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Abstract

Bitumen-stabilized materials with emulsion (BSM-E) are gaining increasing importance within
the scope of road pavement engineering and the fight against climate change. Both
environmental and economic aspects of BSM-E can be further improved by substituting the
natural aggregates (NA) with recycled construction and demolition waste aggregates (CDWA).
The objective of the present paper is to analyze how such substitution affects the two critical
properties that mostly define the durability and long-term performance of BSM-E: resistance to
stripping and resistance to permanent deformation. The stripping phenomena were analyzed in
terms of binder—aggregate affinity through the Rolling Bottle Test and Boiling Water Test. The
results showed that the weak mortar that attached to the aggregate surface produced poorer
binder—aggregate affinity when the samples were subjected to mechanical agitation. However,
the recycled aggregates did not affect the affinity at high temperatures and improved the
resistance to permanent deformation, leading to failure of the material after many loading

cycles.
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1. Introduction

Bitumen-stabilized materials with emulsion (BSM-E") are the result of mixing aggregates,
asphalt emulsion and water. The use of asphalt emulsion instead of bitumen enables the mix to
be blended, laid and compacted at room temperature, reducing economic and environmental
costs; thus, it is gaining popularity within the scope of the fight against climate change in civil
engineering. These materials once were considered inferior to hot mix asphalt (HMA?) owing to
their high air void content after compaction and weak early life strength; however, their current
uses cover a great range of applications in addition to the conventional ones, including surface
treatments and reinstatement work on low-traffic roads and walkways (Nageim et al., 2012;
Read and Whiteoak and Whiteoak, 2003; HAUC, 1992; James, 2006).

Both environmental and economic aspects of BSM-E can be improved by substituting the
natural aggregates (NA®) with recycled construction and demolition waste aggregates
(CDWA?Y), an approach that is currently being applied, with successful results, to other
kinds of infrastructure materials, such as road bases (Xuan et al., 2015), concrete (Bravo
et al., 2016; Rodriguez et al., 2016), mortar (Ledesma et al., 2015; Saiz Martinez et al.,
2016) or geosynthetic reinforced structures (Vieira et al., 2016). However, the great
heterogeneity of this type of aggregate, especially in terms of their composition, makes it very
difficult to predict how they will affect the properties of asphalt mixtures. In the limited
literature published on HMA with CDWA, certain common trends were found, such as higher
air void content but lower content of voids filled with bitumen (Shen and Du, 2005;
Paranavithana and Mohajerani, 2006; Wong et al., 2007; Pérez et al., 2010); lower densities
(Huang et al., 2002; Li, 2004; Paranavithana and Mohajerani, 2006; Pérez et al., 2007,
Melbouci, 2009; Mills-Beale and You, 2010; Gokce et al., 2011); higher optimal binder content
(Paranavithana and Mohajerani, 2006; Wong et al., 2007; Pérez et al., 2010); higher resistance

to cracking at low temperature (Mills-Beale and You, 2010); and lower resistance to water
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damage and stripping phenomena (Shen and Du, 2005; Paranavithana and Mohajerani, 2006;
Pasandin and Pérez, 2013, 2014c; Pérez et al., 2007, 2010, 2012a, 2012b). In addition,
contradictory results were found on other properties, such as indirect tensile strength and
stiffness (Shen and Du, 2005; Paranavithana and Mohajerani, 2006; Mills-Beale and You, 2010;
Chen et al., 2011; Pasandin and Pérez, 2013, 2014c), resistance to permanent deformation
(Shen and Du, 2005; Paranavithana and Mohajerani, 2006; Wong et al., 2007; Mills-Beale and
You 2010; Chen et al., 2011a; Pérez et al., 2012; Bhusal and Wen 2013; Pasandin and Pérez,
2013, 2014b, 2014c), and fatigue (Pérez et al., 2010a; Chen et al., 2011a, 2011b; Chen et al.;
Bhusal and Wen, 2013; Pasandin and Pérez, 2013, 2014c), without sufficient clarity regarding
whether the incorporation of CDWA produce positive or negative effects on these properties.
Regarding BSM-E with CDWA, the published literature is even shorter, but works including
Thanaya (2003; 2010); Gomez-Meijide and Pérez (2014a, 2014b, 2015); and Gémez-Meijide et
al. (2015a, 2015b) confirmed the abovementioned trends and improvements in some mechanical
properties, such as compression strength, indirect tensile strength, stiffness and stability to
temperature variations. Some weaknesses were also found (especially the behavior at early
curing stages), but none of the previous publications studied the two phenomena that mostly
define the durability and long-term performance of BSM-E: the resistance to stripping and the
resistance to permanent deformations (it must be noted that owing to the higher flexibility of
this type of mixture, fatigue is not usually the critical failure mechanism). The objective of the
present study is precisely to determine, for BSM-E, how the addition of CDWA affects these
two critical properties.

2. Materials and method

2.1 Materials and production of specimens

The samples were made with two different sources of aggregates. On the one hand, aggregate
from construction and demolition waste was recycled, mainly composed of concrete, mortar and
stone with a certain proportion of impurities including ceramics, metal pieces, gypsum, plastics
and glass (Table 1). On the other hand, a hornfels, a common metamorphic siliceous NA

extracted from a local quarry in Ourense (Spain), was used to produce the control mixes. In



Table 2, the main characteristics of both aggregates can be seen, of which the high water
absorption and low specific gravity of CDWA are especially remarkable.

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) 4.5% 19.8%
Crushed particles (UNE EN 933-5) 89% 94%
Sand equivalent (UNE EN 933-8) 77 78
Los Angeles coefficient (UNE EN 1097-2) 38 14
Bulk specific gravity (UNE EN 1097-6) 2.64tm* 2.78tm°
Dry specific gravity (UNE EN 1097-6) 2.23t/m* 274 t/m?
SSD specific gravity (UNE EN 1097-6) 239tm*  2.75tm®
Absorption (UNE EN 1097-6) 7.0% 0.5%

The selected binder for all samples was a cationic slow-setting bitumen emulsion (60% bitumen
content) with 100 pen grade base bitumen.

Following the recommendations of the Spanish Technical Association of Bituminous Emulsions
(ATEB) (ATEB, 2015), all samples were made with the same gradation, corresponding to a
grave emulsion GE1. The fine part of the gradation curve was adjusted to the lower limit
because of the trend observed in CDWA to increase the amount of fine particles after the
mixing and compaction processes (Figure 1).

For the rutting tests, the mixtures were composed according to Standard NLT-161, derived from
the French Duriez test (NF P98-251) and widely used for BSM-E. Thus, 101.6-mm height x
101.6-mm diameter cylindrical specimens were obtained after applying a static compaction of 1
MPa for 1 min (preload) followed by 21 MPa for 2 min. The samples were then cut with a radial

saw blade, maintaining the diameter in 101.6 mm but reducing the height to 50 mm.



Because rutting is a long-term phenomenon, which especially occurs after many cycles, the
BSM-E samples were fully cured until the mass remained constant. With this aim, and as
specified by ATEB (ATEB, 2015), a 3-day curing time was applied in an oven at 50°C.
However, after the process, it was found that the weight was still not constant. Therefore, and to
avoid premature aging of the binder, the samples were stored at room temperature (20£2°C) for

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

recommendations

2.2 Testing program

2.2.1 Aggregate-binder affinity

Aggregate—binder affinity is an indicator of the susceptibility of a certain mix to stripping
phenomena. This susceptibility, as treated in the present paper, is an indirect measure of the
capacity of a given binder to adhere to different aggregates used for the present investigation.
For this purpose, two different methods were used:

a) First, the rolling bottle test was applied. In this test, the aggregate—binder bond is assessed by

means of visual inspection of the aggregate coating grade, once the loose mix has been



subjected to mechanical agitation in the presence of water. This test was performed according to
Standard UNE-EN 12697-11.

b) The second method was the boiling water test, which also involves the visual inspection of
the coating grade of aggregates but only after having immersed the loose mix in boiling water
under controlled conditions. This test is described in the American standard ASTM D 3625.
Although both tests fix a given amount of binder to be added to the mix, the present
investigation went beyond this point, repeating the procedures with different binder contents
(given a fixed water content) and with different water contents (given a binder content).
Furthermore, to assess how the curing processes may affect the aggregate—binder adhesion, the
tests were repeated with samples cured for 0 (control mixes), 3 and 7 days. A curing time of 3
days was selected because it is a common process included in a great deal of standards and
investigations on BSM-E (ATEB, 2015). In addition, 7 days was considered as enough time to
completely develop the curing of the mixes. The whole range of tests is summarized in Table 3.

Table 3. Summary of mixes with different sources of aggregate (CDWA and NA), water and
bitumen contents and after being cured for different periods of time, used for both the Rolling
Bottle Test and Boiling Water Test

CDWA NA
Bitumen Water Curing Bitumen Water Curing
9% 3%
12% 6%
0, 0,
5% 15% 3 days 4% 9% 3 days
18% 12%
3% 2%
4% 0 3% 0
506 15% 3 days 4% 3% 3 days
- 5%
0 days 0 days
5% 15% 3 days 4% 3% 3 days
7 days 7 days

2.2.1.1 Rolling bottle test
Standard UNE-EN 12697-11, specific for HMA, was modified in this investigation to test
BSM-E. Thus, 510+2 g of dry aggregate of the fraction 8/11.2 mm were mixed with the proper

binder amount (although the standard specifies 3% binder over mix weight, this test was



repeated with different residual bitumen contents; owing to the high absorption of CDWA, it
was observed that 3% was insufficient to completely coat the particles). In this line, it was also
unnecessary to heat the materials, so the cooling step could be removed from the process
specified in the mentioned standard. However, the aggregate particles were spread over a metal
plate for 24 h, and a certain curing process was applied by introducing the samples into the oven
at 50°C for 0 (control mixes), 3 or 7 days.

The samples were then divided into three 150+2 g subsamples and introduced into standard
bottles filled with distilled water at 5°C. Together with the loose mix and the water, a standard

glass rod was introduced, and the bottles were hermetically sealed with a screw plug.

Figure 2. Arrangement of two different samples (6 subsamples) during the rolling bottle test
The bottles were laid and rotated at a speed of 60 rpm (Figure 2). After 6 h, the particles were
extracted over a glass plate, and the coating grade was visually determined, rounding to the
nearest £5%. The samples were then introduced again into the bottles, and the test was
continued for 24 h, repeating the observations as in the first case. The results are calculated as

the average value of the 3 subsamples, according to 2 different observers.



During the mixing process, the mixing time needed for each mixture to reach the complete
coating (active affinity) was also observed.

2.2.1.2 Boiling water test

As described for the previous test, in this case, Standard ASTM 3625 was adapted for BSM-E,
with the materials not heated during the mix but later, during the curing process. Two-hundred-
fifty-gram samples of dry aggregate of the 8/12 mm fraction were mixed with different water
and bitumen contents (the same contents as for the previous tests) until complete and uniform
coating of the particles was reached.

Afterwards, the particles were spread over a metal plate and left for 24 h before being subjected
to a curing process in an oven at 50°C for 0, 3 and 7 days (as in the previous test). The loose
mix was then heated between 85°C and the boiling temperature of water and introduced into a
vat with boiling water for 10 min. After this time, the unattached bitumen particles and the
water were removed, and the samples were spread again at room temperature for 24 h.

Finally, visual inspections were carried out by 2 different observers, and the coating grade was
determined as the average value of both.

2.2.2 Resistance to permanent deformation

To assess how these results affect the resistance to permanent deformation, a large series of
samples with different combinations of water/emulsion contents were subjected to the Repeated
Load Axial Test according to Standard BSi DD 226:1996 (BSi, 1996) (Figure 3). Thus,
cylindrical 101.6-mm diameter x 50-mm height samples were lubricated with a mix of silicone
grease and graphite powder on their flat sides, slowly heated to the test temperature (30°C) and
subjected to a static conditioning load of 10 kPa for 60046 s. The samples were then subjected
to a series of 100£2 kPa dynamic loads at a constant temperature. Each load pulse involveda 1 s
load followed by a 1 s rest period where no load was applied. Although the standard requires the
application of only 1800 load cycles, in the present investigation, the tests were prolonged to

5000 cycles to obtain clearer creep data and curves.



Figure 3. Arrangement of repeated load axial test according to Standard BSi DD 226:1996

(BSi, 1996)
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Figure 4. Typical creep curve of axial deformation related to the number of load cycles (from

Norma UNE-EN 12697-25)

The samples were produced according to Standard NLT-161, which is widely used for BSM-E
in Spain and whose compaction method involves the application of a static load of 21 MPa for 2
min. Finally, the samples were fully cured in an oven for 3 days at 50°C (according to ATEB

recommendations) and left at room temperature until reaching a constant weight.



For each tested mix, a creep curve (similar to the scheme shown in Figure 4) was obtained. As
seen, these curves are composed of three different stages:

- Primary stage, where the slope decreases with increasing number of applied load cycles. In
this stage, the void content decreases, producing a densification phenomenon, in contrast to the
plastic deformation that typically occurs during the tertiary stage.

- Secondary stage: along this stage, the creep curve is similar to a straight line with a constant
slope (logarithmic scale). The greater the slope of the tangent line (“b”) and the cutting point of
this with the vertical axis (“a”), the greater the rutting potential of the mix. In this stage, an
inflection point can also be seen, from which point the slope of the creep curve increases again
with increasing number of load cycles. The number of cycles at which this occurs, which is
normally called the Flow Number (FN), is the minimum slope point of the curve (Gul, 2008)
and is considered as a critical point from which the sample starts to fail (Santagata et al., 2007).
- Tertiary stage: In this stage, plastic flow occurs, and binder and aggregates move without
producing a change in the volume. This phenomenon produces curves whose slopes increase
with increasing number of cycles until the final collapse of the specimens.

In the present investigation, the parameters used to compare the mixes were, in addition to the
point “a” and the slope “b”, the initial strain after conditioning (&), the final strain after 5000
cycles (&s000), and the Flow Number.

3. Results

3.1 Binder—aggregate affinity

3.1.1 Rolling bottle test

The results of rolling bottle test are shown in Table 4, Figures 5 to 7. First, it can be seen that
the coating grade is higher when NA is used. Thus, the bond between binder and CDWA is
weaker than with NA. Logically, by increasing the binder content, higher coating grades can be
achieved with CDWA (i.e., increasing from 63% with 3% bitumen content at 24 h to 73% with
5%); but even so, these values are still far from those obtained with NA, which remained in

most cases between 95% and 100%. As an exception, it can be seen how 5% bitumen content
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performed worse (78% after 6 h and 59% after 24 h); this is possibly due to an excessively thick

film coating the aggregates, which can be easily detached.

Table 4. Results of rolling bottle test for mixes with CDWA and NA and different water and
bitumen contents and curing times

Aggregat Binder Water  Curing Coating grade C?ﬁ;‘:g
e content content  time oh ah ©
9% 73% 63% 27
12% 95% 90% 25
5% 150  Sdays 91% 78% 17
18% 92% 83% 18
Recycled 3% 78% 63% 27
4% 15% 3 days 89% 73% 14
5% 91% 78% 17
0 days 83% 71% 16
5% 15% 3 days 91% 78% 17
7 days 89% 73% 15
3% 100% 100% 56
6% 100% 95% 9
4% o S0ays 100%  100% 17
12% 100% 100% 10
2% 100% 97% 53
Natural 3% 30 3 days 100% 100% 35
4% 100% 100% 56
5% 78% 59% 60
0 days 100% 94% 20
4% 3% 3 days 100% 100% 56
7 days 100% 100% 90
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Figure 5. Relationship between coating grade after 6 h and 24 h tests and water content
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Figure 7. Relationship between coating grade after 6 h and 24 h tests and curing time

However, increasing the water content also helped mixes with CDWA reduce the mixing time
needed to obtain complete coating of the aggregate. Moreover, the coating grades at the end of
the tests did not seem to significantly improve.

Finally, the curing time had a slight influence on the coating grades, although it is noticeable
that when the mixes were tested without the application of any curing process (0 h), the results
were poorer than after 3 and 7 days in the oven at 50°C. In the case of mixes with CDWA, the

mixes cured for 7 days produced results slightly poorer than the mixes cured for 3 days, which
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might be a symptom of the aging of the binder and the loss of volatile components in the oven.
However, the same evidence was not found in mixes with NA.

3.1.2 Boiling water test

The results of this test are shown in Table 5. As can be observed, all results are higher than the
threshold of 85-90%, which, according to Kiggundu and Roberts (1988), is the minimum that
can ensure good adhesion between binder and aggregates in HMA. The only exception to this
was the mix with CDWA, 5% bitumen and 9% water. The low water content, together with
excessively high bitumen content, led to a thick and stiff film easily detachable from the
aggregate surface.

The results are generally higher than those obtained with the rolling water test. In mixes with
NA, the results continue to be near 100%, but in this case, the mixes with CDWA are also near
these values.

With this test, it is impossible to obtain a clear relationship between the coating grade and the
water and bitumen contents because all results were generally more than satisfactory.
Nevertheless, the uncured mixes and the mixes cured for 7 days again produced binder-
aggregate affinities slightly lower than that cured for 3 days. This is related, as in the previous
case, to the presence of interstitial water within the uncured mixes and to the aging and
stiffening of the binder cured for 7 days.

In this case, it is especially noticeable that the results exceeded the values obtained by other
authors (Pasandin and Pérez, 2014; Pasandin et al., 2015) with HMA and CDWA, who reached
coating grades of only 80% after the incorporation of cement as filler. By means of different
pretreatments, they obtained higher coating grades of approximately 90-95%, values generally
exceeded in this investigation, with 100% of CDWA and without using any sort of additive or
pretreatment.

As in the previous case, the bitumen content does not affect the coating time in a significant
way. However, by increasing the water content, it was possible to obtain clear reductions (for
instance, in mixes with CDWA, this time was reduced from 57 s with 9% water contentto 9 s
with 18%).

13



Table 5. Results of boiling water test for mixes with CDWA and NA and different water and
bitumen contents and curing times

Binder = Water  Curing Coating grade Co_atlng
Aggregate tent tent ti time
conten conten Ime 6 h 24 h (S)
9% 70% 60% 57
12% 95% 95% 19
0,
5% 1505  Sdays 95% 95% 22
18% 95% 95% 9
recvoled 3% 95% 95% 19
y 4% 15%  3days 90% 90% 19
5% 95% 95% 22
0 days 95% 95% 7
5% 15%  3days 95% 95% 22
7 days 90% 90% 12
3% 100%  100% 21
6% 100%  100% 25
0,
4% g Sdays 100%  100% 19
12% 100%  100% 15
2% 100%  100% 20
Natural 3% 2 3 davs 100%  100% 31
4% 0 y 100%  100% 21
5% 100%  100% M
0 days 100% 95% 28
4% 3% 3 days 100%  100% 21
7 days 100% 95% 31

3.1.3 Comparison between both methods

On the one hand, the rolling bottle test was designed by Isacsson and Jorgensen (1987) in

Sweden, where the temperatures are significantly low. In that test, the samples are subjected for

a long time to mechanical damage in the presence of water. This produced detachment of the
weak mortar present on the surface of the recycled aggregates grains and, as a consequence,
detachment of the bitumen coating as well. On the other hand, for the boiling water test, the
samples are subjected to very high temperatures for a short period of time, not damaging the
coating film mechanically but reducing the viscosity and consistency of the binder. Thus, this

test would be more suitable to assess the performance of the mix in warm environments. As a

consequence, the results are more affected by the performance of the recycled aggregates in the

former test and by the binder in the latter.

In this case, the results of the boiling water test were very similar with both sorts of aggregate,

whereas the performance in the rolling bottle tests was significantly poorer with CDWA than

with NA. Hence, the results show that high temperatures will not significantly affect the binder—
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aggregate affinity of BSM-E with CDWA, but the prolonged action of traffic loads probably
will. To assess this hypothesis, the long-term resistance to permanent deformation of these
materials was evaluated and described throughout the next section.

3.2 Resistance to permanent deformation

3.2.1 Initial creep strain (&)

The results of g are shown in Figure 8 for mixes with recycled aggregates and natural
aggregates and are related to different water and bitumen contents. As seen, the strains reach a
minimum value for 5% bitumen content in mixes with CDWA and 4% in mixes with NA.
However, the variation in water content produces wave-shaped trends with a minimum of 21%
in mixes with CDWA and 9% in mixes with NA.

It is important to highlight that the strains are lower when CDWA are used, not only for the
optimal values but also for the other values in general. Thus, the recycled aggregates added a

beneficial effect to the performance of the mix.
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Figure 8. Initial creep strain after conditioning (g,) for mixes with recycled and natural
aggregate and for different water and bitumen contents

3.2.2 Final creep strain (€s090)

The results of 5099 are shown in Figure 9. As seen, the permanent deformation at the end of the
test is simply similar with both types of aggregates. Thus, the addition of CDWA did not
improve this parameter but also did not produce any detriment. Furthermore, by increasing
water and/or bitumen contents, it is possible to obtain better performance with CDWA than with
NA.

For both sorts of aggregates, the results tend to slightly decrease with increasing water and
bitumen contents, not reaching clear optimal contents.
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Figure 9. Final creep strain after conditioning (esn0) for mixes with recycled and natural
aggregate and for different water and bitumen contents

3.2.3 Slope of the tangent line in the secondary stage (b)

The results are shown in Figure 10. As seen, the water content seems to not significantly affect
the results, although peak values can be slightly intuited at approximately 24% content for
mixes with CDWA and 6% for mixes with NA. However, the increase in the bitumen content
produces trends in the slopes similar to exponential curves, always increasing. Therefore, it

would be advisable to design mixes with low bitumen content.
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Figure 10. Slope of the tangent line in the secondary stage (b) for mixes with recycled and
natural aggregate and for different water and bitumen contents

In addition, mixes with CDWA generally show lower slopes than mixes with NA for any water
or bitumen content. Thus, CDWA help mixes contain the development of permanent strains
along the load cycles; in other words, mixes with CDWA are more stable and develop strains
more slowly than mixes with NA.

3.2.4 Cutting point of the tangent line with the vertical axis (a)

The results of parameter a are shown in Figure 11. As seen, for mixes with both sorts of
aggregates, the parameter a decreases with increasing water content until it reaches a minimum

value, from which the results increase again. The optimal water content that produces the

16



minimum a values are 30% for mixes with CDWA and 9% for mixes with NA. As in previous

cases, owing to the high water absorption of the aggregates, the optimal water content is higher

for mixes with CDWA. At the same time, the trends with the variation of bitumen content are

decreasing (mixes with NA seem to present an optimal bitumen content of 4%).
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Figure 11. Cutting point of the tangent line with vertical axis (a) for mixes with recycled and
natural aggregate and for different water and bitumen contents
It can also be observed how the trends of parameter a and slope b are contrary; this makes
perfectly sense considering that, as revealed previously, the deformations at the end of the test
are similar. Thus, straight tangent lines passing by the same final point will intersect the vertical
axis at higher values when their slopes are lower, and vice versa. Therefore, in this case,
although mixes with CDWA tend to produce higher a-values (which would indicate poorer
performance), this is simply due to the conjunction of same final strain and lower slope in the
secondary stage. Because both aspects are positive, it can be concluded that CDWA improve the
resistance to permanent deformation of BSM-E.
3.2.5 Flow Number
The Flow Number was not reached for any of the tested samples—not even when subjecting
them to 10,000 cycles, the maximum programmable number of cycles for the available
equipment (Cooper NU14). However, it was explained that because the deformation at the end
of the test is practically the same for mixes with both sorts of aggregates and the slope of the
curve during the secondary stage is lower for mixes with CDWA, the permanent deformation of
these mixtures is more controlled and develops more slowly. This indirectly indicates that the

tertiary stage will be reached after a greater number of loading cycles. Therefore, the Flow

17



Number is expected to be higher.

3.2.6 Comparison with other authors’ results

Although many authors have studied resistance to permanent deformation, the great range of
variations in the test procedures complicate any comparison of the results here obtained with
those obtained by the mentioned authors. However, it was found that Pasandin and Pérez (2013)
used exactly the same test (although applying only 1800 load cycles) on samples of hot mix
asphalt with up to 30% CDWA.

The creep strains obtained in the present investigation generally range from 0.6% to 0.8%,
slightly higher than those obtained by the referenced authors (normally ranging between 0.4%
and 0.6%. The resulting average slopes, as defined by the authors, were also higher,
approximately 5-10” [%/cycle] against approximately 3-10” [%/cycle].

3.3 Ecological analysis

The requirement for slightly higher bitumen contents by weight of dry aggregate places grave-
emulsions with CDWA at an ecological and economic disadvantage. However, owing to the
low specific weight of CDWA, for the same water and bitumen contents, the resulting density
of the mixtures with recycled aggregate was 18-19% lower (e.g., the specific weight of BSM-E
with 4% residual bitumen and 9% water is 1.947 t/m® with CDWA and 2.390 t/m® with NA).
Therefore, for the construction of the same unitary length of road, a smaller quantity (in weight)
of mixture is needed. By making the corresponding calculations, it was found that by using
BSM-E with CDWA and 5% bitumen content, the extra amount of residual binder would be
1.1%, and for lower binder contents, the use of CDWA would result in savings in bitumen costs.
This, together with the evident economic and ecological benefits of using a byproduct as
aggregate instead of exploiting a natural resource, makes these mixtures cleaner and more
sustainable than current ones made with NA.

4. Conclusions

The present paper completed the investigation presented in previous publications in which the
advantages of using CDWA in cold mixtures was stated not only in economic and ecological
terms but also in terms of mechanical performance [GOmez-Meijide and Pérez 2014a, 2014b,
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2015; Gomez-Meijide et al., 2015a, 2015b; Pasandin et al., 2015]. From the present research,

new findings were obtained and are described as follows:

1. Although the binder—aggregate affinity was practically the same for both aggregates when

subjecting the mixtures to high temperatures, the weak mortar attached to the surface of

recycled aggregates produced poorer results under mechanical agitation. Increasing the water

content reduces the necessary mixing time for complete coating, but the results are still far from

those obtained with NA.

2. Despite the previous conclusion, the use of CDWA improved the general performance of the

mixes in terms of resistance to permanent deformation. The mixtures with both sorts of

aggregates showed very similar deformations at the end of the tests, but in those mixtures made

with CDWA, the deformations developed more slowly, which indirectly indicates that the

tertiary stage and the consequent failure of the material will be reached after a greater number of

loading cycles (higher Flow Number).
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