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Executive summary
One of the partial subtasks within the study of “Durability of cold recycled bitumen stabilized
materials” focused on cold recycled mixture characterization related to behaviour in the
range of low temperatures (≤ 0 °C), mainly on crack initiation and propagation issues.
Although this type of resistance is important for bituminous materials and their durability,
especially if used in pavement binder or base courses, very limited knowledge exists so far
(limited studies on fractural energy, none in crack propagation) for cold recycled mixes. This
might be less important for mix types with very low content of bituminous and/or hydraulic
binder, nevertheless similarly to hot asphalt mixes might play more important role in case of
cold recycled mixes which are continuously bond by bituminous binder (≥ 2.5 % of residual
binder content) or in combination with hydraulic binder (cement).
In the presented study firstly an introduction is included summarizing the effects and
importance of temperature conditions which occur on a pavement, mainly with respect to
central European countries or northern European countries. Similarly it is resumed what are
the phenomena related to asphalt and its behaviour in low temperature range. Because
bitumen stabilized mix is a viscoelastic material, the role of cracking and repeated seasonal
temperature changes or even sudden changes which can occur during the year play an
important role. Chapter 4 is focused on review of existing tests for evaluation and
assessment of asphalt cracking behaviour and the impact of low temperatures on the
material performance. Presented tests are mostly known from the field of hot mix asphalt and
not all of them might be suitable for cold recycled mixes. In some cases it is more than
obvious that the described test would be limited by specimen preparation. In other cases (like
e.g. Fénix test) the knowledge and so far realized application are limited only to a small
region or one country. Last but not least for the further decision on selected tests and their
possible applicability for cold recycled mixes, it was kept in mind that such test should be
available to regular road laboratories and should be more or less simple to be performed.
Three suitable tests were selected and assessed with respect to their applicability for cold
recycled mixtures (specimen preparation, curing time, possible impact of residual water
captured in the compacted material etc.). Same number of mixes with identical mix design
like for other subtasks 2.1 was used focusing on coverage of the main alternatives of cold
recycled mixes (i.e. mixes where only bituminous binder is included, mixes where
combination of bituminous binder and higher content of cement is used). Additionally mix
designs are included where reduced content of bituminous and/or hydraulic bind was
assessed as well as mixes where reclaimed asphalt material was replaced fully by recycled
concrete or sand used in filtration base layer of a pavement. Last two named materials were
gained from the ongoing total reconstruction and modernization of the main Czech motorway
D1 connecting Prague with the second largest city. Within this set of mix designs variations
are included containing pulverized (fine-grained) and activated recycled concrete as a
substitute to cement. Last but not least a mix from a cold recycling construction site was
included as well. Regarding curing the study focused on comparison of specimens which
were cured for at least 14 or 28 days. This is mainly because of the test specimen
preparation.
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With respect to the selected tests used and compared, firstly the crack propagation test
according to EN 12697-44 was applied. The reason is that this test is covered by the
harmonized European standard and therefore might be applicable to all European countries.
Additionally it was expected that the test specimen shape and necessary test equipment is
simple and available. Secondly because of the simplicity flexural strength (bending beam)
test was selected and used. This test is known mainly in the Czech Republic and partly in
Germany. Also in this case test specimens are used which can be prepared by usually
available equipment which can be found in a standard road laboratory. The necessary test
frame is not expensive and the test principle is similar to any other strength tests used in civil
engineering, i.e. normal laboratory press machine with range of at least 50 kN is necessary.
Same equipment and same sample preparation is used also for the third test which focused
not on strength properties and failure states but assesses relaxation of a beam test specimen
loaded by a defined stress and then relaxed.
Results of all tests are presented in this report, whereas temperature interval between 0 °C
and -10 °C was selected as most appropriate. Since there are not any threshold values
specified in Europe, it was not possible to compare the results with such prescribed limits.
Therefore the results of assessed cold recycled mixes are compared to selected HMAs
representing standard asphalt concrete, high stiffness modulus asphalt concrete and asphalt
concrete where reinforcing fibres are used. It was not expected to reach same values for cold
recycled mixes, it was more the aim to identify the comparability level between hot mix
asphalt and cold recycled mixes. Recommendation on suitable parameters and their
threshold limits are formulated based on the gained results.
Due to the capacity of particular project partners and test equipment availability this study
was performed by CTU in Prague. At this moment it might be possible to identify some
repeatability data, nevertheless it is not possible to validate the test data with respect to
reproducibility between more laboratories.
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1 Introduction
A technically well prepared, balanced and optimized design of a pavement structure is a key
factor for creating and successive “life” of an effective road network. The design itself follows
some specific input information, which usually contains designed level of deterioration,
expected traffic loading, design lifetime, characteristics of subgrade and climatic conditions
[15]. There exist many types of pavement defects, but one of them is directly associated with
the last listed parameter of correctly done pavement design and it is climatic conditions. The
reality of crack initiation issue which is connected to climate changes and seasonal swings
may appear to lesser probability in southern regions of Europe or in regions with moderate
climate with soft winter. Climatic conditions might be on the other hand crucial for central
continental Europe, where the seasonal changes are not very favourable for the pavement.
The differences between maximum and minimum temperatures are often significantly
substantive. Extremes can even reach a yearly difference up to 80 °C [16] and substantial
might be seen also quick temperature drops, which can cause tensile stresses in the
pavement structures. For hot asphalt mix this facts are well known and were researched all
over the world in the past. However pavement structures consist also of other types of
materials and mixtures and this is the reason why it is important to analyse this area of
material behaviour, primarily in the connection with the ongoing development of cold
recycling technologies. It is further necessary to evaluate if testing of this type of behaviour is
necessary and essential, as well as what kind of tests is most suitable with respect to the test
performance and availability to regular road laboratories.
It must be emphasized, that this report deals with the issue of cold recycled asphalt
pavement structures and their behaviour by an approach, which is typical for hot mix asphalt,
because deeper verification of this type of behaviour for cold recycled mixes is essentially a
minimally researched are and more extensive data are not existent.
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2 Temperature conditions
The issue of thermal cracking is for a long time and well known complex issue, which is
discussed especially in cooler regions and countries, like Sweden, Finland, etc.
Temperatures reach in these cases usually very low levels and that is the reason, why
bitumen with pen grades 250/330 to 650/900 are used (according to EN 13108-3 [17]). Soft
bitumen resist better at low temperatures to tensile stress inside the asphalt material [18]. On
the other side, maximum temperatures in Scandinavian countries are not that high as in
Central European countries, where the use of soft bitumen is impossible due to hot summer
periods. The Czech Republic or Germany lies in a region, where big fluctuation in the
weather occurs. The lowest measured temperature in the Czech Republic was for example 42.2 °C (11th February 1929 in Litvínovice) and the highest was 40.4 °C (20th August 2012 in
Dobřichovice). Additionally For pavements a quick drop of temperatures is “dangerous” as
well. As another example one of such significant drops was monitored at the turn of 1978
and 1979, when within 6 hours the temperature dropped by 20 °C and within 16 hours even
by 30 °C [16][19]. It might be argued, that temperature drops like this occurred only in the
past and just in some place of the Czech Republic, but Figure 1 proves, that significant
temperature changes during one day were measured for example at the meteorological
station close to the international airport Prague – Ruzyně in February 2014. Such
temperature fluctuation together with vertical traffic loading and its daily intensities can cause
problems on the interface of layers, because its connection is imperfect. At every single layer
in the pavement structure different shrinkage can occur, [21].

Figure 1: Temperature course in Prague Ruzyně in February 2014
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3 Bitumen and asphalt mix behaviour at low temperatures
A component of each asphalt mixture, including cold recycled mixtures, is bitumen. From the
point of view of mixture’s stability in the road structure, bituminous binders have two essential
and negative features, which are impossible to be eliminated since they form natural part of
this material. These features are thermal susceptibility and ageing degradation. In the range
of low temperatures, bituminous binders are close to elastic behaviour, while at high
temperatures they behave like fluids, which are characterised by viscosity. At normal,
moderate temperatures these parameters mingle with each other and therefore bitumen is
characterized as a viscoelastic material. These features are transferred to asphalt mixtures,
which change it stiffness according to temperature they are exposed to (see Figure 2, which
describes stiffness of cold recycled mixes depending on temperature).

Figure 2: Stiffness modulus dependence of cold recycled mixes on temperature

At high temperatures asphalt mixtures become softer and stiffness depends more on the
aggregate, respectively on its angle of the internal fraction. Mixtures are also more prone to
permanent deformation. On the other side, at low temperatures asphalt mixtures are stiffer
and usually more brittle. Asphalt behaviour depends also on relaxation abilities of so called
junction bridges and cohesion between binder and aggregate. The problems of solidification
and embrittlement of bitumen is not connected with only temperature change, but also with
ageing. Bituminous binders have colloidal structure, which is composed of molecular
hydrocarbons and heterocycles. The included high-molecular hydrocarbons change in favour
of denser elements, because of the effect of temperature, oxygen, UV radiation and
evaporation of low-molecular hydrocarbons (oils), [24].
In general for every material, shrinkage originates usually during cooling and the same can
be applied to materials used in road structures. During shrinkage tension stress occurs in the
material. In case of rigid pavements the problem is solved by thermal expansion joints, which
split pavements into parts and enable to release stress. In flexible pavements such
expansion joints are not used and the stress release happens because of material relaxation.
Material relaxation is a stress drop in time by constant deformation. Relaxation of asphalt
mixture depends on its temperature, respectively the temperature of the bitumen. With
decreasing temperature also viscosity of binders is decreasing and the ability of relaxation is
getting worse. The ability absolutely disappears at approximately -20 °C and the material
moves into the zone of linear elasticity and behaves brittle, see Figure 3. Between
temperatures about -20 °C to about 80 °C, bitumen becomes viscoelastic and its behaviour
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is ductile. It enables material to relax and to release acting stresses. With increasing
temperature, viscoelasticity of bitumen transfers from linear to non-linear behaviour. From
about 80 °C the material starts to behave viscous and almost unable to transfer tension
stress. Characteristics describing bitumen behaviour, respectively asphalt mixture behaviour,
are complex modulus (E or G), shear complex modulus (E* or G*), stiffness modulus (S) or
characteristics like fatigue resistance, rutting characteristics or resistance against thermal
cracking, [18];[21]; [23].

Figure 3: Bitumen behaviour dependence on temperature

3.1 Crack types and sources of their creation
In the technical pavement oriented literature and normative regulations, it is possible to meet
notions like fatigue crack, thermal crack, shrinkage crack, cross crack, reflex crack, etc.
Essentially it is possible to say, that these notions are connected to pavement structure
deterioration, which is caused by low temperatures, or by the interaction of low temperatures
and traffic load leading to reduced fatigue resistance.
In the international literature (for example [14], [25] and others) mainly the notion thermal
crack is mentioned. It is further divided into single event thermal cracking and thermal fatigue
cracking. Creation of the first mentioned cracks occurs, when temperature drops into the
zone of linear elasticity, when the shrinking of the material lost almost completely, or
completely its relaxation abilities. It leads to increasing of internal tensile stress, reaching
gradually the limit of tensile strength typical for each material. Already the first significant
temperature drop and considerable shrinkage can cause exceeding of the material strength
and a crack can occur. Therefore it is possible to say, that shrinkage cracking is directly
connected to thermal cracking. Vice versa, thermal fatigue cracking occurs also at higher
temperatures. It is related to material fatigue life. It could be said, that thermal fatigue
cracking can occur at any temperature, even in the area of viscoelastic material behaviour.
Repeated temperature changes lead to unceasing increase and decrease of stresses and
this immediately leads to failures in the internal structure, failures of cohesive binder bridges
or initiation and propagation of a crack. However, as was mentioned earlier, with decreasing
temperature, material’s viscosity and relaxation abilities are also decreasing. Conversely, the
internal tensile stress is increased respectively the asphalt mixture is subjected to fatigue
more slowly.
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With respect to the two previous paragraphs it must be added that thermal cracks are not the
same as shrinkage cracks. Crack initiation, which behaviour is close to thermal cracking,
doesn’t occur only in low temperature areas, but it was observed for example in Sahara
desert as well. During the day, temperatures reach up to 70 °C on the top of the pavement
structures, conversely at night in can be close to zero, or even under the freezing point. In
such case, extreme temperature drop and shrinkage occur. To resist these problems,
bituminous binders with very low penetration are used. At high temperatures these binders
work well, but their relaxation abilities are shifted and very limited at low temperatures.
Moreover, in Sahara area there is a very strong UV radiation, which causes ageing of the
material, mainly if speaking about bitumen. It also shifts the relaxation abilities into higher
temperatures. Bitumen ageing is accompanied by physic-mechanical changes, which more
or less correspond to asphalt changes at low temperatures. After extracting of aged bitumen
from asphalt material applied in Sahara regions it was found, that its penetration is only 10
dmm. Result of this is initiation of shrinkage crack, which is accompanied by quick shrinkage
depending on weak relaxation abilities of the material. Therefore a crack doesn’t have to be
caused neither by low temperatures or fatigue, but the reason of the initiation can be equal to
thermal cracking, [18].
According to the theory of thermal crack initiation (described e.g. in [20]), the crack originates
in the pavement layer if the bituminous binder and concurrently the asphalt mix as well are
exposed to critical conditions and consecutive shrinkage. Because of the bitumen behaviour
such theory is correct nevertheless in large extent it neglects the behaviour of the asphalt
mix from the complex point of view. Therefore it is important to study the mix behaviour and
performance in the whole range of possible conditions. Characteristics of the asphalt mix are
of course more than important for the overall performance-related behaviour. The theory
however should cover also behaviour of all other factors, which provide finally a complex
picture. Based on this resulting asphalt mix will have different parameters of creep, fractural
properties or temperature-related properties if compared to the bituminous binder, [22, 25].
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4 Tests review and methodology
In the Czech Republic and also in other parts and regions in the world many different
procedures of tests exist for assessment of low temperature behaviour of asphalt mixes. The
objective of this chapter is to show possibilities of testing and examples of some research
works done in the past by different laboratories or research institutions.

4.1 SCB test
SCB is an acronym for Semi-Circular Bending test, which is used as a destructive test for
assessment of resistance to crack origin and propagation. The test follows the standard EN
12697-44: Crack propagation by semi-circular bending test. The standard focuses on hot mix
asphalt, however in this part of an overall research report possibilities were verified of its
application on cold recycled mixes with different types of RAP and different binders.
In the USA is the SCB test follows the standard AASHTO TP 105-13: Standard method of
test for determining the fracture energy of bituminous mixtures using the semi-circular bend
geometry. Although the name of the standard is similar to the name of European standard
(they concur in the title “semi-circular bend”), their essence and requirements to the test
equipment are slightly different. This will be more detailed explained on the page 14.
The most important parameters, which we determine by the SCB test are maximal stress and
fracture toughness. In this connection EN 12697-44 can be used for determination of the
stress intensity factor in crack propagation mode no. 1, or modes no. 1 + 2. The mode
depends on the angle α, which forms the notch with the base of the specimen [1]. However,
EN 12697-44 doesn’t consider the possibility of the tilt of the notch. It means that it considers
only the mode 1. The basic scheme of the test according to EN 12697-44 is show in the
Figure 4, [2].

Figure 4: SCB test scheme, [2]

4.1.1 Principle of the test
A semi-circular shaped test specimen with a perpendicular notch in the middle of the bottom
plane is being loaded in three points by bending. By the bend the tensile stress is caused on
the bottom plane. A specimen is affected by a constant strain 5 mm/min until the maximal
strength is reached. Using the maximal strength value it is possible to calculate required
12
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value of maximum stress and fracture toughness. In Figure 5 there is an example of a test
frame and a test specimen.

Figure 5: An example of a test frame with a test specimen for SCB test, [3]

4.1.2 Test process
The test is performed on specimens conditioned at a given temperature. Within the
performed SCB tests temperatures 0 °C and -10 °C were chosen and characteristics
determined at these temperatures. The same temperatures are recommended for the
practical application of this test for cold recycled mixes, while it is possible to complement the
fracture toughness values with stiffness modulus values at least for 0 °C. Specimens must be
placed in a climatic chamber with the test temperature with a tolerance ±1 °C for at least 4
hours. However, recommendation for the conditioning is to prefer longer time, for example
Czech technical specifications (TP151) mention conditioning time of 12 hours for
temperatures < 0 °C. The test itself should be performed in as short time as possible, after
the specimen is taken out of the climatic chamber (the time between taking a specimen out
of the climatic chamber and its destruction by the test should be shorter than 60 seconds).
A specimen is put down on cylindrical supports in such a way, that the notch is in the middle
of the span and the axe of the vertical force goes through the notch. After establishment of a
specimen it is covered with a load distributor, the vertical deformation is set to zero, and then
the load with a velocity of (5.0 ± 0.2) mm/min is applied. The vertical force is recorded with
accuracy 1 N and the vertical strain with accuracy of 0.01 mm. The test is considered to be
valid, when a crack occurs in an area ±15 mm from the middle (10 % of the diameter of the
specimen). The crack progression should be assessed on both sides of the specimen. In the
case, when the crack doesn’t propagate through the required area, it is necessary to discard
the specimen out the testing. EN 12697-44 discusses this problem because of one reason
and it is excluding big differences among the test specimens. Test specimens with big
aggregate size have high probability of occurrence of a big stone in the straight crack
“progression”. This proves numerous obtained and repeated values from testing. In respect
to this, the requirement established by the standard is questionable for cold recycled mixes.
The result of the test must be obtained from at least four valid specimens.
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4.1.3 Test equipment
The basis for the test performance is a press machine with maximum force of at least 50 kN,
which is able to maintain constant loading velocity (5.0±0.2) mm/min. The equipment must
be equipped with a force sensor with accuracy ±0.1 kN and deformation sensor with
accuracy ±0.1 mm.
During the test it is important, that the specimen lies in the test frame on cylinders, which
enable rotation around its axes. The diameter of the cylinders is (35±0.5) mm and its span is
(120±0.5) mm. Between the test specimen and the supports (cylinders) metallic sheets are
inserted. The metal sheets must be appropriately glued to test specimens. The reason is
spreading of loading in the supporting points, in order to avoid crack initiation on the edges
and at the same time avoiding extrusion of the supports into the test specimen. The upper
load distributor has length which equals at least to the width of specimens at its width is
(10±0.2) mm.
Another equipment necessary for conducing the test is a suitable climatic chamber with
accuracy of thermal conditioning ±1 °C, further it is a cutting equipment for preparation of
semi-circular specimens and a cutting equipment which enables creating notches of width
(0.35±0.10) mm and a depth of (10±1.0) mm.

4.1.4 Comparison to AASHTO TP 105-13
In the scheme of the American SCB test (Figure 6) it is possible to recognize the basic
differences in comparison to EN 12697-44. The test specimen is put directly on cylinders,
which are not attached in its axes, but the horizontal shift is enabled. More important
difference is that the loading is not provided with constant vertical strain, as defined in EN
12697-44, but it is provided with constant growth of the crack mouth. The strain velocity is
defined by 0.5 mm/min. The velocity is further controlled by CMOD (crack mouth opening
displacement) measuring equipment. The test equipment is provided also by additional
sensor, so called LLD (load-line displacement). It is possible to find more information in [4].

Figure 6: SCB testing scheme according to AASHTO TP 105-13, [4]
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4.1.5 Calculations according to EN 12697-44
Test specimens are properly labeled by a name and a number i (i = 1, 2, 3, ...). For each of
the specimens which have to be evaluated by the SCB test the maximum force Fmax and
vertical deformation ΔWi are logged. The strain can be calculated by using following
equation:
(1.1)

where ΔWi is the vertical displacement at the maximum force and Wi is height of a test
specimen. The maximum stress

we calculate from equation (1.2).

(1.2)
where Di is diameter of a specimen, ti is thickness of a specimen and
is maximum
force. According to the standard EN 12697-44 it is possible to calculate fracture toughness
by using following equation:
(1.3)
a 
where ai is the depth of the notch in a specimen and f  i  is geometric factor according to
 Wi 
equations (1.4) and (1.5). If ai fulfils 9 mm < ai < 11 mm and 70 mm < Wi < 75 mm then:

(1.4)
For other cases:

(1.5)
In the standard is further noted for the calculations described above, that for test specimens
without a notch the tensile stress is equal to maximum stress according to equation (1.2). For
all alternatives of stress calculation that the resulting fracture resistance is an average for
values according to equation (1.6).

(1.6)
where n is number of validly tested specimens.
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4.1.6 Calculations according to the procedure use in USA
The stress intensity factor calculation is different for various types of crack propagation, [2].
As the SCB test corresponds to fracture mode 1, the following calculation will correspond to
this mode.
(1.7)
(1.8)
where
is the initial stress described by the equation (1.8), a is depth of the notch,
is
normalized stress intensity factor calculated by finite elements method, r is diameter of a test
specimen and L is thickness of a test specimen. The calculation of I is based on equations
(1.9) to (1.12), where Sa is the real (immediate) half-span and S0 is initial half-span.

(1.9)
(1.10)

(1.11)
(1.12)
where

and

are constants of the normalized vector.

The fracture toughness doesn’t depend on the thickness of a test specimen, if the thickness
is between 10 and 50 mm. Also the dimensions and notch depth do not influence significantly
fracture toughness (if the notch depth is in the range 3 mm to 0,8r mm). Within the research
[2] a graph of dependence of on a/r was made, see Figure 7.

Figure 7: Dependence of YI on a/r, [2]
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MIKA [5] made in his study an analysis of difference between the calculation from EN 1269744 and those described in [2]. A small deviation of fracture toughness was found. The
deviation doesn’t cause big differences between the results, but the readability of the
equations is much better in case of [2]. In the standard EN 12697-44, there is further a
constant value of 4.263, which origin is unknown.

4.2 FS test
FS test is a shortcut for flexural strength (bending beam strength test), which follows Czech
technical specifications TP 151 primarily set for HMAC mixes. It means that primarily these
specifications are used for bituminous mixtures with high stiffness modulus usually found in
binder or upper base course of heavily trafficked roads. Nevertheless, within the research
done in CoRePaSol project this test and related characteristics were evaluated with respect
to their applicability for cold recycled mixes, mainly because of its simplicity.

4.2.1 Principle of FS test
The principle of the test is to determine deformation characteristics of a bituminous mixture at
low temperatures (usually in the range of 0 °C to -20 °C) by flexural three-point strength test.
For the test beam specimens are used and they are loaded by three point bending. The
beam specimens are usually cut out from slabs prepared by segment compactor according
to EN 12697-33+A1. The test determines the resistance of a mix against crack initiation at
given temperature.

4.2.2 FS test equipment
As in the case of SCB test, the basis for the FS test performance is a standard press
apparatus. TP 151 requires its maximum force to be at least 100 kN and ability to keep
constant strain velocity of between 1.25 mm/min and 50 mm/min.
It is recommended to perform the test in a tempered isolated water bath with whirling
equipment. For the temperature 0 °C it is even possible to carry out the test in water with
crushed ice. If it can be secured that the test is done within 120 seconds from removing a
test specimen form the climatic chamber it is even possible to run the test without any water
bath. The test equipment consists of a test frame (see Figure 8). The distance between the
supports depends on the test specimen´s length, though the distance from the end of a
specimen to the middle of a support must be always at least 10 mm.
Another type of equipment necessary for conducing the test is a suitable climatic chamber
with accuracy of ±2 °C. Further metal sheets (50 10 3 mm) and a superglue are needed.
For this research were used specimens with dimensions 50
250 mm.
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Figure 8: FS test scheme

4.2.3 FS test procedure
In the first place, it is necessary to glue the metal sheets to the specimen. It must be glued
on the spots of supports and at the loading point. The metal sheets help to spread uniformly
the applied force and prevent extruding cylindrical supports and the loading head into the
specimen. The specimen must be loaded in the same direction, as it was compacted. It is
necessary to make this first step properly.
It is possible to cool down specimens in a water bath with crushed ice with constant mixing
for 1.5 hour. If a climatic chamber is preferred then the conditioning takes at least 12 hours.
The temperature in the chamber must be for the last 2 hours of conditioning in the range of
±1 °C of the required temperature. The standard temperatures for the test are 0 °C or -5 °C.
Conditioned specimen is then put into the test frame and moved under the loading rod of the
press. It is necessary to control that the two bottom metal sheets lie exactly on the supports
of the frame. The specimen is loaded with a constant strain velocity 1.25 mm/min, or 50
mm/min, until the maximum force is achieved. The maximum force occurs by either visible
failure of the beam, or a ductile failure. It is necessary to make the test as quick as possible,
to avoid heating of specimens. The failure after taking a specimen out of the climatic
chamber must be achieved in less than 120 seconds.
The maximum force Fmax is recorded with accuracy of 0.1 kN and the deflection YS with
accuracy of 0.01 mm for each specimen in a datasheet.

4.2.4 Calculations
First value, which is calculated from the obtained test data, is the strain εs, which is simply
defined by the equation (1.13). Its accuracy should be 0.01 %:
(1.13)
where h is height of test specimen, l is the distance between supports and YS is the
deflection at failure of test specimen.
Then the flexural stiffness modulus can be determined by applying the equation (1.14):
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(1.14)
where P is maximum force. The result of flexural stiffness modulus is rounded to 10 MPa.
The main object of the test is the calculations of flexural strength Ri, which is rounded to 0.01
MPa and defined by the equation (1.15).
(1.15)

4.3 Relaxation test (RT)
Relaxation test was designed to obtain information about viscoelastic properties of
bituminous materials in low temperature range, mainly their ability to release tension. The
test was originally co-developed together with the previous FS test and is focused on asphalt
mixes, which are used in base courses of pavement structure. Similarly to FS test, relaxation
test follows Czech technical specifications, TP 151, as well. For cold recycled mixes this test
was recognized as optional with limited information on behaviour in low temperature range.

4.3.1 Principle of the test
The principle of the test is to determine relaxation characteristics for asphalt mixtures by a
test, which is based on same principles like FS test. The test is performed in a water bath at
0 °C. If lower temperatures are required, use of a climatic chamber is necessary. For just a
tentative determination it is possible to make the test on a conditioned, surface isolated
specimen, and it doesn’t have to be made in a water bath or a climatic chamber.
Specifications TP 151 prescribe in detail only the method done in a water bath. During the
test a specimen is loaded in three points and bending tension is caused. After reaching the
initial stress the loading is stopped, the strain is kept and drop of the stress is recorded
during the time interval of 600 seconds.

4.3.2 Test equipment
The test equipment coincides with the equipment which is used for FS test (see chapter
4.2.2).

4.3.3 Test procedure
The process of preparation a test specimen is equal to FS test.
Before starting the test itself, it is necessary to know flexural strength of the material and
especially the maximum loading at specimen´s failure. This value is obtained from at least
two beam specimens. The strain velocity is chosen in a way, an undesirable relaxation of the
material during the loading is avoided. Therefore the test specimens are loaded by 50
mm/min. This part of testing can be done either in a water bath, or without any water bath or
climatic chamber, if the test is finished within 60 seconds after taking a specimen out of a
bath or climatic chamber.
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In the second phase, conditioned specimen is then put into the test frame and moved under
the loading rod of the press. It is necessary to control that the two bottom metal sheets lie
exactly on the supports of the frame. The beam is loaded via another metal sheet on the top,
with as high strain velocity as possible. The maximum load should approximately reach 2/3
of the maximum load during flexural test done with a strain velocity of 50 mm/min. After the
prescribed load is reached, the specimen bending is stopped and constant strain is kept. The
stress (tensile) is watched in time, until 50 % (or 30 %) of the original stress is obtained,
maximum time interval is set at 600 seconds.

4.3.4 Calculations
The calculation of flexural strength is calculated according to chapter 4.2.4. Further, it is
possible to determine relative relaxation stress σr(t) by the equation (1.16) or (1.17). The
value σr(t) should have an accuracy 0.1 %.
(1.16)
(1.17)
where σ(t) is flexural strength, σ(t0) is the initial flexural strength, Pr(t) is time dependent
force, Pr(t0) is the initial force at the beginning of the relaxation test.
The time, after which a specimen relaxes to 50 % of initial stress level, is possible to
compute from the percentage of stress drop. Usually a trend line given by equations (1.18)
and (1.19) is used:
(1.18)
(1.19)
where A, B are values of the plotted trend line given e.g. in MS Excel.

4.4 UTST test
The best description of this test is its name itself - uniaxial tension stress test. The test
procedure is described in EN 12697-46. It can be found in another technical literature or
reports under a different name, e.g. direct tension test, [9]. The test is performed after test
specimens are cooled down to a certain temperature. The principle of the test is loading a
specimen by uniaxial force, until the specimen failures. Important is constant strain velocity
rate. The result of this test is usually plotted as a graph showing the dependence between
tensile strength and the temperature, [5]; [6][7].

4.5 TSRST test
The whole name of TSRST is thermal stress restrained specimens tensile test. It is
sometimes branded cooling test. In Europe the test is defined by the harmonized standard
EN 12697-46. It is possible to find the test also in AASHTO TP 10-93. By this test it is
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possible to determine tensile strength and the temperature at which a specimen (tested
material) fails. The principle of the test is to keep the length of a beam specimen during its
cooling (stress restrained displacement). The cooling process must be constant by 10 °C per
hour. The cooling rate is important, because slower cooling leads to higher relaxation. Test
result is a curve of dependence between cryogenic tensile and temperature, [5]; [8]; [9].
TSRST testing of asphalt mixtures were in the past described e.g. in studies [6]; [8]. The
objective followed by [8] was to investigate thermal cracking of hot mix asphalt mixtures with
higher content of RAP. One of the outcomes is shown in Figure 9, and it is possible to see
even better results for mixtures with RAP.

Figure 9: Results of TSRST study, [8]

By the combination of TSRST and UTST it is possible to get so called value of tensile
strength reserve. The significance of this reserve is important from the point of view of loads
appearing in a road by a combined effect of temperature and traffic. In Figure 10, there is an
example from the study [6]. The graph is made of two curves from UTST and TSRST tests.
The final curve of UTST was formed by connection of point data, which were obtained at
different temperatures. These points are marked by black squares. The TSRST curve was
made in a similar way. Depending on decreasing temperature, tensile stress was
investigated, until the critical temperature and failure of the specimen was reached
(approximately -26 °C in the graph), [6].

Figure 10 – Tensile strength reserve [6]
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4.6 DCT test
Disc-shaped compact tension test (DCT) was developed in the USA between 2008 and 2012
as a practical method for determination of low temperature behaviour of bituminous mixtures.
By several authorities in the USA this test was accepted as suitable for testing of the given
parameters. Performance of the test is on temperature conditioned specimens and in a
climatic chamber. The scheme of the test specimen and the test set are given in Figure 11.
The specimen is loaded by tension (direction of the red arrows). There is a notch cut in the
specimen and the notch is equipped with CMOD gauge, by which a constant mouth opening
is provided with a strain velocity of 1 mm/min. The result is plotted as a graph showing
dependence of crack width and applied load, [10];[11].

Figure 11: DCT test [10]

4.7 Fénix test
Applying Fénix test (not recommended for cold recycled mixes) it is possible to determine the
fracture energy during the crack propagation in an asphalt mix. The test was developed in
Spain in 2010. The basis is a Marshall specimen with diameter of 101.6 mm, which is cut in
half. The test is made under constant strain velocity of 1 mm/min at a given temperature.
There is 6 mm deep notch in the middle of the specimen. Next to the notch, there are two
steel sheets, which are fixed in the test equipment and tension is deduced to the specimen
via the sheets. The test scheme and a photo are in Figure 12, [12]; [13]; [14].
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Figure 12: Fénix test principle, [13]
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5 Used materials and designed mixes
Specification of materials and procedures of test specimen preparation and its compaction as
used in this report are described in report D2.1 – part stiffness. As basis 4 types of cold
recycled mixtures are distinguished, representing different types of binder combinations:





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

Additionally following mixes were designed and tested as well to cover different types of
materials which can be used for cold recycled mixes.
Table 1a: Mix design of mixes with reduced binder contents
Mix designation

Mix E

Mix K

Mix S

RAP 0/22

93.0 %

95.5 %

Water

2.5 %

2.0 %

95.0 %
2.0 %

Bituminous emulsion C60B7

3.5 %

-

-

-

2.5 %

2.0 %

1.0 %

-

1.0 %

Foamed bitumen
Cement CEM II B32.5R

Table 2b: Mix design of cold recycled mixes containing recycled concrete
Mix designation

Mix DA

Mix DE

Mix DB

Mix DO

Recycled concrete 0/22

44.75 %

45.75 %

68.625 %

43.75 %

Sand

44.75 %

45.75 %

22.875 %

43.75 %

Water

4.0 %

4.0 %

4.0 %

4.0 %

Bituminous emulsion

3.5 %

3.5 %

3.5 %

3.5 %

Cement

3.0 %

1.0 %

1.0 %

-

-

-

-

5.0 %

Pulverized concrete

Table 3c: Mix design of cold recycled mixes containing recycled concrete and cement or
pulverized concrete
Mix designation

Mix PA

Mix PC

Mix 3O

Mix 5O

RAP 0/22

68.25 %

70.5 %

Sand 0/4

87.5 %
-

22.75 %

23.5 %

89.5 %
-

Water

2.5 %

2.5 %

4.0 %

4.0 %

Bituminous emulsion C60B7

3.5 %

3.5 %

3.5 %

3.5 %

Cement CEM II B32.5R

3.0 %

-

-

-

-

-

3.0 %

5.0 %

Pulverized concrete
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There is just one more mix, noted in the Table 4, which is not mentioned in other reports.
This mix (R7) was used as a comparison between laboratory designed mixtures and material
gained from a real construction site. R7 cold recycled mix is taken from a reconstruction of
the expressway R7 (Prague-Slany; Czech Republic).
Table 5: Mix design for a representative from a monitored job site
Components

Mix R7

RAP 0/22 mm

91.7

Cement

3.5

Bituminous emulsion

-

Foamed bitumen (from 70/100)

2.3

Water

2.5

Further, there are described three hot asphalt mixtures, which were produced and tested for
comparison with cold recycled mixes to show the difference in low temperature behaviour
gained for traditional or high performance asphalt mixtures and different types of described
cold recycled mixes:




ACwear 11+ (laboratory optimized mix, amphibolite aggregate);
ACwear 11S with FORTA fibres (asphalt plant produced mix, Skanska CZ, aggregate
unknown);
HMAC 22 with 50/70 bitumen containing 3 % of Licomont BS100 (laboratory
optimized mix, Skanska CZ, aggregate Kobylí Hora).

25

CEDR Call 2012: Recycling

6 Specimen manufacturing and curing
Due to the performed tests it was necessary to prepare two, respectively three types of test
specimens. The FS test and relaxation test use beam specimens, the SCB test is based on
semi-circular specimens. The cylindrical specimens were before the SCB test used for
stiffness IT-CY test at 15 °C to collect additional data for the report D2.1 - stiffness. After the
IT-CY test was performed, all specimens were cut half and used for SCB test.

6.1 Cylindrical / semi-circular specimens
The manufacturing of the cylindrical specimens is described in Czech technical
specifications, TP 208 as well as in other CoRePaSol reports.

6.1.1 Manufacturing
Due to the possibilities of the Czech Technical University in Prague, the specimens were
compacted by a static pressure with manual loading velocity control. The diameter of the
specimens was 150 mm, and the loading force was 88.5 kN (it corresponds approximately to
5.0 MPa stress). The thickness of used test specimens was 50 mm and is recommendation
for SCB tests (see 4.1.6). Because of this reason, some of the specimens were produced
exactly with this thickness, to avoid unnecessary cutting and destruction of the specimens.
However some of the specimens were produced thicker – with standard height – so it was
necessary to cut them to the final thickness of 50 mm. In some cases the cutting caused
damage of specimens as can be seen in Figure 13. This is a specimen made from DO mix,
which had very bad aggregate grading curve. It explains also the preference to produce test
specimens with an exact height of 50 mm.

Figure 13: A specimen damaged by cutting

6.1.2 Curing
Currently unified curing method for cold recycled mixes follows recommendations set in
report D1.1 of CoRePaSol project. All specimens were cured at 90-100 % relative humidity
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and at the temperature of 20 °C for 24 hours. The moisture is simulated by specimens sealed
in plastic bags. The temperature is simply controlled by setting room temperature to (20±2)
°C. In the next step, specimens which are designed with more than 1 % of hydraulic binder
(Shyd > 1 %) were cured for required time (7, 14, 28 days) at ambient conditions, it means at
temperature of (20±2) °C and relative humidity of 40-70 % in a suitable laboratory shelf.
Specimens that were produced from mixes with less than 1 % of hydraulic binder (Shyd ≤ 1
%) are after 24 hours of conditioning in a plastic bag cured for additional 3 days at 50 °C in
an oven with air circulation.

6.1.3 Summary of curing types
1) standard 14 days (= 24 hours at 100 % relative humidity + 13 days at 40-70 % relative
humidity, temperature 20 °C)
2) standard 28 days (= 24 hours at 100 % relative humidity + 27 days at 40-70 % relative
humidity, temperature 20 °C)
3) standard 60 days (= 24 hours at 100 % relative humidity + 59 days at 40-70 % relative
humidity, temperature 20 °C)
4) standard 90 days (= 24 hours at 100 % relative humidity + 89 days at 40-70 % relative
humidity, temperature 20 °C)
5) accelerated 4 days (= 24 hours at 100 % relative humidity and temperature 20 °C + 3 days
at 40-70 % relative humidity and temperature 50 °C)
6) accelerated 28 days (= 24 hours at 100 % relative humidity and temperature 20 °C + 14
days at 40-70 % relative humidity and temperature 50 °C)
7) accelerated 60 days (= 24 hours at 100 % relative humidity and temperature 20 °C + 46
days at 40-70 % relative humidity and temperature 50 °C)
8) accelerated 90 days (= 24 hours at 100 % relative humidity and temperature 20 °C + 76
days at 40-70 % relative humidity relative humidity and temperature 50 °C)
Comparable are combinations: 1)-5); 2)-6); 3)-7) and 4)-8). However, the test results prove,
that when a mix was conditioned by both types (classic / accelerated), the results are not
always equal.
6.1.3.1 Accelerated curing
The endeavour to accelerate curing arises from the contractors to get sooner results of
control tests, which have to be made ideally during the construction of a road. Demands are
made to shorten the time, for which the tests in a laboratory perform. Due to the shortage of
the time it is possible to make construction quicker and it can offer large benefits – not only in
economic terms. Nevertheless, one question still remains. Is this way of accelerated curing at
40 °C or 50 °C right? Each RAP has different grading curve and also different soluble
bituminous binder content (see Table 3). And moreover, each soluble binder can differ in its
type. During the standard curing, the binder properties are minimally activated, because the
mix is not heated. However, during the accelerated curing at 50 °C, the bituminous binders
contained in the RAP subsequently melt and decrease its viscosity. These bituminous
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binders together with newly added binders work positively in respect of benefits for
deformation characteristics of cold recycled mixes. The effort to shorten the curing and to
accelerate construction progress has to be supported, nevertheless it is necessary to
continue with the research and assessment for the most suitable ways, which will correspond
to the reality and which will not open new questions, because of less suitable ways of
understanding and making provision of bituminous binder activation.
Table 3: History of soluble binder content and filer content in RAP 0/22 mm from same source
taken during 2014
Date of sampling

Soluble binder content [%]

Filler content [%]

28.3.2014

3.8

11.6

31.3.2014

5.4

11.6

4.4.2014

5.1

8.8

17.7.2014

4.8

8.6

18.8.2014

4.3

7.6

20.10.2014

5.6

12.6

6.2 Beam specimens
Manufacturing of beam specimen follows EN 12697-33+A1.
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:
- 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 in dust free area in the laboratory at 40-70 % relative
humidity for additional 26 days at the same temperature.
- 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.

6.2.1 Manufacturing
Manufacturing of beam specimens for cold recycled mixes can be followed by several
hurdles, because during the cutting of beams out the slabs, aggregate drop off may occur
especially on the beams edges. The basis for properly cut beams is a good grading curve
and a correct mixture weight in combination with higher binder content. It should in general
lead to an optimal bulk density.
Beams for this research were made just from “standard” cold recycled asphalt mixes.
Manufacturing of slabs and beams from mixtures with sand or recycled concrete would be
most probably very complicated, because of its very bad grading curve or decreased
cohesion. The testing wouldn’t be probably even practicable.
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6.2.2 Curing
Curing of beam specimens was identical to curing of cylindrical specimens, see chapter
6.1.2. Further, there are some examples of beam specimens made from tested mixtures
shown in Figure 14.

Figure 14: Beam specimens of cold recycled mixes
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7 Results in the field of behaviour in low temperature range
7.1 SCB test
Testing of cold recycled mixes is not much different compared to hot asphalt mixtures. Small
problems occurred during cutting of the specimens as stated previously. Some of the
specimens more or less crumbled. The test was always performed for two test temperatures,
0 °C and -10 °C. These two temperatures were chosen because of possibility to compare
behaviour depending on temperature and also because of comparability with hot or warm
asphalt mixtures. See the summary of the results with maximum stress and fracture
toughness in Table .
For assessment of this test, it is necessary to evaluate, whether the crack propagated in
required area above the notch. Several types of propagation occurred. In the first case,
Figure 15, the crack was almost ideally straight. In Figure 16, there is a case, when the crack
propagated in required area, so it was possible to use the result from the test. Another case
is speculative. There is a crack half in and half out the area in Figure 17. This kind of
behaviour is caused by big aggregate particles, which lie right above the notch, so the crack
has to run around. The aggregate coherence is not that big and the crack cannot run through
the bigger particles. Measured values with this behaviour were included to evaluation.
Running of crack through a grain is possible for hot asphalt mixes, see Figure 18. Another
two pictures of inacceptable behaviour are in Figure 19. There it is obvious, that the crack is
searching areas in the mix with the lowest stress resistance.

Figure 15: Test specimen after SBC test – straight crack

Figure 16: Test specimen after SBC test – deflected crack
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Figure 17: Test specimen after SBC test –partly deflected crack

Figure 18: HMA test specimen after SBC test – crack propagation through a grain

Figure 19: Test specimens of cold recycled mixes after SBC test – poor propagation
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Table 4: SCB test results
Maximum stress
Tested
mix

Curing procedure

[MPa]

Fractural toughness

st. deviation

[N/mm3/2]

st. deviation

0 °C

-10 °C

0 °C

-10 °C

0 °C

-10 °C

0 °C

-10 °C

standard - 14 days

2.0

2.9

0.16

0.20

11.9

17.2

1.0

1.2

standard - 28 days

2.1

2.8

0.21

0.18

12.7

16.5

1.3

1.0

standard - 90 days

2.6

2.5

0.41

0.24

15.3

15.1

1.9

1.5

standard - 14 days

2.2

2.8

0.22

0.26

13.2

16.5

1.3

1.5

standard - 28 days

2.7

2.8

0.26

0.19

16.3

16.4

1.5

1.1

accelerated - 4 days

2.4

2.4

0.30

0.38

14.5

14.2

1.8

2.2

accelerated - 28 days

2.6

2.5

0.23

0.20

15.5

14.9

1.4

1.2

accelerated - 90 days

2.7

2.9

0.50

0.31

16.2

18.7

3.0

0.8

accelerated - 4 days

2.3

2.1

0.22

0.25

13.5

12.6

1.3

1.5

accelerated - 28 days

2.4

3.0

0.29

0.38

14.3

17.8

1.7

2.3

accelerated - 4 days

1.9

2.2

0.20

0.24

11.2

13.4

1.2

1.4

standard - 14 days

1.7

2.6

0.36

0.10

10.2

15.4

2.1

0.6

accelerated - 4 days

1.7

1.5

0.27

0.21

10.3

8.9

1.7

1.3

standard - 14 days

1.4

3.0

0.13

0.32

8.3

18.0

0.9

1.9

K

accelerated - 4 days

2.5

2.5

0.34

0.61

14.9

14.8

2.0

3.4

3O

standard - 28 days

2.1

2.4

0.30

0.36

13.0

15.4

1.6

1.5

5O

standard - 28 days

1.9

2.6

0.14

0.45

11.4

15.2

0.9

2.7

PA

standard - 28 days

1.0

1.5

0.72

0.12

8.2

8.6

1.6

0.6

PC

standard - 28 days

1.2

1.2

0.22

0.78

7.3

9.2

1.3

0.1

DA

standard - 28 days

0.7

0.7

0.13

0.08

4.1

4.3

0.8

0.5

DB

standard - 28 days

0.5

0.6

0.04

0.15

3.1

3.5

0.3

0.9

DE

standard - 28 days

0.6

0.3

0.07

0.03

3.9

1.9

0.4

0.2

DO

standard - 28 days

0.3

0.3

0.07

0.16

1.7

1.9

0.4

0.8

R7

standard - 28 days

1.7

2.1

0.24

0.36

9.8

12.0

1.5

2.0

A

A°

C

D

E

S

ACO 11

4.5

0.23

33.7

1.5

ACO11S with FORTA fibres

3.2

5.0

0.54

0.30

31.6

36.7

3.9

2.4

HMAC 22, 50/70+BS100

4.4

5.1

0.44

0.22

32.8

38.0

3.4

1.7

Firstly evaluation of SCB test is made for specimens of 14 days curing, respectively 4 days
accelerated curing. The test results are relatively equal and lie within the range of 25 % to 50
% of hot asphalt mix fracture toughness values. For cold recycled mixes with cement and
bituminous emulsion a trend is demonstrated, with fracture toughness values higher for the
temperature of -10 °C. For other mixes it is reversed and the values are very low, see Figure
20.
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Figure 20: Fractural toughness and comparison of 4 days or 14 days curing

In Figure 21, it is possible to see a small growth if comparing 4 to 14 days curing. In this
figure also voids contents are included as grey columns to show additionally comparison
between fractural toughness and air voids in the mix. The most important information is given
by the results of mixes with recycled concrete. The relation between increased voids content
and reduced fractural toughness can be detected for assessed mixes. This finding doesn’t
however correspond with mixes C and D that were cured by the accelerated method and
contained bituminous binders act against the tensile stress. The R7 mix shows more or less
the same values like mixes prepared in the laboratory.

Figure 21: Fracture toughness values after 28 days curing

The time-dependence of fractural toughness is shown in Figure 22. In typical behaviour
values of fractural toughness should be increased with time, but for mix A and test
temperature of -10 °C opposite trend was recorded. The difference between mixes A and C
is in cement content. It is possible to assume, that the decrease might be caused by
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hydration and hardening of cement contained in the mix, so the behaviour is worse for the
lower temperatures.

Figure 22: Time-dependence of fractural toughness values

Another comparison is made for standard and accelerated curing (see Figure 23). In this
case it is interesting, that both mixture E (cement + bituminous emulsion) and mixture S
(cement + foamed bitumen) have similar behaviour. At the temperature of 0 °C the fractural
toughness is higher for accelerated curing, vice versa for -10 °C the fractural toughness is
higher for standard curing.

Figure 23: Fractural toughness – comparison of standard and accelerated curing
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From the point of view of crack initiation, also maximum stress values are important. The
results of maximum stress are summarized for assessed mixes in Table . There is graphical
evaluation in Figure 24 and Figure 25. In Figure 24, there is a comparison of maximum
stress and fractural toughness at 0 °C. The same is shown for the temperature of -10 °C in
Figure 25. The scale was made by hand, but it is interesting to observe, that for cold recycled
mixes the maximum stress is a bit higher than fractural toughness values. For hot mix
asphalt it is to the contrary.

Figure 24: Comparison of maximum stress and fracture toughness at 0 °C

Figure 25: Comparison of maximum stress and fracture toughness at -10 °C
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7.2 FS test
Firstly two examples of broken (tested) specimens of flexural strength test are given in Figure
26 and Figure 27. The second mentioned was broken inappropriately and the gained results
were not used in this case. The results of flexural strength are in Table .

Figure 26: Correctly broken test specimen of flexural strength test

Figure 27: Incorrectly broken test specimen of flexural strength test
Table 5: Flexural strength test results
Tested
mix

Curing method

Flexural strength [MPa]

Standard deviation

50 mm/min

1.25 mm/min

50 mm/min

1.25 mm/min

standard - 28 days

2.15

1.22

0.2

0.3

standard - 60 days

1.84

1.25

0.5

0.1

standard - 28 days

1.61

0.99

0.1

0.2

accelerated - 28 days

3.82

2.07

0.1

0.3

accelerated - 60 days

2.32

2.12

0.6

0.1

accelerated - 28 days

2.89

1.91

0.2

0.4

accelerated - 60 days

3.46

2.60

0.1

0.3

E

standard - 28 days

1.35

1.04

0.3

0.0

S

standard - 28 days

1.35

1.14

0.03

0.02

K

standard - 28 days

2.28

1.61

0.4

0.2

A
A°
C
D

From the Chyba! Nenalezen zdroj odkazů. it is clear, that the results are different for the
loading speed 1.25 mm/min and 50 mm/min. When the slower speed is used, the material
has time to relax, while at 50 mm/min the resistance of the material is significantly faster. The
results show, that for higher speed higher flexural strength values are always obtained. Best
results have been reached for mixes C, D, K, thus cold recycled mixes without cement. From
this following assumption can be concluded. Cement significantly influences the resistance to
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this kind of stress. This test is so far used only for HMAC mixes and Czech technical
specifications TP 151 define for this type of asphalt mix requirements for minimum value of
flexural strength, which should be at least 6 MPa considering the lower loading speed of 1.25
mm/min. The best values of cold recycled mixes for this loading rate have only 30% level of
flexural strength required for HMAC mixes. Further it is not possible to make any
assumptions, that flexural strength of cold recycled mixes is dependent on voids content
(grey columns in Figure 28). This was not shown by so far gained results.

Figure 28: Flexural strength results after 28 days curing

Additionally, for three mixes (A, C, D) increase of flexural strength was assessed after 60
days curing to analyse time factor on test results. For all these mixes the strength values
were raised slightly. It can be stated that for mixes with bituminous emulsion the difference
between 28 days and 60 days curing is more substantial.

Figure 29: Flexural strength values for different duration of curing
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7.3 Relaxation test
The determined value was the time, after which the initial stress decreases to its 50% level.
This value was calculated from trend lines depending on stress decrease rate. Two
examples of curves plotted from this test are shown in Figure 30. In Table , there are then
the required results and also parameters A and B of the exponential trend line. The highest
relaxation time has been found for mixes A and A°, thus mixes with 3 % of cement. The
relaxation time of the other mixes is lower than 100 seconds, in some cases even less than
50 seconds. In the technical specifications TP 151 again requirements are given only for
HMAC mixes. For base layers the determined relaxation time has not to overrun 600
seconds, for subbase layers it has to be less than 1,200 seconds. These requirements all are
fulfilled by all tested cold recycled mixes with more than sufficient reserve. From this point of
view it can be stated, that cold recycled mixes are suitable for base and subbase layers. The
question remains if this test can be considered as suitable and important for this type of
mixes.

Figure 30: Relaxation test – trend lines for cold recycled mixes A and C
Table 6: Relaxation test results
Tested mix

Parameter A

Parameter B

50% decrease of stress [s]

A

1.018

-0.096

220

A°

1.013

-0.094

234

C

0.865

-0.105

32

D

0.894

-0.110

36

E

0.966

-0.117

54

S

0.977

-0.137

33

K

1.043

-0.126

74
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8 Conclusion
Within this study three potentially suitable test methods for assessment of temperature
cracking and cold recycled mix behaviour in the range of low temperatures were identified.
Several sets of cold recycled mixes were tested analysing not only the final characteristics
related to cracking but also aspects of specimen preparation, curing effect and mix design
impacts. Based on these findings following conclusions and recommendations can be made:
- In general crack propagation (SCB) test according to EN 12697-44 is suitable for cold
recycled mixes. Similarly flexural strength test which is not standardized within Europe
and was done according to Czech technical specifications TP 151 is applicable to cold
recycled mixes.
- Relaxation test does not show any important findings about cold recycled mix behaviour
and the relaxing times are usually very small indicating limited importance of this
parameter. It is recommended not to follow this test.
- It is recommended to motivate and support within Europe further research in the field of
more advanced tests, e.g. TSRST test according to EN 12697-46, to be assessed for
cold recycled mixes.
- There might be some limitations with respect to use one of the tests in relation to applied
mix designs. In general none of the tests will be suitable for cold recycled mixtures with
low bituminous binder content (≤ 2.5 %) and hydraulic binder content (≤ 1.0 %. In such
cases cracking might be even of very low importance (similarly to granular base layers).
- It is recommended to carry out selected tests always on specimens which have at least
28 days curing period. In this case it is possible to avoid any deterioration of the
specimens especially during the test preparation and specimen manipulation.
- It should be stated that mainly for cold recycled mixes with grading 0/22 mm and coarser
the propagated crack during the tests might not always happen as expected below the
area of applied loading. It can simply occur also outside the loading area. Since the
material is not identical to asphalt mix or cement concrete and the bonds within the
material matrix are lower, the crack will mostly occur in the domain of weakest cross
section.
With respect to possible recommendations in terms of threshold values for cold recycled
mixes following proposals can be made:
- In case of flexural strength test it is recommended to carry out the test with 1.25 mm/min
loading velocity on specimens with cross sectional dimensions of 50x50 mm at -5 °C.
The minimum flexural strength value should be 1.0 MPa or 1.1 MPa (compare with
HMAC where it is expected in Czech specifications to reach at least 6.0 MPa). At least 4
beams should be tested.
- The crack propagation test according to EN 12697-44 should be done on specimens of
150 mm diameter which are cut in two semi-circular specimens. The mean value should
be derived from at least 4 semi-circular test specimens. A loading velocity of 5 mm/min
has to be applied and the test should be carried out at least for the temperature of 0 °C.
Proposed minimum fractural toughness value at this temperature is 12 N/mm3/2
(maximum stress ≥2.2 MPa) for cold recycled mixes with >3 % bituminous emulsion or
foamed bitumen and >1 % cement. If the cold recycled mix contains 2.5-3.0 % of
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bituminous emulsion or foamed bitumen minimum fractural toughness can be reduced to
9-10 N/mm3/2 (maximum stress ≥1.7 MPa).
- Proposed values have to be understood as preliminary and it is highly recommended to
continuously collect data for cold recycled mixes in the field of crack propagation and
behaviour in low temperature range for a period of at least 5 years.
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