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Effects of recycled PET and TEOA on performance characteristics of bitumen 

In this study, the recycled PET is used in bitumen modification by applying a different 
process in order to eliminate the phase separation problem. For this purpose, modified 
bitumens are obtained by adding the triethanolamine (TEOA) chemical (wt. 2.5 %) and PET 
(wt. 2, 4, 6, 8, 10 %) to pure bitumen. The properties of modified bitumens are determined 
by chemical, physical, and rheological tests. According to the test results, bitumen reacts 
with PET, and 6 % PET ratio is a critical value. At this ratio, the resistance of bitumen to 
deformations at high and low temperatures increases significantly.
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Prethodno priopćenje

Ceren Beyza İnce, Tacettin Geçkil

Utjecaj recikliranog PET-a i TEOA-e na svojstva bitumena 

Ovo istraživanje usmjereno je na upotrebu recikliranog PET-a u modifikaciji bitumena 
primjenom različitih procesa kako bi se uklonio problem faznog razdvajanja. U tu svrhu, 
modificirani bitumeni dobili su se dodavanjem kemijskog trietanolamina - TEOA (2,5 
% mase) i polietilen tereftalata - PET (2, 4, 6, 8, 10 % mase) čistom bitumenu. Svojstva 
modificiranih bitumena odredila su se na temelju kemijskih, fizikalnih i reoloških ispitivanja. 
Rezultati istraživanja pokazali su da bitumen reagira s PET-om i da je 6 % udjela PET-a 
kritična vrijednost, te da se pri tom udjelu značajno povećava otpornost bitumena na 
deformacije pri visokim i niskim temperaturama. 
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1. Introduction 

The increasing number of consumer societies in all countries 
of the world causes an increase in the demand for single-use 
plastics and, therefore, results in formation of large amounts of 
plastic piles that need to be managed [1, 2]. While worldwide 
plastic production has increased by 500 % over the past thirty 
years, plastic consumption has increased by 50 % in the last 
decade. According to research conducted in this area, the 
global plastic production is expected to reach 850 million tons 
per year in 2050 [3]. Since approximately 79 % of these plastic 
piles do not degrade in nature and are consequently disposed 
in the environment as waste, all living things in the ecosystem 
are negatively affected by this situation. In addition, the fact 
that plastic stacks occupy large areas is seen as a separate 
disadvantage of these materials. For this reason, the issue of 
reusing these materials is considered to be of great importance 
[1, 2, 4, 5]. 
Plastics are a compound of a wide variety of materials and 
allow development of various types of products by mixing 
these materials in different proportions. Plastics are generally 
divided into two categories: thermoplastics and thermosets [3, 
5]. Thermoplastics are materials that melt when heated and 
harden when cooled. Due to these properties, thermoplastics 
can be heated and reshaped repeatedly. Polyethylene 
terephthalate (PET), low density polyethylene (LDPE), high 
density polyethylene (HDPE), polyvinyl chloride (PVC), 
polypropylene (PP), and polystyrene (PS) are thermoplastic 
materials [3, 6]. Thermosets are materials that change 
chemically when heated and cannot be reshaped. Phenol, 
melamine, unsaturated polyesters, epoxies, and polyurethanes 
are known as thermoset materials [3, 6, 7]. In recent years, 
waste or natural thermoplastics such as polyethylene (PE), 
polyethylene terephthalate (PET), polypropylene (PP) and 
polyvinyl chloride (PVC) have been extensively used in bitumen 
modification [8-12]. The use of plastics has been preferred 
because they are less sensitive to temperature and exhibit a 
stable structure when combined with bitumen. However, the 
emergence of the phase separation problem in the use of 
plastics or polymers has led researchers to different process 
applications [11].
Engineering properties of modified bitumens prepared using 
triethanolamine (TEOA) are examined in this study in order to 
establish a chemical interaction between the recycled PET and 

bitumen. Waste PET constitutes 8 % by weight and 12 % by 
volume of the overall quantity of solid waste in the world, while 
also constituting the majority of municipal solid waste (MSW) 
[13, 14]. This material is a semi-crystalline thermoplastic 
polymer and is considered a polyester [15]. In addition, it has 
been listed among significant plastic material groups over the 
last two decades since it exhibits good chemical resistance 
and outstanding thermal properties. It is also lightweight 
and cheap, and can be dyed. Today, PET has many practical 
applications, including its use for bottles, fibres, and storage 
boxes [13, 16]. 
According to results obtained in studies in which PET was 
used in bitumen modification, the penetration values of 
binders with PET additive decreased, the softening point 
value increased, and the rheological properties improved [17-
21]. In the studies where PET was used for hot mix asphalt 
(HMA) pavements, it was observed that the fatigue properties 
of pavement improved [22, 23], the stability value increased 
[20, 21, 24], and the resistance to permanent deformations 
improved [14], all thanks to the use of PET additive. Despite 
these advantages, it was established that polymeric materials 
used in the modification, such as PET, show only physical 
distribution in the bitumen and do not react with bitumen 
[25, 26]. It was observed that this situation produced adverse 
results in terms of storage stability of modified binders under 
high temperatures. The polymers in the modified bitumen 
blend either sink or rise to the surface of the mixture, due to 
their different specific weights, which causes deterioration 
of the homogeneous structure. This result has directed 
researchers toward production of polymers that can enter into 
chemical reaction with bitumen (such as reactive polymers) or 
toward the use of various additives that can create chemical 
reaction between polymer and bitumen [13, 25, 26]. For this 
purpose, various chemicals, such as triethylenetetramine 
and ethanolamine, were used in some studies for bitumen 
modification with polymer [27]. 
The main aim of this study is to examine the change in the 
performance properties of modified bitumens obtained through 
chemical interaction between the recycled PET, TEOA, and 
bitumen. These properties were determined using the X-ray 
diffraction (XRD), scanning electron microscope (SEM), Fourier 
transform infrared (FT-IR) spectroscopy, penetration, softening 
point, ductility, rotational viscometer (RV), dynamic shear 
rheometer (DSR) and bending beam rheometer (BBR) tests.

Properties Standard Limits Result
Penetration, 0.1 mm ASTM D5 70 - 100 88
Softening point [°C] ASTM D36 43 - 51 46.75

Ductility [cm] ASTM D113 min. 100 117
Flash point [°C] ASTM D92 min. 230 238

Specific weight [g/cm3] ASTM D70 1.0 - 1.1 1.038
Penetration index (PI) - - -0.64

Mass loss [%] ASTM D2872 max. 0.8 0.23

Table 1. Physical properties of bitumen
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2. Materials and methods

2.1. Materials

In this study, B 70/100 penetration class bitumen, recycled 
PET, and triethanolamine (TEOA) were used for modification. 
Properties of pure B 70/100 bitumen are given in Table 1. The 
recycled PET, used as the modifier, was supplied by the company 
called Meltem Chemistry Ltd.Şti. PET properties are given in 
Table 2. The TEOA chemical was used to create a chemical bond 
between bitumen and PET. TEOA properties are given in Table 3.

Table 2. Properties of PET [13]

Table 3. Chemical properties of TEOA [13]

TEOA binds to a structure easily through its amine group, while 
at the same time it has a very good solubilization ability thanks 
to its strong solvent feature (solubility parameter; PET dD :18.2, 
TEOA dD : 17.3, Bitumen dD : 17.5 - Hansen) [28-30]. 
In this study, upon adding TEOA and PET to the bituminous 
binder, a chain chemical bond is formed among these three 
materials as can be seen in Figure 1. This chemical interaction 
is thought to have positive effects on performance properties of 
PET modified bitumens.

2.2. Preparation of samples

Modified bitumens were prepared by mixing in a mixer at 160°C 
for a total of 40 minutes. TEOA was added to pure bitumen at 
the rate of 2.5 % by weight, and the mixing continued for 10 
minutes at the rotational speed of 500 rpm. This TEOA ratio was 
determined by examining the effect on the chemical structure 
of bitumen during preliminary studies in laboratory. When PET 
(2 %, 4 %, 6 %, 8 %, and 10 % by weight) was added to the bitumen 

+ TEOA blend, the rotational speed was increased to 1000 rpm 
and the mixing continued for another 30 minutes. In this study, 
pure and modified bitumens were named as B, B+2P, B+4P, 
B+6P, B+8P and B+10P, respectively.

2.3. Microstructural properties of bitumens

XRD, SEM and FT-IR Spectroscopy tests were conducted to 
evaluate chemical and microstructural properties of the binders. 
XRD patterns and SEM images of the binders are given in Figure 
2, and FT-IR Spectroscopy results are shown in Figure 3.

Figure 2.  XRD and SEM analysis results for binders: a) B; b) B+2P;  
c) B+4P; d) B+6P; e) B+8P; f) B+10P

Properties PET
Specific weight [g/cm3] 1.33 - 1.38

Form / colour Granular/light
Melting temperature [°C] 250
Usable temperature [°C] 60

Available size [mm] max. 0.3

Properties TEOA
Chemical formula C6H15NO3

Molar mass [g/mol] 149.19
Boiling point [°C] 335.4
Density [g/cm3] 1.12

Structure Alkaline

Figure 1. Chemical reaction between bitumen, TEOA, and PET
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The peak value of approximately 2q  20o was obtained by 
examining the XRD pattern of pure bitumen (Figure 2). This value 
illustrates a characteristic property of the bitumen. The material 
generally consists of a single amorphous macromolecular 
structure. Furthermore, the SEM image of the bitumen also 
indicates that the structure is homogenous and single phase. By 
examining Figure 2b, it can be seen that there is a significant 
decrease in the peak intensity even though a typical bitumen 
peak of approximately 2q  20o was obtained in the XRD pattern 
of the 2 % PET additive binder. It is considered that this decrease 
is due to the semi-crystalline and largely amorphous 
macromolecular structure of PET [31]. However, it was observed 
that the SEM image of this binder has homogeneous boundaries, 
which confirms the decrease in peak intensity in the XRD pattern. 
XRD peak intensities of the binders (especially 6 % PET) increased 
with an increase in the additive rate (Figure 2c-f). It can be stated 
that this is due to the high peak intensity of PET [32] and, when 
PET is added to the bitumen + TEOA blend, the best chemical 
interaction occurs at the rate of 6P %. 
When SEM image of the binder added at this rate is examined, 
the fact that the structure is smooth and homogenous compared 
to the other ratios actually confirmed this situation. For that 
reason, it is thought that modified binders with 6 % of PET have 
better performance. However, it was established that the peak 
intensity decreases at the ratios of 8 %PET and 10 % PET binders, 
which reach at approximately the same values as pure bitumen. 
This situation can possibly be explained by the fact that a certain 
amount of PET sinks, since PET density is higher compared to 
bitumen density. Hence, upon examination of SEM images of 
these binders, the creation of limits in the structure at these 
ratios confirms this situation. In conclusion, it was established 
that a weak chemical bond was constituted between the bitumen 
and PET when low-content additives were used; however, this 
bond became stronger when the rate of PET increased and the 
best result was obtained when 6 %PET was used while, at higher 
ratios, PET did not react with bitumen any more.

Figure 3. FT-IR spectroscopy of bituminous binders

By examining FT-IR analyses of B+6P binder, pure and the most 
appropriate rate (Figure 3), it can be observed that the peak of 
pure bitumen was very low at 1032 cm-1. However, two peaks at 
1034 cm-1 and 1065 cm-1 appeared when PET was added at the 
rate of 6 %PET. At both binder contents, aliphatic C-H peaks can 

clearly be seen at 2921 cm-1 and 2852 cm-1 peaks. The carbonyl 
peak can explicitly be seen at 1700 cm-1 with PET additive. At 
the B+6P binder content, peaks with low intensity appeared at 
1275 cm-1. Furthermore, large but not broad peaks belonging 
to hydroxyl (-OH) in PET appeared at 3328 cm-1 at this binder 
content. Consequently, the fact that there is no change in peaks 
at 3248 cm-1 and 3254 cm-1 with TEOA additive indicates that 
TEOA created a chemical reaction by combining with bitumen 
and PET.

2.4 Methods

2.4.1. Conventional bitumen tests

Physical properties of pure and modified bitumens were 
determined through penetration, softening point, and ductility 
tests conducted according to ASTM D5, ASTM D36, and ASTM 
D113, respectively. In addition, the penetration index (PI), 
which is considered to be an indicator of bitumen sensitivity 
to temperature effects, was calculated for all binders using the 
following equation (1).

 (1)

In the above equation, P25 refers to the penetration value at 
25°C and SP refers to the softening point value. The increase 
of PI value of the bitumen shows that temperature sensitivity 
decreases and the hardness of binder increases. When a 
bitumen with a high PI value was used in the asphalt mixture, 
it was established that the mixture was more resistant to 
cracking, and temperature sensitivity decreased  [33].

2.4.2. Aging methods for bituminous binders

Bituminous binders are subject to aging for a short period of 
time in pre-service processes such as mixing, compaction, 
transportation and storage, and also to long-term aging due to 
various environmental conditions during service life (8-10 years) 
on the road. The short-term aging of binders is determined by 
the rolling thin film oven test (RTFOT) according to ASTM D2872, 
while the long-term aging is determined by the pressure aging 
vessel (PAV) test according to ASTM D 6521 [33].

2.4.3. Rotational viscosity (RV) tests

The fluidity properties of bituminous binders at high 
temperatures are determined by the RV test according to 
ASTM D 4402. The high temperature viscosity values   of binders 
are determined in order to establish whether binders are 
sufficiently fluid during the pumping, mixing and compaction. 
In order to determine the mixing and compaction temperatures 
of binders, it is recommended by the Asphalt Institute to 
determine viscosity values   of binders at 135°C and 165°C. 
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However, viscosity values  of binders at 135°C must not exceed 
3000 cP. As a result of the RV test, the mixing and compaction 
temperature ranges of HMA are also determined my means 
of the viscosity-temperature chart drawn for binders. It is 
recommended to use temperature ranges corresponding to 
the 170±20 and 280±30 cP viscosity limits, respectively, to 
determine the mixing and compaction temperatures  [33-35].

2.4.4. Dynamic shear rheometer (DSR) tests

Bituminous binders are materials that exhibit viscoelastic and 
thermoplastic behaviour under various temperature and loading 
conditions. Their rheological properties (complex shear modulus, 
phase angle) at high and intermediate temperatures are 
characterized by examining these behaviours of binders with the 
DSR experiment. Fatigue and rutting performances of binders at 
intermediate and high temperatures can be determined based 
on these rheological properties. The performance grade (PG) of 
binders is also determined by this test. The test is performed on 
the unaged, RTFOT and PAV aged samples  [34]. The complex 
shear modulus (G*) and phase angle (d) values of the binders 
are determined as a result of the experiment. G* is defined 
as a measure of the total resistance of binder to deformation 
when subjected to shear stress. d is an indicator of relative 
viscous and elastic deformations of the binder. The permanent 
deformation parameter (G* · sind) and performance level of 
binders at high temperatures, and the fatigue parameter (G* 
· sind) at intermediate temperatures, are obtained as a result 
of the experiment. According to the Superpave specification, 
the minimum G* · sind value is suggested to be 1.00 kPa for 
unaged binders, minimum 2.2 kPa for RTFOT-aged binders, and 
maximum 5000 kPa for G* · sin d value for PAV-aged binders. It 
is expected that binders with high G* and low d values will be 
more resistant to permanent deformations, while binders with 
low G* and high d values are expected to be more resistant to 

fatigue cracks [33-35]. 

2.4.5. Bending beam rheometer (BBR) tests

Bituminous binders, being viscoelastic materials, harden under 
cold climate conditions and become more rigid, which causes 
HMA pavements to harden. As a result, HMA pavements with a 
high hardness modulus become sensitive to thermal cracking, and 
the cracking potential increases. For this reason, the BBR tester 
was developed as a means to determine hardness of bituminous 
binders, and hence to evaluate the cracking potential of HMA 
pavements. With the BBR test, the creep hardness (S) and the 
creep rate (m-value) values of binders are determined. S is the 
resistance of the binder to creep stress, while the m-value refers 
to the change in binder hardness during loading. In the BBR test, a 
constant singular force (100 ± 5 g) is applied to the beam shaped 
bitumen sample of standard dimensions (12.5 x 125 x 6.25 mm). 
The deflection in the middle of the beam during the 240 second 
test period is measured by the system at different times (8, 15, 
30, 60, 120, 240 s.) and the S value and m-value are calculated. 
The loading during the testing represents thermal stresses that 
the HMA pavement is subjected to at very low temperatures. 
According to the Superpave specification (ASTM D 6648), the S 
value should not exceed 300MPa, and the m-value should not be 
lower than 0.300 [33-35].

3. Results

3.1. Conventional bitumen tests results

Physical properties of pure binders and PET modified binders, 
before and after the aging process, are determined in this study 
by means of conventional bitumen tests. PI values, which are 
a measure of temperature sensitivity of all binders, are also 
calculated (Table 4).

Properties
Binder types

B B+2P B+4P B+6P B+8P B+10P

Penetration, 0.1 mm 88 75 73 64 73 81

Softening point [°C] 46.8 50.8 51.1 52.2 50.3 48.4

Ductility [cm] 117 109 105 101 107 112

PI -0.64 0.026 0.027 -0.06 -0.20 -0.41

After RTFOT

Mass loss [%] 0.23 0.18 0.24 0.28 0.25 0.21

Penetration, 0.1 mm 53.0 51.6 47.0 46.6 47.1 49.5

Retained penetration [%] 60.2 68.8 64.4 72.8 64.5 61.1

Softening point [°C] 52.85 54.0 54.65 54.90 54.35 54.25

Change in softening point [°C] 6.1 3.2 3.6 2.7 4.1 5.9

PI -0.37 -0.17 -0.25 -0.21 -0.31 -0.22

Table 4. Physical properties of binders
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As can be seen in Table 4, penetration values of PET modified 
bitumens decreased by 14.8 %, 17 %, 27.3 %, 17 %, and 8 
%, respectively, compared to pure bitumen. As a natural 
result of this hardening caused by the addition of PET, the 
softening point values of the binders increased by 8.7 %, 
9.3 %, 11.7 %, 7.5 %, and 3.5 %, respectively. However, the 
ductility values of the binders also decreased by 6.8 %, 10.3 
%, 13.7 %, 8.5 %, and 4.3 %, respectively. It can be seen that 
the increase and decrease rates in all these results peaked 
at 6 % PET, and that the changes decreased after this rate. 
Because of this ratio, it is considered that the reason for 
changes in the penetration, ductility, and softening point 
values is that PET, which cannot react with bitumen and 
has a higher specific weight, settles to the bottom of the 
mixture. According to physical test results, the consistency 
of the binders hardened with the addition of PET and, as 
a result of this hardening, the binder containing 6 % of 
PET became B 50/70 penetration class bitumen of harder 
consistency. It can therefore be stated that binders obtained 
with 6 % of PET additive can be used against permanent 
deformations in warmer regions. In addition, as can be seen 
in Table 4, an increase in PI values with the addition of PET 
indicates that the binders are more resistant to permanent 
deformations and low temperature cracking [33]. Moreover, 
it can be observed that PET does not have a negative effect 
on the aging of binders, making the binders more resistant 
to high temperature and oxidation.

3.2. RV test results

In this study, viscosity values of pure binders and PET 
modified binders were determined at high temperatures 
(135°C and 165°C) by means of the Brookfield DV-III 
rotational viscometer device. Using the temperature-
viscosity graph shown in Figure 4, which was created based 
on these viscosity values, the mixing temperatures in the 
plant and the compaction temperatures on the road were 
determined for all binders. In addition, the modification 
index (h) values (modified bitumen viscosity value/pure 
bitumen viscosity value) were calculated for all binders, and 
are given in Table 5 together with the mixing and compaction 
temperatures.

Figure 4. Viscosity-temperature relationship of binders

RV test results show that the mixing and compaction 
temperatures of PET modified bitumens exhibit partial changes 
compared to pure bitumen. However, considering that 6 % PET 
rate is a critical value according to microstructural and physical 
test results, it can be seen that, at this rate, temperature values 
remain approximately at the same level when compared to pure 
bitumen.
Considering that bitumen modified at this rate is a harder B 
50/70 class bitumen, it can be stated that the mixing and 
compaction temperatures obtained are lower compared to 
pure bitumen. It can be observed that modified bitumen has a 
more elastic consistency despite hardening, and it has different 
thermal properties. This shows that the use of PET modified 
bitumen in road pavements would result in a lower energy 
consumption.

3.3. DSR test results

In the study, rheological properties of pure binders and 
PET modified binders, before and after aging at high and 
intermediate temperatures, were determined by means of 
the DSR test. The test was carried out in a stress-controlled 
manner at a frequency of 10 rad/sec according to ASTM 
D7175, using the Bohlin DSR-II rheometer. In order to 
determine performance properties of PET modified binders 
at high temperatures, the experiments were carried out on 
unaged binders and RTFOT-aged binders. The experiment was 

Binder 
types

Rotational Viscosity (cP) hModified/hpure Temperature range [°C]

135 °C 165 °C 135 °C 165 °C Mixing Compaction

B 487.5 150.0 1.0 1.0 159 - 165 147 - 152

B+2P 395.8 125.0 0.81 0.83 154 - 160 142 - 147

B+4P 491.7 129.2 1.01 0.86 157 - 162 146 - 151

B+6P 525 145.8 1.08 0.97 159 - 163 148 - 153

B+8P 529.2 145.8 1.09 0.97 160 - 165 148 - 152

B+10P 545.8 129.2 1.12 0.86 157 - 162 148 - 153

Table 5. Viscosity values and mixing-compaction temperature ranges of binders
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carried out on samples 1.0 mm in thickness and 25.0 mm in 
diameter at elevated temperatures ranging from 52 to 76°C. 
In order to determine the fatigue performance of the binders 
at intermediate temperatures, PAV-aged binders 2.0 mm in 
thickness and 8.0 mm in diameter were prepared and tested at 
25°C and 28°C. As a result of the tests, the changes of binder 
parameters G*, d, G* / sind and G* · sind with the change in 
temperature are given in figures 5 to 7.
As can be seen in Figure 5, the G* values of the unaged and 
RTFOT-aged binders increased significantly at all temperatures 
with an increase in the quantity PET. However, with an increase 
in PET content, d values decreased compared to pure bitumen. 
These results show that PET-modified binders behave like an 
elastic solid. Increases in the G* values of the binders indicate 
that their resistance to shear stresses increases, and decreases 
in d values indicate that the resistance of the binders to 
permanent deformations increases. Therefore, high G* and low 
d values indicate that PET-added binders can be more resistant 
to permanent deformations.

Figure 6. The G*/sind temperature relationship of binders

It can be seen in Figure 6 that the G*/sind value, which is the 
rutting parameter of binders modified with PET, increases 

compared to pure bitumen at the same temperature. This shows 
that binders containing PET additive become more resistant to 
permanent deformation at high temperatures. When the high 
temperature performance grades of the binders are examined, 
it can be seen that the pure and modified bitumens provide 
the rutting parameter up to the temperatures of 65.2, 66.4, 
66.7, 70.0, 67.0, and 65.9°C, respectively. Performance levels 
of all binders according to the Superpave specification limits 
were determined as PG 64-Y, PG 64-Y, PG 64-Y, PG 70-Y, PG 
64-Y, and PG 64-Y, respectively. According to these results, the 
performance grade of the 6 % PET added binder increased by 
6°C compared to pure binder. This shows that pavements can 
be more resistant to permanent deformations with the use of 
PET in regions with much higher temperatures.

Figure 7. G*. sind temperature relationship of binders

When Figure 7 is examined, it can be seen that the values of G* 
. sind, which is the fatigue resistance parameter of all binders, 
remain within the Superpave specification limit (max. 5000 
kPa). This indicates that, although the hardness of the binders 
increases due to an increase in the PET additive ratio, they can 
be resistant to fatigue cracks under repeated traffic loads.
According to the DSR test results, the hardness of bituminous 
binders increases with the PET additive, their temperature 

Figure 5. Complex modulus (G*) and phase angle (d) temperature relationships of binders



Građevinar 2/2022

112 GRAĐEVINAR 74 (2022) 2, 105-114

Ceren Beyza İnce, Tacettin Geçkil

sensitivity decreases, and the binders behave like an elastic 
solid. As a result, it was established that PET added bitumens 
exhibit a higher resistance to permanent deformations at 
high temperatures, and to fatigue cracking at intermediate 
temperatures. 

3.4. BBR test results

PAV-aged binders were subjected to the BBR test so as to 
determine the resistance of bituminous binders to thermal 
cracking at low temperatures. The performance properties of 
all binders at low temperatures were evaluated using the creep 
stiffness (S) and creep rate (m-value) values obtained as a result 
of the test. The relationship between the S value and m-value of 
the binders and the temperature is shown in Figure 8.
As can be seen in Figure 8, an increase in the PET additive 
content results in an increase in the hardness of modified 
bitumens (especially at the rate of 6 % of PET) compared to pure 
bitumen. However, despite this increase, the creep stiffness of 
all binders is well below the limit (max.300MPa) stipulated in 
the specification (ASTM D 6648). This shows that PET-added 
binders behave like a more elastic solid and are not greatly 
affected by low temperatures. When the m-value results shown 
in the figure are examined, it can be seen that all binders meet 
the specification limit of 0.300 at temperatures of -16°C and 
-22°C. However, except binders with 6 % and 8 % of PET, other 
binders remained below this limit at -28°C. This result shows 
that 6 %PET ratio is a critical value and the change in binder 
hardness is low at this ratio.
When the S and m-value results were evaluated together, it was 
determined that the binders were resistant to thermal cracks 
up to temperatures of -25.7, -27.3, -27.8, -32.0, -28.6, and 
-26.3°C, respectively. Accordingly, it was determined that the 
low temperature performance levels of the binders according 
to the specification limit values were -22, -22, -22, -28, -28, 
and -22°C, respectively. These results show that 6 %PET ratio 
has a significant effect on the low performance temperature of 
the binders. When the high and low temperature performance 
properties of all binders are evaluated together (Table 6), it can 
be seen that the performance grades are PG 64-22, PG 64-22, 
PG 64-22, PG 70-28, PG 64-28, and PG 64-22, respectively.
As a result, it can be stated that the use of 6 % recycled PET 

additive in bitumen modification has a very positive effect on 
both permanent deformation resistance at high temperatures 
and thermal cracking resistance at low temperatures.

Figure 8. Effects of PET on creep stiffness and m-value of B 70/100

4. Conclusions

The results obtained through the analysis and tests performed 
in this study are given below. 
 - Chemical characterization results showed that the TEOA 

chemical and PET formed a good chemical bond with bitumen 
and, especially, that the obtained 6 % PET modified blend had a 

Table 6. Effects of recycled PET on performance grade of bitumen

Binder types HT [°C] LT [°C] HT [°C]
Improvement

LT [°C]
Improvement Performance grading (PG)

B 65.2 -25.7 - - PG 64-22

B+2P 66.4 -27.3 1.2 -1.6 PG 64-22

B+4P 66.7 -27.8 1.5 -2.1 PG 64-22

B+6P 70.0 -32.0 4.8 -6.3 PG 70-28

B+8P 67.0 -28.6 1.8 -2.9 PG 64-28

B+10P 65.9 -26.3 0.7 -0.6 PG 64-22
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homogeneous single-phase structure. Because of this structure, 
which is the most obvious result of the study, the problem of 
phase separation in polymer modified bitumen will be eliminated.

 - According to physical test results, and especially those 
relating to the addition of 6 % PET, the bitumen hardened 
and turned into B 50/70 bitumen of harder consistency. This 
change in consistency of modified bitumen means that it can 
be used against permanent deformations in warmer areas.

 - The RV test results show that there was no significant change 
in the mixing and compaction temperatures, although the 
consistency and thermal properties of modified bitumen 
changed at the critical value of 6 % PET. This result shows 
that bitumen modified with 6 % PET additive (B 50/70) can 
curb energy consumption when used in road pavements.

 - The DSR test results show that the permanent deformation 
resistance of the binders at high temperatures increased 
with the addition of PET. The resistance of the pure binder 
at 65.2°C increased up to 70.0°C with 6 %PET additive. This 
indicates that the PET-added binders can be used in regions 
with warmer climates. In addition, although the hardness 
of the binders increases with PET additive, they have a very 
positive fatigue resistance at intermediate temperatures 
because they behave like a more elastic solid.

 - BBR test results show that the resistance of the binders to 
thermal stresses at low temperatures increased with the 

addition of PET. The resistance of pure binder at -25.7°C 
was obtained at -32.0°C with the addition of 6 %PET. This 
decrease shows that the binders can be used in much colder 
regions by adding PET. It is considered that this result is due 
to the fact that PET added binders behave like a more elastic 
solid.

As a result, the combined use of PET and TEOA in bitumen 
modification enabled the modified bitumen to behave like a 
homogeneous single-phase structure. It was also observed 
that 6 % PET is a critical value and that this ratio of PET 
additive has an important effect on increasing the resistance 
of bitumen against permanent deformation at high 
temperatures and thermal cracking at low temperatures. 
For this reason, it is thought that the PET additive, which 
is used as a modifier in road engineering, will be beneficial 
both in terms of the performance of road pavements and 
in terms of eliminating the damage that PET causes to the 
environment.
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