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Abstract

An asphalt concrete has been modified by adding polymeric wastes: polyethylene (PE)

from micronized containers, pol ropylene’P) from ground caps, polystyrene (PS) from

hangers and rubber from life tyres (ELT). These polymeric wastes were selected

according to their avaj , homo ity and economic criteria considering the big amount

of material required t ar

The dry metho used to modify the bituminous mixture due to its simplicity and the

pOssi d out in any asphalt plant without important modifications. This is very
imp in order to spread the process and recycle the polymeric waste in the same place

where it is*produced, hence improving the environmental impact.

The reference asphalt mixture and the four modified asphalt concretes have been analysed
separately and their performance compared, evaluating their resistance against plastic
deformation, stiffness, fatigue resistance and workability. The Master curve and the Black

diagram of the mixtures were also calculated.
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The results showed that the use of polymeric wastes significantly increased the stiffness of the
reference mixture in all cases, but especially when PE, PP and ELT were used. However, none
of these materials significantly modifies the fatigue behaviour of the reference mixture.
Regarding the resistance against plastic deformation, the use of both PE and ELT led to an
increase of the resistance, whereas PP did not modify it and PS decreased it. As for workability,
the energy of compaction of the modified mixtures did not suffer any im nt change.

Therefore, according to the results obtained, PE, PP and ELT can be used%o modify asphalt

mixtures since they improve or do not change their properties. On the other hand, PS should be

further studied because of the contradictory results obtained, and plastic deformation

is not a problem this material could be used.

Keywords: Asphalt concrete; Dry way; Polyet Polypropylene; Polystyrene; Rubber;

Polymeric waste; Modified mixture; Asphalt mi astic waste.

1. Introduction l

The properties of polymers

otivated their use in multitude of products and applications.

However, this proliferat plies amjenvironmental risk if they are not correctly treated at the

end of their useful 1i

e of polymers in bituminous mixtures has significantly increased,

necessary to use specialized plants where high temperatures and agitation process are required;
the method is economically costly and in some cases presents precipitation or compatibility

problems [4-8].



In the mixtures considered in this article, the polymeric wastes have been incorporated directly
to the mixer drum (dry way). This method is less widespread than the wet way, but it is simpler
and it can be carried out in any asphalt plant without important modifications, so the spread of

the process is favoured and the reuse of polymeric wastes facilitated.

One of the main projects carried out nowadays with polymeric wastes has been developed by

and Polystyrene, PS), have been used in rural roads. The mix

performance of conventional mixtures avoiding cracking and ol

wastes were added over the hot aggregate creating a film em, improving adhesiveness

with the bitumen that was afterwards added. Thi aixture achieved higher values of

Marshall stability and the bitumen percentage w ed [10,11].

Normally, polymeric wastes are used independently du€’to multitude of polymers present in the

market with different properties@nd also in o!der to better control the resulting mixture. Similar

projects with low density Polyethglene (LDPE) showed an increase of the indirect tensile
strength and resilient fhodu ], as well as of the resistance against plastic deformation and

ave been also used that were mixed with the aggregates before

Its showed an increase of the mixture Marshall stability and fatigue

influence on its fatigue resistance //5]. The use of PS as a modifier of bituminous mixtures is
less developed due to the fact that it presents more compatibility problems with bitumen [16].
In a project carried out in 2012 with PS from plastic waste, the best results were obtained by

dry way when 5% was added to the aggregates before pouring the bitumen, increasing in this



way the Marshall stability by 11%. On the other hand, when the polymer was added after the

bitumen it was not completely mixed achieving a lower Marshall stability [17].

The use of rubber is more extended than the plastic wastes. One of the critical parameters that
determines the mixture performance is the digestion process, which basically depends on the
interaction time between the rubber and the bitumen, the mixture temperature and the rubber
particle size [18]. When the digestion has not been correctly done, mixtures cangditave problems

of cohesion, thus decreasing the binding capacity of the original bitumewmy//9]. ake this

process easier, it is recommended that the maximum size of the rub its maximum

quantity does not exceed 1% of the aggregates weight and the digé8ion time takes between 60

and 90 minutes [20,21]. The addition of the rubber us ss achieves a better

e dry pr

performance against the plastic deformation and

The main difference between the use of the plast ymers and the rubber is that the former

can improve the joining among the aggregates and modify the performance of the mixture,

while the latter requires a digesfion process to modify the properties of the bitumen, process

which is not the aim with the plas olymers.

This paper gathers a analysis of a modified mixture by dry way, using the most
resistance against the plastic deformation, the stiffness, the

workability have been analysed. The results show that the addition of

ers can be useful to improve the properties of the roads, so this process can convert
the roadS§pinto a tool to recover big quantities of polymeric wastes and make better also their
environmental impact.
2. Materials and methodology

2.1. Bitumen and aggregates
For the research done, a conventional bitumen was used as binder, with a penetration grade of

56.8 (EN 1426) and a softening temperature of 51.1°C (EN 1427). The coarse aggregate was



porphyritic, with a coefficient of Los Angeles of 14 (EN 1097-2) and Flakiness index of 24 (EN
933-3). Finally, the fine aggregate used was limestone with a Sand equivalent of 63 (EN 933-

).

2.2. Polymeric wastes

In terms of their internal structure, the PE and PP are two crystalline polymers while PS is

amorphous. All of them are thermoplastic polymers which are softened when temperature
exceeds their melting (or glass) point. On the other hand, the rubber is a

that has been vulcanized and works at higher temperatures of its gl iti mperature in

its rubbery state.

The polymeric wastes were supplied and characterized PLAS (ReSearch Association of

0 esonomic and technical criteria. As

Plastic Materials). A first selection was done ac
big quantities are required for its use in road , the availability must be constant and

sufficient, the cost limited, and the polymers should b€ homogenous enough in order not to

change the properties of the %s. The s%ted polymers are shown in Figure 1.

Figure 1. Selected polymeric waste: P, PP, PS and ELT from left to right.

Accor to their particle size distribution (Figure 2), the PE is the smallest of the
thermoplastic polymers with a maximum size of 2mm, whereas PP and PS have a very similar

distribution and a very close maximum size: 6.3mm and 5.6mm, respectively. The ELT is the

smallest of all the polymers with a maximum particle size of Imm.
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Figure 2. Particle size distribution of the polymeri st\
Table 1 gathers the densities of every polymeric waste wer uired to replace the

natural filler by volume.

% Passing

Table 1. Density of selecte
Polymer PE PS ELT

Density (g/cm?) 0.90 0.94 1.05 1.15

Differential Scanning Calorim: (DSC) tests were carried out to plastic polymeric wastes to

find out their thermal behaviour point is required to define the mixing temperature) and

their composition (Figure s, the melting temperature of the PE sample was 130.72°C,

corresponding Densig§Polyethylene (HDPE). The DSC also showed a minor quantity

mple of PP was actually a mix between PP and PE, with melting points

a melting point of 162.18°C and a small quantity of HDPE with a melting temperature of
129.56°C. The DSC was not carried out with rubber due to it is a vulcanized material and its

glass temperature is below our working temperatures, so it was not necessary.
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Figure 3. DSC test of.t*l;é polymeric waste. Fr eft to right, a‘lp to down: PE, PP and PS

2.3. Specimen preparation

The design of the mixtures was performed by ACCIONA [23] in a previous stage of the

research. The mixture was a seit-dense Asphalt Concrete for surface layer (AC22 surf 50/70

S) and the amount of bitumen use s 4.8% based on total weight of mix. The temperature of

the bitumen and aggrggate 155°C and 175°C respectively. The particle size distribution

owing table.

Table 2. Particle size distribution [23]
22 16 8 2 0.5 0.25 0.063

96 78 55 29 13 10 6.1

authors who replaced other fractions or directly added a percentage of the polymeric waste by
weight[17,24]. The remainder of the particle sizes stayed unchanged. To achieve this, 1% of
aggregates was replaced by polymeric waste corresponding to the volume occupied by this
percentage only in the filler fraction. The polymeric wastes were incorporated differently. Thus,

the plastic polymers were added directly in the mixer drum with the hot aggregates before the



bitumen was incorporated, while the rubber was added after the bitumen. In the first case, the
polymers were softened so that they basically wrapped the aggregates, thus improving the
linkage among them. Besides, they also improve adherence between binder and aggregates [10].
In the second case, the rubber has a low influence on the aggregates and it was mainly mixed
with the bitumen, modifying its properties although it was added by dry way [25]. The mixtures

achieved the properties presented in Table 3, all of the required by the Spanish

Table 3. Characteristics of used mixtures [23]

Bituminous Density Voids in mixture Water sensitivity
mixtures (g/em?) (%) (%)

REF 2.400 4.4
PE 2.308 4.7
PP 2.346 4.1
PS 2.328 4.5

ELT 2.430 4.8

2.4. Testing program
The resistance against plastic deformation ?stiffness were evaluated to know the bearing

capacity of the modified mixt whereas the fatigue resistance test was carried out to analyse

the mechanical useful 1j
compaction and to e

in the compaétion proge

As t e been carried out in the same conditions, the modified mixtures can be
co mong them. Therefore, it can be determined which polymeric waste obtains the best

performange or which of them is the most suitable to improve a specific property.

The wheel tracking test (EN 12697-22) was done to evaluate the resistance against plastic
deformation, which is one of the most important parameters of a bituminous mixture, especially
in the southern countries due to the heat and the high axle loads (11.5t for simple axle in the

case of Spain). The average slope of the samples between the cycles 5000 and 10000 is a



measure of the accumulated plastic deformations. The lower the average slope, the greater the

mixture capacity to resist the plastic deformation.

The test (Figure 4A) was carried out through four 60mm high specimens per modified mixture,

which were tested at 60°C. The load used was 700N.

The dynamic modulus was obtained by the four point bending test (EN 12697-26. Annex B).
This test evaluates the stiffness of the mixture, which strongly depends on th erature and

the frequency selected to perform the test. This modulus links the appliedjload an strain

produced, and was performed with the specific devices shown in Fi st was done

. i :
Figure 4. m left to right: A) Wheel tracking test machine B) Experimental equipment to perform
dynamic modulus test

curve was obtained in order to analyse the dynamic performance of the mixtures.
This curvg,evaluates the modulus response (M) to different frequencies (f) and temperatures,

and it was adjusted to a sigmoidal curve (Equation 1) by the least-squares adjustment[26,27].
LogM (MPa) =06+ a/ (1 +exp(B -7 - log f(Hz))) (D

An equivalent process was carried out with the phase angle of the mixtures, which is a measure

of the gap between the moment when the load is applied and when the sample begins to be

10



strained. It represents the weight of the elastic component, which also depends on the
temperature and frequency of the test. In order to know the weight of the elastic performance
independently of the frequency or the temperature, the Black Diagram was also calculated. The
Black Diagram displays the values of the phase angle (®) for a specific value of the dynamic
modulus (M); therefore, this ratio will be achieved by the mixtures in different circumstances.
This diagram was calculated by adjusting the phase angle and the dynamicgodulus to a

polynomic function by the least-squares method (Equation 2).

®d(°)=a+b-logM (MPa) + ¢ - log M (MPa)? 2)

evaluate the useful life of a mixture under repeated loads. The test, as in the case of the dynamic

modulus, was performed with mber of samples between 15 and 18, at a frequency of 30Hz,

a temperature of 20°C. The Tailuret@giterion was the cycle (N) for which the sample presented
a stress of co/2, being oo mitial stress for the imposed strain (g). This is equivalent to

tiffne o) of the material until its half. As the results were obtained,

ulated with the following equation:

e (m/m)=d- 103. N (Cycles) 3)

To defin&the influence of each polymer in the workability of the mixture and to know if any
change in the compaction process could be necessary, a workability test was carried out with
five samples of each type of mixture. The diameter of the samples was 100mm, the load of the
test was 600KPa, the speed of the movement 30 rpm and the angle of rotation 0,82°. The

accumulated energy per mass unit was calculated by using the model developed by del Rio[28]

11



(Equation 4):

SRS

N N
W, 2-m-a-A
Jurmetd,
m m
1 1

Where W (kJ) is the energy, m (kg) the mass, S; (kN/m?) is the shear stress measured in each

cycle i; h; (m) is the height of the sample in each cycle i; A (m?) is the area of the sample; a

(rad) is inclination angle of the cylindrical sample; and N is the total of appliedé€ycles.

The required energy of compaction, which depends on the amount of v ixture,
was adjusted to the following straight lines by the least-squares me 5).
Energy (KJ/Kg) =f - Voids (%) 5

3. Results and discussion

3.1. Plastic deformation
The results of the wheel tracking test (EN 1269 are shown in Table 4. The reference
mixture obtained a good value but its use i?t recommended for high heavy traffic level in
warm areas. The mixtures with'PE, PP and ELT considerably increase the resistance against

plastic deformation as c ared withythe reference mixture, and they can be used in any road

without limitations o ic level or climatic conditions. These results are actually very
3. As for the PS, this case is different since the results obtained

@reference mixture, while in the design stage its performance was very
g difference can be due to a lack of homogeneity not detected during the
manufacfaring of the samples: great quantities of polymeric waste were used and its

components could have varied more than expected, or they simply could have been

contaminated during the recycling process.

12



Table 4. Wheel tracking test
Average slope Rut depth

Mixture (mm/103 cycles) (mm)
REF 0.08 2.7
PE 0.05 2.6
PP 0.06 2.4
PS 0.13 4.3
ELT 0.06 2.8

The results have been analysed with the software IBM SPSS to find odlyif there"Was a real

difference between the reference and the modified mixtures. The S
out and, as the results did not follow a normal distribution, the ann-Whitney was
done to check the results. The statistical significances g ) ixtures in relation to
the reference mixture are shown in Table 5. The erval was always 95%, so when
a statistical significance is below 0.05 it implt the analysed results are significantly
different. As it can be seen, PE and ELT significantly%hcrease the resistance of the reference

mixture against plastic deformati@n, while P&)es not have a significant incidence. Finally, PS

worsens the result of the re ixture.

5. Significance of the average slope

PP PS ELT
.028 0.289 0.050 0.028

ance against plastic deformation with the thermoplastic polymers can

ncrease in the internal resistance of the mineral skeleton. Thus, when the polymers

the aggregates, linking the mineral structure when the temperature is decreased and finally
recovering their solid state. In Figure 5 it is shown how when the PE and PP are added, the

aggregates are joined by these links probably improving this way the mixture cohesion.

13



Figure 5. Coarse aggregates with PE and PP

With the addition of ELT, small elastic particles are incorporated which rea 1 e bitumen,
increasing its elastic performance provided that a proper digestion is reac increaSthg this

way the mixture its resistance against the plastic deformation.

3.2. Stiffness

The results of the four point bending test (E . Annex B) showed that the

incorporation of the polymers makes the mixtfige (Figute 6). Nevertheless, the results
obtained can be divided in two groups: the mixture PS in one side, which slightly increases

the stiffness as compared to the reference midftire; and mixtures including PE, PP and ELT on

the other side, which incre

reference mixture. &

stiffness with a much higher influence than that of the

e==REF  -eeeeee PE = =PP =.-PS — -ELT
10000
| 9000 - _».r'f/
257
8000 o
E o // 7
S 7000 —= = _
2 6000 Pl a4
3 e » /
2. .
3 5000 e e
£ - // s /
£ 4000 e -
£ 3000 T -
3 :"./”.0"‘" _ ./
2000 -
1000 =
0 : :
0,1 0,2 0,5 1 2 5 810 20 30

Frequency (Hz)
Figure 6. Dynamic stiffness of each type of mixture
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Moreover, the increase in the dynamic modulus implies that these modified mixtures will
actually have a greater bearing capacity and they will transmit fewer loads to the layers
underneath. On the other hand, the mixture including PS was the only mixture whose results do
not follow a normal distribution, so to compare the results of the PS and the reference mixtures
a Mann-Whitney U test was carried out and the statistical significances are shown in the next

table. All the polymers significantly modify the reference mixture.

Table 6. Significance of the dynamic modulus for each type of

PE PP PS
REF 0.000 0.000 0.004

Mixtures b a i (MPa) (R/I/[;a;)

REF 1.096 3.233 -0.849 0.97 12.5 21330.4

PE 1.914 2.480 -0.840 0.514 0.96 82.0 24774.2

PP 2.046 2.3 —0.84! 0.521 0.86 111.2 22698.6

PS 1.333 -0.883 0.538 0.95 21.5 21428.9

ELT .655 0.427 0.96 69.7 35563.1
These Master Curves erified that all the modified mixtures increase the dynamic
modulus as eference mixture, and depending on the selected frequency the

differ

15
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The frequency is linked with the traffic velocity. When ow the potential problem
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Figure 8. Phase angle of the mixtures related tg
Table 8. Coefficients of Black Diagr nd correlation coefficient

The Black Diagram was obtained for each mixture,

®

determination are presented in Table 8.

Mixtures a b c R?
REF %4 -7.318 0.96
PE -49.171 3.254 0.90
PP -44.884 2.825 0.88

P -10.090  -1.971 0.93
-1.696 2.637 0.93

cluding PE, PP and ELT are mixtures with lower phase angle

17
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The new links created by the thermoplastic p
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3.3. Resistance to fatigue

be n the aggregates are flexible
enough not to punish the fatigue performance of thefmixtures. With the addition of rubber the

elasticity of the mixture increased and the highest resistance was obtained (Figure 10).

&

——REF e PE ---PP ---PS ELT
500

400

300

200

150

Strain (107-6 m/m)

A

100
90

80
70

60

10.000 100.000 1.000.000
Load Cycles

Figure 10. Graphical representation of the fatigue curves: Deformation - Cycles

However, there is no significant difference between the mixtures (the significance of the

Kruskal — Wallis test was 0.708). The fatigue laws obtained by means of the four point bending

18



test (EN 12697-24. Annex D), the initial stiffness (So) and the characteristic strain at 10° cycles

are included in Table 9.

Table 9. Fatigue laws, initial stiffness and characteristic strain
So  strain-characteristics™

. 2
Mixture (MPa) (um/m) d e R
REF 5645.0 118.5 2.4543 -0.2194 0.96
PE 8580.0 121.2 22506  -0.2115 0
PP 8205.4 126.3 1.7723

PS 6205.0 126.7 2.5206

ELT 8512.0 159.1 1.4083

*10° cycles

Therefore, the fatigue resistance is not modified by the i
here studied, and the modified mixtures, although stafife ¢ the same performance than the
reference mixture. Thus, these modified mixture it a lower load to the layers below and
resist the same number of axles, which implies thagythe layer thickness could be reduced

according to the analysed mechaanical para@ars. This means an important reduction in the

consumption of raw materi ugh many other parameters must be considered yet.

3.4. Workability

The coefficien e straightdihes and the required energy per mass for 5% of voids in the

mixtures are presented 1 Table 10.

able es of the required energy of compaction and values for 5% of voids
Temperature f g R? Energy 54
REF -0.14 2.57 0.94 1.87 kJ/kg
PE -0.15 2.62 0.87 1.87 kJ/kg
PP -0.16 3.06 0.95 2.26 kJ/kg
PS -0.16 2.96 0.98 2.16 kJ/kg
ELT -0.16 2.96 0.95 2.16 kJ/kg

The next graph (Figure 11) represents the accumulated energy of compaction depending on the

voids containing each type of mixture.

19
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Figure 11. Energy of compaction
. the greater the increase of the required

1:’ Q
thermoplastic polymers, the bigger the particle i

energy. The addition of rubber, despite it has the same Size than PE, also increases the energy

of compaction, probably becaugét is not melted as the PE when the aggregates are heated up.

These differences in the energy ompaction are due to the fact that the polymers have

replaced particles of filler, maller than them.

4. Conclu

Fou 1 alysed in this paper that modified the composition of a conventional
asp ture. PE, PP, PS and ELT were used to replace 1% of the filler fraction by dry way,

the performance obtained of each modified mixture has been analysed.

According to the results, the mixtures modified with PE, PP and ELT have a similar
performance, increasing the resistance against plastic deformation and the stiffness as compared

to the reference mixture, not affecting the stiffness the fatigue resistance at laboratory level.

20



Any of these polymeric wastes, considering the analysed properties, can be used to modify a
bituminous mixture as they increase the capacity of the reference mixture or, in the worst case,
they do not change it. The availability and the costs will be probably more important to select

one of them than the mechanical performance.

Once each mixture has been independently analysed, it can be concluded that:

e Mixtures including ELT increases 30% the resistance against plastic defo ion and 50%

the stiffness as compared to the reference mixtures. The mixture haSQalso a mote, elastic
performance with a lower phase angle.

e PP has a very similar performance to the rubber, bein aste the one that

increases the stiffness of the reference mixture the showing also the most

elastic behaviour; however, the increase of 1 inst plastic deformation is not
statistically significant.

¢ PE is the polymeric waste which increases ‘he resistance against plastic deformation of the

reference mixture the mos %). This material also increases the stiffness of the asphalt

mixture (60%) and its elastic pégformance as compared to the reference mixture.

Regarding PS, this 1 ase because important differences in the results have been

obtained. Th

recyclin

In any case, it is the polymeric waste that changes the reference mixture the least, this is the
point where the PS is the polymer with poorest properties as binder [10]. PS increases the

stiffness of the reference mixture 15%. This is the polymer with the lowest elastic behaviour of

21



all the modified mixtures. Besides, the resistance against plastic deformation is decreased, thus

getting its performance worse.

Finally, the required energy of compaction and the fatigue resistance do not have significant

differences among any of the mixtures.

Acknowledgements

POLYMIX is a project financed by the “LIFE+” program of the Eurof€anWnion, with

coordinated by GITECO (Construction Technology Applied

Cantabria) and integrated by ACCIONA Infrastructures, sedfch Association of
Plastic Materials), and VIA-M (Department of Road C 10 the Madrid Regional
Government).

The authors wish to acknowledge and especiallythank Belén Monje and Eva Verdejo
(AIMPLAS) and Raquel Casado and Elena wz (ACCIONA) for their collaboration.
References

[1] Zhu H, Sun L, Yang , W. Developing master curves and predicting dynamic modulus
of polymer-modified.asp mixturgs. J Mater Civ Eng 2011;23:131-7.

re Rubber Modified Bitumens for road asphalt mixtures: A literature
2013;49:863-81.

N, Ka VIR, Mahrez A. A review of using waste and virgin polymer in pavement. Constr
2012;33:55-62.

[4] Becke Méndez MP, Rodriguez Y. Polymer modified asphalt. Vision Technol 2001;9:39-50.

[5] Adhikari B, De D, Maiti S. Reclamation and recycling of waste rubber. Progress in Polymer Science
(Oxford) 2000;25:909-48.

[6] Yildirim Y. Polymer modified asphalt binders. Constr Build Mater 2007;21:66-72.

[7] Navarro FJ, Partal P, Martinez-Boza F, Gallegos C. Thermo-rheological behaviour and storage
stability of ground tire rubber-modified bitumens. Fuel 2004;83:2041-9.

[8] Fang C, Wu C, Hu J, Yu R, Zhang Z, Nie L et al. Pavement properties of asphalt modified with
packaging-waste polyethylene. Journal of Vinyl and Additive Technology 2014;20:31-5.

22



[9] Vasudevan R. Performance Evaluation of Polymer Coated Bitumen Built Roads.
2002:441SSN:PROBES/122/2008-2009.

[10] Vasudevan R, Ramalinga Chandra Sekar A, Sundarakannan B, Velkennedy R. A technique to
dispose waste plastics in an ecofriendly way - Application in construction of flexible pavements. Constr
Build Mater 2012;28:311-20.

[11] Vasudevan R, Rajasekaran S, Samanta S, Saravanavel S. Utilization of waste plastics in
construction of flexible pavements (Reuse of waste plastics - A path - Breaking initiative). Global
Plastics Environmental Conference 2005: GPEC 2005 - Creating Sustainability for the Environment
2005:315-81.

[12] Min-Gu K, Joe W. B, Dae-Wook P. Coatings to improve low-quality local aggreg
asphalt pavements. Southwest Region University Transportation Center. Texas Tr
Institute.1999:80.

for hot mix

[13] Awwad MT, Shbeeb L. The use of polyethylene in hot asphalt mixtures. Americ ournal of
Applied Sciences 2007;4:390-6.

[14] Tapkin S. The effect of polypropylene fibers on asphalt performanc iron 2008;43:1065-

71.

[15] Kamada O, Yamada M. Utilization of waste plastics in a

Univ 2002;43:111-8.
‘@ d properties of polystyrene-modified
002421:633-40.

[17] Akbari Motlagh A, Kiasat A, Mirzaei E, Omidi Birgani F.¥mproving technical characteristics of
asphalt pavement using wastes of polystyrene disgpsable dishes. World Applied Sciences Journal
2012;18:605-12.

m Fac Eng Osaka City

[16] Jin H, Gao G, Zhang Y, Zhang Y, Sun K, Fan Y
asphalt through dynamic vulcanization. Polym Test 2

[18] Magalh&es Pinheiro JH, 0 oares J. The effect of crumb rubber gradation and binder-
rubber interaction time on the mecha properties of asphalt-rubber mixtures (dry process). Asphalt
Rubber Conference 200

[19] Pérez F, Mir6 R,
Materiales de Comn

Pastor Valle JD, Izquiero Nieto S. Disefio y desarrollo de mezclas
eumaticos atendiendo a la nueva normativa europea. VIl Congreso

[22] Cao W. Study on properties of recycled tire rubber modified asphalt mixtures using dry process.
Constr Build Mater 2007;21:1011-5I1SSN:09500618.DOI:10.1016/j.conbuildmat.2006.02.004.

[23] Casado Barrasa R, Saez Caballero E, Castro Fresno D, Verdejo Andrés E, NUfiez Fernandez M.
POLYMIX: Polymeric waste in asphalt mixes. In: Losa M, Papagiannakis T, editors. Sustainability,
Eco-Efficiency and Conservation in Transportation Infrastructure Asset Management, The
Netherlands: CRC Press & Balkema; 2014, p. 23-311SSN:978-1-138-00147-3.

23



[24] Zoorob SE, Suparma LB. Laboratory design and investigation of the properties of continuously
graded Asphaltic concrete containing recycled plastics aggregate replacement (Plastiphalt). Cement
and Concrete Composites 2000;22:233-42.

[25] Hassan NA, Airey GD, Jaya RP, Mashros N, Aziz MA. A review of crumb rubber modification in
dry mixed rubberised asphalt mixtures. J Teknol 2014;70:127-34ISSN:01279696.

[26] Pellinen TK, Witczak MW, Bonaquist RF. Asphalt mix master curve construction using sigmoidal
fitting function with non-linear least squares optimization. Geotechnical Special Publication 2004:83-
101.

[27] Garcia G, Thompson M. HMA dynamic modulus predictive models - A review.
2007:105ISSN:0197-9191.

ndem S

[28] del Rio Prat M. Estudio de los procesos de compactacion y post-compactagid
bituminosas empleando nuevos indices energéticos: aplicacién a mezclas de alt
contienen cantos rodados. 2011:1-318.

24



	Comparative analysis  cs
	Comparative Analysis  pdf

