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(a) Before Processing             (b) After Processing 

Fig. 2.  Adhesion Treatment Results Map 
 

 
(a) No Contacting Pixel     (b) One Contacting Pixel 

Fig. 3.  Contact Searching Diagram 
 
shows the final segmentation result. 
 
Adhesion Problem 
 
After careful observations of Fig. 1(b), the aggregates were found to 
be not totally separated into single particle as completely as what 
can be seen in Fig. 2(a). The black circles indicate an adhesion 
problem. The reasons are complex. Generally speaking, it is affected 
by the original 2D images’ quality. 

The adhesion point bonds different particles together, making it 
impossible to be analyzed as a single entity. Previous researchers 
frequently used Photoshop, Image-Pro (software name), etc. to 
separate the cohering pixels.  

The digital image processing method was designed to deal with 
this problem. There will be similar adhesion problems in the 
complex cytological and histological images since the cells may 
overlap and cluster strongly, making the segmented structures 
deviate from the final quantification of features of single cells. 
Scholars [19] have put forward an algorithm named the 
Morphological Multiscale Decomposition (MSD) by which the cells 
are separated from each other successfully. Here, the main idea of 
the pseudo-code was cited, and according to the asphalt mixtures’ 
2D image features, the code was adjusted and then executed by 
MATLAB. Fig. 2(b) is the final result map. From the image, it can 
be seen that the particles sticking together are completely separated 
one by one. 
 
Judgment of Stone-Stone Contact and Fundamental 
Contact Status Analysis 
 
It is the asphalt film thickness concept that should be first 
considered in this research. If the aggregate particles are fully in 
contact with each other, the edges should be very close. Elseifi et al. 

used the Scanning Electron Microscopy (SEM) to observe the 
microstructure of asphalt mixtures, showing that asphalt binder 
films surrounding large aggregates actually consist of asphalt mastic 
films. These mastic films are highly irregular in shape and have a 
thickness of greater than 100 μm of the considered mixture [20]. 
According to this conclusion, if two adjacent aggregates are fully in 
contact, the particles boundary interval can be defined as no more 
than 2 pixels being consistent with the actual resolution of the 
images. 
 
Contact Searching Method Design 
 
Design a 5x5 square window and take the particles boundaries as a 
search path to carry out a complete perimeter search with the pixel 
point representing the aggregate boundary, which is always located 
in the center of the window. During the search process, if other 
pixels are found in the window, the stone-stone contact was deemed 
to occur, and the pixels will be recorded. Meanwhile, the following 
constraint conditions should be determined. Any pixel found in the 
square window that belongs to the particle itself should not be 
misjudged as an effective contacting pixel. During the search 
process, any repeated pixels found when the square window moves 
along the boundary of single particle should not be recorded 
repeatedly. All contacting pixel data were stored in the cell unit 
form by MATLAB. The contact search diagram can be seen in Fig. 
3. 

Since the slice image’s resolution was very high, the X-Y plane 
and the Z axis pixel are all 0.10mm/pixel, making the spacing 
between two adjacent layers very small (about 0.10 mm). It can be 
deduced that any effective particle-to-particle contact will be 
reflected in the two-dimensional slice images. 

According to the methods mentioned above, the total of 640 2D 
images obtained by X-Ray CT implemented the search process 
sequentially from top to bottom. The basic configuration for the 
computer is as follows: Pentium Dual-Core CPU 2.5 GHz, 2 GB 
memory, and 512 MB Graphics Memory. The average processing 
time for a single slice image was about 3.5-5 minutes, and the total 
time needed was about 40 hours. Since the search and storing 
process was limited by the ordinary computer’s memory capacity, 
the time consumed was a bit too long. However, the efficiency 
would improve greatly by using a more advanced computer. 
 
Data collection and Fundamental Analysis of Contact 
State 
 
The raw data collected for this research include every aggregate 
perimeter, area, total number of particles, total contacting points and 
their corresponding pixels found in each 2D image. 

Through the above search process, a total of 16,984 effective 
contact points were found in the 640 2D images with the minimum 
value of a single point’s contact searching pixel being 1, which 
corresponds to 0.1 mm. The maximum value of a single point’s 
contact searching pixel is 145, which corresponds to an actual size 
14.5 mm. The maximum value fits the maximum size of aggregates 
of AC-13 asphalt mixture very well, proving the validity of the 
contact searching process indirectly. 

How the amount of effective contact points changed along the 2D  
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Fig. 7.  Lognormal, Weibull, Gamma, and Normal Probability 
Density Functions for C1, C2, and C3. 
 
estimated by MLE, and the PDF can be plotted as a function of x . 

The PDF curve can be placed on top of the plot of the input data 
histograms, as seen in Fig. 7. 

Assessment of Goodness of Fit 
 
Although a visual assessment of the goodness of fit through 
comparing the shape of the PDF with the shape of the histogram is 
often the superior method [26], it is always subject and prone to 
potential human error. Mathematical support for the assessment can 
greatly improve confidence in the goodness of fit. Here, the 
Kolmogorov-Smirnov test and the Chi-square test are utilized 
together for assessment. 

The Kolmogorov-Smirnov test compares the distribution of x 
with the hypothesized continuous distribution [27]. The result value 
of h is 1 if the null hypothesis can be rejected at the 5% significance 
level, but the result value of h is 0 if the null hypothesis cannot be 
rejected at the 5% significance level. 

The Chi-square test performs a goodness of fit test on the default 
null hypothesis that the data in vector x are a random sample from 
an arbitrary continuous distribution [28]. The result value of h is 1 if 
the null hypothesis can be rejected at the 5% significance level, but 
it will reduce to 0 if the null hypothesis cannot be rejected at the 5% 
significance level. Different from the Kolmogorov-Smirnov test, the 
Chi-square test is performed by grouping the data into bins, 
calculating the observed and expected counts for those bins, and 
computing the chi-square test statistics. 
 
Data Analysis and Results 
 
The aim of the data analysis is to find the most appropriate PDF that 
will best fit the input data of C1, C2, and C3. The plot of lognormal, 
Weibull, gamma, and normal distributions are shown in Fig. 7, 
demonstrating that the histograms all have 10 class intervals. From 
the figure, it can be seen easily that C1, C2, and C3 data histograms 
are all skewed to the right and have a right tail that swiftly falls in 
probability. The 4 PDFs all bear some resemblance to the 
underlying histograms, but they all over- or underestimate the 
histograms in different parts, which will reduce the accuracy of the 
analysis. It is difficult to determine which distribution is the best fit 
simply by visual assessment, making the formal statistical tests very 
important in providing mathematical support. The 
Kolmogorov-Smirnov test and Chi-square test results can be seen in 
Table 2. 

From Table 2, we can see the lognormal distribution is the only 
PDF that passes all hypothesis tests at the 5% significance level 
when fitted to the input data of C1, C2, and C3. The p values for the 
Kolmogorov-Smirnov tests are 0.1772, 0.4549, and 0.8362, 
respectively. For C2, and C3, the Gamma distribution also passes 
the hypothesis test together with lognormal distribution at the 5% 
significance level, and the p values for the Kolmogorov-Smirnov 
tests are 0.0545 and 0.1499, respectively. The Chi-square test results 
are consistent with the Kolmogorov-Smirnov tests. The lognormal 
distribution passes all hypothesis tests at the 5% significance level, 
and the Gamma distribution passes the tests for C2 and C3 data. The 
respective p values for lognormal are 0.2916, 0.4990, and 0.4718, 
while for gamma they are 0.1882, and 0.0687. The Weibull and 
normal PDFs were ruled out for further consideration because they 
did not pass the hypothesis tests. 

The statistical values of the Kolmogorov-Smirnov test were 
compared with those of the Chi-square test for the assessment of  
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Table 2.  Parameter Estimations and Results for the Kolmogorov-Smirnov Test and Chi-square Test 

Parameter Values Kolmogorov-Smirnov Test Chi-square Test 
Data PDF 

b C h p Statistical Value h p Statistical Value

Lognormal 1.343 0.357 0 0.1772 0.0432 0 0.2916 47.581 

Weibull 4.586 2.863 1 0.0000 0.1024 1 0.0000 149.162 

Gamma 7.984 0.5115 1 0.0057 0.0674 1 0.0449 65.786 
C1 

Normal 4.084 1.501 1 0.0000 0.1137 1 0.0000 160.193 

Lognormal -3.711 0.3412 0 0.4549 0.03361 0 0.4990 43.358 
Weibull 0.0289 3.0508 1 0.0000 0.09272 1 0.0000 113.172 

Gamma 8.816 0.0029 0 0.0545 0.05605 0 0.1882 57.549 
C2 

Normal 0.0259 0.0089 1 0.0000 0.1008 1 0.0000 113.288 

Lognormal -6.213 0.329 0 0.8362 0.0243 0 0.4718 42.988 

Weibull 0.0024 3.16 1 0.0002 0.0839 1 0.0000 126.997 

Gamma 9.491 0.0002 0 0.1499 0.0447 0 0.0687 63.277 
C3 

Normal 0.0021 0.0007 1 0.0001 0.0879 1 0.0000 114.467 

 
goodness of fit. For C1, the lognormal PDF is the only suitable 
distribution. For C2, the statistical value for lognormal PDF  
(0.03361) is smaller than the gamma PDF value (0.05605) where 
the Kolmogorov-Smirnov test is concerned. That is to say that with 
regard to the goodness of fit for C2, the lognormal PDF is better 
than the gamma PDF. For C3, the lognormal value (0.0243) is 
smaller than the gamma value (0.0447). The Chi-square test 
produces the same conclusions that the statistical values of 
lognormal PDF are smaller than those of gamma PDF for C2 and 
C3. Therefore, the lognormal distribution is considered the best PDF 
for describing the input data of C1, C2, and C3.  

From the above analysis, it can be seen that the data of C1, C2, 
and C3 have very similar statistical distribution since they all fit the 
lognormal distribution very well. 

From the expressions of C1, C2, and C3, it can be seen that C1 
can be interpreted as the average amount of contact pixels of a 
single particle in each slice image. In comparison, C2 can be 
interpreted as the average amount of contact pixels per perimeter 
pixel unit of all particles in each slice image, and C3 can be 
interpreted as the average amount of contact pixels per area pixel 
unit of all particles in each slice image. It is clear that C1 is easier to 
understand and has a more explicit physical meaning than C2 and 
C3. 

Moreover, in this example, the value of C1 varies from 1.33 to 
9.81, the C2 value varies from 0.0086 to 0.0574, and the C3 value 
varies from 0.00072 to 0.00465, enabling the C1 raw data to be 
easier to record and to establish a statistical model. 

In summary, C1 was recommended as the indicator reflecting the 
stone-stone contact degree of asphalt mixture specimen within a 
meso-scale. 

The b and c of lognormal PDF are the most important parameters, 
with b being the mean of ln(x), and c being the standard deviation of 
ln(x). The b and c values can be directly used to compare with other 
specimens. Here, only one asphalt mixture specimen was scanned, 
requiring a lot of follow-up work to verify the effectiveness of this 
method. 
 
Summary and Conclusion 
 
A series of work for component segmentation, adhesive particle 

separation, contacting particle judgment, effective contact pixel 
searching, and statistical analysis of input data were developed to 
analyze the contact status of aggregates on asphalt mixture in a 
non-destructive way by using X-ray computed tomography images. 

From the 2D images, the positional relationship of different 
particles can be clearly observed. Digital image processing methods 
are very important in getting high quality images, and the process 
can separate the aggregates from the complex asphalt mixture 
successfully with a series of procedures. The contact searching 
method can describe the contact degree of a single particle with 
different surrounding particles in a digital way, by which “contact 
searching pixels” data can be recorded and analyzed easily. 

It will be statistically significant to use all 2D slice images 
together for analysis instead of a single section. Through careful 
data analysis, how the contact status changes along with different 
depths of the specimen and how the main contact form changes 
according to the pixel frequency histogram shape can be known. 
Three alternative quantitative indicators, C1, C2, and C3, were 
established and tested, and 4 different PDFs (Normal distribution, 
Lognormal distribution, Gamma distribution, and Weibull 
distribution) were fitted to the input data of C1, C2, and C3. After a 
series of statistical analyses, C1 was considered to be the most 
appropriate indicator that can assess the stone-stone contact degree 
in a non-destructive way. 

The traditional VCA method is considered manual work, so there 
is the possibility of human error. Moreover, the volume parameters 
can only be acquired directly by bulk relative density measurement, 
and the density measurement process has its shortcomings which 
can’t be avoided. The new method implements a totally digital way, 
by which human errors will not appear. We can now not only know 
the contact status along with the asphalt mixture specimen’s depth 
but also easily compare the contact degree from specimen to 
specimen by statistical analysis. Thus, the new method is a useful 
approach to quantify the contact degree between aggregates in the 
asphalt mixtures. 
 
Future Work 
 
Future work will focus on testing different asphalt mixtures to see 
whether this indicator can apply to all kinds of cases. The data, 
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especially the mean value and the standard deviation value, will be 
compared with each other to judge whether this method can 
effectively distinguish the different contact degree of different 
asphalt mixtures and different compaction method. Moreover, the 
data will be analyzed carefully before and after loading to explore 
the indicator value changing rule. 

In addition, future work will attempt to improve the search 
algorithm from 2D to 3D based on the sequence of images. Thus, 
the relative position of coarse aggregate particles in 
three-dimensional space can be evaluated directly, and related work 
and results will be subsequently reported. 
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