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Executive summary
Advanced strain behaviour of asphalt mixes can be determined by dynamic complex
modulus testing which is standardized in EN 12697-26, method 4PB-PR (four point beam
test on prismatic test specimens). In general this test method does not allow only the
determination for dynamic modules (resilient modules) at different temperatures but because
of using test procedures with different frequencies from a range of 0.1 Hz to 50 Hz it is also
possible to calculate and analyse master curves which can be drawn for complex modulus as
well as for phase angle. Master curves offer usually a very complex view on the deformation
behaviour of an asphalt mix allowing shifting values of complex modules or phase angles
gained at different temperatures to a wide frequency range for a reference temperature due
to the applicability of time-temperature superposition principle. Applying this approach it is
possible to show behaviour of an asphalt mixture for different types of traffic loading and
traffic flow speed.
Since cold recycled bitumen stabilized mixes can be defined as a related type of mixes
similar to hot mix asphalt the principles of complex modulus testing and assessment should
be similar or same. This is also the presumption which is related to this study. Similarly to
other tests of cold recycled mixes the key critical aspect is related to curing and time period
when test specimens have to be tested. In this report it is recommended to use 28 days
curing or corresponding time related to accelerated curing.
This report describes how the test method for four point beam test should be applied for cold
recycled mixes. It further summarizes the reasons why it is not recommended to promote this
test as a standard procedure which should be used whenever cold recycled mixes are
designed. The reasons for this conclusion are supported mainly by the problems identified
repeatedly during testing. It is for cold recycled asphalt mixes not possible to prepare smooth
and undamaged test specimens. During the cutting it was repeatedly found that the material
is brittle if prismatic test specimens are prepared. This resulted in larger variations of tested
data and premature rupture of test specimens. This can be found in chapter 5, where also
some dependencies related to used binders are shown.
Chapter 6 is dedicated to modelling functionalities related to stiffness (complex) modulus.
Presently mechanistic-empirical methods are widely used for pavement design, whereas
they are in many cases applied also during the assessment of existing pavements. With
respect to the fact that the characteristics of materials used in pavement structures influence
the response, bearing capacity and pavement life-time, their definition and specified
premises define basic procedure used for the pavement design. In the designing stage
modulus of elasticity can be determined by laboratory testing, whilst in the stage of quality
control often e.g. Sigmoidal model used for analysing data in this report is a relatively new
polynomial model which was introduced in the mechanistic empirical design guidelines for
pavement structures in the USA (MEPDG).
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1. Introduction
One of the determining characteristics of asphalt materials, and thus also cold recycled
asphalt mixes, is that they have time-dependent behaviour, which can be observed
especially when deformation (strain) behaviour has been determined. When these mixes are
subjected to a very small loading, then it comes to a combination of elastic, delayed elastic
and viscous behaviour. In the range of low temperatures and high loading frequencies these
mixes behave like elastic material in a solid phase with almost fully reversible response. At
high temperatures and low loading frequency behaviour of these mixes is similar to viscous
liquids with irreversible response. In the range of medium temperatures and for the whole
given frequency range, asphalt mixes exhibit viscoelastic behaviour, respectively delayed
response with combination of viscous flow. Sufficient predictability have especially such
rheological measurements of asphalt mixes, which show results as complex (master) curves
and provide information about dependence e.g. of complex dynamical modulus on duration
and frequency of loading. The value of the complex modulus and the slope of the master
curve can be considered as valuable information for prediction of above mentioned functional
properties of asphalt mixes. This is the reason why it is necessary to perform pavement
assessments by preferably applying performance-based tests. One of the methods, which
can be considered for use and deformation behaviour assessment, is four point beam
bending test (4PB-PR), by which it is possible to get values of complex dynamic modulus at
given temperature and frequency of loading, [8].
Currently the 4PB-PR test has been normalized by the relevant European standard ČSN EN
12697-26. This standard prescribes, that a beam specimen with flat and smooth surface and
unbroken edges is clamped by clips in test equipment in four points. All the clamps should
allow free rotation and shift in the longitudinal direction. The outer clamps should be firm, to
defend vertical movements. Inner clamps deduce vertical cyclic loading. The evaluation of
the test results is based on Euler-Bernoulli theory. 4PB-PR is a relatively simple test, which
can be characterized by a simple theory, while the results are very significant values for the
purpose of mechanical pavement structure design. However it is not possible to simply such
conclusion, especially if following aspects should be respected:
- the measuring itself is influenced by factors, which introduce errors to the test procedure
and can influence the test results,
- these circumstances are not properly solved in the test methodology and it is

only a matter of the test accuracy, whether it is possible to preclude them, [9].
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2. Literature review
In the case of linear viscoelastic materials, the complex modulus issue [11] is most frequently
associated with harmonically varying stress that can be expressed by means of the following
formula, 1.1. At the same time, during forced oscillation, deformation (strain) becomes a
variable, too (1.2), where φ ≠ ψ and the course of stress and strain demonstrate a phase
shift. Then, the complex modulus is defined as the proportion of stress to deformation (strain)
under steady, harmonically varying oscillation with respect to their mutual shift in time.

   0  cos  t   

and

   0  cos  t   

(1.1; 1.2)

where:

0
ε0
t
ω
φ; ψ

maximum stress (stress amplitude),
maximum axial strain (deformation amplitude),
time (s),
angular velocity (rad.s-1),
phase angle (°).

If the equations 1.1 and 1.2 are transcribed according to De Moivre’s theorem and LaplaceCarson transform is applied with substitution in the basic Boltzmann equation, we can arrive
at the modified equation:

 i   cos    sin    E* i    0 i   cos    sin  

(1.3)

Subsequently, from equation 1.3 we can derive the complex modulus E*, including the real
component E1 (elastic modulus E´), which characterises the elastic properties of linear
viscoelastic material, and the imaginary component E2 (loss modulus E´´) describing the
viscose properties.

E * i   E1  iE2
E   E1 

0
cos   
0

(1.4)
and

E   E 2 

0
sin   
0

(1.5 a,b)

   0  sin   t 

   0  sin   t   

Figure 1: Graphic representation of the sinusoidal stress and strain response including the
phase shift of the stress and strain amplitudes, [16]
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The dynamic (complex) modulus is currently not required from the perspective of the
rheological properties of asphalt mixes examined in the Czech Republic. It might be different
to other countries and regions. This functional characteristic is researched primarily in the
USA where the method of defining the parameter experimentally and calculating it is
regulated by AASHTO TP62, [18]. The regulation stipulates the method to determine
complex modulus E* and phase angle  on cylindrical specimens. According to the
aforementioned regulation, cylindrical specimens are prepared in a gyratory compactor; the
diameter of the specimen should amount to 102 ± 2 mm and specimen height should be 150
± 2.5 mm (i.e. the height and diameter are in 1.5:1 proportion). In case of studying the
characteristics for cold recycled mixes, the utilisation of standard Marshall specimens or
specimens prepared by static pressure compaction is envisaged.

Figure 2: Diagram of the cyclical dynamic modulus test, [17]

In compliance with the Hook’s law, the complex modulus is defined as the value of the
proportion of the sinus stress at the relevant moment together with the angular velocity
defined as ω –  = 0.sin(ωt) = 0.eiωt – and the sinus strain amplitude obtained at the same
moment in time and under the same loading frequency – ε = ε0.sin(ωt-φ) = ε0.ei(ωt-φ) – in linear
viscoelastic material which defines the asphalt mix behaviour in the small strain range.
Subsequently, the dynamic modulus is defined as the absolute value of the complex modulus
by calculating the proportion of the maximum stress to the reversible axial strain of the
material that has been exposed to repeated sinus axial stress by pressure within the range of
at least 0-25 kN under the stipulated temperature and loading frequency. The phase angle φ
is calculated together with the complex modulus. The test method consists of compressing a
cylindrical specimen for a time t1 followed by relaxation time (=0) t2. The sequence is
repeated for the required number of cycles based on the selected frequency. The length of
time t2 is set to a value to achieve a quasi-stable condition of permanent deformation. With
respect to the assumption that the material is linear viscoelastic, we assume that the
dynamic modulus is independent of the stress or strain amplitude. The phase angle is then
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defined as the angle between the sinus stress peaks and the resulting deformation/strain
during a test with controllable stress. If the dynamic modulus is determined within the interval
of different temperatures and frequencies the individual values can then be plotted in the
master curve which, according to the US design methodology, is significant from the point of
view of designing the thickness of the layer consisting of the mix within the pavement
structure, as well as from the point of view of performance-based behaviour analysis.
Moreover, the values of dynamic complex modulus and phase angle can also be used as
functional parameters for mix design, as has been established in the US technical
regulations, [13]. The complex modulus can generally be defined by the following equation,
[14]:
E * i  

*
*



 0  e i t

 0  e i  t  



 0 i
e
0

E* 

 0  sin  t 
 0  sin  t   

(1.6)

where:

0

maximum stress (stress amplitude),
ε0
maximum axial stain (cyclical component amplitude),
i
imaginary component of the complex modulus,
ω
angular speed,

phase angle (      ).


Under the US technical standard, AASHTO TP62 [18], it is recommended for the sake of
master curve plotting that the dynamic complex modulus is determined under the
temperatures of -10 °C; 4.4 °C; 21.1 °C; 37.8 °C and 54.4 °C and strain frequencies of 0.1;
0.5; 1.0; 5; 10 and 25 Hz for each temperature. The US National Cooperative Highway
Research Program [13], parts 9-29, adjusts the test temperatures to -20 °C; -10 °C; 4 °C; 20
°C; 40 °C and 54 °C and the frequencies are set to 0.01; 0.1; 1.0; 10 and 25 Hz (see [16]).
The method involves starting with the lowest temperature for each specimen. Under each
test temperature, the specimen is first strained at the highest frequency which corresponds to
300 loading cycles (the lowest frequency corresponds to 15 strain cycles). The US
regulation, AASHTO TP62, stipulates the recommended tempering time for each
temperature as well as the expected dynamic load interval (Pdynamic) which should be set for
the individual temperatures to make the axial deformation reach a value within the 50-150
microstrain interval. The dynamic modulus is determined on the basis of average stress
values and the strain/deformation of the last five loading cycles, separately for the two LVDT
sensors. The calculation is then based on the following equations:
0 

P
A

where:
ζ0, ε0
F
A
GL
Δ

and

0 


GL

(1.7 ; 1.8)

see the definition for equation (1.6),
average maximum load (kPa),
cross sectional area of the cylindrical specimen (mm),
length of the measurement device equipped with LVDT,
average maximum deformation.

The dynamic stiffness modulus is determined according to the following formula:
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E* 

0
0

and



ti
 360
tp

(1.9 ; 1.10)

where:
ti
tp



average time between the maximum stress cycle and the maximum strain
cycle (s),
average time of the stress cycle (s),
phase angle (°).

Analysing the measured complex modulus data often requires plotting a master curve. The
curve allows comparing asphalt mixes from the point of view of the entire temperature and
frequency ranges while time and temperature superposition principle is applied. Explanations
related to such issues can be found e.g. in [22], which states that if a rheological property
amounts to G under the temperature T and frequency expressed by means of the angular
speed ω, it will amount to the same value even under temperature Tr, if determined under
the frequency expressed by angular speed of  r  a(T )   . The a(T) variable constitutes a
conversion factor where a(Tr )  1 . The factor allows characterising the temperature
dependence on asphalt if its kinetic dependence is known. In the case of bituminous binders,
or asphalt mixes, the calculation of the conversion factor can rely on two equations –
ARRHENIUS equation (1.11) and WLF equation (WILLIAM, LANDEL, FERRY) (1.12).
E
1 1
ln a(T )  A  (  )
(1.11)
R T Tr
where T is the temperature measured in degrees Kelvin, Tr any temperature and R is the
universal gas constant (R = 8.3144 Jmol-1K-1). In this equation, a(T) depends solely on the
activating energy EA.
log a(T )  

C1  (T  Tr )
C2  T  Tr

(1.12)

where C1 and C2 are general constants and only Tr characterises the bituminous binder.
In [19] the WLF equation is applied for temperatures exceeding the Tr temperature and the
Arrhenius equation for temperatures below Tr in the case of unmodified bitumen prior to and
after ageing. Fixed values of the C1 and C2 constants are also set within the WLF equation.
The thermal dependence of asphalt is then demonstrated by means of Tr. When the value is
substituted for the reference temperature in the Arrhenius equation the activation energy of
all bituminous binders is demonstrated to be identical. Therefore, Tr is the sole parameter
necessary to describe the thermal dependence of bitumen.
The temperature and time superposition principle allows horizontal shifts with respect to the
reference temperatures or frequencies even for values obtained under different temperatures
and frequencies. The method involves linking the individual curves of the values measured
and a smooth master curve is plotted. A symbolic diagram of the entire method is given in
Figure 3. The mathematical expression can apply non-linear regressive calculation wherein
experimental data is substituted in the sigmoidal function (S-function) that can be transcribed
in the following form:
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log E *   

1 e

(1.13)

appropriate constants,
determining frequencies,
shift factor for the individual temperatures.

|E*|, GPa

where:
δ,α,β,γ
fr
sT



  logfr sT 

Referenční teplota = 20°C

Frekvence, Hz

Figure 3: An example of a complex modulus master curve, [16]

The master curve is compiled for any reference temperature TR selected to which all of the
values measured are related. The shift factor α(T) which defines the required shift under the
relevant reference temperature is determined at the same time. The actual frequency is
divided by the factor which gives us the reduced frequency fr that is used in the master curve
compilation. The calculation goes as follows:

f 

f
 (T )

or

log( fr )  log( f )  log T 

(1.14)

Within the reference temperature, the shift factor value α(T) = 1.
The equation (1.13) may be simplified and converted to the form of equation (1.15) where tr
represents the strain time under the reference temperature, δ represents the minimum value
of |E*| and, in contrast to that, δ+α is the maximum value of |E*|, while parameters β,γ
describe the shape of the sigmoidal function curve. The acceptability of the function that
describes the complex dynamic modulus master curve can also be verified on the basis of
monitoring the physical behaviour of the asphalt mix. The upper range of the function course
asymptotically approaches the maximum stiffness value which depends on the bituminous
binder stiffness in the low temperature range. Under high temperatures, the way the mix
stiffness is provided can be explained by wedging of the aggregate grains against one
another due to the pressure load exerted.

log E *   
(1.15)
  logt r 
1 e
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3. Materials
Specification of materials and specimens preparation procedure used in this report is
described in report D2.1 – part stiffness. In general 4 types of cold recycled mixtures are
distinguished:
 BCSM-BE: Bitumen-Cement Stabilized Material – Bitumen Emulsion
 BCSM-FB: Bitumen-Cement Stabilized Material – Foamed Bitumen
 BSM-BE: Bitumen Stabilized Material – Bitumen Emulsion
 BSM-FB: Bitumen Stabilized Material – Foamed Bitumen
Testing slabs were produced with the use of segment compactor and after their curing as
specified further the slabs were cut to required shape of beam specimens according to EN
12697-26. Respective curing of testing specimens was as follows:
a) Cold recycled mixes stabilized by cement and bituminous emulsion or foamed bitumen
which were stored two days at 90-100 % relative humidity and temperature of (20±2) °C.
Further the test slabs were stored at a dust free place in the laboratory at 40-70 %
relative humidity for additional 26 days at the same temperature.
b) Cold recycled mixes stabilized by bituminous emulsion or foamed bitumen for 1 day at
90-100 % relative humidity and temperature of (20±2) °C. Further the test slabs were
stored at (50±2) °C in a climatic chamber for additional 4 days. The test specimens were
then stored at 40-70 % relative curing and the temperature of (20±2) °C for 14 days after
this accelerated curing.
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4. Methodology
4.1 Measurement and calculation of complex modulus
Bituminous materials demonstrate mechanic behaviours that is time-dependent. If subjected
to small strains, a combination of elastic, delayed elastic and viscous behaviour will be
observed. Under low temperatures and high stress frequencies, they behave as elastic
material in the solid phase with almost fully reversible response. Under high temperatures
and small loading frequencies, they behave as viscous liquids/fluids with irreversible
response. Within the medium temperature and wide frequency range the asphalt mixes
demonstrate viscoelastic behaviour, or a delayed elastic response in combination with a
viscous flow. There is information value primarily in those rheological measurements of
asphalt mixes where the results (in the form of master curves) provide findings concerning
the dependence of the complex modulus on the time and stress frequency. The complex
modulus value and the slope of the master curve can be considered as fundamental data for
prediction of the aforementioned performance-based properties of asphalt mixes. Therefore,
it is recommended to evaluate asphalt pavements performance by means of functional
testing. One of the suitable tests is application of 4PB-PR test on the equipment (see fig. 4),
which delivers complex modulus values for certain temperatures and frequencies, [8].

Figure 4: Apparatus for 4PB-PR, [21]

The test specimen in the shape of a beam is exposed to a repeated bending in four points
with free rotation and (horizontal) shift in all stressed and support points. The bending is
generated by the movements of the central stress point(s) in the horizontal direction,
perpendicular to the longitudinal axis of the test specimen. The horizontal position of the two
end points remains unchanged. The repeated deflection as generated in both directions is
symmetrical to the basic zero position and the sinusoidal amplitude must remain constant in
time, [9].
In the course of the test, the force necessary for the specimen to deform is measured as a
function of time, identically to the phase shift between the force signal and the deflection
signal. This is the basis of the stiffness modulus calculation for the material tested. The
asphalt mix is a viscoelastic material the stiffness of which can be represented by complex
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modules (E*). Viscoelastic properties result in delaying the response by a defined phase
(loss) angle δ. The stiffness and phase shift of the material tested are characterised by the
following formula, [9].
F

E1    cos    2 
Z



(1.16)

In this equation E1 (MPa) is the real part of the complex dynamic modulus – it is the degree
of elastic resistance of the material to deformation. It determines the value of energy
accumulated and released in a volume unit within a single period.
F

E 2    sin 
Z



(1.17)

Loss modulus E2 (MPa) represents the imaginary part of the complex modulus and
constitutes the degree of energy transfer between molecules. It characterises mechanical
loss and determines the quantity of energy that is converted to heat in the course of a
deformation period. Energy losses can be explained from the molecular perspective that the
macromolecular segments respond to the alternating stress and change their arrangement.
The arrangement change occurs only after a certain time t.
In equations 1.16 and 1.17, the individual parameters stand for the following values:
L
h, b
x
δ
F
Z
µ
ω

effective length of the beam [m],
height and width of the beam [m],
location of the probe for beam deformation measurement [m],
phase angle [rad], γ is the shape factor [1/m],
force applied to the beam [N],
beam deformation as measured [m],
weight factor [kg],
external force frequency [rad/s].

The γ and µ factors are determined as follows:


12L 
1
R x  

A  x
x2
A2
3

3

 L
L2
L2


 

L2 A  3 A 2

bh3  4 L2
M

  Rx














(1.18)






(1.19)

m1
m2 R A 


R A
R y 2 

(1.20)

where:
L
A
M

effective length of beam [m],
distance between the external clamp and the next internal clamp [m],
weight of the beam [kg],
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m1
m2

weight of the movable part [kg] in location A,
weight of the movable part [kg] in location y [m].

It should also be noted that the aforementioned equations are based on the modified exact
solution of the first-order approximations. Deformation caused by the effects of the shifting
force is neglected in the harmonised European standard. The approximation applied is very
precise; the difference between it and the exact solution is very little [23].
E *  E12  E 2 2

and

E 

  arctan 2 
 E1 

(1.21)

Dynamic complex modules (Diagram 4) were measured by the 4PB-PR method according to
the temperature range of -20 °C to +27 °C and frequencies ranging from 0.1 to 40 Hz with
controlled deformation of 50 microstrain. The aforementioned frequencies correspond with
the actual load by vehicles moving at different speeds within the aforementioned temperature
range. The master curves were also generated by the time-temperature superposition by
shifting on both the horizontal and the vertical levels to determine the thermal dependency of
the material’s rheological behaviour and to expand the time-frequency range under the
relevant temperature.
4.2

Aspects influencing testing by 4PB-PR

4PB-PR is a simple test, which can be characterized by a simple mechanistic theory,
whereas gained results are important values applicable to the pavement design purposes.
Nevertheless such conclusion cannot be fully applied for several reasons which are further
summarized. The respective testing is influenced by factors, which introduce to the testing
methodology errors or deviations which influence the total result. These conditions are not
attended by the testing methodology in any manner. It is the only question if it is possible in
terms of the fundamentals to avoid them.
Firstly, the testing beam has to be locked in by the clamps. Such clamping constitutes locally
stress and deformation which is introduced to the beam material. This extra stress and
deformation can represent fatigue damage or local non-linear effects, which are not included
in the calculation of complex dynamic modulus.
Secondly, it is not possible to design and fabric 4PB-PR apparatus, which would except
friction and at the same time allow free displacement and during its life-time it would not
deteriorate. Such deformations related to the apparatus might influence the test results.
Thirdly, shear forces act on the beam in the area between the outer and inner clamps. These
forces are causing testing beam deformation, whereas such deformations are not taken into
account in the prescribed test methodology. The test beam in the 4PB-PR apparatus is
subjected to these shear forces in the area between the clamps. Forces related to the
shearing strain in this area equal F/2, i.e. the half of applied total loading.
Fourthly, clamps limit the possibility of displacement in cross-section. This leads according to
our experience to ineligible deformations of the testing beam in the areas close to the clamps
and this is not in accordance with the deflection theory.
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Fifth factor influencing the test results is the specimen shape factor, which can be defined as
a function of shape and test specimen dimensions. Similarly weight factor should be
considered as well, which can be defined as a function of beam weight and the apparatus,
which be its inertial force influences acting force. The magnitude of measurement error or
inaccuracy is dependent on shear modulus V and Poisson’s ratio related to the tested
material. These two factors are included in the calculation of complex modulus, [9].
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5. Results and conclusion for 4PB-PR testing on cold
recycled mixes
Cold recycled asphalt mixes are a multiphase system made from various components. Some
of the components have complicated internal structure and show very high thermal
susceptibility. In fact, reclaimed asphalt pavement (RAP) consists of irregularly shaped
aggregate, binder and air voids. Despite the complicated structure, the material behaviour
can be described by application of known theory of viscoelasticity, [4; 5; 6; 7; 8].
Further, results of stiffness modulus determined by dynamic loading using 4PB-PR test
method are summarized in the table 1. The resulting values are always formed as an
average from last 10 measured values (complex dynamic modulus, loss angle) at different
temperatures and for different frequencies. These results were used for decomposing the
complex modulus to its real and imaginary part. These decomposed values are necessary,
because they are used [25] as input data in IRIS Rheo-Hub software. This software (or any
similar available on the market) allows successively to calculate and adjust the so called
master curves.
Table 1: Dynamic complex modules and phase angles - 4PB-PR
Testing temp.

Frequency

(ºC)

(Hz)

0

10

20

50
30
20
10
8
5
2
1
0,5
50
30
20
10
8
5
2
1
0,5
50
30
20
10
8
5
2
1

BCSM-BE
E*
δ (º)
(MPa)

BCSM-FB
E*
δ (º)
(MPa)

BSM-BE
E*
δ (º)
(MPa)

BSM-FB
E*
δ (º)
(MPa)

5 930
5 482
5 100
4 745
4 589
4 472
4 195
4 012
3 721
4 620
4 210
3 729
3 482
3 403
3 243
3 314
2 844
2 614
3 870
3 441
2 955
2 631
2 550
2 413
2 178
2 001

6 459
6 162
5 782
5 482
5 385
5 149
4 941
4 702
4 461
5 669
5 203
4 582
4 152
4 066
3 851
3 551
3 247
2 842
2 852
2 411
2 039
1 946
1 955
2 421
2 174
2 181

6 211
5 619
5 137
4 761
4 651
4 396
3 972
3 627
3 309
4 495
3 960
3 503
3 164
3 053
2 855
2 515
2 298
1 981
2 829
2 605
1 983
1 693
1 637
1 500
1 239
1 062

7 543
7 509
7 050
6 570
6 453
6 095
5 599
5 249
4 833
5 222
4 723
4 156
3 651
3 565
3 261
2 794
2 438
2 037
3 892
3 416
2 827
2 432
2 343
2 157
1 780
1 565

0.00
0.00
1.05
4.65
5.45
7.00
8.29
9.24
9.37
0.03
3.03
4.08
7.13
8.12
9.38
11.32
11.56
11.87
0.00
4.20
4.85
8.92
10.10
11.42
13.47
13.95
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0.00
0.03
0.59
3.45
4.53
5.80
7.57
8.39
9.09
0.10
1.22
3.87
6.76
7.63
9.29
11.23
12.28
12.82
12.69
14.71
26.11
14.57
15.97
13.33
13.58
16.28

0.00
0.52
3.74
7.00
8.25
9.82
12.33
13.83
14.23
5.80
5.78
8.95
12.24
13.05
14.88
16.98
18.21
18.81
6.44
11.95
14.86
19.41
20.28
22.37
24.15
25.18

0.00
0.00
0.92
4.79
5.54
7.25
9.20
10.82
11.52
0.15
5.43
7.35
11.97
12.96
14.90
17.20
19.10
20.91
5.20
9.93
13.29
17.10
18.06
20.18
22.87
23.78
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0,5
50
30
20
10
8
5
2
1
0,5

30

1 704
3 053
2 701
2 115
1 872
1 852
1 769
1 554
1 455
1 271

12.89
6.66
9.26
8.88
12.08
12.23
13.55
15.26
15.31
15.96

2 078
3 168
2 732
2 207
1 967
1 889
1 784
1 524
1 367
1 150

16.60
3.61
6.87
9.27
14.35
15.31
16.51
18.19
18.58
17.67

809
1 925
1 566
1 120
910
879
820
654
581
452

23.67
17.01
20.79
22.72
23.81
24.43
25.55
25.36
23.97
26.01

1 241
2 398
2 107
1 537
1 260
1 211
1 085
859
735
568

24.40
8.68
16.65
19.33
23.35
24.67
26.39
27.31
27.58
26.74

The master curves were designed by using time-temperature superposition principle with
relevant shift in horizontal and vertical plane. Shift factors were used to determine the
temperature dependence of rheological behaviour and extension of time-frequency range at
given reference temperature. For the description of the shift in horizontal plane WilliamsLandel-Ferry equation with C1 and C2 parameters was used. For the description of the shift
in vertical plane a polynomial equation is preferred [1; 5]. The parameters of the vertical and
horizontal shift are listed in the table 2. All calculations were made in the IRIS Rheo-Hub
software tool. The reference temperature, for which the master curves were determined, was
selected at 20 °C.
Table 2: Parameters of horizontal and vertical shift in time-temperature superposition
Mix

Tref

Tmin

Tmax

[ºC]

[ºC]

[ºC]

BCSM-BE

Fit of horizontal shift
aT - WLF [K]
C1
C2

Fit of vertical shift bT [-]
a0

a1

a2

100

1458.3

1.07E+00

1.07E-02

-2.39E-05

100

1215.5

1.01E+00

1.00E-02

3.50E-05

BSM-BE

100

1249.9

9.89E-01

2.52E-02

2.96E-04

BSM-FB

100

1016.7

9.94E-01

6.47E-03

-5.67E-04

BCSM-FB
20

0

30

Temperature and time have dramatic influence on viscoelastic response of bituminous
binders and asphalt mixes. This is the reason why viscoelastic properties are measured in
wide spectrum of temperatures and/or stress levels. Behaviour of an asphalt mix or bitumen
depends on the temperature as well as frequency and duration of repeated loading. If these
variables lie in the range, where the material behaviour is defined as viscoelastic and it is
possible to characterize the material as temperature-rheologically „simple“, than it is possible
to express the effect of time or frequency and temperature by time-temperature
superposition. Material characteristics given as a time-dependent function or frequencydependent function (such as results of dynamic testing, or material spectrum measured at
different temperatures), can be shifted along axes for creating various master curves [5]. The
complex master curves of the researched cold recycled asphalt mixes with variable binders
(bitumen, cement, or their combination) are given in Figure 5a and 5b.
In general gained results very well demonstrate the thermal dependence of the material and
the applicability of linear viscoelastic theory. In term of temperature effects even the thermal
susceptibility can be demonstrated by the master curves. Both of these aspects are
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important from the point of view of mechanistic pavement structural design methods which
are usually applied in different countries. If analyzing the master curves from the right to the
left, it is evident, that in the field of the lowest tested temperatures and highest frequencies,
the material has tendency to behave almost elastically. The transition from viscoelastic to
elastic behaviour is evident from the last measured values in the decreasing imaginary part
of the master curves. The real part of the master curve is increasing with the raised
frequency; at the same time the derivation is decreasing. The derivation is reaching almost
zero values in the last couple of values. This phenomenon correlates very well with the
transition of the material properties to the elastic area and reaching the equilibrium modulus
[2; 5]. From the change of the loss angle it is clear, that cold recycled asphalt mixes are
thermo-mechanically sensitive materials [6]. If we compare the mixes in terms of used
binders, the influence of cement is clearly evident respectively it enhances elastic properties
at high temperatures and low frequencies. By the application of cement, the thermal
susceptibility is decreased. This fact is very evident from comparing the elastic modulus
curves, where the total trend is less steep for mixes with cement (there is smaller difference
between the lowest and the highest determined modulus).

Figure 5a: Master curves of cold recycling mixes - E´ (elastic part of the modulus), E´´ (viscous
part of the modulus); reference temperature 20°C
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Figure 5b: Master curves of cold recycling mixes - phase angle

The difference between foamed bitumen and bituminous emulsion is clear especially in the
elastic part of resulting master curves. The difference can be caused by different binder
content (bituminous emulsion and foamed bitumen are made from pen grade bitumen
100/70). The applicability of the test for cold recycled asphalt mixes assessments seems to
be complicated, because the production of the beam specimens came repeatedly up with
certain problems (the clear reason is the character of this type of stabilized material). It also
caused very low reproducibility of obtained results.
First problem related to cold recycled asphalt mixes and 4PB-PR testing appeared already
during demoulding of the test slabs. Because the material is a bit more brittle, it is necessary
to secure sufficient separation between the steel bottom plate of the mould and the
compacted asphalt material. Even if the separation is made properly, sometimes the whole
slab can be broken during demoulding. Another problem occurred when beam specimens
were cut from the slabs to get the necessary test specimens. During the cutting the material
has tendency to brake off edges of the beams (Figure 6). This finding is not unique. The
same was found out in the past within several master student projects at the CTU in Prague,
as well as during fatigue experiments on cold recycled asphalt mixes made for example at
University College in Dublin.
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Figure 6: Broken off beam specimens (BSCM-BE, BSCM-FB, BSM-BE, BSM-FB)

To compare the methodology of stiffness modulus testing by 4PB-PR and IT-CY methods,
there are values of stiffness modulus gained by IT-CY method shown below in the Table 3.
The IT-CY method follows [10] and the testing was made at 15 °C for mixes with identical
mix design and used RAP. The comparison itself is a little bit difficult because of different
method of manufacturing of test specimens (segment compactor for 4PB-PR vs. hydraulic
press for IT-CY). However, the results show trend, respectively it is possible to make an
assumption on the basis of the gained findings. Mixes with cement correlate more with the
results of complex dynamic modulus at higher frequencies of loading (30-50 Hz), while the
mixes with only bituminous binders have stiffness according to IT-CY more similar to lower
frequencies (2-5 Hz) of 4PB-PR testing. The given comparison is just approximate due to the
fact, that complex dynamic modulus were determined at temperatures 10 °C and 20 °C,
while the stiffness test done in repeated indirect tensile stress mode was performed at 15 °C.
Tabulka 3: Modul tuhosti - IT-CY
Mix
BCSM-BE
BCSM-FB
BSM-BE
BSM-FB

Stiffness modulus (IT-CY)
(MPa) @ 15ºC
4 287
4 652
1 745
2 254
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6. Sigmoidal model
Presently mechanistic-empirical methods are widely used for pavement design, whereas
they are in many cases applied also during the assessment of existing pavements. With
respect to the fact that the characteristics of materials used in pavement structures influence
the response, bearing capacity and pavement life-time, their definition and specified
premises define basic procedure used for the pavement design. In the designing stage
modulus of elasticity can be determined by laboratory testing, whilst in the stage of quality
control often e.g. Non-destructive field tests are used. In this case stiffness modulus is
gained by back calculation. Because of the fact that cold recycled asphalt mix is a
viscoelastic material, duration and strain rate (frequency) of loading strongly influences
modulus of elasticity. Therefore design values of this modulus should be selected
proportionally to be representative for in-situ conditions and findings, [24, 28].
Sigmoidal model is a relatively new polynomial model which was introduced in the
mechanistic empirical design guidelines for pavement structures in the USA (MEPDG). The
model was developed within the research project NCRP-37A and the model has a shape a of
S/Z function. The model is mainly applicable for the description of functionality ratios of
stiffness modulus master curves. Sigmoidal model can be used also for the description of
compliance function [26]. The main equation (1.22) and necessary inputs for regression
evaluation of dynamic complex modulus was applied in the calculation process with the
preference of logarithmic scale.

Figure 7: Importance of particular parameters in the sigmoidal function, [27]

log E  log E min 

log E max  log E min

(1.22)

log fred a 
b
1 e

where
fred
reduced frequency in [rad/s],
a,b
parameters of sigmoidal function (see Figure 7) [-] ,
E (Emin, Emax) modulus of elasticity in [Pa].

18

CEDR Call 2012: Recycling: Road construction in a post-fossil fuel society

Master curves for complex modulus E shown in Figure 8 were determined for all four cold
recycled mixes described in this report with the intention to simulate different type of used
binder(s).

Figure 8: Complex modulus E* for assessed cold recycled mixes

From following Figures 9a-9d it is obvious, that sigmoidal model used for fitting evaluated
data provides a very good regression of tested data. Further boundaries of confidence bands
of symmetrical 95% confidence intervals are shown for assessed parameters of the model or
more precisely their estimations. For practical use or conversion of reduced frequency fred
values to modulus of elasticity E* it is however necessary to set how one particular value of
E* will develop for a given fred. Because exact values of model parameters are not known,
they have to be replaced by estimates. Such simplification ny using the estimates leads to a
certain error (inaccuracy), which causes, that the interval in which it is assumed that the E*
value can be found for a given fred, might be wider. Symmetrical predictability bands with 95
% confidence dependent on the selected variable are shown in Figures 9a-9d as well.
Particular parameters and the mean value of the estimation for each parameter fitted by
sigmoidal model are given in Table 4.
Table 4: Parameters of the used sigmoidal model
Mix
Emin
Emax
A
B
2
r coefficient det.
Sum Square
Errors

[MPa]
[MPa]
[-]
[-]
[-]
[-]

BCSM-BE BCSM-FB
1178.9
803.6
4750.1
6399.1
1.33706
1.01456
1.01474
1.44643
0.98
0.97
0.3131

0.5547
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BSM-BE
196.5
4513.3
0.60462
1.51245
0.99

BSM-FB
127.4
5826.9
-0.10045
1.51545
0.99

0.8543

1.3735
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Figure 9a: Fit of test data (E*) for mix BCSM-BE by sigmoidal function

Figure 9b: Fit of test data (E*) for mix BCSM-FB by sigmoidal function

Figure 9c: Fit of test data (E*) for mix BSM-BE by sigmoidal function
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Figure 9d: Fit of test data (E*) for mix BSM-FB by sigmoidal function

Sigmoidal model broaden the applicability limits of assessed characteristic, whereas it does
not allow expected estimation in the range of tested data for which it might not be possible to
determine them by direct testing (e.g. because of the failure of test specimens). In this
respect the model does not allow to show material relaxation at zero stress.

21

CEDR Call 2012: Recycling: Road construction in a post-fossil fuel society

7. Conclusions
Complex modulus determined by 4PB-PR test can be seen as an alternative characteristic to
more commonly used and evaluated stiffness according to IT-CY test. In this respect it was
not proven that there is any generally applicable relation or functionality which could be
defined between IT-CY and 4PB-PR test results. This is in agreement with existing results
found repeatedly also for hot mix asphalt assessments. There are some limited
functionalities found for evaluated cold recycled mixes containing low or increased amount of
cement, but for both types of cold recycled mix the comparable values for complex modulus
are for 15 °C at completely different frequency.
The crucial problem of this test and its application in the field of cold recycled mix
assessment can be seen in test specimen preparation. First problem repeatedly has been
seen during slabs preparation – mainly curing and demoulding. In this case the slabs are
very sensitive to handling and in some cases it was very difficult to demould the slabs even
after 14-28 days. This is additionally blocking such mould for any other specimen
preparation. Similarly complicated is the cutting of slabs to preparing test beam specimens. It
was impossible mainly for cold recycled mixes with lower cement content to gain beams
without broken off edges. Such defects are then influencing the final test data and the
variability of gained results. It is of course recommended to cut the slabs around 28 days of
curing to reduce the risk of such defects as much as possible.
The test it self can be run for standardized frequency sweeps and temperatures at least
between 0 °C and 30 °C. If the test equipment is set properly and the manipulation with the
beams is careful it was possible to test the specimens without any problems. It was then
possible to calculate and plot master curves and even fit the gained results with sigmoidal
model which ahs been found as probably the most suitable at this moment. The master curve
can be seen as a good tool for analyzing and describing the mix behavior.
Nevertheless besides the mentioned limits and problems during specimen preparation a
regular assessment of this characteristic would be additionally limited by the fact, that 4PBPR test needs special equipment which might be available to finite number of laboratories
where it is used for advanced testing, innovations and research. Also from this point of view it
is at this moment not tangible to recommend the complex modulus and 4PB-PR test as a
standard which should be applied for cold recycled mixes.
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