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Abstract

The quality of asphalt pavement maintenance depends on several important factors, including the selection of patching materials and 

choice of repair technique. Conventional hot mix plants operate to support large paving projects, and economy favors high-volume 

output. When repairs and maintenance are needed it can be challenging to maintain small quantities of hot bituminous mixtures at a 

sufficient temperature, especially in the case of winter maintenance and consequently the repair materials cannot be compacted to 

the desired level in some occasions. The temperature sensitivity plays a significant factor to understand the asphalt pavement failures 

and indicates how quickly asphalt properties change over time in terms of indices such as penetration index. Therefore, this research 

aims to develop a polymer-modified binder with reduced temperature sensitivity, and it can be used for hand-laid application in small 

quantities for emergency winter repair and maintenance. The results showed that the highest penetration index has been achieved 

by modifying bitumen with 20% rubber and 2% wax, which is reduced the temperature sensitivity by 168%. Additionally, the Fourier 

Transform Infrared Spectroscopy (FTIR) test and X-Ray Diffraction (XRD) test were conducted to monitor the changes in the chemical 

composition and identify crystalline phases of polymer modified binder from the aspect of functional groups. It is indicated that 

the bitumen, rubber, and wax react chemically to build 3D networks that have an interlaced form in the bitumen matrix resulting in 

reduced temperature sensitivity of the polymer modified binder.
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1 Introduction
Producing high-quality asphalt materials for low-volume 
hand-laid applications for pothole patching and utility cut 
repairs has always presented a challenge. The commonest 
used material in pothole repair is hot-mix asphalt (HMA). 
There is a main drawback of HMA as it is produced in 
batches of two to three tonnes, however, the average patch 
requires only a small amount of asphalt [1]. When keeping 
the HMA at high temperature for long times during the 
process of mixing, transportation and storage, the bitumen 
ages and its viscosity and softening point are increased 
leading to fretting and/or cracking [2]. Also, the tem-
perature of HMA drops during transportation, especially 
for remote maintenance during winter. This reduction in 

temperature not only reduces the compressibility of the 
mixture (high air void content) but also weakens the joint 
between the old surface and the new patching materials by 
triggering moisture ingress. Moreover, based on two years 
field survey, they indicated that patching material cost 
only a small portion of the total cost for pothole repair, 
therefore, expensive materials can provide longer repair 
longevity will be cost-effective [3]. 

Over recent decades, some polymeric materials have 
been developed to improve asphalt patching repair mate-
rials, but these were relatively expensive making them 
suitable only for special applications. Modifying bitu-
men with some additive materials can improve bitumen 
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characteristics such as the adhesion to aggregate and 
workability and thus improving the properties of the final 
asphalt mixture [4]. Additives are used to delay the dete-
riorations and extend the service life of the pavements [4]. 

The temperature sensitivity of asphalt binder plays a sig-
nificant factor to understand the asphalt pavement failures, 
especially on the asphalt aggregate adhesion [5], as well as 
it is related to asphalt mixtures ability to resist permanent 
deformation [6]. The temperature sensitivity indicates how 
quickly asphalt properties change over time in terms of 
indices such as penetration index (PI). All asphalt binders 
own similar basic thermoplastic properties as being softer 
when heated and stiffer when cooled [7]. Normal asphalt 
binder has PI ranging between (-2 and +2). Asphalt binder 
has low sensitivity to temperature when PI values increased 
more than +2, while the asphalt binder is extremely sensi-
tive to high temperature when PI values less than -2 [8].

Using polymer in modifying asphalt has been consid-
ered as a great option to produce mixtures that can resist 
both rutting and cracking, however from the economic 
perspective it is relatively expensive. Therefore, the use 
of recycled polymer such as crumb rubber offers an inex-
pensive alternative [9]. For example, Kisgyörgy et al. [10] 
concluded that adding rubber to asphalt binder improved 
the rutting and fatigue resistances of the asphalt mixture 
which extend the lifecycle and result in lower maintenance 
costs. Rubberized binders have improved asphalt pave-
ment’s quality, increased rutting and cracking resistance 
and eventually reduced maintenance costs  [11]. Critical 
evaluation of several previous research papers showed that 
the low content of rubber (around 4%) has almost no sig-
nificant effect on the mechanical properties and the per-
formance of the asphalt mixtures, more than 20% was also 
found to be inappropriate [11]. Moreover, from the angle of 
visco-flow characteristics and viscosity, it is suggested to 
use 15%–25% of crumb rubber at 180 °C of treatment tem-
perature and a treatment time of 90 minutes [12]. However, 
rubberized binders may be attributed to the weak compati-
bility between rubber and bitumen, which is demonstrated 
by its propensity to separate during transportation to the 
paving site or during high-temperature static storage [13]. 
Hence, transportation and temperature can be considered 
very important factors because they impact on the per-
formance of the pavement. Therefore, adding wax to rub-
berized binder may tackle this problem which reduce the 
temperature construction and improve the temperature 
sensitivity of binder [14, 15].

Wax (Sasobit®) is an additive to bitumen to improve its 
workability and durability. Sasobit® additive could reduce 
the mixing and compaction temperatures of rubberized 
asphalt mixtures and extend the long-term performance 
of the pavement  [16]. At temperatures under 100  °C, 
Sasobit® seemingly forms a structure of crystalline lat-
tice in the binder that results in increased rutting resis-
tance at service temperatures leading to improved stabil-
ity [17]. Furthermore, Sasobit® plays as a flow-improver 
reducing the binder viscosity and thus enabling lower 
mixing and compacting temperatures  [14]. Recent stud-
ies have demonstrated that adding 1%–3% of Sasobit® 
to the asphalt binder lowers the binder viscosity, making 
it easier to be mixed and handled at lower temperatures 
compared with unmodified asphalt binder [18]. They also 
recommended that the best percentage of Sasobit® to be 
added to the asphalt binder is 2% while higher percent-
ages have negatively affected the performance of asphalt 
against thermal cracking [18].

From the literature, it can be concluded that rub-
ber and wax have a strong influence on the properties of 
the binder, as well as the mixture. These materials are 
expected to improve the temperature sensitivity of asphalt 
binder, workability and durability of asphalt mixtures, 
especially mixing rubber with wax, which will improve 
the workability and reduce the rolling temperature. 
Therefore, the main objective of this research is to develop 
a polymer-modified binder from a combination of rubber 
and wax with reduced temperature sensitivity for hand-
laid application in small quantities for emergency winter 
repair and maintenance.

2 Materials and Experimental methods 
Based on the previous studies detailed, the neat bitumen 
binder samples were modified with rubber and wax by 
adding the desired percent by weight of additives to the 
binder (neat bitumen), in wet process the asphalt modi-
fier (Rubber and/or Sasobit) was added gradually into the 
bitumen at 180 °C and 800 rpm, for 90 minutes in shear. 
Table 1 shows the initial physical properties of the candi-
date binder and additives. The grade of the bitumen used in 
this research was 100/150 according to BS EN 12591 [19]. 

In order to investigate the individual influence of rub-
ber and wax on binder (neat bitumen), three types of mixes 
containing different workable ranges of these modifiers in 
the binary blend were tested, in three replicates, as shown 
in Table 2. 
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Fig. 1 illustrates the flowchart to show the methods, 
materials and tests performed to evaluate the physical prop-
erties of the modified binder. Firstly, the asphalt binder 
(neat bitumen) was heated in an oven at 180 °C for 1 hour. 

Then, the modifier materials (rubber and wax) were 
blended with bitumen at 180 °C and 2000 rpm, for 90 min. 
Penetration test was conducted in three replicates accord-
ing to BS  EN  1426  [20]. The penetration test is a com-
monly used method to assess the consistency of a bitu-
minous material at a specific temperature. The standard 
test for softening point of bituminous materials is Ring 
and Ball method that has been conducted in three repli-
cates according to BS EN 1427 [21]. The softening point 
indicates the temperature at which bitumen starts to dis-
play fluidity [22]. As it is known, the softening point has 
a direct relationship with asphalt deformation; the higher 
softening point the more deformation resistance  [23]. 
The Penetration index (PI) is the measure of temperature 
sensitivity of bitumen and stiffness of asphalt. Low tem-
perature sensitivity is a reflection of increased resistance 
against thermal cracking and permanent deformation [24]. 
Thus, asphalt mixture containing binder with high PI have 
greater resistance to low-temperature permanent and 
deformation cracking [24].

The calculation of the PI is based on values of penetra-
tion and softening point according to [25]. PI was calcu-
lated by using the equation provided below:

PI P SP P SP= − −( ) − −( )1952 500 20 50 120log log/ ,	 (1)

where: 
SP: softening temperature in degrees Celsius.
logP: common logarithm of penetration at 25 °C
Viscosity can be defined as the resistance to the flow of 

a fluid. Considering the standard test temperature used by 
Li et al. [12], the test was performed in three replicates at a 
mixing temperature of 180 °C for polymer modified binder. 
A Brookfield DV-II+ Pro Viscometer rotational viscometer 
was used according to BS EN 13302 [26] at 180 °C.

Physical and chemical asphalt binder properties can be 
described based on FTIR spectra [27]. FTIR spectroscopy 
is the most frequently used tool to observe the changes in 
the chemical structure of bitumen after ageing and mea-
sure the oxidation products. FTIR gives precise informa-
tion regarding oxygenation rate, aliphaticity, and aroma-
ticity  [28]. The FTIR spectroscopy was conducted using 
the instrument: Perkin-Elmer Spectrum BX series Fourier 
transform infrared spectrometer (FT-IR), equipped with 
a Miracle ATR accessory. In this research, the FTIR was 
employed on the neat bitumen and polymer modified binder. 
X-Ray Diffraction (XRD) is a non-destructive and multi-
purpose analysis technique used to distinguish crystalline 
phases in the materials and to investigate the structural 

Table 1 Initial physical properties of candidate binder and additives

Materials Property Value 

Bitumen 100/150  

Penetration (mm) at 25°C 110

The softening point 43.5

Density g/cm³ 1.05

Wax (Sasobit®) 

Flashpoint °C 285

 Melting point °C 75–115

Density g/cm³ 0.9

Rubber 
Particle size (mm) 0.4–0.45

Density g/cm³ 0.83

Table 2 Experimental scheme to investigate the influence of candidate 
additives on binder

Mixtures
Percentages by weight 

of neat bitumen

Rubber % Wax%

Influence of 
rubber 

In the range of 0–30% 
with 5% increment -

Influence of wax - In the range of 0–4% 
with 1% increment

Fig. 1 Flowchart showing the methods, materials and tests performed 
to evaluate the physical, mechanical and durability properties of the 

developed binder
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properties of these phases. The XRD test was conducted 
using the instrument Rigaku mini-flex diffractometer 
(mini-flex goniometer), CuK X-ray radiation (30 kV volt-
age and 15 mA current at scanning speed of 2.0 deg./min in 
continuous scan mode) and scanning range (2 θ) of 5–60°. 
XRD is a commonly used tool to determine the crystallite 
parameters of modified binder; it offers quantitative inten-
sity curves according to the peak intensity and position of 
the structural parameters in the binder sample [29].

3 Results and discussions
3.1 Influence of rubber on binder
The influence of rubber content on binder PI and dynamic 
viscosity is illustrated in Figs. 2 and 3 respectively. The 
penetration value decreases from 110 to 25 mm and the soft-
ening point value rises by 61% as rubber content increases 
from 0% up to 30% in the mixture (Figs. 2(a), 2(b)), these 
findings came in accordance with Mashaan et al. [30] stud-
ies. The PI was considerably increased by the addition of 

rubber, up to positive values of about 1.50 when adding 
20% rubber, as shown in Fig.  2(c), which consequently 
improved the temperature sensitivity of the rubberized 
binder. Indeed, adding rubber enhanced the performance 
properties of asphalt mixture in terms of deformation resis-
tance during construction and traffic loads [9]. Moreover, 
a binder with a higher PI has a higher resistance to low tem-
perature cracking and permanent deformation, as reported 
by many studies  [24, 31]. To maximize the PI of rubber-
ized binder, the optimum dose was found to be 20% in 
this research, which was in agreement with the findings 
of Porto et al. [11]. The positive correlation between rub-
ber content and viscosity is evident in Fig. 3. Significantly, 
sharp increases (from 1.52 to 7.58 Pa.s) in viscosity were 
recorded above 15% up to 25% rubber content. This could 
happen because the rubber absorbs the light component of 
the bitumen, resulting in variation of the binder compo-
nent that increases binder viscosity in the rubber-modified 
binder (RMB) system. The increased viscosity leads to 
an increase in binder film thickness around the aggregate 
because of the gel structure estimated by the RMB, improv-
ing the adhesion and cohesion of the asphalt mixture [32].

Significant improvements in terms of aging and creep 
stiffness, as well as lower energy requirement, were 
reported by Wang et al. when the dosage of rubber was 
in the range of 15%–20% [33]. Generally, the larger the 
dosage of crumb rubber, the greater the viscosity of RMB 
thus improving the properties of the binder at high tem-
perature, nevertheless, an extreme dosage of crumb rub-
ber perhaps result in the weakness of asphalt mixture 
with inferior end properties at low winter temperatures. 
Considering all the factors above and the results for PI 
and viscosity, the optimum rubber dosage was observed 
to be 20% in bitumen modified, a level that is expected 
to increase the workability and durability of the proposed 
asphalt mixture.

(a) Penetration

(b) Softening point

(c) PI
Fig. 2 Influence of rubber on bitumen, a) penetration test, b) softening 

point test, c) penetration index PI

Fig. 3 Influence of rubber on dynamic viscosity of bitumen



Al Hawesah et al.
Period. Polytech. Civ. Eng.|5

3.2 Influence of wax on binder
The influence of wax concentration on binder PI and 
dynamic viscosity is illustrated in Figs.  4 and 5, respec-
tively. Varying the wax concentration was shown to influ-
ence the penetration and softening point of the binder as 
well as the PI in a similar way to varying the rubber con-
tent. The explanation for this might be that when the wax 
cools and crystallizes it forms a uniform network struc-
ture in the modified binder [14]. Furthermore, at tempera-
tures under 100 °C, wax seemingly forms a crystalline lat-
tice structure in the binder that results in increased rutting 
resistance at service temperatures leading to more stabil-
ity [17]. Fig. 4(c) illustrates that optimum PI was identified 
when the wax content was around 2% when the PI recorded 
2.165. Previous researchers have recommended the addi-
tion rate of wax to be in the range of 1%–3% by mass of 
the binder [34]. Others have reported that using more than 
4% wax has a harmful impact, causing cracking of asphalt 
mix at low temperatures [14]. Additionally, Ghuzlan and Al 
Assi [18] pointed out that the optimum percentage of wax to 

be added to the asphalt binder is 2%, and higher percentages 
negatively affect the performance of asphalt. Thus, with the 
addition of 2% wax, the modified binder is expected to be 
less susceptible to temperature changes. Hainin et al. [14] 
found that the network of a crystalline structure formed in 
the wax-modified binder reduces temperature sensitivity 
and increases the elasticity of the binder. As can be seen 
in Fig.  5, increasing the wax content of bitumen reduced 
its viscosity. This observation might partly be explained by 
assuming that some parts of the wax dissolved in bitumen 
due to that most waxes have low molecular content and/or 
oil-based molecules [15]. Furthermore, wax forms a homo-
geneous solution with bitumen resulting in a significant 
reduction in its viscosity [15]. 

The melting point of wax is around 100 °C and it is 
completely dissolved in bitumen at temperatures higher 
than 115 °C [17]. Hainin et al. [14] showed that wax affects 
the viscoelastic properties of binder differently depending 
on the temperature. It can decrease the viscosity of binder 
at high service temperatures (around 135 °C), whereas it 
has the opposite effect at low temperatures (around 80 °C) 
and increases the viscosity of virgin bitumen [14]. Thus, 
adding wax to bitumen will improve the viscosity (reduced 
viscosity) during mixing and decreased the construction 
temperatures.

3.3 Influence of wax on binder modified with optimum 
rubber content
Based on the PI results, the optimum rubber and wax 
contents were observed to be 20% and 2% respectively. 
Indeed, wax reduces the risk of compaction failures, espe-
cially when using very hard and highly viscous bitumen 
such as a rubber–bitumen system [14]. In general, high vis-
cosity value leads to high mixing and compaction tempera-
tures and that perhaps results in an increase of the energy 

(a) Penetration

(b) Softening point

(c) PI
Fig. 4 Influence of wax on bitumen, a) penetration test, b) softening 

point test, c) penetration index PI

Fig. 5 Influence of wax on dynamic viscosity of the bitumen
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consumption [35] and result in loss of modifying proper-
ties such as temperature sensitivity [36]. Therefore, with 
the aim of further enhancement in terms of PI and viscos-
ity, a ternary blended binder through incorporating wax in 
the binder containing optimum level of rubber (20%) was 
investigated. The results in Fig. 6(a) illustrate that adding 
wax to the rubberized binder increased the penetration 
slightly. This means that the hardness of rubber asphalt 
was slightly changed towards a softer grade. However, 
increasing the wax content (from 1–4%) the increased soft-
ening point by 23% as illustrated in Fig. 6(b). The chemical 
composition of wax is described as fine crystalline materi-
als in long-chain hydrocarbons [14]. This structure means 
that wax can adsorb saturated components (mostly wax-
based or oil-based molecules) with a similar structure in a 
rubber–bitumen system at high temperatures  [15]. When 
the temperature decreases, wax and saturated compo-
nents crystallize together and form a stable crystal struc-
ture, which can improve the softening point of rubberized 
asphalt [15]. Significantly, the results displayed in Fig. 6(c) 

showed that adding 2% wax to bitumen modified with 20% 
rubber considerably increased the PI value compared with 
the PI of solo and binary blends; the significant increase 
was around 168% as shown in Fig. 7.

However, reduction in viscosity associated with increas-
ing wax content in a ternary blend (Fig. 8), this was in 
accordance with the findings in the case of a binary blend 
in Fig. 5. This can be explained by the ability of the wax 
to adsorb saturated components in the rubber–bitumen 
binder [15]. The effect of the wax follows two different 
trends based on temperature, decreasing the viscosity at 
high temperatures while increasing the viscosity at low 
temperatures [14]. 

From the findings presented, this ternary blended 
binder showed improved rheological properties of asphalt 
binder. The PI value indicates the temperature sensitivity; 
thus, the higher PI value provided by the ternary blended 
binder containing 20% rubber and 2% wax showed low 

(a) Penetration

(b) Softening point

(c) PI
Fig. 6 Influence of wax on binder modified with 20% rubber, a) 
penetration test, b) softening point test, c) penetration index PI

Fig. 8 Influence of wax on dynamic viscosity of bitumen modified with 
20% rubber

Fig. 7 Individual and combined influence of additives on binder PI 



Al Hawesah et al.
Period. Polytech. Civ. Eng.|7

sensitive to temperature, which is expected to overcome 
the problem related to patching materials transportation. 
Asphalt mixtures containing bitumen with higher PI have 
a higher resistance to low temperature cracking and per-
manent deformation [24, 31]. Besides, wax allows produc-
ing rubber modified asphalt mixes at standard tempera-
tures. This means the high melting temperature can be 
prevented, thereby emissions are reduced, binder aging is 
avoided, resulting in a huge contribution to environmental 
protection and eventually occupational health and safety. 
An  additional benefit of the wax is that it improves the 
workability and compacting properties of asphalt mixtures.

3.4 FTRI analysis 
FTIR spectra results could demonstrate that different 
chemical and physical asphalt binder properties, also it 
can recognize the linear combinations [27]. According to 
Fig. 9, the polymer modified binder and the neat bitumen 
both have almost similar chemical groups, including the 
asymmetrical stretch (peaks 600 to 1700 cm−1) and the sym-
metric (peaks 2850 to 2950 cm−1). However, polymer mod-
ified binder, as was expected, has additional peaks 1540 
cm−1 and 1576 cm−1 which corresponded to CH2 and C=O 
respectively, compared with the peaks presented for the 
neat bitumen. This inducted a chemical reaction between 
the compounds in the polymer modified binder [27, 37].

Based on modified binder peak at 1580 cm1 which is 
aromatics [37] and corresponding to C=C. This result pre-
sented to concluded that adding wax and rubber to neat 
bitumen increases the aromatic content significantly. 
Lushinga et al. [28], have concluded that the higher con-
tent of aromatic components increases the resistance to 

crack at low temperatures. Therefore, the high aromatic 
content improves low-temperature cracking performance 
and that inducted the binder has low temperature sensitiv-
ity [24, 31]. Furthermore, a binder with high aromatic con-
tent improves the asphalt mixture performance in terms of 
water resistance and fatigue life. Furthermore, the spectra 
of modified binder showed a couple of strong sharp peaks 
in the range between 1500 and 1600 cm−1. The peaks inten-
sity is sharp and thus it can be directly assigned to N-H 
stretch. These peaks show the nitrogen presence as pri-
mary amines in crumb rubber [37]. However, using crumb 
rubber as polymer modifier binder the spectra indicate the 
presence of N-H stretch in the region 3280 and 3320 cm−1 
as less intense [37], hence, the results inducted that this 
peak has been vanished and that could be explained due 
to adding wax to polymer modified with rubber showed 
a chemical reaction between wax and rubber [38].

The wavenumber ranges of 1030 cm−1 characterize the 
functional class of sulfoxide (S=O), the sulfoxide here 
expected from the rubber. The sulfoxide content in the 
rubber usually in the range 1–2% regardless of whether 
it is from a car or truck tire [32], as adding wax to poly-
mer RMB did not show any increase in the sulfox-
ide [38]. Additionally, the wavenumber range of 2800 and 
3000 cm 1 which are symmetric in bitumen and polymer 
modified binder represent the functional class of aliphatic 
C-H stretch [37]. According to [39] the better asphalt 
binder has the most flexural peaks in the wavenumber 
range of 400-1500 cm−1 based on the FTIR test [39]. Here, 
among compounds for neat bitumen and polymer modi-
fied binder, the polymer modified binder has the most flex-
ural peaks in the wavenumber range of 1355–1588 cm−1. 
Hence, polymer modified binder has a better performance 
than the neat bitumen.

3.5 X-ray diffraction (XRD) analysis
Fig. 10 shows the X-ray diffraction for polymer modified 
binder in comparison with the neat bitumen. As stated pre-
viously, the XRD method is used to chemically analyze 
bitumen specimens using centroid peak, peak area, and 
peak intensity. 

The response of XRD of various compounds follows 
an identical pattern; and thus, the centroid peak and peak 
area are different for the neat bitumen and polymer modi-
fied binder and the peak intensity values are different. The 
wide band of 2-theta between 10 and 29 shows that the 
structure is amorphous and crystallized [40]. Fig. 9 FTIR for the binder modified with 20% rubber and 2% wax
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According to Fig. 10, the polymer modified binder has 
lower peak intensity compared to the neat bitumen. Hence, 
adding rubber and wax to neat bitumen declined the peak 
intensity considerably, and improved structure crystal-
linity. This is indicated that the bitumen, rubber, and wax 
react chemically. Furthermore, the peak intensity indicates 
the relative strength of diffraction. Lower peak intensity 
results in less diffraction and improved low temperature 
cracking and temperature sensitivity [39]. The addition 
of 2% of wax to binder modified with 20% rubber builds 
3D networks that have an interlaced form in the bitumen 
matrix [39] as the wax has crystallized its forms result-
ing in improved temperature sensitivity [14]. Based on the 
XRD test, when the peak intensity value decreased the 
temperature sensitivity decreased as well [40]. Concerning 
the presented results, the polymer modified binder has a 
better performance than the neat bitumen, which is con-
firmed by the results of PI and FTIR tests.

4 Conclusions
The work presented in this paper shows the preliminary 
results on developing a binder with minimal tempera-
ture sensitivity and enhanced viscoelastic properties 

for hand-laid application in low volumes for emergency 
repair. A series of experiments were performed to assess 
the temperature sensitivity of the modified binder through 
measuring the PI, FTIR and XRD of the modified binder 
in addition to analytical analysis. The results of binder 
tests showed that:

•	 Modify the binder with rubber and wax decreases the 
penetration and increases the softening point. This 
suggested that the modified bituminous binder is more 
resistant to flow and stiffer compared to neat bitumen.

•	 The effect of the rubber content was very noticeable 
when mixed with bitumen, in comparison to the other 
additives. Bitumen modified with 20% rubber resulted 
in high PI value; thus, 20% rubber was the optimal 
amount compared to the other proportions tested. 

•	 Adding 2% wax to bitumen modified with 20% rub-
ber was observed to have a significant impact on the 
penetration and softening point of the binder, result-
ing in greater PI value improving the rheology of the 
binder at ambient and melting temperatures. Thus, the 
resultant binder can be used for patching materials 
that is expected to overcome the problem related to 
transportation.

•	 Moreover, the addition of rubber to the neat bitumen 
has considerably increased the viscosity; conversely, 
adding wax reduced the viscosity value. Indeed, wax 
decreases the viscosity at high temperatures while 
increases the viscosity at low temperatures thus pre-
venting binder aging. In addition, the high mixing 
temperature can be avoided thus reducing emissions 
representing a huge contribution to environmental 
protection and occupational health and safety.

•	 Based on the FTIR and XRD analysis, it is indicated 
that the bitumen, rubber, and wax react chemically to 
build 3D networks that have an interlaced form in the 
bitumen matrix resulting in reduced temperature sen-
sitivity of the polymer modified binder.

Fig. 10 Comparative XRD analysis of binders
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