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Abstract. This article presents research on recycled cold mix with foamed bitumen (MCAS) containing
recycled concrete aggregate. The primary concept driving this research was to determine if recycled
concrete aggregate (RC) could be used as a substitute for reclaimed asphalt pavement (RAP). Recycled
concrete aggregate was used in the MCAS mix in amounts ranging from 20%, 60% and 80%. The reference
mix was the MCAS mix containing 50% reclaimed asphalt pavement (RAP) and virgin aggregate. Identical
0/31.5-mm continuously graded dolomite virgin aggregate was used in all mixes. 2.5% foamed bitumen
(FB) and 2.0% CEM I 42.5R Portland cement (PC) were used to increase the cohesion of the mineral mix.
Foamed bitumen was produced from 50/70 penetration paving bitumen. The behaviour of the recycled base
course was tested in the range of cyclic sinusoidal strain with amplitude εo = 25–50 με. The tests were
carried out in the (-7°C, 5°C, 13°C, 25°C, 40°C) temperature and (0.1 Hz, 0.3 Hz, 1 Hz, 3 Hz, 10 Hz, 20
Hz) loading time range. The complex modulus was tested in a direct tension-compression test on cylindrical
samples (DTC-CY) in accordance with EN 12697-26. The results of the tests were used to assess the
complex modulus (E*), phase angle (φ) and complex modulus components (E 1) and (E2).Tests of the mixes
indicate that recycled concrete aggregate can be used in recycled cold mixes in amounts of up to 80%.
Increasing the amount of recycled concrete aggregate does not cause excessive stiffness of the recycled mix
in comparison with the reference mix. The tests did not demonstrate a significant difference in terms of the
phase angle (φ), which indicates a similar content of the viscous part and elastic part in the obtained
complex modulus for the reference mix (RAP + MCAS) and the mix containing recycled concrete aggregate
(RC + MCAS).

1 Introduction
The expansion of road infrastructure and availability of a
wide range of construction methods [1-5] give more
opportunities when designing flexible [6, 7], semi-rigid
[6, 7] and rigid pavements [8]. The management of
waste materials from road pavements was discussed in
papers by many authors [1, 3, 4]. However, the
following conditions (among others) have to be met in
order to use waste materials as full-value materials: the
physical and mechanical parameters of the evaluated
waste material have to be no worse than the parameters
of new aggregate, or the mix where such material is to be
used has to achieve the required parameters. The primary
reason behind the search for ways of managing waste
materials is to reduce the consumption of the “new
material” and reduce environmental deterioration.
The use of reclaimed asphalt pavement (RAP) in hot
mix asphalt (HMA) was assessed in the studies of
Kowalski et. al [9], Bańkowski et al. [10] and Izaks et. al
[11]. The use of waste materials in the form of recycled
aggregate, reclaimed asphalt pavement and mineral dust
in recycled cold mix with foamed bitumen was discussed
in papers presented by authors [12, 13]. Similar research
*

on evaluating the use of waste materials in recycled cold
mixes using bitumen emulsion as the binder was
discussed in [14]. Using reclaimed asphalt pavement in
hot mix asphalt has both financial and environmental
benefits. Adding RAP to hot mix asphalt reduces the
amount of new bitumen, aggregate, sand and filler. The
benefits are smaller when recycled concrete aggregate
(RCA) is used because this material type can only be
used as aggregate.
The waste material such as RCA, due to its structure,
i.e. high water absorption and porosity, has limited
application. In the available studies, using reclaimed
asphalt pavement is limited to adding recycled concrete
aggregate (RCA) to cement concrete as a substitute for
new aggregate. Research in this regard was carried out
by many researchers [15-18]. The structure of RCA
limits its possible applications in hot mix asphalt. This is
due to its high porosity and bitumen absorption by the
aggregate and also due to the relatively low resistance to
fragmentation. More bitumen would have to be added to
HMA containing RCA in order to provide the required
bitumen content. This approach is uneconomic and is not
used in practice.
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There are studies where recycled concrete aggregate
was used in road base courses. In [19], the authors
presented research on the use of RCA in road base made
of hydraulically unbound mix. However, RCA was
mixed with natural limestone aggregate. The application
of recycled concrete aggregate (RCA) in recycled cold
mixes with 20% foamed bitumen (MCAS – foamed
bitumen recycled cold mix) has been presented by the
authors of [20]. The quality of MCAS using RCA was
tested with respect to its main physical and mechanical
parameters, i.e. ITS, TSR, ITSM.
The key issue when using a large quantity of recycled
concrete aggregate (RCA) in recycled cold mixes with
foamed bitumen is the stiffness modulus of the mix. The
Portland cement present in recycled concrete aggregate
in the form of chips mixed with aggregate may increase
stiffness due to secondary hydration. Additionally, the
interaction of Portland cement in MCAS with the cement
in RCA may intensify the increase of the stiffness of the
mix. That is why it seems necessary to determine the
rheological properties (complex modulus E* and phase
angle φ), which can be used to accurately assess the
behaviour of recycled cold mixes containing foamed
bitumen in the situation where it contains recycled
concrete aggregate.
This article presents studies of recycled cold mix
with foamed bitumen containing recycled concrete
aggregate as a substitute for the conventionally used
reclaimed asphalt pavement. The primary concept
driving these studies was to determine if recycled
concrete aggregate (RCA) could be used as a substitute
for reclaimed asphalt pavement (RAP). Recycled
concrete aggregate was used in the MCAS mix in
amounts of 20%, 60% and 80%. The studies involved
tests of MCAS regarding the assessment of the
stiffening impact of recycled concrete aggregate (RCA).
The reference mix was the MCAS mix containing 50%
RAP and virgin aggregate (VA). 0/31.5-mm
continuously graded dolomite virgin aggregate was used
in all mixes. In the reference mix, the amount of virgin
aggregate was 50%, and in the mixes with recycled
concrete aggregate (MCAS) the amount was the
remainder of 100%, depending on the amount of added
RCA. Complex modulus E* was tested in the range of
cyclic sinusoidal strain with amplitude εo from 25 to 50
με [21-23]. The tests were carried out in the (-7°C, 5°C,
13°C, 25°C, 40°C) temperature and (0.1 Hz, 0.3 Hz, 1
Hz, 3 Hz, 10 Hz, 20 Hz) loading time range. The
complex modulus was tested in a direct tensioncompression test on cylindrical samples (DTC-CY) in
accordance with EN 12697-26 [23].
The first step of this testing plan was to design the
recycled cold mix with foamed bitumen in terms of its
RCA content.

2 MCAS
methods

mix

design

and

reclaimed asphalt pavement (RAP), recycled concrete
aggregate (RCA), 0/31.5 continuously graded crushedstone dolomite virgin aggregate (VA), CEM I 42.5 R
Portland cement and foamed bitumen.
Foamed bitumen was produced from 50/70
penetration paving bitumen. The quality of foamed
bitumen was assessed based on the maximum Expansion
Ratio (ERm) and half-life H-l [24]. The parameters
conformed to the guidelines [25].
Recycled concrete aggregate was obtained by milling
it off C 16/20 cement concrete layers. The physical and
mechanical parameters are presented in table 1.
Table 1. Properties of recycled concrete aggregate (RCA)
Property
Dimension
d/D
Particle size
distribution
Density
Shape index
Percentage of
crushed and
broken
surfaces
Frost
resistance
Resistance to
fragmentation
Absorptivity
Frost
resistance

Test

u.m.

Result

Symbol

EN 933-1

-

-

0/63

EN 933-1

-

-

GA85

Mg/m3

2.28

2.28

%

6.0

SI20

%

99/0

C90/3

%

3.4

F4

%

38.5

LA40

%

4.9

WA244.9

%

3.65

F4

EN 10976
EN 933-4
EN 933-5
EN 13671
EN 10972
EN 10976
EN 13671

The virgin aggregate used in the recycled cold mix
with foamed bitumen is natural crushed-stone dolomite
aggregate. Aggregate properties are presented in table 2.
Table 2. Properties of dolomite aggregates 0/31.5 (VA)
Property
Dimension
d/D
Particle size
distribution
Density
Shape index
Flakiness
index
Percentage of
crushed and
broken
surfaces
Frost
resistance
Resistance to
fragmentation
Abrasion
resistance

testing

The laboratory design of the recycled cold mix with
foamed bitumen was prepared in accordance with [24,
25], and it contained the following ingredients:

2

Test

u.m.

Result

Symbol

EN 933-1

-

-

0/31

EN 933-1

-

-

GA85

Mg/m3

2.80

2.80

%

16.0

SI20

EN 933-3

%

14.0

FI20

EN 933-5

%

98/2

C90/3

%

3.4

F4

%

23

LA30

%

17.5

MDE20

EN 10976
EN 933-4

EN 13671
EN 10972
EN 10971
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The possibility of using recycled concrete aggregate
was assessed for three mixes with different RCA content
and for the reference mix. The reference mix contained
the typical amount of reclaimed asphalt pavement, i.e.
50% RAP and 50% virgin aggregate (VA). In order to
compare the test results, the remaining ingredients, i.e.
cement and amount of bitumen in the reference m\ix
were the same as in the mix with recycled concrete

aggregate. The design particle size distribution curves
are depicted in figure 1.
In order to achieve the required particle size in the
Marshall test [6], mineral materials were passed through
a 22.4-mm sieve. The amount of binders and the main
parameters of recycled cold mixes with foamed bitumen
are presented in table 3.

Table 3. Main parameters of analysed mixes
Symbol

u.m.

MCAS
20%RC
80%VA

MCAS
60%RC
40%VA

MCAS
80%RC
20%VA

MCAS
50%RAP
50%VA

Bitumen/cement content

B/C

[%]

B=2.5
C=2.0

B=2.5
C=2.0

B=2.5
C=2.0

B=2.5
C=2.0

Water resistance,
according to Wiertgen 2006 [33]

TSR

71.8

86.1

92.6

83.0

Air void content, according to PN-EN 12697-8

Vm

[%]

15.3

11.4

10.4

13.8

Indirect tensile strength, according to PNEN 12697-23 (T=25°C)

ITS

[kPa]

296

428

389

528

Property

Fig. 1. Particle size distribution of analysed MCAS mixes

The visco-elastic properties of recycled cold mix
with foamed bitumen (MCAS) were assessed by testing
the complex modulus in accordance with standard [23].
The recycled cold mix with foamed bitumen was
prepared under laboratory conditions. After a
homogeneous mix had been obtained, the samples were
compacted in a gyratory compactor in accordance with
standard [26]. The settings of the gyratory compactor
were determined based on references [26-28]. The
number of turns was selected individually for the mixes
in order to achieve the density at which the air void
content of the recycled cold mix with foamed bitumen
was Vm = 12.0%. The diameter of MCAS samples
prepared for the tests was, respectively, D = 150 mm,
and height H = 180 mm. The samples were cured for
28 days at ambient temperature under conditions with
humidity ranging from 40% to 70%. The next stage
involved cutting the samples out of the cylinders
compacted in the gyratory compactor to diameter D =
100 mm. This produced cylindrical samples for complex

modulus testing with a size of D = 100 mm and H =
180 mm.
Complex modulus tests were carried out using the
direct tension-compression testing method (DTC-CY),
where the sample was subject to cyclic sinusoidal
loading with small strain ranging [21-23]. In this
experiment the level of strains was 25 με. If the test had
been performed outside of this strain range, this could
have created irreversible strain in the tested sample,
leading to incorrect determination of the complex
modulus. The tests were carried out for five temperature
levels (-7°C, 5°C, 13°C, 25°C, 40°C) and six loading
times (0.1 Hz, 0.3 Hz, 1 Hz, 3 Hz, 10 Hz, 20 Hz). The
determined values of the complex modulus for recycled
cold mixes with foamed bitumen were used to prepare
master curve models. Master curve models were
prepared using the Richards model [29], which was a
modification of the model presented in report NCHRP 929: PP 02 [30]. This model can be classified as an
asymmetric sigmoidal mathematical model. The
asymmetry is modelled through the curve fitting

3
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parameter (λ). The form of the asymmetric sigmoidal
function is described by the following equation (1). The
presentation of the master curve of the complex modulus
uses the principle of time-temperature superposition.
This requires adding the temperature shift factor (αT)
[31], which has been implemented in equation (1):

3 Master curves of the complex
modulus of the analysed mixes
The master curves of the complex modulus of recycled
cold mix with foamed bitumen were defined using the
assumptions of the time-temperature superposition
principle [30, 32]. To this end, the sigmoidal function
was optimised by minimising the sum of squares of
deviations for the determined complex moduli. As a
result of adoption of specific model master curve, it was
necessary to determine its parameters (α, δ, β, γ, λ, a, b).
The evaluation of the parameters is presented in table 4.

(1)
where: E* - complex modulus, ω - angular frequency, δ
- lower asymptote (master curve fitting parameter), α difference between upper and lower asymptote (master
curve fitting parameter), λ, β, γ - master curve fitting
parameters, T - test temperature, a, b, c - model
parameters

Table 4. Fitting parameters for the master curve model
Mix
MCAS - 20%RC+80%VA
MCAS - 60%RC+40%VA
MCAS - 80%RC+20%VA
MCAS - 50%RAP+50%VA

α
2.033
2.054
2.187
2.074

δ
2.033
2.054
2.187
2.074

Master curve fitting parameters
β
γ
λ
0.437
-0.191
0.100
0.859
-0.161
0.100
-0.508
-0.131
0.100
2.236
-0.241
0.100

a
2.575
2.848
2.031
2.942

b
-0.009
-0.007
-0.024
-0.007

Fig. 2. Master curves for the analysed MCAS mixes (Tref=25°C)

The goodness of fit of the complex modulus, for
five temperature levels (-7°C, 5°C, 13°C, 25°C, 40°C)
and six loading times (0.1 Hz, 0.3 Hz, 1 Hz, 3 Hz, 10
Hz, 20 Hz), (E*) – tested modulus (E*exam.) and

modulus obtained through optimisation (E*mod.) – was
evaluated on the basis of their correlation. A graphical
evaluation of the goodness of fit is presented in
figure 3.
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Fig. 3. Evaluation of the goodness of fit of complex modulus E*exam. to E*mod.

It should be noted that the fit of the tested complex
moduli (E*exam.) and the moduli obtained through
optimisation (E*mod.) is characterised by a very high
coefficient of determination R2: 0.9969 (fig. 3). This is
indicative of very high accuracy of the description of
complex moduli using the time-temperature
superposition principle.
The master curves clearly demonstrate (fig. 2) that
the recycled concrete aggregate (RCA) used in the
recycled mix does not increase the stiffness modulus in
comparison with the reference mix (red line). The
lowest values of the complex modulus were achieved
by the MCAS recycled mix containing the lowest
amount
of
recycled
concrete
aggregate
(MCAS - 20%RCA+80VA). It should be noted that
increasing the amount of RCA to 60% resulted in an
increase of the complex modulus for low
frequencies/long loading time, whereas with low
temperatures/short loading time the value of the
complex modulus was the same as for the mix
containing 20% RCA.
Increase of the value of complex modulus in the
RCA content range of 20% to 80% depends on loading
time/test temperature (time-temperature superposition
principle). Increasing the RCA content of recycled cold
mix with foamed bitumen caused the complex modulus
to increase by approximately 30% for frequencies over
1 Hz. Below this frequency (<1 Hz), however, the
increase of the complex modulus was smaller,
amounting to approximately 12%. The change of the
complex modulus for recycled cold mixes with foamed
bitumen and recycled concrete aggregate is, in fact,
linear. This is due to the absence of the ingredient
responsible for the creep of the mix. Increase of the
amount of bitumen in the recycled mix causes creep to
appear at high temperatures. Such properties are typical
to bituminous mixes [33–35].
The form of the master curve for the reference mix
MCAS- 50%RAP+50%VA is similar to the form for
bituminous mixes. The reclaimed asphalt pavement
present in MCAS- 50%RAP+50%VA mixes combined
with foamed bitumen contributes to an increase of the
viscous part (E2), reducing the complex modulus at low

frequencies (long loading time). At low temperatures
(for 50 Hz), the reference mix has the highest complex
modulus E* = 7550 MPa. However, increasing the
loading time (for 0.001 Hz) reduces the complex
modulus to 2849 MPa. This represents a 64% decrease
of the modulus. For the MCAS mix with recycled
concrete aggregate, the decrease of the modulus,
regardless of RCA content, is approximately 50%.
Obtaining a lower decrease of the complex modulus
is beneficial to the durability of the road pavement
structure. In the summer season, it will not cause an
excessive increase of horizontal and vertical strain on
the bottom of the recycled MCAS base.

4 Conclusion
The tests and their analyses support the following
conclusions:
 Using recycled concrete aggregate (RCA) in recycled
cold mix with foamed bitumen does not increase
complex modulus E*. Consequently, it can be found
that using RCA does not contribute to the stiffness of
the MCAS mix.
 Increasing the amount of recycled concrete aggregate
in MCAS composition increased the value of
complex modulus E*. However, the maximum
complex modulus values in the operating loading
time range (from 0.01 Hz to 50 Hz) are lower than
the complex modulus achieved for the MCAS
reference mix with reclaimed asphalt pavement.
 Recycled cold mix with foamed bitumen containing
recycled concrete aggregate will be more resistant to
creep than the reference mix with reclaimed asphalt
pavement. This is due to the higher complex modulus
obtained in the very short loading time corresponding
to very low vehicle speed at an intersection.
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