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Abstract  

Asphalt pavement microtexture values primarily depend on aggregate properties used in asphalt 

pavement mixture and by aggregate surfaces is secured the basic contact medium with vehicle 

tires. It often happens that new asphalt surfaces have not required skid resistance properties and 

is needed a certain period of time to eliminate film of bitumen binder which is coating the 

aggregate grain on the surface of pavement by action of vehicles. In most cases, the 

investigation of the aggregate microtexture impact on the pavement skid resistance properties 

is carried out under laboratory conditions and generally relates only to measurements on natural 

aggregate samples (without bitumen). However, due to coating of aggregate by bitumen binder, 

valleys between the individual peaks of aggregate are filled. Obviously, it can be supposed that 

the usage of high amount of bitumen content can leads to decreasing of aggregate microtexture 

values. From this point of view, it can be expected that change in microtexture values depends 

on the content of binder in the asphalt mixture. Particular aggregate grains were taken from 

asphalt mixtures samples (AC 8, AC 11 and SMA 11) produced in the laboratory, in order to 

determine the impact of aggregate coating by bitumen binder on microtexture change. Each 

usage asphalt mixture was produced with three different bitumen binder contents. Digital image 

analysis method was used for subsequent evaluation. Changes in the microtexture values 

depending on the amount of used bitumen binder and also on the calculated theoretical bitumen 

film thickness are investigated in the conclusion. 
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microscope 

1. Introduction 

Asphalt pavement microtexture ensures elementary friction level between tire and pavement 

and thus, has the significant influence on the skid resistance properties of asphalt pavement.  

From the geometric point of view is microtexture defined (EN ISO, 2009) as a configuration of 

small peaks, valleys and irregularities on the surface of aggregates used in asphalt pavement 

mixture. According to the National Academies of Sciences, Engineering, and Medicine (2009) 

microtexture values are primarily influenced by aggregate properties and in high extent, 
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depends on structure of asphalt mixture either maximum grain size, amount of fine aggregates 

or content and type of bitumen.  

The designed bitumen content of the mixture in relation to the specific surface area of the 

aggregate determines the quality and durability of the asphalt layer. Studies by several authors 

(Hmoud, 2011; Reyes, 2003; Roberts et al., 1996) have shown, that the asphalt mixture 

durability is directly related to the thickness of the bitumen film coating the aggregate grains 

and they also concluded that the film thickness decreases as the surface area of the aggregate is 

increased.  

Kandhal et.al (1998) in the review described that asphalt mixtures produced with large 

surface area of the aggregate and low amount of bitumen content had a thin bitumen binder film 

and do not had sufficient durability. These mixtures are susceptible to cracking and scouring. 

Studies (Kandhal & Chakraborty, 1996) of long and short-term binder aging have shown that 

the thickness of the binder film significantly affects the binder aging process, which has a 

marked influence on the service life of the asphalt pavement. As the binder content of the 

mixture increases, the thickness of the film on the aggregate grains is increased and it leads to 

increasing the durability of the asphalt mixture. 

Due to coating of aggregate by bitumen binder, valleys between the individual peaks of 

aggregate are filled. From this point of view, it can be expected that change in microtexture 

values depends on the content of binder in the asphalt mixture. 

In the case of new asphalt pavement surfaces, it is generally known that they have not the 

required skid resistance properties and is needed a certain period of time to eliminate film of 

bitumen binder which is coating the aggregate grain on the surface of pavement by action of 

vehicles. The time required for the bitumen to be abraded from the aggregate at the road surface 

depends on a number of factors, including the type of mixture and, in particular, the thickness 

of the bitumen film on the grains of aggregate. Until the latter has been removed by traffic, the 

microtexture of the aggregate will not be fully exposed to vehicle tyres. Subsequently, the 

exposed aggregate surfaces become polished and, within a year, the skid resistance normally 

falls to an equilibrium level (PeiZhong, 2015) (Figure 1). 

Figure 1:  The changes of skid resistance properties of asphalt pavement due to traffic loading  
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Source: (Do, 2009; Kane, 2018) 

A lot of different approaches of microtexture evaluation methods have been developed and 

numerous measurement techniques have been developed for its quantifying. The possibility to 

direct measurement of the entire microtexture range of the surface on pavements in service is 

still problematic because of the laser scanning resolution and optical illusion (Li, 2010; 

Mičechová, 2019; Dudak, 2018). In most cases, the investigation of the impact of microtexture 

on skid resistance properties is carried out under laboratory conditions and generally relates 

only to measurements on samples of natural aggregates without bitumen. However, as is 

mentioned above due to the coating of aggregate grains by bitumen binder, valleys between the 

individual peaks of aggregate are filled because of reduced skid resistance values of new asphalt 

pavement surfaces. Here comes the question, how the amount of binder (bitumen content) in 

the asphalt mixture affects changes in the microtexture values and the associated changes in the 

skid resistance values of the asphalt pavement surface.  

2. Methods 

2.1 Investigated aggregate 

Particular aggregate grains were taken from three samples of asphalt mixtures produced in 

the laboratory - AC 8, AC 11 (asphalt concrete), and SMA 11 (stone mastic asphalt), in order 

to determine the impact of aggregate coating by bitumen binder on microtexture change. 

Asphalt mixtures AC 11 and SMA 11 were produced with usage of bitumen binder PmB 45/80-

75 and AC 8 asphalt mixture was produced with usage of bitumen binder CA 50/70. Each of 

these asphalt mixtures was produced with three different bitumen contents. The overview is 

done in following table (Table 1). All types of aggregates used in these mixtures were produced 

in the same quarry. Ten aggregate grains were used in each group representing by asphalt 

mixture and bitumen content. 

Table 1: Bitumen content of usage asphalt mixtures 

  

Asphalt mixture Bitumen content [%] 

AC 8 

5.3 

5.6 

5.9 

AC 11 

5.2 

5.5 

5.8 

SMA 11 

6.4 

6.7 

7.0 
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2.2 Measurement and evaluation process 

It is possible to scan a grain of aggregate by an optical microscope. On the basis of the 

appropriate software of microscope it is possible to achieve a 3D view of investigated 

aggregate. The evaluation method was developed in the working background of Matlab 

program for the purpose of quantification aggregate microtexture. This method allows 

microtexture evaluation by volumetric parameter Zvd (Z - plane volume difference). This 

method uses, the 3D model as a basic input in wrml format obtained by microscope 

measurement (Figure 2). 

Figure 2:  Optical microscope output – 3D model of aggregate grain 

 

 

The basic principle of this method is in determination of volume between particular peaks 

on the aggregate surface. In principle, it is a volume between „real“ and convex surface of 

aggregate grain. Then, this volume presented microtexture of aggregate grain and is determined 

by parameter Zvd (Z - plane volume difference). It is a volumetric microtexture evaluating 

parameter which determines aggregate microtexture value by percentage difference of two 

volumes. The particular volumes are calculated from the defined comparative plane. First 

volume is determined as the volume of the aggregate grain and the second volume is determined 

as the volume of wrap (volume under the wrapping plane) (Figure 3). Then, smaller value of 

Zvd parameter defines lower suitable microtexture and vice versa. That, higher value of Zvd 

parameter defines angular aggregate with more peaks on the aggregate surface in comparison 

to polished or rounded aggregate. For more simply and practically calculation of Zvd parameter 

was developed the program MicoSYS. This program allows evaluation of aggregate 

microtexture only a selected part of aggregate grain by options of height adjustment of 

comparative (cutting) plane in the Z-axis direction. The principle of used evaluation method, 

determination of Zvd parameter and program MicroSyS are in detail described in Florková and 

Jambor (2017). 
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Figure 3: „Real“and convex surface of aggregate grain 

 

 

 

Outputs in the 3D form of investigated aggregate grains taken from three asphalt 

mixtures AC 8, AC 11 (asphalt concrete), SMA 11 (stone mastic asphalt) were obtained by 

optical microscope scanning. The measurements were carried out in two parts. Firstly, the 

aggregate grains coated by bitumen binder were scanned. In the second step, the bitumen binder 

was cleared. The clear aggregate grains (i.e. aggregate grain without bitumen binder) were 

scanned in the same position on the microscope stage as the coated aggregates. The 

measurement process was the same in the case of all scanning aggregates and was performed 

with the total magnification of 12.5 for the purpose of capturing the largest surface area of 

scanned aggregate. This magnification represents accuracy 57 μm in x-axis and y-axis direction 

(in relation to dimensions of scanned area). The scanning range was divide into 400 steps. It 

represents 10-30 μm accuracy in z-axis direction (in relation to aggregate height). Thereafter, 

the MicroSYS program was used to calculate value of microtexture volumetric parameter Zvd 

for each tested aggregate grain. The position of the comparative plane was chosen in the same 

position for all aggregate grains to have comparable results. 

Ten aggregate grains were used in each group representing by asphalt mixture and bitumen 

content. The determined differences in volumes were transformed to differences in percentage 

of volume.  

3. Results and Discussion 

The main purpose of presented evaluation was to determine the microtexture change 

due to coating aggregate grains by bituminous binder. Taking into account that, the basic 

parameter for the evaluation was determined as a microtexture change value (MCV in table), 

microtexture change value was calculated as a difference of values of volumetric parameter 

Zvd between coated and clear aggregates. The average value of microtexture change value 

(MCV in table) was calculated for each sample and used for next comparison. Average values 
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of volumetric parameter Zvd determined as an average value of ten values measured on 

particular aggregate grains are presented in the following table (Table 2). Based on these values, 

the relation between bitumen content and average value of microtexture change value was 

investigated.  

Table. 2: Values of volumetric parameter Zvd for coated and clear aggregate grains and determination 

of average value of microtexture change value (MCV) 

 

Bitumen content 5.3 % 5.6 % 5.9 % 

AC 8 

Coated 

Zvd 

[%] 

Clear 

Zvd 

[%] 

Difference 

MCV 

[%] 

Coated 

Zvd 

[%] 

Clear 

Zvd 

[%] 

Difference 

MCV 

[%] 

Coated 

Zvd 

[%] 

Clear 

Zvd 

[%] 

Difference 

MCV 

[%] 

Average value 6.54 7.88 1.34 8.09 8.50 0.41 7.97 9.91 1.94 

   

Bitumen content 5.2 % 5.5 % 5.8 % 

AC11 

Coated 

Zvd 

[%] 

Clear 

Zvd 

[%] 

Difference 

MCV 

[%] 

Coated 

Zvd 

[%] 

Clear 

Zvd 

[%] 

Difference 

MCV 

[%] 

Coated 

Zvd 

[%] 

Clear 

Zvd 

[%] 

Difference 

MCV 

[%] 

Average value 4.85 5.87 1.02 5.10 6.93 1.83 4.04 4.99 0.95 

 

Bitumen content 6.4 % 6.7 % 7.0 % 

SMA11 

Coated 

Zvd 

[%] 

Clear 

Zvd 

[%] 

Difference 

MCV 

[%] 

Coated 

Zvd 

[%] 

Clear 

Zvd 

[%] 

Difference 

MCV 

[%] 

Coated 

Zvd 

[%] 

Clear 

Zvd 

[%] 

Difference 

MCV 

[%] 

Average value 6.30 6.86 0.56 6.63 7.09 0.46 4.20 5.86 1.66 

 

By reason of lucidity, the following figure (Figure 4) shows only some values of volumetric 

parameter values Zvd of coated and clean aggregate grains, but it is sufficient for illustration of 

values difference within investigated grains. In the figure, the difference between the individual 

columns represents the microtexture change for particular aggregate grains.  

Figure 4. Comparison of parameter Zvd values of coated and clear aggregates for some measured 

aggregate grains. 
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It is evident in Figure 4, that higher values of parameter Zvd (i.e. higher values of 

microtexture) were observed for clear aggregates. Account on that, it can be argue, the 

decreasing of microtexture values occurs due to coating of aggregate by bituminous binder. It 

can be seen also from the comparison of the obtained 3D microscope outputs in Figure 5. In 

this Figure 5, it can be clearly seen (red) that the area between the particular peaks has been 

filled with bitumen binder. 

Figure 5: Decrease (red) of microtexture values due to coating of aggregate by bituminous binder, (a): clear 

aggregate, (b) coated aggregate 

 

 

As can be seen also in Figure 6, only in the cases of tree aggregates (AC 8/5.6 % - grain 

2, AC 11/5.8 % - grain 2 and SMA 11/6.7 % - grain 3) are the microtexture values of clear 

aggregates higher than the microtexture values of coated aggregates. It related probably to 

uneven accumulation of bitumen and to affixing of fine grains on the edges of coarse aggregate 

grain by production process of mixture. It can leads to creation of a new peaks on the edges of 

aggregate grain and then to higher microtexture values determined by method presented in this 

article. It can be seen also from the comparison of the obtained 3D microscope outputs in figure 

6 (red). In Figure 6 it can be also seen that the area between the particular peaks has been filled 

with bitumen binder (green).  

 

 

 

 

 

 

 

 

http://slovnik.azet.sk/preklad/anglicko-slovensky/?q=account+on+that
http://slovnik.azet.sk/preklad/anglicko-slovensky/?q=degradation
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Figure 6: Increase (red) of microtexture values due to coating of aggregate by bituminous binder, 

(a): clear aggregate (b) coated aggregate. 

 

 

It should be noted that, all results can be influenced also by measurement errors (different 

reflection or variance light conditions) because of optical microscope method, mainly in the 

case of coated (black) aggregate. In spite of equal measurement and evaluation conditions, 

another reason can be probably related with total magnification of 12.5. As noted previously, 

this magnification represents accuracy 57 μm in x-axis and y-axis direction and 10-30 μm 

accuracy in z-axis direction (in relation to aggregate height). It can leads to the lack of 

microtexture information by usage a low microscope scanning magnification. 

The comparison of the average microtexture values (volumetric parameter ZvD) between 

coated and clear aggregates for each sample (represented by asphalt mixture and bitumen 

content) can be found in Figure 7. It is obviously, as is mentioned above, the degradation of 

microtexture values occurs due to coating of aggregate by bituminous binder for each evaluated 

sample.  

Figure 7. Comparison of the average values of parameter Zvd (microtexture values) between coated and 

clear aggregates for each mixture sample 
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Data in Figure 7 shows that the microtexture change value due to coating aggregate grain by 

bituminous binder is characterized by the difference of microtexture values between coated and 

clear aggregates. The average values of microtexture change (Figure 8) were calculated for each 

mixture sample and used for next comparison. Based on these values, the relation between 

bitumen content, the calculated theoretical bitumen film thickness and average value of 

microtexture change was investigated (Table 3). 

 

Figure 8. Average value of microtexture change for each evaluated mixture sample 

 

 
 

The bitumen film thickness is a function of the bitumen binder content in the asphalt mixture 

and the specific surface area of the aggregates. A method to calculate the bitumen binder film 

thickness of an asphalt mixture, based on the surface area factors, was developed by Hveem 

(ASTM, 1992). The following formula was used to calculate the theoretical bitumen binder film 

thickness (Hunter et al., 2015; Hmoud, 2011; Reyes, 2003; Roberts et al., 1996). 

 

𝑇 =
𝑏𝑏

100 − 𝑏𝑏
.
1

𝜌𝑏
.
1

𝑆𝐴
 

(1) 

 

 

Where:   

T -  theoretical bitumen film thickness (m), 

b  -  density of bitumen (kg/m3), 

SA  -  specific surface area of the aggregate (m2/kg), according to (BSI, 2003) 

bb -  bitumen content (%). 
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Table 3, summarizes a calculated values of theoretical bitumen film thickness and also 

bitumen content, specific surface area of the aggregate and average value of microtexture 

change for each investigated mixture sample. 

 

Table3: Calculated values of theoretical bitumen film thickness and average value of microtexture 

change 

 

Asphalt 

mixture 

Bitumen 

content 

(%) 

Specific surface area 

of the aggregate 

(m2/kg) 

Theoretical average film 

thickness (microns) 
Average value of 

microtexture change (%) 

AC 8 

5.3 
11.205 

 

5.00 1.34 

5.6 5.29 0.41 

5.9 5.60 1.94 

AC 11 

5.2 
13.265 

 

4.14 1.02 

5.5 4.39 1.83 

5.8 4.64 0.95 

SMA 11 

6.4 
14.9500 

 

4.57 0.56 

6.7 4.80 0.46 

7.0 5.03 1.66 

It is obviously from data presented in the Table 3 and the Figure 8, there is no relevant 

relation between the bitumen content (thus also theoretical average film thickness) and the 

average value of microtexture change. Possible cause can be a low number of grains (ten) 

representing of investigated mixture samples and therefore these results cannot be confirmed 

certainly. As mentioned above, the results can be influenced also by measurement errors 

because of optical microscope method. 

3. Conclusion  

The article deals with the analysis of impact of aggregate coating by bitumen on microtexture 

change. Measurements by optical microscope method and subsequent evaluation by volumetric 

parameter Zvd were performed on aggregate grains with and without bitumen in order to obtain 

the value of microtexture change by coating of the aggregate by bitumen. Aggregate grains 

were taken from three asphalt mixtures AC 8, AC 11 (asphalt concrete), SMA 11 (stone mastic 

asphalt) produced with different bitumen contents. Based on the measured values, the relation 

between bitumen content, the calculated theoretical bitumen film thickness and average value 

of microtexture change was investigated. 

The results have shown the differences between the microtexture values between coated and 

clear aggregate. The better microtexture values (i.e. higher values of volumetric parameter Zvd) 

were observed in the case of clear aggregates (i.e. aggregates without bitumen) for each 

evaluated sample. Therefore, it is possible to argue that, the degradation of microtexture values 

is occurs due to coating of aggregate by bituminous binder. It can be observed also by 
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comparison of some 3D visual outputs obtained by the optical microscope, and thus the results 

of evaluation are also supported by visual comparison. On the basis of these comparison, it can 

be stated that by used method it possible to distinguish the microtexture differences for samples 

of clean and coated aggregates grains. 

It was also supposed that, the increasing amount of bituminous binder usage in mixture (and 

thus theoretical average film thickness) is connected to increasing of change of microtexture 

values. It means, when are the different of sizes aggregates coated by the same amount of 

bitumen binder, the difference in microtexture changes is expected. It stands to reason, that the 

smaller is size of aggregate grain, the higher is bitumen film thickness, which coated the 

aggregate grain and is expected that it leads to considerable degradation of microtexture values. 

The results have shown, there is no relevant relation between the bitumen binder content (thus 

also theoretical average film thickness) and the average value of microtexture change. 

For the purpose of confirmation of impact of aggregate coating by bitumen on microtexture 

change additional and next test have to be carried out to extend the current database of results. 

It is also necessary to carry out measurements on a numerous aggregate grains and to carry out 

measurements on the asphalt mixture samples with very low, very high and optimum bitumen 

content in order to obtain sufficiently representative results. 

However, question is, importance of this research problem because of relatively short period 

of time, to eliminate film of bitumen binder which is coating the aggregate grain on the surface 

of pavement by action of vehicles (Figure. 1). Appears, it is more applicable to investigate this 

relevance in terms of time, respectively the number of vehicle passes needed to expose the 

microtexture at the required level. 

For the purpose to improve measurement accuracy by optical microscope scanning method 

it is necessary to set the constant light conditions during all measurement process. It can allow 

to eliminate measurement errors mainly in the case of coated (black) aggregate. It is necessary 

also take measurements with higher magnification because the accuracy of the obtained output 

depends on the size of scanning area thus on the required magnification. With increasing of 

magnification is decreasing the size of scanning area and also is decreasing the depth of focus. 

It leads to higher accuracy of scanning resolution and also to the constant scanning area of 

aggregate surface for the all investigates grains.  

Acknowledgment  

This work was supported under the project of Operational Programme Research and Innovation: 

Research and development activities of the University of Zilina in the Industry of 21st century 

in the field of materials and nanotechnologies, No. 313011T426. The project is co-funding by 

European Regional Development Fund. 

References 

[1] American Society for Testing and Materials (1992) D1560–09a. Standard test methods for 

resistance to deformation and cohesion of bituminous mixtures by means of Hveem 

apparatus. ASTM, West Conshohocken, PA, USA.  



 

12 

 

[2] British Standard Institution (2003). Bituminous mixtures: Test methods for hot mix asphalt, 

wheel tracking. BSI, (EN 12697-22:2003) 

[3] Do, M. T., Tang, Z. D., Kane, M., & De Larrard, F. (2009). Evolution of road-surface skid-

resistance and texture due to polishing. Wear, 266(5-6), 574-577. 

doi: 10.1016/j.wear.2008.04.060 

[4] Dudak, J., Gaspar, G., Sedivy, S., Fabo, P., Pepucha, L., & Tanuska, P. (2018). Serial 

Communication Protocol with Enhanced Properties–Securing Communication Layer for 

Smart Sensors Applications. IEEE Sensors Journal, 19(1), 378-390. doi: 

10.1109/JSEN.2018.2874898 

[5] European Committee for Standardization (2009) Characterization of pavement texture by 

use of surface profiles; Determination of megatexture Part 5 (EN ISO 13473-5). 
[6] Florková, Z., & Jambor, M. (2017). Quantification of aggregate surface texture based on 

three dimensional microscope measurement. Procedia engineering, 192, 195-200. doi: 

10.1016/j.proeng.2017.06.034 

[7] Hmoud, H. R. (2011). Evaluation of VMA and film thickness requirements in hot-mix 

asphalt. Modern Applied Science, 5(4), 166-176. doi: doi:10.5539/mas.v5n4p166 
[8] Hunter, R. N., Self, A., Read, J., & Hobson, E. (2015). The shell bitumen handbook, 6th.ed. 

(pp. 744-747). London, UK:: ICE Publishing. Available: 

http://www.ariantrg.com/files/learning_article/01-SHELL-Bitumen-Handbook-6th-

Edition2015.pdf 

[9] Kandhal, P. S., & Chakraborty, S. (1996). Evaluation of voids in the mineral aggregate for 

HMA paving mixtures (No. Report No. 9). National Center for Asphalt Technology. 

Available: https://rosap.ntl.bts.gov/view/dot/13627 
[10] Kandhal, P. S., Foo, K. Y., & Mallick, R. B. (1998). Critical Review of VMA 

Requirements in Superpave. Superpave. NCAT Report No. 98-1. Available: 

https://rosap.ntl.bts.gov/view/dot/13982 

[11] Kane, M., & Edmondson, V. (2018). Modelling the bitumen scour effect: Enhancement 

of a dynamic friction model to predict the skid resistance of rubber upon asphalt pavement 

surfaces subjected to wear by traffic polishing. Wear, 400, 100-110. doi: 

10.1016/j.wear.2017.12.013 

[12] Li, S., Noureldin, S., & Zhu, K. (2010). Safety Enhancement of the INDOT Network 

Pavement Friction Testing Program: Macrotexture and Microtexture Testing Using Laser 

Sensors. Publication FHWA/IN/ JTRP-2010/25. Available:  

https://docs.lib.purdue.edu/jtrp/1106/ 

[13] Mičechová, L., Mikolaj, J., & Šedivý, Š. (2019). New knowledge in the field of the 

diagnostic and evaluation of selected pavement parameters. Transportation Research 

Procedia, 40, 373-380. doi: 10.1016/j.trpro.2019.07.055 

http://www.ariantrg.com/files/learning_article/01-SHELL-Bitumen-Handbook-6th-Edition2015.pdf
http://www.ariantrg.com/files/learning_article/01-SHELL-Bitumen-Handbook-6th-Edition2015.pdf
https://rosap.ntl.bts.gov/view/dot/13627
https://rosap.ntl.bts.gov/view/dot/13982
https://docs.lib.purdue.edu/jtrp/1106/


 

13 

 

[14] National Academies of Sciences, Engineering, and Medicine. (2009). Guide for 

pavement friction. Washington, DC: The National Academies Press. doi: 10.17226/23038  

[15] Peizhong, Q., De Jonge, F. & Jair, Mario. (2015). Chapter 21, Surface treatments. In 

Hunter, R. N., Self, A., Read, J., & Hobson, E. (Eds.), The shell bitumen handbook (6th ed., 

pp. 591-642). London, UK: ICE Publishing. Available: 

http://www.ariantrg.com/files/learning_article/01-SHELL-Bitumen-Handbook-6th-

Edition2015.pdf 

[16] Reyes, C. H. (2003). Evaluation of the effect of fines on asphalt concrete. (Graduate 

Theses, Dissertations, and Problem Reports. 1307, West Virginia University). Available: 

https://researchrepository.wvu.edu/etd/1307/ 

[17] Roberts F.L., P.S. Kandhal, E.R. Brown, D. Lee, & T. W. Kennedy. (1996). Hot mix 

asphalt materials, mixture design, and construction. Second edition, National Asphalt 

Pavement Association, Lanham, MD. Available: https://trid.trb.org/view/473852 

 

http://www.ariantrg.com/files/learning_article/01-SHELL-Bitumen-Handbook-6th-Edition2015.pdf
http://www.ariantrg.com/files/learning_article/01-SHELL-Bitumen-Handbook-6th-Edition2015.pdf
https://researchrepository.wvu.edu/etd/1307/
https://trid.trb.org/view/473852

