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Foreword

Many years have passed since the beginning of stone matrix asphalt’s (SMA’s) world-
wide success. Therefore now the right moment has come to review all accessible
information.

Through this new book I have tried to assemble, in an organized manner, a cer-
tain body of knowledge obtained from a vast number of publications the world over,
thus providing a review of the achievements of numerous engineers from various
countries working on bringing recognition to SMA and developing its design meth-
ods. I did my best to explain that knowledge and to present it in an accessible way.
Some useful hints resulting from my experiences encountered during the introduc-
tion of SMA in the early 1990s, discussions with many process engineers, and later
reflections and observations round out the theoretical deliberations.

Knowledge of SMA is steadily improving, and new test results are revealed every
now and then. In light of this, the moment when we can say that we really “know
everything” about it is still far away. Alas, there is not one foolproof method for
obtaining a perfect SMA in this book. Moreover, I tend to think such a recipe does
not exist at all. This is not necessarily a bad thing because there is nothing like the
ability to think and imagine when designing a mixture. The information put into the
text is intended to help with using SMA. The range of accessible literature is really
broad, so its accumulation and explanation are almost like putting together a jigsaw
puzzle. Only the combination of many pieces of information enables associating
certain relationships or finding out cause-and-effect relations. It is the reader’s task
to judge whether that jigsaw puzzle has been appropriately completed.

Undoubtedly, the diversified terminology and the methods of testing properties of
constituent materials and mixtures were quite a challenge when compiling this book.

Summing up this foreword, I feel that it should be emphasized again that the
knowledge of this technology constitutes the considerable sum of experiences of
many people. Therefore there is no particular individual who knows “everything”
about SMA. In other words, no matter how much you already know about SMA, it is
always worth broadening your knowledge!

Krzysztof Blazejowski
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Some Words on Terminology

Due to differences in terminology, chiefly between the United States and European
countries, some assumptions were made. The universal term binder was used in
the book instead of the U.S. term asphalt cement or the European bitumen. That
decision has carried with it a change in the name from a binder course to an inter-
mediate course.

Labeling mixtures according to the SMA 0/D system were used throughout the
book where D denotes the nominal maximum particle size in a mixture. In Europe,
marking SMA D (without ‘0/) is grounded in the standard EN 13108-5 and has been
in use since 2006. Also, aggregate blends are labeled according to a similar system
as d/D where d and D are the lower and upper limits of aggregate fraction, respec-
tively; for example, a coarse aggregate 8/12.5 mm means aggregates with grains of
size between sieves 8.0 and 12.5 mm with a permissible amount of oversizes and
undersizes.

The abbreviations m/m and v/v refer to ratios by mass and volume, respectively.
The abbreviation PMB means polymer modified binder.
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The Concept of Stone
Matrix Asphalt

For more than two decades, stone matrix asphalt (SMA), called stone mastic asphalt
in Europe, has been taking over the global asphalt paving market at a remarkably
high speed. Its fast-growing popularity has been surprising to many people. Although
asphalt concrete may have appeared to be the indisputable leading choice for an
asphalt layer, increasing vehicle axle loads have forced the application of new and
better solutions.

1.1 A BRIEF HISTORY

The SMA mix, or Splittmastixasphalt in German, has been known since the mid-
1960s. Dr. Zichner, a German engineer and manager of the Central Laboratory for
Road Construction at the Strabag Bau AG, was its inventor. It was an attempt to
solve the problem of the damage to wearing courses caused by studded tires. The
trend in wearing course mixtures at that time in Germany was to use Gussasphalt
(i.e., mastic asphalt) and an asphalt concrete with a low content of coarse aggregates.
These types of surfaces were subject to fast wearing by vehicles equipped with stud-
ded tires. Both components, the mastic and the fine aggregates, were too weak to
provide the mixture with suitable durability. Due to the high cost of pavement reha-
bilitation, strong demand for a new surface mix that could withstand studded tires
was created. This was the impetus for Dr. Zichner’s work.

When we try to picture ourselves in Dr. Zichner’s situation, we would face—as
he did—the task of designing an asphalt mixture that is resistant to wearing caused
by studs and also is durable enough to have a long service life. He stated that coarse
aggregate grains resistant to dynamic fragmentation, or crushing, were those that
might guarantee the right wearing resistance. Thus they had to be the major com-
ponents of prepared mixes to provide the needed wear resistance, whereas a high
content of mastic and binder would produce a long service life. So the early idea for
SMA consisted of creating a very strong aggregate skeleton of coarse aggregates and
filling the spaces between them with mastic (i.e., a mix of binder, filler, and sand).
That type of composition of an aggregate blend is typically called a gap-graded
mineral mixture.

Initial trial attempts to construct the new mix consisted of spreading a hot mastic
layer followed by spreading high-quality coarse aggregates over the mastic, then
compacting the surface (with a road roller). The ratio of mastic to coarse aggregates
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(by weight) was 30:70. The mastic was made up of 25% B80 or B65 binder,* 35%
filler, and 40% crushed sand (RETTENMAIER, 2009a). Based on experiments with
such a composition, Dr. Zichner drew up a recipe for production of the mixture in an
asphalt plant. The approximate composition of the first large scale production mix
was as follows (RETTENMAIER, 2009a):

5/8 mm coarse aggregates ~70% (m/m)
0/2 mm crushed sand ~12% (m/m)
Filler ~10.5% (m/m)
B80 (B65) binder ~71.5% (m/m)

As we can see, there was none of the 2/5 mm aggregate in that mix that was typically
used in other mix types; the absence of this size fraction produces a gap grading, as
we shall see later (in Chapter 2).

Then the problem of draining-off the binder from the aggregate was encountered;
with such a high binder content and few fines to hold the binder in the mix, the binder
tended to flow off the coarse aggregate particles. It was acknowledged, after labora-
tory tests, that an additive of asbestos fibers would be a good drainage inhibitor (so-
called stabilizer). Such a designed mix could be produced, transported, and laid in a
traditional way (RETTENMAIER, 2009a).

The mixes were named by Dr. Zichner in 1968 as follows (Zichner, 1972):

* MASTIMAC—the name referring to mixes for layers 2—3 cm thick,
e MASTIPHALT— the name referring to mixes for layers thicker than
3cm.

Early road sections of MASTIMAC were used on internal roads of asphalt plants
belonging to the Strabag/Deutag Consortium, enabling them to gain experience with
the new mixture. Eventually a public road was paved with the MASTIMAC mix on
July 30, 1968, in Wilhelmshaven, Germany, on Freiligrath Strafle. The result was so
encouraging that some other sections were paved with MASTIMAC soon afterward
(RETTENMALIER, 2009b). Gradation curves of the new mixtures (Figure 1.1) were
presented in a German publication (Zichner, 1972).

The stone mastic composition and its laydown were patented by Dr. Zichner in
Germany, the United States, Sweden, France, and Luxembourg.' It is interesting how
the inventor described his ideas in the U.S. patent text (Zichner, 1971):

the gravel size mixtures are composed...so that the percentage of the coarser size is
greater than that of the smaller size. In this manner a relatively great interstitial volume
is achieved in the gravel mix on the one hand, and on the other hand a good interfitting

* Road binders (bitumens) B65 and B80 were based on Pen@25°C range according to German DIN
standard: B65 was 50-70 dmm, B80 was 70—100 dmm.

© Germany, Patent No. 1926808 (1969); United States, Patent No. 3797951 (1971); Sweden, Patent No.
7110151-3 (1972); France, Patent No. 71.28874 (1971); Luxembourg, Patent No. 63688 (1971).
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FIGURE 1.1 Grading curves of Dr. Zichner’s mixtures: Mastimac and Mastiphalt. (Based
on Zichner, G., MASTIMAC unad MASTIPHALT bitumindse Gemische fiir hochwertige
Deckschichten. STRABAG Schriftenreihe 8, Folge 4, 1972.)
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FIGURE 1.2 First stage of the mix performance according to U.S. patent No. 3797951—
after laying.

of the individual pieces [of] gravel is assured....The quantity and fluidity of the mas-
tic is such that during and after the compacting, the mastic flows into the interstices
between the stones forming the wearing course as aforesaid, and which the volume of
the mastic is less than the interstitial volume of the stones....

In that patent, the approximate percentage of the mix composition was defined as 70%
coarse aggregates, 12% filler, 8% binder, and 10% crushed sand. It was also indicated
that stabilizing additives may be needed as well. As the reader can see, the mixture
described above is similar to the contemporary understanding of an SMA mixture
(Figures 1.2 and 1.3).
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FIGURE 1.3  Second stage of the mix performance according to U.S. patent No. 3797951—
after finishing.

Today it is generally admitted that the idea of SMA has changed little since its
inception. What is SMA today? We can agree on its definition here; SMA is an asphalt
mixture containing a gap-graded aggregate mixture, with high contents of coarse
aggregate fractions, filler, and binder. Most often a stabilizing additive (drainage
inhibitor), which prevents the draindown of the binder from the aggregate, is needed.

Although SMA mix was originally intended only for wearing courses, in some
countries it is also applied in binder (intermediate) courses (see Chapter 13). Polymer
modified binders were not commonly available in the 1960s and 1970s, so only
conventional binders were used. Although the binders were quite soft, it was soon
noticed that SMA layers were very durable, and their rut resistance became espe-
cially evident.

The SMA mix was not forgotten in 1975 when a ban on the use of studded tires
was introduced in Germany (Bellin, 1997). The concept of SMA turned out to be
good not only for that kind of damage but also for rutting resistance and durability.
Today SMA is regarded as an ideal mixture for heavy-duty asphalt pavements that
require the highest resistance to damage and a very long service life. It is a practi-
cally synonymous with resistance to rutting.

1.2 FROM GERMANY TO...OR SMA ALL OVER THE WORLD

Until the beginning of the 1980s, SMA was essentially known only in Germany. Its
application in other European countries was limited in scope. Scandinavian states
where studded tires used were the quickest to adopt the SMA concept; for example,
in Sweden a few sections of roads had been paved with SMA by 1974 European
Asphalt Pavement Association (EAPA, 1998). In Poland, which at that time was
behind the Iron Curtain, concepts in West German publications were officially dis-
allowed. Despite that, the Polish road administration permitted the first road sec-
tion of an SMA-like mixture to be placed within its borders in 1969 (Jabtoniski,
2000). Very positive results of that trial made the Polish Central Authority of Public
Roads inclined to draft a standard (ZN-71/MK-CZDP-3), which was put into prac-
tice in 1971. After forschungsgesellschaft fiir straBen-und verkehrswesen (Germany)
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(FGSV) published the first German technical standard for SMA (ZTV bit-StB 84),
the mix became more popular and several European countries started to test the
SMA mix. Now, virtually all European countries use SMA or, like France, nation-
ally standardized mixtures conceptually similar to SMA.

The significant growth of the SMA application started in the early 1990s outside
of Europe. This growth was certainly boosted by its popularity in the United States,
and research on developing an American method of designing an SMA mix com-
menced (see Chapter 7). Popularization of SMA in North America led to the release
of SMA guidelines in other countries such as Australia, New Zealand, and China.
During the last 20 years, SMA has become a global mix, and thus it may be seen
almost everywhere where mineral-asphalt layers are applied.

1.3 STRENGTHS AND WEAKNESSES OF SMA

SMA owes its fast and wide-spreading growth to some unquestionable merits such
as the following:

* Long working lifetime (service life)

* High resistance to deformation due to the high-coarse aggregate content
and strong skeleton of interlocked aggregate particles

* Increased fatigue life as a result of the higher content of binder

* Increased in-service traffic wear resistance because of the presence of hard
coarse aggregate grains,

* Good macrotexture of the layer surface and decreased water spray gener-
ated by traffic on wet surfaces

* Good noise-reduction properties

However, despite its strong points, the following drawbacks also exist:

* Low initial skid resistance unless a fine aggregate gritting or a crushed sand
finish is applied

* High cost of the mix compared with a conventional asphalt concrete (initial
costs can be increased by 10-20% due to higher contents of binder, filler,
and stabilizer, but the extended service life of the pavement can result in
reduced life cycle costs)

* Risk of different types of fat spots appearing on the surface as a result of
errors or variability during SMA design, production, or construction

To end this part of the discussion, let us recall the words of Dr. Zichner of his
patent:

All in all, the method taught by the invention and the procedures made possible thereby
provide a wear surfacing characterized by high resistance to abrasion, long-lasting
roughness, and reliable adhesion to the road surface. (Zichner, 1971).
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1.4 DIFFERENCES IN SMAs AROUND THE WORLD

To summarize the status of SMAs around the world in regard to the design of mix-
tures and their aggregate gradations, two general trends consist of the following:

¢ German SMAs and others made by those more-or-less faithful to German
guidelines have evolved somewhat based on long-standing systematic
observations and experiences in SMA technology

¢ Research and development continues on new ways of designing SMAs; U.S.
and Dutch techniques may be representative of that trend (see Chapter 7).

Various mixtures worldwide are referred to as SMA although they may differ
greatly from Dr. Zichner’s invention. Some of these variants should, in principle,
actually be called something besides SMA. Undoubtedly they are still gap-graded
mineral mixes and SMA-like, but they are not identical with Dr. Zichner’s
Splittmastixasphalt.

In subsequent chapters, SMA composition will be discussed according to a
scheme drawing on both trends. The existence of so many different attitudes toward
the SMA mix has been problematic in selecting the right way to express the variety
of opinions in a methodical and comprehensive way. That is why some specific refer-
ences to particular trends may appear occasionally.

1.5 CONTENT OF SMA
The content of SMA will be divided into the following parts (Figure 1.4):
¢ Coarse aggregate skeleton

* Mastic (i.e., binder, filler, fine aggregate, and stabilizer)
* Voids in the asphalt mix

Ei;—j_:_:f Volume of air voids

Volume of mastic

Volume of coarse aggregates

FIGURE 1.4 Division of SMA into basic components.
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This division of SMA into parts (with the predominance of the main two—skele-
ton and mastic) has been adopted to better explain the roles of each component of the
SMA mix. A similar division may be found as a directly applied approach in some
designing methods (e.g., the U.S. and Dutch methods).

The SMA components of the aggrate skeleton and mastic will be discussed in
Chapters 2 and 3, respectively, and the significance of voids in the SMA mix will be
discussed in Chapter 6, when we look at designing SMA, and in Chapter 9, when we
examine the laydown (placement) of SMAs.

Now it is time to tackle the subject on hand!






2 Skeleton of Coarse
Aggregates

In this part of the book we shall deal with the grains within the mix structure that are
active in forming a coarse aggregate skeleton. The following significant questions
will be answered, too:

* How is a stone matrix asphalt (SMA) mix skeleton formed?
* What does a gap gradation mean?

2.1 DEFINITION OF AN SMA AGGREGATE SKELETON

The notion of an aggregate skeleton of a mixture has a pretty broad meaning.
Figure 2.1 shows various types of mineral mixes with different interactions of grains.
These range from a sand mix, through mixes where the coarse aggregate particles
occupy a more and more substantial share of the volume, and up to a mix consisting
entirely of coarse aggregates. The types of aggregates that make up a continuous
matrix and form a load-carrying component determine the specific group ranking.

While mixes consisting mainly of an aggregate with sizes up to 2 mm (or 2.36 mm
in the United States) (e.g., sand asphalt) are rarely applied, sand—coarse aggregate
mixes are within a continuum from mastic asphalt to asphalt concrete. SMA belongs
in a coarse aggregates—sand group with porous asphalt, which is the type closest to
the straight coarse aggregate type. Mineral mixes with exclusively coarse aggregates
make so-called coated macadams, which are seldom used at present.

Now we deal with the first component of an SMA—the skeleton formed of coarse
aggregates. Then in Chapter 3 we shall discuss the mastic made of a filler, sand, and
binder.

First let us define the term coarse aggregate skeleton. A coarse aggregate skeleton
is a structure of grains of suitable size that rest against each other and are mutually
interlocked. In Europe, the coarse aggregates are generally taken to be those larger
than 2 mm. Following the U.S. option, let us adopt an assumption that a fixed size of
2 mm (2.36 mm in the United States) is not necessarily the lower limit of the coarse
aggregate fraction. Why? Well, to meet the structural requirements of a particular
grain arrangement (layout), the mechanical resistance of the aggregate blend must be
high enough to withstand loads. And this is related to the size of grains, among other
factors. So let us agree that a skeleton is made up of adequate size grains but their
lower limit is not necessarily equal to 2 mm (2.36 mm). Since the skeleton consists
of various coarse aggregate grains, we often use the more universal term coarse
aggregate skeleton.
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FIGURE 2.1 Division of mineral mixes into types depending on interactions between sand
grains and coarse aggregates. (From van de Ven, M.F.C., Voskuilen, J.L.M., and Tolman, F.,
The spatial approach of hot mix asphalt. Proceedings of the 6th RILEM Symposium
PTEBM’03. Zurich, 2003. With permission.)

Stone skeleton

Voids in mix

Mastic
(binder + filler + sand and fine aggregate + stabilizer)

FIGURE 2.2 Division of SMA into basic components: coarse aggregate (skeleton) and
mastic.

To classify all grains of the mineral mix, they may be divided as follows
(Figure 2.2):

e Those forming a skeleton (skeleton makers) and carrying loads
e Those filling in the voids in a skeleton and not carrying loads

That division also coincides with the following frequently used terms:

e Active grains (i.e., those forming a skeleton)
* Passive grains (i.e., those filling in voids)

The selection of a sieve to determine a skelefon maker is of great importance for the
properties of a newly designed mix. That matter will be treated in detail in Chapter 6.
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2.2 FORMATION OF A COARSE AGGREGATE SKELETON

What is the reason for developing mixes with stronger mineral skeletons? Surely it is
because of heavier and heavier traffic. Not only have axle loads and traffic volumes
grown steadily, but the structures of vehicle tires have also changed. The increased
popularity of super single tires, for example, has changed the level of stresses applied
to pavements. Obviously all those factors magnify the requirements for asphalt
mixtures.

A well-known example can be used to present the SMA mineral skeleton struc-
ture. If we put some coarse grains in a pot (Figure 2.3), compact and then load them,
we shall obtain a structure with high compressive strength, depending on the aggre-
gate’s fragmentation (crushing) resistance. A distinctive feature of such a compacted
collection of coarse grains is the full and uninterrupted contact between them. This
type of skeleton might be desirable for an asphalt surface mixture to provide a strong
structure.

Now let us look at Figure 2.4, which presents a schematic showing how a load
is carried by a mineral skeleton (of a surface course), assuming full grain contact.
The transfer of load by adjacent grains through contact points between the coarse
particles may be seen. If these contact points between coarse aggregate particles are
not present, the finer particles will have to help carry the load, which results in the

FIGURE 2.3 Vertically loaded grains with side support (as in a crushing resistance test of
coarse aggregates).
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(@)

FIGURE 2.4 Load distribution among balls in case of a uniform load distribution:
(a) schematic; (b) cross section of a Kjellbase sample: asphalt mixture consisting of a
one-fraction coarse aggregate with a minimal quantity of passive aggregate, which is an
exemplary application of full gap gradation for making up a strong skeleton (see Section
13.4.1) (From Sluer, B.W.,, Kjellbase. A future without ruts. Development of a heavy duty
pavement. Presentation at the 1st International Workshop. SMA and JRS Fibers. Hannover,
2002. With permission.)

development of a discontinuous load transfer by coarse, active grains and potentially
weakens the whole structure.

Looking at Figures 2.3 and 2.4, we may notice one of the SMA’s characteristic
features. During the compaction process on a construction site, the aggregate grains
in the SMA skeleton are forced into direct contact. The coarse grains are brought
into contact with each other, making the desired skeleton. Once that contact occurs,
further compaction may be harmful. Why? Because it will crush grains. Let us look
once again at Figure 2.3. Since the skeleton has already come into existence, further
compacting will only lead to crushing grains. In other words, an SMA mixture has
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to be skillfully compacted in such a way that the coarse grains are properly placed,
securing stone-to-stone contact. This principle applies to compacting energy on a
construction site, as well as in a laboratory.

To conclude our examination of the formation of an SMA skeleton, it is worth
noting an idea put forth by Van de Ven et al. (2003), who said that there is probably
no real, 100% stone-to-stone contact in a newly compacted SMA and that the coarse
grains are separated from each other by the finest grains of filler, sand, and thin
binder film. This means that there is an enlarging effect* of the volume of voids in
the stone skeleton. The final arrangement of grains comes after some time under the
influence of traffic and temperature of the layer. Small grains (sand and filler) can be
crushed or moved, and the void content in SMA decreases.

Let us also bear in mind that the more stable a mineral skeleton is, the less sus-
ceptible it will be to deformation. Even when the binder softens due to the increased
temperature of the pavement, the layer will not necessarily be deformed if there is an
adequate blend of aggregates. The weaker the skeleton and the higher the tempera-
ture, the greater is the role of the mastic’s shear strength, and the more reason for
reinforcing the mastic with polymers or special fibers.

2.3 GAP GRADATION

Our aim in designing an SMA’s aggregate structure has already been identified—a
strong skeleton of coarse grains. Let us now consider what requirements an aggre-
gate mix has to meet to create such a desirable skeleton. There is no room in it for too
many fine or weak grains. The key solution for that question is gap gradation—that
is, the right proportion of grains of defined sizes.

Let us start by examining a continuous gradation. If we want to design an
aggregate mix with a maximum density (or otherwise, with a minimum void con-
tent), we should create it from an aggregate with a roughly equal share of grains
from consecutive fractions. In other words, such a mix should contain a propor-
tionally even quantity of all fractions. We would call this type of gradation a
continuous gradation. The appearance of grains of different sizes makes closer
packing in a volume unit possible. This also minimizes the volume of voids among
grains. Asphalt concrete is an obvious example of a continuously graded mixture
(Figure 2.5; solid line).

So what is a gap gradation? Gap gradation is a disruption in the occurrence of
consecutive aggregate fractions in an aggregate blend; that disruption results from
a lack or minimal amount of one or more aggregate fractions. Looking at Figure
2.4, we can see the formation process of a skeleton with coarse grains and some of
the finest grains but without the sizes in between. Gap gradation means a lack
or minimal share of specified fractions of intermediate aggregates. The role
of the gap gradation is so essential that the lack of definite size grains must be
evident. But which fraction or sizes of grains or fractions? Here we have a couple
of definitions and methods.

* This subject will be discussed in Chapter 7.
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FIGURE 2.5 Position of gradation curves of aggregate mixtures: solid line, asphalt con-
crete (continuously graded); dotted line, SMA (gap graded).

2.4 DEFINITION OF AN SMA SKELETON ACCORDING
TO THE ORIGINAL GERMAN METHOD

The original German approach (by Dr. Zichner) to designing SMA aggregate blends
is based on having adequate ratios of various aggregate fractions. In that context, the
stone-to-stone contact is neither specifically analyzed nor controlled.

Since the beginning of the SMA concept, the ratios established by Dr. Zichner
have been only slightly changed. Thus we may emphasize clearly that Dr. Zichner’s
mixture is a really genuine SMA. The contemporary weight ratios of coarse aggre-
gate fractions preferred in Germany (Driischner and Schifer, 2000) are shown in
Table 2.1.

In the German design of the SMA coarse aggregate skeleton, all fractions of
aggregate bigger than 2 mm are used. For example, for an SMA 0/11 we take not
only aggregate sizes 8/11 and 5/8 but 2/5 mm as well. Manipulation of the ratios of
these different sizes is required (see Table 2.1) to provide the desired skeleton by
minimizing the share of 2/5 mm aggregate down to one part in seven (15%) of coarse
aggregates’ mass fraction. Consequently the German SMA gradation curves have
no sharp breaks related to the absence of successive aggregate fractions and do not
exclude any fractions larger than 2 mm (i.e., all fractions of coarse aggregates are
used). In a way, most of the original German gradations are quasi-continuous grad-
ings (all fractions are present in the mix), with a minimal share of specific coarse
aggregate fractions. It should be emphasized that in most German guidelines the
amount of coarse aggregates (bigger than 2 mm) are not very high. For example,
for SMA 0/11 the lower limit of this fraction has been changed from 75% (in 1984)
to 73% (in 2001). There were many reasons for this change, including better com-
pactability, lower permeability, and improved rutting resistance.

The success of SMAs designed according to the ratios of aggregate sizes presented
in Table 2.1 has been proven through long-term pavement evaluations, although these
ratios have been refined now and then (within a limited scope). So the strength of the
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TABLE 2.1

Weight Ratios of Coarse Aggregate Fractions
in SMA?2

SMA Type 2/5 mm 5/8 mm 8/11 mm
SMA 0/8 2.5 parts 4.5 parts NA
SMA 0/8S 2 parts 5.5 parts NA
SMA 0/11S 1 part 2 parts 4 parts

Source: Driischner, L. and Schifer, V., Splittmastixasphalt.
DAV Leitfaden. Deutscher Asphaltverband, 2000.
With permission.

Note: NA = not applicable; S = mix for heavy traffic.

2 Based on the German DAV Publication.

German method is a designed SMA skeleton composition based on long observation
and experimentation. (See Chapter 7 for a detailed description of the method used
in Germany.)

2.5 DEFINITION OF AN SMA SKELETON
WITH OTHER METHODS

In some countries (e.g., the United States and the Netherlands) a method of con-
structing an SMA skeleton has been developed based on the control of stone-to-stone
contact or a real gradation discontinuity. Based on these methods, the definition of
SMA is expanded to mean an asphalt mixture containing mastic stabilizer (drainage
inhibitor) with a gap-graded aggregate blend and a very high content of coarse aggre-
gates in which smaller grains are seated among the bigger ones, filling voids among
them but not shoving them aside. Based on this definition of SMA, it is necessary to
determine the level of gradation discontinuity at which active grains are not shoved
aside by passive ones.

Let us look at Figure 2.6a to d, which shows an idealized arrangement of grains
(represented by smooth spheres) in an aggregate blend and illustrates the relation-
ships between the radii of the active coarse grains (marked R) that form the skeleton
and the radii of the passive fine grains (marked r). The proportions of the different
grain sizes have been selected so that the smaller grains do not shove the bigger ones
aside.

Thus we have two sets of spheres, here being examined two-dimensionally. Now
we may theorize a bit on their significance for the sought-after discontinuity.

* When arranging spheres and circles as in Figure 2.6a and b, the passive
grains cannot be bigger than 0.41R. So, in an SMA (0/12-mm mixture.
Assuming that the active grains are 8/12 mm, the next smaller size fraction
should be just 2/5 mm to prevent shoving the active grains apart. The desired
gradation discontinuity is developed by the absence of the 5/8 mm fraction.
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FIGURE 2.6 Various sets of spheres (and circles) and sizes of passive grains in relation to
active ones.

¢ Such an arrangement of grains as shown in Figure 2.6a and b is unnatural
and unlikely. The one presented in Figure 2.6¢ and d is more likely. But it
is easy to see that one consequence of a better (closer) distribution of coarse
grains is the reduction of free space available for filling (passive) aggregate.
Simple geometric analysis enables the calculation of the maximum dimen-
sion of fine grains, equal to 0.16 R, to avoid shoving coarse grains aside in
this scenario. If we look again at the example of the SMA 0/12 mm, apart
from the active 8/12 mm fraction, the next material will be just the passive
0/2 mm (sand) fraction.* In the arrangement illustrated in Figure 2.6¢ and
d, the necessary gradation discontinuity would consist of the absence of the
2/8 mm fraction.

These deliberations have been carried out on the assumption that the only active
fraction is the 8/12 mm one, but this is by no means obvious. The SMA skeleton may
also involve active grains smaller than the 8/12 mm fraction, such as grains bigger
than 5 mm. Active grains of the 8/12 mm and 5/8 mm fractions would have a consid-
erable influence on the formed skeleton owing to the following:

* For more information, see the discussion of Kjellbase in Chapter 13.
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» Better packing of coarse grains (here, larger than 5 mm)
* Reduction of the size of voids and therefore the size of the filling grains

If the 5/8 mm fraction is also active, the desired grain discontinuity may be secured
by the absence of the 2/5 mm fraction. The Bailey method, described in detail in
Chapter 7, is based on a similar geometric calculation; that approach assumes that
each successive aggregate fraction should be equal to about 1/5 (0.22) of the larger
fraction. This requirement is intended to prevent smaller particles from shoving the
coarse aggregate skeleton aside. As we can see, the path from geometry to design
method is not a long one.

These considerations are only theoretical because in a real mixture we do not deal
with balls and the layout of grains is different. Yet those examples point out a signifi-
cant issue; interfering with the gradation discontinuity (by adding aggregates of that
size fraction) causes the loss of stone-to-stone contact of the coarse grains that form
the SMA skeleton (Figure 2.7). This conclusion forms the basis of the U.S. method
of SMA design and the so-called Bailey method (both presented in Chapter 7). The
same conclusion has also been used in some Scandinavian solutions (e.g., in the real
SMA concept).

FIGURE 2.7 Interrupted discontinuity of gradation occurs when the presence of the in-
between size grains disturb the action of the coarse aggregate skeleton.
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A final remark—Ilooking at Figure 2.4, we may be inclined to make a mixture of
only one size fraction of coarse aggregate (8/12 mm) with mastic (0/2 mm). Obviously
we would get a very strong aggregate skeleton, but we cannot forget the following
technological consequences:

e Placement would be difficult; the coarse grains might be pulled by the
screed plate.

¢ Compaction would be complicated; such a mixture is difficult to compact.

* We may have difficulty keeping the void content below 6% (v/v)* in the
compacted surface course.

These reasons demonstrate the need for smaller, but still coarse, grains to participate
in forming the skeleton. Further discussion on the features of such a mixture and anal-
ysis of the influence of the coarse aggregate gradation will be found in Chapter 6.

2.6 COMMENTS ON THE PRESENTED METHODS

A downward trend that has been recently evident in Germany involves reducing
the aggregate blend gradation discontinuity and establishing an upper limit on the
coarse aggregate (bigger than 2 mm) content. These changes have been justified as
ways to secure a more durable wearing course and to improve its compaction.

Although in some respects very appealing, another viewpoint on building a very
strong SMA skeleton with coarse grains only is not without controversy. From a
technological point of view and also from Dr. Zichner’s original principles, SMA
is almost a gap-graded mixture. But are all gap-graded mixtures SMAs? Certainly
not. If something is going to be called SMA, namely Splittmastixasphalt, its dis-
tinctive feature should be a gradation with ratios at least similar to those listed in
Table 2.1.

The evolution of requirements for SMA gradation is also apparent in the United
States. Some U.S. guidelines require SMA mixtures marked by very distinct gap
gradation while other guidelines do not differ much from the German regulations.
This trend may be well illustrated by comparing the SMA 0/12.5 mm gradation
curves according to the American Association of State Highway and Transportation
Officials (AASHTO)" M 325-08 standard with those from the National Asphalt
Pavement Association Quality Improvement Series No. 122 (NAPA QIS-122) guide-
lines, as shown in Figure 2.8. It may be easily noticed that SMA gradations based
on NAPA QIS-122 may be marked by substantially more single-sized aggregate and
a stronger skeleton of 9.5- to 12.5-mm grains (up to 73% of grains retained on a
9.5-mm sieve), while gradation curves according to AASHTO M 325-08 look more
continuous.

* It is a requirement regarding an SMA surface course after its incorporation; for more information, see
Chapter 10.

T AASHTO is the standards setting organization; founded in 1914, it was known as the American
Association of State Highway Officials (AASHO) before 1973.
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FIGURE 2.8 The SMA 0/12.5 mm gradation curves of the United States. Solid lines, grada-
tion after NAPA QIS-122; dotted lines, gradation after AASHTO MP 8-00. (Based on data
from AASHTO MP 8-00 and NAPA QIS 122. Designing and Constructing SMA Mixtures—
State of the Practice. National Asphalt Pavements Association, Quality Improvement Series
122.2002.)

2.7 AMONG THE SKELETON GRAINS

Having formed an adequate skeleton of coarse grains, we have to remember to place
mastic between the active grains. Achieving the proper volume of mastic is critical;
there must be the right amount of mastic to coat the coarse grains but at the same
time to leave some free, unoccupied space. Figure 2.9 illustrates one way to look
at the packing of SMA by reflecting the volume contents of coarse aggregates, mas-
tic, and voids.

It may be concluded from Figure 2.9 that the volume of voids among the coarse
aggregates has to be properly determined at the aggregate skeleton design stage. The
ideal laboratory design method is one that accurately defines the volume of the free
space between the coarse aggregates as they would exist after field compaction.

The design method may not accurately reflect the mixture volumetrics after field
compaction, especially if the field compaction is a more effective compaction than
assumed at the SMA design stage. This would result in a mastic volume that is too
big in relation to the free space among the coarse aggregates, and as a result, mastic
may be squeezed up to the surface,* causing fat spots to appear. It is also interesting
that in such circumstances an unexpected decrease of free space for the mastic may
result. But that is the subject of the following chapters.

Thus we have reached the moment when we have to deal with the mastic.

* See Chapter 11.
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Voids in final SMA mixture —

Total volume of SMA mixture after compaction

FIGURE 2.9 Volumes of SMA coarse aggregate skeleton and mastic. (Modified from
Voskuilen, J.L.M., Ideas for a volumetric mix design method for Stone Mastic Asphalt.
Proceedings of the 6th International Conference Durable and Safe Road Pavements, Kielce
(Poland), 2000. With permission.)

2.8 SUMMARY

* SMA mixtures belong to a group of coarse aggregate—sand mixtures with
a continuous coarse grain matrix—that is, their skeletons are formed by
interlocked coarse aggregate particles that transmit loads.

e The term coarse aggregate skeleton is a conventional notion meaning a
structure made up of grains with a specified lower limit of size. The most
frequently accepted limit is the 2-mm (or 2.36-mm) sieve, though in many
countries, such as the United States, it depends on maximum grain size.

* The SMA aggregate grains may be divided in two types: those forming a
skeleton and carrying loads (so-called active grains) and those filling voids
and carrying virtually no loads (so-called passive grains). The basis for
developing an active grain skeleton in an SMA is to ensure contact exists
among the active grains.

* A discontinuity in the SMA aggregate blend gradation (gap gradation)
is produced by the lack of in-between fractions of aggregate bigger than
2 mm.

* A coarse aggregate skeleton as defined by the German method (the original
method, after Dr. Zichner’s idea) consists of an adequate proportion of all
aggregate fractions greater than 2 mm.

* A coarse aggregate skeleton defined by some other methods, such as the
U.S. method, consists of an aggregate blend with a decisive predominance
of coarse aggregate and a distinct gap gradation, which results in establish-
ing stone-to-stone contact.



3 Mastic

Mastic is the second largest component of stone matrix asphalt (SMA); it is approxi-
mately 20-25% by weight of the mixture and 30-35% by volume. About 35-40%
(v/v) of the compacted coarse aggregates is made up of voids, and after filling the
aggregate with mastic, 3% to 5% (v/v) of empty space will be left.

Mastic* consists of the following:

* Fine aggregate

e Filler

» Stabilizer (drainage inhibitor) in the form of fibers or other additives
¢ Bituminous binder

Filler and binder make up mortar. Blends of the fine fraction of the filler with binder
act like binders and can be tested as a binder, but blends of the total filler and binder
act more like a mixture and can be tested in that manner (e.g., BBR stiffness, resil-
ient modulus, and tensile strength) (Brown and Cooley, 1999).

In the preceding chapter we discussed how coarse aggregate particles make up a
skeleton. The task of the coarse aggregate skeleton is different from that of the mas-
tic. The functions of mastic are as follows:

» Binding (sticking together) the coarse aggregate skeleton

* Lubricating the coarse grains during compaction and enabling a proper
aggregate structure in a compacted surface course

» Sealing the layer, or filling the voids in the compacted aggregate structure
to provide it with high durability and resistance to other external factors
such as water or deicers

* Withstanding stresses caused by load and temperature

Figure 3.1 shows the close packing of fine (passive) aggregate among coarse (active)
grains.
Now let us deal with the mastic components.

3.1 FINE AGGREGATE

Throughout this book the term fine aggregate has been conventionally used as a term
for the passive aggregate. Its upper limit depends on us—or more specifically, on

* In this book definitions of the mastic and mortar will be used as presented here. However, in numerous
countries these definitions differ from those adopted in this book; for example, in the United States
mastic is called total mortar and mortar is called fine mortar (and contains drainage inhibitor, which
is a stabilizing additive).

7 BBR - Bending Beam Rheometer.

21
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FIGURE 3.1 Filling voids among coarse grains of aggregate with passive grains:
(a) schematic diagram and (b) an actual example—mastic marked with dark gray color.
(Photo courtesy of Krzysztof Btazejowski.)

the type of coarse grain previously in process of SMA design accepted as a skeleton
maker. The task of the fine aggregate is to fill voids among the coarse aggregate
particles and facilitate their interlocking, though it is likely to be put the other way
round; the fine aggregate cannot disturb interlocking of the coarse aggregates. Such
a disturbance can best be illustrated by an example of rounded, uncrushed aggregate
(e.g., natural sand or uncrushed gravel) with smooth surfaces that allow the coarse
aggregates to glide easily. Introducing such “hard balls” into an SMA mixture causes
problems with the stabilization (interlocking) of the aggregate skeleton. That is why
in many countries the incorporation of uncrushed aggregates in SMA has been lim-
ited to only low volume roads, or its use has been generally banned.

Angularity is a feature that describes the properties of fine aggregates and is
typically defined in terms of a flow test, which is an indirect method of angularity
measurement. In Europe, the flow coefficient (method EN 933-6) is labeled with
the Ecs symbol according to European Standard EN 13043 and describes the time
necessary for a standard amount of aggregate to flow out of a suitably shaped vessel
through an opening. Obviously the more crushed aggregate with a better microtex-
ture, the longer the flow-out time; that is, rough or angular aggregates tend to lock
up and not flow as quickly as smoother particles. Aggregate with an Ecs greater
than or equal to 30 or 35 seconds (i.e., Ecs30 or Ecs35 category) is regarded as
appropriate for SMA. There are also requirements concerning the angularity of fine
aggregate applied in the United States.* Tests are carried out in accordance with the
American Association of State Highway and Transportation Officials (AASHTO)
T 304 Method A (ASTM C1252), and the required fine aggregate angularity (FAA)
values are greater than or equal to 45% (NAPA QIS 122). Angularity can also be

* The flow rate method, similar to the European concept, is not standardized in the United States
Comparison tests have been conducted and are published in (Tayebali et al, 1996).
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measured according to ASTM D3398 and a National Aggregate Association (NAA)
test method as well.

Remembering the positive influence of angularity on properties such as defor-
mation resistance, we still have to take into account some negative factors like
compaction resistance that accompany an increase in aggregate angularity.
Moreover, research conducted by Stakston and Bahia (2003) showed that the
effect of FAA depends on the source aggregate and its gradation and that angu-
larity could have an adverse effect on a mixture’s resistance to shearing. Further
reading on the influence of FAA on asphalt mixtures can be found in the Stakson
and Bahia study or in other papers (Johnson et al., 2004; White et al., 2006).

The content of free voids in a compacted fine aggregate is undoubtedly an essen-
tial parameter in SMA volumetric design. This characteristic may be tested through
various methods, (e.g., the AASHTO T19 standard). The packing of consecutive
SMA ingredients cannot be determined without prior knowledge of this characteris-
tic. That approach to SMA design is discussed in Chapter 7 in the section devoted to
U.S. and Dutch design methods.

3.2 FILLER

The term filler means an aggregate that mostly passes through a specified sieve
(0.063 mm in Europe, 0.075 mm in the United States). It should be emphasized
that the material just discussed, which is generally called filler, denotes all the
grains—that is, both those coming from the added filler and those occurring on
fine and coarse aggregate grains in the form of dust. Thus if we want to know
the behavior of a filler fraction in a given mixture, then all the grains below a
specified sieve size in a final mineral blend should be separated, regardless of
their source. All that material should be tested. If we only test the added filler,
the results do not show the influence of the entire filler fraction on the properties
of the mix.

The significant influence of filler on asphalt mixtures may be defined in the fol-
lowing way (Anderson et al., 1982; Kandhal et al., 1998; Driischner, 2006):

* Filler grains smaller than the bitumen film on aggregates can behave like a
carrier (binder extender); very fine filler makes the mix behave as if there is
even more binder present, which may result in such problems as the loss of
surface course stability, rutting, binder bleeding, and fat spots.

* Filler grains bigger than the binder film on aggregates behaves like a filling
aggregate, forming mastic, and taking part in filling up the voids among
chippings.

* An excess of filler leads to mastic stiffening and the increase of cracking
susceptibility.

* The affinity between filler and binder influences the durability of the mix
(i.e., its sensitivity to water).

* The appropriate ratios of binder and filler, combined with their properties,
have an influence on an SMA mixture’s workability and, continuing from
that, influence the SMA compaction (or final field density).
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One could say that filler is the most underestimated component of SMA. After all,
it constitutes from 8% to 12% of a mixture, which actually is a significant amount.

Next we will turn our attention to two concepts used in explaining the behavior
of filler—the specific area of a filler and the content of voids in a compacted filler.
These concepts can help describe various phenomena occurring in mixes.

3.2.1 CONCEPT OF SPECIFIC AREA

Let us start with the definition of an aggregate’s specific area. Specific area is defined
as the grains’ surface area related to a unit mass, usually given in terms of square
centimeter per gram (cm?/g). Fillers are tested in Europe with Blaine’s method*
according to EN 196-6 (see Chapter 8). The measured specific area depends on how
much the parent material was reduced in size (broken up or crushed). The more the
material was milled (crushed), the finer the filler, and the larger its specific area.

An example will serve to illustrate the influence of gradation on specific area
size. Let us take two fillers and call them A and B. Let them both pass completely
(100%) through a 0.063-mm sieve. Laser analyzer tests reveal significant differences
in the material smaller than 0.063 mm. There are 20% and 90% of grains smaller
than 0.005 mm in fillers A and B, respectively. This means the filler B has a higher
content of very fine grains. What difference does this make? A higher content of
finer grains means a substantial increase in their specific area. Because of these large
differences in the gradation of the fillers that are less than 0.063 mm, the specific
areas of fillers A and B may differ widely—even by two or three times—though, at
first sight, a simple screening analysis through the 0.063-mm sieve may not suggest
such a distinction.

If a filler makes up 10% of a typical SMA mix (100 kg per 1 metric ton), then the
specific area of this ingredient alone amounts to 350 million cm? or 3500 m?, which
is equivalent to the area of a sports field that is 100 m long and 35 m wide. That is
quite a lot, isn’t it?

In an SMA mixture, the grains’ surface area should be evenly covered with a
binder film (a couple of microns thick or a bit more). Different specific areas of
filler require different quantities of binder to coat them, which means a changeable
demand for binder in a mortar. If the true sieve analysis of a filler passes unnoticed
and only a simplified screening through the limit sieve is observed (as with fillers A
and B), one should not wonder why the same SMA mixture behaves utterly differ-
ently when fillers are changed. The specific area that needs to be coated with binder
may be substantially different in one case versus another, and a correction of the
added binder content may be necessary.

An increase in the specific area of filler requires an increase in the binder quan-
tity just to preserve a suitable mortar consistency. However, an increase in the filler
content with a constant binder content causes a reduction of the film-thickness coat-
ing the filler grains, making the mix appear to be drier. A substantial increase in the
filler—binder (F:B) index increases the risk of cracking.

* Blaine’s test is not very accurate for it does not take into account fine voids (area textures); more pre-
cise measurements can be performed with laser devices (Grabowski and Wilamowicz, 2001).



Mastic 25

We can see that the concept of binder content in a mixture based on the specific
area size is pretty vivid and appealing to the imagination. There are some analytic
formulae approximating the required binder content related to the specific area of a
mineral mix; one can find an example in The Asphalt Handbook (MS-4).

Before we leave the issue of filler gradation and specific area, it should be noted
that much research has raised questions about a direct relationship existing between
the gradation and the stiffening properties of a filler (e.g., Anderson, 1987). Also, the
significance of the amount of material passing the 0.02-mm sieve and its specific
area are questioned as they do not appear to influence mortar properties (Brown and
Cooley, 1999). Thus it is time to proceed to another concept, that of voids in a dry-
compacted filler.

3.2.2 IbpEeA ofF Voibps IN DRy-CoMPACTED FiLLER

Let us imagine a set of grains that are going to be dry-compacted by tamping.* The
result will be a mixture with its volume consisting of grains and some free spaces
among them. In a regular binder mortar (blend of filler and binder), these free spaces
in a compacted filler would be occupied by binder. The rest of binder would remain
as excess filler. Thus binder contained in a mortar can be divided into the following
two types (Figure 3.2):

Volume of binder
Volume of free binder
Volume of fixed binder
Volume
Bulk volume of voids Volume of solids
of compacted
. . Volume
mineral filler

of solids

Volume Bulk volume

Volume Volume
of free = fbinder ~ of compacted — of solids
binder ' et mineral filler !

FIGURE 3.2 Free and fixed binder concept. (From Harris, B.M. and Stuart, K.D.,
Journal of the Association of Asphalt Paving Technologists, 64, 54-95, 1995; Kandhal,
P.S., Journal of the Association of Asphalt Paving Technologists, 50, 150-210, 1981. With
permission.)

* In this example, the content of voids in dry-compacted filler is being tested after Rigden’s method or
Rigden’s method modified by Anderson (see Chapter 8).
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» Fixed binder—binder inside the voids (filling the voids among compacted
filler grains)
* Free binder—excess binder remaining after the voids have been filled

As in the comparison of two fillers with differing gradations, here we may dem-
onstrate much the same tendencies—the same quantity of two fillers but with dif-
ferent contents of voids may bond differently to the amount of binder. Actually
what really matters is the quantity of free binder, because the properties of the mas-
tic are dependent on it. The lower the content of free binder in a mortar, the faster
the growth of its stiffness (Harris and Stuart, 1995). The minimum amount of free
binder has been defined in U.S. research, based on the modified Rigden method,
as 30% (v/v) of an asphalt mortar (Anderson, 1987; Chen and Pen, 1998). With that
level of free binder, filler grains are suspended in the binder and they do not touch
each other. In addition, the rest of the mineral mixture (the coarse aggregate) will
be coated by only the free binder, so it is important that a sufficient quantity is
available.

Figure 3.3 illustrates the process of gradually filling the voids in a compacted
filler; the binder essentially plays two roles—that of a lubricant making the reloca-
tion of grains easier and that of a liquid in which they can be suspended.*

With a constant content of binder in an asphalt mixture, the quantity of free binder
depends on the voids in the compacted filler. With fixed proportions of components
in an asphalt mix, the quantity of free binder can be increased by changing to a filler

Filler particle

Voids Binder

(a) (b)

Filter particles only Filter-binder mix Filter-binder mix Filter-binder mix
at maximum dry with insufficient with all voids with excess binder
compaction binder to fill voids filled with binder after voids filled

FIGURE 3.3 Gradually filling the voids in a compacted filler. (From Anderson, D.A.,
Guidelines on the use of baghouse fines. National Asphalt Pavement Association. Information
Series 101-111, 1987b; Harris, B.M. and Stuart, K.D. Journal of the Association of Asphalt
Paving Technologists, 64, 54-95, 1995. With permission.)

* That state might be called a colloidal system of grains (solid bodies) suspended in binder (fluid body).
A blend of binder and filler may be regarded as something in between a gel and an alloy at the working
temperature of a road pavement (Harris and Stuart, 1995).
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with a lower void content. Obviously the reverse is also true. The final requirements
for the void content in a compacted filler may be defined as follows:

* They cannot be too high—so as to prevent fixing the whole binder, or too
much of it, and to leave enough binder for the rest of the asphalt mix—
otherwise the mortar will be too dry, stiff, and susceptible to cracking and
water damage

* They cannot be too low, because too much unbonded, excess binder will
create a greater risk of mix instability, excessive bleeding and binder drain-
down, and the deformability (rutting susceptibility) of an asphalt mixture

The following are the recommended contents of voids in a dry-compacted filler:

* When using results of Rigden’s method (test according to EN 1097-4), the mini-
mum content of voids in a dry-compacted filler should amount to 28% (v/v) and
the maximum content should not exceed 45% (v/v) (Schellenberger, 2002).

e When using results of Rigden’s method modified by Anderson (as in the
United States) (test according to Anderson [1987]), the maximum content
of voids in a dry-compacted filler should not exceed 50% (v/v) (Brown and
Cooley, 1999).

The main factors that influence the content of voids in a dry-compacted filler are
as follows (Kandhal, 1981):

¢ Particle size

* Particle shape

e Particle surface structure
¢ Particle size distribution

Examples of void contents in various dry-compacted fillers tested according
to Rigden’s original method and specific areas according to Blaine’s method
[Schellenberger, 2002] are as follows:

Limestone (added filler) 27.7-31.6% 4750 cm?/g
Diabase (baghouse fines) 30.4-34.2% 3600 cm?/g
Limestone (baghouse fines) 28.3-32.1% 2280 cm?/g
Dolomite (added filler) 27.1-28.1% 2068 cm?/g
Dolerite-microdiabase (baghouse fines) 32.4-36.4% 2658 cm?/g
Greywacke (baghouse fines) 27.6-31.8% 4054 cm?/g

The following are some sample results of void contents in various dry-compacted
fillers according to Rigden’s method modified by Anderson (Schroer, 2006):

Mineral filler 39-47%
Baghouse fines 30-60%
Hydrated lime 66-71%

Fly-ash 37-57%
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Generally, the results obtained from Rigden’s original method (as used in
Europe) are slightly lower than the results from the modified Rigden method (as
used in the United States). The reason is the difference in compactive effort. A
similar test, which is an indirect usage of the Rigden voids concept, is the German
Filler Test; this test shows good correlation to the modified Rigden method results
(see Chapter 8).

3.2.3 MortAR—F:B INDEX

One popular approach used during design practice in many countries is to indicate
the recommended range of the filler—bitumen ratio (or F:B index) by weight or vol-
ume. Researchers in the United States have said that this factor better describes the
maximum content of filler in the mix than does setting specific limits on the filler
content. It is also worth adding that those studies have defined the maximum F:B
index for asphalt concrete at the level of 1.2-1.5 (by weight) (Anderson, 1987). The
F:B index was later altered to 0.6—1.6 in the Superpave method (Superpave Mixture
Design Guide. WesTrack Forensic Team Consensus Report, 2001). Finally the sug-
gested F:B ratio for SMA mixes is at 1.5 by weight, taking the total amount of dust
on aggregates and added filler as the filler content (Harris and Stuart, 1995). But the
F:B index has been criticized for some time, and there are suggestions regarding
its replacement by other factors based on the free binder concept. As an example,
Australian research studies (Bryant, 2006) suggest the application of an additional
filler fixing factor (FFF) apart from the F:B index. Tests have proved that FFF may
be also used to estimate the workability of a mixture.

It is necessary to remember that fillers differ markedly in terms of gradation, den-
sity, and void content, therefore formulating a universal F:B index is only an approxi-
mation. In fact, such an index should be defined for each filler individually. The goal
is clear for each case—to produce a mastic that is neither too dry nor too soft.

Figure 3.4 illustrates the relationship between the content of voids in fillers accord-
ing to Rigden’s method and the amount of filler needed to fix binder completely. The
higher the F:B index, the more filler is needed to fix the binder. This relationship
is illustrated by the graph; the estimated line of completely filled voids in the filler
represents the zero-amount of free binder—all the binder is fixed.

As we can see, to fix the binder we need roughly two times more filler that has
approximately 30% free voids (the lowest content according to Rigden) than filler
that has 50% voids. In the latter case, less filler is sufficient to accommodate all
the binder in the free voids (there is a lot of free space for binder within the high
void content). It would be difficult for us to use such dependencies unless the filler
manufacturer supplies data on the content of free voids according to Rigden or we
conduct suitable tests ourselves. All in all, it is better to perform the tests in our own
laboratories since eventually a voids parameter may be applied to the entire filler
fraction of a mixture (i.e., including the filler fraction that may be coating the coarse
and fine aggregate particles).

Another way to evaluate the properties of mortars and the F:B ratio is the applica-
tion of the softening point (SP) method. According to a publication from Germany
(Schroeder and Kluge, 1992) mortars with SPs between 85°C and 100°C perform
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FIGURE 3.4 Dependence of the F:B index on the content of voids in a dry-compacted filler
after Rigden’s method. (Based on van de Ven, M.F.C., Voskuilen, J.L.M., and Tolman, F. The
spatial approach of hot mix asphalt. Proceedings of the 6th RILEM Symposium PTEBM’03.
Zurich, 2003. With permission.)

well in SMA. Also the Superpave binder test methods could be used for mortar test-
ing (DSR* and BBR). In Chapter 8, one can find a short description of the methods
and some additional remarks.

3.2.4 Review oF MATERIALS APPLIED AS FILLERS

3.2.4.1 Commercially Produced Fillers (Added Fillers)

According to European terminology,} added fillers are made by crushing stone to
produce fillers aimed at use in highway engineering. For a long time, the most popu-
lar of these has been, and is likely to remain, limestone filler. Limestone filler is
distinguished by its affinity with binder, which is one of its strong points. Therefore
in Europe limestone filler is most often used for SMA.

The other important feature of industrially manufactured fillers is their repeat-
ability and uniformity of parameters. Finally it is worth observing their constant and
repeatable mineralogical composition.

3.2.4.2 Fly Ashes

The use of fly ashes as fillers for SMA is uncommon. Their disadvantages include
large specific area (fly ashes are very fine) and the spherical shape of the grains. So
fly ashes have only been used to a limited extent and always need an engineering
assessment before use.

The density of fly ashes is lower than that of crushed rocks or baghouse fines and
fluctuates between 2.0 and 2.6 g/cm3. To obtain a similar volume share in a mineral

* DSR - Dynamic Shear Rheometer.
F According to the EN 13043 standard.
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blend, ashes are metered in at a lower weight than a standard filler. The modified
Rigden void content is usually less than 50% (Report FHWA-IF-03-019, 2003).

3.2.4.3 Hydrated Lime

Many accessible publications (Iwanski, 2003; Judycki and Jaskuta, 1999, Little and
Epps, 2001) on the use of hydrated lime as an additive to asphalt mixtures have
pointed out its positive effect. Apart from a substantial increase in water and frost
resistance arising from an improvement in the binder adhesion to the aggregate, an
increase in resistance to permanent deformation may also be noticed.

Hydrated lime is distinguished by its strong mixture-stiffening properties at high
temperatures. It should be kept in mind that, according to Rigden, voids in hydrated
lime can be very large. In connection with that, one should not exceed the standard con-
tent of lime in an asphalt mixture, usually accepted as 1.0-1.5% of the aggregate mass.
Such an addition of lime will benefit the mixture without the risk of overstiffening.

According to EN 13034, ready-made filler containing hydrated lime is called a
mixed filler.

3.2.4.4 Baghouse Fines from Asphalt Plants

In some countries a substantial amount of research has been dedicated to baghouse
fines, considering them as potential material for use in mixtures. Their use has an
economical aspect since the high efficiency of dust collectors in up-to-date asphalt
plants collects considerable amounts of dust that are then available for use essentially
free of charge. Using some of the dust from dust removal is an everyday practice in
many countries. It has been applied to SMA, along with other types of fillers.

The results of studies on the practicality of using baghouse fines are quite diver-
gent. One might conclude that the appropriateness of their use cannot be gener-
alized. Properties of extracted dusts may differ widely, depending on their origin
(i.e., source rock type). It is common knowledge that large amounts of collected
dust added to mixtures may substantially stiffen them, making them susceptible
to cracking and water damage, and asphalt mixes that contain them are not easy to
place and compact. Despite that, baghouse fines can be a very good filler (Asphalt
Review, December 2004).

Finally it is worth noting one more application aspect of collected baghouse dust. If
we want to use baghouse fines as filler, they have to satisfy the standard requirements
for fillers, including those concerning the repeatability and uniformity of obtained
results. Frequent changes of aggregate types (i.e., rock types) may result in fluctua-
tions in the mineralogical composition of the collected dust and its properties.

The European standard EN 13043 accepts baghouse fines as filler aggregate if
they meet the standard requirements for fillers.

3.2.5 FiLLers: REsUME
Summing up:

* When designing an SMA mixture, one should not decrease the content
of filler below a minimum value (defined by using a 0.063-mm sieve in
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Europe or a 0.075-mm sieve in the United States). The lack of filler will be
reflected in a decrease in the durability of the mix and the void content and
an increase in the risk of the appearance of fat spots.

* An increased amount of filler causes higher viscosity of the mortar, which
promotes resistance to deformation. But one should not use an excessive
amount of filler because it is easy to overstiffen the mortar, which can lead
to cracking.

» Too fine a filler can cause problems since it absorbs much of the binder and
may plasticize the mix.

e It is worthwhile to take note of Rigden’s test results, particularly when
changing filler in the same mixture during continuous production. A new
filler with a decidedly different void content than the former one may result
in unwanted surprises.

* Adding hydrated lime at a rate of about 1.0-1.5% is a good move as doing
so improves the binder-aggregate adhesion and boosts resistance to water
damage.

3.3 BINDER

In this section, we will examine the different types of bituminous binders used in
SMA s and methods for selecting one.

3.3.1 Tvpes oF AppLIED BINDERS

Various SMA binders may be seen in the highway engineering practices of many
countries. These binders can be divided into paving grade bitumens (unmodified),
polymer-modified bitumens (PMB), and special binders (multigrade and others).*

Paving grade bitumens are frequently used. In Europe the most commonly used
binder is the penetration graded 50/70 type, and to a lesser extent the 70/100 type.
Performance graded binders are routinely used in the United States and may or
may not be polymer modified, depending on the base asphalt, the desired range
of temperatures at which the binder is expected to perform, and the anticipated
traffic level.

Polymer-modified bitumens are increasingly being used. They are found mostly
in mixtures laid on roads with high traffic loadings, in special conditions (e.g.,
road crossings, slow traffic lanes) or on special pavements, although one should
remember that PMBs require a suitable technological regime. U.S. experts recom-
mend that highly modified PMBs with polymer contents over 5% (m/m) should not
be used (Asphalt Review, December 2004). High polymer contents create problems
with fast stiffening and increased difficulties during compaction. Use of highly-
modified PMBs combined with other stiffness enhancers should be especially
avoided.

* According to the EN 12597 standard Bitumens and binder products. Terminology, “hot” applied bitu-
mens may be divided into road bitumens (soft and hard), modified (including polymer modified) and
special.
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Properly chosen and tested modified binders could increase rutting resistance and
decrease the risk of low-temperature cracking of an SMA pavement.

Among the special binders, multigrade ones are sometimes used in SMA mix-
tures; for example, in Australia (NAS AAPA, 2004) they are used for heavily traf-
ficked pavements.

3.3.2  SELECTION OF A BINDER

In countries where paving grade bitumens (unmodified) are used in SMA, it is usu-
ally assumed that the application of hard binders to ensure improvement in rut resis-
tance is not necessary. It is generally accepted that, ensuring rut resistance should
be accomplished by creating the correct mineral skeleton. So medium-grade binders
are justified for use in SMAs, such as the popular 50/70 binder used in Germany or
the 70/100 used in the Netherlands. A very soft binder like a 160/220 may be seen
in Europe (e.g., in Finland); in very cold climate conditions, use of such a soft binder
in not surprising.

The selection of a binder for an SMA wearing course is determined, on the one
hand, by the temperature range over which the pavement is expected to perform and,
on the other, by the expected traffic loads. The type of binder selected is limited by
the local temperature conditions, which in most cases disallow for the application of
excessively hard binders to prevent low-temperature cracking. In cold climate coun-
tries, softer PMBs are applied due to their high elastic recovery at low temperature.
Some examples of these binders are presented in Chapter 5. A tendency to change
the type of binder in consideration of the increase in traffic load—from paving grade,
through multigrade, and up to a low penetration PMB—is clearly evident.

Despite particular emphasis being placed on securing rutting resistance mainly
by the SMA skeleton, there is no doubt that the proper selection of a binder is an
extra element supporting the stone skeleton performance. German research studies
(Graf, 2006; Kreide, 2000) show that in most cases modified binder significantly
increases SMA rutting resistance.

3.4 SUMMARY

* SMA mastic consists of fine (or passive) aggregate, filler, stabilizer, and
bituminous binder. Binder and filler together create mortar.

* One reason for using fine aggregate is to fill the voids among the coarse
(active) grains and participate in their interlocking.

* The term filler denotes all the aggregate that passes through the limit sieve
(0.063 mm in Europe or 0.075 mm in the United States). It is suggested that
the properties of the whole filler fraction passing through limit sieve (i.e.,
added filler plus aggregate fines) be tested. Test results for the entire filler
fraction may differ from the results of testing only the added fillers.

* An excess of filler leads to the stiffening of the mortar or mastic and an
increase in its susceptibility to cracking.

e The correct filler—binder (F:B) ratios and mortar properties have an impact
on the workability, compaction, and permeability of a given mixture. In
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fact, formulating a universal F:B index is a kind of approximation; such an
index should be defined for each filler individually.

Fillers with high contents of voids (analyzed according to any Rigden’s
method) should be used cautiously due to the insufficient content of free
binder in a mortar, which results in stiffening the mortar.

Adding hydrated lime at a rate of about 1.0-1.5% (m/m) is a positive solu-
tion, improving water resistance and the adhesion of the binder-filler to the
aggregate.

SMA binders can be divided into paving grade (unmodified) binder, PMB and
special (most often multigrade) binder. Each of these types can be success-
fully used, providing the mix is well designed with properties appropriate
for the traffic loading and local climate.

The application of hard (low-penetration) paving grade binder (e.g., 35/50)
for wearing courses is not recommended due to the high risk of low-tem-
perature cracking.
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Stabilizers (Drainage
Inhibitors)

Stone mastic asphalt (SMA) mixtures require a high content of binder, which results
in thick binder films on the aggregate grains. To avoid the draindown effect, stabi-
lizing additives (drainage inhibitors) are indispensable in most cases. This chapter
describes the types of stabilizers and methods of testing them.

4.1 THE DRAINDOWN EFFECT

Have you ever seen fat spots on an SMA surface? Or binder running out of a truck
hauling a hot SMA mixture? If you have, those troubles may have been caused by a
binder or mastic draindown.

An SMA asphalt mixture has an intentional binder surplus. The specific surface
of the mineral mixture is too small in relation to the designed binder volume. Under
normal conditions, that binder is not bonded with the mineral mixture grains and
does not remain on the grains’ surface; instead it drains-off. The draindown effect
results from the separation of part (binder or mastic) of the SMA asphalt mixture.
Keeping in mind that SMA has a lot of binder—in fact, SMA has a deliberate excess
of binder—one should always take into account the risk of draindown.

In many countries, in the early applications of SMAs there were some cases of hot
binder running out of a silo that held a hot SMA mix. Similar occurrences took place
out of the backs of trucks carrying SMA to construction sites, eventually appearing
as fat spots (bleeding) on the finished surfaces.

Methods to determine the amount of draindown are explained in Chapter 8 and
other problems that may occur on the construction site in Chapter 11.

4.2 STABILIZERS (DRAINAGE INHIBITORS)

In the 1960s—during the beginning stages of SMA manufacture—the need arose to
incorporate stabilizing agents to prevent binder draindown. Such additives are called
stabilizers; they stabilize or keep the binder in place. Because of these stablizers, an
increase in the binder film thickness on the aggregate is possible.

The two main techniques of reducing binder draindown are as follows:

e Additives that absorb part of the binder (the surplus that is likely to
draindown)

* Additives (polymers) that increase binder viscosity at high temperatures,
which in turn reduce the risk of its draindown

35
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Each of these methods will be discussed later in this chapter, but let us start with a
definition of a stabilizer. A stabilizer or drainage inhibitor is an additive to an SMA
asphalt mixture put in to prevent binder (or mastic) from draining-off. Stabilizers
may be made up of various materials, including both binder absorbers (e.g., fibers)
and viscosity boosters (e.g., polymers).

In addition to helping to retain binder on the aggregate, stabilizers may also
improve other properties of the binder itself, the mastic, or the mixture (see Section
4.2.1.4). There are examples of such tests available in the literature—for an example,
see Behbahani et al. (2009).

But are stabilizers really necessary for SMA? Research done in the United States
during the 1990s revealed a 70 times higher binder draindown in a mix without any
stabilizer compared with the same mix containing 0.3% of cellulose fibers (Brown
and Mallick, 1994).

The author’s experience at the beginning of 1990s showed that even with using mod-
ified binders, fat spots often occurred. Then trials testing modified binders with half
of the typical amount of stabilizer were conducted, and fat spots also occurred. Now,
independent of binder type, at least a minimal amount of stabilizer is commonly used.
So the answer to the question, should be stabilizer used or not? is evident; however, one
has to note that some compositions of SMA are less susceptible to draindown.

4.2.1 BINDER-ABSORBING ADDITIVES

Binder-absorbing additives are the most popular SMA stabilizing agents. The fol-
lowing properties are required of a stabilizing material:

* Adequate binder absorbing power—this is the most significant property
* Ability to act without weakening the mixture—the stabilizer must not cre-
ate glide planes and lessen the grain-interlocking strength.

Stabilizers of this type occur in various forms related to the following kinds of
raw materials:

¢ Cellulose—the most popular (Shown in Figure 4.1)

* Pseudocellulose—made of milled or fragmented waste paper

* Mineral fiber—developed through melting rocks and subsequently process-
ing the melted rock to form threads (like rock wool)

¢ Cellulose—mineral—a blend of cellulose and mineral fibers occurring in
various compositions (proportions)

¢ Cellulose—polymer—a blend of cellulose fibers and different types of poly-
mers occurring in various compositions (proportions)

¢ Cellulose—~wax—a blend of cellulose fibers and synthetic waxes, which not
only stabilizes but changes the binder viscosity—temperature relationship
as well

» Textile—threads of processed and fragmented textile waste products

» Plastics—for example, polypropylene (Shown in Figure 4.2)
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¢ Glass—in the form of threads (like fiberglass wool)
* Others—for example, leather waste products (leather dusts)

The crucial difference among stabilizers is their absorbing power. To date, the
most effective of the binder-absorbing stabilizers are cellulose fibers. They have a
very high-binder absorption, which results in holding the binder firmly in position.

Fiber-free stabilizers have a wide range of binder absorption powers, so any new
product should be tested in the laboratory every time (see Chapter 8). One should
also remember that stabilizers may have substantially different densities, which are
directly translated into their volumes in a mixture. High-density mineral fibers need
a higher addition rate at batching, usually on the order of 0.4-0.6% (m/m). The same
is true of polypropylene and glass fibers.

FIGURE 4.1 Cellulose fibers (threads)—microscope image, x 100 enlargement. (Photo
courtesy of Jan B. Krél, Warsaw Technical University.)

(b)

FIGURE 4.2 An example of 6-mm long polypropylene fibers: (a) macroscopic view, (b) the
same fibers in microscope image, X 100 magnification. (Photo [a] courtesy of Krzysztof
Btazejowski and photo [b] courtesy of Jan B. Krél, Warsaw University of Technology.)
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FIGURE 4.3 Plastic fibers can be an SMA stabilizer but must be used at a high-addition
rate. The photo shows an SMA mix with 0.6 % (m/m) of polypropylene fibers. (Photo cour-
tesy of Halina Sarliriska.)

Furthermore, if a stabilizer does not work efficiently enough, increasing its quan-
tity may improve the draindown performance. However, larger amounts of stabi-
lizers may cause unexpected troubles, such as decreasing mixture workability. For
example, plastic fibers (Figure 4.3) are marked by a lower absorption power. Using a
high quantity of them (say, about two times more than cellulose fibers) will produce
a substantial growth of stiffness and low workability. Small wonder—6 kg of such
fibers per 1 metric ton of an SMA translates into a substantial volume; fibers are
clearly visible in the mix as shown in Figure 4.3.

The most popular stabilizers—namely, products of cellulose—occur in the fol-
lowing forms:

* Loose fibers—in the form of irregularly shaped cellulose threads

e Pellets—granulated products without a binding agent

e Granulated products—cylinder-shaped granules that consist of threads
coated with bituminous binder or another agent (e.g., wax or plastic)

4.2.1.1 Loose Cellulose Fibers
Loose cellulose threads (Figure 4.4) have the longest history of application. One
of their advantages is that they become effective immediately after mixing them
with aggregate and binder. They should be protected from moisture as they are
highly hydrophilic and easily absorb water. Wet fibers are not able to absorb the
binder and therefore are not effective.

Loose cellulose fibers are supplied in bags of thermo-shrinkable plastic. The mass
of fiber per bag can be prearranged with the manufacturer and should be tailored
to the batch volume of a given batch from an asphalt-mixing plant. An automatic
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FIGURE 4.4 An example of loose cellulose fibers. (Photo courtesy of J. Rettenmaier &
Sohne GmbH + Co. KG, Germany.)

metering process for SMA production in an asphalt-mixing plant has been possible
for some time now; loose fibers are delivered by autotankers and stored in a silo.
During mix production, they are blown into the pugmill via an automatic system.
The same pneumatic metering system can be used in drum-mixing plants.

When adding loose fibers, it is worthwhile to remember the following:

e The time at which the fibers are batched into the mixer is very important;
bags should be emptied into the mixer during the dry mixing time, prior to
binder loading.

* An excessive increase in the dry (binder-free) mixing time may lead to
grinding of the fibers into dust by the aggregate, limiting the effectiveness
of the stabilizing action.

* Loose fibers are very sensitive to moisture and therefore should be properly
protected and stored; wet fibers lose their absorbing power.

When testing SMA mixtures in a laboratory, loose fibers may be treated without any
special precautions. A mechanical mixer is not required.

4.2.1.2 Pelletized Loose Fibers

Loose fibers may be pressed into pellets to keep the fibers together without bind-
ing agents. Their shape makes metering of the SMA mix during production easier.
Pelletized fibers are formed into different shapes; one example is presented in
Figure 4.5. Automatic loading with pneumatic feeders is also possible and easy. The
pellets are usually supplied in large packages (big-bags) and stored in silos. All other
features of loose fibers remain unchanged.

When performing tests of SMA mixtures in a laboratory, pelletized fibers may be
treated without any special preparations. A mechanical mixer is usually not required;
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FIGURE 4.5 An example of pellets—loose formed fibers. (Photo courtesy of J. Rettenmaier
& Sohne GmbH + Co. KG, Germany.)

FIGURE 4.6 Examples of granulated fibers (a) made of waste paper with wax coating
(Photo courtesy of Excel Industries Ltd., U.K.) and (b) made of cellulose with binder coating.
(Photo courtesy of J. Rettenmaier and S6hne GmbH + Co. KG, Germany.)

however, in the case of very dense pellets, it is better to use one to ensure that the
pellets are broken up and thoroughly mixed.

4.2.1.3 Granulated Fibers

Granulated products (Figure 4.6a and b) are produced by coating fibers with a binder
or other binder-soluble agents. A binder coating enables control of the forces on
fibers during granulation and separation of individual fibers, which is necessary for
distributing them evenly in an SMA mix.

The granulated form of these products makes dosage at production easy. The fiber
granules are supplied in big-bags or autotankers and are stored in the bags or silos.
Automatic loading with screw-pneumatic feeders is also possible.
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Special attention should be paid during the preparation of laboratory samples.
Due to compression of the granules during production, a higher shear force is needed
to distribute the fibers; therefore one should use a mechanical mixer. If samples must
be mixed by hand, it is recommended to warm the granulated product in an oven to a
temperature above the softening point of the coating agent. Otherwise the stabilizer
will not work effectively in laboratory samples, possibly leading to unrealistically
high-binder draindown.

Granulated products are the best options for SMA production at medium and
large-capacity asphalt plants because of the ease of handling.

4.2.1.4 Granulated Cellulose Fibers with Additives

Several mixtures of cellulose fibers and various modifiers are also available. These
types of compounds have been produced with two goals in mind—binder stabiliza-
tion and a change in the specific characteristics of a mix (e.g., workability or dura-
bility). These compositions enable the simultaneous feeding of mixtures with fibers
and additive. The effectiveness of such products should be tested in the laboratory to
confirm the final properties of the asphalt mixture.

4.2.1.5 Packing and Delivery Forms

Loose fibers are packed in self-shrinkable plastic bags. They are thrown into a mixer
intact and the film melts into the binder during mixing. Granulated cellulose fibers
may be bagged like other fibers (Figure 4.7) or packed in big-bags (Figure 4.8). Both
loose and granulated fibers can be supplied in autotankers (Figure 4.9).

FIGURE 4.7 Granulated stabilizer in PE bags of various mass—from 3 to 10 kg. (Photo
courtesy of J. Rettenmaier and S6hne GmbH + Co. KG, Germany.)
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FIGURE 4.8 Dosing method of granulates—emptying a big-bag onto a conveyor belt.
(Photo courtesy of Excel Industries Ltd., U.K.)

FIGURE 4.9 Tractor-storag