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Table 1. Composition of  th e Ref erence Mix AC 0/10  ( Dry 
Aggregates).  

Type Component 
Density 
(g/cm³) 

Volume 
(%) 

Mass 
(%) 

Filler Duras II 2,61 7,7 7,4 
Stone Porph yry 4/6.3 2,71 19,9 20,0 
Stone Porph yry 2/4 2,71 22,4 22,5 
Stone Porph yry 6.3/10 2,71 16,6 16,7 
Sand Porph yry 0/2 2,72 25,1 25,3 
Sand Round sand 2,62 8,4 8,1 

 

 
Fig. 1. Wirtgen Laboratory Foam Unit, Together with the Asph alt 
Mixer. 
 

fixed at 3% and  this parameter was kept as a constant through 
this study.   

 Secondly, to be able to add the correct amount of binder to the 
mixture, a r elation between foaming time and  bitumen amount 
needed to be established b efore starting th e asphalt mixing 
process. By adjusting the foamin g time, the desired amount of 
binder could then be added to the asphalt mix.  

 As the foam  uni t tha t used  in this study is suit ed for foam ing 
larger quan tities of bitumen, it was unpractical to prepar e th e 
mix in sm all quantities. The quantity prepared in one ba tch in 
the laboratory was 40kg of asphalt. This means that from one 
batch, a large number of test specimens could be compacted in 
the g yratory compactor. Co nsequently, wh en comparing 
specimens, the  tim e between m ixing and compaction is  an 
additional parameter. 

 Finally, in  these tests the aggregates were  wet, and extra t ests 
were needed to control their water content.   

The foamed asphalt mixes were prepared using a Guedu asphalt 
mixer. The foame d bi tumen was di rectly transferred from t he 
foaming unit into the asphalt mixer. To control the moisture content 
of the  aggr egates, a  s pecial p rocedure was  f ollowed: firs t, all 
aggregates were  com pletely dri ed; th en ca lculated wat er cont ent 
was added to  the mixture of  stone and  sand fractions; and  
subsequently this mixture was stored at 90°C for 12hrs. During  
storage at 90°C, the aggregates were kept in a closed container but 
with a sm all ho le to  a void pres sure build-up. This procedure w as 
followed to allow the water to be absorbed insi de the por es of the  

aggregate mater ial, which  corr esponds better to field  conditio ns. 
After these 12 hrs, the wat er conten t was  again v erified (by 
weighing), and was, if needed, corrected to th e desired amount. 
Then the damp aggregates and s and were transferred to the asphalt  
mixer. Foam was added  and mixed for  2 mins. Aft erwards, the dry  
filler com bined with a ctive fi ller, if d esired, was added to  mix 
continuously for anoth er 3 mins. In  Fig. 1  the bitumen  foaming 
equipment and the asphalt mixer are shown. Bo th equ ipments are 
mobile so the foam can be directly injected into the asphalt mixer. 

 
Test Methods 
 
Before compaction, th e w ater content of  the loose mixture w as 
evaluated by measuring the weig ht loss during storage for 1 2hrs at 
110°C. This time interv al should be suf ficiently long to  dr y the 
mixture. The  w ater con tent of  compacted co res was  ev aluated b y 
following th e weight loss after storage at con trolled conditions of 
humidity and temperature (15°C and a relative humidity of 40-55%). 
Finally, the co mpacted cores were cons idered as com pletely dry 
after stored for about 10 weeks.   

To evaluate co mpactability, th e g yratory compactor was  us ed 
according to  th e European s tandard ( EN 126 97-31). The m ix 
preparation pro cedure followed  EN  12697-35. Accord ing to this 
standard, th e reference temper ature ( temperature a t whi ch 
compaction starts) of the ho t mix asphalt ty pe AC 0/10 is 150 °C 
(case of a bitumen B 50/70).  

The water sensitivity of the mix was investigated by means of the 
indirect tensile s trength (ITS) test (EN 12697-23), before and after 
conditioning in  wat er accordin g to  EN 12697 -12. Six cores are 
needed to  perf orm the wat er sensitivi ty test. Thr ee cor es are 
subjected to the ITS test without conditioning. The other three cores 
are condi tioned according to EN 12697-12, befo re being subjected 
to the ITS test. The ITS ratio (ITSR) after and before conditioning is 
a measure for the water sensitivity of the mix and indirectly for the 
adhesion between binder and aggregate. As water sensitivity is very 
dependent on the degree of compaction, the tests were performed on 
cores with a low degree of compaction to simulate the worst case in 
field situa tions. In this  stud y, the g yratory cores used for  ind irect 
tensile testing were compacted to 25 gyrations, because f ield trials 
with warm mix techniques  b y us ing wax  modified  binders  or 
zeolites showed that compaction to 25 gyrations was representative 
for the lowest degree of compaction in the field. Th is will be  
verified for th e half-warm foam  techn ique on ce the fi eld s ections 
are constructed.   

ITS and  ITSR were fo llowed as a fun ction of curing time. Th is 
curing was sim ulated by storing the samples in a climatic chamber 
at tem perature of 15°C  and  re lative humidity  of 40-55%. These 
conditions are chosen as  clos e as pos sible to the av erage outs ide 
conditions in order to prevent the impact of artifacts. 
 
Results  
 
Compactability  
 
For the two war m techniqu es usi ng waxes and  zeolites studied in 
this proj ect, th e compactibility could be  established wi th th e 
gyratory compactor [10,  1 1]. For thes e warm  t echniques, ev ery 
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Table 2. Overv iew of Test C ases and Test R uns P reparing f or 
Reference and Foamed Asphalt. 

Asphalt Batch 
Use of 
Foam 

Use of an 
Active Filler 

Moisture Content 
Aggregates (in % of 
the Aggregate Mass)

Ref. Mix at 150°C No None Dry 
Ref. Mix at 90°C No None Dry 
*Case 1-batch 1 Yes 1% Filler A 2.5 
Case 1-batch 2 Yes 1% Filler A 2.5 
Case 1-batch 3 Yes 1% Filler A 2.5 
Case 1-batch 4 Yes 1% Filler A 2.5 
Case 2 Yes None 2.5 
Case 3 No 1% Filler A 2.5 
Case 4 No 1% Filler B 2.5 
Case 5 Yes 1% Filler B 2.5 
Case 6 Yes 1% Filler A 1.0 
*Case 1-batch  1  dif fers from b atches 2, 3 and 4 in  th e stor ing 
conditions of the loose mix before compaction. 
 
sample c ompacted i n t he gy ratory c ompactor was mi xed i n a 
separate b atch u sing a s mall vo lume as phalt m ixer. F or th e fo am 
technique howe ver, this  was  n ot pos sible, as  exp lained in  t he 
experimental section. When a batch of fo am mix was made, a large 
number of  as phalt co res were  co mpacted fro m this  bat ch with  
increasing ti me i ntervals bet ween mixing  and compacting. 
Overviews of the respective cases for foamed mixes with respective 
varied parameters are given in Table 2. The differences between the 
various batches of case 1 are explained below.  

After evaluation of the first batc h, case 1-batch 1 in Table 2 was 
observed th at the com paction levels of cor es prepared from  t he 
same asphalt batch, decreased with the increase of the time between 
mixing and compaction. During this time, the loose asphalt was just 
left in the  partly cov ered aspha lt mixer  at 90° C, and immediately 

before taking a sample, the mixer was run for  a few minutes. The 
variation in compaction was attributed to an evaporation of moisture 
from the m ixer. Because of this observation, the storing conditions 
for the loose  asphalt were sl ightly modified for  the la ter t est runs: 
the f irst sam ples (com pacted u p to 2 hrs after mixing) were taken 
directly from t he asphalt m ixer, while  sam ples in tended f or 
compaction at a later stage were all taken from the mixer within 1hr 
after mixing, and subsequently stored in separate cans at 90°C. This 
procedure was used so that all weights could be recorded carefully 
and followed for each individual specimen.   

In Fig. 2 , d ensities obtained  af ter 25  g yrations are shown as  a 
function of  time betw een mixin g an d com pacting. This d ensity is 
calculated from  the  sam ple we ight and th e d imensions after  25 
gyrations. The first two tests in this figure refer to the density of the 
reference mix (without foaming) at compaction temperatures of 150 
and 90°C, respectively. In the reference cases, all components were 
fully dr ied and  the  m ixing temperature was approximately 1 5°C 
higher th an th e com paction temperature. T he m inimum and 
maximum densities of the reference case which compacted at 150°C 
are indicated by two straight lines. The densities reported in Fig. 2  
are ave rage values of  at  l east two cons ecutive tests, and  the times 
reported are m edian t imes. Th e error bars  r epresent th e s tandard 
deviation between the different repeats.  

From F igs. 2-4,  it  is  cl ear th at ther e are  t ime eff ects in  the  
compactability of the asphalt cores. Cores that are compacted more 
quickly after m ixing hav e a  hig her dens ity th an cores  compacted 
after longer times. This observ ation is important for the preparation 
of test samples. This is of course an extra parameter that needs to be 
taken into account. However the repeatability of the tests is not very 
high. This is most likely related to differences in the evaporation of 
water prior to the compaction test, even if the loose mix was stored 
under similar conditions.  

For this t ype of  m ix, when it i s used in a  ref erence situ ation 
which refers to asphalt production in the standard hot mix mode, the  
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Fig. 2. Densities Recorded after 25 Gyrations, the Time Referring to the Time the Mix Stored at 90°C between Preparation and Compaction. 
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Fig. 3. D ensities Recorded  af ter 60 G yrations, the T ime Ref erring to  th e T ime the M ix S tored a t 90°C after P reparation and b efore 
Compaction.  
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Fig. 4. Densities Record ed af ter 200  G yrations, the Time Ref erring to  th e Time the  M ix S tored at 90°C  after P reparation and b efore 
Compaction. 
 
authors alread y have some in sight in the r elation b etween t he 
compaction level in f ield tests and the number o f gyrations needed 
in a laboratory test. Under these conditions, densities obtained after 
200 g yrations characterize as o ver-compacted s ituation (th e vo id 
contents of these cores are only about 1%). Densities obtained after 
60 gyrations are representative for a normal/goo d compaction level 
on site, and densities obtained after 25 gyrations for those  places in 
a field test describe as a very low or worst compaction level. In Figs. 
3 and 4 the densities at 60 and 200 gyrations are also plotted. 

From Figs.2-4, the following observations can be made: 
 There is  clearly a  tim e ef fect in th e d egree o f com paction 

obtained. Th e d egree of  compaction  is g enerally high er for 
cores prepared after short times and decreases when the mix is  

 
Table 3.  Binder Contents of Samples Taken from Various Test Runs. 

Asphalt Batch % Bitumen Asphalt Batch % Bitumen
Case 1-batch 1 6.4 Case 3 6.2 

“ 6.0 “ 6.1 
Case 1-batch 2 6.0 Case 4 6.2 

“ 6.1 Case 1-batch 4 6.1 
Case 2 6.0 Case 5 6.2 

“ 6.6   
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Fig. 5. Water Content of the Loose Mixture versus Time the Mixture 
Stored at 90°C f or Case 2 . (The Initial Water Content a t the Time 
the Asphalt Mixing Process Started was 2.5%). 
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Fig. 6. Water Content Determined from Compacted Cores versus the 
Time between Mixing and Compacting the Core. 
 

stored before compacting it. At short times, the compaction   
of the mixes with foamed bitumen is always better than the 
compaction of the reference mix at 90°C. After  1 day  storage 
or longer , th e d egree of compaction is either  still  som ewhat 
better or very close to the one obtained for the reference mix at 
90°C. Time effects are also presented in those cases where the 
bitumen was not foamed (case 3 and 4). 

 There is also an influ ence of  th e number of  g yrations on  th e 
relative (compared to th e reference cas es) degree of  
compaction ob tained: At 25  g yrations, the degr ee of  
compaction of the reference mix at 150°C can be reached using 
the foam ed as phalt when  th e time be tween m ixing and  
compaction is short. It seems that this compaction level can be 
reached up to 2 to 3hrs after mixing. But, as this time window 
is established  for laborator y tests, it will prob ably differ for  
large scale samples. At 60  gyrations, the degree of compaction 
of the reference mix at 150°C is reached in most cases; while at 
200 g yrations, the compaction level of the ref erence mix at 
150°C is no longer reached using the foam technique.  

 In compaction tests, the variability between t est runs  is  l arge, 
even if  al l inv estigated vari ants and storing conditions of th e 
loose mix are kept the same. Therefore, it w as not possible to 
determine th e e ffect o f som e additional par ameters on th e 
compactability. These inc lude; adding the bind er as s uch or 
using foam, replacing 1% filler fraction with 1% of active filler, 
or changing the initial water content of the wet aggregates from 
2.5 to 1%.   

 
Variation in Binder Content 
 
To add accurate amounts of bin der when prep aring foamed asphalt 
mixtures, more elaborate procedures were considered and the binder 
contents for some of the cores were measured. Results are shown in 
Table 3. The binder contents were measured from g yratory 
compacted cores (about 1kg) according to EN-12697-1. From Table 
3, i t is  clear that the  av erage bi nder con tent is  close to  th e t arget 
binder content of 6.2%. But the variation between individual cores 
of one asphalt batch is rather high according to EN 12697-1, where 
the repeatability limit, r , should be of the ord er of 0.3 %. I t is not 
clear yet wh y this var iation is  so high. Bu t this observation  can 
certainly have an effect on the repeatability of test results made with 
individual cores. 

 
Water content  
 
It was  shown above  that t he time i nterval be tween mi xing and 
compacting the sam ple h as a considerable ef fect on  th e dens ity 
obtained in  g yratory tests. As  we exp ect th at these changes a re 
related to changes in the water content of the mix, this water content 
was followed  as  a fu nction of  time. Th e procedure is d escribed in 
the exp erimental se ction, and d ata are repr esented in  F ig. 5 . It  is  
clear th at th e m oisture con tent of the m ix de creases rap idly wi th 
time. The w ater con tent of  th e first sam ples, taken d irectly after 
mixing, has alr eady decreased to 1.2%, even  i f the in itial wa ter 
content of the aggregate fraction was 2.5%.  

Moisture contents of  com pacted cor es wer e als o de termined b y 
measuring th e weigh t changes that betw een th e moment of 
compaction and af ter two  m onths at  ambient t emperature. These 
values are sho wn in Fig. 6 . They show th e same trend, but the 
values are smaller; obviously s ince there is a lso water evaporating 
during compaction, which is  not take n into account. Secondly it is 
possible th at t hese d ata und erestimate th e r eal wat er cont ent, 
because it is as sumed that th e cores  ar e com pletely dr y after 2 
months. But Fig. 6  also r eveals, especially at s hort tim es, l arge 
differences b etween the var ious cas es and  batches and  these 
variations may explain the large variability that was observed in the 
compaction tests. 

Fig. 7 illustrates more in detail of the loss of moisture of gyratory 
compacted cores in the days following compaction under conditions 
of contro lled temperature and h umidity. In this test the cores were 
stored in a climatic ch amber a t tem perature o f 25°C and r elative 
humidity of  30 to 40  %.  To r ecalculate the  w ater con tent a t the 
moment of compaction, it is assumed that th e core is  dry after 35 
days. Core 1  was compacted 12mins after mixing, while cores 8, 9, 
and 10  were compacted after  a longer p eriod. This is  seen  in  the 
initial water content, which is lower for the three last specimens.   
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Table 4. Effect of Foaming on the Results of the Water Sensitivity Tests Which Carried Out 10 Days (±1) after Compaction. 
 With 1% Filler A With 1 % Filler B 

Foamed F oamed Unfoamed Foamed Unfoamed 
 Case 1-batch 3 Case 1-batch 4 Case 3 Case 5 Case 4 
Voids (%) 7.2 6.1 7.3 5.9 7.1 
ITSR (%) 52 67 43 71 61 
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Fig. 7. Evo lution of the W ater Content of  Cor es Prepared Using 
Foamed Bitumen and Wet Aggregates (Cores from Case 1-batch 3). 

 
Table 5. Ef fect of Ac tive Fil ler on  the  Res ults of  the  W ater 
Sensitivity Tests Which Carried Out 30 Days (±2) after Compaction. 

 No Active Filler With 1% Filler A With 1 % Filler B
 Case 2 Case 1-batch 4 Case 5 

Voids (%) 6.9 6.5 5.9 
ITSR (%) 56 72 81 
 
Water Sensitivity   
 
ITSR was use d to investigate th e wa ter se nsitivity wh ich is 
described in the  experimental section. Since th e water  content of 
compacted samples changes in the period after compaction (see Fig. 
7), it was expected that this wou ld have an impact on th e results of 
the water sensitivity test. Therefore, the curing t ime (time between 
compaction and testing) is ind icated for  a ll the tests reported. And 
since, as described in the compaction tests, the level of  compaction 
is dependent on the time interval between mixing and compaction, 
this time interval was also kept constant as much as possible.  

It is  exp ected t hat foam ing the bitum en im proves the aggregate 
coating while compared to just adding the binder. If this is the case, 
it would be  ref lected in  the w ater sensi tivity. Therefo re a m ix 
produced wi th foamed bitum en was  com pared to th e s ame mix 
which prepar ed in iden tical conditions but without foaming the 
bitumen. This is shown in Table 4 for two active filler types; 1 % of 
filler A and f iller B. Th e tab le shows two sets of data for the  mix 
with 1 % of filler  A using foam ed bitumen, which gives an idea of  
the reproducibility (same case, but different batches).  

From these l imited da ta, the fi rst observ ation is th at th e 
repeatability is poor: comparing case1-batch 3 versus case 1-batch 4 
ITSR differs by 15 %. But also the void content differs by more than 
1%. In fact, the “poor” repeatability of the ITSR values is related to 

the “poor” repeatability of the compaction at 25 gyrations. But still, 
in Table 4 , th ere is an im provement in  the  water  sensitiv ity by 
foaming the binder in both cases. The ITSR increases with foaming 
from 43 to 52%, when considering the first set of results. Also in the 
case of filler B, foaming the binder has a positive effect on the water 
sensitivity, whe n com paring sp ecimens compacted with  th e s ame 
compaction ene rgy. The r esults m ay a lso ind icate a dif ference 
between both  types of active filler s: especially  for the unfoamed 
mixes; the  m ix with fil ler A m ay be  som ewhat m ore sensitiv e to 
water conditioning, 43% versus 61%. 

The effect of active fi ller is  fu rther evaluated in Table 5:  tes ts 
made without filler additive are compared to tests made with 1 % of 
active f iller A and B, r espectively. For th e in terpretation of the 
results, it should be not ed th at the tests made in Table 5  were 
performed after 30 days (±2) of “curing” compared to 10  days for 
the data pr esented in Table 4. In  the remainder of this paragr aph, it 
will be shown that the ITSR increases within this time frame. Table 
5 indicates that the water sensitivity is improved when using active 
filler. 

To investigate the effect of  curing of compacted samples, s eries 
of water sensi tivity tests were m ade after various periods of cur ing 
with addi tive of  act ive filler A (case 1- test 4)  and a ctive fi ller B 
(case 5). From the results plotted in  Fig. 8, we can clearly conclude 
that the ITSR increases with curing time. It is  not clear from these 
data if th e va lues rea ched their maximum after a per iod of two 
months. Additional measurements after longer curing periods would 
be necessary to determine the maximum level that can be achieved.  

Small differences are noticed between the case with active filler A 
or B. On average, the results appear to be slightly better for the case 
with fil ler B . But as  ther e is  als o a d ifference in vo id con tent 
between both series as well as a slight difference in binder content, 
it is not possibl e to conclude that the type of filler is the parameter 
that makes the difference. 

Finally, Fig. 9 shows the effect of the initial water content of the 
aggregates (case 1-batch  4  vers us case 6) . For th e case with  1% 
water content, the tests were made after 3 curing intervals; 10 days, 
one month, and 2 months. But, due to the large vari ation in v oid 
contents betw een the var ious curi ng times, it was not possible to  
asses the decrease in initial water content of the aggregates. 

 
Conclusions  
 
In general, compared to the laborator y pro duction and tes ting 
standard of  hot mix asphalt, th e production  and  testing  of fo amed 
mixes a re more e laborate wi th more pa rameters t o be  taken into 
account:  
 To h ave the d esired bitumen  percentage in  the mixture, a 

relation between foaming time and bitumen amount needs to be 
established for the foam unit; 
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Fig. 8. Effect of Curing Period (in Days) on the Water Sensitivity Test Results for Two Types of Active Filler. 
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Fig. 9.  Effect of Curing Period (in Days) on the Water Sensitivity Test Results for Two Different Water Contents. 
 
 The optimal water content of the foam needs to be determined;  
 The aggregate fractions are wet, and their water content needs 

to be controlled;   
 The t est res ults s how that aft er m ixing, wat er evapor ates 

rapidly from th e loose mixtur e. Hence, the  tim e between 
mixing and compaction is a parameter th at needs to  be taken 
into account when preparing th ese mixes. Th is also includes  
that a pro cedure of how to store th e loose mixture befor e 
compaction is  needed. M oreover, this  procedure may have an 
impact on the obtained test result; 

 Since in this study, i t was not  practical to prepare 1kg asphalt 
batches, larger amounts, about 40kg per batch, were prepared.  
From such an asphalt b atch, a number of small (±1 kg) test  
specimens were  com pacted and  us ed in the wa ter s ensitivity 
tests. So , the st orage tim e of the loose  m ix w as an  ine vitable 
extra parameter;  

 And even after compaction of these mixes, there is an effect on 
curing t ime. This s tudy cl early dem onstrates that after 
compaction, m oisture s lowly evaporates from  t he com pacted 
core. The t ime interval be tween com paction and t esting c an 
therefore h ave a n influ ence on  t he t est r esult. Yet again, the 
conditions under which  th e asp halt cor es are s tored prior  to 
testing can become important; and 

 Finally, it was observed that the binder contents between individual 
cores compacted from the same asphalt batch vary considerably. 

Consequently, there are more parameters in foamed mixes while 
compared to standard hot mix. When known, these par ameters can 
be r ecorded, b ut they are dif ficult to  control in  general. As 
combined with t he large variation in binder content, it is c lear that 
the variability between test results in foamed mixes is larger that of 
hot mix.    

Regarding the gyratory compaction tests, these tests clearly show 
the effect of changing the time b etween mixing and compaction . In 
addition, th ese tests a lso show that at  25  g yrations, th e degr ee of 
compaction o f the ref erence mix at 150°C can be reach ed using  
foamed asphalt with  s hort p eriod time between mixing  and 
compaction. At 60 g yrations, the degr ee of  compaction of  the 
reference mix at 150°C can be reached in most cases; while at 200 
gyrations, the compaction level of the reference mix at 150°C is no 
longer reached. Other parameters, like foaming the b itumen, using  
active fil ler, type of  active f iller, and initial moisture content (1  or 
2.5%) were v aried, but their ef fects on g yratory compaction d ata 
were sm all whe n com pared to the va riability o f the test r esults. 
Hence, it was not possible to draw further conclusions.  

The water sensitivity tests clearly show the effects of curing. The 
ITSR increases with the increase of the time between compaction of 
the asphalt and testing. The ITSR tests also show an im provement 
on the water sensitivity by using foamed bitumen when compared to 
by just adding the (non-foamed) bitumen and using active filler. On 
the o ther hand , the ITSR tests r esults did  not allow dif ferentiating 
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the type of active filler applied or the initial water content of  2.5 or 
1%.  

Based on th e laboratory inv estigations of b itumen foaming  
techniques, we es timate that  high quality asph alt mixes cou ld be 
produced at 90° C in  lar ge scale pr ovided that all f actors ar e kept 
under carefully control. However, to maintain a high quality is very 
important to h ave a continuous control pr ogram during all 
production. 
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