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Abstract: The paper presents the effects of foamed asphalt modified with synthetic wax (SWLC) and tall oil 
amidopolyamine (TOA) at 1.5% m/m and 0.4% m/m, respectively, on an asphalt mixture containing reclaimed 
asphalt pavement (RAP). The experimental plan and research methodology for determining the properties of 
the innovative foamed asphalt are presented. The design called for a control asphalt mixture using hot mix-
ture technology and containing reclaimed asphalt pavement at 20% m/m, 40% m/m and 60% m/m to mineral 
aggregate. The asphalt mixture with RAP made with innovative foamed asphalt was produced at tempera-
tures characteristic of HWMA (Half Warm Mix Asphalt) technology. In order to recognise the behaviour of the 
asphalt mixtures with RAP, innovative foamed asphalt was added to the mixtures as part of the first stage of 
the study at Bmin + 0.3%, +0.6%. According to the test plan, their: compactness of air voids Va, water resist-
ance ITSR, indirect tensile strength at −10°C, 0°C, +10°C and +20°C, and resistance to permanent deformation 
WTSAIR and PRDAIR were evaluated. The results of the study were analysed and the effect of the innovative 
foamed asphalt on the properties of the assessed mineral and asphalt mixtures containing RAP at 20% m/m, 
40% m/m and 60% m/m in relation to the amount of mineral aggregate was assessed. The conclusion of the 
study is the selection of a recommended asphalt mixture in terms of the amount of RAP for further extended 
and functional research.
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1. INTRODUCTION
The dynamic development of Poland since the beginning 
of the 21st century would not have been possible with-
out the expansion of the road infrastructure, which was 
initiated by a programme to build motorways and motor-
ways and a network of secondary roads. The beginning 
of the 21st century was a period of intensive construction 
of new and upgrading of existing roads. During the up-
grading work, during the milling of the asphalt layers, re-
claimed asphalt concretes (RAP) were recovered from the 
road surface, which consists of two valuable materials, 
aggregate and asphalt binder. It should be noted that they 
are among the non-renewable material sources. It is there-
fore essential to reuse such a valuable material as RAP in 
accordance with the principle of a closed-cycle economy 
[1-4]. Using it again, its use can ensure sustainability in 
asphalt road surface construction. It should be noted that 
RAP is a very valuable material in terms of “energy” be-
cause it contains a  large amount of energy, which is as-
sociated with the extraction of aggregate from rock, the 
production of asphalt and the manufacture of the -asphalt 
mixture. Initially, primarily RAP was used during the pro-
duction of recycled substructures with asphalt emulsion 
or foamed asphalt [5-10] and to a  limited extent for the 
production of cement concretes [11]. However, due to the 
valuable nature of RAP as a construction layer material, 
work has been carried out around the world for several 
years on the possibility of using it in asphalt mixtures for 
the upper layers of road surface structures.
Unfortunately, there are technical and technological con-
ditions that significantly limit the possibility of using 
RAP for new mineral and asphalt mixtures produced us-
ing the traditional “hot” technology. Above all, they are 
related to the batch plants commonly used in Europe and 
in a large part of the world. This is because RAP cannot 
be directly combined with new aggregate, because if the 
material comes into contact with the burner flame, the as-
phalt contained in the RAP will be burned off, its quality 
will be reduced and excessive blue smoke will be emitted 
due to the combustion of the old binder [12]. Therefore, 
there is a reduction in RAP content during the production 
of asphalt mixtures in traditional installations, which is 
caused by the production process, which usually introduc-
es the RAP material at ambient temperature and then there 
is a process of heating by hot new aggregates. The end re-
sult is that the RAP material dries and heats up as a result 

of the conduction-heat-flow process when the RAP and 
aggregate come into contact [12-14]. An important factor 
limiting the widespread implementation of RAP for the 
production of asphalt mixtures is its high moisture con-
tent, which is usually around 7-8% [15]. It adversely af-
fects the process of rendering the new mineral and RAP, 
causing a slowing down of the production rate as a result 
of the need to extend its mixing time with the hot new 
aggregate for the required drying and heating [12], [16]. 
It is therefore advisable to keep the RAP as dry as possible 
and, to this end, it should be stored in sheds with a roof. At 
present, the existing restrictions allow the use of RAP of 
practically 20% in the composition of the mineral mixture 
and in special cases up to 30% [12]. To a  lesser extent, 
there are restrictions on the amount of RAP used in drum 
mixer, which, 30% limit in the new mineral mixture in 
cyclic operations, multidirectional work is being carried 
out on however, are not widely used [17]. In order to en-
able increasing the content of RAP above the possibility 
of heating it or using alternative technologies for the pro-
duction of mineral and asphalt mixtures.
A very important technological issue is to ensure that the 
asphalt mixture produced with the RAP similar or even 
more favourable physical and mechanical properties com-
pared to the control mixture [18], which should ensure 
the required service life of the RAP. A significant factor 
in this aspect is the homogeneity of the reclaimed asphalt 
road surface [19], particularly in terms of the content and 
properties of the reclaimed asphalt binder. With the in-
crease in the content of RAP in the new asphalt mix, the 
role of reclaimed asphalt binder becomes more important. 
This is all the more so as it has been subject to technolog-
ical and operational ageing processes [20-21] which can 
increase the stiffness of the new asphalt mix. Therefore, 
the use of recycled asphalt may cause concerns about the 
properties of the new asphalt mixture with the addition of 
RAP. In order to counteract these effects of reclaimed as-
phalt, regenerative additives are used to improve the vis-
coelastic properties of reclaimed asphalt [22-24]. Studies 
have shown that the effect of these additives can be both 
positive, improving the fatigue life of the asphalt mix-
ture [22], [24], and possibly negative [25].
One solution to the problems presented could be the use of 
water-foamed asphalt to render the asphalt mixture with 
an increased amount of RAP. Thanks to its characteristics, 
water-foamed asphalt enables the production of asphalt 
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On the basis of the research carried out, the optimum 
amounts of additives to ensure the most favourable char-
acteristics of the foamed binder and its basic and rheolog-
ical properties were determined. The SWLC synthetic wax 
content is 1.5% and the tall oil amidopolyamine content 
is 0.4% by weight of the binder, respectively. The foam-
ing characteristics of the 50/70 asphalt with the optimum 
amount of SWLC and TOA are shown in Fig. 1. They were 
determined based on previous and control exploratory 
foaming tests of the 50/70 asphalt with SWLC additions of 
1.0%, 1.5%, 2.5%, and 3.0%, and TOA additions of 0.0%, 
0.2%, 0.4%, and 0.6%, with water additions ranging from 
1.5% to 2.5% [32].

mixtures at temperatures between 100°C and 130°C [26-31], 
in addition, the moisture contained on the surface of the 
mineral aggregate/RAP is not a negative factor, but con-
tributes to further foaming of the asphalt. The reduced pro-
duction temperature of the foamed asphalt mixture also 
does not require the new aggregate to be heated to a high 
temperature. The negative effect of moisture contained 
in the RAP is also eliminated. In addition, the research 
carried out into the use of special additives in the asphalt 
prior to its foaming with water ensures high foaming pa-
rameters for the binder [32-34], which results in a very 
good environment for the new aggregate and RAP. The 
high quality of the mineral and asphalt mixture produced 
is guaranteed. Reducing the production temperature of the 
asphalt mixture also has a measurable economic as well 
as environmental effect as a result of reduced greenhouse 
gas emissions, particularly CO2 [35-36]. Tests carried out 
on asphalt with the addition of tall oil amidopolyamines 
(TOA) and a synthetic wax with a reduced SWLC carbon 
footprint produced a foamed asphalt with very high foam-
ing characteristics and limited binder ageing. Studies car-
ried out have also shown that the use of this type of binder 
has a regenerative effect on asphalt recovered from RAP 
[37-38]. The developed water-modified foamed asphalt is 
a binder dedicated to the production of asphalt mixtures 
with more than 30% RAP content at reduced production 
temperatures, while ensuring the required physical and 
mechanical properties.

2. METHODOLOGY AND MATERIALS
2.1. FOAMED ASPHALT
The study used 50/70 asphalt, which was foamed with 
water. Prior to foaming, LC synthetic wax SWLC with 
a  reduced carbon footprint [39] and tall oil amidopoly-
amine (TOA) [40] were dosed into the binder at 1.0%, 
1.5%, 2.0% and 2.5% and 0.0%, 0.2%, 0.4%, and 0.6% 
by weight of the asphalt, respectively. The properties of 
the asphalt additives used are summarised in Table 1 and 
Table 2.

Property Unit Value
Colour – white, yellowish

Flash point °C 285
Solidification temperature °C 95

Density at 25°C Mg/m3 0.9
Molecular weight g/mol approx. 1,000

Table 1. Essential characteristics of SWLC synthetic wax [39]

Property Unit Value
Appearance – brown liquid

Density at 20°C Mg/m3 0.88-0.98
Dynamic viscosity at 20°C 

Brookfield Spindle SC 4-183 mPa · s 3000

Solidification temperature °C <0
Flash point °C >218

Table 2. Essential characteristics TOA [40]
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Fig. 1. Foaming characteristics of asphalt 50/70 with optimal 
amount of SWLC and TOA

However, the properties of the 50/70 foamed asphalt with 
the optimum amount of SWLC and TOA are summarised in 
Table 3, which also gives the properties of the binder after 
asphalt foam breakdown.
The spectrogram of 50/70 asphalt with optimum WMA 
additive contents before foaming and after RTFOT and 
RTFOT + PAV ageing is shown in Fig. 2.
The values of indices Ic = o, Is = o and Ic = c are summarised 
in Table 4.
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Characteristics Unit Value Requirements

Maximum expansion of ER – 16.6 Wirtgen [39]

Half-life of HL s 14.4 Wirtgen [39]

Penetration at 25°C 0.1 mm 49.4 PN-EN 1426

Softening temperature °C 56.6 PN-EN 1427

Modulus of rigidity Sm 
at temperature:

MPa

PN-EN 14771

−10°C 105

−16°C 204

−22°C 421

Creep rate mvalue 
at temperature:

–−10°C 0.327

−16°C 0.290

−22°C 0.276

Table 3. Performance of foamed asphalt with optimal amount 
of SWLC and TOA

Index
Type of ageing

Unaged RTFOT RTFOT + PAV

Corbonyl Ic = o 0.0015 0.0024 0.0060

Sulfoxide Is = o 0.0018 0.0025 0.0074

Aromaticity Ic = c 0.0122 0.0126 0.0135

Table 4. Values of Ic = o, Is = o and Ic = c indices for foamed asphalt 
with optimal amount of SWLC and TOA

1.0

0.06 0.058 0.065

0.055

0.045

0.035

0.025

0.048

0.038

0.028

0.04

0.02

0.00
1800

1100
1700

1000

νasymCH3−

νC = O νS = O
σ = CH = CH2 σ = CH2

νsym−CH2−

σ−CH3&−CH2−
σ−CH3

1600
900 950 850 750 650

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

4000 3600
Wavenumber [cm−1]

Wavenumber [cm−1]
Wavenumber [cm−1] Wavenumber [cm−1]

3200 2800 2400 2000 1600 1200 800 400

Ab
so

rb
an

ce

Ab
so

rb
an

ce

Ab
so

rb
an

ce

Ab
so

rb
an

ce

unaged RTFOT RTFOT + PAV

Fig. 2. FTIR spectrogram of 50/70 foamed bitumen with an optimum concentration of 1.5% SWLC synthetic wax 
and 0.4% TOA tall oil amidopolyamine by weight of bitumen

2.2. DESIGN OF MINERAL AND ASPHALT 
MIXTURE WITH RAP
For the study, an AC 16W asphalt mixture was designed 
for the binder course of a  road surface structure loaded 
with KR3-4 traffic according to WT-2 2014 [42]. Aggre-
gates from the Świętokrzyskie Mountains were used in 
the mineral mix. Devonian limestone aggregate with grain 
sizes of 0/2 mm, 2/8 mm and 8/16 mm and 0/2 quartzite 
sandstone aggregate and limestone mineral meal were 
used. The grain size of the control AC 16W asphalt mix-
ture is shown in Fig. 3.
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Subsequently, mineral mixtures containing 20%, 40% 
and 60% RAP were designed based on the control miner-
al mixture AC 16W. The asphalt content of the RAP was  
4.7%. The mineral mixtures were designed to have a sim-
ilar grain size curve (Fig. 3), which should ensure that the 
asphalt mixtures made with them have similar air voids 
content. This will make it possible to assess the impact 
of the amount of RAP used in AC 16W asphalt mixtures 
using the developed innovative water-foamed asphalt 
with SWLC and TOA. The total amount of asphalt in the 
AC 16W asphalt mixtures with RAP was Bmin = 4.5%, and 
included innovative foamed asphalt and asphalt recovered 
from RAP (Table 6).

The control mixture with asphalt 50/70 produced us-
ing conventional technology was compacted at 135°C. 
In contrast, asphalt mixtures with RAP and innovative 
foamed asphalt at 100°C according to HWMA technology 
with foamed asphalt [43]. The RAP dosing temperature 
was determined experimentally, guided by the principle 
of achieving homogeneity in the HWMA asphalt mixture.

A 50/70 asphalt was used to design the AC 16W asphalt 
mixture in the traditional “hot” technology. The asphalt 
content Bmin = 4.5% was determined. The type tests per-
formed for the AC  16W asphalt mixture in accordance 
with WT-2 2014 are summarised in Table 5.
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Fig. 3. Design AC 16W asphalt mixtures without and with RAP

Properties Unit Category Value Standard

Air voids content in MMA, Va % (v/v) Vmin4.0

Vmax7.0
5.2 PN-EN 12697-8

Water resistance, ITSR % ITSR80 92.8 PN-EN 12697-12
Annex no. 1 to WT-2 p.1.

Resistance to permanent deformation:
PN-EN 12697-22WTSAIR mm/103 cycles WTSAIR0.15 0.108

PRDAIR % PRDAIR7.0 6.2

Table 5. Properties of the AC 16W asphalt mixture

Materials
Composition [% (m/m)]

Reference AC 16W AC 16W + 20% DA AC 16W + 40% DA AC 16W + 60% DA
MM MMA MM MMA MM MMA MM MMA

Limestone filler 4.0 3.8 3.0 2.9 2.0 1.9 1.0 0.9
Fine aggregate, 0/2, quartz sandstone 18.0 17.2 15.0 14.3 12.0 11.5 10.0 9.6

Fine limestone aggregate, 0/2 18.0 17.2 15.0 14.3 13.0 12.4 10.0 9.6
Coarse limestone aggregate, 2/8 25.0 23.9 16.0 15.3 8.0 7.6 – –
Coarse limestone aggregate, 8/16 35.0 33.4 31.0 29.6 25.0 23.9 19.0 18.1

RAP – – 20.0 19.1 40.0 38.2 60.0 57.3

Orlen 50/70 – 4.5 – 4.5 
3.6 + 0.9*) – 4.5 

2.6 + 1.9*) – 4.5 
1.7 + 2.8*)

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
*) asphalt recovered from RAP

Table 6. Composition of the AC 16W asphalt mixture with RAP
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3. RESULTS OF THE STUDY 
AND DISCUSSION OF THE FINDINGS
3.1. INFLUENCE OF FOAMED ASPHALT 
ON THE PROPERTIES OF ASPHALT 
RECOVERED FROM RAP
The essential characteristics of asphalt recovered from 
RAP are summarised in Table 7.

2.3. RESEARCH METHODOLOGY
The research plan developed consisted of two phases. The 
first involved a study of the effect of innovative foamed 
asphalt on the properties of asphalt recovered from RAP.
The change in the following properties of the recovered 
asphalt was analysed:
•	 penetration Pen at 25°C according to EN-PN 1426,
•	 softening temperature TR&B in accordance with 

EN-PN 1427,
•	 viscosity η at 60°C, 90°C and 135°C according to 

EN-PN 13302,
•	 blanc curves according to EN-PN 14770.
The PAV ageing process, which characterises changes in 
the binder over the life of the asphalt road surface, was 
also included in the study of the binder combination prop-
erties. The study was carried out on nine samples [44].
The second stage of the study involved an AC 16W as-
phalt mixture with RAP at 20%, 40% and 60% in the min-
eral mixture composition. In view of the fact that there is 
a  lack of research on asphalt mixtures with RAP made 
with foamed asphalt, the research was extended to include 
total asphalt content Bmin + 0.3% and +0.6% by weight of 
the binder.
The test programme for the asphalt mixture with RAP in-
cluded the determination of the following properties:
•	 air void content Va [%] according to EN-EN 12697-8,
•	 water sensitivity ITSR [%] according to EN-PN 12697-12, 

Annex 1 to WT-2 p.1,
•	 resistance to permanent deformation according to 

EN-PN 12697-26:
–	 WTSAIR [mm/103 cycles],
–	 PRDAIR [%],

•	 indirect tensile strength ITS according to EN-PN 12697-23, 
at −10°C, 0°C, +10°C and +20°C.

The results obtained were statistically analysed to deter-
mine their reliability and to determine the significance 
of the effect of the innovative foamed asphalt on the 
properties of the binder obtained from asphalt recovered 
from the RAP and the properties of the asphalt mixtures 
with RAP using ANOVA analysis of variance [44, 45]. 
The results of the study were visualised using Statistica 
softwear [46].

Characteristics Unit Value Requirements
Penetration Pen at 25°C 0.1 mm 15.7 PN-EN 1426

Softening temperature TR&B °C 68.8 PN-EN 1427

Table 7. Essential characteristics of asphalt recovered from RAP

Due to the fact that 20%, 40% and 60% of the RAP was 
used in the asphalt mixtures, so the composition of the 
binder in the asphalt mixtures was as follows:
•	 asphalt mixtures with 20% RAP: −3.6% foamed as-

phalt +0.9% recycled asphalt (L 20),
•	 asphalt mixtures with 40% RAP: −2.6% foamed as-

phalt +1.9% recycled asphalt (L 40),
•	 asphalt mixtures with 60% RAP: −1.7% foamed as-

phalt +2.8% recycled asphalt (L 60).
The effect of foamed asphalt on the penetration and sof-
tening point of the binder with asphalt recovered from 
RAP is shown in Fig. 4.
Based on the analysis of the characteristics shown in 
Fig. 4, it can be concluded that the use of an innovative 
foamed asphalt containing 1.5% SW and 0.4% TOA for 
both penetration at 25°C (Fig. 5a) and softening tempera-
ture (Fig. 5b) has a positive effect on the properties of the 
binder containing foamed asphalt and asphalt recovered 
from RAP. Innovative foamed asphalt contributes to the 
rejuvenation of asphalt recovered from RAP. At the same 
time, the intensity of the impact depends on its quantity 
in the binder used in the tests. The PAV ageing process of 
the binder adversely affects penetration at 25°C and the 
softening temperature. In general, the more asphalt re-
covered from the RAP in the binder tested, the lower the 
recovery of its properties. Analysing from a quantitative 
aspect the asphalt content of the RAP in the tested binder, 
it can be concluded that a practically limiting value is its 
content of up to 40%, for which the rejuvenation effect is 
still significant.
The effect of the innovative foamed asphalt on the dy-
namic viscosity at 60°C, 90°C and 135°C of the asphalt 
recovered from the RAP was then analysed (Fig. 5).
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the effect of lowering the viscosity of the binders tested 
in the experiment. They will thus surround the aggregate 
and RAP grains more efficiently when the AC 16W as-
phalt mixture is rendered. As the amount of asphalt recov-
ered from the RAP increases, the rejuvenating effect of 
the innovative foamed asphalt is reduced regardless of the 

Based on the analysis of the tested asphalt binders shown 
in Fig. 5, it can be concluded that the use of innovative 
foamed asphalt in the formulation of the tested binders 
similarly influences the rejuvenation of the asphalt from 
the RAP in terms of penetration at 25°C and softening 
temperature. The use of innovative foamed asphalt has 
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developed binder. A particularly favourable effect of the 
innovative foamed asphalt can be seen in the case of the 
20% asphalt content of the RAP in the binder under devel-
opment, which can be judged by the fore-run and curva-
ture of the characteristics shown in Fig. 6 compared with 
those of the RAP in Fig. 7. As the asphalt content of the 
RAP increases to 40% and 60% in the developed binder, 
the rejuvenating effect of the innovative foamed asphalt 
decreases, the characteristics of the Black curve becom-
ing similar to that shown in Fig. 6. The ageing process of 
PAV adversely affects the course of the analysed Black 
characteristics of the tested binders (innovative foamed 
asphalt + asphalt from the RAP), but they are still more 
favourable than those presented for asphalt recovered 
from the RAP (Fig. 6). It should be noted that the Black 
curves for the developed binder containing 40% and 60% 
asphalt from the RAP are close to each other.
In summary, the rejuvenating effect of the innovative 
foamed asphalt with the addition of 1.5% synthetic wax 
and 0.4% tall oil amidopolyamine is observed up to 
a  compactness of 40% of the recovered asphalt in the 
composed binder.

temperature of the viscosity test. It should be noted that 
the aging process of PAV has a negative effect on the de-
veloped binder consisting of RAP and innovative foamed 
asphalt regardless of their proportional content and test 
temperature. Taking into account the rejuvenating effect 
of the innovative foamed asphalt for the unaged and post-
PAV binder under development, it can be assumed that 
40% of the asphalt recovered from the RAP in its formu-
lation is the borderline value.

Black’s curves were drawn from the oscillation tests 
performed on the binders in the DHR rheometer. Fig. 6 
shows the Black curve for the asphalt recovered from the 
RAP. On the other hand, Fig. 7, Fig. 8 and Fig. 9 show the 
Black curves for a binder containing innovative foamed 
asphalt and asphalt recovered from RAP in the follow-
ing proportions of 80% : 20%, 60% : 40% and 40% : 60%, 
respectively.

By analysing Black’s curves showing the dependence 
of the binder’s composite modulus in terms of the phase 
shift angle, it is clear that the innovative foamed asphalt 
has a positive effect on the asphalt from the RAP and the 
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in the asphalt mixture. Increasing the binder content to 
Bmin + 0.3% and +0.6% has the effect of significantly re-
ducing the void content, which is the result of overfilling 
by the binder. The use of an RAP in the range of 20% to 
40% in the asphalt mixture results in a slight reduction in 
the void content compared to the control asphalt mixture. 
This is most likely the result of the effect of the foamed 
asphalt on the very good surrounding of the aggregate 
grains and the RAP with the binder [9], which ensures 
improvements in the compaction of the asphalt mixture. 
In the asphalt mixture containing 60% RAP, there was 
a  slight increase in void content, most likely caused by 
the excessive use of recycled asphalt, which increased 
the binder’s viscosity and hindered compaction at low 
temperatures.

Another parameter analysed for the AC  16W asphalt 
mixture with RAP was the susceptibility to water impact 
characterised by the ITSR index in terms of the innovative 
foamed asphalt content, which is shown in Fig. 11.

3.2. INFLUENCE OF FOAMED ASPHALT 
ON THE PROPERTIES OF THE ASPHALT 
MIXTURE WITH RAP
The basic parameter of an asphalt mixture on which all its 
other characteristics depend is the air void content Va (%). 
It shapes the water susceptibility ITSR and the resistance 
to the formation of permanent deformations characterised 
by the WTSAIR and PRDAIR parameters. The first phase 
of the research has just analysed the effect of the RAP 
content of the AC 16W asphalt mixture using innovative 
foamed asphalt.
The effect of the amount of RAP on the void content Va 
of the AC 16W asphalt mixture with innovative foamed 
asphalt is shown in Fig. 10.
The air voids content of the AC  16W asphalt mixture 
should be between 4% and 7% according to WT-2 [40]. 
By analysing the Va characteristics shown in Fig. 10, it can 
be seen that practically only for Bmin does the void con-
tent meet this criterion, regardless of the amount of RAP 
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The analysis of the rut growth rate parameter WTSAIR pre-
sented in Fig.  12 shows that increasing the total binder 
content of the tested AC 16W asphalt mixtures with RAP 
above Bmin results in a significant increase in the value of 
the analysed characteristic and its permissible value of 
0.15 mm/103  cycles is exceeded. Only asphalt mixtures 
with a  total binder content of Bmin meet the criterion for 
an acceptable WTSAIR limit. It should be noted that the use 
of innovative foamed asphalt and asphalt recovered from 
RAP in the binder composition has a positive effect on the 
value of the WTSAIR parameter. Which is most likely due 
to the stiffening role of the asphalt from the RAP. The rut 
growth rate in asphalt mixtures containing 20%, 40%, and 
60% RAP is lower than in the control mixture made with 
50/70 hot-mix asphalt.

Analysis of the results shown in Fig.  11 indicates that 
as the amount of asphalt recovered from RAP and the 
amount of binder (innovative foamed asphalt + asphalt 
recovered from RAP) in the asphalt mixtures increases, 
the ITSR parameter practically approaches 100%. It can 
be concluded that, by the same token, the AC 16W as-
phalt mixtures with RAP used behave in the same way as 
hot-mixed asphalt when the bitumen quantity is increased 
to Bmin + 0.6%.

A very important parameter of asphalt mixtures is their 
resistance to the formation of permanent deformations 
characterised by the WTSAIR and PRDAIR parameters, which 
are shown in Fig. 12 and Fig. 13.
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The test results shown in Fig. 14 indicate that there is an 
increase in the indirect tensile strength of the AC  16W 
asphalt mixture as the test temperature decreases. And 
increasing the binder content of the asphalt mixture has 
the effect of reducing the indirect tensile strength in the 
temperature range +10°C and +20°C. In contrast, a reduc-
tion in intermediate tensile strength is observed across the 
binder dosage range at −10°C and 0°C at 20% and 40% 
RAP, respectively, due to the use of an innovative foamed 
binder containing 1.5% synthetic wax and 0.4% TOA. On 
the other hand, there is an increase in the intermediate 
tensile strength values of AC 16W at a  content of 60% 
of the RAP, which may be a consequence of the fact that 
asphalt recovered from the RAP and not the innovative 
water-foamed binder plays a predominant role in the total 
binder content of the asphalt mixture.

A similar trend to WTSAIR, is found for the PRDAIR param-
eter of the analysed asphalt mixtures with RAP. With a to-
tal binder content of Bmin, the limit value of 7.0% for the 
analysed parameter is exceeded for practically all asphalt 
mixtures. On the other hand, in terms of Bmin in asphalt 
mixtures, the beneficial effect of the use of an innovative 
foamed asphalt that renews the asphalt from the RAP. 
However, as the proportion of recycled asphalt increases 
relative to the innovative foamed asphalt, the stiffening ef-
fect of the aged asphalt from the RAP becomes apparent.

Another parameter analysed is the indirect tensile 
strength ITS of the AC 16W asphalt mixture containing 
RAP and foamed asphalt determined in accordance with 
PN-EN 12697-23:2017-12 in terms of test temperatures, 
which is shown in Fig. 14.

D 0%

D 0%

0.20

9

0.18

8

0.14

6

0.16

7

0.12

5

0.10

4

0.08

3

W
TS

AI
R
 [m

m
/1

03 
cy

cl
es

]
P

R
D

AI
R
 [%

]

0.06

2

0.04

1

0.00

0

0.02

D 0%

D 0%

Bitumen content in AC 16W

Bitumen content in AC 16W

D 0%

D 0%

D 20%

D 20%

Bmin

Bmin

Bmin + 0.3%

Bmin + 0.3%

Bmin + 0.6%

Bmin + 0.6%

D 20%

D 20%

D 20%

D 20%

D 40%

D 40%

D 40%

D 40%

D 40%

D 40%

D 60%

D 60%

D 60%

D 60%

D 60%

D 60%

Fig. 12. Influence of the binder on the resistance to permanent deformation of WTSAIR 
in an asphalt mixture in terms of the amount of RAP (D)

Fig. 13. Influence of the binder on the resistance to permanent deformation of PRDAIR 
in an asphalt mixture in terms of the amount of RAP (D)



Mateusz M. Iwański, Piotr Ramiączek, Małgorzata Durlej, Karolina Janus, Krzysztof Maciejewski, Szymon Malinowski, Renata Horodecka518

and 0.4% tall oil amidopolyamine on the properties of the 
AC 16W asphalt mixture with RAP, the following conclu-
sions can be drawn:
1.	Innovative foamed asphalt has a rejuvenating effect on 

the properties of asphalt recovered from RAP. The in-
tensity of its impact depends on the amount of bitumen 
recovered and decreases as its proportion in the com-
posed binder increases. The most favourable binder 
composition contains 60% innovative foamed asphalt 
and 40% recycled asphalt.

2.	The developed asphalt mixture containing RAP and 
an innovative binder composition behaves in the same 
way when increasing the binder quantity above Bmin as 
a traditional hot asphalt mixture.

3.	The innovative foamed asphalt combined with asphalt 
recovered from RAP at Bmin yields more favourable 

In summary, it can be concluded that the most favourable 
indirect tensile strength of ITSs in the temperature range 
−10°C to +20°C is characterised by the asphalt mixture 
containing 40% RAP as compared to the control at Bmin 
content. In the temperature range −10°C and 0°C the in-
direct tensile strength of this asphalt mixture is more than 
10% lower than the indirect tensile strength of control as-
phalt mixture with 50/70 asphalt. Thus, it will be more 
resistant to the cracking process. However, in the temper-
ature range +10°C and +20°C, its indirect tensile strength 
is more than 10% higher than that of the control A mix, 
which will ensure that the road surface made from it will 
last longer in the summer temperature range.

4. CONCLUSIONS
On the basis of the studies carried out on the effect of 
foamed asphalt with the addition of 1.5% synthetic wax 
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research into its complex rheological parameters. Obtain-
ing a comprehensive study will indicate the potential fea-
sibility of implementing this type of asphalt mixture into 
road practice.
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basic physical and mechanical properties for the as-
phalt mixture than for the traditional asphalt mixture.

4.	The use of innovative foamed asphalt ensures that the 
required parameters of the asphalt mixture with RAP 
are achieved at the reduced compaction temperature 
of 100°C.

The positive results obtained for the basic physico-me-
chanical properties of the asphalt mixture with RAP and 
innovative foamed asphalt indicate the need for further 

REFERENCES
[1]	 Kukiełka J., Bańkowski W.: The experimental study of min-

eral-cement-emulsion mixtures with rubber powder addition. 
Construction and Building Materials, 226, 2019, 759-766, 
DOI: 10.1016/j.conbuildmat.2019.07.276

[2]	 Al-Qadi I.L., Elseifi M.A., Carpenter S.H.: Reclaimed as-
phalt pavement – a  literature review. Research Report FH-
WA-ICT-07-001, Illinois Center for Transportation, University 
of Illinois at Urbana-Champaign: Rantoul, IL, USA, 2007

[3]	 Silva H.M.R.D., Oliveira J.R.M., Jesus C.M.G.: Show more 
are totally recycled hot mix asphalts a sustainable alternative 
for road paving? Resources, Conservation and Recycling, 
60, 2012, 38-48, DOI.: 10.1016/j.resconrec.2011.11.013

[4]	 Elkashef M., Williams R.C., Cochran E.: Investigation of fa-
tigue and thermal cracking behaviour of rejuvenated reclaimed 
asphalt pavement binders and mixtures. International Journal of 
Fatigue, 108, 2018, 90-95, DOI:10.1016/j.ijfatigue.2017.11.013

[5]	 Visintine B., Khosla P.N., Tayebali A.: Effects of higher per-
centage of recycled asphalt pavement on pavement perfor-
mance. Road Materials and Pavement Design, 14, 2, 2013, 
432-437, DOI: 10.1080/14680629.2013.779310

[6]	 Iwański M., Chomicz-Kowalska A.: The effects of using 
foamed bitumen and bitumen emulsion in the cold recycling 
technology. Proceedings of the 8th International Conference 
“Environmental Engineering”, Vilnius, Lithuania, 1-3, 2011, 
1089-1096

[7]	 Iwański M., Buczyński P., Mazurek G.: The use of gab-
bro dust in the cold recycling of asphalt paving mixes 
with foamed bitumen. Bulletin of the Polish Academy of 
Sciences Technical Sciences, 64, 4, 2016, 763-773, DOI: 
10.1515/bpasts-2016-0085

[8]	 Mondal P.G., Kuna K.K.: Mix design considerations for 
foamed bitumen stabilized materials: a review, Constraction 
and Building Materials. 326, 2022, Article ID: 126783, DOI: 
10.1016/j.conbuildmat.2022.126783

[9]	 Technical Guideline TG2: Bitumen stabilised materials 
– A  guideline for the design and construction of bitumen 
emulsion and foamed bitumen stabilised materials. Second 
Edition. Asphalt Academy, Pretoria, South Africa, 2009

[10]	 Kandhal P.S., Mallick R.B.: Pavement recycling guidelines 
for state and local governments. US Department of Trans-
portation Federal Highway Administration, Raport No. FH-
WA-SA-98-042, Auburn, AL, USA, 1997

[11]	 Iwański M.M., Linek M., Nita P., Piotrowska P., Remišová E.: As-
sessment of suitability of reclaimed asphalt pavement material 
for use in cement concrete pavements. Roads and Bridges – Dro- 
gi i Mosty, 22, 1, 2023, 63-80, DOI: 10.7409/rabdim.023.004

[12]	 Zaumanis M., Mallick R., Frank R.: 100% recycled hotmix as-
phalt: A review and analysis. Resources, Conservation and Recy-
cling. 92, 2014, 230-245, DOI: 10.1016/j.resconrec.2014.07.007

[13]	 West R.C.: Best practices for RAP and RAS management. 
National Asphalt Pavement Association (NAPA), Quality 
Improvement Series 129, Lanham, MD, USA, 2015, https://
www.asphaltpavement.org/uploads/documents/Engineering- 
Pubs/QIP129_RAP_-_RAS_Best_Practices_lr.pdf (available: 
13.10.2025)

[14]	 Willis J.R., Marasteanu M.: Improved mix design, evalua-
tion, and materials management practices for hot mix asphalt 
with high reclaimed asphalt pavement content. NCHRP Re-
port 752, National Cooperative Highway Research Program 
(NCHRP), Transportation Research Board (TRB), National 
Academies of Sciences, Engineering, and Medicine. The Na-
tional Academies Press, Washington, DC, USA, 2013

[15]	 Brock J.D., Richmond L.J.: Milling and Recycling. Technical 
paper T-127, Astec Industries, Chattanooga, TN, USA, 2006, 
http://roadtec.com.ua/images/media/literature-eng/t127_
techpaper_millingrecycling.pdf (available: 13.10.2025)

[16]	 Tarsi G., Tataranni P., Sangiorgi C.: The challenges of us-
ing reclaimed asphalt pavement for new asphalt mixtures: 
A  review. Materials, 13, 18, 2020, Article ID: 4052, DOI: 
10.3390/ma13184052

[17]	 Król J., Włodarski P., Jackowski Ł.: Właściwości mieszanek 
mineralno-asfaltowych ze zwiększoną ilością granulatu asfal-
towego. Drogownictwo, 69, 11, 2014, 373-379 (in Polish)



Mateusz M. Iwański, Piotr Ramiączek, Małgorzata Durlej, Karolina Janus, Krzysztof Maciejewski, Szymon Malinowski, Renata Horodecka520

[29]	 Iwański M., Chomicz-Kowalska A., Mazurek G., Buczyński P., 
Cholewińska M., Iwański M.M., Maciejewski  K., Ramią-
czek P.: Effects of the water-based foaming process on the ba-
sic and rheological properties of bitumen 70/100. Materials, 
14, 11, 2012, Article ID: 2803, DOI: 10.3390/ma14112803

[30]	 Iwański M., Chomicz-Kowalska A., Maciejewski K., Iwański 
M.M., Radziszewski P., Liphardt A., Król J.B., Sarnowski M., 
Kowalski K.J., Pokorski P.: Effects of laboratory ageing 
on the FTIR measurements of water-foamed bio-fluxed as-
phalt binders. Materials, 16, 2, 2023, Article ID: 513, DOI: 
10.3390/ma16020513

[31]	 Iwański M.M., Chomicz-Kowalska A., Maciejewski K.: 
Impact of additives on the foamability of a  road pav-
ing bitumen. IOP Conference Series: Materials Science 
and Engineering, 603, 4, 2019, Article ID: 042040, DOI: 
10.1088/1757-899X/603/4/042040

[32]	 Iwański M.M.: Synergistic effect of F–T synthetic wax and 
surface-active agent content on the properties and foaming 
characteristics of bitumen. Materials, 14, 2, 2021, Article ID: 
300, DOI: 10.3390/ma14020300

[33]	 Jahan H., Kar S.S., Krishna Swamy A.: Performance of foamed 
bituminous mixtures for the construction of pavements: A re-
view. Construction and Building Materials, 453, 2024, Arti-
cle ID: 139024, DOI: 10.1016/j.conbuildmat.2024.139024

[34]	 Van de Ven M.F.C., Jenkins K.J., Voskuilen J.L.M., Van 
den Beemt R.: Development of (half-) warm foamed bi-
tumen mixes: State of the art. International Journal 
of Pavement Engineering. 8, 2, 2017, 163-175, DOI: 
10.1080/10298430601149635

[35]	 Vaitkus A., Čygas D., Laurinavičius A., Perveneckas Z.: Analy-
sis and evaluation of possibilities for the use of warm mix asphalt 
in Lithuana. The Baltic Journal of Road Bridge Engineering, 
4, 2, 2009, 80-86, DOI: 10.3846/1822-427X.2009.4.80-86

[36]	 Almeida-Costa A., Benta A.: Economic and environmen-
tal impact study of warm mix asphalt compared to hot mix 
asphalt. Journal of Cleaner Production, 112, Part 4, 2016, 
2308-2317, DOI: 10.1016/j.jclepro.2015.10.077

[37]	 Iwański M.M., Janus K., Durlej M.: Effect of WMA addi-
tives on asphalt ageing – case study. Proceedings of the 9th 
World Multidisciplinary Congress on Civil Engineering, 
Architecture, and Urban Planning (WMCCAU 2024), Ostra-
wa, Czech Republic, 2024. Inżynieria Mineralna – Journal 
of the Polish Mineral Engineering Society, 1, 2, 2024, 1-8, 
http://yadda.icm.edu.pl/baztech/element/bwmeta1.element.
baztech-aacc9a4a-e899-4f8a-8acf-fa5f5758e0b1 (available: 
13.10.2025)

[38]	 Iwański M.M., Durlej M., Janus K., Horodecka R.: The effect 
of synthetic wax and surface-active agent on the aging and 
low-temperature properties of 50/70 bitumen before and af-
ter foaming. Roads and Bridges – Drogi i Mosty, 23, 3, 2024, 
311-329, DOI: 10.7409/rabdim.024.015

[18]	 Tran N., Taylor A., Willis R.: Effect of rejuvenator on perfor-
mance properties of HMA mixtures with high RAP and RAS 
contents. National Centre for Asphalt Technology: (NCAT), 
Report 12-05; Auburn, AL, USA, 2012, https://www.eng.au-
burn.edu/research/centers/ncat/files/technical-reports/rep12-
05.pdf (available: 13.10.2025)

[19]	 Radziszewski P.: Zmiany właciwości lepkosprężystych lepisz-
czy modyfikowanych i  mieszanek mineralno-asfaltowych 
w wyniku procesu starzenia. Wydawnictwo Politechniki Bia-
łostockiej, Białystok, 2007 (in Polish)

[20]	 Woo W.J., Chowdhury A., Glover C.: Field aging of unmod-
ified asphalt binder in three Texas long-term performance 
pavements. Transportation Research Record: Journal of the 
Transportation Research Board, 2051, 1, 2008, 15-22, DOI: 
10.3141/2051-03

[21]	 Malinowski S., Woszuk A., Franus W.: Modern two-compo-
nent modifiers the aging process of road bitumen. Construc-
tion and Building Materials, 409, 2023, Article ID: 133838, 
DOI: 10.1016/j.conbuildmat.2023.133838

[22]	 Mogawer W., Booshehrian A., Vahidi S., Austerman A.: Eval-
uating the effect of rejuvenators on the degree of blending 
and performance of high RAP, RAS, and RAP/RAS mix-
tures. Road Materials and Pavement Design, 14, sup2, 2014, 
193-213, DOI: 10.1080/14680629.2013.812836

[23]	 Kowalski K., Król J., Bańkowski W., Radziszewski P., Sarnow-
ski M.: Thermal and fatigue evaluation of asphalt mixtures 
containing RAP treated with a bio-agent. Applied Sciences, 
7, 3, 2017, Article ID: 216, DOI: 10.3390/app7030216

[24]	 Iwański M., Chomicz-Kowalska A., Maciejewski K., Iwań-
ski M.M., Radziszewski P., Liphardt A., Król J.B., Sarnowski M., 
Kowalski K.J., Pokorski P.: Warm mix asphalt binder utilizing 
water-foaming and fluxing using bio-derived agent. Materials, 
15, 24, 2022, Article ID: 8873, DOI: 10.3390/ma15248873

[25]	 Mackiewicz P.: Fatigue life of bituminous mixtures used in 
road pavements. Oficyna Wydawnicza Politechniki Wroc-
ławskiej, Wrocław, 2016

[26]	 Jenkins K.J.: Mix design considerations for cold and half-
warm bituminous mixes with emphasis on foamed bitumen. 
PhD Dissertation, University of Stellenbosch, Faculty of 
Engineering, Department of Civil Engineering, Stellebosch, 
South Africa, 2000

[27]	 Li Q., Song S., Wang J., Wang N., Zhang S.: A review of the de-
velopment of asphalt foaming technology, Journal of Road Engi-
neering, 4, 3, 2024, 334-347, DOI: 10.1016/j.jreng.2024.04.004

[28]	 Chomicz-Kowalska A., Maciejewski K., Iwański M.M., Ja-
nus  K.: Effects of zeolites and hydrated lime on volumet-
rics and moisture resistance of foamed warm mix asphalt 
concrete. Bulletin of the Polish Academy of Sciences Tech-
nical Sciences, 69, 2, 2021, Article ID: e136731, DOI: 
10.24425/bpasts.2021.136731



Roads and Bridges – Drogi i Mosty  24  (2025)  507 – 521 521

[43]	 Chomicz-Kowalska A., Gardziejczyk W., Iwański M.M.: 
Analysis of IT-CY stiffness modulus of foamed bitumen 
asphalt concrete compacted at 95°C. Procedia Engineering, 
172, 2017, 550-559, DOI: 10.1016/j.proeng.2017.02.065

[44]	 Montgomery D.M.: Design and analysis of experiments. 
Eighth edition, John Wiley & Son Inc., Hoboken, New Jer-
sey, USA, 2013

[45]	 Lazić Ž.R.: Design of experiments in chemical engineering: 
a practical guide. 1st Reprint, Wiley‑VCH Verlag GmbH & Co. 
KGaA, Weinheim, Germany, 2007

[46]	 STATISTICA 13.3. Statsoft, www.statsoft.com (license shar-
ing: 20.08.2019)

[39]	 Sasobit L.C. – Asphalt additives. Sasol Chemicals, Ham-
burg, Germany, https://www.sasobit.com/files/downloads/
en/sasobit/ST_1041_OP_SASOBIT_3_Products_LR.pdf 
(available: 18.07.2025)

[40]	 Środek adhezyjny do asfaltów drogowych WETFIX BE. No-
uryon, AkzoNobel. izbudujemy.pl https://www.izbudujemy.
pl/produkty/18048/Srodek-adhezyjny-do-asfaltow-drogo-
wych-WETFIX-BE (available in Polish: 13.10.2025)

[41]	 Wirtgen Cold Recycling Technology, 1st ed. Wirtgen GmbH, 
Windhagen, Germany, 2012

[42]	 WT-2 2014 Wytyczne techniczne: Nawierzchnie asfaltowe 
na drogach krajowych. Część I: Mieszanki mineralno-asfal-
towe. Generalna Dróg Krajowych i Autostrad, 2014, Za-
łącznik do zarządzenia Nr 54 GDDKiA z dnia 18.11.2014 r. 
(in Polish)

Efekt oddziaływania asfaltu spienionego na właściwości 
mieszanki mineralno-asfaltowej z destruktem asfaltowym

Słowa kluczowe: �innowacyjny asfalt spieniony, mieszanka mineralno-asfaltowa, RAP, technologia HWMA, właści-
wości fizyko-mechaniczne.

Streszczenie: W referacie przedstawiono wpływ asfaltu spienionego modyfikowanego woskiem syntetycznym (SWLC) 
i amidopolaminą oleju talowego (TOA) odpowiednio w ilości 1,5% m/m i 0,4% m/m na mieszankę mineralno-asfaltową 
z destruktem asfaltowym. Przedstawiono plan eksperymentu oraz metodykę badawczą dotyczącą oznaczenia właś-
ciwości innowacyjnego asfaltu spienionego. Projekt zakładał wykonanie kontrolnej mieszanki mineralno-asfaltowej 
w technologii „na gorąco” oraz zawierającej destrukt asfaltowy w ilości 20% m/m, 40% m/m i 60% m/m w stosunku 
do  kruszywa mineralnego. Mieszankę mineralno-asfaltową z  destruktem asfaltowym wykonaną z  innowacyjnym 
asfaltem spienionym wytwarzano w temperaturze charakterystycznej dla technologii HWMA (ang. Half Warm Mix 
Asphalt). W celu rozpoznania zachowania mieszanek mineralno-asfaltowych w destruktem w ramach pierwszego 
etapu badań dodawano do nich innowacyjny asfalt spieniony w ilości Bmin + 0,3%, +0,6%. Zgodnie z planem badań do-
konano oceny ich: zwartości wolnych przestrzeni Va, odporności na oddziaływanie wody ITSR, wytrzymałość na po-
średnie rozciąganie w temperaturze −10°C, 0°C, +10°C i +20°C oraz odporność na deformacje trwałe WTSAIR i PRDAIR. 
Dokonano analizy wyników badań i oceniono wpływ innowacyjnego asfaltu spienionego na właściwości ocenianych 
mieszanek mineralno-asfaltowych zawierających destrukt asfaltowy w ilości 20% m/m, 40% m/m i 60% m/m w sto-
sunku do ilości kruszywa mineralnego. Podsumowaniem pracy jest wybór rekomendowanej mieszanki mineralno-
-asfaltowej w aspekcie ilości destruktu asfaltowego do dalszych rozszerzonych i funkcjonalnych badań.


