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Owing to climate conditions, heavy traffic loads, and increasing axial loads, 

conventional bitumen/asphalt should be modified. Bituminous materials are 

also vulnerable to aging during pavement construction and service time, 

which will seriously affect bitumen pavement's service performance/life. 

To this end, bitumen was modified using styrene-butadiene-styrene (SBS), 

ZnO, TiO2 and ethylene vinyl acetate (EVA). The applied methodology was 

Mixture Design The contents of SBS, ZnO, TiO2 and EVA were considered 

independent variables. Response variables followed as: G*/sin OB, G*/sin 

RTFO, G*/sin PAV, RV, penetration (PEN), softening, ductility, m-value 

and stiffness. Results of experiments of penetration degree, softening point, 

and ductility performed on basic bitumen without any additives were 89, 49 

°C, and 137, respectively. Effects of independent variables were 

investigated on response variables using mathematic models and optimized 

compositions. SBS, ZnO, TiO2, and EVA precursors positively affected the 

PEN parameter. Manipulated samples possessed a penetration range of 48–

62 (1/10 mm). Maximum softening was reached at the highest EVA, and 

the minimum softening was detected at the largest ZnO and TiO2. Softening 

point ranged in 59–71 °C. SBS, ZnO, TiO2, and EVA components positively 

increased ductility, and the largest positive effect belonged to SBS. SBS 

and EVA positively affected G*/sin OB response, whereas ZnO and TiO2 

variables negatively decreased it. Dynamic shear rheometric (DSR) data for 

aged bitumens within short-term periods decreased from 52 to 76 °C for all 

investigated samples. All mentioned modifications were performed to 

optimize the performance of ultimate bitumen from perspectives of 

softening, ductility, strength, m-value, stiffness, etc. 

 

Introduction 

Bituminous materials are vulnerable to aging during the construction and service time of 

pavement, which will seriously affect the service performance/life of bitumen pavement [1, 2]. 

According to different stages during the construction and application of asphalt pavement, the 

aging is divided into short-term and long-term aging. Short-term aging occurs in the mixing, 

transportation, paving and compaction of bituminous mixture [3]. The short-term aging is 

usually simulated by TFOT or rolling thin film oven test (RTFOT). In addition, long-term aging 

happens during the service time of pavement. Based on different causes of bitumen aging, long-
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term aging is further categorized into long-term thermal oxidation aging and long-term photo-

oxidation aging [4–6]. The PAV is also used to simulate long-term thermal oxidation aging, 

while UV radiation is used to simulate long-termphoto-oxidation aging. In order to enhance the 

aging resistance of bitumen, many studies have been conducted. Generally, adding anti-aging 

modifiers to bitumen for enhancing the aging resistance is the main method. The anti-aging 

modifiers mainly include antioxidant [7–9], UV absorber [9–12], layered silicates [12–15], and 

inorganic nanoparticles [16–20]. Recently, the effects of nano-zinc oxide and organically 

expanded vermiculite were investigated on the rheological characteristics of different bitumens 

before and after aging [21]. 

Recent decades, bitumen's properties have been modified with various additive materials 

[22]. By large, the polymeric additives have been utilized in the bitumen modification. The 

styrene-butadiene-styrene (SBS) block copolymers are widely used to elevate the resistance of 

mixtures against to rutting and fatigue at high temperatures [23–26]. However, the increased 

content of SBS caused worsening of the low service temperature [27]. A created rubbery 

network improves the elastic response and enhances the low temperature cracking resistance in 

case the SBS-rich phase forms [28]. Many researchers have focused on the improvement of 

service life of asphalt pavement against vehicles dynamic loads by using of nanomaterials such 

as TiO2, SiO2, nanoclay [29–34]. Shafabakhsh et al. [35] evaluated the influence of nano-TiO2 

on the engineering properties of bitumen and asphalt concrete mixtures. Micromechanical 

modeling of shear modulus of crumb rubber modified bitumen was performed by Wang et al. 

[36]. Daryaee et al. [37] applied the waste polymer modified bitumen with rejuvenator in high 

reclaimed asphalt pavement mixtures. The effect of different fillers was also investigated on 

the SBS modified bitumen aging [38]. In another research, the physical, chemical and 

morphology characterization of nanoceramic powder was probed as a bitumen modification 

[39]. 

Mixture design A, type D-Optimal was utilized in this research and the values of SBS, ZnO, 

TiO2, and EVA were considered as the independent variables. The dependent or response 

variables followed as G*/sin OB, G*/sin RTFO, G*/sin PAV, RV, PEN, soft, ductility, m-value, 

and stiffness. The effects of independent variables were investigated on the response variables 

using the mathematic models and the optimized compositions. All the mentioned modifications 

were carried out to optimize the performance of ultimate bitumen from the perspectives of 

softening, ductility, strength, m-value, stiffness, etc. Instead of doing some costly and time-

consuming empirical activities, the methodology introduced in the current work can easily 

optimize the bitumen features and predict its behavior. That is to say, the optimization details 

are going to be released in a parallel work, which is underway. 

Materials and Methods 

The utilized materials in the current work, including the SBS (GF00679361), ZnO (544906), 

TiO2 (637254), and ethylene vinyl acetate (EVA; 181080), were purchased from Sigma-Aldrich 

and used without any purification. The methodology of Mixture design A, type D-optimal was 

employed in the current work, and the values of SBS, ZnO, TiO2, and EVA were considered as 

the independent variables. The design matrix with a total of 19 runs was generated using 

Design-Expert 7.0.0 software. Each design was evaluated separately, based on the influence of 

each component of variables towards the response. The composition of each run was conducted 

in a randomized order, according to the D-optimal model design to minimize the effect of 

unexplained variability on the actual response, owing to the extraneous factor. Table 1 reports 

the amounts of independent variables applied in the designed experiments. In the first stage, the 

blends were produced in the laboratory using a shear mixer, according to Table 1. The neat 
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bitumen the prepared blends, were then characterized by the tests of dynamic shear rheometer 

(DSR), etc. 

Table 1. The applied amounts of independent variables in the designed experiments. 

Component Unit Name Type Low High 

A % TiO2 Mixture 0 2 

B % ZnO Mixture 0 2 

C % SBS Mixture 0 5 

D % EVA Mixture 0 5 

Results and Discussion 

Penetration Experiments 

The penetration degrees of different samples of X1, X2, X3… X20 are tabulated in Table 2. 

The results of variance analysis for the penetration (PEN) response are tabulated in Table 2. 

The results of experiments of penetration degree, softening point, and ductility performed on 

the basic bitumen without any additives were 89, 49 °C, and 137, respectively. The linear model 

was adopted to predict the influence of compositions of SBS, ZnO, TiO2, and EVA for the 

penetration. The variance analysis demonstrated that the p-value was meaningful for the 

selected model. These results with a high R-Squared coefficient (= 0.997) and a high adequacy 

precision (= 141.43) approved the accuracy of the used model. Furthermore, the variance 

analysis depicted the meaningful effects of the linear mixture of SBS, ZnO, TiO2, and EVA 

variables on the PEN responses (p-value ˂ 0.0001), and the linear model opted for the PEN 

response as follows: 

PEN= +9.33063   * TIO2 

+10.97345   * ZNO 

+7.11054   * SBS 

+6.19198   * EVA 

An investigation conducted on the linear coefficients displayed that the SBS, ZnO, TiO2, 

and EVA precursors positively affected the PEN parameter. The highest positive coefficient 

or the lowest influence on the decrement of PEN degree was associated with the ZnO, and the 

lowest positive coefficient or the highest impact on the decrease of PEN degree was 

correlated with the EVA-based systems. 

Table 2. Results of variance analysis for the PEN response 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 387.83 3 129.28 1841.6 < 0.0001 significant 

Linear Mixture 387.83 3 129.28 1841.6 < 0.0001  

Residual 1.12 16 0.07    

Lack of Fit 0.62 11 0.057 0.57 0.7993 not significant 

Pure Error 0.5 5 0.1    

Cor Total 388.95 19     

R2= 0.997  
Adeq Precision = 141.43 

Fig. 1 also exhibits the three-dimensional (3D) graph for the effect of variables designated 

with A= TiO2, B = ZnO, and D = EVA (with the constant SBS content at the level of 2.5%) for 

the PEN response. The largest PEN was detected at the maximum levels of ZnO and TiO2, 

whereas the smallest PEN was observed at the maximum level of EVA precursor. 
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Fig. 1. 3D plot for the effect of variables designated by A= TiO2, B = ZnO, and D = EVA on the PEN degree 

Softening Point Experiments 

The results recorded for the softening points of all samples (X1, X2, X3… X20) are tabulated 

in Table 3. Table 3 also collects the data reached from the variance analysis for the softening 

response. Softening point also ranged from 59–71 °C. A linear model is selected to predict 

compositional impacts of SBS, ZnO, TiO2, and EVA on the softening point. The variance 

analysis manifested that the p-value was meaningful for the selected model. These data with 

the high R-Squared coefficient (= 0.970) and a high Adequacy Precision (= 38.60) validated 

the selected model to predict results. In addition, the variance analysis represented that the 

Linear Mixture of SBS, ZnO, TiO2, and EVA variables had a proper influence on the softening 

response (p-value ˂ 0.0001) and the mentioned linear model as follows: 

Soft =  +6.66211   * TIO2 

  +7.72335   * ZNO 

  +10.08329   * SBS 

  +10.08960   * EVA 

The linear coefficient studies reflected that SBS, ZnO, TiO2, and EVA had a positive effect 

on the softening. The highest positive coefficient were associated with the EVA, and the lowest 

was attributed to the TiO2 precursor (Table 3). 

Table 3. Results of variance analysis for the softening response 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 231.33 3 77.11 170.9 < 0.0001 significant 

Linear Mixture 231.33 3 77.11 170.9 < 0.0001  
Residual 7.22 16 0.45    
Lack of Fit 2.72 11 0.25 0.27 0.9655 not significant 

Pure Error 4.5 5 0.9    
Cor Total 238.55 19     
R2= 0.97  
Adeq Precision = 38.6 

Fig. 2 demonstrates the 3D graph for the influences of A= TiO2, B = ZnO, and D = EVA 

variables (with a constant content of SBS at the level of 2.5%) versus the softening response. It 

could be observed, the maximum softening was reached at the highest level of EVA, and the 

minimum softening was detected at the highest levels of ZnO and TiO2. 
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Fig. 2. 3D graph illustrating the effects of A= TiO2, B = ZnO, and D = EVA variables on the softening point 

Ductility Experiments on the Bitumen 

Ductility is defined as the ability of a material to deform plastically before fracturing. The 

results of ductility experiment on various samples (X1, X2, X3… X20) are tabulated in Table 4. 

Likewise, Table 4 represents the results of variance analysis for the ductility response. A 

nonlinear quadratic model was selected for predicting the impact of composites of SBS, ZnO, 

TiO2, and EVA on ductility. The variance analysis approved the validity of the selected model 

for the mentioned systems. The acquired data with possessing the high R-Squared coefficient 

(= 0.999) and the sufficient Adequacy Precision (= 227.80) validated the opted quadratic model 

for predicting the results. According to the variance analysis, the Linear Mixture effects of SBS, 

ZnO, TiO2, and EVA were positive on the ductility response. The mutual influences of AB, AC, 

AD, and CD on the ductility response were also meaningful, whereas BC and BD were 

meaningless. The non-linear quadratic model selected for the ductility response as follows: 

Ductility =   -4.07824   * TIO2 

   +5.86877   * ZNO 

   +10.94285   * SBS 

   +2.76092   * EVA 

   +4.28912   * TIO2 * ZNO 

   +1.41678   * TIO2 * SBS 

   +1.44974   * TIO2 * EVA 

   +0.34712   * ZNO * SBS 

   +0.35872   * ZNO * EVA 

   -0.69465   * SBS * EVA 

Through focusing on the coefficients, it was comprehended that the SBS, ZnO, TiO2, and 

EVA components positively increased the ductility and the largest positive effect belonged to 

the SBS constituent. In contrast, TiO2 negatively decreased the ductility. Furthermore, only the 

coefficient of mutual influence was negative for the SBS and EVA constituents. 

Table 4. Data recorded from the variance analysis for the ductility response 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value 

p-value 

Prob > F 
 

Model 4607.595 9 511.9550055 5361.065561 < 0.0001 significant 

Linear Mixture 4547.235 3 1515.745075 15872.50566 < 0.0001  

AB 35.29023 1 35.29022707 369.5504857 < 0.0001  

AC 4.346126 1 4.34612587 45.51154979 < 0.0001  
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AD 4.620556 1 4.620555529 48.38530896 < 0.0001  

BC 0.218746 1 0.218746065 2.290654415 0.1611  

BD 0.236578 1 0.236577783 2.477383737 0.1466  

CD 38.42819 1 38.42818922 402.4104454 < 0.0001  

Residual 0.95495 10 0.095495009    

Lack of Fit 0.45495 5 0.090990019 0.909900186 0.5400 not significant 

Pure Error 0.5 5 0.1    

Cor Total 4608.55 19     

R2= 0.999  
Adeq Precision = 227.80 

The 3D plot showing the influences of A= TiO2, B = ZnO, and C = SBS variables (with a 

constant content of D = EVA at 2.5%) on the ductility response is represented in Fig. 3. The 

maximum ductility was detected at the highest levels of SBS and ZnO, while the minimum 

ductility was reached at the highest level of TiO2. 

 

Fig. 3. 3D plot displaying the influences of A= TiO2, B = ZnO, and C = SBS parameters on the ductility of 

bitumen 

Viscosity Experiments (RV) 

The viscosity data for all prepared samples (X1, X2, X3… X20) are tabulated in Table 5. The 

results of variance analysis for the RV response are reported in Table 5. A linear model was 

selected to predict the compositional influence of the SBS, ZnO, TiO2 and EVA. Based on 

variance analysis, the p-value was meaningful for the opted model. The results, by owing the 

high R-Squared coefficient (= 0.965) and the proper Adequacy Precision (= 40.494), validated 

the selected model to predict results. In addition, the impacts of Linear Mixture coefficients of 

SBS, ZnO, TiO2, and EVA variables on the RV responses were meaningful (p-value ˂ 0.0001), 

and the selected linear model as follows: 

RV = -33.59335   * TIO2 

  -48.83047   * ZNO 

  +267.19168   * SBS 

  +339.69899   * EVA 

The investigation of the effects of independent variables utilizing a linear model represented 

that the SBS and EVA variables positively enhanced the RV response, in which the largest 

positive coefficient belonged to the EVA precursor. On the other hand, the ZnO and TiO2 

variables negatively decreased the RV response, in which the largest negative coefficient 

belonged to the ZnO constituent. 
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Table 5. Variance analysis for the RV response 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 3.42E+06 3 1.14E+06 146.79 < 0.0001 significant 

Linear Mixture 3.42E+06 3 1.14E+06 146.79 < 0.0001  

Residual 1.24E+05 16 7768.31    

Lack of Fit 1.07E+05 11 9687.49 2.73 0.1386 not significant 

Pure Error 17730.5 5 3546.1    

Cor Total 3.55E+06 19     

R2= 0.965  
Adeq Precision = 40.494 

Fig. 4 depicts the 3D plot for shedding light on the effects of A= TiO2, B = ZnO, and D = 

EVA variables (at a constant level of SBS at 2.5%) on the RV responses. The highest RV value 

was observed at the maximum level of EVA. On the other hand, its lowest amount was matched 

with the maximum levels of ZnO and TiO2. 

 

 

Fig. 4. 3D plot for showing the effects of A= TiO2, B = ZnO, and D = EVA variables on the viscosity 

Dynamic Shear Rheometric (DSR) Measurements 

Influence of high temperatures on the unaged bitumen (OB) 

The results of G*/sin for the unaged materials at high temperatures (X1, X2, X3… X20) are 

tabulated in Table 6. The data obtained from the variance analysis for the G*/sin OB response 

at 64 °C are also reported in Table 7. A linear model was also selected for predicting the 

compositional effects of SBS, ZnO, TiO2, and EVA on the G*/sin OB. The p-values were 

meaningful for the utilized model. The recorded data with the large R-squared coefficient (= 

0.978) and the suitable Adequacy Precision (= 50.96) validated the opted model for predicting 

the results. Moreover, the Linear Mixture effects of SBS, ZnO, TiO2, and EVA variables were 

meaningful on the G*/sin OB responses (p-value ˂ 0.0001), and the linear model in question 

was selected for the G*/sin OB response as follows: 

G*/sin OB =  -0.16333  * TIO2 

-0.51086  * ZNO 

+1.21827  * SBS 

+1.53527  * EVA 

Furthermore, the dynamic shear rheometric (DSR) data for the aged bitumens within short-

term periods decreased from 52 to 76 °C for all investigated samples. The investigation of the 

effects of independent variables by the linear model demonstrated that the SBS and EVA 
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variables positively elevated the G*/sin OB response. The highest positive coefficient belonged 

to the EVA component. In contrast, the ZnO and TiO2 variables negatively decreased the G*/sin 

OB response, in which the largest negative coefficient belonged to the ZnO constituent. 

Table 6. DSR data obtained for the OB samples. 

BITUMEN TYPE 
OB (G*/sin α) 

52 °C 58 °C 64 °C 70 °C 76 °C 

X1 11.70 5.21 2.87 1.33 0.71 

X2 18.14 9.92 4.74 2.14 0.98 

X3 44.91 21.80 11.15 5.70 2.76 

X4 11.59 5.81 3.22 1.45 0.83 

X5 11.70 5.21 2.32 1.33 0.71 

X6 23.97 11.80 5.66 3.53 1.78 

X7 16.02 8.10 6.53 2.04 0.99 

X8 18.14 9.92 4.26 2.14 0.98 

X9 23.80 14.20 7.57 3.21 1.55 

X10 22.74 11.10 6.49 3.19 1.30 

X11 20.83 10.20 5.00 2.59 1.27 

X12 11.59 5.81 3.22 1.45 0.83 

X13 21.76 10.90 6.82 2.82 1.38 

X14 23.70 11.60 7.15 3.45 1.60 

X15 24.39 12.10 6.41 4.05 2.18 

X16 13.75 6.40 5.70 2.10 0.91 

X17 22.74 11.10 6.49 3.19 1.30 

X18 28.65 14.80 6.29 3.79 1.94 

X19 20.83 10.20 5.00 2.59 1.27 

X20 42.37 20.4 8.94 4.95 2.31 

Table 7. Variance analysis results for the DSR response of OB 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value 

p-value 

Prob > F 
 

Model 83.50938 3 27.83646 237.2497 < 0.0001 significant 

Linear Mixture 83.50938 3 27.83646 237.2497 < 0.0001  

Residual 1.877277 16 0.11733    

Lack of Fit 1.610827 11 0.146439 2.747961 0.1372 not significant 

Pure Error 0.26645 5 0.05329    

Cor Total 85.38666 19     

R2= 0.978  
Adeq Precision = 50.96 

The 3D graph for depicting the influence of A= TiO2, B = ZnO, and D = EVA variables (at 

a constant level of SBS at 2.5%) on the G*/sin OB response is reported in Fig. 5. The highest 

G*/sin OB was detected at the maximum level of EVA, and the lowest G*/sin OB was reached 

at the maximum level of ZnO. 
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Fig. 5. 3D plot for the impacts of A= TiO2, B = ZnO, and D = EVA variables on the G*/sin OB response 

Results of High Temperature on the Aged Bitumens in Short Periods (RTFO) 

The G*/sin results for all samples aged at high temperatures within the short term periods 

(X1, X2, X3… X20) are tabulated in Table 8. 

Table 8. DSR data for the aged bitumens within short term periods 

BITUMEN TYPE 
RTFO (G*/sin α) 

52 °C 58 °C 64 °C 70 °C 76 °C 

X1 24.70 12.61 6.48 2.99 1.53 

X2 43.97 22.49 12.09 4.95 2.71 

X3 71.86 35.40 19.11 8.82 4.37 

X4 39.81 19.40 10.14 4.50 2.39 

X5 24.70 12.61 7.54 2.99 1.53 

X6 52.18 25.70 11.55 6.51 3.18 

X7 41.86 20.74 10.89 4.60 2.45 

X8 43.97 22.49 10.06 4.95 2.71 

X9 54.05 26.67 15.25 7.14 3.26 

X10 45.98 24.61 13.95 5.86 2.94 

X11 44.19 23.70 11.43 5.60 2.83 

X12 39.81 19.40 9.29 4.50 2.39 

X13 48.69 24.80 13.65 5.97 2.99 

X14 51.32 25.40 13.71 6.27 3.03 

X15 56.14 27.30 13.39 8.09 4.11 

X16 29.35 14.20 12.55 3.94 1.87 

X17 25.98 24.61 13.96 5.86 2.94 

X18 57.39 28.35 12.71 8.67 4.39 

X19 44.19 23.70 11.2 5.60 2.83 

X20 61.21 30.36 16.45 9.17 5.03 

 

Table 9 also reports the results of variance analysis for the G*/sin RTFO response at 64 °C. 

A linear model was similarly selected to predict compositional impacts of SBS, ZnO, TiO2, and 

EVA variables on the G*/sin RTFO. The variance analysis represented that the p-value was 

meaningful for the selected model. The large R-squared coefficient equal to 0.926 and the high 

Adequacy Precision of 27.73 validated the opted linear model for the data prediction. According 

to the variance analysis, the Linear Mixture influences of SBS, ZnO, TiO2, and EVA variables 

were meaningful on the G*/sin RTFO response (p-value ˂ 0.0001) and the linear model utilized 

for the G*/sin RTFO response as follows: 
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G*/sin RTFO = +0.27853   * TIO2 

   +0.20517   * ZNO 

   +2.14259   * SBS 

   +2.76385   * EVA 

The linear coefficients demonstrated that the SBS, ZnO, TiO2, and EVA all positively 

increased the G*/sin RTFO. The largest positive coefficient belonged to the EVA precursors, 

and the smallest coefficient was for the ZnO constituent. 

Table 9. Data obtained from the variance analysis for the DSR response of RTFO samples 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 150.8975 3 50.2991826 67.471 < 0.0001 significant 

Linear Mixture 150.8975 3 50.2991826 67.471 < 0.0001  

Residual 11.92785 16 0.74549077    

Lack of Fit 8.917852 11 0.81071385 1.3467 0.3923 not significant 

Pure Error 3.01 5 0.602    

Cor Total 162.8254 19     

R2 = 0.926  
Adeq Precision = 27.73 

 

Fig. 6 also illustrates the 3D graph for elucidating the effects of A= TiO2, B = ZnO, and D 

= EVA variables (with a constant level of SBS at 2.5%) for the G*/sin RTFO response. The highest 

G*/sin RTFO value was detected at the maximum level of EVA and conversely, the lowest 

G*/sin RTFO value was acquired at the maximum levels of ZnO and TiO2 components. 

 

 

Fig. 6. 3D plot depicting the impacts of A= TiO2, B = ZnO, and D = EVA variables on the G*/sin RTFO 

response 

Results of Moderate Temperatures on the Aged Bitumens within Long Terms (PAV) 

The data recorded for the G*/sin response from different aged bitumen at moderate 

temperatures (X1, X2, X3… X20) are tabulated in Table 10. 
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Table 10. DSR results for the PAV samples 

BITUMEN TYPE 
PAV (G*.sin α) 

22 °C 25 °C 28 °C 

X1 2927 2220 1790 

X2 3615 3590 3080 

X3 5542 5270 4850 

X4 3176 2880 2380 

X5 2927 2220 1790 

X6 4084 4170 3810 

X7 4449 3420 2900 

X8 3880 3590 3080 

X9 4890 4650 4190 

X10 4386 3920 3640 

X11 3971 3650 3210 

X12 3176 2880 2380 

X13 4442 3870 3500 

X14 4498 4090 3770 

X15 4291 4360 3950 

X16 4131 3140 2690 

X17 4386 3920 3640 

X18 4310 4790 4450 

X19 3971 3650 3210 

X20 5293 5000 4620 

The results of variance analysis for the G*/sin PAV responses at 22 °C are tabulated in Table 

11. A linear model was utilized to predict the compositional impacts of SBS, ZnO, TiO2, and 

EVA variables on the G*/sin PAV. The p-value was meaningful for the selected linear model. 

Thanks to the high R-Squared coefficient (= 0.992) and the suitable Adequacy Precision (= 

87.93) values, the opted linear model was validated to predict desired results. In addition, the 

Linear Mixture coefficients of SBS, ZnO, TiO2, and EVA variables represented a meaningful 

influence on the G*/sin PAV response (p-value ˂ 0.0001) and the selected linear model as 

follows: 

 G*/sin PAV = +206.96945   * TIO2 

+167.37541   * ZNO 

   +733.64590   * SBS 

   +816.28285   * EVA 

The linear coefficients approved that the SBS, ZnO, TiO2, and EVA precursors positively 

affected the G*/sin PAV. The largest positive and the smallest positive coefficients belonged to 

the EVA and ZnO constituents, respectively. 

Table 11. Data of variance analysis for the DSR response of PAV samples 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value 

p-value 

Prob > F 
 

Model 9.47E+06 3 3.16E+06 722.66 < 0.0001 significant 

Linear Mixture 9.47E+06 3 3.16E+06 722.66 < 0.0001  

Residual 69887.92 16 4367.99    

Lack of Fit 34775.42 11 3161.4 0.45 0.8746 not significant 

Pure Error 35112.5 5 7022.5    

Cor Total 9.54E+06 19     

R2= 0.992  
Adeq Precision = 87.93 

The 3D plot displaying the effects of A= TiO2, B = ZnO, and D = EVA variables (with a 

constant level of SBS at 2.5%) on the G*/sin PAV response is reported in Fig. 7. The maximum 
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G*/sin PAV value was attained at the highest level of EVA, and the corresponding minimum 

value was detected at the highest levels of ZnO and TiO2 components. 

 

 

Fig. 7. 3D plot representing the influences of A= TiO2, B = ZnO, and D = EVA variables on G*/sin PAV 

Conclusion 

The methodology of Mixture Design a, type D-optimal was employed in the current work, 

and the values of SBS, ZnO, TiO2, and EVA were considered the independent variables. The 

dependent or response variables followed as G*/sin OB, G*/sin RTFO, G*/sin PAV, RV, PEN, 

soft, ductility, m-value, and stiffness. Empirical data of the penetration degree, softening point, 

and ductility, conducted on the basic bitumen without any additives, were 89, 49 °C, and 137, 

respectively. The effects of independent variables were investigated on the response variables 

using the mathematic models and the optimized compositions. The maximum softening was 

detected at the highest EVA, and the minimum softening was observed at the largest ZnO and 

TiO2. The SBS, ZnO, TiO2, and EVA components elevated the ductility, and the largest positive 

effect belonged to the SBS constituent. The SBS and EVA variables positively elevated the 

G*/sin OB response, in which the highest positive coefficient belonged to the EVA component. 

In contrast, the ZnO and TiO2 variables negatively decreased the G*/sin OB response, in 

which the largest negative coefficient belonged to the ZnO constituent. The maximum G*/sin 

PAV value was attained at the highest level of EVA, and the corresponding minimum value 

was detected at the highest levels of ZnO and TiO2 components. The manipulated samples 

possessed a penetration range of 48–62 (1/10 mm). Softening point also ranged in 59–71 °C. 

Dynamic shear rheometric (DSR) data for the aged bitumens within short-term periods 

plummeted from 52 to 76 °C for all samples. 
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