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Abstract :  This study investigated the linear viscoelastic (LVE) behavior of nano-modified bitumen-filler mastics incorporating 

different mineral fillers and nano-additives. Bitumen-filler mastics were prepared using three commonly used mineral fillers—

Granite Filler (GF), Limestone Filler (LSF), and Marble Powder Filler (MPF)—at varying filler-to-binder (F/B) ratios of 0.6, 0.8, 

and 1.2. To enhance the performance of these mastics, three nano-modifiers—nanoclay (NC), nano-silica (NS), and nano-titanium 

dioxide (NT)—were incorporated at a fixed dosage of 3% by binder weight. One viscosity grade (VG) bitumen binder i.e., VG40, 

was used. The rheological properties of the mastics were evaluated using a Dynamic Shear Rheometer (DSR) following EN 14770 

standards. Amplitude sweep tests were performed to determine the LVE limits, followed by temperature-frequency sweeps across 

a temperature range of 15 °C to 70 °C and frequency range of 0.1–100 rad/s. The complex shear modulus (G*) and phase angle (δ) 

were obtained to characterize the viscoelastic performance. The LVE regime was compared against SHRP-defined limits for shear 

strain (γLVE) and shear stress (τLVE). The results indicated a consistent exponential decay in LVE strain with increasing G*, across 

all filler types, nano-modifiers, and F/B ratios. Among the nano-additives, nanoclay-modified mastics exhibited the most significant 

improvement in maintaining a broader LVE range, followed by nano-titanium and nano-silica. NT-modified mastics showed 

superior correlation with SHRP models in LSF and GF systems, whereas NC performed best in MPF systems. A generalized 

exponential relationship between G* and LVE strain was developed for all combinations, enabling to predict LVE-region and 

understand the viscoelastic behavior across a wide spectrum of bitumen-filler mastics. This study demonstrated the effectiveness 

of nano-modifiers in enhancing the stiffness and LVE performance of bituminous mastics for pavement applications. 

 

IndexTerms - Nano modifiers, marble powder filler, bitumen-filler mastic, linear viscoelastic, dynamic shear rheometer. 

 

I. INTRODUCTION. 

 

The durability and structural performance of flexible pavements largely depend on the characteristics of Hot Mix Asphalt (HMA), 

with the bitumen-filler mastic playing a central role. This mastic, formed by combining bitumen with mineral fillers and fine 

aggregates, significantly influences the mixture’s resistance to deformation, fatigue, and thermal stress. Critical factors affecting 

mastic behavior include the filler-to-binder ratio, the type and nature of the filler, and the bitumen’s inherent properties. Recent 

material innovations, particularly in nanotechnology, have opened new avenues for improving mastic performance. Nano-additives 

like nano-silica, nano-clay, and nano-alumina enhance stiffness, reduce thermal susceptibility, and strengthen rutting and cracking 

resistance when evenly dispersed. At the same time, there is increasing interest in environmentally friendly alternatives to traditional 

fillers. Waste marble powder, a by-product of the marble industry, presents itself as a viable option due to its fine particle size and 

abundant supply. However, limited research exists on the combined effects of nano-modifiers and marble powder in asphalt mastic 

formulations. 

 

This study focuses on evaluating how marble powder and selected nano-materials influence the rheological and mechanical response 

of asphalt mastics. It aligns with the broader move toward performance-based material assessments that rely on intrinsic properties 

rather than empirical methods. Testing tools like the Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR) are 

employed to assess parameters such as complex modulus, fatigue behavior, and thermal cracking resistance under varied conditions. 

In addition to aiming for technical advancements, the research supports sustainability by promoting the use of industrial waste as 

filler material, thereby reducing dependence on natural resources and minimizing environmental impact. Ultimately, this work seeks 

to deliver practical insights for engineers and decision-makers aiming to design long-lasting, eco-friendly pavements using 

optimized mastic formulations. 

 

Mansoori and Modarres (2020) examined the effects of a newly formulated chemical warm mix additive, PAWMA, on the 

rheological and microstructural properties of bituminous mastics. Compared to Sasobit and Zycotherm, PAWMA showed promise 

in reducing mixing temperatures without degrading mechanical performance. AFM analysis indicated that PAWMA and Zycotherm 

preserved mastic morphology, while Sasobit caused noticeable changes in microstructure and surface roughness. The study used a 

base binder of 60/70 penetration grade and limestone filler at 60% by bitumen weight. 
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Xing et al. (2020) also explored how fiber morphology affects asphalt mastic performance. Four fibers were studied—lignin and 

sepiolite (flocculent), and basalt and aramid (bundle-type). Flocculent fibers mainly enhanced structural stability, while bundle 

fibers improved toughness and flexibility. Regardless of type, all fibers improved rutting resistance, suggesting their utility in 

enhancing pavement durability. 

 

Motevalizadeh and Mollenhauer (2024) assessed how filler mineralogy and asphalt technologies influence ageing in bituminous 

mastics. Limestone, basalt, and diabase fillers were tested with various binder types. Ageing effects were evaluated through shear 

rheology and FTIR spectroscopy, with carbonyl and sulfoxide indices quantifying oxidation. GSCS and Hashin models estimated 

immobilized binder volumes. Data were analyzed using PLSR and HCA, which grouped mastics into four clusters based on 

combined chemical and mechanical properties. Limestone fillers, especially with foamed bitumen, offered the best ageing 

resistance. 

 

Shabani et al. (2024) developed the ARCTIC test to evaluate low-temperature cracking in bitumen and mastics using a restrained 

cooling approach. This method provides a simpler alternative to complex lab tests. Two bitumen types and their mastics were tested, 

and the results showed high repeatability. Finite element modeling supported the physical tests, helping to calculate thermal stress 

and fracture parameters. The ARCTIC test was shown to effectively assess low-temperature performance, making it suitable for 

routine material evaluation. 

 

 

II . MATERIALS AND METHODOLOGY. 

Preparation of bitumen-filler mastics. 

In this study, an extensive laboratory program was carried out to develop bitumen-filler mastics incorporating both mineral fillers 

and nano-scale additives. The primary goal was to assess how different filler types and nanomaterials affect the linear viscoelastic 

(LVE) behavior of these mastics when combined with various asphalt binders. Three mineral fillers—Granite Filler (GF), Limestone 

Filler (LSF), and Marble Powder Filler (MPF)—were selected for their distinctive physical and chemical properties, which are 

known to influence binder interaction. These fillers are widely utilized in pavement construction due to their accessibility, economic 

feasibility, and diverse mineralogical compositions, allowing for a controlled comparative study of their effects on mastic behavior 

under uniform conditions. 

 

To improve the functional performance of the mastics, three nano-modifiers were used: nano-silica (NS), nano-titanium dioxide 

(NT), and nanoclay (NC), each added at 3% by binder weight. These nanomaterials were chosen based on their ability to enhance 

asphalt mixtures—nano-silica offers improved stiffness and thermal stability through its high surface area and bonding potential; 

nano-titanium provides UV resistance and enhances durability; and nanoclay contributes to aging resistance and barrier properties 

due to its layered microstructure. 

 

The study utilized one type of unmodified asphalt binders—VG-30—which is standard in road construction and provide baseline 

rheological characteristics. For mastic preparation, the mineral fillers were first oven-dried and weighed based on target filler-to-

binder (F/B) ratios. They were then preheated at 180 °C for one hour to remove moisture and ensure thermal uniformity. 

Simultaneously, the binders were heated to 180 °C for 10 minutes to achieve a workable consistency while minimizing thermal 

degradation. Nano-additives were either mixed into the binder via high-shear blending or introduced alongside the fillers, depending 

on their dispersion characteristics. 

 

Rheological characteristics of nano-material based bitumen mastics. 

 

Rheological characterization in this study was conducted using a Dynamic Shear Rheometer (DSR) developed by AntonPaar. 

Depending on the testing temperature, two plate configurations were employed: a 25 mm diameter parallel plate setup was used for 

temperatures above 30 °C, while an 8 mm plate was utilized for tests conducted at or below this threshold. The evaluation of both 

asphalt binders and bitumen-filler mastics adhered to the guidelines provided in the European standard EN 14770. 

 

EN 14770 specifies the method for evaluating the rheological behavior of bituminous binders and their modified forms through 

DSR testing. It focuses on determining the complex shear modulus (G*) and phase angle (δ), which collectively describe a material’s 

response to oscillatory shear stress, reflecting its stiffness and viscoelastic characteristics. During the test, the sample is sandwiched 

between two parallel plates—either 8 mm or 25 mm in diameter—based on the temperature requirements. A preliminary amplitude 

sweep test is performed to identify the range within which the material behaves linearly (i.e., without structural changes due to 

applied strain). The plate spacing, or gap, is adjusted to either 1 mm or 2 mm according to the plate size. Finally, the linear 

viscoelastic range is confirmed, a temperature-frequency sweep is carried out for the following experimental matrix listed in table 

1. 
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Table 1. Experimental matrix for the determination of LVE regime of nano modified bitumen-filler mastics 

Component Type Dosage 

Mineral filler 

Marble powder filler (MPF) 

Limestone filler (LSF) 

Granite filler (GF) 

A filler/binder (F/B) ratio of 

0.6, 0.8 and 1.2 

Nano-modifier 

Nano-clay 

Nano-silica 

Nano-titanium 

3% by weight of binder 

Binder type 
VG30 

VG40 

A filler/binder (F/B) ratio of 

0.6, 0.8 and 1.2 

The values of LVE regime were compared with the limits given by strategic highway research program (SHRP). The following 

equations were given by SHRP for the shear strain (ϒ) and shear-stress (τ) limits for LVE-regime. 

𝛾𝐿𝑉𝐸(%) =
12

𝐺∗0.29  𝑎𝑛𝑑 𝜏𝐿𝑉𝐸(𝑘𝑃𝑎) = 0.12 × 𝐺∗0.71
 

 

 
Figure 1. Relation between LVE strain and complex shear modulus for MPF based bitumen-filler mastics at F/B ratio of 0.6 

 

III.RESULTS AND DISCUSSION. 

 

The relationship between the linear viscoelastic (LVE) strain limit and the complex shear modulus (G*) for marble powder filler 

(MPF)-based bitumen mastics at a filler-to-binder (F/B) ratio of 0.6 is shown in figure 1. The mastics modified with nanoclay (NC-

BFM), nano titanium (NT-BFM), and nano silica (NS-BFM) were compared with the SHRP model. All mastics showed a decrease 

in LVE strain as G* increased, indicating a reduction in the linear viscoelastic range with increasing stiffness. While the SHRP 

model followed a logarithmic trend, the nano-modified mastics exhibited exponential decay. Among them, NC-BFM showed the 

highest correlation (R² = 0.9544), followed by NT-BFM (0.9196) and NS-BFM (0.8825), highlighting nanoclay's superior ability 

to enhance viscoelastic behavior. 

 

 
Figure 2. Relation between LVE strain and complex shear modulus for MPF based bitumen-filler mastics at F/B ratio of 0.8 

 

Figure 2 presents the same relationship at a higher F/B ratio of 0.8. The decreasing trend in LVE strain with increasing G* remained 

consistent across all mastics. As before, the SHRP model followed a logarithmic decay, while the nano-modified mastics followed 

exponential decay patterns. NC-BFM again demonstrated the strongest correlation with an R² value of 0.9544, reinforcing its 
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effectiveness in preserving the LVE range at higher filler content. These findings confirm that nanoclay offers the most significant 

improvement in balancing stiffness and viscoelastic performance in MPF-based mastics. 

 

 
Figure 3. Relation between LVE strain and complex shear modulus for MPF based bitumen-filler mastics at F/B ratio of 1.2 

 

Figure 3 shows the relationship between the LVE strain limit and complex shear modulus (G*) for MPF-based mastics at a filler-

to-binder ratio of 1.2. All mastics, including those modified with nanoclay (NC-BFM), nano titanium (NT-BFM), and nano silica 

(NS-BFM), exhibited a decreasing trend in LVE strain with increasing G*, indicating reduced viscoelastic range with higher 

stiffness. The SHRP model followed a logarithmic trend, while the modified mastics followed exponential decay. Among the 

nanomodified mastics, NT-BFM showed the strongest fit with an R² of 0.962, followed by NC-BFM (R² = 0.9544) and NS-BFM 

(R² = 0.8825). These results highlight nano titanium’s superior effect at higher filler content, while nanoclay and nano silica also 

contributed positively to maintaining viscoelastic behavior. 

 

 
Figure 3.4 Relation between LVE shear strain and complex shear modulus for MPF based bitumen-filler mastics with nano-clay 

Figure 4 showed the relationship between LVE shear strain and complex shear modulus (G*) for MPF-based bitumen-filler mastics 

incorporating nanoclay (NC-BFM), covering a range of filler-to-binder (F/B) ratios from 0.6 to 1.2. The experimental data exhibited 

a decreasing trend in LVE strain with increasing G*, indicating that higher stiffness limited the strain range over which the material 

maintained linear viscoelastic behavior. The fitted curve closely followed the experimental points, reflecting a good correlation.  
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Figure 3.5 Relation between LVE shear strain and complex shear modulus for bitumen-filler mastics with nano-titanium 

 

Figure 5 shows the relationship between LVE shear strain and complex shear modulus (G*) for MPF-based mastics modified with 

nano-titanium (NT-BFM) across a filler-to-binder (F/B) ratio range of 0.6 to 1.2. A clear decline in LVE strain was observed with 

increasing G*, indicating reduced viscoelastic range as stiffness increased. While the fitted exponential curve aligned with the trend, 

it exhibited a weaker correlation than nanoclay-modified mastics, suggesting nano-titanium had a limited effect on improving LVE 

behavior. 

 

Figure 6 presents similar data for nano-silica-modified mastics (NS-BFM) over the same F/B range. The results again showed a 

decreasing LVE strain with rising G*, reflecting reduced linear viscoelasticity at higher stiffness levels. The fitted curve showed 

moderate accuracy, with a better R² value than NT-BFM but lower than NC-BFM. These findings indicate that while nano-silica 

moderately enhances viscoelastic behavior, its impact is less significant than nanoclay but slightly better than nano-titanium. 

 

 
Figure 3.6 Relation between LVE shear strain and complex shear modulus for MPF based bitumen-filler mastics with nano-silica 
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Figure 3.7 Relation between LVE shear strain and complex shear modulus for MPF based bitumen-filler mastics with nano-

modifiers. 

 

Figure 7 displays the combined relationship between LVE shear strain and complex shear modulus (G*) for MPF-based mastics 

modified with nanoclay, nano-titanium, and nano-silica across F/B ratios of 0.6, 0.8, and 1.2. A consistent decline in LVE strain 

with increasing G* was observed, reflecting reduced viscoelastic range with greater stiffness. The data followed an exponential 

decay trend with moderate correlation, capturing the overall influence of both nano-modifiers and filler content. Despite variations 

among the additives, the general pattern remained consistent across all conditions. 

 

 
 

Figure 3.8 Relation between LVE strain and complex shear modulus for LSF based bitumen-filler mastics at F/B ratio of 0.6 

1000 10000 100000
0.1

1

10
 Experimental (MPF based BFM)

 Fitted curve   (MPF based BFM)

g L
V

E
 (

%
)

G* (Pa)

Equation y=a.e\+(bx)
a 1.39944 ± 0.05128
b -1.29798E-5 ± 1.44436
Reduced Chi-Sq 0.08012
R-Square (COD 0.58108
Adj. R-Square 0.57632

https://ijnrd.org/
http://www.ijnrd.org/


INTERNATIONAL JOURNAL OF NOVEL RESEARCH AND DEVELOPMENT (IJNRD) 
© 2026 IJNRD | Volume 11, Issue 3, March 2026 | ISSN: 2456-4184 | IJNRD.ORG 

 

IJNRD2603078 IJNRD - International Journal of Novel Research and Development (www.ijnrd.org)  

 

a659 

 
 

Figure 3.9 Relation between LVE strain and complex shear modulus for LSF based bitumen-filler mastics at F/B ratio of 0.8 

 

Figure 8 illustrates the relationship between LVE strain and complex shear modulus (G*) for LSF-based mastics at an F/B ratio of 

0.6. All nano-modified mastics—NC-BFM, NT-BFM, and NS-BFM—showed an exponential decline in LVE strain with rising G*, 

while the SHRP model followed a logarithmic trend. NT-BFM exhibited the strongest correlation (R² = 0.962), indicating that nano 

titanium was most effective in maintaining the LVE range at lower filler content. 

 

Figure 9 presents similar results at an F/B ratio of 0.8. A decreasing trend in LVE strain with increasing G* persisted across all 

mastics. Again, NT-BFM showed the highest correlation (R² = 0.962), followed by NC-BFM and NS-BFM, while the SHRP model 

had the weakest fit. These findings suggest that nano titanium consistently improves strain tolerance and better preserves the 

viscoelastic range under moderate filler conditions. 

 

 
 

Figure 10. Relation between LVE strain and complex shear modulus for LSF based bitumen-filler mastics at F/B ratio of 1.2. 

 

Figure 10 presents the relationship between LVE strain and complex shear modulus (G*) for LSF-based mastics at an F/B ratio of 

1.2, comparing SHRP’s logarithmic trend with exponential fits for nanoclay, nano titanium, and nano silica. All modified systems 

showed a decline in LVE strain with increasing stiffness. Among them, NT-BFM displayed the strongest correlation (R² = 0.962), 

indicating its superior ability to sustain viscoelastic behavior even at higher filler content, followed by NC-BFM (R² = 0.9544) and 

NS-BFM (R² = 0.8825). The SHRP model showed a weaker fit by comparison. 
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Figure 11 illustrates the effect of nanoclay across all F/B ratios (0.6 to 1.2) in LSF-based mastics. The data confirmed a decreasing 

LVE strain with rising G*, consistent with stiffness-induced limitations on viscoelastic performance. The exponential curve fit had 

an R² value of 0.7552, suggesting moderate accuracy. These results indicate that nanoclay supports strain tolerance across varying 

filler levels, although its effectiveness is less pronounced than nano titanium. 

 

 
Figure 11 Relation between LVE shear strain and complex shear modulus for LSF based bitumen-filler mastics with nano-clay. 

 

 
Figure 3.12 Relation between LVE shear strain and complex shear modulus for LSF based bitumen-filler mastics with nano-

titanium. 

 

Figure 12 displays the relationship between LVE shear strain and complex shear modulus (G*) for LSF-based mastics modified 

with nano-titanium (NT-BFM) across F/B ratios from 0.6 to 1.2. The data showed a clear decline in LVE strain with increasing 

stiffness, indicating a reduced viscoelastic range. The exponential fit aligned closely with the data, supported by a strong R² value 

of 0.9580 and adjusted R² of 0.9563, confirming that nano-titanium provides consistent and reliable enhancement in LVE behavior 

across varying filler contents. 

 

Figure 13 presents similar findings for mastics modified with nano-silica (NS-BFM) across the same F/B range. A clear inverse 

relationship was observed, where higher G* corresponded to lower LVE strain. The exponential curve showed excellent agreement 
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with the data, also yielding an R² of 0.9580 and adjusted R² of 0.9563. These results indicate that nano-silica significantly improves 

viscoelastic response, maintaining strain tolerance effectively over a range of filler levels. 

 
Figure 3.13 Relation between LVE shear strain and complex shear modulus for LSF based bitumen-filler mastics with nano-

silica. 

 

Figure 14 shows the relationship between LVE shear strain and complex shear modulus (G*) for LSF-based mastics incorporating 

nanoclay, nano titanium, and nano silica across F/B ratios from 0.6 to 1.2. A consistent decrease in LVE strain with increasing G* 

was observed, indicating reduced viscoelastic flexibility as stiffness grew. The exponential fit closely matched the experimental 

data, supported by a strong R² value of 0.9413 and adjusted R² of 0.9406, highlighting the reliable and predictable impact of nano-

modification on viscoelastic behavior across all conditions. 

 

 
Figure 3.14 Relation between LVE shear strain and complex shear modulus for LSF based bitumen-filler mastics with nano-

modifiers. 

 

Figure 15 illustrates similar trends for GF-based mastics at an F/B ratio of 0.6. The SHRP model followed a logarithmic pattern, 

while nano-modified systems—NT-BFM, NC-BFM, and NS-BFM—exhibited exponential decay in LVE strain with increasing 

stiffness. Among them, NT-BFM showed the best fit (R² = 0.962), followed by NC-BFM (R² = 0.9544) and NS-BFM (R² = 0.8825). 

These results indicate that at low filler levels, nano titanium most effectively preserved the linear viscoelastic range in GF-based 

mastics. 
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Figure 3.15 Relation between LVE strain and complex shear modulus for GF based bitumen-filler mastics at F/B ratio of 0.6 

 
 

Figure 3.16 Relation between LVE strain and complex shear modulus for GF based bitumen-filler mastics at F/B ratio of 0.8 

 

Figure 16 displays the relationship between LVE strain and complex shear modulus (G*) for GF-based mastics at an F/B ratio of 

0.8. All nano-modified systems—NC-BFM, NT-BFM, and NS-BFM—followed an exponential decline in LVE strain with 

increasing G*, while the SHRP model followed a logarithmic trend. NT-BFM showed the strongest fit (R² = 0.962), followed by 

NC-BFM (0.9544), while NS-BFM and SHRP had lower correlations (R² = 0.8825). These findings suggest that nano titanium was 

most effective in preserving viscoelastic range at this intermediate filler level. 

 

 
 

Figure 3.17 Relation between LVE strain and complex shear modulus for GF based bitumen-filler mastics at F/B ratio of 1.2 
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Figure 17 shows a similar relationship at an F/B ratio of 1.2. Again, all mastics exhibited decreasing LVE strain with increasing 

stiffness. NT-BFM maintained the highest correlation (R² = 0.962), indicating its consistent performance across higher filler content. 

NC-BFM followed with a slightly lower R² of 0.9544, while NS-BFM and SHRP remained less predictive. This confirms nano 

titanium's superior influence in maintaining LVE behavior even at elevated stiffness levels in GF-based mastics. 

 

 
 

Figure 18. Relation between LVE shear strain and complex shear modulus for GF based bitumen-filler mastics with nano-clay. 

 

Figure 18 presents the relationship between LVE shear strain and complex shear modulus (G*) for GF-based mastics modified with 

nanoclay (NC-BFM) across all F/B ratios (0.6, 0.8, and 1.2). The experimental data showed a decreasing LVE strain with increasing 

G*, indicating reduced viscoelastic flexibility as stiffness increased. The exponential trend fit moderately well, with an R² value of 

0.80, suggesting that while nanoclay improved LVE performance, its predictive strength was limited compared to other nano-

modifiers. 

 

In contrast, Figure 19 illustrates the same relationship for GF-based mastics modified with nano-titanium (NT-BFM). The data 

exhibited a consistent inverse trend between LVE strain and G*, with the exponential fit showing stronger agreement (R² = 0.887). 

These results confirmed that nano-titanium offered better enhancement of LVE properties than nanoclay, providing improved 

consistency and strain tolerance across varying filler levels and stiffness conditions. 

 
Figure 19. Relation between LVE shear strain and complex shear modulus for GF based bitumen-filler mastics with nano-

titanium. 
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Figure 20. Relation between LVE shear strain and complex shear modulus for GF based bitumen-filler mastics with nano-silica. 

 

Figure 20 presents the relationship between LVE shear strain and complex shear modulus (G*) for GF-based mastics modified with 

nano-silica (NS-BFM), covering all F/B ratios from 0.6 to 1.2. A consistent decline in LVE strain with increasing G* was observed, 

indicating reduced viscoelastic tolerance at higher stiffness. The exponential fit curve followed the trend well, with an R² of 0.834 

and adjusted R² of 0.807, suggesting that nano-silica enhanced viscoelastic behavior, although its predictive accuracy was slightly 

lower than that of nano-titanium. 

 

 
Figure 21 Relation between LVE shear strain and complex shear modulus for GF based bitumen-filler mastics with nano-

modifiers. 

 

Figure 21 illustrates the combined performance of GF-based mastics modified with nanoclay, nano-titanium, and nano-silica across 

the entire F/B range. The data followed a unified exponential decline in LVE strain with increasing G*, highlighting the consistent 

stiffening effect. The overall exponential fit achieved a strong R² of 0.871 and adjusted R² of 0.863, confirming that nano-modifiers 

collectively contributed to improved linear viscoelastic response and predictable behavior under varying stiffness and filler levels. 
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Figure 22. A generalized relation between LVE shear strain and complex shear modulus for bitumen-filler mastics with nano-

modifiers. 

 

In overall, figure 22 illustrates a generalized relationship between LVE shear strain and complex shear modulus (G*) for nano-

modified bitumen-filler mastics, combining all three nanoparticle types—nanoclay, nano titanium, and nano silica—with all mineral 

fillers (MPF, LSF, and GF) across F/B ratios from 0.6 to 1.2. The data exhibited a clear inverse trend, where LVE strain decreased 

with increasing G*, highlighting the typical reduction in viscoelastic range as stiffness rose. The exponential fit captured the overall 

pattern moderately well, with an R² of 0.734 and an adjusted R² of 0.733. While not highly precise, this curve offers a practical and 

unified model for predicting viscoelastic behavior across diverse nano-modified mastic compositions, making it a useful tool for 

performance evaluation in binder design and material selection. 

 

IV. CONCLUSIONS 

 This study comprehensively examined the linear viscoelastic (LVE) behavior of nano-modified bitumen-filler mastics 

using three types of mineral fillers (MPF, LSF, and GF) and three nano-additives (nanoclay, nano-titanium, and nano-silica) at 

varying filler-to-binder (F/B) ratios. The findings consistently demonstrated an inverse exponential relationship between LVE shear 

strain and complex shear modulus (G*), indicating reduced viscoelastic range with increasing stiffness. Among the modifiers, 

nanoclay showed the most significant improvement in LVE performance across MPF systems, while nano-titanium was most 

effective in LSF and GF systems. The generalized exponential model developed from the data offers a predictive tool for evaluating 

the viscoelastic behavior of a broad range of nano-modified mastics, supporting optimized material design in asphalt binder 

applications. The following conclusions were drawn: 

 Across all mastics, LVE shear strain decreased exponentially with increasing complex shear modulus, confirming 

that increased stiffness limits the viscoelastic strain range. 

 Nanoclay Performance: Nanoclay-modified mastics (NC-BFM) consistently delivered the highest enhancement in 

LVE behavior, particularly in MPF systems, maintaining a broader viscoelastic range. 

 Nano-Titanium Effectiveness: Nano-titanium (NT-BFM) showed superior performance in LSF and GF systems, 

with consistently high R² values (~0.962), indicating strong reliability in preserving LVE behavior under varying 

stiffness and filler contents. 

 Generalized Predictive Model: An exponential model with moderate correlation (R² = 0.734) was developed to 

describe the LVE-G* relationship across all nano-modified mastics, offering a useful tool for predicting viscoelastic 

behavior in bituminous mixtures. 

 Material Design Implication: The study highlights the significant role of both filler type and nano-modifier in 

tailoring the viscoelastic properties of bitumen mastics, enabling more informed design for durable and high-

performance pavement materials. 
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