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Abstract 

Heavy vehicle loads and seasonal temperature changes can influence the rheological and mechanical 
properties of asphalt mixtures in flexible pavements. Pavements designed and constructed for heavy-duty 
traffic under extreme weather conditions generally require engineered asphalt cement modification. 
Depending on the required type of improvement, proper modifier(s) should be introduced to improve the 
properties of the asphalt cement. Recently, nanomaterials with sizes of 1 to 100 nm have been introduced 
as potential asphalt modifiers. These particles, with their high surface area to volume ratio, possess unique 
bulk, surface, and colloidal properties. Based on previous studies, the addition of nanoclay, nanocarbon, 
and nanosilica can improve the rheological properties of asphalt cement and, consequently, also affect its 
mechanical properties, such as tensile strain, flexural strength, and elasticity.  

Previous studies suggest that nano-clays, although not widely used as asphalt additives, has the potential 
to enhance the low-temperature properties and performance of asphalt cement. This research focused 
on the modification of the rheological properties of asphalt cement using two different nanoclays. The 
mechanical performance of hot mix asphalt (HMA) containing nanoclay-modified binders at different 
temperatures was also compared with that of unmodified asphalt mixes. 

Keywords: nanomodified asphalt cement, nanoclay, rheology, mechanical properties.  
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INTRODUCTION AND BACKGROUND 

Low-temperature cracking (or thermal cracking) in hot mix asphalt (HMA) is a critical issue for many 
transportation agencies across North America. To address this type of cracking, the Strategic Highway 
Research Program (SHRP) in the US developed the Superpave mix design method, which provides the 
criteria for selection of the appropriate performance grade (PG) asphalt binder (Christensen & Ramon, 
2004). To avoid thermal cracking in cold regions such as Canada, there is a tendency to use softer binders 
with lower PG for HMA layers; however, flexible pavements can also undergo severe rutting failure during 
the summer (Deepa et al, 2019). 

In flexible pavements, both heavy vehicle loads and variation in seasonal temperatures can sway the 
temperature susceptibility characteristics (rheology) of asphalt binders. Consequently, the mechanical 
properties and long-term performance of asphalt mixtures will be affected (Jahromi & Khodaii, 2009). 
Pavements designed and constructed for heavy-duty traffic under extreme weather conditions generally 
require engineered asphalt cement modification. Depending on the characteristics required, proper 
modifier(s) should be introduced to improve such properties (Yue, et al., 2019). Recently, nanomaterials 
with at least one dimension between 1-100 nm have been introduced as potential asphalt modifiers. 
These particles, with their high surface area to volume ratio, possess unique bulk, surface, and colloidal 
properties. Based on previous studies, the addition of nanoclay, nanocarbon, or nanosilica can improve 
the rheological properties of asphalt cement and, consequently, its mechanical properties, such as tensile 
strain, flexural strength and elasticity (Yao, et al., 2012). This research focused on the rheological 
properties of asphalt cement modified using two different nanoclays, bentonite and halloysite. 

Since the early 1970s, synthetic polymers [with the most common being the elastomer, styrene butadiene 
styrene (SBS)] have been employed to modify the performance of bituminous binders, resulting in 
decreased temperature susceptibility, increased cohesion and modified rheological characteristics (Ajour, 
1981). However, current trends in the industry have involved investigating the application of 
nanotechnology for modification of HMA pavements. Though limited studies of nanotechnology 
application in HMA pavements have been conducted, a preliminary cost analysis revealed that nano-
modification of asphalt binder is 22 – 33% cheaper than its polymer-modified equivalent (Ghile, 2006). 

Nanotechnology 

Nano (1 billionth) is derived from a Greek word which means dwarf, is approximately 1/80000 the 
diameter of the human hair (Zhu et al, 2004) and is used to refer to dimensions in the range of 0.1 to 100 
nm. Due to their high surface area to volume ratio and small dimensions, nanomaterials have been 
observed to significantly alter properties at the macro level, since quantum effects come into play. As a 
leading technology the world over, nanotechnology provides an opportunity to create new structures with 
enhanced functional properties which are more cost-effective and efficient in almost all areas of 
technology (Deepa et al, 2019). 

OBJECTIVES AND SCOPE 

The objective of this paper is to investigate and compare the effects of nanoclays on asphalt rheology and 
HMA performance. For this purpose, asphalt samples were mixed using one of two different nanoclays – 
hydrophilic bentonite nanoclay and halloysite nanotubes – using a high shear mixer. Scanning electron 
microscopy (SEM) was used to investigate the dispersion of the nanoclay in the base asphalt after mixing. 
Frequency sweeps were performed between 4°C and 40°C and master curves were plotted at 20°C to 
evaluate complex modulus (G*) and phase angle (δ) of the modified and non-modified asphalt samples 
using a dynamic shear rheometer (DSR). Viscosity measurements were taken to verify and determine the 



4 
 

mixing and compaction temperatures of the control and nanoclay-modified asphalt mix specimens, 
respectively. Hamburg wheel tracker tests were conducted on hot-mix asphalt samples prepared from the 
normal asphalt binder, as well as the nanoclay-modified asphalt binder, to evaluate and compare the 
resistance of the samples to rutting and susceptibility to moisture. Indirect tensile (IDT) tests were also 
performed to evaluate the cracking potential of asphalt mixes at low temperatures. 

MATERIALS 

Asphalt 

The asphalt binder used in this study was PG 58-31 (provided by Husky Energy), meaning it met 
performance criteria for a 7-day average maximum pavement temperature of 58°C and at a minimum 
pavement temperature of −31°C (Federal Highway Authority/National Highway Institute, 2000). 

Halloysite Nanoclay 

For this research, halloysite nanoclay (kaolin) with a formula of H4Al2O9Si2·2H2O, with a molecular weight 
of 294.19 g/mol, and density of 2.53 g/cm3, in the form of a nanopowder was used. It has a tube-like 
morphology, with diameters ranging between 30-70 nm and lengths of 1-3 µm. It appears as a white to 
tan powder, has a pore volume of 1.26 – 1.34 mL/g, specific gravity of 2.53, and surface area of 64 m2/g 
(Merck KGaA/Sigma-Aldrich, 2019). Although it exhibits low electrical and thermal conductivity, it 
possesses strong hydrogen interactions due to its inner hydroxyl groups. The application of halloysite 
nanoclay as a reinforcement in nanocomposites has yielded improvements in thermal and mechanical 
properties, likely due to its characteristic tube-like morphology and high aspect ratio (Marini J et al, 2014). 

Nanoclay, Hydrophilic Bentonite 

Bentonite is an absorbent aluminum phyllosilicate clay, which consists mainly of montmorillonite, a 
subclass of smectite. It is composed of two tetrahedral silicon oxide layers sandwiching an octahedral 
aluminum oxide layer, with a chemical formula of H2Al2O6Si and a molecular weight of 180.1 g/mol. It 
exists in powder form with a particle size less than or equal to 25µm (Sigma-Aldrich, 2018). Although clay 
platelets have negatively charged surfaces, the replacement of aluminum atoms in the octahedral layer 
with other cations (sitting on top of the tetrahedral silicon layer) tends to balance the charge in the 
octahedral layer, which creates a charging defect. The ability of bentonite to readily trade these surface 
cations in exchange for hydratable, as well as organic, cations makes the normally hydrophilic 
montmorillonite hydrophobic (or generates organically treated clays); consequently, making it dispersible 
in polymer matrices (Morgan, 2007). 

Preparing the modified asphalt sample 

Modified asphalt samples were prepared by adding the nanoclays to the base asphalt binder (PG 58-31) 
in the proportions shown in Table 1. To prepare the modified binder sample, 500 g of PG 58–31 asphalt 
binder was poured in a cylindrical tin container and heated to a temperature around 140°C on a hot plate 
to maintain this temperature while a high shear mixer was used (Figure 1). Using this arrangement of 
mixer and hot plate, the nanomaterial was added to the asphalt binder and mixed at a shear rate of 5500 
– 6000 rpm for 4.5 hours. 
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Table 1: Amount of nanomaterial added to base asphalt binder (% by weight) 

Nanomaterial Amount added to base asphalt binder (% by 
weight) 

Halloysite Nanoclay 3 and 6 

Nanoclay, Hydrophilic Bentonite  3 and 6 

 
Figure 1: High shear mixer with a hot plate beneath: setup for preparing binders modified with nanoclay. 

Qualitative Evaluation of Modified Asphalt Binder Samples 

A Zeiss Sigma Field Emission Scanning Electron Microscope (FESEM) was used to evaluate the dispersion 
of nanoclay in the asphalt binder qualitatively. Asphalt samples were first sputter-coated with gold using 
Denton Vacuum gold coating equipment to improve their conductivity. This coating increases the number 
of secondary electrons that can be detected from the surface of the specimen in the SEM. For SEM, the 
sputtered films typically have a thickness range of 2 to 20 nm (Leica Microsystems GmbH [DE], 2018). 
Figure 2 shows the SEM equipment (2-a) and also an example of the dispersion of the nanoclay in the 
binder. As Figure 2-b shows, the dispersion of nanoclay samples in the binder seems to be consistent after 
4.5 hours of mixing at a rate of 5500-6000 rpm. 
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                                       (a)                                                                              (b) 
Figure 2: (a) SEM equipment and (b) Image of modified binder using 6% by weight halloysite clay 

RHEOLOGY TESTS ON THE MODIFIED ASPHALT BINDER SAMPLES 

To investigate the performance of modified binders at different temperatures and loading frequencies, 
rheological tests were performed. About 20 to 30 g of the prepared sample was heated in an oven in a 
small aluminum tray at 140°C. When the sample was sufficiently fluid, it was poured into an 8-mm 
diameter silicone mold (Figure 3-a). Rheological measurements were carried out using a Smartpave 102 
Dynamic Shear Rheometer (DSR) from Anton Paar (Figure 3-b). Using an 8-mm diameter parallel plate, a 
gap of 2 mm and an angular frequency range of 0.3 to 300 rad/s, frequency sweep tests were performed 
on the samples through loop temperatures of 40°C, 30°C, 20°C, 10°C and 4°C. The parameters calculated 
were the complex modulus (G*), phase angle (δ) and rutting parameter (G*/sin (δ)). 

A minimum of four tests were conducted for each of the modified samples, as well as the base asphalt 
binder. The average of the results for each sample was used to determine the effect of modification on 
the asphalt binder. Data measurements were then taken for the target temperature of 20°C and a broader 
frequency range using the time-temperature superposition principle and the Williams-Landel-Ferry (WLF) 
equation. This was performed using Rheoplus software (Anton Paar).  

 

 

  

 

 

 

 

                                               
                    (a)                                                           (b) 

Figure 3: DSR test (a) sample, (b) testing equipment 
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The base asphalt PG 58-31 was modified with halloysite nanoclay in two different proportions (3% and 6% 
by weight). Complex modulus (G*) versus angular frequency curves, as well as phase angle (δ) versus 
angular frequency curves, at the target temperature of 20°C were analysed for the base asphalt 
specimens, as well as those of the modified asphalt, and their values were compared. An increase in the 
value of complex modulus leads to improvement in the rutting parameter (G*/sin (δ)). G*/sin (δ) is a 
quantity to determine the susceptibility of HMA (prepared with a specified performance grade asphalt 
binder) to rutting (Table 2) (Federal Highway Authority/National Highway Institute, 2000). 

Table 2: Performance Graded Asphalt Binder DSR specifications (as summarized from Superpave 
Fundamentals (Federal Highway Authority/National Highway Institute, 2000)) 

Material Quantity Specification HMA Distress of Concern 

Unaged binder G*/sin (δ) ≥ 1.0 kPa (0.145 psi) Rutting 

RTFO residue G*/sin (δ) ≥ 2.2 kPa (0.319 psi) Rutting 

PAV Residue G*· sin (δ) ≥ 5,000 kPa (725 psi) Fatigue Cracking 

Samples Modified with Halloysite Nanoclay 

Figure 4-a shows that asphalt samples modified using halloysite showed an improvement in the complex 
modulus (increase) at low frequencies, with little or no change at high frequencies. There was a greater 
increase in the G* value for the binder containing 6% by weight halloysite than for the binder containing 
3% halloysite. Rutting parameter (G*/sin (δ)) versus angular frequency was also plotted, and the results 
compared (Figure 4-b). As there was not a significant reduction in phase angle due to halloysite 
modification, there was an improvement in the rutting parameter similar to G* (Figure 5). 

   
(a)                                                                                       (b) 

Figure 4: Halloysite modified binder at 20°C – (a) Complex Modulus and (b) Rutting Parameter 
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Samples Modified with Bentonite Nanoclay 

Like halloysite nanoclay, the asphalt samples modified using bentonite nanoclay showed an improvement 
(increase) in the complex modulus at low frequencies with little or no change at high frequencies (Figure 
5-a). Using 6% of the bentonite nanoclay by weight in the binder increased the G* value compared to the 
mixture containing 3% by weight. The rutting parameter (G*/sin (δ)) was also plotted with against angular 
frequency and the results were compared for the different mixtures (3%, 6% and control) (Figure 5-b). As 
Figure 5-b shows, the addition of more halloysite nanoclay led to a higher rutting resistance. 

    

(a)                                                                          (b) 

Figure 5: Bentonite modified binder at 20°C – (a)Complex Modulus and (b) Rutting Parameter 

PERFORMANCE TESTS 

HMA Mix Design 

The HMA mix design used for this research was based on the Superpave mix design procedure for a 10 
mm – High Traffic (HT) asphalt layer. The grain size distribution and asphalt mix properties of the 
aggregates summarized in Tables 3 and 4 below were provided by Lafarge, Canada in consonance with 
Table 3.53.2.2A of the Standard Specification for Highway Construction (Alberta Transportation, 2010). 
The same mix design was used for preparing all modified and unmodified asphalt samples. Figure 6 shows 
the aggregate gradation curve with respect to the upper and lower limits. 
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Table 3: Aggregate grain size distribution 
Sieve Size (mm) % Passing 

12.5 100 
10 98.3 
8 88.5 

6.3 75.4 
5 64.8 

2.5 49.0 
1.25 39.5 
0.63 32.7 

0.315 20.2 
0.16 10.3 
0.08 5.1 

 

Table 4: Asphalt mix properties 
Properties Actual Specifications 
Number of 
gyrations 

100 100 

A.C. % of Total Mix 5.5 - 
Gmm (kg/m3) 2431 - 
Gmb (kg/m3) 2337 - 
Air voids (%) 3.9 3.6 – 4.4 

VMA (%) 14.9 13 min 
VFA (%) 73.8 70 – 80 

% Gmm @ Nmax 96.8 98.0 max 
Dust/AC 1.0 - 

 

 

 

 
 

 

 

 

 

 

 

 
Figure 6: Aggregate Gradation Curve 

Mixing and Compaction Temperatures 

To select the appropriate mixing and compaction temperatures for each modified and unmodified asphalt 
sample, a Fungilab EVO Expert Rotational Viscometer (RV) was used. In this measurement, the torque 
required to maintain a cylindrical spindle submerged in an asphalt binder sample at a constant rotational 
speed of 20 revolutions per minute (RPM) at constant temperature is determined. This torque is 
converted to viscosity and displayed automatically by the equipment. 

Figure 7 shows the viscosity curves for the neat asphalt binder, along with the four nanomodified binders. 
Based on these results, the mixing and compaction temperatures used for sample preparation were: 

• PG 58-31 (Mixing = 145°C; Compaction = 135°C) 
• 3% Halloysite-modified PG 58-31 (Mixing = 150°C; Compaction = 140°C) 
• 6% Halloysite-modified PG 58-31 (Mixing = 155°C; Compaction = 144°C) 
• 3% Bentonite-modified PG 58-31 (Mixing = 150°C; Compaction = 140°C) 
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• 6% Bentonite-modified PG 58-31 (Mixing = 155°C; Compaction = 144°C) 

 
Figure 7: Viscosity Curves for PG 58-31 and four Nano-modified binders (3% and 6%-Halloysite, and 3% 

and 6%-Bentonite)  

Rutting Test 

A Hamburg Wheel Tracker (HWT) was used to evaluate the rutting potential of the HMA samples. Based 
on AASHTO T324-16, this device tracks a 705±4.5N, 47mm-wide steel wheel (at a frequency of 52±2 passes 
per minute and a maximum speed of 0.305m/s at midpoint) cyclically across a submerged HMA sample 
(cylindrical or slab), compacted to 7.0±0.5% or 7.0±1.0% (using a Superpave gyratory compactor or linear 
kneading compactor). This is continued for 20,000 passes or until a rut depth of 12mm is achieved, 
whichever is first, for a predefined temperature. A graph of rut depth vs. number of passes can provide 
valuable information about the rutting potential of asphalt concrete mixes, as well as their susceptibility 
to moisture damage (Aschenbrener, 1995). 

Sample Preparation 

Using the same mix design and the mixing and compaction temperatures listed above, five sets of asphalt 
mixes, including unmodified binder, binder modified using 3% and 6% (by weight) bentonite nanoclay and 
binder modified using 3% and 6% of halloysite nanoclay, with air voids of 6-8% were prepared. The cooled 
samples were saw-cut along a secant line, such that when joined together in the high-density polyethylene 
molds, a gap of no greater than 7.5 mm was achieved between the molds (Figure 8). 
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Figure 8: HWTD Cylindrical specimens (saw-cut) in HDPE moulds before (left) and after (right) test 

A total of five (5) types of samples were prepared and tested, and the results are tabulated below (Table 
5). It was observed that neat asphalt (PG 58-31) showed a rut depth of 11.6 mm at 20,000 passes. Results 
from the halloysite- and bentonite-modified asphalt concrete specimens resulted in significant reductions 
of rut depth after 20,000 passes – approximately 30% reduction in rut depth for the 3% bentonite and 
halloysite and approximately 80% reduction in rut depth for the 6% bentonite and halloysite. Comparison 
of the two nanoclays, bentonite and halloysite, show a similar effect in terms of rutting resistance on the 
asphalt binder.  

A comparison of the increase in the number of passes at the stripping inflection points for the nanoclay-
modified samples and the neat binder samples shows that the addition of 3% halloysite and bentonite 
increased the number of passes by 80% and 55%, respectively; while the addition of 6% halloysite and 
bentonite increased the number of passes by 96% and 92%, respectively. These results indicate a 
significant improvement in the resistance of modified mixes to moisture damage with the addition of 
nanoclay to the binder. 

Table 5: HWTD Results (Mechanical Properties) 

S/No Sample 
ID 

Description Test 
Temperature 

(°C) 

Post 
Compaction 

Consolidation 
(mm) 

Stripping 
Inflection Point 

(# of 
Passes/mm) 

Rut 
Depth 
(mm) 

1 A & B PG 58-31 45 1.74 9179 / 3.86 11.60 
2 A & B PG 58-31 + Hall 3% 45 1.32 16529 / 4.69 7.83 
3 A & B PG 58-31 + Hall 6% 45 0.67 18022 / 2.12 2.29 
4 A & B PG 58-31 + Bent 3% 45 1.43 14260 / 3.95 7.84 

5 A & B PG 58-31 + Bent 6% 45 0.89 17693 / 2.97 3.21 
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Indirect Tensile (IDT) Creep and Strength Test 

The indirect tensile creep and strength tests were developed to evaluate the resistance of hot mix asphalt 
(HMA) to thermal cracking, and these tests have become the most promising method for predicting the 
low-temperature performance of asphalt concrete mixtures (Lytton, et al., 1993), (Christensen & 
Bonaquist, 2004). Creep compliance is defined as the rate at which the strain increases for a constant 
application of stress, that is, the time-dependent strain per unit stress, while indirect tensile strength gives 
the strength of HMA when subjected to tension. 

To compare the low-temperature properties of samples modified with 6% nanoclay, specimens were 
prepared for each of the modified and unmodified binder types. All specimens were conditioned and 
tested using an IPC Global Universal Testing Machine (UTM-100) in accordance with AASHTO T322-07. 
Specimen deformations were measured using horizontal and vertical linear variable differential 
transducers (LVDTs) mounted on brass gauge points with a gauge length of 25 mm on each face of the 
specimen. Each specimen was loaded to a target creep load of 1 kN for 100 seconds, after which the 
strength test was conducted at a loading rate of 12.5 mm/min. The creep compliance [D(t)], tensile 
strength and fracture energy were calculated for each asphalt mix as explained below. 

Creep Compliance 

Creep compliance was calculated as a function of horizontal and vertical deformation, gauge length over 
which the deformation is measured, dimensions of the test specimen, and magnitude of the static load, 
and is tabulated (Table 6) below. It is given by the formula: 

𝐷𝐷(𝑡𝑡) =
∆𝑋𝑋𝑡𝑡𝑡𝑡,𝑡𝑡 × 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 × 𝐺𝐺𝐺𝐺
× 𝐶𝐶𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐  

where: 
D(t) = creep compliance at time t (kPa)-1 

GL = gauge length (m) 
Davg = average diameter of all specimens (m) 
bavg = average thickness of all specimens (m) 
Pavg = average creep load (kN) 
Xtm,t = trimmed mean of the normalized, horizontal deformations of all specimen faces at time t (m) 

The parameter Ccmpl is a correction factor and is given by  

Ccmpl  =  correction factor = 0.6354 × �
𝑋𝑋
𝑌𝑌
�
−1
− 0.332 

where: 
X
𝑌𝑌

 = absolute value of the ratio of the normalized, trimmed mean of horizontal deformation to the 
normalized, trimmed mean of vertical deformation at a time corresponding to half the total creep test 
time (typically 50 seconds) for all specimen faces. 
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Tensile Strength 

Based on the recommendation of the NCHRP Report 530, the tensile strength, St,n, was calculated as a 
function of the maximum load and then “corrected” to its “true” tensile strength (Christensen & Ramon, 
2004). The tensile strength is given by the formula below, and tabulated in (Table 6) below: 

𝑆𝑆𝑡𝑡,𝑛𝑛 =
2 × 𝑃𝑃𝑓𝑓,𝑛𝑛

𝜋𝜋 × 𝑏𝑏𝑛𝑛 × 𝐷𝐷𝑛𝑛
 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑡𝑡𝑠𝑠𝑇𝑇𝑇𝑇𝑠𝑠𝑡𝑡ℎ = �0.78 × 𝑆𝑆𝑡𝑡,𝑛𝑛�+ 38    (𝑓𝑓𝑓𝑓𝑠𝑠 𝑝𝑝𝑇𝑇𝑇𝑇) 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑡𝑡𝑠𝑠𝑇𝑇𝑇𝑇𝑠𝑠𝑡𝑡ℎ = �0.78 × 𝑆𝑆𝑡𝑡,𝑛𝑛�+ 0.262    (𝑓𝑓𝑓𝑓𝑠𝑠 𝑀𝑀𝑃𝑃𝑀𝑀) 

where: 
St,n = “uncorrected” tensile strength of specimen, (MPa) 

Pf,n = maximum load observed for specimen, (MN) 
bn = thickness of specimen, (m) 
Dn = diameter of specimen, (m) 

Fracture Energy 

An object’s resistance to crack growth, or toughness, is dependent on the energy absorbed as the crack 
advances. This energy, called the fracture energy, is associated with plastic flow and concentrated at the 
crack tip, a plastic zone where the material’s yield stress is present (Roylance, 2001). The fracture energy 
provides an indication of the propagation of cracks within asphalt pavement at low service temperatures. 
In this study, it was determined by calculating the area under the curve of the IDT tensile strength test 
using the trapezoidal method and dividing by the crack cross-section (ASTM D8225-19).  

Table 6 summarizes the results of the IDT test for neat asphalt binder (PG 58-31) and the four nanoclay-
modified samples (3% and 6% halloysite by weight and 3% and 6% bentonite by weight). Based on the 
results shown in the table, 6% bentonite and halloysite added to the base binder slightly reduced the 
tensile strength of the mix by approximately 1% and 3%, respectively, but increased the fracture energy 
by 20% and 2%, respectively. The table also shows that there is no significant effect on the creep 
compliance for 3% nanoclay in the base binder; however, the addition of 6% nanoclay causes a 12% to 
69% reduction in the creep compliance when compared to the control mix.  

Table 6: Summary of IDT Test Results 

Parameters PG 58-31 
3% Bentonite-

modified 
6% Bentonite-

modified 
3% Halloysite-

modified 
6% Halloysite-

modified 

Creep compliance 
[D(t)], 1/GPa (-20°C) 0.0032 0.0032 0.0010 0.0035 0.0028 

Poisson Ratio (-20°C) 0.054 0.167 0.239 0.070 0.210 

Tensile strength 
(St,n), MPa (-10°C) 3.72 3.73 3.67 4.15 3.62 

Fracture Energy, 
kJ/m2 (-10°C) 4.057 4.994 4.873 4.574 4.166 
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CONCLUSIONS AND FUTURE STEPS 

• Dynamic Shear Rheometer (DSR) results show that the modification of PG 58-31 with 
nanomaterials (hydrophilic bentonite nanoclay and halloysite nanoclay) results in an increase in 
the complex modulus (or stiffness) of the matrix, as well as an increase in the binder’s resistance 
to rutting. The increase in stiffness is proportional to the concentration of the nanoclay. 

• Rotational viscometer (RV) measurements confirmed this increase in stiffness and showed that 
the addition of nanoclay increased the viscosity of the modified binder and, consequently, the 
mixing and compaction temperatures.  

• Permanent deformation test results using a Hamburg Wheel Tracker showed that the addition of 
either nanoclay significantly improved both the rutting resistance and moisture sensitivity of the 
modified mixes.  

• HMA produced with a 3% nanoclay-modified binder provides a significant improvement in 
performance at low service temperatures. Moreover, although the 6%-nanoclay modification 
resulted in a slight reduction of the tensile strength of the mix, once a crack was initiated, its 
propagation seemed to be slower than that for HMA produced with the neat binder.  

• The rheology of the asphalt binder and its nanoclay-modified equivalents provides a useful 
indication of the expected performance of the HMA produced at high, intermediate and low 
temperatures 

To understand the mechanical properties of modified asphalt mixes at low temperatures, the next step 
for this research will be to perform rheological tests on nanoclay-modified binders at low temperatures, 
using a bending beam rheometer. Also, research will continue with conducting IDT tests at 0°C, as well as 
dynamic modulus testing. 
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