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Abstract: The paper presents the results of research on the simultaneous use of reclaimed asphalt pavement 
(RAP), highly polymer modified binder and selected warm mix asphalt (WMA) additive in asphalt concrete for 
wearing course. The scope of the research included evaluation of the characteristics of compactability, resist-
ance to permanent deformation, resistance to water and frost damage, as well as assessing the influence of 
short- and long-term ageing. Three types of mixtures were tested: 1) reference mixture without RAP, 2) mixture 
with RAP with binder replacement (BR) ratio of the level of 26% and 3) mixture with RAP with the same BR ra-
tio and WMA additive. Mixtures 1) and 2) were prepared and compacted at 160°C and 145°C while mixing and 
compaction temperatures for mixture 3) were 145°C and 115°C, respectively. The obtained results indicate that 
there are no reasons not to use simultaneously highly polymer modified bitumen with WMA additive in a mix-
ture containing RAP, which in fact improved compactability characteristics. However, the issue of resistance 
to environmental factors (water and frost) requires further research as mixture with RAP and WMA additive did 
not meet required level of resistance to water and frost damage.
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reach up to 7.5% or even 9% [7]. Thanks to this, highly 
modified bitumen is superior in terms of resistance to per-
manent deformation and cracking characteristics [8-11]. 
For the above-mentioned reasons, highly modified bitu-
men offers significant benefits when used in bridge pave-
ments [12] or for overlays on jointed concrete pavements, 
where there is high risk of reflective cracking [13].
However, there are still several issues related to the stor-
age and handling of such bitumen, as well as its correct 
placement and compaction [2], as well as the effects of 
ageing on mixtures with highly modified asphalt [14] or 
interaction after adding RAP into the mixture with such 
bitumen [15]. Highly polymer modified bitumen requires 
rather careful attention during storage, production and 
compacting asphalt mixtures with it [16], especially in 
terms of storage time and technological temperatures. 
These characteristics of highly modified bitumen may 
cause difficulties when trying to use it for hot recycling, 
where new mixture incorporates RAP.
1.2. RESEARCH SCOPE
The topic of simultaneous use of highly modified bitumen 
in the production of asphalt mixtures with RAP and WMA 
additives seems to be not fully explored yet, which was 
the reason for undertaking the described research. The 
article presents the results of tests of selected properties 
of asphalt mixture such as compactability, resistance to 
water and frost damage, resistance to permanent defor-
mation and aging characteristics. One mixture of asphalt 
concrete AC 11 S for wearing course was tested in three 
variants: a  reference mixture with highly modified as-
phalt PMB 45/80-80, a mixture with the addition of RAP, 
and a warm asphalt mixture with the addition of RAP and 
a liquid WMA agent. Reference mixture and mixture with 
RAP were produced and compacted at normal tempera-
ture while temperature of mixing and compaction for the 
warm asphalt mixture was significantly reduced.

2. MATERIALS
2.1. AGGREGATES
Granite grits with fractions of 2/5, 4/8, 8/11 and crushed 
sand 0/2 were used to produce the mineral mixture. Only 
new limestone filler was used as filler, without the addi-
tion of baghouse fines.
2.2. BITUMEN
Highly modified bitumen 45/80-80 was selected as a new 
binder for asphalt mixtures evaluated in this study. This 

1. INTRODUCTION
1.1. BACKGROUND
Over the last 25 years, Poland has seen a  rapid expan-
sion of its network of motorways and expressways. Since 
2004, approximately 4,500 km of these roads have been 
built and opened for use, which, together with existing 
sections, totals approximately 5,200 km, of which the vast 
majority – approximately 4,000 km (77%) – have asphalt 
pavements. For many sections of motorways and express-
ways built in recent years, the time also comes for the 
resurfacing process because wearing course – even the 
best constructed – must be replaced periodically. In Pol-
ish conditions, the typical service life of a wearing course 
should not exceed 12-15 years. Milling the wearing course 
with a thickness of 4 cm from a 10 km section of a dual 
carriageway expressway will generate approximately 
20,000 tons of reclaimed asphalt pavement (RAP), which 
must be recycled to protect the environment and mini-
mize the use of new rock materials, especially since re-
claimed asphalt from the Polish expressway network is an 
extremely valuable material containing high-quality ag-
gregates and polymer modified bitumen (PMB 45/80-80). 
In recent years, new technologies have also emerged 
that significantly reduce the environmental impact of as-
phalt pavement construction. Such technologies include 
1)  warm mix asphalt mixtures with reduced production 
and compaction temperatures and 2) highly modified 
bitumen, which significantly improve pavement perfor-
mance, even compared to polymer modified bitumen, 
which have been widely used in Poland for over 20 years. 
It is expected that future resurfacing works will have to 
incorporate all of the above technologies to ensure pave-
ment high performance and reduce environmental of the 
construction process.
The superiority of highly modified bitumen over tradi-
tional polymer modified bitumen, not to mention paving 
grade bitumen, is well known and documented [1-4]. The 
main difference between the above-mentioned modified 
bitumen is the polymer content, which most often is sty-
rene-butadiene-styrene (SBS) elastomer. According to re-
search [5], a transition zone between a discontinuous and 
continuous polymer matrix begins to form when the mod-
ifier content exceeds 4.5%. In the case of traditional mod-
ified bitumen produced in Poland, the modifier content is 
usually in the range of 2.5-4%, while in the case of highly 
modified bitumen this amount exceeds 6% [6] and can 
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from RAP are presented in Table 2. For comparison pur-
poses, Table 2 also includes permissible parameter ranges 
for the currently produced modified asphalt 45/80-55.

type of bitumen can be used for wearing courses of highly 
trafficked roads, especially motorways, expressways and 
areas subjected to low-speed heavy traffic (crossroads, 
bus lanes and stops, logistic centres, etc.). The permis-
sible ranges of basic properties of the selected bitumen 
according to the producer are presented in Table 1.

Property
Requirements 

acc. to [17]
Mean 
value

Typical 
range

45/80-80
Penetration at 25°C [0.1 mm], 

acc. to PN-EN 1426 45-80 62.6 56.3-68.9

Softening point [°C], 
acc. to PN-EN 1427 ≥80 92.8 90.2-95.4

Fraass breaking point [°C], 
acc. to PN-EN 12593 ≤−18 −20.7 −22.1-−19.3

Elastic recovery at 25°C [%], 
acc. to PN-EN 13398 ≥80 94.2 90.2-98.1

Property
Permissible 

original range
Recovered 
from RAP

PMB 45/80-55 
acc. to [17]

45/80-80
Penetration at 25°C 

[0.1 mm], 
acc. to PN-EN 1426

50-80 23 45-80

Softening point [°C], 
acc. to PN-EN 1427 ≥53 67 ≥55

Fraass breaking 
point [°C], 

acc. to PN-EN 12593
≤−13 −12 ≤−15

Elastic recovery 
at 25°C [%], 

acc. to PN-EN 13398
≥50 69 ≥70

Table 1. Properties of 45/80-80 highly polymer modified 
bitumen [16]

Table 2. Properties of DE 80B polymer modified bitumen

2.3. RECLAIMED ASPHALT 
PAVEMENT (RAP)
In the presented research, RAP obtained from selective 
milling of the wearing course SMA 11 with SBS modified 
binder collected from the road pavement in northern Po-
land was used. At the time of milling, the wearing course 
had approximately 15 years of service life and had car-
ried traffic equal to approximately 7.7 million of 115 kN 
equivalent standard axles, which equals to approximately 
13.5 million of 100 kN ESALs or 32.9 million of 80 kN 
ESALs. As the pavement from which the RAP was ac-
quired was constructed several years ago, the polymer 
modified bitumen used to produce the SMA mixture (des-
ignated back then as DE 80B) met slightly different stand-
ard requirements than the polymer bitumen produced 
today. It is assumed that the equivalent of the previously 
produced DE 80B modified bitumen is the currently pro-
duced 45/80-55 modified bitumen.
The RAP was milled to a maximum particle size of 22 mm, 
with the maximum size of aggregate from RAP equal to 
11 mm (22 RAP 0/11). The original aggregates used for 
SMA production were made of basalt and gabbro. The con-
tent of soluble binder in the analysed RAP was 5.3%. The 
total (soluble and non-soluble) binder content in the orig-
inal mixture according to the original mix design formula 
6.0%. The declared original bitumen parameters according 
to archived documents and parameters of bitumen extracted 

As can be seen in Table 2, 15 years of pavement use and 
binder recovery from RAP with the extraction method 
had the greatest impact on penetration, which significant-
ly decreased. Other parameters essentially remained at the 
level (or close to it) required for new polymer modified 
bitumen. It is worth noting that elastic recovery, which 
determines the effectiveness of polymer modification, re-
mained at a level similar to that required for currently pro-
duced polymer modified bitumens. Such results indicate 
that the technology used in Poland for bitumen modifica-
tion and used SBS polymer for the modification process. 
These results indicate that the asphalt modification tech-
nology used in Poland, as well as the SBS polymer itself, 
are at a high level.
2.4. WMA ADDITIVE
On the basis of the previous studies [18] it was decided to 
use liquid WMA additive that includes formulation of sur-
factant-based ionic and non-ionic molecules and acts as 
a adhesion promoter and reducer of the surface tension, as 
wax type WMA additives that reduce binder viscosity of-
ten significantly stiffen the binder which in the end results 
in much more higher cracking susceptibility of the asphalt 
mixture. Such behaviour is highly undesirable in asphalt 
mixtures with RAP, whose susceptibility to cracking is 
inherently increased by the presence of aged binder [19]. 
Selected WMA additive was added to the virgin binder 
with a dosage rate of 0.35% to the total binder content in 
the mixture.
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The compositions of the tested asphalt concrete mixtures 
are presented in Table 3, mineral mix gradation is shown 
in Fig. 1 while standard properties are shown in Table 4.
Fig.  2 shows the air voids content test results obtained 
in the third phase of the mixture design process, during 
which several series of Marshall samples of the mixture 
with RAP and WMA additive added to the virgin bind-
er were compacted at different temperatures. Fig. 2 also 
includes single results of air voids testing for the con-
trol mixture and mixture with RAP presented in Table 4. 
It turned out that the air voids content was mostly influ-
enced not by the mixing temperature but by the compac-
tion temperature. The addition of RAP also facilitated the 
compaction process. Based on these results, it was deter-
mined that during preparing samples for further testing, 
the mixture with RAP and WMA additive would be mixed 
at 145°C and compacted at 115°C.

2.5. ASPHALT MIXTURE DESIGN
Mixture design process was divided into three phases.  
The starting point in the first step was the design of asphalt 
concrete AC 11S for heavy traffic KR5-6 which equals 
to 22-52 million of 100 kN ESALs, in accordance with 
the requirements of the document WT-2 2014 [20]. In the 
second step, the grading curve of the mixture with RAP 
and the amount of new binder required to be added were 
determined. A single, constant amount of RAP in the min-
eral mixture was assumed at 30% by mass which equalled 
to a 26% binder replacement coefficient BR. It should be 
pointed out that the current Polish regulations [21] regard-
ing asphalt concrete wearing courses allow for maximum 
BR value of only 10% in case of dosing cold RAP directly 
into pugmill of the asphalt plant. A higher BR value of up 
to 30% is only possible when the heated RAP is added 
into pugmill after passing through additional dryer drum 
dedicated only for RAP heating. Since the mixture prepa-
ration process in this study did not include heating of the 
reclaimed material (i.e. it was a “cold” method), it can be 
assumed that the adopted amount of 30% RAP was signif-
icantly above the standard adopted in Poland. The criteria 
for designing the composition of the RAP mixture and 
assessing the amount of new binder added were to obtain 
the most similar gradation curve and the same level of 
volumetric properties.
The third step was to determine the effect of using a WMA 
liquid additive. In this step, several test batches were 
made at different mixing and compaction temperatures to 
determine the possible degree of reduction in production 
temperature.

Component
Mixture designation

Reference mixture 
(without RAP) [% (m/m)]

Mixture with RAP 
(BR = 26%) [% (m/m)]

Coarse aggregate 8/11, granite 28 16

Coarse aggregate 4/8, granite 14 11

Coarse aggregate 2/5, granite 21 15

Fine aggregate 0/2, granite 30 25

Filler, limestone 7 3

22 RAP 0/11 0 30

Table 3. Asphalt concrete composition
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KR3-KR6 used in the study
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3. TEST METHODS
3.1. COMPACTION RESISTANCE
Compactability characteristics were evaluated with the 
use of method described by EN 12697-10 Standard Spec-
ification  [22], Section  6.1.1. This method involves the 
preparation and compaction of several series of Marshall 
specimens, at several compaction energy levels differing 
in the number of blows per specimen side – 5, 15, 25, 35, 
50 and 100. Each series consisted of three specimens. The 
temperature of compaction for reference mixtures without 
and with RAP was 145°C while for mixture with WMA 
additive was 115°C. After determining the average bulk 
density for each series of specimens, its correlation with 
the compaction energy was expressed by the eq. (1). The 
regression parameters in eq.  (1) were determined using 
the least squares method.

� � � �E exp E
C1 0

1� � � � �� � ��
�
�

�
�
�� � ,	 (1)

where:
ρ(E1)	 –	bulk density of specimens compacted at compac-

tion energy E1, [Mg/m3],
ρ∞	 –	 parameter of regression equivalent to theoretical 

maximum achievable bulk density, [Mg/m3],
ρ0	 –	 parameter of regression equivalent to theoretical 

initial bulk density, [Mg/m3],
E1	 –	 compaction energy expressed with 42 Nm as unit 

equivalent to the number of blows to each side of 
specimen,

C	 –	 regression parameter.

2.6. SAMPLE PREPARATION
Two types of samples were used in this study. Marshall 
samples were used for the evaluation of compactability 
characteristics, resistance to water and frost damage and 
ageing. For testing resistance to permanent deformation 
rectangular slabs 30 × 30 × 4 cm were prepared. Before 
compaction of the slabs, the process of short term ageing 
conditioning was carried out according to the procedure 
described in [20] which requires loose mixture to be kept 
in the oven at 135°C for two hours.

Table 4. Asphalt concrete composition and volumetric parameters

Property
Mixture designation

Reference mixture 
(without RAP)

Mixture with RAP 
(BR = 26%)

Mixture with RAP and 
WMA additive (BR = 26%)

Temperature of mixing [°C] 160 160 145

Temperature of compaction [°C] 145 145 115

Virgin binder PMB 45/80-80 [% (m/m)] 5.6 4.2 4.2

RAP binder [% (m/m)] 0 1.4 1.4

Total binder content [% (m/m)] 5.6 5.6 5.6

Air voids in Marshall samples Va 
2 × 75 blows [% (v/v)] 3.1 1.9 3.1

Voids filled with bitumen VFB [% (v/v)] 80.9 87.9 81.2

Voids in mineral aggregate VMA [% (v/v)] 16.4 15.4 16.5
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Fig. 2. Relationship between air voids content and compaction 
temperature for reference mixture and mixture with RAP, both 
with WMA additive
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24 hours causes additional damage and micro-cracks in 
the structure of the asphalt mixture, which is intended 
to simulate winter conditions occurring on Polish roads. 
After conditioning each specimen was tested for indirect 
tensile strength to calculate indirect tensile strength ratio 
ITSR which is defined as follows:

ITSR ITS
ITS

w

d

=100 ,	 (4)

where:
ITSR	 –	indirect tensile strength ratio [%],
ITSw	 –	�average indirect tensile strength of the wet group 

[kPa],
ITSd	 –	�average indirect tensile strength of the dry (refer-

ence) group [kPa].

3.4. AGEING
The impact of ageing on the tested asphalt mixtures was 
assessed using procedures developed during the Super-
pave program [25-26] , introducing the necessary changes 
regarding the temperature of the short term ageing process 
resulting from the testing of the warm asphalt mixture 
that was produced in lower temperature. For reference 
mixture (without RAP) and for mixture with RAP but 
without WMA additive, the temperature in which loose 
mixture was placed on trays and kept in oven for 4 hours 
was 135°C, with remixing by hand four times. After this 
period, both above mentioned mixtures were heated up 
to 145°C to compact Marshall samples in the same way 
as reference samples without ageing conditioning cycle. 
Because mixing and compaction temperature of mixture 
with RAP and WMA additive was lower, the temperature 
of short-term ageing was reduced to 115°C. However, the 
temperature and long-term ageing period were the same 
for all mixtures, i.e. compacted samples were kept in draft 
oven at 85°C for five days.
The influence of ageing on the behaviour of asphalt mix-
tures was assessed with using relative changes of modu-
lus and indirect tensile strength that took place throughout 
ageing conditioning cycles. These changes were defined 
as following ratios (for resilient modulus):

MR M
MSTA NA
STA

NA
/ = ,	 (5)

MR M
MLTA STA

LTA

STA
/ = ,	 (6)

3.2. RESISTANCE TO PERMANENT 
DEFORMATION
Resistance to permanent deformation was assessed with 
the use of wheel tracking test according to EN 12697-22 
Standard Specification [23], Section  6.3, method  B in 
air, which uses small size wheel tracking apparatus with 
a loaded wheel with outside diameter of a solid tyre be-
tween 200 and 205 mm. For each mixture two rectangular 
specimens with a dimension of 300 × 300 mm and thick-
ness of 40 mm were tested. The maximum number of load 
cycles was 10,000, the temperature of test was 60°C. Two 
parameters were calculated:

WTS
d d

AIR �
�� �10 000 5 000

5

, , ,	 (2)

where:
WTSAIR	 – wheel tracking slope, (mm/1 000 load cycles),
d5,000, d10,000 – �vertical displacement after 5,000 and 10,000 

load cycles [mm],

PRD
d d
hAIR

n�
�� �

100
0
% ,	 (3)

where:
PRDAIR	 – proportional rut depth [%],
dn	 –	 vertical displacement after n load cycles [mm],
d0	 –	 initial vertical displacement [mm],
h	 –	 thickness of the specimen [mm].

3.3. RESISTANCE TO WATER AND FROST 
DAMAGE
Resistance to water and frost damage was evaluated in 
accordance with the methodology presented in Polish 
technical guidelines WT-2 2014 [20], which is based on 
the provisions of the European EN  12697-12 Standard 
Specification [24]. The main difference in the procedures 
described in the documents [20] and [24] is that Polish 
technical guidelines provide for a  freezing cycle after 
conditioning the specimens from the “wet” set in water 
(40°C for 68-72 hours) and keeping them at a temperature 
of −18°C ± 3°C for a  period of at least 16 hours. After 
freezing cycle specimens were kept in water bath with 
a temperature of 25°C for 24 hours. Only after such a con-
ditioning process are the specimens from the “wet” set 
ready for testing. The described process of freezing spec-
imens for 16 hours and keeping them in water for another 
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highest compaction resistance, although it should be not-
ed that its compaction temperature of 115°C was signif-
icantly lower than two other mixtures. It should also be 
noted that at standard compaction energy (i.e., 75 blows 
per sample side), the air voids content for the control mix 
and the mix with the RAP and WMA additive was within 
the acceptable range for the tested mix type (AC 11S for 
heavy traffic KR5-6, ranging from 2 to 4%), while the air 
voids content in the mix only with the RAP was too low 
(below 2%). For all tested mixtures air voids content rose 
sharply below 50 blows per sample side. Mixtures with 
highly modified bitumen are generally considered to be 
difficult to compact and sensitive to temperature changes 
during laying and compaction which results from a signif-
icantly increased amount of polymer compared to tradi-
tional modified bitumen. It would seem that adding RAP 
with aged binder to a mixture containing highly modified 
bitumen would further deteriorate compaction character-
istics. However, in the described case, adding RAP with 
modified bitumen to the mixture with highly polymer 
modified bitumen significantly improved compaction. Ta-
ble 6 contains testing results of resistance do permanent 
deformation.

MR M
MLTA NA
LTA

NA
/ = ,	 (7)

where:
MRSTA/NA	 – short term ageing modulus ratio [–],
MRLTA/STA	– long term ageing modulus ratio [–],
MRLTA/NA	 – total ageing modulus ratio [–],
MNA	 –	�resilient modulus of non-aged specimens [MPa],
MSTA	–	�resilient modulus of short-term aged specimens 

[MPa],
MLTA	–	�resilient modulus of long-term aged specimens 

[MPa].

4. RESULTS AND DISCUSSION
Table 5 presents regression parameters calculated accord-
ing to eq. (1). Calculated air voids for each level of com-
paction energy are presented in Fig. 3.
Testing the compaction characteristics at several compac-
tion energy levels confirmed the initial observations made 
during the mix design phase. The mix with RAP added, 
compacted at 145°C, proved to be the easiest to compact. 
The mix with the RAP and WMA additive exhibited the 

Mixture type Compaction 
temperature [⁰C]

Theoretical maximum achievable 
bulk density ρ∞ [Mg/m3]

Theoretical initial specimen 
bulk density ρ0 [Mg/m3]

Compaction 
resistance C

Reference mixture 145 2.434 2.093 13.7
Mixture with RAP 145 2.482 2.119 11.5

Mixture with RAP + WMA 115 2.447 2.077 16.2

Table 5. Regression parameters of the eq. (1)
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Fig. 3. Relationship between air voids content and compaction energy for evaluated asphalt mixtures
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In terms of water and frost resistance, the reference mix-
ture and the mixture with RAP addition (both mixed at 
160°C and compacted at 145°C) easily met the required 
criterion set in Poland [20], which requires – for mixtures 
for wearing course – minimum ITSR value at level of 
90%. The indirect tensile strength of mixture with RAP 
was clearly higher than reference mixture which can be 
attributed to the fact that the adding RAP with aged poly-
mer modified binder increased overall stiffness of the new 
virgin highly polymer modified binder and as a result the 
overall stiffness of this mixture was also increased. The 
mixture with RAP and WMA additive showed significant-
ly worse results, both in terms of absolute values of indi-
rect tensile strength as well as ITSR ratio which did not 
exceed required level of 90%. There could be several rea-
sons of such results. As compactability tests have shown, 
below certain level of compaction energy (for evaluated 
mixtures it was 50 blows per side of sample) the air voids 
content rise sharply. According to the procedure used in 
this study to determine the mixture’s resistance to water 
and frost, the samples were compacted with 35 blows per 
side. This compaction energy, significantly lower than 
the energy of 75 blows per side used to assess volumetric 
properties, is intended to simulate areas in the pavement 
that will be less compacted for random reasons but should 
nevertheless have adequate resistance to environmental 
factors. As can be seen in Fig. 3, when compacted with 
35  blows per side, the RAP + WMA mix has twice the 
void content of the RAP mix. Increasing the void con-
tent leads to a  decrease in indirect tensile strength and 
increased water sensitivity, as confirmed by the ITS and 
ITSR results. Considering that HiMA is a  reverse-phase 
binder with less influence of bitumen on the parameters 
and more influence of polymer, the WMA additive has 
a limited effect on bitumen and not every WMA additive 
is suitable for HiMA. In this case, it could have happened 
that reducing the compaction temperature to 115°C was 
too optimistic for the assumed WMA addition.

The results of the test of resistance to permanent defor-
mation turned out to be basically identical for all tested 
mixtures, regardless of the presence of RAP or WMA ad-
ditive, as well as the compaction temperature. All mixtures 
easily met the requirements specified in Polish guide-
lines [20] for asphalt concrete for heavy traffic KR5-KR6 
which specifies that for this traffic level WTSAIR must be 
below 0.10  mm/1000  cycles and PRDAIR below 7.0%. 
What is more, evaluated mixtures of asphalt concrete 
would even meet requirements set to SMA mixture for 
heaviest traffic category KR7 which also limit of WTSAIR 
to 0.10 mm/1000 cycles and PRDAIR to 7.0%.
Results of resistance to water and frost damage are pre-
sented in Fig. 4a (values of Indirect tensile strength ITS 
for each mixture and each sample set) and Fig. 4b (Indi-
rect tensile strength ratio ITSR).

Mixture type Rut depth RD10,000 
[mm]

Wheel-tracking slope in air WTSAIR 
[mm/1000 cycles]

Proportional rut depth PRDAIR 
[%]

Reference mixture 1.7 0.04 4.3
Mixture with RAP 1.7 0.06 4.3

Mixture with RAP + WMA 1.8 0.08 4.5

Table 6. Results of wheel tracking tests, temperature of test 60°C, according to PN-EN 12697-22, method B
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Tables 7 and 8 present the obtained results of the assess-
ment of the ageing process, i.e. values of resilient modu-
lus and modulus ratios, respectively.

Variant Resilient modulus of non-aged 
specimens MNA [MPa]

Resilient modulus of short-term 
aged specimens MSTA [MPa]

Resilient modulus of long-term 
aged specimens MLTA [MPa]

Reference mixture 1.498 2.088 2.866

Mixture with RAP 2.279 2.676 3.168

Mixture with RAP + WMA 2.238 2.515 3.382

Variant Short-term ageing modulus ratio 
MRSTA/NA [–]

Long-term ageing modulus ratio 
MRLTA/STA [–]

Total ageing modulus ratio 
MRLTA/NA [–]

Reference mixture 1.39 1.37 1.91

Mixture with RAP 1.17 1.18 1.39

Mixture with RAP + WMA 1.12 1.34 1.51

Table 7. Summary of average resilient modulus values for tested asphalt mixtures

Table 8. Summary of resilient modulus ratios for tested asphalt mixtures

The reference mixture proved to have the lowest stiffness, 
at every stage of ageing process. However, it also showed 
the highest ageing rates. The stiffness of this mixture after 
long-term ageing was found to be almost twice as high as 
the stiffness of the samples not subjected to ageing cycles. 
The initial stiffness of the mixtures with the RAP and with 
the RAP and WMA additive was found to be almost iden-
tical and approximately 50% higher than that of the refer-
ence mixture. This is undoubtedly due to the presence of 
aged binder in their composition. The difference between 
the stiffness of the reference mixture (without RAP) and 
other mixtures decreased with subsequent ageing cycles 
and after long-term ageing it did not exceed several per-
cent. It can be also observed that the short-term ageing 
modulus ratio for mixture with RAP and WMA additive 
was the lowest, which can be attributed to the fact that 
mixing and compaction temperatures in this case were 
significantly lower than for the two other mixtures.

5. CONCLUSIONS
Based on the performed tests and analyses, the following 
conclusions can be drawn:
1.	The obtained results indicate that there are no reasons 

not to use simultaneously highly polymer modified 
bitumen with WMA additive in a mixture containing 
RAP. However, special attention should be paid to de-
termining the possible limits of reducing the production 

and compaction temperature of samples depending on 
the WMA technology used, because excessive temper-
ature reduction may lead to deterioration of the com-
pactability of the mixtures, which may affect the final 
properties of the material.

2.	The addition of RAP in fact improved compactability 
characteristics, most probably due to significant mix-
ing of the old polymer modified binder from RAP with 
new highly polymer modified binder. It should be noted 
here, however, that the RAP used in the described study 
came from an SMA wearing course with a high initial 
binder content.

3.	The resistance to permanent deformation for all tested 
mixtures was practically at the same level.

4.	The issue of resistance to environmental factors (water 
and frost damage) requires further research as in the 
described study mixture with RAP and WMA additive 
(which was produced and mixed in significantly low-
er temperature than two other mixtures) did not meet 
required level of resistance to water and frost damage.

5.	Evaluation of the ageing results indicate that even 
though the short-term ageing effect was reduced for the 
mixture produced and compacted at a lower tempera-
ture, the long-term ageing process could increase the 
overall stiffness of the mixture to a level comparable to 
that of the reference mixture.
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Wpływ dodatku obniżającego temperaturę na wybrane parametry betonu asfaltowego 
do warstwy ścieralnej z asfaltem wysokomodyfikowanym i destruktem asfaltowym

Słowa kluczowe: �asfalt wysokomodyfikowany, destrukt asfaltowy, HiMA, mieszanki mineralno-asfaltowe na ciepło, 
recykling na gorąco.

Streszczenie: Artykuł przedstawia wyniki badań mieszanki mineralno-asfaltowej typu beton asfaltowy przeznaczonej 
do warstwy ścieralnej, w której jednocześnie zastosowano asfalt wysokomodyfikowany, destrukt asfaltowy oraz do-
datek WMA w celu obniżenia temperatury produkcji i wbudowania. Zakres badań obejmował sprawdzenie charaktery-
styk zagęszczalności, odporności na deformacje trwałe oraz oddziaływanie wody i mrozu, jak również ocenę wpływu 
starzenia krótko- i  długoterminowego. Przebadano trzy składy mieszanek: 1) mieszankę referencyjną bez dodatku 
destruktu, 2) mieszankę z  destruktem ze wskaźnikiem zastąpienia lepiszcza 26% oraz 3) mieszankę z  destruktem 
o takim samym wskaźniku zastąpienia lepiszcza i z dodatkiem WMA. Mieszanki 1) i 2) były przygotowywane i zagęsz-
czane w  temperaturach 160°C i  145°C, natomiast mieszanka 3) w  temperaturze odpowiednio 145°C i  115°C. Wyniki 
przeprowadzonych badań wskazują, że nie ma przeciwwskazań do stosowania asfaltu wysokomodyfikowanego z do-
datkiem WMA przy jednoczesnym wykorzystaniu destruktu, który w pewnym stopniu wręcz poprawił charakterystyki 
zagęszczalności mieszanki mineralno-asfaltowej. Dalszych studiów wymaga jednak zagadnienie odporności takiej 
mieszanki na czynniki środowiskowe, tj. oddziaływanie wody i mrozu, ponieważ mieszanka z destruktem asfaltowym 
i dodatkiem WMA nie spełniła wymagań w zakresie odporności na działanie wody i mrozu.


