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ABSTRAK

The key issue in understanding foamed asphalt piepeis that of binder distribution which a resaft
mixing process is. It is therefore the mixing pregés the most important factor in foamed asphaldyction
(in combination with good foam properties). Follogithe mixing process the foam distributes onte fin
aggregates forming larger particles of variousssiter which the most binder rich is found to b&&6mm
size for this sample (FWC of 4%). These binder fdrticles’ mainly consist of fine aggregates dlaly
filler) and the maximum coated aggregate size3sé. The mechanism of binder distribution, whicls ha
be well understood in order to know the charadies®f foamed asphalt mixture, has been fully dbsd. It
is found that the binder formation is that of a tamation of bitumen and fine aggregate, formingtipkes
that distribute across the aggregate phase. Theegies of these binder-fines particles becomeiakdaring
mixing process. The workability of binder-fines fiees influences the uniformity of the binder distition.
A uniform mixture in terms of binder distributionliypotentially achieve high performance.

Kata-kata kunci: Foamed asphalt, binder distribution, mixing.

foam expands rapidly to its maximum volume
INTRODUCTION followed by a rapid collapse process and a slow,
The use of foamed asphalt mixture (FAM) for roadsymptotic return to its original bitumen volume.
construction has increased rapidly worldwidé-or example, 500g of hot bitumen injected using 10g
including the Asia region. This mixture is produceaf cold water (2% of bitumen mass) normally results
through an effective and economical process and, iasfoam with a maximum volume around 15-20 times
a cold mix system, can use a wide range of agggeg#tat of the bitumen. The ratio between maximum
types from conventional high quality gradedoam volume achieved and the volume of original
materials, reclaimed asphalt to marginal materiakitumen is termed the maximum expansion ratio
including soil. (ERm). The ERm value is mainly dependent upon the
Foamed asphalt can be generated by mixing amount of water added, namely the foaming water
sprayed foamed bitumen and wet aggregate. Foamsghtent (FWC). ERm increases with higher FWC.
bitumen can be produced by injecting a small amouAfter reaching its maximum volume, the foam
of air and water into hot bitumen. During thelissipates rapidly accompanied by steam gas
foaming process, the bitumen volume increasescaping. The time that the foam takes to collapse
rapidly causing the bitumen forms thin film anchalf of its maximum volume is called the half life
enables aggregate coating at ambient temperature. (HL). In the above example, HL would normally be
The role of binder distribution is an important Key between 20-30 seconds. After a particular time
understanding foamed asphalt properties. Agaround 60 seconds), the foam volume reduces very
evaluation of binder distribution for bituminousafa  slowly and asymptotically. During this phase, foam
mixture is very demanding due to foam not beingubbles still survive even though the bitumen has
continuously distributed on the aggregate. Thisepapbecome harder.
reports the results of investigation into the bmdeDuring the foaming process, the key properties of
distribution mechanism of foamed asphalt mixture. bitumen change from bulk properties to surface

properties. Molecules of surfactant (primarily
FOAMED BITUMEN contained in asphaltenes) are transported from the
Foamed bitumen can be produced by injectingulk of bitumen to the interface (between liquid
pressurised air and a small quantity of cold witier  bitumen and air gas), and form an adsorption layer
a hot bitumen phase in an expansion chamber. Sdbg interface (Barinov, 1990).
after spraying into a special container, the bitame
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It is noted that a molecule of surfactant i§0/100 because a bitumen Pen 160/220 is softer than
amphiphilic by means of both a hydrophobic and a bitumen Pen 70/100,.

hydrophilic part. At sufficiently high bulk

concentrations, the surfactant molecules form

micelles in which the hydrophobic ‘tails’ areOBSERVING BINDER DISTRIBUTION IN
surrounded by hydrophilic ‘head’. Basically, thecFAM

surfactant molecules prefer to be present at #fthis section, the formation of binder distritmutiin
interface rather than within the body of the liquid various trial mixtures was studied in order to

this case, the tail groups are in the gaseous phagfierstand the binder distribution in foamed agphal
while the head groups remain within the liquid Ehasmixtures.
This arrangement potentially reduces the surfaq:ersﬂy, a clear difference is observed between
tension of the interface. However, if the surfattafpamed bitumen and hot bitumen when they are
molecules form micelles, they will not be able t&prayed onto cold wet aggregates. The result naxtur
affect the surface tension and hence will not ienegf foamed bitumen spraying is a well distributed
the foam properties. binder across the aggregate phase, whereas hot
bitumen spraying results in an uncombined asphalt
CHARACTERISTICSOF FOAMED ASPHALT  mixture spotted with large aggregate-bitumen
STIFFNESS globules. The photographs of these two trial-missur
Sunarjono et al (2007) have investigated thean be seen in Figure 1 and Figure 2. These results
relationship between foamed bitumen properties awdn be explained by referring to the theory of foam
its mixture stiffness. Foamed asphalt mixture (FAMI the foaming process, bitumen molecules diffuse
properties have been investigated at various dexfregrom the bulk phase to the interface (Barinov, 1990
binder distribution in terms of foaming waterThese molecules act as surfactants which are
contents (FWC) at a temperature of ABQusing a composed of a hydrophilic ‘head’ and a hydrophobic
bitumen Pen 70/100. The aggregates weftail’ (Breward, 1999). The hydrophilic ‘head’ pek
mechanically mixed with the foamed bitumen at o be present in liquid phase whereas the hydrdphob
range of FWC'’s using either a dough hook or a flaails prefer to stay at the air interface. Whemida
Hobart agitator. The indirect tensile stiffnessprayed onto wet aggregates, the hydrophilic heads
modulus values of all specimens was measured awvdl encourage distribution onto wet aggregate
temperature of Z&« following a curing period of 3 surfaces, whereas hot liquid bitumen can not
days at 40°C. The results indicated that the betteistribute onto wet aggregate surfaces effectively
mixing was found to aid material properties thusince most of its molecules prefer to stay in tbkb
enhancing mix stiffness, with the flat agitatophase.
performing better than the dough hook. The better
mixing means better foam distribution across the
aggregate phase. Optimum performance was obtained
at a FWC of 5% for specimens prepared using FB
70/100 at 1800C. This became even more evident
when the full range of testing temperatures and
curing conditions were considered. It may be that t
optimum performance is obtained with the best
binder distribution in the mixture, in which state

mixture is more sensitive to testing temperaturé arxjg e 1. Appearance of binder distribution of histimen

curing condition. sprayed into cold wet aggregates: the mixture is
Sunarjono (2008a) also found that at a test an uncombined asphalt, in which large stiff
temperature of % binder distribution is more aggregate-bitumen globules occur.

important than binder stiffness in developing the
ITSM value. It was observed that at a test
temperature of 2C the ITSM values of specimens

produced using bitumen Pen 160/220 were lower
than the ITSM values of specimens produced using
bitumen Pen 70/100, but at a test temperaturé®f 5

the result was the reverse. The reason is that of
specimens using Pen 160/220 are better binder
distribution than specimens using bitumen Pen
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Figure 2 Appearance of binder distribution of fo@mehas also been observed. Initially, the aim of this
bitumen sprayed into cold wet aggregates: thgbservation was to assess the maximum aggregate
binder is well distributed in the mixture andsjze that would be coated by foam; it was observed
forms small binder-fines particles. that binder distribution across the aggregate phase

Secondly, the differences in binder distribution islepends upon the aggregate size (see Figure 7)and 8

FAM at various mixing times have been wellf foam was sprayed onto filler at high content

identified. As shown in Figure 3 and 4, it is clgar (~10%), the resulting mixture appears as a uniform

observed that during mixing process foam does naen-cohesive black powder. But if the binder conten
fully coat and seal the aggregates, as in the ohseis low, the binder disappears and is trapped antongs

HMA, but it distributes across the aggregate plasse the filler particles. If foam is sprayed onto large

combined bitumen-fine aggregate particles. FoaAggregate sizes, the binder distribution becomes le

forms large soft mastic globules with a size of @8 homogenous.

at the beginning of the mixing process (e.g. at 2

seconds). These globules appear broken into sma

pieces at 5 seconds and then distribute in theunaixt

(at 10 seconds) and form a more homogenous foanjgyc

asphalt mixture at the end of mixing (60 secontds).

is noted that the binder mainly distributes onfihe
aggregate particles and forms combined bitume
fines clusters.

Figure 5. Appearance of binder distribution at 2osels
mixing time of FAM produced at a FWC of 1%
and FWC of 5%.

e 104K

Figure 3. Appearance of binder distribution of FAR2
sec mixing time: forming large soft mastic
globules and at 5 sec mixing time: formingg
broken soft mastic globules

Figure 6. Appearance of binder distribution at 2osels
mixing time of FAM produced at a FWC of 10%.

Figure 4. Appearance of binder distribution of FAI¥10
seconds mixing time: forming binder-fines
particles and at 60 seconds mixing time: forming

small binder-fines particles (well distributed). ~ Figure 7. Appearance of binder distribution of FAM
produced using filler only (Left) and using single

size aggregates (1-3mm) (Right).

Thirdly, the formation of binder distribution hasdn
observed at the beginning of the mixing process at
various FWC values. The effect of foam volumg
(ERm) on the binder distribution at the beginnirig ¢

75 mmi§

mixing also needs to be understood. Unfortunatel
the differences due to ERm are not clear visuake (
Figure 5 and 6). This means that the effect of ER
on the binder distribution does not appear to be
significant as the effect of mixing time.

Finally, the formation of binder distribution when
foamed bitumen is sprayed into single size aggesgat
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Figure 8. Appearance of binder distribution of FAMparticles are spherical in shape and a density of
produced using single size aggregates 3/5m@680kg/mi, the quantity of coated and uncoated
(Left) and 6mm (Right). particles can therefore be determined in terms of
volume (mni), number of particles and particle
surface area (mthas shown in Table 3.

ASSESSING THE BINDER DISTRIBUTION

Binder distribution has been assessed using the
particle size distribution test according to BS 812
103.1: 1985 [11]. The test procedure is as follows:

1. Following mixing, the loose foamed asphalt
mixture is air dried for at least 3 days,

2. Foam material is then separated using dry sieving
into fractions in the range from maximum size
(passing 20mm) down to minimum size (passing
0.075mm).

3. Each fraction is then washed using sieve no.
1.18mm and 0.075mm to allow the filler to flow
out,

4. The washed fractions are then oven dried & 60
before the soluble binder content test is
conducted to find the binder content and particle
size distribution for each fraction.

The completed results can be found in Table 1 to _

Table 3, while the photographs of binder distribati ! i

for each fraction can be seen in Figure 9.

Figure 10 shows the bitumen content and aggregdtgure 9. Binder distribution across the aggregattase

proportion for each fraction. The fractions are for fracton 10mm, 6.3mm, 5mm, 3.35mm,

obtained by dry sieving; this means that fine 2.36mm and 1.18mm

aggregate particles are probably attached to the

coarse fr'actlons: It can be seen that the bindgrcan pe seen that coated particles only comprise
contents in the fine fractions (< O.Smm) and coarsGound 15% by mass or volume, but they are about
fractions (>6.3mm) are both low. Binder content igoos in terms of number of particles or 55% in terms
found to be high at medium fractions (0.3mMm+of particle surface area. As shown in Figure 1%, th
6.3mm) and it is a maximum at 2.36mm. It should bgmajler the particle size the higher the proportion
noted that the absence of binder in the finestitas  g5teqd by binder, and thus the filler size fractisn
does not mean that binder does not distribute onfige pest coated (around 80% of the coated particle
fine aggregate, but that some fine particles aface area or 45% of the whole particle surface
bonded together to form larger clusters. In the ads area). The maximum size of coated aggregate is
low binder content in coarse fractions, this means3mm. It should be noted (see Table 3) that for
that binder is unable to distribute on them. particle sizes of 0.3mm and less, the particleasarf
Figure 11 shows the distribution of coated angyez of coated aggregates is more than that of
uncoated aggregates in terms of particle surfage. aryncoated aggregates; for particle sizes of 0.6man an
This result comes from wet sieving tests of aljpove, the particle surface area of coated aggregat
fractions, following the soluble binder contentttesig |ess than that of uncoated aggregates; forgbarti
As an example (see Table 2), for fraction #l4j;e 10mm and above, all aggregates are uncoated.
(passing sieve size 14mm) with an aggregate massygfis means the binder content of large fractioas i.
220.57 g, sieved down to sieve size of 0.075mm8, thractions #10 and #14 (see Figure 10), is basically
results in 214_1.89 quantities retained on sieve Siginder from accompanying fine aggregates.

10mm (passing sieve size of 14mm) and othgthys, in summary, following the mixing process the
quantities are retained on the smaller sieve sis. foam distributes onto fine aggregates forming large
aggregate mass from fraction #14 retained on sieggrticles of various sizes, for which the most kind
size 10mm is classified as uncoated, whereas glih is found to be at 2.36mm size for this sample
aggregate particles passing sieve size 10mm g@y/C of 4%). These binder rich ‘particles’ mainly

classified as coated. Thus, the mass of coated fhsist of fine aggregates (largely filler) and the

shown in Table 2. By assuming the aggregate
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BINDER DISTRIBUTION MECHANISM mixture stiffness since the mixer helps the foam to
In foamed asphalt mixtures (FAM), theSPread onto the wet aggregate surface. Mixer speed
bitumen is sprayed onto wet aggregate in the fdrm Bas to be high enough to cope with the spraying rat
foam at the start of the mixing process. It can B the foam. As a simple analogy, the work of the
understood that both the foamed bitumeRixer can be imagined as a conveyor. If aggregates
characteristics and the mixing protocol thereforg@® put onto a conveyor and sprayed with foam, a
become important aspects in FAM productiorfiigher speed of conveyor and a larger volume of
However, a FAM produced using a good qualit{pam will result in more aggregate surface areadei
foam will not exhibit high performance if it is neg  SPrayed. Because foams collapse soon after contact
using a poor mixer. with moist aggregates the mixer speed _and foam
As discussed previously, it is clear that following Vvolume over the contact period are very important.
mixing process, the loose FAM consists of twduring this period, the agitator is used to agitate
particle types, i.e. aggregate and combined bitumepdgregate particles so that they can be sprayed by
fines particles. About 15% of the aggregate mass wi®am as effectively as possible.
found to be coated by binder. The maximum coatdfl fact, foam prefers to distribute onto a wet aoef
particle size is 6.3mm and the maximum binder-find@ir-liquid interface) due to the presence of
particle size is found to be 14mm. In thigmphiphilic surfactant molecules on the bubble
circumstance, the number (and size) of binder-find@mellae. Foam therefore prefers to distribute fen t
particles becomes crucial since it influences hind#/ater phase, which is mainly present amongst fine
distribution. A greater number of binder-finedarticles due to suction effects. When foam costact
particles or smaller sized binder-fines partickesuits  the moist fine particles, it collapses immediatelie
in better binder distribution, which stimulates thd© rapid temperature reduction and it thereforenfor
compaction process and hence potentially enhandgastic globules. These mastic globules are stithwa
the mixture properties. Thus, the mechanism @nd soft with a temperature of betweerf®@nd
binder distribution needs to be well understood. ~ 61°C (see Sunarjono, 2008b). This condition allows
Basically, foam is created immediately followingth® mixer agitator to cut ‘the warm mastic globules
injection of pressurised air and water into the hdp form smaller particles and then distribute them
bitumen phase in the expansion chamber. THRBroughout the aggregate phase to obtain a more
number of foam bubbles may grow rapidly undéfomogeneous mixture. It can be understood that the
high pressure. When foam is sprayed out into d stéltting process will mainly depend on mixing speed,
cylinder, the growth in bubble size can be seefgitator type and the workability of the mastic
clearly due to the internal pressure being highant globules. It is supposed that the workability aédl
the surrounding pressure. globules is mainly affected by binder propertieshsu
Therefore, it can be understood that the hot bitum@S Viscosity, that depends on the rate at which the
has changed, becoming a foam which is direct§lobules cool down during the mixing process. The
sprayed into the wet aggregate mixture. This meaf@{e of cooling down of foam may be quicker at
the key bitumen properties have changed from bufligher FWC applications. The larger foam volume
properties to surface properties, allowing the faam results in greater foam surface area and hence the
distribute onto the wet surface (interface betwaien bitumen films of the bubbles are thinner. This irgl
and liquid). When foam is in contact with the moisthat foams with larger volume will cool down quicke
aggregate, it has no chance to grow, as evidemcedhen their surface contacts the wet aggregate.
the measuring cylinder due to its temperaturEn€ process of cutting the warm mastic globules by
immediately reducing to below 18D. Steam gas m!xgr r(_esults i_n a more homqg_eneous m_ixture. When
inside the bubbles may return to the water phag®ixing is applied far longer, it is then logicaktithe
However there are still large numbers of tiny voidg§'astic particles become smaller and hence the
trapped inside the bitumen as assessed in deastty t Mixture will be much more homogeneous. However,
of collapsed foam (see Sunarjono, 2008b). This vofi longer mixing time will not affect the binder
content is found to be higher for foam generated gistribution in the mixture once the mastic paescl
higher FWC. The presence of these voids causes ﬂ@/e returned to a cool condition. It is noted that
collapsed foam to remain soft and workable. It i§igher expansion foam (achieved at higher FWC)
supposed that during mixing, the binder propertieill cool down faster than lower expansion foam.
are proportional to those of foam when investigatdél i clear that during the mixing process the
in the measuring cylinder (in terms of ERm, HL oProperties of the binder-fines particles are imgpot
flow behaviour). These properties represent the ability of the binde
As discussed in Sunarjono et al (2007), the mixinge broken by mixer and to distribute across the
speed and agitator type have a significant effect @d9regate phase.
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CONCLUSIONS aggregate, forming particles that distribute actbss

It was understood that following the mixing procesddgregate phase. The properties of these bindes-fin
the foam distributes onto fine aggregates formingarticles become crucial during mixing process. The
larger particles of various sizes, for which thestmo Workability of binder-fines particles influenceseth
binder rich is found to be at 2.36mm size for thigniformity of the binder distribution. A uniform
sample (FWC of 4%). These binder rich ‘particlesmixture in terms of binder distribution will
mainly consist of fine aggregates (largely filland Potentially achieve high performance.

the maximum coated aggregate size is 6.3mm.
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Table 1. Bitumen and aggregate content in the &adtion for foamed asphalt mixture produced udiitgmen Pen
50/70 at Bitumen temperature of 1800C and FWC of 4%

%

Fraction #20 #14 #10 #6.3 #5 #3.35 #2.36 #1.18 #0.6 #0.3 #0.212 | #0.15 | #0.075 | Total total
Fraction mass (g) 366.2 221. 104.p 63.8 133.1 4114. 210.5 129.1 48.6| 13.2 11.1 8 39| 1473.2 | 100.00
Bitumen in fraction (g) 0.00 0.70 3.20 2.30 8.2 0. 20.90 11.50 2.70 0.8l 0.30] 0.80 0. 60.40 4.10
Aggregate in fraction
366.2 220.5 100.8 61.5 124. 105.4 189.6 117.645.9 12.4 10.8 17.3 39.9 1412.8 | 95.90
Bitumen (% of fraction
aggregate mass) 0.00 0.32 3.08 3.61 6.16 7.87| 9.93 8.91 5.66 6/06 .702| 4.42 0.00
Bitumen (% of total
aggregate mass) 0.00 0.05 0.22 0.16 0.56 0.561 1/420.78 0.18 0.05 0.02 0.0§ 0.0 4.10
Cum% bitumen(by
mass of total aggregate) 0.09 0.0! 0.26 0.42 098 .59 1| 3.01 3.79 3.97 4.03 4.05 4.1p 4.
Aggregate (% of total
aggregate mass) 25.92 15.61 7.13 4.35 8.84 7.46 13.42 8.32 3|25 80.8 0.76 1.22 2.82| 100.00

Note: (1) Fraction resulting from dry sieving (B$28103.1: 1985)
(2) Bitumen content determined using Bfgbinder content test (BS EN 12697-1: 2000)

Table 2. Aggregate size distribution for each factresulted from wet sieving for foamed asphalktmie produced
using bitumen Pen 50/70 at bitumen temperatu866C and FWC of 4%.

Fraction | #20 | #14 | #10 | #6.3 #5 | #335 | #236 | #1.18 | #0.6 | #0.3 |#0.212 #0.15 #0.075 Cﬂ(at)ed U"C(O?led T(Ot)al
g g g

0

62 362 362
0 214.8 2148 214.8
[ [ 79.3 79.3 79.3
6.3 [ [ 8.9 44.7 8.9 44.7 53.6
[
0

0.3 1.4 4.9 99.3 6.6 99.3 105.9

0.212 0.1 0.2 0.7 0.3 1 1.5 3.6 2.3 0.6 0.7 9.2 11 9.2 20.2
0.15 0.2 0.2 0.9 0.5 1.7 2.6 6.6 4.1 0.7 0.1 15 15.1 19.1 15.1 34.2
0.075 0 0.47 0.7 3.4 5.8 14.8 39 23 4.5 0.3 0.1 1.2 39.9 93.27 39.9 133.17

washed 3 2.8 3.6 5 2.4 2 0.4 0.4 0 0.3 0 1 0 20.9 20.9
Total
Aggregate | 366.20 | 22057 | 100.80 | 61.50 | 124.90 | 10540 | 18960 | 117.60 | 45.90 12.40 10.80 17.30 39.90 215.67 1197.20 | 141287

Percentage 15.26% 84.74%

Note: An example to define the uncoated and coatedicle is follows. The aggregate mass from franot#14 retained on sieve size 10mm is
classified as uncoated, whereas all aggte particles passing sieve size 10mm are classiéis coated.
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Table 3. Proportion of coated and uncoated aggeefgatfoamed asphalt mixture produced using bituf@en 50/70 at
Bitumen temperature of 1800C and FWC of 4%.

. Mass of aggregate (g) Volume of aggregate (mm®) Total surface area of aggregate
Size,mm number of particle aggregate mm?®
Coated | Uncoated | Total | Coated | Uncoated | Total Coated | Uncoated Total Coated | Uncoated \ Total
20 0 362 362 0 135075 | 135075 0 3.22E+01 | 3.22E+01 0 4.05E+04 4.05E+04
14 0 214.8 2148 0 80149 80149 0 5.58E+01 | 5.58E+01 0 3.43E+04 3.43E+04
10 0 79.3 79.3 0 29590 29590 0 5.65E+01 | 5.65E+01 0 1.78E+04 1.78E+04
6.3 8.9 44.7 53.6 3321 16679 20000 | 2.54E+01 | 1.27E+02 | 1.53E+02 | 3.16E+03 1.59E+04 1.90E+04
5 6.6 99.3 105.9 2463 37052 39515 | 3.76E+01 | 5.66E+02 | 6.04E+02 | 2.96E+03 4.45E+04 4.74E+04
3.35 8.4 68 76.4 3134 25373 28507 | 1.59E+02 | 1.29E+03 | 1.45E+03 | 5.61E+03 4.54E+04 5.11E+04
2.36 12.6 117.2 129.8 4701 43731 48433 | 6.83E+02 | 6.35E+03 | 7.04E+03 | 1.20E+04 1.11E+05 1.23E+05
1.18 18.3 77 95.3 6828 28731 35560 | 7.94E+03 | 3.34E+04 | 4.13E+04 | 3.47E+04 1.46E+05 1.81E+05
0.6 258 38.8 64.6 9627 14478 24104 | 8.51E+04 | 1.28E+05 | 2.13E+05 | 9.63E+04 1.45E+05 2.41E+05
0.3 11.7 11 227 4366 4104 8470 | 3.09E+05 | 2.90E+05 | 5.99E+05 | 8.73E+04 8.21E+04 1.69E+05
0.212 11 9.2 20.2 4104 3433 7537 | 8.23E+05 | 6.88E+05 | 1.51E+06 | 1.16E+05 9.72E+04 2.13E+05
0.15 19.1 15.1 34.2 7127 5634 12761 | 4.03E+06 | 3.19E+06 | 7.22E+06 | 2.85E+05 2.25E+05 5.10E+05
0.075 93.27 60.8 154.07 | 34802 22687 57489 | 1.58E+08 | 1.03E+08 | 2.60E+08 | 2.78E+06 1.81E+06 4.60E+06
Total 215.67 | 1197.2 ‘ 1412.9 | 80474 446716 | 527190 | 1.63E+08 | 1.07E+08 | 2.7E+08 | 3.43E+06 | 2820011 ‘ 6.25E+06
Percentage | 15% | 85% | 15% 85% 60% 40% 55% | 45% |

Note: (1) Aggregate is assumed to be sphericdiaps
(2) Density of aggregate is assumed t2@89 kg/ni for all sizes
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Figure 10. Bitumen content and aggregate propoftio each fraction.
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Figure 11. Distribution of coated and uncoatediplas in terms of particle surface area.
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