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Abstract

:

Due to storage stability drawbacks of polymer-modified bitumen (PMB), this study investigated the storage stability and physicochemical performance of Styrene-Butadiene-Styrene (SBS) asphalt binders (herein PMB) modified with Silicone surface-treated nanosilica (SNS). Dosages 0% (control), 1.5%, 3% and 5% SNS powder were added to PMB to prepare modified binders. Hot storage, Viscosity, Multiple Stress Creep Recovery (MSCR), Scanning Electron Microscopy (SEM), Fluorescence Microscopy (FM), Linear Amplitude Sweep (LAS), Fourier Transform Infrared (FTIR), and Proton Nuclear Magnetic Resonance (1H-NMR) tests were conducted using modified binders. The study found that adding nanosilica powder to PMB improved storage stability, increased viscosity and complex modulus, and reduced rutting of binders. However, this bitumen modification was not beneficial to fatigue cracking. The performance improvement was because of the interaction between the polymer and nanosilica, creating a new polymer-nanosilica network which lowered the dynamics around the SNS particles, thereby reducing phase separation. Further, the Silicone Si–O–Si backbone bond present in SNS modified asphalt binder reduced temperature sensitivity thereby preventing thermal degradation at high storage temperature. Nanosilica modified binders presented well-dispersed nanosilica particles in the asphalt matrix. The modification mechanism was predominantly physical. Overall, the study concluded that nanosilica improves storage stability, rutting, and morphology of PMB binders.






Keywords:


storage stability; nanosilica; polymer-modified asphalt (PMB); Styrene-Butadiene-Styrene (SBS)












1. Introduction


Bitumen or asphalt binder (as it is referred to in North America) is utilized in the production of asphalt mixtures for road construction and industrial application. It is a viscoelastic material whose behavior is temperature and time-dependent. Bitumen behaves as an elastic solid at lower temperatures and high loading frequencies, and as a viscous liquid at higher temperature and lower loading frequency [1,2]. This means that bitumen become soft at high temperatures and stiffens at lower temperatures. Further, the performance of asphalt concrete mixtures and their ability to resist pavement distresses, such as fatigue, thermal cracking and rutting, is directly dependent on the mechanical properties of bitumen. Therefore, the poor service life of asphalt pavements is related to bitumen properties [3,4]. To improve the service life and durability of pavements, bitumen should be modified with polymer modifiers [5]. The most widely used modifiers of bitumen is the styrene-butadiene-styrene (SBS) copolymer [6,7]. The styrene component comprises of hard blocks that give bitumen the strength to be able to resist permanent deformation, while butadiene are soft blocks that give bitumen flexibility as a result increases resistance to thermal and fatigue cracking potential of bitumen at low and intermediate temperatures, respectively. When SBS is incorporated in asphalt, it undergoes swelling due to the absorption of the aromatic and saturate components of asphalt. The SBS polystyrene components are then evenly distributed in polybutadiene [8]. SBS dosage between 3 and 6% [9] is known to give the binder the much-needed elastic characteristics [10]. After modification, bitumen forms the continuous phase whereas SBS forms the dispersed phase. Phase inversion increases with increase in the concentration of SBS [11].



Although polymer modification of bitumen generally improves the mechanical properties of modified binders, there are concerns about poor stability during hot storage of PMB in general (140–180 °C). PMB comprises of a phase rich in polymer and a phase rich in bitumen. Phase separation is mostly influenced by density differences between these two phases [12]. Other factors include those that are physicochemical in nature, such as solubility, molecular weight, polarity, microstructure properties and glass transition for bitumen and polymers, which influence compatibility [13]. The instability in the storage of polymer-modified binders at microscopic scale is due to the phase separation process, where polymer modifiers essentially separate from the asphalt binder matrix. This phenomenon can be attributed to different factors such as bitumen type and the nature of the polymer modifiers [14].



To counter these drawbacks, many strategies have been applied. These strategies include the use of antioxidants; sulfur vulcanization; use of functional and reactive polymers, and indeed the use of hydrophobic clay minerals [14]. The use of antioxidants involves the use of materials or additives that retard the oxidative ageing while breaking down hydro peroxides, which are produced during oxidation [15,16,17]. Even though, they reduce oxidation and consequently inhibit brittleness and possible cracking, which comes with bitumen ageing, they are not so useful in improving storage stability. Moreover, the prices for antioxidants are exorbitant. Sulfur vulcanization, on the other hand, is a chemical process that works in two ways: firstly, polymer molecules are chemically crosslinked, and secondly bitumen and polymers undergo chemical coupling through polysulfide and/or sulfide bonds [18]. The former forms a stable polymer network and the latter directly reduces the separation of the PMB and consequently offers good storage stability. However, there are problems with sulfur vulcanization—such as oxidative ageing and their reliance on unsaturated polymers [19]. Functional and reactive polymers involve incorporating chemical additives into bitumen to get the functionalized bitumen properties capable of improving storage stability. Many however focus on improving compatibility between bitumen and polymer by forming chemical or hydrogen bonds. An example of an additive used for this purpose is Maleic anhydride (MAH); however, recent researchers, such as Su et al. as cited in [20], found that the chemical modification of bitumen with polydimethylsiloxane (PDMS)—silicone oil could also enhance the compatibility of modified asphalt binders and offer good storage stability. Hydrophobic clay minerals can be used in both PMB and base bitumen—for example, kaolinite and montmorillonite (MMT). Previous studies have shown that the application of kaolinite in PMB achieves two main objectives namely: (1) enhancing PMB’s storage stability by reducing the difference in density between bitumen and its polymer-modifiers; (2) improving resistance to ageing of PMB with characteristics of the dispersed clay platelets [21].



Beyond the hydrophobic clay minerals, asphalt modification with nanosilica has recently attracted interest among pavement researchers since the advent of nanotechnology. Nanosilica has high chemical purity, high surface area and stability, which makes it ideal for bitumen modification. However, nanomaterials, such as nanosilica, have a tendency to agglomerate because of their small particles and relatively higher surface energies of nanosilica coupled with frequent particle-to-particle interaction [22]. The nanomaterial’s propensity to aggregate is a function of its surface properties [23] and the medium in which nanomaterial is dispersed (i.e., viscosity and polarity) [24,25]. The nanomaterial’s surface properties (for instance surface capping chemistry as well as chemical surface moieties) play a critical role in ensuring that they are dispersed in polar and non-polar solvents [26]. Further, it is worth noting that bitumen is comprised of high molecular hydrocarbons and other derivatives, which make nanomaterials, such as nanosilica, have poor dispersion and compatibility [27]. Hence, the nanomaterial’s propensity to agglomerate can be readily controlled by modifying their surface characteristics and choosing a solvent like bitumen to enhance dispersion. In the present study, the surface of nanosilica was modified with polydimethylsiloxane (PDMS) or silicone oil thereby making nanosilica highly hydrophobic and more compatible with bitumen. This promotes the adsorbing of light oil in bitumen and adhesion with some components in bitumen thereby changing the original structural form of bitumen and consequently reducing the temperature sensitivity of the bitumen. Dhawale [5] reported that the interactions between SBS polymers and nanosilica were because of the chains in PDMS surface treated nanosilica, which physically entangled with chains from SBS modifier to create a physical polymer–nanosilica network. Because of entanglements, SBS chains are immobilized, which leads to slower movement of molecules around nanosilica, thereby increasing the complex shear modulus. Furthermore, polymers and asphalt are bound together, hence the formed network prevent phase separation of PMB.



Extant literature on nanosilica found that the additive improves anti-aging property, fatigue and rutting of modified binders and mixtures [24]; increases in strength of mixes, temperature stability and resistance to moisture susceptibility [28]; increases in complex shear modulus [29]; increases in viscosity [30]. This research investigates the storage stability and physicochemical properties of SBS binders modified with silicone surface treated nanosilica. The benefit of using polydimethylsiloxane (PDMS) surface treated nanosilica lies in the fact that PDMS modification of the surface of nanosilica reduces the amount of silanol structures found on the surface of nanosilica and alters the functional group on the surface and the structure of the nanosilica at micro-level [5]. As a result, the physical and chemical properties, such as nanosilica adsorption, are altered and the surface free energy (SFE) of the nanosilica filler and the concept of agglomeration between particles are lowered. In addition, PDMS has high hydrophobicity owing to its size and organic content. This high hydrophobicity on the surface of nanosilica promote an even distribution of particles in similar medium, such as bitumen. Moreover, the physical chain of the PDMS surface treated nanosilica enhances physical interaction between bitumen and SBS. Further, it is a well-known fact that temperature is elevated up to 200 °C during hot storage and processing of bitumen, therefore the bond energy in PDMS surface treated nanosilica is higher than C=C bonds due to the existence of Si–O–Si bonds, which can withstand thermal degradation at high temperatures.




2. Research Objective and Significance


During hot storage of polymer-modified bitumen (PMB), polymers tend to separate from the asphalt binders due to viscosity and density differences as well as incompatibility between the two components, which float and agglomerate at the top of the modified binders [31,32,33]. The instability of PMB motivates pavement engineers and researchers to find new materials to improve the performance of PMB. On the other hand, the utilization of Aerosil R202 fumed silica (nanosilica) in bitumen modification remains largely unexplored [5]. However, in quest to explore new and novel materials to mitigate storage instability concerns and phase separation of PMB, this study evaluated the potential use of Aerosil R202 fumed silica (herein nanosilica) to improve storage stability, physical and chemical properties of PMB. The performance indicators for storage stability and rheological characterization included Storage stability based on comparison of complex shear modulus between the tube test bottom and top portions of the samples. Further, Brookfield viscosity, rutting based on the Multiple Stress Creep Recovery (MSCR) test, resistance to fatigue cracking based on Linear Amplitude Sweep (LAS) test, chemical characterization employing Fourier Transform Infrared (FTIR) and Proton Nuclear Magnetic Resonance (1H-NMR) tests were conducted on prepared samples. Morphological, compatibility and microstructure changes in nanosilica-modified binders were studied by Scanning Electron Microscopy (SEM) and Fluorescence Microscopy (FM) respectively. Thin-film oven test (TFOT) aged samples were utilized on rheological tests.



One of the benefits of using nanomaterials is the low-cost of producing the material as well as its superior performance [11]. Researchers, such as Yu et al. [34] found that modifying nanomaterial with polymers is cost-effective because both the amount of polymers and nanomaterials needed in composite blends is reduced while the compatibility of polymers with bitumen is increased. In this regard, the current study is significant because it seeks to promote the utilization of cost effective and sustainable construction materials to mitigate storage and phase separation concerns of PMB, which are currently the major drawbacks in the application of PMB. The study is also important because nanosilica generally improves the mechanical properties of asphalt binders, which may lead to the construction of more durable and high performing asphalt pavements. It is the authors’ considered view that the novelty of the paper lies in expanding the potential application of Aerosil R202 nanosilica in bitumen modification to address the aforementioned drawbacks of PMB.




3. Research Methodologies


3.1. Materials


3.1.1. Asphaltic Binder


The bitumen utilized in this study was SBS modified asphalt (SBS–ID) standard, herein referred to as polymer modified bitumen (PMB), and was obtained from Maoming Lusheng Asphalt Co., Ltd. in China with fundamental properties given in Table 1. PMB was utilized as control group.




3.1.2. Nanosilica


Nanoparticles of silicon dioxide (SiO2) are often termed as Nanosilica. Silica precursors are used to produce this inorganic material. For example, silicon dioxide can be processed chemically from rice husk ash or synthetized from silica fume [30]. Nanosilica particles have been used to provide reinforcement to elastomers and this area of study has attracted interest among pavement engineers and researchers. Nano materials generally have a low cost of production but higher performance [35]. The Aerosil R202 fumed silica, herein nanosilica (shown in Figure 1), was employed in this study). This material was sourced from Evonik Specialty Chemicals Co. Ltd. in Shanghai, China and its properties are presented in Table 2.




3.1.3. Preparation of Nanosilica-Modified Asphalt


A method proposed by Yusoff et al. [36] was employed in the preparation of nanosilica/SBS modified binders. Nanosilica particles were incorporated into the PMB control binders at concentrations of 0% (control), 1.5%, 3% and 5% (by weight of the asphalt) and sheared at 160 °C and 1500rpm for one hour. The experimental flow chart is given in Figure 2.





3.2. Experimental Design


3.2.1. Fourier Transform Infrared (FTIR) Test


One of the accurate ways to fingerprint asphalt is FTIR testing. The FTIR technique can also be used to identify polymer additives in asphalt in order to ensure quality control and quality assurance [37]. Herein, the nanosilica and SBS polymer additives in bitumen were identified using FTIR technique. In order to achieve this purpose, the Thermo Scientific Nicolet iS 50 instrument (manufactured by Thermo Fisher Scientific in Massachusetts, USA) was utilized. The sample preparation consisted of heating the modified bitumen to flow at 160 °C and placing it on glass slides. The test was performed in the range between from 4000 to 400 cm−1 wave numbers.




3.2.2. Nuclear Magnetic Resonance (NRM)


Proton Nuclear Magnetic Resonance (1H-NMR) is a powerful tool for characterizing bitumen. 1H-NMR allows for investigations in solid and liquids and is able to quantify constituents in a material in a single spectrum. Herein the 1H-NMR spectra test was conducted using a high-resolution Bruker Avance, spectrometer manufactured by Bruker Rheinstette in Germany. Proton NMR spectra were employed in which modified bitumen samples were dissolved in deuterated chloroform (CDCl3).




3.2.3. Fluorescence Microscopy (FM)


This test was employed to analyze the morphology and microstructure changes in modified binders due to the differences in fluorescence between SBS control binders and those modified with nanosilica. The fluorescence microscopy DVM5000 HD purchased from Leica Microsystems (Buffalo Grove, Illinois, USA) was used to evaluate the morphological characteristics of the proposed asphalt binder. During preparation, hot asphalt binder (about 160 °C) was poured on glass slide mold. To achieve a thin surface film, the sample was initially heated to 160 °C in the oven for 5 min and followed by cooling period.




3.2.4. Scanning Electron Microscopy (SEM)


Microstructure changes and dispersion of nanosilica in SBS/Nanosilica modified asphalt binder were analyzed using SEM image observation. The S-3000N Scanning Electron Microscope manufactured by Hitachi Ltd. in Tokyo, Japan with magnification of 200 and 500 times was employed. Before SEM observation, asphalt and nanosilica samples were pre-treated using gold-sputtering.




3.2.5. Viscosity Testing


The fluid’s ability to flow can be measured by Rotational viscometer (RV). In the present study, RV was utilized to measure the viscosity of SBS/nanosilica modified bitumen at 175 °C in accordance with AASHTO TP48. Spindles of different sizes were utilized to determine viscosity.




3.2.6. Frequency Sweep (FS) Test


The FS image test was performed, utilizing the state of the art DHR-2 manufactured by TA Instruments (New Castle, Delaware, USA). The DSR rheometer measures phase angle and complex shear modulus of bitumen after applying sinusoidal stress. High temperatures ranging from 50 °C to 75 °C and frequencies ranging from 0.1 to 50 Hz were considered using a 25 mm diameter parallel plate and a 1 mm hole setting out. The tests were conducted in conformity with AASHTO TP5. Prior to FS test, thin film oven test (TFOT) aging test was conducted on samples, in accordance with AASHTO T-240.




3.2.7. Multiple Stress Creep Recovery (MSCR) Test


MSCR test gives better prediction for rutting for base and modified binders as compared to Superpave rutting binder specification. In this test one creep cycle consisted of loading time of 1 s and preceded by recovery time of 9 s as guided by ASTM D 4705. The cycle was repeated 10 times at stress levels of 0.1kPa another 10 times of 3.2kPa. Beyond the repeated creep test, modulus at 10 rad/s was recorded during thermal equilibrium. The resistance to permanent deformation is governed by non-recoverable creep compliance Jnr at 3.2kPa stress level. The repeated creep test was performed at 64 °C on TFOT aged samples using DHR-2 manufactured by TA Instruments (New Castle, Delaware, USA). Equation (1) was used to calculate the non-recoverable compliance (Jnr).


   J  n r   =    γ n  −  γ o   τ   



(1)




where    γ o    = shear strain (cycle start);  τ  = creep loading stress and    γ n    = strain (non-recoverable) obtained after 9-s recovery.




3.2.8. Linear Amplitude Sweep (LAS) Test


To accurately measure the fatigue cracking potential of SBS/nanosilica modified bitumen, the Linear Amplitude Sweep (LAS) test was employed using DHR-2 manufactured by TA Instruments (New Castle, Delaware, USA) in which the specimen is subjected to cyclic loading with increasing amplitudes. This test uses a DSR instrument utilizing a standard 8mm diameter parallel plate and 0.2 cm gap between the plates. The test followed the two step approaches in tandem with AASHTO TP 101-14—i.e., frequency sweep and amplitude sweep with strain load of 0.1% and between 0.2 and 30 Hz frequency range. The second step precedes the first step where samples are loaded using strain sweep utilizing 10 Hz frequency of oscillation shear loading. At chosen temperatures, strain amplitude with continuous loading cycles was increased from 0 to 30% continuous loading cycles to induce fatigue cracking damage. The resistance to fatigue is then determined from frequency sweep and amplitude-sweep test results using the simplified viscoelastic continuum damage (S-VECD) model presented elsewhere by Xu et al. [38].




3.2.9. Storage Stability Tests


The hot storage tube test (ASTM D7131) was used to analyze the storage stability of binders. Exactly 50 g of prepared Nanosilica/SBS asphalt samples were poured into an aluminum tube (140 mm high and 25 mm diameter) sourced from local suppliers in China. Then, the samples were maintained in the vertical vessel of an oven for 48 h at 163 °C. Thereafter, the samples were cooled in the refrigerator for 4h after which three equal portions or parts were cut from the tube. The bottom and top parts of the modified bitumen samples were then separated and subjected to DSR testing to determine the complex shear modulus and subsequently the degree of separation or segregation index (SI) as described elsewhere [39].






4. Results and Discussion


This section presents the results of tests performed on Nanosilica/polymer modified asphalt specimens.



4.1. Chemical Characterization of Nanosilica/PMB Binders


4.1.1. Fourier Transform Infrared (FTIR)


Functional groups are important in characterizing materials in the chemical process. The characteristic bands in the absorption spectrum of the transmitted IR radiation can be used to identify the chemical bond. By comparing and analyzing the functional groups of the asphalt binders before and after modification, determination on whether some chemical reactions or physical process had occurred during the composite modification would be made [40]. In general, the infrared spectrum shown in Figure 3a comprises wavenumbers ranging from 4000 cm−1 to 400 cm−1. This is further split in two regions namely functional group region (FGR) and fingerprint regions (FPR) as shown in enlarged Figure 3b,c respectively. The wave numbers for FGR range from 4000 cm−1 to 1330 cm−1 whereas for FPR, wavenumbers range from 1330 cm−1 to 400 cm−1. FGR is used to identify the functional group and hence in the determination of the material structure. Figure 3a presents FTIR spectra of PMB before and after addition of nanosilica. The Absorption peaks 2921 and 2850 cm−1 correspond to CH2 and CH3 Stretching (Alkanes) in bitumen, whereas C=C stretching–aromatics correspond to IR peaks at 1600 cm−1. The absorbance peaks at 1467 and 1378 represent CH3 asymmetric and symmetric deformation-alkanes, respectively [40]. For nanosilica powder, the absorption peak at 1050 cm−1 corresponds to the Si–O–Si bond, which is the silicone backbone for silica modified surface; however, this peak shifts towards the 1100 cm−1 wavelength when nanosilica is incorporated into the binder. This shift indicates that bitumen interacted with the siloxane bond of the nanosilica powder to produce SBS/nanosilica-modified bitumen [5]. According to Daily et al. [37], the two IR peaks around 966 cm−1, as well as at 700 cm−1, correspond to SBS butadiene segments C=C bonds and SBS styrene segments C–H bending which show the presence of SBS in modified asphalt binders. As can be seen in Figure 3a and its enlarged functional group region presented in Figure 3b,c, the characteristic peaks for polymers remain unaltered after adding the nanosilica powder to PMB. This illustrate the physical interaction between polymers and nanosilica in bitumen. The absorption maxima for SBS/Nanosilica modified asphalt is presented in Table 3. Fini et al. [19] observed that the surface of pure nanosilica has silanols, which promotes the formation of hydrogen bonds with asphaltenes in bitumen. However, such prepositions are not likely in this study, since the surface of the nanosilica (Aerosil R202) was treated with silicone oil or PDMS, which is methyl terminated. Chemical reactions between surface silanol groups of PDMS functional ends.




4.1.2. Nuclear Magnetic Resonance (1H-NMR) Spectroscopy


Bitumen fractions determine the bitumen mechanical properties and characteristics. NMR spectroscopy has been found to be a practically efficient and reliable technique for complex material characterization, such as bitumen [41]. Herein, the distribution and relative amount of the aliphatic and aromatic hydrogen protons were investigated with a single 1H-NMR spectrum using MestReNova (Mnova) (version 14.1.2, Mestrelab Research Chemistry Solutions, Santiago de Compostela, Spain). Mnova is the latest Nuclear Magnetic Resonance software for data processing, visualization, simulation, prediction, presentation and analysis. The spectra of analyzed bitumen is given in Figure 4. Typical 1H-NMR signal positions commonly used for data interpretation are reported in Table 4. If the protons associated to the heteroatoms are neglected, the NMR spectrum is characterized by five types of proton groups: aromatic protons (   H  a r    ; 6–9 ppm) olefinic protons (   H  o l    ; 4–6ppm), alpha-alky protons (   H α   ; 1–2ppm) primarily the methylene protons which are  β  or farther from the aromatic ring (   H β   ; 1–2 ppm) and the methylene protons in the  γ  position or farther from the aromatic ring (   H γ   ; 0.5–1ppm). Therefore, the intense peaks observed in Figure 4 can be correlated with 1H-NMR signal positions in Table 4.



The regions selected for each spectrum were integrated and normalized to get the fractional proton distributions directly from the integration curve. Table 5 presents the fractional proton distribution SBS/nanosilica modified asphalt from 1H-NMR spectra. The results show that the area corresponding to the aromatic zone is nearly the same for the SBS control binder (8.89%) and 1.5% SNS (8.13%) samples. For samples with 3% SNS and 5% SNS, the distributions of aromatic protons were much higher—i.e., 11.84% and 12.82%, respectively. On the other hand, the higher percentages of aliphatic protons were observed in the SBS control (91.09%) and 1.5% SNS (91.85%) but significantly reduced with an increase in nanosilica content, as can be seen for 3% SNS (88.49) and 5% SNS (83.16%) samples, respectively.



According to Soenen et al. [43], larger aromatic structures in bitumen give rise to improved interactions and can be correlated with the elastic behavior of bitumen at elevated temperature and longer loading times. On the other hand, smaller aromatic structures inform more of the elastic behavior of bitumen at low temperature and short loading times. In addition to aromatic interactions, natural wax inherent in bitumen can, upon crystallization, also induce increased elastic effects, especially at low frequencies. In this regard, it was the view of authors that addition of nanosilica to SBS modified binders increases the aromatic content in bitumen, which can be beneficial to the improvement of elastic behavior of bitumen and consequently higher resistance to permanent deformation. Further, higher aromatic content of bitumen improves interaction, hence justifying the excellent dispersion of nanosilica in the SBS modified binder matrix observed in fluorescence microscopy.





4.2. Morphological and Microstructure Properties


4.2.1. Fluorescence Microscopy (FM)


The compatibility and state of dispersion of silicone surface treated nanosilica in SBS modified bitumen was studied by FM. Compatibility describes the level of interactions between the asphalt and polymer. An image obtained using FM can effectively show the compatibility of polymers in bitumen and can help predict the stability of the modified binder. The morphological arrangement of the asphaltene-rich polymer (ARP) and the polymer-rich phase (PRP) in modified binder is dependent on polymer/asphalt compatibility [39]. In the present FM images, bitumen appears dark while polymer and nanosilica particles appear brighter.



Figure 5a shows the FM image SBS control binders in which the polymer distribution of SBS particles in asphalt indicates an intimate mixing. Figure 5b,d shows the FM image of well distributed nanosilica particles in SBS modified bitumen and with higher dispersity. This indicates that silicone surface treated nanosilica has high compatibility with asphalt.




4.2.2. Scanning Electron Microscopy


The performance of asphalt binder is affected by not only the compatibility between asphalt and SBS particles but also the morphology and structure of modified asphalt binder [39]. The SEM images of nanosilica modified asphalt are helpful to understand the microstructure change in modified asphalt, as well as the physical dispersion of nanosilica particles [36,43]. Figure 6 shows the SEM image of nanosilica powder, while Figure 7a–d shows the microstructure and morphology of SBS/nanosilica modified asphalt binder, which changed significantly compared to the control asphalt binder. The SEM images of nanosilica modified asphalt binder present the well-dispersed nanosilica particles in the asphalt matrix. The surface of the nanosilica group reacts with the asphalt binder, and the size of nanosilica group becomes smaller. The new structure of the nanosilica modified asphalt binder is formed. The nanosilica dispersion in the asphalt binder may be helpful for the modulus improvement of nanosilica modified asphalt mixture as the nanosilica particles become small and bond together [43].





4.3. Intermediate Temperature Fatigue Cracking


In this study, LAS tests were conducted on TFOT aged samples at 25 °C and analysis of results was based on S-VECD theory. Figure 8a presents damage curves, which is plotted as material integrity (C) (i.e., value of |G*|) versus material damage integrity (S) and determined in conformity with AASHTO TP 101, 2014. As can be seen, initial material integrity decreases with an increase in material damage, but the material integrity decrease is more rapid for the nanosilica-modified binders. It was established that the damage curves of the SBS control binders were generally similar with those modified with nanosilica; however, the nanosilica binders had softer curves. Table 6 presents fatigue curves fitting parameters from the S-VECD model. Bessa et al. [15] observed that the higher parameter A indicates increased resistance of the material to fatigue cracking. Therefore, since the SBS control binders have higher A parameter it has better material damage resistance. Furthermore, fatigue curves shown in Figure 8b revealed that SBS/nanosilica modified-binders have generally lower resistance to fatigue damage. The fatigue life of SBS decreases with the addition of nanosilica. This phenomenon is attributed to the stiffening nature of nanosilica on SBS binders, which reduces flexibility.




4.4. High Temperature Permanent Deformation


Figure 9 presents results of the MSCR test. Laboratory results showed that incorporating Nanosilica powder to SBS increases resistance to permanent deformation by decreasing the permanent strain also known as non-recoverable creep compliance- Jnr. The increased rutting resistance can be attributed to different factors such as reduction in temperature sensitivity of the bitumen due to addition of PDMS surface treated nanaosilica and the formation of new polymer-nanosilica physical network. The modification of the surface of nanosilica with PDMS promotes compatibility between bitumen and nanosilica and also the adsorbing of light oil in bitumen and adhesion with some components in bitumen thereby changing the original structural form of bitumen and consequently reducing the temperature sensitivity of the bitumen. Reduced temperature sensitivity of bitumen increases resistance to permanent deformation. On the other hand, the interactions between SBS polymers and nanosilica makes the chains in PDMS surface treated nanosilica, to physically entangle with chains from SBS modifier thereby creating a physical polymer–nanosilica network. Because of this entanglements, SBS chains are immobilized, which leads to slower dynamics movement of molecules around nanosilica, thereby increasing the complex shear modulus. The increase in complex modulus was beneficial to reducing rutting or the permanent strain in the binder. The difference in creep compliance—Diff Jnr between two stress levels (3.2 kPa and 0.1 kPa) for all binders was less than 75%, which indicated that the binders were all within the Superpave specification limit. Further, it was established that control binders could support standard traffic designated as S, while the nanosilica modified binders could support heavy traffic levels, designated as H (Table 7). Overall, the results demonstrate that nanosilica improves high temperature permanent deformation by increasing the stiffness and elasticity of the binders. This result agrees with previous studies by Yusoff et al. [36].




4.5. Workability Analysis


Figure 10 presents results of rotary viscosity for SBS and nanosilica modified asphalt binders. It is evident that the addition of nanosilica to SBS increases viscosity values. As the content of nanosilica increases, so did the viscosity of the modified binders. At the temperature of 135 °C, the viscosity of all binders were lower than 3.0 Pa.s, which satisfied the Superpave standard specification. This result was consistent with previous work by Ezzat et al. [30], Alhamali et al. [44], and Santagata et al. [45]. The resistance to permanent deformation of bitumen may be partly due to increased viscosity, which results in a higher stiffness at elevated temperatures.




4.6. Storage Stability Analysis


The prime objective of introducing nanosilica to SBS modified asphalt was to improve the storage stability of the polymer-modified bitumen, which is a major problem during high temperature application. The ASTM D5892-00 standard was used to determine the storage stability of binders where complex shear modulus of samples from the top and bottom of tube after 48-h storage experiment at 163 °C were compared. As described in Section 3.2.7, high temperatures ranging from 50 °C to 75 °C, and frequencies ranging from 0.1 to 50 Hz were performed using a 25 mm diameter parallel plate and a 1 mm hole setting out. The Christensen Anderson Marasteanu (CAM) model, and the Williams–Landel–Ferry (WLF) shift factors, represented by Equations (2) and (3), were utilized to fit the complex modulus dataset and develop master curves, as given below and described elsewhere [40,46].


  G * =  G e *  +    G g *  −  G e *       [  1 +    (   f c  /  f ′   )   k   ]     m c  / k      



(2)






  log  α T  = −    C 1   (  T −  T  r e f    )     C 2  + ( T −  T  r e f   )    



(3)




where   G *   = complex modulus at reduced frequency    f ′   , while    G e *    = equilibrium complex modulus when frequency is infinitely close to zero, often assumed 0 for asphalt binders.    G g *    = complex modulus at glass transition when frequency is close to infinity.  k  and   m c   are shape parameters.    α T    = shift factors which can be obtained by fitting William–Landrel–Ferry (WLF) function.    T  r e f     = standard reference temperature,    C 1    and    C 2    are the model parameters.



The hot storage stability of modified bitumen was then evaluated by way of subjecting samples in top and bottom parts of the storage tube to DSR testing. By comparing the complex shear modulus of the aforementioned samples, the hot storage stability was determined. The rationale of this experiment is that any settlement of undissolved filler or polymer particles in asphalt in the aluminum test tube would obviously lead to some changes in the complex shear modulus. As an alternative to the conventional softening point and penetration, it is an increasingly common practice to evaluate the two fractions in terms of their rheological properties.



Figure 11 presents master curves for top and bottom samples. The results revealed that the gap between the top and bottom decreased with the incorporation of nanosilica, which indicated improved storage stability. The results further revealed that the sample with 1.5% SNS had the best storage stability, as attested by the master curves. Moreover, the complex modulus increased with the addition of the nanosilica dosage. This is due to the entanglements of surface PDMS groups of nanosilica with SBS chains which create a physical network and thus slow the dynamics around the nanosilica, which reduces phase separation. According to Sabaraya et al. [47], nano materials that tend to disperse relatively better in the surrogate environment—i.e., retain their nanoscale identity better relative to others—also tend to show a relatively better performance in terms of rheological properties. The difference in complex shear modulus between the storage tube top and bottom part samples reduces with the addition of nanosilica.



Ultimately, the ratio    (   |  G *  |  / Sin δ  )    (where  δ  = phase angle and    |  G *  |    = complex modulus), taken from SHRP specifications, was used to calculate segregation Index (SI) according to Equation (4).


  % S e p e r a t i o n =      (   |  G *  |  / Sin δ  )    max   −    (   |  G *  |  / Sin δ  )    a v g        (   |  G *  |  / Sin δ  )    a v g      



(4)




where      (   |  G *  |  / Sin δ  )    max     represent the rutting parameter with highest values of either the top or bottom section of the tube, whereas      (   |  G *  |  / Sin δ  )    a v g     represent rutting parameter with the average value of both sections.



From Figure 12, the segregation index (SI) results for nanosilica-modified binders were generally lower than for the SBS control binders. Further, binders with 1.5% SNS had the lowest SI, which is an indication of good compatibility and storage stability. During hot storage, bitumen is subjected to high temperature, such as 200 °C. At this elevated temperature, the silicone treated surface groups are thermally stable due to the silicone backbone (Si–O–Si) that would withstand more thermal degradation than an organic backbone, such as C=C bonds, even if polystyrene in SBS is highly hydrophobic.





5. Conclusions


This paper investigated the storage as well as physical and chemical properties of polymer modified asphalt-PMB (herein SBS asphalt) modified with nanosilica. The influence of the nanosilica dosage on properties of PMB binders, such as chemical and microstructure morphology, storage stability, viscosity, rutting, and fatigue resistance were compared. Based on rigorous experiments, and results thereof, the following conclusions were made:




	
Chemical analysis through FTIR tests established that an absorption peak 1050 cm−1 corresponded to the Si–O–Si bond in nanosilica powder; however, this peak shifted to higher wavelength of 1100 cm−1 when nanosilica was added to the asphalt binder. The two peaks around 966 cm−1 and 700 cm−1 corresponded to an SBS butadiene segments C=C bonds and SBS styrene segments C–H bending, which showed the presence of SBS in the modified asphalt binders. This shift indicates that asphalt interacted with the siloxane bond of the nanosilica powder to produce nanosilica modified asphalt binder.



	
The 1H NMR spectra results revealed that adding nanosilica to SBS modified asphalt increased the aromatic content of bitumen. Larger aromatic structures in bitumen give rise to improved interactions and can be correlated with the elastic behavior of bitumen at elevated temperature and longer loading times, whereas smaller aromatic structures inform more of the elastic behavior of bitumen at low temperature and short loading times. Hence the study concluded that the higher aromatic content in SBS/nanosilica modified bitumen can be beneficial to improving rutting resistance of bitumen.



	
FM and SEM tests results led to the conclusion that nanosilica particles improved dispersion in the asphalt matrix. The improved dispersion is attributed to the surface modification of nanosilica with PDMS silicone oil, which is highly hydrophobic and makes nanosilica more compatible with asphalt. This is beneficial for adsorbing light oil in asphalt or bonding with some components in the asphalt. Hence, the original structural form of the asphalt was changed, and the temperature sensitivity of the asphalt after the modification was lowered, which improves the rutting resistance of asphalt binders. Further, a new polymer-nanosilica network structure was formed that binds white nanosilica particles and asphalt together. The improved dispersion is beneficial to modulus improvement. Another school of thought is that the increased aromatic content in bitumen found in the H-NMR test, would result into an improved interaction between bitumen and polymers, hence good dispersion.



	
By comparing the complex modulus of the asphalt sample from the bottom and top portions of the hot storage tube, the addition of the nanosilica to PMB decreased the gap between top and bottom, thereby improving the storage stability. This was due to surface PDMS groups’ entanglements with the nanosilica and SBS chains, which created a physical network, thus slowing the movements around nanosilica particles that prevent phase separation. Further, the bond energy in PDMS surface treated nanosilica is higher than C=C bonds due to the existence of Si–O–Si bonds which can withstand thermal degradation at high temperatures. However, it should be mentioned that the storage stability was better when a low amount of 1.5% SNS was used and that increasing the amount of SNS resulted in less stability.



	
The addition of nanosilica powder to PMB binder’s increases resistance to permanent deformation by decreasing the permanent strain also known as non-recoverable creep compliance—Jnr (i.e., the residual strain in a specimen after creep and recoverable cycle divided by the applied stress). This is mainly due to increased binder stiffness and reduced temperature susceptibility of bitumen. Further, the higher aromatic content SBS/nanosilica modified bitumen has improved elastic properties during high temperature and longer loading times hence is beneficial to rutting resistance.



	
The viscosity of bitumen increased due to the addition of nanosilica. The resistance to the permanent deformation of bitumen may be partly due to increased viscosity, which results in a higher stiffness at elevated temperatures. However, the viscosity of all binders in this study met Superpave specification limits of less than 3.0Pa.s.



	
On the other hand, nanosilica was not beneficial to fatigue cracking improvement in PMB binders. Results revealed that the addition of nanosilica increases damage intensity and decreases fatigue life. This is attributed to the stiffening effect of nanosilica on PMB binders that reduces its flexibility at intermediate temperature.








The findings from this research highlight the significance of bitumen modification with nanosilica powder to improve storage stability and physicochemical properties. Further, the study has noted the importance of surface modification for nanosilica to improve dispersion in bitumen. In this regard, PDMS silicone oil surface-treated nanosilica was utilized. The chains in PDMS surface-treated nanosilica physically entangled with chains from SBS modifier to create a physical polymer–nanosilica network. Because of this physical entanglements, SBS chains were immobilized, which leads to slower movements around nanosilica, thereby reducing phase separation.



Besides, the good results obtained, the study had one limitation. Low temperature cracking performance was not undertaken. However, it is worth noting that PDMS silicone oil chemical treatment on the surface of nanosilica guarantees the hydrophobia of the product, which can improve, among others, the water-resistance of moisture sensitive formulations. In this regard, future research can consider moisture susceptibility of bitumen modified with silicone surface treated nanosilica.
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Figure 1. Nanosilica powder utilized herein. 
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Figure 2. Experimental flow chart. 
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Figure 3. FTIR spectra of Nanosilica/polymer—modified asphalt; major functional group (a), enlarged functional group region (FGR) (b) and enlarged fingerprinting region (FPR) (c). 
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Figure 4. 1H NMR spectra of Nanosilica/Polymer—modified asphalt. Control binder (a); 1.5% SNS (b); 3% SNS (c); and 5% SNS (d). 
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Figure 5. Fluorescence microscopy images of Nanosilica/SBS modified binders. (a) SBS without nanosilica; (b) SBS + 1.5% nanosilica; (c) SBS + 3% nanosilica; (d) SBS + 5% nanosilica. 
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Figure 6. SEM image of Nanosilica powder at 3000× magnification. 
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Figure 7. SEM images of Nanosilica/PMB modified binders. (a) SBS—Control at 300× magnification; (b) SBS + 1.5% nanosilica at 300× magnification; (c) SBS + 3% nanosilica at 500× magnification; (d) SBS + 5% nanosilica at 500× magnification. 
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Figure 8. LAS test (a) damage characteristic curves (b) fatigue life (Nf) of PMB/Nanosilica modified asphalt binders. 
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Figure 9. MSCR (a) creep compliance—Jnr (b) Difference—Jnr. 
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Figure 10. Rotary viscosity of PMB and Nanosilica modified asphalt. 
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Figure 11. Master curves for top and bottom samples (a) PMB-Control; (b) PMB+1.5%SNS; (c) PMB+3%SNS; (d) PMB+5%SNS. 
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Figure 12. Segregation index of Nanosilica/PMB binder. 
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Table 1. Fundamental physical properties of Polymer—modified bitumen.
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	Test Items
	Values
	Criteria





	Softening point (Ring and Ball) °C
	68
	≥50



	Ductility (5 °C, 5 cm/min) cm
	26
	≥20



	Needle Penetration (0.1 mm) at 25 °C
	55
	40–60



	Density g/cm
	1.03
	−



	Dynamic Viscosity (Pa∙s) at 135 °C
	1.79
	≤3



	Flash point °C
	290
	≥230



	Solubility%
	99.6
	≥99



	Softening point (163 °C, 48 h) °C
	1.75
	≤2.5



	Elastic recovery (25 °C)%
	83
	≥75



	Mass loss%
	0.5
	≤1.0



	Penetration ratio%
	71
	≥65



	Ductility (5%, 5 cm/min) cm
	16
	≥15







Note: Data in Table 1 was obtained from the manufacturer.
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Table 2. The basic properties of Nanosilica.
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	Type
	SiO2 (%)
	Carbon (%)
	Particle Size (nm)
	Density g/cm3
	Specific Surface Area (m2/g)





	AEROSIL R202 fumed silica
	≥99.8
	3.5–5
	14
	0.04
	80–120







Note: Data in Table 2 was obtained from the manufacturer.
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Table 3. FT-IR spectral data of Nanosilica/polymer—modified asphalt [37,40].
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	Wavenumber cm−1
	Functional Group
	Wavenumber cm−1 from Literature
	Species





	2920, 2850
	-CH2 & -CH3 Stretching (Alkanes)
	2920, 2850
	Aliphatic



	1600
	-C=C stretching (Aromatics)
	1600
	–



	1464, 1378
	-CH3 Asymmetric deformation (Alkanes)
	1464, 1378
	Aliphatic



	1100
	-Si–O–Si Asymmetric stretching
	1050–1150
	–



	966
	-C=C bending (SBS)
	965–970
	Butadiene block (SBS)



	749
	-C–H trans disubstituted –CH = CH (butadiene block)
	900–600
	–



	805
	-Si–O Symmetric bending (silanol)
	796–805
	–



	724
	-(CH2) n
	724–722
	Aliphatic chain



	700
	-C–H bending in styrene (SBS)
	700
	Polystyrene block (SBS)



	467
	-Si–O bond rocking
	438–475
	–
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Table 4. 1H-NMR Chemical shifts (ppm) and corresponding hydrogen types [41,42].
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	Parameter
	Chemical Shift   δ   (ppm)
	Hydrogen Type





	    H  a r     
	6.0–9.0
	Aromatic hydrogen



	    H  o l     
	4.0–6.0
	Olefinic hydrogen



	    H α    
	2.0–4.0
	Aliphatic Hydrogen on    C α    to aromatic rings



	    H β    
	1.0–2.0
	Aliphatic Hydrogen on    C β    and the   C  H 2    beyond the    C β    to aromatic rings



	    H γ    
	0.5–1.0
	Aliphatic Hydrogen on    C γ    and the   C  H 3    beyond the    C γ    to aromatic rings
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Table 5. Fractional proton distribution of SBS/Nanosilica-modified asphalt obtained from H-NMR spectra.
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Bitumen

	
Hydrogen Distribution ±0.05




	
     H  a r      

	
     H  o l      

	
     H β     

	
     H γ     






	
SBS—Control

	
8.89

	
10.24

	
76.92

	
3.93




	
SBS + 1.5% SNS

	
8.13

	
8.57

	
72.26

	
11.02




	
SBS + 3.0% SNS

	
11.84

	
7.92

	
67.11

	
13.46




	
SBS + 5.0% SNS

	
12.82

	
9.74

	
61.49

	
15.93
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Table 6. Fatigue curves fitting parameters in LAS test.
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Binder

	
Fatigue Curves Coefficient

	
Summed Error




	
A

	
B






	
Control

	
9.077 × 105

	
−3.021

	
0.007




	
1.5% SNS

	
7.062 × 105

	
−3.104

	
0.009




	
3% SNS

	
7.362 × 105

	
−3.118

	
0.009




	
5% SNS

	
7.360 × 105

	
−3.131

	
0.003
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Table 7. Traffic level definition and MSCR parameters [20].






Table 7. Traffic level definition and MSCR parameters [20].





	Grade
	Max. Jnr 3.2 (k/Pa)
	Max. Jnr Diff (%)
	Traffic Level





	S
	<4
	75
	Standard



	H
	<2
	75
	Heavy



	V
	<1
	75
	Very heavy



	E
	<0.5
	75
	Extremely heavy
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