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Abstract:

The stiffness of cold asphalt mixtures (CAM)' with 100% recycled construction and
demolition waste aggregates (CDWA)? was studied from three different points of view: the
indirect tensile stiffness modulus (ITSM)?, the dynamic modulus at different temperatures and
frequencies and the correlation between them. It was found that CAM with CDWA frequently
achieved higher stiffness than control mixes using natural aggregate (NA)?, but that they
required significantly higher bitumen and water contents. They were less temperature
susceptible, therefore potentially more fatigue resistant, but more complicated to design.

Finally, a clear dependency on the compaction process (static and gyratory) was also found.

Keywords: Construction and Demolition Waste, cold asphalt mixture, stiffness, dynamic

modulus, master curves

1. Introduction
Cold Asphalt Mixtures (CAM)" are bituminous materials normally made by mixing cold

aggregates with an asphalt emulsion and water. Due to their remaining high air-void content

' CAM - Cold Asphalt Mixtures

> CDWA — Construction and Demolition Waste Aggregates
*ITSM — Indirect Tensile Stiffness Modulus

* NA - Natural Aggregate



once compacted, weak early life strength and long curing times required to achieve an optimal
performance, they have been traditionally considered inferior to hot mix asphalt (HMA)® over
recent decades [1]. Thus, the use of CAM is still restricted in many cases to surface treatment
and reinstatement work on low trafficked roads and walkways, being less commonly found in

structural layers [2-5].

On the other hand, wide research is being carried out nowadays in order to minimize these
mechanical disadvantages, for instance, by modifying the emulsified asphalt binders or
incorporating a certain amount of cement into the mixture [6-9]. Thus, these mixtures are
regaining their importance within the asphalt world market, having currently reached annual
production levels of 1.5 million tones in France or 2 million tones in Turkey, for example [10].
Besides, there are numerous properties that make them more suitable than HMA under certain
circumstances. For instance, they have lower energy consumption, reduced ecological impact,
less occupational hazards for operators, lower economic costs, and a reduced tendency to
cracking thanks to their flexibility. Furthermore, they are storable at ambient temperature prior
to use, which makes them especially suitable for low/medium traffic local roads, often located

far from manufacturing plants.

In order to improve the ecological and environmental aspects of CAM, numerous researchers
have lately been studying the use and incorporation of waste and by-product materials such as
steel slag, crushed glass and used cylinder oil [11, 12]. According to Al-Busaltan et al. (2012)
[13] four main benefits can theoretically be achieved when utilizing by-product materials in
CAM: absorption of trapped water via the hydration process, improvement in mixture

mechanical properties, cost effectiveness and the ecological benefit factor.

Following this trend and based on the extensive, growing and successful research on HMA
with recycled aggregates from waste materials [14-22], which reinforces this new approach in

pavement engineering, CAM with recycled construction and demolition waste aggregates

> HMA - Hot Mix Asphalt



(CDWA)? was studied in terms of stiffness, arguably the key property behind other related
phenomena, such as the fatigue cracking or the appearance of permanent deformation under
different load and environmental conditions. In this regard, this paper continues a research
already described in previous publications [23, 24], by analyzing the stiffness of these mixtures
using different measures, such as Indirect Tensile Stiffness Modulus (ITSM)® and Dynamic
Modulus |E*|, the latter being tested according to a new proposed protocol which allows a better

correlation between the two moduli.

From previous research, the results of ITSM obtained for specimens containing 100% of
CDWA and 100% of natural aggregate (NA)* and compacted with static uniaxial pressure have
already been published [23, 24]. The aim of this paper, on the other hand, is to compare these
results with those obtained from a series of new specimens of the same mixes, but compacted by
using a gyratory compactor, which nowadays is one of the most common compaction methods
for cylindrical specimens. Thus, the influence of the compaction system on the stiffness could
be assessed. Additionally, these latter samples were used to determine the dynamic modulus and

to model the stiffness behavior by means of master curves.

2. Materials

For this investigation the same aggregate gradation was batched for all the samples. This
gradation was based on the recommendations given by the Spanish Technical Association of
Bituminous Emulsions (ATEB) [25] for GE1 grave-emulsions but slightly modified with less
fine particles in order to keep it within the recommended upper and lower limits after
compaction. As can be seen in Figure 1, the gradation of the construction and demolition waste
aggregates (hereafter CDWA) tended to get modified during mixing and compaction, increasing

the amount of fine and medium sized particles.

The CDWA used for this research was a 100% recycled aggregate, whose composition is

given in Table 1. As can be seen, the main part of it is concrete and mortar as well as natural



aggregates. To a lesser extent, it includes a certain amount of impurities, such as ceramics,
metal pieces, gypsum, plastics or glass. Some of these required the use of an X-ray
diffractogram in order to truly define their source. A natural aggregate (NA) was also used to
give a control mix, subjected to the same tests, comparing the results with the ones obtained for
mixes with 100% of CDWA. In this case, the chosen NA was a hornfels, a metamorphic
siliceous aggregate extracted from a natural stone quarry. The different properties of both
natural and recycled aggregates can be seen in Table 2, notably the low specific gravity and
high water absorption of CDWA which will clearly affect the mechanical and rheological

properties of the bituminous mixtures made from it.

Finally, the binder used was a cationic bitumen emulsion (60% bitumen content) with 100

pen. grade base bitumen.

Table 1. Components of recycled aggregate (% of total dry weight)
% In coarse % In medium

Material aggregate aggregate
(12/24 mm) (6/12 mm)
Concrete and mortar 70% 55%
Natural aggregates 25% 40%
Ceramics and masonry materials 3.7% 4.1%
Concrete with metal pieces 1.121% <0.001%
Concrete with textile fibers 0.146% 0.042%
Plaster/gypsum 0.103% 0.012%
Other materials (metal, paper, plastic, glass) <0.1% 0.1%

Table 2. Characterization of recycled and natural aggregates
Recycled  Natural

Property

aggregate aggregate
Flakiness Index (UNE EN 933-3 [26]) 4.5% 19.8%
Crushed particles (UNE EN 933-5 [27]) 89% 94%
Sand equivalent (UNE EN 933-8 [28]) 77 78
Los Angeles coefficient (UNE EN 1097-2 [29]) 38 14
Bulk specific gravity (UNE EN 1097-6 [30]) 2.64 t/m? 2.78 t/m’
Dry specific gravity (UNE EN 1097-6 [30]) 2.23 t/m? 2.74 tIm’
SSD specific gravity (UNE EN 1097-6 [30]) 239t/m*  2.75tm’
Absorption (UNE EN 1097-6 [30]) 7.0% 0.5%




100 )

90 /o
80 ,/ /
o ey

60 / /

40
: 7
P 4

20

Cumulative passing (%)

10

0
0,063 0,125 0,25 0,5 2 4 8 12,5 20 31,5

Sieve size (mm)

ATEB lower limit

ATEB upper limit

—— Selected gradation -———A--- Gradation after compaction

Figure 1. Aggregate gradation of CDWA before and after compaction compared with ATEB
recommendations

3. Laboratory testing program
3.1 Specimen production

The aim of the authors was not simply to produce samples with optimum water and bitumen
contents and to test them in different ways, but to produce samples with different water and
bitumen contents in order to assess how the stiffness is affected by both parameters. Therefore,
none of the recognized mix design methods, such as the Modified Hveem method, the Marshall
Method or empirical formulae [31], was used for this paper. As mentioned, the samples were
produced by varying the bitumen content while fixing the water content and vice versa, and
manufacturing specimens containing 100% CDWA and others containing 100% NA. As such,
the variations in properties due to either the water or bitumen content, as well as aggregate
source, should be clear and easily understood, and optimal values will be real and not simple
estimations. Hereafter, when the results are referenced to a certain bitumen and/or water content

and nothing else is specified, the water content should be understood as the initial content



during the mixing process (as a percentage of the weight of dry aggregate). As will be seen, this
content is quite different from that present inside the samples after the compaction and curing
processes. Similarly the bitumen content, when nothing else is specified, will mean the residual
bitumen content present in the samples after the compaction and curing processes. Similarly the
bitumen content, when nothing else is specified, will mean the residual bitumen content present

in the samples after the compaction and curing processes.

The initial water and bitumen contents were chosen from those used in previous research in
which many contents were tested to determine the optima relating to different mechanical
properties [23, 24]. In this research just the most significant contents (near and far from the

optima) were taken in order to determine the trends in the stiffness results.

In order to assess if the compaction method can affect the stiffness of CAM, the results
obtained for specimens compacted with a static press, and whose results have been previously
published [23, 24], were taken as a reference. These cylindrical samples had been compacted by
the application of a static axial pressure of 21 MPa applied for 2 min after a 1-min preload at 1
MPa, according to Spanish specific standards for CAM, such as the Compressive Strength test

(NLT-161) and Immersion-Compression test (NLT-162) [32].

For this research, a new series of cylindrical samples (3 for each water-bitumen content)
were produced by the application of 250 revolutions of a gyratory compactor, set at 600 kPa
axial pressure and an angle of gyration of 1.25° in order to compare how the compaction method
affects the stiffness of the mixes. The high number of gyrations was needed in order to obtain
values of specific gravity and voids content as close as possible to the ones that had been
obtained by the static compaction. A further increase in the number of gyrations was rejected so
as not to modify the aggregate gradation, especially in the case of samples with 100% CDWA.
The values of specific gravity and voids content were calculated by using the formulae given by

the Asphalt Institute for CAM [31].



These new samples compacted with the gyratory compactor were used to test the stiffness of
the mixes in terms of dynamic modulus, giving master curves, but since they are non-

destructive, ITSM tests on the same samples could be done prior to dynamic modulus testing.

In both cases, the aggregates were washed, dried and batched according to the specified
gradation and mixed in a vertical mixer with 10 g pre-wetting water for 30 sec in order to avoid
the loss of fine particles, while keeping a good homogeneity in the mixture. This pre-wetting
water content was also important to avoid the balling of the binder with the fines portion of the
aggregate and thus unsatisfactory coating [23]. Afterwards, the bitumen emulsion and remaining
water were added and mixed for 90 sec, until a satisfactory coating was achieved and the
compaction process was implemented. After compaction, the samples were subjected to a 3-day

curing period in an oven at 60°C, according to the ATEB recommendations [25].

3.2 Indirect tensile stiffness modulus (ITSM)

The ITSM test was carried out following EN 12697-26, Annex C. Therefore, 5 semi-
sinusoidal impulses with a total duration of 3 sec, consisting of a rise time of 124 ms and a
visco-elastic deformation recovery, were conducted in a regime of deformation control (5 um).
Three specimens were tested per bitumen/water content and a Poisson’s ratio of 0.35 was

assumed. The modulus was calculated as follows for each pulse:

ITSM=F(v+0.27)/(zh) 1)

where ITSM is the indirect tensile stiffness modulus (MPa), F represents the peak value of
the applied vertical load (N), z is the amplitude of the horizontal deformation obtained during
the load cycle (mm), h is the mean height of the cylindrical specimen (mm) and v is Poisson’s
ratio. The final value for each water and bitumen content was calculated as the average value of

the 3 specimens.



To evaluate the thermal sensitivity of the mixtures, indirect tensile stiffness modulus (ITSM)
tests were conducted at three different temperatures. The mixes compacted with the gyratory
compactor were tested at 2°C, 20°C and 40°C, obtaining results over a wide range of
temperatures. A minimum temperature of 2°C instead of 0°C was selected to avoid the possible
freezing of internal mixing water. The ITSM results already published for mixes compacted
with a static press had been tested at 2°C, 10°C and 20°C. As can be seen, in this case, a wider
range of temperatures was selected for the new series of specimens compacted with the gyratory
compactor. This way, two temperatures are still comparable to the other samples (2°C and 20°C)

and the effect of a temperature as high as 40°C could also be assessed.

3.3 Dynamic modulus and master curves

Besides the ITSM, the stiffness of CAM with CDWA and NA was studied in terms of
Dynamic Modulus [E*|. The dynamic modulus is defined as the absolute value of the complex
modulus, which relates stress to strain for linear viscoelastic materials subjected to continuously
applied sinusoidal loading in the frequency domain. Being 6 = o sin(wt), the sinusoidal stress
(at any given time, t, and angular load frequency, ®) and € = ggsin(ot-¢), the sinusoidal strain,
the complex modulus can be defined as the ratio of the amplitude of the sinusoidal stress (cq)

and the amplitude of the sinusoidal strain (&), at the same time and frequency [33, 34]:

|E*|= 60/g0 2)

In order to get a reliable correlation between ITSM and dynamic modulus, the original
AASHTO Standard TP 62-07 was adapted by placing the specimens and loads in the same way
as for the ITSM test. This means that the cylindrical specimens were placed on their edge and
the dynamic loads were applied diametrically. Therefore, the indirect tensile dynamic modulus,
denoted here after by |ITE*|, is calculated, analogously to equation 6, although this time the
vertical load is a continuous sinusoidal wave, with no rest periods between pulses and applied at

different frequencies:



[ITE*|=F(v+0.27)/(z-h) (3)

where again, F is the peak value of the applied vertical load (N) at a certain frequency, z is
the amplitude of the measured horizontal deformation obtained during the load cycle at a certain
temperature (mm), h is the mean height of the cylindrical specimen (mm) and v is Poisson’s

ratio.

Table 3. Test sequences according to AASHTO Standard TP 62-07

Sequence Cycles Frequency
Conditioning 200 25 Hz
1 200 25 Hz
2 200 10 Hz
3 100 5Hz
4 20 1Hz
5 15 0.5Hz
6 15 0.1 Hz

Following, from this point on, the AASHTO Standard TP 62-07, preconditioning cycles and
6 different loading sequences were applied as presented in Table 3. A 2-minutes rest period was
used between each sequence to allow some specimen recovery before applying the new loading
at a lower frequency. For each sequence, the value of [ITE*| was taken as the average value of
the last 5 cycles. The whole process was repeated at 3 different temperatures: 2°C, 20°C and
40°C. Testing began at the lowest temperature and proceeded to a higher temperature in order to
minimize potential damage to the specimens. In the same way, the testing began with the
highest frequency of loading and proceeded to a lower frequency, for each of the given
temperatures. The applied load was selected in order to keep the strain magnitude between 50

ue and 150 pe, as recommended by the Standard.

Using the principle of time-temperature superposition, the master curves [35] can be
constructed by fixing a reference temperature (in this case 20°C) and shifting the data with
respect to time until the curves merge into a single smooth function. The amount of shifting at
each temperature required to form the master curve describes the temperature dependency of the
material. In general, the master modulus curve can be mathematically modeled by a sigmoidal

function described as [33]:



a

log|E”| = 6 + T ryosem (4)

Where t, is the reduced time of loading at the reference temperature; 6 is the minimum value
of E*; the sum 0 + o is the maximum value of E* and the parameters f and y describe the shape
of the sigmoidal function. Data shifting is made by using a shift factor, whose form for a certain

temperature of interest (T) is:
a(T)=t/t, )

where t is the time of loading at the desired temperature and t, is the reduced time of loading
at the reference temperature. Using Excel’s Optimization Solver function, all model parameters
(a, B, 6, y) were obtained by minimizing the sum of the squares of the errors of the Sigmoidal
model with respect to the real |ITE*| values obtained in the laboratory. For precision, the
following second order polynomial relationship was used to mathematically obtain the shift
factor for a temperature of interest and to solve the parameters a, b and c together with those

mentioned previously:
LOg a(Ti) = a'Ti2 + bT, +C (6)

In order to minimize the damage to the specimens and to obtain the best correlation possible
between ITSM and Dynamic Modulus, both tests were conducted one after the other before
raising the temperature to the next level. Furthermore, the ITSM test was carried out first for
each temperature, since it involves fewer load cycles. This way, both tests were performed with
the same samples for each bitumen and water content, thus keeping the uncertainty lower than
by producing different samples (one for each test) and ensuring that the correlation is almost

perfect.

4. Results

4.1 Volumetric properties

10



The values of specific gravities, void contents and water contents obtained for the specimens
made with the gyratory compactor and both sources of aggregate are shown in Table 4 while the
values obtained with static compaction are presented in Table 5. The results are referenced to

mixes with different bitumen and water contents during the mixing process.

Table 4. Volumetric properties of samples compacted with gyratory compactor

% % Bulk specific Va % water after % water after
bitumen  water gravity (%) compaction curing
Mixtures with 100% CDWA
5% 9% 1.897 19.7 8.4 0.7
6% 9% 1.932 17.2 8.6 15
7% 9% 1.946 16.3 8.2 2.0
8% 9% 1.956 15.9 8.8 1.9
7% 21% 1.893 17.8 9.2 1.8
7% 33% 1.932 18.1 9.3 2.1
Mixtures with 100% NA
2% 3% 2.219 16.9 3.2 0.3
3% 3% 2.291 15.3 2.9 0.1
4% 3% 2.314 14.2 2.8 0.1
5% 3% 2.317 11.7 2.8 0.4
4% 9% 2.231 13.9 7.5 0.2
4% 15% 2.229 12.3 14.0 0.3

On average, by incorporating CDWA into CAM, the samples lose about 15% of their
specific gravity and gain a 20% increase in voids content when compacted with the gyratory
compactor. When compacted with the static press the density of CDWA specimens was 17.5%
lower and the voids content 24% greater, giving a more pronounced effect in this case. In
general terms, the water content after compaction is 3 times greater for mixes with CDWA
although after the 3-days curing time, the remaining amount of water inside the samples was
drastically decreased, to values below 2% in mixes compacted with the gyratory compactor.
This water loss drew out a small amount of fine particles but it was checked, by means of
bitumen extraction and sieving, that the final gradation remained within the limits (Figure 1).
Since the drained water was quite clear, only a small amount of bitumen could have been
removed. However, the results are referenced to the initial water content present during the
mixing process and, unless stated otherwise, the bitumen content quoted will also be the initial

one. It is probable that, due to their larger voids contents, the samples compacted with the
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gyratory compactor lost water easily during the curing process. Furthermore, the specific gravity
tended to decrease when the compaction was carried out with the gyratory compactor, while the
voids content tended to be greater, which indicates that the compaction was not as efficient with
the gyratory compactor as with the static press. It is true that the static press was much more
energetic but the number of cycles of the gyratory compactor could not be set beyond 250
revolutions in order to maintain the selected gradation within the limits. All this will clearly

affect the mechanical and rheological properties of the mixes.

Table 5. Volumetric properties of samples compacted with static press

% % Bulk specific Va % water after 9% water after
bitumen  water gravity (%) compaction curing
Mixtures with 1009% CDWA
5% 9% 1.952 14.9 8.6 3,2
6% 9% 1.958 12.2 8.2 35
7% 9% 1.963 10.43 8.0 3.7
8% 9% 1.965 9.7 7.9 4.1
7% 21% 1.975 11.2 7.6 3.8
7% 33% 1.982 10.6 7.4 3.8
Mixtures with 100% NA
2% 3% 2.342 12.5 3.2 0.1
3% 3% 2.360 115 2.2 0.1
4% 3% 2.397 7.6 1.4 0.2
5% 3% 2.398 5.7 1.3 0.4
4% 9% 2.390 8.0 1.8 0.2
4% 15% 2.410 7.9 1.9 0.4

4.2 Indirect tensile stiffness modulus
The results of ITSM right after the 3-days curing time are shown in Table 6 for samples with
different bitumen/water contents, sources of aggregate and compacted with static and gyratory

compaction processes.

As can be seen, the results depend on the compaction process. Thus, the ITSM obtained for
specimens with static press compaction tend to be higher than those made with the gyratory
compactor at any temperature, which was expected since, as described above, the compaction is
more powerful. For example, at 20°C, the peak ITSM values obtained for mixes with CDWA

were 3515 MPa and 2971 MPa for static and gyratory compaction respectively. With NA, the
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same trend was found: 2537 MPa and 2124 MPa respectively. At 2°C, the same effect is seen
for mixes with NA, where the values were 11096 MPa against 9854 MPa, although for mixes
with CDWA, and only in this case, a surprisingly high value of 7854 MPa was obtained for a set
of gyratory compacted specimens. With this exception, the static press values were higher than
those for the gyratory compactor.

Table 6. ITSM (MPa) obtained for samples compacted with static press at 2°C, 10°C and 20°C
and gyratory compactor at 2°C, 20°C and 40°C

% % Static press compaction Gyratory compaction
bitumen water ITSM ITSM ITSM ITSM ITSM ITSM
at2°C  at10°C  at 20°C at2°C  at20°C  at40°C
Specimens with recycled aggregate CDWA
5% 9% 6490 4610 3020 5100 2070 550
6% 9% 7510 4250 3520 6680 2680 660
7% 9% 7530 5780 3400 6730 2480 570
8% 9% 7250 5630 3290 5470 1560 450
7% 21% 6850 5110 3080 7840 2970 740
7% 33% 7610 5740 3490 6050 2360 610
Specimens with natural aggregate NA
2% 3% 6890 4200 1840 4650 1150 230
3% 3% 9820 5460 2350 9450 2120 310
4% 3% 11100 6230 2540 9140 1910 260
5% 3% 8300 4400 1460 9130 1690 220
4% 9% 9520 5500 2140 9850 2020 330
4% 15% 10000 5700 2180 6300 1230 240

The optimal bitumen and water contents are not clear in CAM with CDWA and compacted
with the static press. As can be seen, at 2°C, the peak ITSM value (7611 MPa) is given by 7%
bitumen and 33% water. At 10°C (5778 MPa) the optimal water content is 9% and at 20°C
(3515 MPa) the optimal contents are 6% bitumen and 9% water. So it seems that the optimal
water and bitumen contents tend to decrease when the test temperature is higher. In fact, in [23]
these optimal contents were 7% bitumen and 30% water at 2°C and 5% bitumen and 15% water
at 20°C, which confirms this trend. This can be explained taking into account that the bitumen at
high temperatures loses much of its stiffness, becoming a soft element in the mix. Therefore, the
greater the bitumen content, the softer the mix at high temperatures. Anyway, if a single set of
optima is needed, 7% bitumen and 9% water content could be chosen as a compromise solution

(7% bitumen is the optimum at 2°C and 10°C and 9% water is the optimum at 10°C and 20°C).
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In contrast, the mixes compacted with gyratory compaction showed clear optimal bitumen and

water contents of 7% and 21% respectively at all temperatures.

With NA, as reported in [23] the optimal contents are 4% bitumen and 3% water at any
temperature when the mixes were compacted with the static press, while for mixes compacted

with the gyratory compactor the optima are 4% bitumen and 9% water.

As can be seen, CDWA mixes need a higher bitumen content in order to reach their optima,
which partially reduces the environmental benefits of using a recycled aggregate instead of a
natural aggregate. However, the density of 4%-bitumen-content NA mixes is around 22%
higher than that of 7%-bitumen-content CDWA mixes. This means that for a certain length of
road, the mass of NA, which should be used is 22% higher than that of CDWA. Thus, the
increase in bitumen content per unit volume is not 75% (from 4% to 7%) but just 40%.
Furthermore, and as mentioned above, other beneficial aspects, such as the reduction of natural
stone quarrying, waste landfills and disposals, as well as economic issues, such as the reduction

of raw materials costs, must be taken into account.

In general, mixes compacted with the gyratory compactor need more water during the
mixing process than those compacted with the static press. This makes perfect sense since mixes
compacted with the static press retain more water inside after the compaction and curing
processes. The high absorption of CDWA can cause premature breaking of the asphalt emulsion
if the water content is too low during the mixing process, but too much water may result in
inefficient compaction. For this reason, it is beneficial that mixes admit more water during the
mixing process (reaching high values, such as the 21% or 33% tested), but mixes compacted
with the static press reach the upper limit earlier and therefore this water content must be

reduced.

In addition, another peculiar trend already observed in [23] could be confirmed: while at low
temperature the mixes with NA were stiffer, when the temperature increased, this trend was

reversed. Mixtures with CDWA are not as stiff at low temperatures but not as soft at high
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temperatures as mixes with NA which makes them more thermally stable. It may therefore be
that incorporating CDWA into CAM may help to avoid fatigue cracking at low temperature and

permanent deformation at high temperature, although these assertions have yet to be studied.

4.3 Dynamic modulus and master curves

The results of |ITE*| obtained for the mixes compacted with the gyratory compactor at
different testing frequencies and temperatures are shown, graphically, in Figures 2 and 3. With
these results, and by using a shift factor to shift the data with respect to time for a reference
temperature of 20°C, the master curves were plotted as shown in Figures 4 to 7. The model

parameters (0, B, 0, ) and the shift factors are presented in Table 7.

In the first place, seeing the results of samples with 100% CDWA (Figure 2), it can be
noticed that there are significant differences in master curves with variation of bitumen content
(Figure 4), but almost no difference with variation of water content (Figure 5). At low
temperatures (right part of the master curves) the optimal bitumen content is 7%, while at high
temperatures (left part) the optimal bitumen content is 5%, and the mixes become less stiff as

the bitumen content increases.

For the case of CAM with NA, the master curves vary again more with the changes in
bitumen content (Figure 6), although this time, greater variations also appear with changes in
water content (Figure 7). Moreover, an optimal bitumen content of 4% is clear for the whole
range of frequencies and temperatures. When it comes to water content, the smallest of the three
contents tested (3%) was the optimum and adding more water progressively produced softer

mixes.

By comparing the two mixes in a general way, it can be seen how the master curves obtained
for mixes with CDWA (Figures 4 and 5) have a lower slope than those obtained with NA mixes
(Figures 6 and 7). What this means is that CAM with NA is stiffer at low temperatures and
softer at high temperatures than mixes with CDWA. This greater dependency on temperature of

CAM with NA is also seen in that the absolute values of the shift factors are larger than those of
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CAM with CDWA (Table 7). Therefore, CAM made with CDWA is more stable with

temperature changes.
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Table 7. Master curves model parameters (a, B, d, y) and shift factors Log a(T) at different
temperatures for mixes with CDWA and NA
% % s Sfactor Sfactor S factor
bitumen  water ¢ k 2°C 20°C 40°C

Mixtures with 100% of CDWA

2% 3% 2.214 -1.101 4,729 -0.636 1.90 0.00 -1.95
3% 3% 2.829 -1.153 4,322 -0.539 2.04 0.00 -2.31
4% 3% 3.544 -1.341 3.616 -0.467 2.33 0.00 -2.32
5% 3% 3.350 -1.106 3.721 -0.527 2.25 0.00 -2.06
4% 9% 4.875 -1.555 2.379 -0.381 2.53 0.00 -2.18
4% 15% 3.129 -1.321 3.971 -0.532 2.09 0.00 -2.40
Mixtures with 100% NA
2% 3% 3.574 -0.789 3.614 -0.568 2.79 0.00 -2.45
3% 3% 3482 -0870 3811 -0.542 2.44 0.00 -2.47
4% 3% 3.247 -0.707 4,161 -0.499 2.53 0.00 -2.37
5% 3% 3.628 -0.885 3.762 -0.506 2.33 0.00 -2.35
4%, 9% 4.298 -1.136 3.084 -0.467 2.57 0.00 -2.37
4% 15% 4.699 -1.233 2.642 -0.459 2.53 0.00 -2.36

4.4 Correlation between ITSM and |ITE*|
It is notable that practically all the results for [ITE*| confirm the conclusions already derived
from the ITSM tests. Taking this as proof of a correlation between the two parameters, the

Stiffness Correlation Factor was defined as follows:

SCF = [ITE*|/ ITSM ©)

For each of the 6 water/bitumen combinations for samples compacted with the gyratory
compactor and for each of the 3 test temperatures (2°C, 20°C and 40°C), 7 values were obtained:
on the one hand the ITSM and on the other hand the |[ITE*| at 6 different frequencies (25 Hz, 10
Hz, 5 Hz, 1 Hz, 0.5 Hz and 0.1 Hz). With the aim of finding which of these frequencies
produced values of |ITE*| closest to ITSM, the results were plotted together as shown in Figures
8 and 9. There, each line is a different combination of the same ITSM and the |ITE*| at one
specific frequency. The diagonal line would correspond to a perfect correlation 1:1, i.e. where

SCF=1.
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In these figures, it can be seen how the higher load frequencies of 25 Hz, 10 Hz and 5 Hz
produce high and similar correlations (SCF in the order of 1.3 — 1.5), medium frequencies (1 Hz
and 0.5 Hz) produce SCF close to 1.0 and the lower frequency of 0.1 Hz produces SCF close to
0.6 — 0.7. For mixes with 100% NA, the best correlation (SCF=1) is the one obtained at 0.5 Hz,
while for mixes with CDWA, it is between 0.5 and 1 Hz. This trend contrasts with the 5 Hz
suggested by other publications [36] for hot mix asphalt although in that case the tests had been
carried out with cylindrical specimens under axial dynamic loads. This means that in this case,
the SCF is larger than the one obtained in [36] or, to put it another way, either |ITE*| tends to be
extraordinarily high or ITSM tends to be extraordinarily low. One possible explanation is that,
since the dynamic modulus test involves a continuous load wave, while the ITSM involves a

248 msec cycle followed by a 3 sec rest period, the CAM is less thixotropic than HMA.
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5. Conclusions

It is already clear that incorporating CDWA to CAM may make the material more
ecologically sustainable although the increased binder demand has to be borne in mind. The
proposed CAM-CDWA mix can be well-suited for low/medium-strength application in which
case the weaker physical qualities of CDWA are not relevant. Furthermore, the CAM-CDWA
mixtures entrain higher air voids, and this can translate into advantage favorable to porous
asphalt mixtures. However, based on this paper, and from the point of view of stiffness, other

advantages were found. Thus, the main conclusions can be listed as follows:

1. The incorporation of CDWA to CAM gives a lower specific gravity and greater voids

content. The specific gravity tends to be higher with increased bitumen content, while
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the voids content tends to reduce. With the increase of water content during the

mixing process, these trends are not clear.

2. After the compaction process, the mixtures with 100% CDWA contained around 3
times the amount of water inside compared to mixtures with NA. After curing, mixes
with CDWA still had a greater amount of water inside, although this value fell, in
general, below 2%. All these considerations will affect the mechanical properties of

CAM with CDWA, as well as the curing process.

3. CAM with CDWA requires higher bitumen contents to reach peak ITSM and |ITE*|
values due to higher aggregate absorption. The high absorption of CDWA can also
cause premature setting of the asphalt emulsion if the water content is too low during
the mixing process. Thus large amounts of water are needed during the mixing process
even though after compaction and curing the remaining water content was less than

2%.

4. In general, the stiffness of CAM depends much more on bitumen content than on
water content during the mixing process. Thus, the master curves obtained by varying
the water content were practically identical, although some differences were found in

ITSM.

5. A dependence of CAM with CDWA on test temperature was also found, even
changing the optimal water/bitumen contents. Thus, for example, at low test
temperatures, the mixes were stiffer with a high bitumen content (7%) but at high
temperatures, the optimum content decreased to 5%. On the other hand, mixes with
NA kept the same optimum bitumen and water contents for the whole range of

temperatures. This makes mixes with CDWA more complicated to design.

6. Mixes with NA were stiffer at low temperatures and softer at high temperatures than

mixes with CDWA. This behavior shows that CDWA is more stable against
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temperature changes, and therefore, it may potentially help CAM to avoid fatigue
cracking at low temperatures and excessive permanent deformation at high

temperatures.

7. Practically the same conclusions were extracted from the study of both ITSM and
[ITE*|, which clearly proves the existence of a close relationship between the two
moduli. By plotting together the results of both tests, it was found that the load
frequency of |ITE*| which produces the closest values to ITSM is 0.5 Hz for mixes
with NA and between 0.5 and 1 for mixes with CDWA. This behavior observed with

CAM contrasts with other experience developed with hot mix asphalt.

8. Finally, a dependency on the compaction process was also found. When comparing the
results obtained from mixes compacted in a gyratory compactor, with those compacted
with a static press, it could be seen that specific gravities were lower while voids
contents were higher. However, this seems to help the water to get out of the sample
during the compaction and curing processes. In the same way, the stiffness of mixes
compacted with the gyratory compactor could not reach the values that had been
obtained with the static press. Moreover, the optimum bitumen contents were the same
with both compaction methods, but the optimum amount of mixing water was slightly
greater when the mix was compacted with the gyratory compactor, for mixes with

both natural and recycled aggregates.

The authors consider that, due to the observed dependency of the results on aggregate type,
preparation protocols, compaction instruments, etc. a translation of laboratory findings to real
applications should be an important and necessary (downstream) challenge. Thus, these
conclusions, together with those extracted from other publications mentioned, must be

considered as an encouraging starting point for the understanding of CAM with CDWA.
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