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ABSTRACT
Using nanotechnology in asphalt paving has increased markedly to improve the 
asphalt characteristics and increase the road life, especially with the significant 
increase in traffic volumes. The present contribution evaluates the effects of ore 
nanoparticles namely ilmenite and bentonite on the engineering properties and 
performance of asphalt binder. The high-resolution transmission electron micro-
scopy (HRTEM) micrograph was used to characterize the investigated nanomater-
ials. The nanoparticles were blended with asphalt binder with different percentages 
(0–5% for ilmenite and 0–10% for bentonite by weight of asphalt binder) to 
determine the appropriate mixing ratio that sustained the desired characteristics. 
Different tests were conducted to examine the properties of modified asphalt 
binder among which penetration, softening point, rotational viscosity, penetration 
index (PI) and ductility. The results of our study revealed an increase in softening 
point and rotational viscosity and decrease in binder penetration. Moreover, blend-
ing of variable amounts of nanomaterials with the asphalt binders has improved 
their physical properties compared with macroparticles blended and unmodified 
binders as indicated by the penetration index and ductility test. The most signifi-
cant improvement in the modified binders was obtained by blending of 5% for two 
types of nanoparticles. Finally, the rut depth was measured by wheel track test for 
the modified asphalt mixture, with ilmenite and bentonite, to validate the obtained 
results. The results show that the engineering performance of asphalt produced 
from bitumen binder modified with nanoparticles is much better than conventional 
asphalt and such binder-modified asphalt is strongly recommended for use on site.
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Introduction

In asphalt industry, nanomaterials show unique properties when added to 
asphalt binder, as improved materials, compared to common materials due to 
their small size and large surface area [1]. Nanotechnology has various 
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applications in the pavement industry including (1) reducing aging effects on 
asphalt binders (2) improve aggregate adhesion (3) protect asphalt surface 
against sunlight radiation and (4) fill cracks and cavities  [2]. Novel asphalt 
binder nanocomposites are required to have enhanced properties such as 
higher resistance to environmental and traffic loads  [2,3]. Several studies 
have reported the effect of modifying bitumen with nanoparticles on the 
physical properties of the resultant composites. Nejad et al. [2] measured the 
penetration of bitumen modified with TiO2, ZnO, Al2O3 and Fe2O3. Their 
results found that the sample with 6% Fe2O3 showed the least penetration 
owing to the asphalt binder hardening. Their results also showed that the 
addition of each nanomaterial resulted in a decrease in the penetration up to 
6% substitution. On the other hand, the addition of nanoparticles resulted in 
an increase in the softening point by approximately 8% irrespective of the 
substitution percent and the type of nanoparticles.

Zhang et al. [4] added ZnO, SiO2 and TiO2 nanoparticles to bitumen to 
study the effect of these substances on it. Their results indicate that adding 
such nanoparticles decreased the penetration by about 5 dmm for all sam-
ples. This was attributed to the presence of nanoparticles that limit the 
movement of bitumen molecular chains thus decreasing its penetration 
depth. The addition of nanoparticles had little effect on the softening point 
increasing it by approximately 2 degrees. Asphalt modified nano-clay com-
posite gives a higher softening temperature by an average 4–13 [5]. Behnam 
et al. [6,7] studied the effect of nano-clay in asphalt binder and mixture. The 
results indicated that the storage stability of polymer mixture asphalt as well 
as its rheological and physical properties can enhance with adding nano-clay. 
Accordingly, improved resistance of asphalt concrete to rutting. Al-Mansob 
et al. [8] studied the effect of adding nano-alumina to bitumen and found that 
it has a significant hardening effect leading to both decreasing the penetra-
tion depth and increasing the softening point of the modified samples. 
Hussein et al. [9] reported similar results for bitumen modified with ceramic 
waste nanoparticles consisting mainly of silica and alumina. Many studies 
have stated the effect of modifying bitumen with nano-polymer on the 
rheology and physical properties of the resultant composites [10–12]. 
Mousavinezhad et al. [10] investigated the effect of nano-polymer on the 
rutting resistance of modified asphalt mixture with waste steel slag. Wheel 
track test and repeated load axial test were used in evaluation. The remark-
able improvement of viscosity and toughness was noticed. Mansourian et al. 
[12] used also new nano-polymer (mixture of nano-clay, High-Density 
Polyethylene, and Ethylene Vinyl Acetate) to improve the rutting and low- 
temperature resistances.

Using natural ores will reduce the total cost of asphalt paving, due to the 
availability and low cost of these materials, two of the important ores are 
ilmenite and bentonite [13–20]. The aim of the current work is to modify 
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bitumen with two Egyptian ore nanoparticles namely ilmenite (FeTiO3) and 
bentonite (naturally occurring aluminum silicate-based clay-like mineral) and 
studying their effect on the physical properties of the resultant Bitumen 
nanocomposites. In Egypt, Fe-Ti oxide ores and bentonite raw materials are 
present in several localities. Egyptian titaniferous iron ores comprise mag-
matic and placer deposits. The magmatic Fe-Ti oxide ores (ilmenite and titan 
magnetite) are recorded in at least 10 localities in the South Eastern Desert, 
whereas the placer ilmenite deposits are present as black sands along the 
Mediterranean coast. The magmatic ilmenite deposit of Wadi Abu Ghalaga is 
the most famous deposit, which is mined and exported. Bentonite of Egypt is 
recorded in the Western and Eastern Desert  [20–22] and Sinai  [23]. The most 
important localities of Egyptian bentonite are located in the North-Western 
Desert, at south El-Hammam city and south/southwest Alamein area  [21]. 
The bentonite of south El-Hammam city is quarried and exported.

Materials and methods

Materials

Due to the common asphalt binder used in Egypt is 60/70 penetration grade, so 
it was used in this study. Its properties are indicated in Table 1 and obtained from 
Suez refinery. Ilmenite and bentonite raw materials used in the present study 
have been collected from Egyptian deposits. The most important ilmenite 
deposit in Egypt is that of Abu Ghalaga with estimated reserve up to 50 million 
tons [16]. The Abu Ghalaga ilmenite deposits comprise red and black ores. The 
red ore is present near the surface whereas the black one represents the major 
deposit and is located at deeper levels. Ilmenite is mined, crushed and stored as 
stockpiles in Wadi Abu Ghalaga (Figure 1(c)). The ilmenite sample used in the 
present study has been collected from the stockpiles of crushed black ore. 
Mineralogically, the Abu Ghalaga ilmenite ore consists essentially of ilmenite 
grains composed of hematite-ilmenite exsolution intergrowth. Egyptian bento-
nite is quarried at south El-Hammam city, northern Western Desert  [21]. In this 
quarry, a 6 m thick bentonitic bed is exploited. This bentonite represents one of 
the best bentonite raw materials of Egypt because it has the lowest content of 

Table 1. Physical properties of asphalt binder 60/70.
Property Results Standard followed

Penetration at 25 °C 69 AASHTO-T49
Softening point (ring and ball), °C 45 AASHTO-T53
kinematic viscosity at 135 °C, c.st 360 AASHTO-T316
Absolut viscosity at 60 °C, Pa·s. 210 AASHTO-T72
Ductility at 25 °C 100 ASTM D 113
Flash point, °C 270 AASHTO-T48
Specific gravity 1.018 ASTM D 70
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impurities. The Abu Ghalaga black ilmenite ore sample used in this work has 
chemical composition similar to that is published by Shahien et al. [18] and given 
in Table 2, because this sample represents a split from the sample analyzed by 
[18]. Similarly, the chemical composition of the used bentonite ore sample is 
comparable to that has been published by [24] and listed in Table 2.

Characterization of ilmenite and bentonite additives

The used ilmenite and bentonite nanoparticles were investigated by the 
high-resolution transmission electron microscopy (HRTEM, JEOL-JEM 2100, 
Japan) micrograph. The dry powders of ilmenite and bentonite nanoparticles 
were characterized to evaluate their practical size and morphology. The 
HRTEM micrographs of ilmenite (Figure 2) and bentonite (Figure 3) reveal 
that they are composed of stacked layers. As it clear from both figures, 

Figure 1. (a) ilmenite, (b) bentonite raw materials, and (c) Raw materials source with red 
circle.

Table 2. Chemical composition of Egyptian ilmenite and bentonite ores used in the 
present study.

SiO2 Al2O3 TiO2 Fe2O3 MgO Na2O CaO K2O SO3 P2O5 MnO Cr2O3 Ref.

Ilmenite 1.97 1.1 40.91 51.9 3.38 0.07 0.33 < 0.01 - 0.05 0.25 0.071 [18]
Bentonite 54.9 17.1 1.53 9.31 2.47 2.75 0.99 1.03 0.48 - - - [24]
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Figure 2. HRTEM image of ilmenite.

Figure 3. HRTEM image of bentonite.
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ilmenite and bentonite are composed of few sheets that are not identical in 
size. However, it is clear from this figure that some bentonite and ilmenite 
layers are less than 100 nm in width (Figure 3), but they are agglomerated, in- 
line with ISO, aggregates and agglomerates are considered nanostructured 
materials. According to ASTM E2456-06, the used ilmenite and bentonite 
powders can be considered as nanomaterial [25].

Preparation of sample

Nineteen samples of base asphalt binder were prepared by blending ilmenite 
and bentonite ore nanoparticles with bitumen binder in different percen-
tages (Table 3). These percentages were calculated as a factor of the weight of 
virgin binder. A high shear mixing equipment was used to produce the 
modified bitumen by stirring the blend of ilmenite or bentonite nanoparticles 
and the binder for 15 min at temperature about 155°C and at a constant 
rotational speed of 4000 rpm [26].

Testing of modified bitumen samples

Penetration test
The purpose of this test is to measure the hardness of the asphalt which reflects 
asphalt strength. It is expressed by the distance penetrated by a standard needle 
weighing 100 g at a time of five seconds perpendicular to the surface of the 
sample at 25°C. The sample preparations and the test procedures are carried out 
according to AASHTO – T49. The used device is illustrated in Figure 4(a).

Softening point
The purpose of this test is to measure the flexibility of asphalt by determining 
the softening point. Degree of softness is defined as the degree to which 

Table 3. Different percentages of the two addi-
tives in the asphalt binder.

Binder No. ilmenite % Bentonite %

1 0 0
2–3 0.20 1
4–5 0.40 2
6–7 0.60 3
8–9 0.80 4
10–11 1 5
12–13 2 6
14–15 3 7
16–17 4 8
18–19 5 9
20 – – – 10
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asphalt begins to flow. The test procedures were carried out according to 
AASHTO-T53 using the apparatus shown in Figure 4(b).

Rotational viscosity (RV)
The rotational viscosity (RV) test is conducted to examine the viscosity of asphalt 
at high temperature either at manufacturing or construction [27]. The RV is very 
important property during mixing because it indicates whether the asphalt 
binder is sufficiently fluid to be pumped through an asphalt plant or not [28]. 
Asphalt exhibits both viscous and elastic properties, as it is a typical viscoelastic 
material, over the working temperature [29]. The major RV test calculates the 
required torque which maintains a rotational speed at 20 rpm of a cylindrical 
spindle and submerged in an asphalt binder at a constant temperature equals 
135°C. This torque is converted automatically by the RV to a dynamic viscosity. 
The major equipment which used in the study is shown in Figure 4(c).

Figure 4. Testing of modified bitumen (a) Penetration test (b) Softening test (c) 
Rotational viscosity equipment (d) Ductility test.
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Temperature sensitivity test
To measure the temperature susceptibility of asphalt binders, penetration 
index (PI) is used [30]. This index depends on the penetration and softening 
point values of asphalt binder and is calculated using Equation (1) [31] as 
follows: 

PI ¼
1952 � 500 logðpen25Þ ¼ 20SP

50 logðpen25Þ � SP � 120
(1) 

where:
PI: Penetration Index
Pen25: Penetration at depth equals 0.1 mm at 25°C, and
SP: Softening point temperature.

According to Shafabakhsh et al. [32] and Ming et al. [33], the higher the PI of 
asphalt binder, the lower its thermal sensitivity. Moreover, the rutting resis-
tance of asphalt binder will be improved with less temperature susceptibility 
[32,33].

Ductility test
Ductility of bituminous material is defined as its property to elongate when 
subjected to tension, before breaking. To prevent the crack and fail of 
bituminous material by fatigue under the effects of repeated loads, the 
material must have some specified ductility. The tested material is heated 
and poured into a brass mold and then pulled horizontally at designated 
speed in a special machine as shown in Figure 4(d).

Results and discussion

Testing of modified bitumen

The two most important tests that used to evaluate the physical properties of 
bitumen are penetration and softening point tests [26]. The results of pene-
tration test for bitumen modified with ilmenite ore nanoparticles are shown 
in Figure 5(a). The unmodified bitumen sample showed a penetration value 
of 69 mm. Addition of nano-ilmenite caused a linear decrease in the value of 
penetration with a linear slope of −2 mm/wt.% (R2 = 0.97). This decrease was 
observed up to mixing values of 5 wt. % of the ilmenite nanoparticles. Further 
addition of nanoparticles resulted in a significant increase in the value of 
penetration reaching 71 and 74 mm for the 6 wt% and 8 wt% samples, 
respectively. These results can be attributed essentially to changes in the 
physical properties of modified asphalt binder as will be explained later. 
Therefore, only 5% of nano-ilmenite was optimum as it gives satisfactory 
and logical results.
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The effect of nano-ilmenite mixing on the softening point of bitumen 
samples is shown in Figure 5(b). Increasing the additive nano-ilmenite percent 
led to a linear increase in the value of softening point (R2 = 0.98) with a slope of 
1°C/wt%. High softening point is a desirable property since bitumen with high 
softening point is stiff and produces asphalt mixtures which are more resistant 
to rutting and permanent deformation at high temperatures [26].

The effect of modifying bitumen with nano-bentonite additive on the 
penetration values is shown in Figure 6(a), which reveals that the modifica-
tion of bitumen with values up to 1 wt% of nano-bentonite additive did not 
have any significant effect on the penetration values. However, increasing the 
mixed percent of nano-bentonite led to decreasing the penetration depth up 
to 60 mm for 5 wt%. On the other hand, increasing the nano-bentonite 
percent led to an increase in the softening point of the bentonite-modified 
bitumen samples (Figure 6(b)).

The exact mechanistic effects of nanoparticles on the macro-properties of the 
asphalt mix and whether the nanomaterials can reinforce asphalt mixes against 
fatigue, creep and thermal loads are not fully understood [2]. In the case of 
addition of ilmenite nanoparticles, the increase of softening point and the 
decrease in penetration could be attributed to the presence of both TiO2 and 
Fe2O3 as dominant components in the ilmenite ore. Such components are 

(b)(a)

Figure 5. (a) Penetration test and (b) softening point test for ilmenite-modified bitumen 
samples.

(b)(a)

Figure 6. (a) Penetration test and (b) softening point test for bentonite-modified bitu-
men samples.
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assumed to have a hardening effect on the bitumen microstructure since such 
nanoparticles limit the relative movement of the bitumen molecular chains thus 
increasing its hardness. Similar results have been reported by Nejad et al. [2] with 
samples up to 6% Fe2O3 having minimum penetration values. On the other hand, 
increasing the nano-ilmenite additive percentage beyond a certain limit seems to 
cause a negative effect on the modified bitumen. This could be attributed to two 
possibilities; the first is that using higher nano-ilmenite additive percentages 
leads to higher agglomeration of nanoparticles which can form heterogeneous 
domains in the bitumen phase leading to the weakening of its mechanical 
properties. The second is that with higher nano-ilmenite ore percentage the 
role of the minor constituents present in the silicate impurities of the ilmenite 
ore, such as CaO, MgO, K2O and Na2O, may become significant where such 
constituents are likely to have a negative effect on bitumen properties. 
However, the presence of higher or comparable abundances of these constitu-
ents in the bentonite modifier (See Table 2) rules out this possibility and indicates 
that agglomeration of the ilmenite nanoparticles was the controlling factor.

As to the bentonite ore nanoparticles, the mechanisms for interaction with 
bitumen may be different compared to those of nano-ilmenite. Layered clay 
nanoparticles can interact with the bitumen matrix in three different ways (1) 
conventionally similar to nanomaterials with particle-like morphologies, (2) by 
intercalating some matrix molecules within the layers and (3) when fully dis-
persed as exfoliated layers in the host bitumen matrix [34]. The decreased 
quantities of both TiO2 and Fe2O3 seem to be the main cause for the poor 
performance of bentonite substitution on bitumen penetration after 5 wt%. 
The excessive agglomeration of the layered bentonite beyond 5 wt% additive 
blending seems to be the main cause for the poor mechanical performance of the 
modified bitumen samples. On the other hand, this layered morphology seems to 
resist the flow of the bitumen molecular chains thereby increasing the softening 
point of the modified bitumen samples as illustrated in Figure 6(b). So, only 5% of 
nano-bentonite was optimum as it gives satisfactory and effective results.

As to the viscosity test (Figure 7), it is clear that the addition of nanopar-
ticles of ilmenite and bentonite to bitumen increases the binder’s viscosity at 
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Figure 7. Viscosity of modified binder at 135 °C.
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135°C. As expected, the viscosity values increase due to increased surface 
area and reactivity. This is due to the addition of the solid phase of two 
modifiers to the viscous phase of asphalt [34].

The Penetration Index (PI) values were calculated from the measured pene-
trations and softening point temperatures. The higher the penetration index, 
the lower the temperature sensitivity and the higher the stiffness [35]. The 
variation of PI with ilmenite and bentonite content is illustrated in Figure 8, 
which reveals that the PI increases with increasing the two modifiers content, 
indicating that the resistance against thermal cracking and permanent defor-
mation is improved with the addition of ilmenite and bentonite nanoparticles 
to the asphalt cement.

Ductility is used to show the adhesion and cohesion of asphalt cement. 
Figure 9 shows that with an increase in ilmenite and bentonite percentage 
ductility decreases, which is attributed to the increase of Fe-Ti oxide and clay 
solid phases relative to viscoelastic phase of ductile bitumen.

Resistance to rutting

To evaluate the effect of ilmenite and bentonite nanoparticles on asphalt 
mixture, wheel track test was used for three wearing surface slabs; one slab 
represents conventional asphalt mixture without any additives to virgin 
asphalt binder, while the other two slabs of asphalt mixture were prepared 
with asphalt binder containing 5 wt. % ilmenite and bentonite nanoparticles. 

(b)(a)

Substitution percent of Bentonite %

Figure 8. Penetration Index (PI) of modified binder.
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This blending ratio of nanomaterials in the binder was selected because it 
achieved satisfactory results in previous tests. Crushed granite aggregates 
have been used in this research. 4 C was selected to meet the wearing 
surfaces’ requirements according to Egyptian gradations. Figure 10 shows 
the particle size distributions of this gradation.

An automatic wheel-tracking tester (HYCZ-5) is used to predict the deforma-
tion expected to take place in asphaltic materials under wheel load. The wheel- 
tracking machine is depicted in Figure 11 and its details were described by 
Abdel-Wahed et al. [36]. The slab dimensions were 400 × 305 × 50 mm. The test 
was conducted at 60°C temperatures and the rut depth under the load corre-
sponding to wheel load was recorded.

The rut evolution for three prepared asphalt slabs as a function of the 
number of cycles at the central position is shown in Figure 12. The test was 
conducted to assess the effect of nanoparticles on the hot-mix asphalt. This 
test revealed that the rut depth under the wheel path evolves slowly with 
time for three asphalt mixtures (Figure 12). The rut depths for three slabs at 
the end of test were 11.096, 9.429, and 8.685 mm, respectively. Adding 
ilmenite and bentonite nanomaterials improved the rut resistance by 15% 

Figure 10. 4 C Dense-graded surface course Egyptian gradation.

Figure 11. Wheel-tracking machine (a) before and (b) after the test.
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and 21.7%, respectively, compared to this achieved by unmodified asphalt 
binder. These values indicate that asphalt mixture produced using bitumen 
binder modified with 5 wt% ilmenite and bentonite nanoparticles can be 
used as a wearing surface for heavy loads in hot weather. Moreover, the 
results are completely consistent with the results obtained from previous 
tests especially, PI value.

Conclusions

This study sheds the light on the effect of proposed nanomaterials (ilmenite 
and bentonite ores) on the physical properties of modified bitumen. From the 
results of the present study, we can conclude the following:

(1) Egyptian ilmenite and bentonite ores can be successfully used to 
improve the physical properties of bitumen binder in asphalt industry.

(2) The modified asphalt binders with 5% of ilmenite and bentonite 
nanoparticles content showed a decrease in the penetration and 
ductility.

(3) The softening point, viscosity, and penetration index (PI) of bitumen 
showed a significant increase upon modification with ilmenite and 
bentonite nanoparticles, which results in improving the temperature 
susceptibility and increasing the stiffness (hardness) of the modified 
binders.

(4) The addition of 5 wt. % of ilmenite and bentonite nanoparticles to 
bitumen binder improves the rutting resistance of asphalt mixture by 
nearly 15%, 21.7% respectively as indicated by wheel track test. This 
result consistent with that obtained from PI values.

Figure 12. Slab rut depth evolution for different asphalt mixture.
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(5) The properties of the modified bitumen depend on the constituting 
phases of the natural ore and the percentage of added ore nanoparticles. 
Adding nano-modifiers to the base bitumen binder is a promising 
approach toward improving its physico-chemical properties. So, bitumen 
binder modified with ilmenite and bentonite nanoparticles is strongly 
recommended for use on site.
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