley K.G. 1986. Polymer modified bitumen for extra value asphalt. Journal of the Institute of
Asphalt Technology, Vol. 38, pp. 45-51.

Yeates C. 1994. An evaluation of the use of a fiber-reinforced membrane to inhibit reflecting cracking.
Symposium on Performance and Durability of Bituminous Materials. Leeds, UK.






Chapter 4

Laboratory tests and properties of
bitumen and bitumen emulsion

4.1 GENERAL

The purpose of the laboratory tests performed on bitumen is to define its characteristic prop-
erties, so as to ascertain its suitability and predict its behaviour during the service life of the
pavement. The term characteristic properties include all properties, such as technological,
mechanical, rheological, physical and chemical. Technological properties are those defined
by empirical and not fundamental tests, unlike the mechanical and rheological properties.
The main technological properties are penetration, softening point, ductility, flash point,
solubility, weight loss after heating and Fraass breaking point. All the abovementioned tech-
nological properties, along with viscosity (rheological property), constitute the main criteria
for suitability or conformity of bitumen specified by international standards.

Apart from the normative tests, many laboratories perform additional tests for the deter-
mination of fundamental mechanical properties of bitumen such as stiffness modulus, ten-
sile strength and resistance to fatigue. These properties are of key importance for predicting
the mechanical behaviour of bitumen and thus of the bituminous mixture.

With the appearance of modified bitumen, there was a necessity to establish supplemen-
tary tests. Thus, cohesion tests, the elastic recovery test and storage stability tests have been
added.

This chapter provides a description of all laboratory tests performed on both conventional
and modified bitumen. Additionally, the laboratory tests performed on bitumen emulsions
are also described in brief.

4.2 PENETRATION TEST

The penetration test is the most widely known test, developed at the end of the 19th century
and still in use, for grading the paving bitumen. This test method also determines the con-
sistency of the bitumen and bituminous binders at intermediate service temperature. Higher
values of penetration indicate softer consistency.

The test involves the determination of the penetration depth of a standard penetration
needle into the bituminous binder under standard conditions of temperature (25°C), applied
load and loading time. The standardised needle first touches the surface of the bituminous
specimen and then is allowed to penetrate into the mass of the specimen under the influence
of its own weight and an additional mass so that the total load is 100 + 0.1 g, for a period
of 5§ s. After loading, the penetration depth of the needle is measured in 0.1 mm or dmm.
This unit is also called ‘pen’ (1 pen = 0.1 mm). Figure 4.1 shows an automatic penetration
test apparatus.

173



174 Highway engineering

(@) (b)

Figure 4. Penetration test apparatuses. (a) Controls penetrometer. (b) Anton-Paar penetrometer.
(Courtesy of Controls Srl. and Anton Paar ProveTec GmbH.)

According to CEN EN 1426 (2007), the testing temperature for bituminous binders with
penetration above 330 dmm is reduced to 15°C, while the load and duration of loading
remain the same.

The test is described in CEN EN 1426 (2007) and in ASTM D 5 (2013) or AASHTO T
49 (2011).

According to CEN EN 1426 (2007), the recommended size of the test sample container for
penetration <160 dmm is 35 mm internal depth and 55 mm internal diameter. When the pen-
etration is 2160 dmm and <330 dmm the recommended sizes are 45 and 70 mm, respectively.

At least three measurements are taken from different points of the specimen surface (dis-
tance apart 210 mm). The average value rounded to the nearest integer is reported as the
penetration value of the bitumen. According to CEN EN 1426 (2007), the three consecu-
tive measurements should not differ (minimum and maximum value) by more than 2, 4, 6
and 8 dmm, when the penetration is between 0 and 49 dmm, between 50 and 149 dmm,
between 150 and 249 dmm or 2250 dmm, respectively. The respective permitted differences
according to ASTM D § (2013), for the same range of grades, are 2, 4, 12 and 20 dmm.

The above testing conditions are typical. Non-typical test conditions are those when the
test is carried out at temperatures other than 25°C, such as 0°C, 4°C, 45°C or 46.1°C.
When the testing temperatures is lower than 25°C, the total load and the loading time
change to 200 g and 60 s, respectively. At 46.1°C, the total load is 50 g and the loading time
is 5s (ASTM D 5 2013).

It should be noted that maintaining the test temperature constant throughout the mea-
surements is of key importance. This is achieved by the use of a water bath, in which water
circulates through a heating/cooling system. Furthermore, special attention should be given
to the preparation of the bitumen specimens, so that no trapped air is created within the
mass of the bitumen and the specimen surface is free of dust or other foreign micro-particles.
The above is ensured by allowing the hot bitumen to be poured into the container to cool
down in air temperature (15°C to 30°C), while the container is loosely covered.
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More details about the test can be found in CEN EN 1426 (2007), ASTM D 5 (2013) or
AASHTO T 49 (2011).

4.3 SOFTENING POINT TEST (LEFT)

The consistency of the bitumen and the bituminous binders at elevated temperature is
empirically determined with the softening point test, also known as a ‘ring and ball’ (R&B)
test. Along with the penetration test, the softening point test is used for grading the oxidised
bitumens.

Bitumen, a viscoelastic material, does not have a defined melting point. It gradually
becomes softer and less viscous as the temperature rises.

Softening point is defined as the temperature at which material under standardised test
conditions attains a specific consistency. The test is used to determine the softening point of
bitumen and bituminous binders in the 28°C to 150°C range.

Two horizontal brass rings (approximately 19.8 mm internal diameters) filled with bitu-
minous binder are placed in a ring holder and heated at a controlled rate in a liquid bath
while each supports a steel ball. The softening point is the mean of the temperatures at
which the two discs soften enough to allow each ball, enveloped in bituminous binder, to
fall a distance of 25.0 mm.

The ring holder with the rings containing the bituminous binder is placed in a glass
beaker filled with iced distilled or de-ionised water (approximately 5°C + 1°C), before the
placement of the steel balls and the initiation of the test. After 15 min, the steel balls are
positioned on each ring and the water is heated at a uniform rate of 5°C + 1°C, under con-
tinuous stirring, following the instructions of the specification. As the temperature rises,
the bitumen softens and begins to form a meniscus, which constantly augments as the tem-
perature rises. For each ring and ball, record the temperature indicated by the thermometer
at the instant the bituminous binder surrounding the ball touches the bottom plate. If an
automatic apparatus is used, record the temperature at which the meniscus interrupts the
ray of light. An automatic softening point apparatus is shown in Figure 4.2.

EONTROLS

Figure 4.2 Ring and ball apparatus, automatic version. (Courtesy of Controls Srl.)
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The average of the two measurements, rounded up to the nearest 0.2°C for bituminous
binders with a softening point up to 80°C or up to the 0.5°C for bituminous binders with
a softening point >80°C, is defined as the softening temperature or softening point (fyg.p)-

If the difference between the two temperatures exceeds 1°C for softening points below
80°C or exceeds 2°C for softening points above 80°C, the test is repeated.

When modified bitumens are tested, the test is repeated when (a) the difference between
the two measurements is >2°C, (b) the metal ball breaks the surrounding bitumen film
before touching the lower platform or (c¢) a partial detachment of the bitumen from the
metal ball is observed.

It should be mentioned that the preparation of the test samples is of key importance.
They should have a flat and smooth surface, which is achieved by placing the casting rings
on a smooth metal or class surface and cutting the excess amount of binder with the use of
warmed knife or blade. The smooth steel or glass surface prior to casting is covered with a
thin layer of release agent (mixture of glycerol and dextrin or mineral talc, or another com-
mercially available release agent) to prevent the bituminous binder adhering to the pouring
plate.

The bath liquid when softening points are up to 80°C is, as mentioned, distilled or de-
ionised water. For softening points above 80°C, the bath liquid is glycerol and the starting
temperature of the test is 30°C instead of 5°C + 1°C.

More details of the test can be found in CEN EN 1427 (2007), ASTM D 36/D 36M
(2012) or AASHTO T 53 (2009).

The softening point may be estimated from the penetration value. After extensive labora-
tory tests by the author, the following equation was derived, for paving grade bitumens with
penetration ranging from 40 to 100 dmm, with a very good correlation coefficient (0.98):

trap = 87.3 —22.5 x IgP (correlation coefficient = 0.983),

where fpqp is the softening point (°C) and IgP is the logarithm (base 10) of penetration at
25°C.

The above equation is slightly modified compared to the one derived earlier on (Nikolaides
1988) because of additional laboratory tests. It should be highlighted that the above equa-
tion does not in any case replace the softening point test.

4.4 PENETRATION INDEX

The penetration index (I,) indicates the temperature susceptibility of the paving grade bitu-
mens, for grades 20/30 to 160/220. The penetration index is calculated from the values of
penetration, at 25°C, and the softening point determined.

The penetration index (I,), according to CEN EN 12591 (2009), Annex A, is calculated
from the following equation:

I, = (20 x trgp + 500 x IgP - 1952)/(tggp — 5O x 1gP + 120),
where IgP is the logarithm (base 10) of penetration at 25°C and #y4, is the softening point

(°C).
The result is rounded to the nearest 0.1 unit.
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The above equation, developed by Pfeiffer and Van Doormaal (1936), is based on the fol-
lowing hypotheses:

a. The penetration value of the bitumen at the temperature of the softening point is equal
to 800 dmm.

b. When the logarithm (base 10) of penetration (P) is plotted against temperature (T), a
straight line is obtained, for example, IgP = A x T + B, the slope (A) of which is deter-
mined by the relation

A= [(20 - 1)/(10 + L)] x (1/50).

Research work carried out by Lefebvre (1970) and Heukelom (1973) has demonstrated
that the hypothesis of the penetration of all graded bitumens at a temperature equal to
the softening point being equal to 800 dmm is not absolutely valid. For certain bitumens,
especially for the hard bitumens with high softening point (>65°C) and high penetration
index (+3.6), as well as for bitumens with high paraffin content (>2%), the deviation is sig-
nificant. Similar results were also found at a research conducted on paving grade bitumens
by Nikolaides (1988). In these cases, it is recommended to determine the penetration at two
different temperatures and then determine the penetration index using the following general
equation:

(20 - 1,)/(10 + L) = 50(IgP, - IgP,)/(T, - T),

where IgP; and IgP, are the logarithm (base 10) of penetration at temperatures T, and T,,
respectively.

The limiting theoretical values of the penetration index are -10 for bitumens with very
high susceptibility to temperature variations, up to +20 for bitumens almost independent of
temperature variations. In practice, penetration index varies between -3 and +7 for paving
grade bitumens and oxidised bitumens. The smaller the penetration index, the more sensi-
tive the bitumen is to temperature variations.

It is noted that penetration index value equal to zero (I, = 0) is attributed to a bitumen
with a penetration of 200 dmm at 25°C and a softening point of 40°C.

4.5 DUCTILITY TEST

The ductility test indirectly measures the tensile properties of the bituminous materials
and may be used for specification requirements. Because most of the typically used paving
bitumens meet the specification requirement at 25°C, its usefulness is questioned by many
researchers.

During the ductility test, the bitumen specimen is pulled apart at a specified speed and
temperature condition (50 mm/min, 25°C) until it ruptures or reaches the length limitations
of the machine. The elongation length at rupture, measured in centimetres, is defined as the
bitumen’s ductility value. The test is performed on three briquette specimens and the aver-
age of the three values is determined. In the event of discrepancy of results, they should be
within the acceptable range set by the specification (AASHTO T 51 2009; ASTM D 113
2007).
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Figure 4.3 Ductility apparatus with capability to determine ductility force. (Courtesy of Anton Paar
ProveTec GmbH.)

The specimens are prepared by pouring the heated bitumen into ductility brass moulds
assembled on a brass or metallic plate. Before pouring the bitumen, the surface of the metal-
lic plate is coated with a release agent (typically a mixture of glycerin and talc powder). This
prevents specimen from sticking to the plate and to the detachable middle part of the mould
(side pieces), after allowing the filled mould to cool to room temperature.

During preparation of the specimens, development of air bubbles should be avoided by
allowing gradual cooling at room temperatures, and during cooling, protect the moulds
from dust. After cooling, the specimens are placed in a water bath, at test temperature, for
approximately half an hour and then removed for trimming the excess amount of bitumen
may be present; to avoid excess bitumen, the moulds should be filled to the correct level.
The trimmed specimens are placed in the apparatus’ water bath for approximately 90 min.

During the testing, the water bath temperature must be kept constant and any water
oscillations or undulations resulting in early fracture of the created asphalt ‘thread’ must be
avoided. A typical ductility apparatus, known as a ductilometer, and moulds are shown in
Figure 4.3.

It should be pointed out that the same apparatus is used for the elastic recovery test. For
details, see Section 4.6.

4.6 FORCE DUCTILITY TEST

The force ductility test is performed on bituminous binders, in particular those of polymer-
modified bitumens, for the determination of the conventional energy of bituminous binders
from tensile characteristics.

The force ductility test is carried out in accordance to CEN EN 13589 (2008), using the
ductilometer apparatus, which is equipped with an additional device capable of measuring
the tensile force within the range of 1 to 300 N to an accuracy of +£0.1 N (see Figure 4.3).

The specimens are prepared as in the ductility test and the traction rate is as in the ductil-
ity test, 50 + 2.5 mm/min.

The test temperature is usually 5.0°C + 0.5°C. However, in the case of soft bituminous
binders, the test may be performed at a lower temperature (0.0°C + 0.5°C), whereas for



Laboratory tests and properties of bitumen and bitumen emulsion 179

hard polymer-modified bitumens, the test should be performed at 10.0°C + 0.5°C or even at
15.0°C + 0.5°C (CEN EN 13589 2008).

After the bitumen specimen is placed in the apparatus and the testing temperature is
obtained, they are stretched to an elongation of 1333% (400 mm). If the specimen breaks
prior to the desired elongation, the test is repeated. In case the second specimen also breaks
prior to the desired elongation, the test is repeated by increasing the temperature in steps of
5°C, until the test is complete without brittle break.

For each test specimen, the deformation energy and finally the conventional energy are
accomplished from the computerised data of coupled force/elongation.

The deformation energy, E,, in joules (]), is the energy supplied by test pieces, until dis-
placement, i, of the moving element is achieved.

The conventional energy, E, (in J/cm?), is the quotient of deformation energy, E, (in joules),
and the initial cross section of the test pieces (in square centimetres).

For the force ductility test, the conventional energy (average of three specimens) corre-
sponds to two elongation points (0.2 and 0.4 m). Details for calculating the deformation
energy and the conventional energy, after performing the force ductility test in accordance
to CEN EN 13589 (2008), are given in CEN EN 13703 (2003).

The force ductility test is also described in AASHTO T 300 (2011).

4.7 ELASTIC RECOVERY TEST

The elastic recovery test is used for the determination of the elastic recovery of the bitumi-
nous binders in a ductilometer at a given temperature. It is primarily applicable to modified
bitumens with thermoplastic elastomers. However, it can also be used with conventional
bitumen or other bituminous binders that generate only small recovery.

The test is carried out in accordance to CEN EN 13398 (2010) and ASTM D 6084 (2006),
or AASHTO T 301 (2013), by using the same apparatus, mould and procedure as in the
ductility test. The testing temperature is usually 25°C. The only difference is that the bitu-
minous specimen is not stretched until rupture but only up to a predetermined elongation
(200 mm by CEN EN 13398 2010).

The bitumen thread thus produced is cut in the middle to obtain two halves of thread.
After a predetermined time for recovery has elapsed (30 min by CEN EN 13398 2010), the
shortening of the half threads is measured (by a ruler) and expressed as the percentage of
the elongation length.

The elastic recovery (Ry) is specified by the following relation:

Ry = (d/200) x 100,

where d is the distance between the two shrinked parts of bitumen (mm) and R is the elastic
recovery (%) rounded to full per cent.

The test is performed on two specimens, and their arithmetic mean, rounded up to 1%,
is taken as the representative elastic recovery value of the bituminous binder. The difference
between the two measurements should be less than 5% in absolute value. Otherwise, a third
specimen is tested and the representative elastic recovery is the arithmetic mean of the two
values that differ the least. If the third value differs by more than 5% in absolute value, the
test is repeated with two new samples.
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With regard to ASTM D 6084 (2006), the test may be carried out using two testing pro-
cedures, which differ between then on the length of elongation and elapsed time. Procedure
A requires a 100 mm elongation length and 60 min elapsed time before taking measure-
ments. Procedure B requires a 200 mm elongation length (maintaining the specimen in this
stretched position for 5 min) and 60 min elapsed time.

The elastic recovery test, because of its similarity to the ductility test, is also sometimes
called the modified ductility test.

4.8 VISCOSITY

Viscosity is a fundamental characteristic property of bitumen, since it determines the way
it will behave in a specific temperature or at a range of temperatures. Viscosity is defined
as a measure of fluid’s resistance to flow. It describes the internal friction of a moving fluid.
Broadly speaking, it could be said that viscosity is an expression of the coherence or flu-
idity that decreases when the temperature increases and increases when the temperature
decreases.

In the fundamental way of measuring the viscosity, the gap between two parallel plates
(one of which may move relative to the other) is filled with fluid, in this case, bitumen. The
force that opposes the movement is developed solely because of the presence of bitumen.
This force (F) is proportional to the surface (A) covered with fluid and the relative velocity of
movement of one plate to the other (v) and inversely proportional to the distance (d) between
the plates. If a constant () expressing the intermediate material is also introduced, which is
the viscosity constant or, briefly, viscosity (n), then the following relation applies:

F=nxAxuvldorn=(Fxd)/Axv).

By the abovementioned way of measuring the viscosity, that is, sliding plate, the absolute
or otherwise known as dynamic viscosity (ng or n) is measured. At this point, it should be
mentioned that the relative movement of the two solid surfaces could also be rotary such
as in a system of cylindrical container and rotating cylinder, or of a flat surface (plate) with
a rotating cone, or of a flat surface (plate) with a rotationally oscillating circular plate. All
these systems are basically the different types of viscosity measuring devices that measure
dynamic or absolute viscosity (dynamic viscometers).

According to the International System of Units (SI), the dynamic viscosity measurement
unit is the Pascal-second (Pa-s). This unit is the fundamental measurement unit of viscosity.
Respectively, in the CGS system, the viscosity measurement unit is in dyne-s/cm (=1 g-s/cm).
This unit is known as poise (P). The relation between Pa-s and poise is as follows: 1 Pa‘s =
10 P. Sometimes, centipoise (cP) is also used, where 1 ¢P = 0.01 P. Centipoise may have been
adopted due to the fact that water’s viscosity at 30°C is 1 cP.

Viscosity can also be measured with viscometers where the movement or the developed
force is due to gravity, by the fluid’s own weight. Such a system is developed when the fluid
flows in special glass tubes (capillary tubes). In this case, the kinematic viscosity (n, or v) is
measured, and the measurement unit is in square millimetres per second. This unit is also
known as centistoke (cSt). However, when the fluid is ‘forced’ to flow under negative pres-
sure (vacuum), then the dynamic viscosity (Pa-s) is measured.

Between the kinematic and the dynamic viscosity, the following relation applies:

Kinematic viscosity (n,) = dynamic viscosity (n,)/fluid density.
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Finally, viscosity is often measured in relation to the time required for a specific mass of
fluid to pass through an efflux orifice. The movement is, as in the previous case, due to the
fluid’s own weight. Such a system is developed when the fluid is placed in a special container
and a specific volume is let to pass through an efflux orifice. This system is called cup viscom-
eter and the unit of measurement, in this case, is in seconds. The viscosity measured in seconds
may be converted to dynamic (n,) or to kinematic viscosity (n,) using the following relations:

ny = flow time x fluid’s density x C (Pa-s)
1, = flow time x C (mm?/s),

where C is the viscometer’s conversion constant.

4.8.1 Types of viscometers

There is a great number of apparatuses (viscometers) for measuring viscosity of bitumen
or bituminous binders. These viscometers could be classified as (a) rotational, (b) capillary,
(c) cup or efflux and (d) sliding plate viscometers. The most common types of viscometers used
for determining the viscosity of bitumen and bituminous binders are presented in Table 4.1.
Table 4.1 also provides information on the type of viscometer used per bituminous binder.

The typical assemblies of some basic types of viscometers mentioned in Table 4.1 are
provided in Figure 4.4.

Table 4.1 Classification of viscometers for bitumen and bituminous binders

Main field of use per bituminous

Viscometer type Viscosity (unit) binder

Rotational

Rotating spindle or coaxial (Figure 4.4a,) Dynamic (Pa's) Bitumen/modified bitumen,
cut-backs and bitumen emulsions

Cone and plate (Figure 4.4a,) Bitumen/modified bitumen

Rotational paddle Apparent (mPa's) Bitumen emulsions

Capillary (Figure 4.4b)

Cannon—Fenske Kinematic Bitumens, cut-back and fluxed
Zeitfuchs Cross-arm Kinematic bitumens
Lantz-Zeitfuchs reverse flow Kinematic

BS/IP/RF U-tube reverse flow Kinematic (mm?/s)

Cannon—Manning vacuum Dynamic Cut-backs and soft bitumens
Asphalt Institute vacuum Dynamic

Modified Koppers vacuum Dynamic (Pa's)

Cup or efflux viscometers (Figure 4.4c, and c,)

Standard tar viscometer (STV) Time of flow of Bitumen emulsions and cut-back
Saybolt Furol bitumen (s) or fluxed bitumens
Engler

Redwood | and Il

Sliding plate

Sliding plate viscometer (Figure 4.4d) Dynamic (Pas) Bitumen/modified bitumen

Oscillatory plate
Dynamic shear rheometer (DSR) (Figure 4.7) Dynamic (Pa.s) Bitumen/modified bitumen
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Figure 4.4 Range of viscometers used with bitumen and bituminous binders.

4.8.2 Viscosity tests by rotational viscometers
4.8.2.1 Rotating spindle viscometer

This rotating spindle viscometer is used for the determination of dynamic viscosity of a
variety of bituminous binders: modified and unmodified bituminous binders, bituminous
emulsions, cut-back and fluxed bituminous binders by means of rotating spindle (coaxial
viscometer) viscometer, at typical test conditions (temperatures and rate of shear).

The principle of the test method is that the torque applied to a spindle (e.g. a cylinder),
which is rotating in a special sample container containing the test sample, measures the rela-
tive resistance of the spindle to rotation and provides a measure of the dynamic viscosity of
the sample. It may be necessary to apply a form factor to yield the actual dynamic viscosity
at the test temperature.

The typical test temperatures for unmodified or modified bitumens range from 90°C to
180°C. The test temperatures usually used when unmodified bitumens are tested are 90°C,
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105°C and 135°C, and when polymer-modified bitumens are tested, the test temperatures
are 135°C, 150°C and 165°C.

The typical test temperature for bituminous emulsions is 40°C, and for cut-back and
fluxed bituminous binders, it is 60°C. However, other temperatures may also be used, such
as 90°C for cut-back and fluxed bituminous binders.

The rotational viscometer test is specified by ASTM D 6373 (2007) as a standard test for
performance-graded asphalt binders and is carried out at 135°C.

In accordance with CEN EN 13302 (2010), for unmodified or modified bitumens, a small
volume of heated sample (specified for the spindle to be used) is placed in the sample cylin-
drical container, which is then placed in the temperature-controlled device (environmental
chamber). The sample together with the appropriate size spindle is left for a certain period
to reach uniform testing temperature. Figure 4.5 shows a rotational viscometer.

Upon reaching the required test temperature, the spindle starts to rotate at a speed such
that the desired shear rate is achieved with a precision of +10%. Readings of torque, viscos-
ity and shear rate are taken after the shear rate is stabilised for a period of 60 + 5 s.

For bitumen emulsions, to break storage-induced thixotropy effects, the spindle rotates
at a speed such that a shear rate of 10 + 2 s~! is achieved and is then left for 60 + 5 s. After
this period, the spindle is set to rotate at a speed such that a shear rate of 2.0 + 0.2 s7! is
achieved. Readings are taken after the shear rate is stabilised for a period of 30 + 3 s.

Similarly, for cut-back and fluxed bituminous binders to break possible storage-induced
thixotropy effects, the spindle rotates initially at a speed such that a shear rate of 50 + 5
s' is achieved and is then left for 60 + 5 s. After this period, the spindle is set to rotate at a
speed such that the shear rate of 2 s-! is achieved. Readings are taken, as for bitumen emul-
sions, after the shear rate is stabilised for a period of 30 + 3 s.

The dynamic viscosity is expressed in Pa's or in millipascal-seconds (mPa-s) and is the
mean of the two independent measurements, provided that the values do not differ by more
than 10%. In case the two viscosity values differ by more than 10%, the individual values
and their mean are reported.

By changing the size of the spindles, the rotational viscometer can measure the viscosity
of any fluid substance. Additionally, due to the fact that the apparatus has the ability to
fluctuate shear rate, the identification of a Newtonian (a fluid having a viscosity that is inde-
pendent of the shear rate) or non-Newtonian fluid is also possible. Additionally, in the case

Rotational
viscometer

/ .
Environmental
chamber

Temperature
controller

;I}\

Spindles Sample containers

Figure 4.5 Rotational (coaxial) viscometer (Brookfield-type AUTh laboratory).
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of a non-Newtonian fluid, the pseudoplastic or plastic behaviour, or even the thixotropic or
rheopectic behaviour, can be detected.

A detailed description of the dynamic viscosity test by rotational viscometer can be found
in CEN EN 13302 (2010), ASTM D 2196 (2010), ASTM D 4402 (2013) or AASHTO T
316 (2013).

4.8.2.2 Cone and plate viscometer

The cone and plate viscometer measures the dynamic viscosity of modified bituminous bind-
ers. Although the test method has been developed for modified bituminous binders, it may
also be suitable for other bituminous binders.

According to CEN EN 13702 (2010), a small sample of bitumen is placed on a plate, a cone
is pressed onto the sample, any surplus sample is removed and the system is brought to the test
temperature. Then, a stress is applied to the sample by rotation and the torque is measured at
the applied shear rate. The dynamic viscosity (n) (in Pa-s), which is the ratio of shear stress ()
(in Pa) to shear rate (y) (in s™), is calculated automatically by the apparatus (viscometer) used.

More information regarding the test can be found in CEN EN 13702 (2010).

This is similar to the test described in ASTM D 4287 (2010), which is used to determine
the viscosity under high shear conditions, comparable to those encountered during spraying,
brushing and so on. It is stated that the high shear cone and plate viscometer test method
is suitable for paints and varnishes, whether they are Newtonian in behaviour or not, than
for bituminous binders.

4.8.2.3 Rotational paddle viscometer

The rotational paddle viscometer measures the apparent viscosity of bitumen emulsions
with viscosities between 30 and 1500 mPa-s (centipoises) at 50°C.

The apparatus consists of a paddle that rotates at 100 rpm and measures viscosity in cen-
tipoise. The preset temperature and rotational speed allow for an automated and consistent
determination of an emulsified asphalt viscosity within a short time.

The rotational paddle viscometer is used when, rarely, the apparent viscosity of a bitumen
emulsion needs to be determined. A detailed description of the viscosity test by rotational
paddle viscometer can be found in ASTM D 7226 (2011).

4.8.3 Viscosity test by capillary viscometers

The kinematic as well as the dynamic viscosity of the bituminous binders can be mea-
sured by capillary viscometers. Kinematic viscosity is measured with capillary viscometers
in which the flow is caused by gravitational force. Hence, kinematic viscosity is a measure of
a liquid’s resistance to flow under gravity. The dynamic viscosity is measured with vacuum
viscometers, where the flow is assisted (drawn up) by vacuum pressure (40 kPa).

The capillary viscometers determine the kinematic viscosity of bituminous binders at
135°C or at 60°C (soft bitumen) with a range of 6 to 300,000 mm?/s (CEN EN 12595 2007)
or up to 100,000 mm?/s (ASTM 2710).

The most common capillary viscometers used for the determination of kinematic viscosity
are those listed in Table 4.1. The selected viscometer should give an efflux time greater than
60 s. Figure 4.4b, shows the shape of a U-tube reverse-type viscometer.

By performing the test, the time for a fixed volume of the liquid to flow through the capil-
lary of a calibrated glass capillary viscometer under an accurately reproducible head and at
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a closely controlled temperature is determined, called efflux time. The kinematic viscosity
(v) (in mm/s?) is calculated by multiplying the efflux time (¢) (in seconds) by the viscometer
calibration factor (C) (in mm/s?).

A detailed description of the test for the determination of the kinematic viscosity by capil-
lary viscometers is given in CEN EN 12595 (2007), ASTM D 2170 (2010) or AASHTO T
201 (2010).

The vacuum capillary viscometers determine the dynamic viscosity of bituminous bind-
ers at 60°C with a range of 0.0036 to more than 580,000 Pa-s (CEN EN 12596 2007) or up
t0 20,000 Pa-s (ASTM D 2171 2010). Dynamic viscosity is a measure of the resistance to the
flow of a liquid and is commonly called the viscosity of the liquid.

The most common capillary viscometers used for the determination of dynamic viscos-
ity are those listed in Table 4.1. Figure 4.4b, shows the shape of the Cannon—-Manning
viscometer.

The purpose of the test is to determine the time for a fixed volume of the liquid to be
drawn up through a capillary tube by means of a vacuum, under closely controlled condi-
tions of vacuum and temperature.

The dynamic viscosity () (in Pa-s) is calculated by multiplying the efflux time (¢) (in sec-
onds) by the viscometer calibration factor (K) (in Pa).

A detailed description of the test for the determination of the dynamic viscosity test by
vacuum capillary viscometers is given in CEN EN 12596 (2007), ASTM D 2171 (2010) or
AASHTO T 202 (2010).

4.8.4 Viscosity test by efflux or cup viscometers

The efflux or cup viscometers are used to determine the viscosity of bitumen emulsions and
cut-back or fluxed bituminous binders.

During the test, a viscometer cup is filled with a certain quantity of liquid bituminous
binder and is left for a sufficient time until reaching the required temperature (usually 40°C,
50°C or 25°C). Then, the bituminous binder is effluxed through an orifice of various diam-
eters (typically 2, 4 or 10 mm) and length (depending on the viscometer), until a required
volume (50, 60, 100 mm or other depending on the viscometer) is collected in a graduated
flask or cylinder (receiver) and the efflux time (¢) is recorded in seconds.

The efflux time, indirectly, is a measure of viscosity. However, the efflux time () may be
converted to dynamic viscosity () if the density of the liquid (p) and the constant of the
cup viscometer (C) were known (n = ¢ x p x C). Similarly, the kinematic viscosity (v) may be
determined, if the constant of the cup viscometer (C) was known (v =t x C).

There are various types of efflux or cup viscometers, two of which are shown in Table
4.1. The standard tar viscometer type (STV), also called efflux viscometer, is recommended
to be used for bituminous emulsions (CEN EN 12846-1 2011) or for cut-back and fluxed
bituminous binders (CEN EN 12846-2 2011). An efflux viscometer (STV) is shown in
Figure 4.6.

The Saybolt Furol viscometer is mostly used in the United States and the testing procedure
is described in ASTM D 88 (2013), ASTM D 7496 (2011) (for emulsified asphalts), ASTM E
102 (2009) (for bituminous materials at high temperatures) or AASHTO T 72 (2010).

The testing procedure when the Engler viscometer is used is described in ASTM D 1665
(2009).

The Redwood viscometer is considered to be the first efflux viscometer developed,
designed in the late 1800s by Redwood, and, after some modification, is still in use. The test
procedure may be carried out according to CEN EN 16345 (2012).
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Figure 4.6 Efflux viscometer (STV). (Courtesy of Controls Srl.)

4.8.5 Viscosity tests by shear plate viscometers
4.8.5.1 Sliding plate viscometer

The sliding plate viscometer, also known as sliding plate micro-viscometer (Figure 4.4a),
measures absolute or dynamic viscosity. The apparatus comprises a loading system that
applies a shear stress and a recording system of flow as a function of time. The bitumen
sample is placed between two plates so as to create a very thin film of 5-50 pm. The appa-
ratus can measure the viscosity only in the range of 10° to 10? Pa-s; thus, it is not suitable for
low-viscosity measurements.

Today, the use of the sliding plate viscometer is very limited and mainly for comparative
studies with other viscometers. For further information, see Griffin et al. (1957) and Shell
Bitumen (2003).

4.8.5.2 Dynamic shear rheometer

Although the dynamic shear rheometer (DSR) can measure dynamic viscosity, its main use
is to determine the viscous and elastic behaviour of bituminous binders at medium to high
temperatures, particularly to determine the complex shear modulus (G*) and the phase
angle (8) of bituminous binders when tested in dynamic (oscillatory) shear, using parallel
plate geometry. Details for determining viscosity with DSR can be found in Tredrea (2007).
All types of bituminous binders can be tested with the DSR, such as unaged, aged and
recovered bituminous binders, cut-backs and bituminous binders stabilised from emulsions.
In the DSR, the sliding plate is circular and oscillates on the horizontal plane at a pre-
selected frequency or at a range of frequencies. The typical range of frequencies used is 0.1
to 10 Hz (0.62 to 62.83 rad/s). When testing bituminous binders for compliance to ASTM
D 6373 (2007), the frequency used is 10 rad/s (1.59 Hz).
Figure 4.7 shows a schematic representation of the DSR. The centre line of the upper
plate, represented by point A in Figure 4.7, rotationally oscillates between points B and C.
The test may be carried out under strain control conditions or under stress control condi-
tions. ATSM D 7175 (2008) proposes target strain or stress values, depending on the bitu-
men tested (original, RTFO residue or pressurised ageing vessel [PAV] residue).
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Figure 4.7 Schematic representation of the DSR.

The testing temperature (-s) is selected within the typical range 25°C to 85°C. When a
bituminous binder is tested for compliance to ASTM D 6373 (2007), the temperature is
selected from an appropriate table and is within the range 4°C to 88°C.

The size of the sample tested is very small, 25 or 8 mm in diameter with a typical thick-
ness (gap between plates) of 1 or 2 mm. Special preparation of the samples is required which
is described in the specification adopted.

The complex shear modulus, G*, measured by the DSR is defined as the ratio calculated
by dividing the absolute value of the peak-to-peak shear stress, 7, by the absolute value of
the peak-to-peak shear strain, y. The complex shear modulus is expressed in kilopascals or
pascals, up to three significant figures.

Similarly, phase angle, 8, is the phase difference between stress and strain in sinusoidal
harmonic oscillation, expressed in degrees, to the nearest 0.1°. Figure 4.8 shows a schematic
representation of the phase angle under stress control conditions.
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Figure 4.8 Schematic representation of phase angle (3) between stress and strain in sinusoidal harmonic
oscillation (stress control conditions).
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The phase angle, 8, takes values from 0° to 90° (8§ = 0° for elastic materials and & = 90°
for viscous materials).

After the determination of the above two variables, the ratio (G*/sin 8) is also calculated,
when compliance of the bituminous binder with ASTM D 6373 (2007) or AASHTO M 320
(2010) is required to be examined.

The complex shear modulus is an indicator of the stiffness or resistance of the bitumi-
nous binder to deformation under load. The complex shear modulus and the phase angle
define the resistance to shear deformation of the bituminous binder in the linear viscoelastic
region. Finally, the complex modulus and the phase angle are used to determine or calculate
performance-related criteria in accordance to specifications.

Further information regarding the way the test is conducted, as well as the calculation
of the above variables, is provided in CEN EN 14770 (2012), ASTM D 7175 (2008) or
AASHTO T 315 (2012).

4.9 FRAASS BREAKING POINT

The Fraass breaking point provides a measure of brittleness of bitumen and bituminous
binders at low (subzero) temperatures. The Fraass breaking point test was developed in
1937 (Fraass 1937) and began to be broadly used upon the advent of modified bitumens,
since, by executing this test, the effect of the chemical additive on the behaviour of the
modified bitumen could be determined. Nowadays, it has been adopted by many organisa-
tions and has been incorporated in European standards for specification requirements of
paving grade bitumens (CEN EN 12591 2009) and of modified bitumens (CEN EN 14023
2010).

The Fraass breaking point, according to CEN EN 12593 (2007), is the temperature at
which the bituminous binder of a specified and uniform thickness will break under defined
loading conditions.

The Fraass apparatus consists of a bending apparatus that can apply repetitive bend-
ing stress by flexing the coated test plate (hence tensile strain on the film of bitumen), a
glass cylindrical cooling apparatus, a graduated thermometer covering temperatures from
-38°C to -30°C, with 0.5°C subdivision scale marks, and a sample preparation unit for
creating the bitumen film on the steel plate—coated test plate. The temperature drop during
application of bending stress is achieved by adding small quantities of solid carbon dioxide
(dry ice) in alcohol, circulating the twin-wall glass tube. The Fraass apparatus is shown in
Figure 4.9.

The test plates, made of tempered spring steel, have the following dimensions: 41 mm
long, 20 mm wide and 0.15 mm thick. The quantity of bituminous binder placed on the
test plate is 0.40 x p,; (g), where p,; is the density of the binder at 25°C (in g/cm?3), when the
expected softening point of the binder is <100°C.

The coated plate is placed on the Fraass apparatus, at a starting temperature of at least
15°C above the expected breaking point, and is subject to repeated bending with gradual
decrease of temperature at a rate of 1°C per minute. The temperature at which the first crack
appears is reported as the Fraass breaking point. The average of the two results is taken as
the final Fraass breaking value, provided that the two measured values do not differ by more
than 2°C. Otherwise, two further tests are performed, and the average of the four values
is taken as a representative value. In any case, the result is expressed in degrees Celsius
rounded to the nearest whole number. An analytical description of the test is provided in
CEN EN 12593 (2007).
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Figure 4.9 Fraass test apparatus.

The breaking point practically corresponds to an equi-stiffness temperature; a tempera-
ture at which the bitumen reaches critical stiffness that fractures. It has been shown that
upon fracture, the bitumen has a stiffness value of 2.1 x 10°, which approaches the maxi-
mum stiffness value of bitumen, 2.7 x 10° Pa (Thenoux et al. 1985).

The Fraass breaking point may be estimated by the penetration and the softening point
using the Heukelom chart.

4.10 HEUKELOM CHART - BITUMEN TEST DATA CHART

The Heukelom chart, also known as bitumen test data chart (BTDC), was developed by
Heukelom in the late 1960s and enables Fraass breaking point, penetration, softening point
and viscosity to be plotted as a function of temperature in one chart (Heukelom 1969). The
chart consists of a horizontal linear scale for temperature, and two logarithmic vertical
scales for penetration and viscosity. The viscosity scale has been devised such that when
plotting all test results, paving-graded bitumens give straight line relationship. Hence, the
Heukelom chart provides the facility to predict the temperature-viscosity characteristics of
paving grade bitumens by using only penetration and softening data. Other bitumens such
as oxidised (blown) or waxy bitumens do not give a straight line relationship.

When data of paving grade bitumens with different grades manufactured from the same
crude petroleum are plotted on the BTDC, the straight lines obtained will be almost parallel
(see Figure 4.10). On the contrary, same-grade bitumens manufactured from different crude
types will give non-parallel straight lines (Heukelom 1973).

The Heukelom chart also provides the facility to estimate the penetration index (PI) of
paving grade bitumen. This is achieved by drawing a parallel line form the focal point,
located on the chart, to the straight line obtained when plotting penetration and softening
point. The penetration index is read from the intersection of the parallel line with the PI
scale positioned on the chart.
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Figure 4.10 Heukelom chart and characteristic properties of penetration grade bitumens manufactured
from one crude. (From Shell Bitumen, The Shell Bitumen Handbook. Surry: Shell Bitumen UK, 1990.)

4.11 RESISTANCE TO HARDENING TESTS

4.11.1 Rolling thin oven test (RTOT) and rotating flask test (RFT)

This test method is for measuring the combined effect of heat and air on a thin moving
(rolling) film of bitumen or bituminous binder, simulating the hardening that a bituminous
binder undergoes in an asphalt plant. By rolling the bituminous sample, the development of
‘crust’, which slows the evaporation of volatile substances, is avoided. The test is known as
rolling thin film oven test (RTFOT) and is specified by CEN EN 12607-1 (2007), ASTM D
2872 (2012) or AASHTO T 240 (2013).

The oven has a tray rotating along the horizontal axis and a hot air blowing system over
the specimens (see Figure 4.11).

The small quantity of bitumen, 35 + 0.5 g, is poured in each special glass container, and
when the oven attains the test temperature, 163°C + 0.5°C, the samples are positioned in
the vertical circular carriage. The carriage assembly starts to rotate at a rate of 15 revolu-
tions per minute (rpm) by applying airflow at a rate of 4 [/min.

After rotating for 75 min, two samples are taken out, allowed to cool and weighed, in
order to determine the change in mass. The rest of the samples are immediately poured in
the same collecting vessel for penetration and softening testing and, if required, for deter-
mining dynamic viscosity (n).

The penetration, softening point and viscosity values after the RTFOT (hardened bitu-
men) are compared to the corresponding values before RTFOT.

A more detailed description of the test is provided in CEN EN 12607-1 (2007), ASTM D
2872 (2012) or AASHTO T 240 (2013).

Similar to the RTFOT method is the RFT method. The RFT method uses a rotating
flask and 100 g bitumen sample. The test temperature is 165°C, the duration of rotation is
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Figure 4.1 Oven for the RTFOT method. (Courtesy of Cooper Research Technology Ltd.)

150 min, the rotation rate is 20 rpm and the flow rate of air supply is 0.5 [/min. More details
are given in CEN EN 12607-3 (2007).

4.11.2 Thin film oven test (TFOT) method

The TFOT method is similar to the RTFOT and measures the combined effects of heat and
air on a film of bitumen or bituminous binder, simulating the hardening that a bituminous
binder undergoes during mixing in an asphalt mixing plant.

The differences between the TFOT and the RTFOT method are the type of oven used
(see Figure 4.12), the quantity of the bitumen sample, the type of containers, the duration of
rotation and the absence of applying airflow on the samples.

The quantity of bitumen, 50 + 0.5 g, is placed on a stainless steel or aluminium cylindri-
cal pan of 140 mm diameter and 9.5 mm wall height, thus forming a film of approximately
3.2 mm thickness. The oven is ventilated and possesses a rotating metallic tray (of minimum
250 mm diameter) on the vertical axis, on which the bitumen specimens are positioned.

After 5 h, during which the specimens are constantly rotating at 163°C + 1°C, the weight
loss, the penetration, softening point and viscosity values of the hardened bitumen are

- TR

Figure 4.12 Oven for the TFOT method.
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measured. The penetration, softening point and viscosity values after the TFOT test are
compared to the initial values (before hardening). Analytical description of the test is pro-
vided in CEN EN 12607-2 (2007), ASTM D 1754 (2009) or AASHTO T 179 (2009).

4.11.3 Accelerated long-term ageing/conditioning by
the rotating cylinder method (RCAT)

The accelerated ageing/conditioning test procedure involves rotating cylinder ageing (RCA),
that is, binder ageing at moderate temperatures in a large cylinder rotating in an oven under
oxygen flow conditions. Prior to long-term ageing with this method, samples are prepared
under the condition they would be applied to the road.

The test method is applicable to bitumen, modified binders and bituminous mastics
(homogenous mixture of filler and bituminous binder) and stabilised (recovered) bitumen
from bituminous emulsions, cut-back or fluxed bitumen.

According to CEN EN 15323 (2007), the bituminous binder is first preconditioned as nec-
essary to simulate the condition to which it would be applied to the road. Preconditioning of
the sample is carried out by RTOT or by TFOT. Preconditioning may also be carried out by
the procedure RCAT163 described in Annex A of CEN EN 15323 (2007).

After preconditioning, a sample of 525 to 550 g is poured into a preheated stainless steel
testing cylinder and the cylinder is placed in the drive mechanism of the ageing system (see
Figure 4.13). The cylinder containing the sample is left for 60 + 5 min without rotation or
inflow of oxygen, to enable the binder to reach the test temperature of 90°C.

19
2
1
20
12/

——
1) Pressure-reducer
2) General control valve 14) Driving connection
3) Oxygen safety break 15) Air flow meter
4) Adjusting needle valve 9) RCAT ageing cylinder 16) Thermostated oven
5) Oxygen flow meter 10) Stainless steel roller 17) Contact
6) Inverter air/oxygen 11) Rotating mechanism 18) Air line
7) Stainless steel heating spiral 12) Steel stand 19) Oxygen line
8) Tube for oxygen supply 13) Trat for leaking 20) Oxygen bottle

Figure 4.13 Schematic presentation of RCAT long-term ageing system. (Reproduced from CEN EN 15323,
Bitumen and bituminous binders — Accelerated long-term ageing/conditioning by the rotating cylinder
method (RCAT), Brussels: CEN, 2007. With permission [© CEN].)
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Then, the cylinder starts to rotate (1 rpm) and oxygen is fed at a flow rate of 4.5 + 0.5 I/h
(adjust the pressure gauge of the gas bottle that supplies the oxygen to 0.1 MPa, 1 bar).

After predetermined exposure times, typically 17 and 65 h, a portion of 25 to 30 g is
taken from the sample to monitor the ageing process. The total mass of removed samples
should not exceed 120 g.

The remaining sample is left for 140 h (£15 min) at 90°C and with oxygen supply. At age-
ing time completion (140 h + 15 min), the heating and oxygen flow stops and the sample is
emptied from the testing cylinder.

To empty the open testing cylinder, turn it upside down and place it with the opening down
on a 0.5 | metal box against the inner wall of an oven preheated to 160°C + 5°C. Allow it
to stand for 30 to 35 min for penetration grade bitumen and for residues from emulsion or
cut-back and for 40 to 45 min for binders containing polymers or for rubber-bitumen.

The recovered bituminous binder has undergone long-term ageing/conditioning and is
ready for further testing.

Analytical description of the test is provided in CEN EN 15323 (2007).

4.12 FLASH AND FIRE POINT - CLEVELAND OPEN CUP METHOD

The flash and fire points of petroleum products such as bitumens and bituminous binders,
having an open cup flash point above 79°C, are determined by the Cleveland open cup appa-
ratus. For fuel oils, the most common test method used is the closed cup procedure that uses
the Pensky—Martens apparatus (see ISO 2719 2002 or ASTM D 93 2013).

The flash point is determined as the lowest temperature at which application of test flame
causes the vapour of the test portion to ignite and the flame to propagate across the surface
of the liquid under the specified conditions of the test.

The fire point is determined as the lowest temperature at which application of a test flame
causes the vapour of the test portion to ignite and sustain burning for a minimum of 5 s
under the specified conditions of the test.

The flash and fire points are useful for safety and security reasons for the avoidance of
accidents in case of overheating the bitumen.

According to CEN EN ISO 2592 (2001), a quantity of bitumen that has filled the test cup
(Cleveland cup) is initially heated at an intense rate (14-17°C/min). When the temperature
rises to approximately 56°C below the expected flash point, decrease the heat so that the
rate of temperature rise for the last (23 + 5)°C before the expected flash point is 5-6°C/min.
At this heating stage, a test flame passes periodically, every 2°C, over the centre of the cup.
The temperature at which flash of the vapours appears is defined as the flash point. The fire
point is determined afterwards using the same device after continuation of heating.

The flash and fire temperatures calculated under ambient barometric pressure are cor-
rected for normal atmospheric pressure, 101.3 kPa, using a correction equation provided
by the specification. A detailed description of the test can be found in CEN EN ISO 2592
(2001), ASTM D 92 (2012) or AASHTO T 48 (2010).

The flash point of the paving grade bitumens as determined by the Cleveland open cup
method may vary from >165°C to >245°C; for cut-backs of flashed bituminous binders, the
flash point may be >160°C.

However, for cut-backs and fluxed bituminous binders, the flash point is usually deter-
mined by the Pensky—Martens closed-cup apparatus (ISO 2719 2002 or ASTM D 93 2013),
by the tag open-cup apparatus (AASHTO T 79 2012; ASTM D 3143 2008) or by the Abel
closed-cup apparatus (CEN EN ISO 13736 2013).
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When the Pensky—Martens apparatus is used, the expected flash point of cut-backs and
fluxed bituminous binders should be >60°C; when the tag open-cup apparatus is used, the
expected flash point may vary from >38°C to >66°C; and when the Abel closed-cup appara-
tus is used, the flash point may vary from 23°C or less to >45°C.

4.13 SOLUBILITY TEST

The solubility test is performed to determine the degree of solubility of bituminous binders,
having little or no organic impurities or rock salts (salts, free carbon etc.) other than recov-
ered bituminous binders from asphalts, in a specific solvent. Toluene is used as the solvent
for reference tests. It is noted that the bituminous binders will have different solubilities if
different solvents are used.

According to CEN EN 12592 (2007), a mass of 2 g of bitumen is dissolved in 100 ml of
solvent and then the solution is filtered. The amount of substances withheld by the filter is
washed, dried, weighed and expressed as a percentage of the initial mass of bitumen. This
percentage deducted from 100 determines the bitumen solubility. The degree of solubility
should be above a certain specified value, normally 99%. A detailed description of the test
is provided by CEN EN 12592 (2007), ASTM D 2042 (2009) or AASHTO T 44 (2013).

4.14 TENSILE TEST

The tensile test is an alternative to the force ductility test for the determination of the tensile
properties and cohesion of bituminous binders, particularly polymer-modified binders.

The test is performed according to CEN EN 13587 (2010) at a temperature of 5°C using
the ductilometer apparatus as in the force ductility test but at a constant traction rate of
100 mm/min.

For the tensile test, the conventional energy (average of three specimens) corresponds to
an elongation of 0.2 m (400%); for example, E, = E,.

Details for calculating the deformation energy and the conventional energy, after per-
forming the tensile test in accordance to CEN EN 13587 (2010), are given in CEN EN
13703 (2003).

4.15 COHESION WITH PENDULUM TEST

The cohesion with pendulum test is a method for measuring the cohesion of bituminous
binders at temperatures in the range of —=10°C to 80°C and for expressing the relationship
between cohesion and temperature.

This test method is applicable for graded bitumen, modified bitumen and fluxed bitumen
and is used only when the binders are going to be used in surface dressings.

In the case of fluxed bitumen, the test is performed on the binder containing fluxant or
on the binder from which the solvent has been removed. For bitumen emulsions, the test is
carried out on the residual binder obtained after recovery.

The cohesion in this test is determined as the energy per unit area (J/cm?) required to fully
detach a cube from the support, with the previously bonded faces of the cube and support
remaining fully covered by binder.

The test is executed in accordance to CEN EN 13588 (2008), where more information
can be found.
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4.16 STORAGE STABILITY TEST

This test method measures the storage stability of the modified bitumen at high tempera-
tures. The polymer-modified bitumens in particular are known to display phase separation
under certain conditions, mainly storage.

According to CEN EN 13399 (2010), a homogeneous specimen of modified bitumen is
placed in a special thin unvarnished aluminium tube and positioned vertically in an oven
of 180°C + 5°C for 3 days. The specimen is then allowed to cool and is cut into three equal
parts. The material contained in the two tube ends (top and bottom) is further analysed for
potential changes of its characteristic properties.

Usually, after the 3-day storage, the penetration and softening point are determined
and the values obtained are compared to those before storage. The differences in values
expressed as percentages or units must comply with limiting values required.

Further information is provided in CEN EN 13399 (2010).

4.17 MINERAL MATTER OR ASH IN ASPHALT MATERIALS

This test is conducted to determine the inorganic residual percentage occurring after the
bitumen combustion. During this test, a small quantity of bitumen or tar is burnt at very
high temperatures until the ash is free of carbon. The remaining quantity of inorganic impu-
rities is weighed and expressed as a percentage of the initial weight of the specimen.

This test is rarely used as the presence of inorganic impurities is not necessarily harmful
to bitumen.

A detailed description of the test is provided in AASHTO T 111 (2011).

4.18 CAPILLARY-STOPPERED PYCNOMETER TEST
FOR DETERMINATION OF DENSITY AND
SPECIFIC GRAVITY OF BITUMEN

This test method determines the specific gravity and density of bituminous binders, apart
from bitumen emulsions, at 25°C + 0.2°C using capillary-stoppered pycnometers. The
method may be performed at other temperatures, but when doing so, the density values of
the water or other liquid used should be determined.

According to CEN EN 15326 (2009), a quantity of heated binder is poured in the pyc-
nometer, filling approximately 3/4 of its volume. After the pycnometer containing the bitu-
minous binder is allowed to cool in ambient temperature for at least 40 min, the test sample
is weighed (weight A), together with the pycnometer’s glass stopper. The remaining volume
is then fully completed with tested liquid (boiled or de-ionised water for bitumens or iso-
propanol for cut-back or fluxed bitumen); the pycnometer is placed in a water bath for
at least 30 min in order to reach the temperature of 25°C and is weighted (with the stop-
per) (weight B). After the pycnometer is emptied and thoroughly cleaned, it is weighed in
air (weight C). Then, the pycnometer is filled completely with tested liquid and is weighed
(weight D). All weight measurements include the stopper.

The specific gravity and the density of bituminous binder are calculated by the following
equations:

SG,s or dys = (A = C)/[(D = C) = (B - A)] and
p=[A-C)[D-C)-(B-A)lxpr
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where SG,; or d,; is the specific gravity of bituminous binder at 25°C, A is the mass (g) of
the pycnometer partially filled with bituminous binder sample, B is the mass (g) of the pyc-
nometer plus bituminous binder sample plus test liquid, C is the mass (g) of the pycnometer
including weight of the stopper, D is the mass (g) of the pycnometer filled with test liquid
(water or isopropanol), p is the density of bituminous binder (kg/m?) and py is the density
of tested liquid at test temperature (water density at 25°C is 997.0 kg/m? and isopropanol
density at 25°C is 782.7 kg/m?).

The average of at least two determinations is expressed in three decimal places, for spe-
cific gravity, and to the nearest 1 kg/m?, for density.

A detailed description of the test is provided in CEN EN 15326 (2009), ASTM D 70
(2009) or AASHTO T 228 (2009).

4.19 DETERMINATION OF WATER IN BITUMEN
BY DISTILLATION METHOD

The determination of water in bitumen, when required to be determined, is carried out by
distillation method. During the test, a quantity of bitumen is dissolved with a solvent (usu-
ally xylene) and the solution is then distilled. At the distillation, the mass of water is col-
lected in a graduated glass tube.

The volume of the collected water divided by the initial weight of the bitumen specimen,
multiplied by hundred, expresses the water content percentage in the bitumen. A detailed
description of the test is provided in ASTM D 95 (2013) or CEN EN 1428 (2012) (see also
Section 4.20.6).

4.20 BITUMEN EMULSION TESTS

The basic tests conducted on bitumen emulsions as required by CEN EN 13808 (2013),
ASTM D 2397 (2012) or AASHTO M 208 (2009) are described in the following para-
graphs. For the list of tests on bitumen emulsions, see also Tables 3.13 and 3.15.

Apart from the tests performed on bitumen emulsions, tests are also performed on the
residual bitumen contained in the emulsion. The tests on the bitumen residue (see Tables
3.14 and 3.15) have been described in the previous paragraphs of this chapter.

The residual bitumen for properties determination is extracted by distillation procedure.
The azeotropic distillation (by means of a carrier vapour from a water-immiscible solvent-
carrier liquid) is used only for the determination of the water content in bitumen emulsion.

4.20.1 Particle polarity test

This test is performed in order to determine the bitumen particle polarity of the bitumen
emulsion and, hence, the type of emulsion (cationic or anionic).

During the test, two steel plates (electrodes) are dipped into the bitumen emulsion and a
direct electric current of 8—10 mA is passed through the plates. After approximately 30 min
or when the current drops to 2 mA, whichever is achieved first, the bitumen deposition on
the electrodes is observed. If bitumen deposition appears on the negative electrode (cath-
ode), the emulsion is cationic. Otherwise, the emulsion is anionic.

A detailed description of the test is provided in CEN EN 1430 (2009), ASTM D 244
(2009) and AASHTO T 59 (2013).
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4.20.2 Breaking value of cationic bitumen
emulsion — mineral filler method

This test determines the breaking value of the cationic bitumen emulsion.

Breaking value is a dimensionless number that corresponds to the amount of reference
filler, in grams, needed to coagulate 100 g of bitumen emulsion.

According to CEN EN 13075-1 (2009), reference filler (Sikaisol filler) is added at a steady
rate of 0.25-0.45 g/s to 100 + 1 g of cationic emulsion and the emulsion with the filler is con-
stantly stirred by spatula at a rate of 1 rpm. Stirring may be carried out semi-mechanically.

The mixture becomes thicker as the filler is added. The emulsion is considered broken
when the mix comes off completely (or substantially) from the enamelled or stainless steel
mixing dish.

The quantity of filler used, in grams, divided by the quantity of emulsion used, in grams,
multiplied by 100, and expressed to the nearest integer, gives the emulsion breaking value.

This value is multiplied by a coefficient of 1.4 to be converted to breaking value with the
Forshammer filler, which was the reference filler initially used for this test. The limiting
values specified in CEN EN 13808 (2013) are based on the use of the Forshammer filler.

Further information for the test method can be found in CEN EN 13075-1 (2009).

4.20.3 Mixing stability with cement of bitumen emulsions

The test determines the mixing stability of bitumen emulsions with cement. It applies to
overstabilised cationic bitumen emulsions and to slow-setting and overstabilised anionic
bitumen emulsions.

Mixing stability with cement is the mass of coagulated material (bitumen and cement),
which is produced when a bituminous emulsion is mixed with cement under the conditions
of the test.

According to CEN EN 12848 (2009), a mass of 50 g of cement, without lumps (passed
through a 0.16 mm sieve), is added to 100 ml of bitumen emulsion and the mixture is mixed
for 1 min. Immediately after that, another 150 ml of water is added and the stirring contin-
ues for another 3 min.

The mixture is then poured to a 2 mm sieve and is washed off until the washings are clear.
Then, the sieve is placed on a pan and is left for approximately 1 h in an oven at 110°C +
5°C to dry.

The quantity of material (cement and bitumen) in grams withheld in the sieve, along with
that which may have fallen on the pan during drying, expresses the mixing stability with
cement, S.. The value is rounded to the nearest 0.1 g.

Further information is provided by CEN EN 12848 (2009). Similar is the test described
by ASTM D 6935 (2011).

4.20.4 Determination of fines mixing time of
cationic bitumen emulsions

This test determines the fines mixing time of diluted cationic bituminous emulsions, under
standardised conditions.
The fines mixing time is the time, in seconds, for the mixability of a mixture of mineral
filler and bitumen emulsion without noticeable breaking effect under the conditions specified.
According to CEN EN 13075-2 (2009), under normal laboratory conditions (18°C to
25°C), a mass of 100 + 0.5 g of emulsion is diluted with 50 + 0.5 g of water. Then, using a
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stopwatch, a specific mass of filler, 150 + 1 g, is poured at a rate of 10 g per 5 s and mixed
by spatula, at a rate of 1 /s, so that the entire filler mass is added within 75 s. The filler may
be Sikaisol or any other with the same properties.

The stirring/mixing continues until the emulsion breaks. An emulsion breaking is consid-
ered to occur when the bituminous emulsion and filler mixture becomes pasty and forms
lumps, which do not adhere to the walls of the pan. This, combined with a noticeable
increase in stirring power, indicates the end of mixability.

When the breaking occurs, the elapsed time is recorded. The arithmetic mean of two
results of mixing time, expressed to the nearest integer, is the fines mixing time of the emul-
sion under test.

In the case the bituminous emulsion does not break within 300 s, the procedure stops and
the result is reported as >300 s.

Further information is provided in CEN EN 13075-2 (2009).

4.20.5 Determination of penetration power of bitumen emulsions

This test determines the penetration power of bituminous emulsions, through a reference
filler, and is applicable to low-viscosity bitumen emulsions and is conducted at normal labo-
ratory temperatures (18°C to 28°C).

Penetration power is the ability of a bitumen emulsion to penetrate into a reference filler.

According to CEN EN 12849 (2009), a certain mass of bitumen emulsion (10.0 + 0.1 g)
is poured on a reference filler and the time required to penetrate is recorded. The reference
filler material mixture consists of 50.0 + 0.1 g silica sand and 50.0 + 0.1 g of silicon filler,
the characteristic properties of which are determined in Annexes A and B of CEN EN 12849
(2009).

The quantity of reference filler material is placed in a glass tube of 41.5 + 0.5 cm diameter
and >11.5 cm length, which, at its one end, has a fused-on glass filter disc with pore size
between 160 and 250 pm.

After pouring the bitumen emulsion, determine the time for the emulsion to completely
penetrate the filler mixture, that is, when the structure of the filler at its upper surface can
be clearly recognised.

If penetration of the filler mixture is not completed within 20 min, the test is stopped. The
test is repeated with new emulsion and filler material quantities. If the two results differ for
more than 3 min, a third test is conducted. The average of the two nearest values is taken
as the final result.

Further information is provided by CEN EN 12849 (2009).

4.20.6 Determination of water content in bitumen
emulsions — azeotropic distillation method

This test determines the water content in a bitumen emulsion by azeotropic distillation
method. Azeotropic distillation refers to the technique of adding another component to gen-
erate a new, lower-boiling azeotrope that is heterogeneous (e.g. producing two immiscible
liquid phases), for example, xylene and water. Azeotrope is a mixture of two or more liquids
in such a way that its components cannot be altered by simple distillation. The azeotropic
distillation method, for simplicity, is referred to as distillation method.

The water contained in a bitumen emulsion or in the graded bitumen, if such a case arises,
is distilled by means of a carrier vapour from a water-immiscible solvent-carrier liquid.

A sample of bitumen emulsion is placed in a round bottomed flask of 500 ml so that after dis-
tillation to receive 15 ml to 25 ml of water. An approximate amount of 100 ml of solvent carrier
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is added together with a number of anti-bumping granules to avoid the creation of excessive
foaming during heating. The solvent carrier is usually xylene and in certain cases toluene.

The round-bottomed flask is assembled in the distillation apparatus, which includes a
receiver (trap) and a condenser. The distillation continues until no increase of the water
volume in its receiver is observed. The percentage of water (w) contained in the bitumen
emulsion is calculated by the following relation:

w = mylmg x 100,

where 1y is the mass of the water distilled from the test material (g), which is equal to the
volume of water (ml) collected in the graduated receiver, and m; is the mass of bitumen
emulsion used (g).

The result is expressed to the nearest 0.1%. Further information is provided in CEN EN
1428 (2012).

It is noted that the percentage of bitumen residue in the emulsion, if desired, may be deter-
mined from the deduction [100 - water percentage (w)].

A similar method to the above distillation method is described in ASTM D 95 (2013).

4.20.7 Determination of bitumen residue by
evaporation of bitumen emulsion

This test does not require a specific apparatus and is used by many laboratories for the quick
determination of the bitumen content in the emulsion. The residue from the evaporation
may be tested as required.

According to ASTM D 6934 (2008), a quantity of 50 + 0.1 g of emulsion sample is placed
in a pre-weighed beaker and is left in an oven of 163°C + 3°C for 2 h. After the end of the
2 h, the sample is stirred with a pre-weighed metallic or glass rod and all — beaker, sample
and rod — are placed again in the oven again for one more hour.

After cooling the beaker, the sample and the rod are weighed. The percentage of bitumen
residue is specified as a percentage to the initial emulsion weight. Report the average of three
determinations to the nearest 0.1% as the percentage of bitumen residue by evaporation.

This test method for residue by evaporation tends to give a bitumen residue lower in pen-
etration and ductility than the distillation test method. If the residue from evaporation fails
to meet the requirements for properties specified for residue from distillation, tests shall be
re-run using the distillation test method.

More information on the test method can be found in ASTM D 6934 (2008). A similar
method is described in CEN EN 13074 (2011).

4.20.8 Determination of bitumen residue by moisture analyser

This test method involves a rapid quantitative determination of the residue in bitumen emul-
sion using a moisture analyser. It is applicable to all non-solvent-containing emulsion types,
anionic, cationic, non-polymer-modified or polymer-modified bitumen emulsions.

The residue obtained from this test method may also be subjected to further rheological
characterisation tests.

A sample of bitumen emulsion, minimum 1 g and up to 3 g, is placed in a moisture
analyser equipped with a heating element and capable of running either isothermally or in a
programmable temperature-gradient mode.

The instrument calculates the residue automatically at the end of the run. More details
can be found in ASTM D 7404 (2012).
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4.20.9 Determination of residual binder and oil distillate
from bitumen emulsions by distillation

This test method is for the quantitative determination of residual binder and oil distillate in
bitumen emulsions for specification acceptance. The method is used to obtain residue and
oil distillate for further testing.

Residual binder is the residue from a bitumen emulsion after distillation of water and oil
distillate.

Oil distillate is the hydrocarbon fraction that is distilled and collected in the graduated
cylinder under conditions specified.

According to CEN EN 1431 (2009), a bitumen emulsion sample of approximately 200 g
is placed in a pre-weighted aluminium alloy still or iron still (including lid, clamp, thermom-
eters and gasket, if gasket is used). The lid allows two thermometers to be inserted through
a stopper and an outlet of suitable diameter to enable a connection tube to be connected
also through a stopper.

The thermometers are placed so that the end of the bulb of one is 6.5 + 1.0 mm from the
bottom of the still and the bulb of the other is 165 + 2 mm from the bottom of the still.

The content is heated with the ring burner initially placed at a distance of 152 ¢cm from
the bottom of the still. A schematic representation of the distillation apparatus is provided
in Figure 4.14.

The content is heated until the reading of the lower thermometer reaches 215°C. At this
point, the ring burner is lowered to a position until the reading of the thermometer is 260°C +
5°C. This temperature is maintained for 15 min.

After 15 min, the content in the still is allowed to cool and is weighed. The entire distil-
lation process should last, approximately, 60 min. If the residual binder is not to be deter-
mined, the content in the still is poured immediately through a 300 pm pre-heated sieve to
suitable moulds or containers for carrying out any required further tests.

If determination of residual binder is to be carried out, allow the still with its content to
cool to room temperature. The determination of the residual binder (r), as mass percentage,
after distillation is carried out by using the following equation:

r=B,/A,, x 100,
3 1 = Glass tubing, 12 mm in diameter

5 2 = Glass to glass joint with rubber tubing
3 = Thermometers

4 = Ring burner
5 = Tin shield

K

152 +2

Figure 4.14 Apparatus for distillation test of bitumen emulsions. (Reprinted from ASTM D 6997, Standard
test method for distillation of emulsified asphalt, West Conshohocken, Pennsylvania, US: ASTM
International, 2012. With permission [© ASTM International].)
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where A is the specimen mass of the bitumen emulsion (g) and B, is the mass of the residue
after distillation (g).
If the oil distillate (0) is also to be defined, by volume, the following equation is used:

o=D xp/A,, x 100,

where D is the volume of oil distillate in the graduated cylinder (ml), p is the bitumen emul-
sion density (g/ml) and A, is the specimen mass of the bitumen emulsion (g).

The residual binder result is expressed as a percentage to the nearest 1%, while that of the
oil distillate is expressed as a percentage at the nearest 0.1%.

The binder content of the emulsion by the distillation method is the sum of the mass per-
centage of the residual binder plus the mass percentage of oil distillate.

For the determination of the mass percentage of oil distillate, it is necessary to determine the
density of the oils withheld by distillation. If this is not possible, the value of 0.850 may be used.

Further details on the test are provided in CEN EN 1431 (2009). Similar is the test method
described in ASTM D 6997 (2012) or AASHTO T 59 (2013).

4.20.10 Determination of efflux time of bitumen
emulsion by the efflux viscometer

This test determines the efflux time of a bitumen emulsion, using an efflux viscometer. The
efflux time is the time of efflux of a given quantity of the emulsion through an orifice of a
specified size at a specified temperature.

The test for bitumen emulsions is carried out in accordance with CEN EN 12846-1 (2011),
when an STV efflux viscometer is used.

The Saybolt viscometer may also be used when testing bitumen emulsions and the test is
carried out according to ASTM D 7496 (2011).

For additional information, see also Section 4.8.4.

4.20.11 Dynamic viscosity test

This test method determines the dynamic viscosity of bituminous emulsions by means of a
rotating spindle viscometer.

The dynamic viscosity test is part of the framework for specifying requirements by EN
13308 and is performed in accordance with CEN EN 13302 (2010). A brief description of
the test is given in Section 4.8.2.

The dynamic viscosity test determined by a rotating spindle viscometer (rotational vis-
cometer test) is also covered by ASTM D 2196 (2010).

4.20.12 Determination of residue on sieving
and storage stability by sieving

This test method determines the quantity of coarse particles of binder present in a bitumen
emulsion by utilising sieving and, from that, storage stability.

Storage stability is defined as the ability of a bituminous emulsion not to form more coarse
particles within a specified period (r-days).

The presence of coarse particles may affect the storage, pumping and handling of the
emulsion and furthermore even the distribution of the bitumen within the aggregate mix.

When conducting the test in accordance with CEN EN 1429 (2013), approximately 1000 g
of emulsion is filtered through a 0.5 mm sieve, after the latter has been wetted with sodium
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hydroxide (S,) or hydrochloric acid (S.) solution. The sieve is then washed with a solution
of S, or S_ and then with water and dried in an oven at 105°C. The residue retained on the
0.5 mm sieve is expressed as a percentage by mass of bitumen emulsion sieved through the
0.5 mm sieve, R, 5,0, to the nearest 0.01%.

Part of the filtered emulsion through the 0.5 mm sieve (i.e. 50 g) is first diluted with
50 cm? of the S, or S_ solution and then filtered through a 0.160 sieve, which has wetted with
the S, or S, solution. The sieve is then washed up to three times with a solution of S, or S,
and then with water and dried in an oven at 105°C. The residue retained on the 0.160 mm
sieve is expressed as a percentage by mass of bitumen emulsion sieved through the 0.160 mm
sieve, Ry 140, to the nearest 0.01%.

In order to specify the storage stability after n-days, usually 7 days, a mass of 50 g of
bitumen emulsion filtered through the 0.5 mm sieve is stored for z-days and is then filtered
through a 0.5 mm sieve. The residue retained on the 0.5 mm sieve after #-days of storage is
expressed as a percentage by mass of bitumen emulsion stored, R, 4., to the nearest 0.01%.

In all cases, the tests are performed under normal laboratory ambient temperatures
(between 18°C and 28°C). For routine production control, a single test is performed. Dupli-
cate tests are required for referee purposes only.

For very viscous emulsions, the emulsion may be pre-heated and then test the samples at
60°C + 5°C. Alternatively, the 50 g of diluted emulsion may be diluted further with either
the S, or the S, solution, as appropriate.

Further details on the above tests are provided in CEN EN 1429 (2013).

The above test method is similar to that specified in ASTM D 6933 (2008). The main
difference is that a 0.850 mm sieve instead of a 0.5 mm sieve is used. Additionally, the tem-
perature at which the sieve test is performed is related to the viscosity of the bitumen emul-
sion. For those materials whose viscosity in Saybolt Furol seconds is 100 s or less at 25°C,
the test is performed at ambient temperature. For those materials whose viscosity is greater
than 100 s at 25°C and those whose viscosity is specified at 50°C, use a test temperature of
50°C + 3°C.

4.20.13 Determination of settling tendency after n-days

The settling test is carried out to determine the settling tendency of bituminous emulsion
stability during its storage.

Settling tendency is the difference in water content of the top layer and the bottom layer
of a prescribed volume of sample after standing for a specified time at ambient temperature.

When conducting the test in accordance with CEN EN 12847 (2009), depending on the
water content determination method, one or four 500 ml stoppered glass graduated cylin-
ders are filled with emulsion and allowed to stand undisturbed for n-days, usually 7 days.
The samples are tightly stoppered so that there is no water loss.

After the standing period of 7 days, a quantity of approximately 55 ml of emulsion is care-
fully drawn from the upper part of the cylinder. The quantity collected is placed in a beaker to
determine the water content (A). Then, a quantity of approximately 390 ml is removed from
the cylinder. The remaining quantity of emulsion, approximately 55 ml, is stirred and drained
into a second beaker to obtain a second test portion for water content determination (B).

The water content is determined in accordance with CEN EN 1428 (2012) or CEN EN
1431 (2009) from the two emulsion specimens collected from the two different positions.
The settlin