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A B S T R A C T   

Optimizing asphalt mix design at the indoor stage is of significant importance for enhancing the rutting resis-
tance of asphalt mixture, which is affected by its structural characteristics. In this work, the coordination number 
of particle contact force (CNpcf) was proposed as an indicator to represent contact characteristics of skeleton 
structure aggregates in asphalt mixture. Nine asphalt mixtures with different gradations were designed, and the 
relationship of CNpcf with the number of aggregate contact zones (CZ) was established by combining rutting tests 
and digital image processing technique (DIP). The Mann-Whitney U test was implemented to analyze the dis-
tribution properties of inter-particle contacts before and after the rutting test. In addition, the resistance to the 
further expansion of rutting was analyzed. The results revealed a significant positive correlation (PCCs = 0.843, 
R2 = 0.711) between CNpcf and CZ. The content of coarse aggregates in the dominant structure did not exhibit 
monotonic related to anti-rutting performance of the asphalt mixture. Therefore, an optimum aggregate content 
of 57% was utilized. The Mann-Whitney U test revealed that the mesoscale skeleton structure of the asphalt 
mixes before and after rutting exhibited excellent stability. This study further indicated the applicability of 
combining CNpcf to adjust the mix design to enhance the rutting resistance of asphalt mixture and to prevent 
rutting expansion in flexible pavement.   

1. Introduction 

As a direct object of various traffic loads and damage medium, the 
damage resistance of asphalt pavement significantly determines the 
performance of the road. With the growth of traffic volume, heavy 
overload and channelized traffic conditions, the probability of damage 
to asphalt pavement is greatly increased, which not only impacts the 
serviceability of the road, but also causes potential safety threats to the 
road traffic. Therefore, in order to improve the damage resistance of 
pavement, prolong its service life and enhance its performance, the 
demand for the structural and functional design of asphalt pavement has 
increased. 

The primary load-bearing part of asphalt mixture is the internal 
skeleton structure [1,2]. A robust skeleton structure generally endows 
asphalt mixture with good deformation resistance, which is typically 
reflected in its rutting resistance under high temperature conditions [3]. 

The internal skeleton structure of skeleton-dense conventional mixture 
is categorized on the basis of two main indicators, VCAmix (percent voids 
in coarse mineral aggregate in asphalt mixtures) and VCAdrc (percent 
voids in coarse mineral aggregate in the dry rodded condition). How-
ever, for convenience of engineering applications, these two metrics 
simplify the complexity of the mesoscale structural state of coarse 
aggregate particles [4,5]. Asphalt mixture is a typical multi-phase 
granular material composed of aggregates and asphalt binder, and its 
mechanical response depends largely on the skeletal stability of aggre-
gates and the properties of asphalt binder [6]. Specifically, the stability 
of skeleton structure for coarse aggregates is most vital for the defor-
mation resistance of asphalt mixtures, because it provides the mixture 
with internal friction and load-bearing capacity to resist the stresses 
induced by the traveling loads [7,8]. Continuity of meso-skeleton 
structure can enrich the chain of transmission of force in asphalt mix-
tures and alleviate stress concentration [9]. Therefore, it is important to 
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increase the strength of the internal skeleton structure of the asphalt 
mixture system and enhance the continuity of the skeletal force chain at 
the mesoscale level, which urgently requires further investigation of the 
design method and discrimination basis of the mesoscale skeleton 
structure. 

Typical gradation design methods for asphalt mixture have been for a 
significant period and the associated research is relatively well- 
established. The principal methods are the maximum packing density 
curve method [10] (i.e., Fuller’s method), Superpave method [11], 
Bailey’s method [12], stone asphalt concrete (SAC) method [13], and so 
on. Although these methods offer distinct advantages during applica-
tion, the mainstream grading design methods typically aim to establish a 
denser macroscopic skeletal structure on a volumetric scale. This goal is 
pursued in order to enhance the overall performance of the asphalt 
mixture, with greater skeletal density being associated with improved 
resistance to various forms of distress. However, major of gradation 
design methods have inherent deficiencies in optimizing the contact 
state for the skeletal structure, which hinders the enhancement of 
asphalt mixture performance [14–16]. Moreover, disturbing aggregates 
have some negative effect on the continuity of the skeleton structure, 
which cannot be ignored. Therefore, it is essential to consider aggregates 
that disturb the skeletal continuity for the optimal design of mesoscale 
skeleton. 

Mathematical representation is an essential method to analyze the 
characteristics of mesoscale skeleton formed by coarse aggregates. The 
current leading approach for skeleton characterization is based on par-
ticle packing theory. This theory evaluates the contact and disruption of 
internal particles in each grade of aggregates, and characterizes the 
range of sieve sizes of aggregates that contribute to the mechanical 
response of asphalt mixture. Kim et al., [17] found that the void ratio is a 
suitable criterion for evaluating the inter-contact between coarse ag-
gregates in asphalt mixture. This criterion based on the necessary con-
ditions for the particles to contact each other in soil mechanics, and it 
provides the proper deformation and cracking resistance for asphalt 
mixture. Subsequently, Guarin et al., [15] proposed a novel method for 
determining the coarse aggregates that constitute the skeleton structure. 
They defined the dominant aggregate size range (DASR), which consti-
tutes the dominant skeleton structure for bearing load forces in asphalt 
mixture. The void ratio of DASR can be used to evaluate the performance 
of asphalt mixture. Numerous results of gradations and indoor asphalt 
mixture tests indicate that the void ratio of DASR is a key parameter to 
evaluate the aggregate embedding structure and the rutting resistance of 
asphalt mixture. With deep knowledge of the disturbing aggregate 
undermining effect, Guarin et al., [18] proposed the Disruption Factor 
by taking into account the global disruption caused by the internal 
contact of the asphalt mixture. With this, the first study was carried out 
for the effect of disturbing aggregates. Along with to the awareness of 
three-dimensional packing and filling theory, more accurate character-
ization studies of multi-level skeletal structures were gradually derived 
to avoid the one-sidedness and subjectivity of two-dimensional packing 
and filling theory [19–22], which further extended the DASR framework 
to a sensible extent. 

Subsequently, Yideti et al., [23] and Lira et al., [24] launched an in- 
depth exploration of the optimal design of the skeletal structure of 
asphalt mixes based on asphalt concrete skeleton structure (AFSS). 
Various experiments were carried out to verify the relationship between 
the optimal design of the skeleton structure and the deformation resis-
tance of asphalt mixes, and it was also proposed to control the content of 
coarse aggregates in appropriate levels to ensure better performance. 
Furthermore, the application of particle packing theory in concrete has 
been developed and extended effectively [25]. Chu et al., [26–28] 
conducted studies by investigating the effect of continuous filling of 
voids between particles, and integrated the analysis of aggregate particle 
packing system with slurry water film. The study revealed the law of wet 
packing under continuous filling, which in turn significantly enhanced 
the performance of concrete. The application of particle accumulation 

theory in construction materials has been extended more abundantly. In 
summary, numerous studies have quantitatively evaluated the disrup-
tive effect of disturbing aggregates on the skeleton structure by means of 
particle accumulation theory. The necessity of a well embedded multi- 
stage structure for forming the meso-skeleton structure has been fully 
verified. However, the quantification characterization criterion of dis-
turbing aggregates for the asphalt mixes with dominant skeleton struc-
ture is not reliable sufficiently, and the influence of disturbing 
aggregates on the mesoscale skeletal properties of asphalt mixes is not 
comprehensively characterized. Moreover, there are few studies that 
combined disturbing aggregates with contact coordination effect to 
investigate their corresponding influence on the mixture skeletal struc-
ture and rutting resistance performance. 

Digital image processing (DIP) techniques have been widely applied 
in many research areas, and the application of DIP technology for 
skeleton structure analysis is well developed [29–31]. In view of the 
natural differences in grayscale distribution of asphalt mixture, its 
structural characteristics [32] can be extracted by suitable filtering 
[33,34] and segmentation [34,35]. Along with the basic aggregate state, 
the reasonable estimation of the contact state for the aggregate skeleton 
enables optimization of the analysis accuracy. Coenen et al., [34] pro-
posed the utilization of the harmonic function to characterize the 
aggregate orientation distribution while analyzing the two-dimensional 
images of the mixture. Moreover, they adopted the surface distance 
threshold (SDT) to define the contact state between the aggregates, 
which occurred when the surface pixel distance of the aggregates was 
less than SDT. Sefidmazgi et al., [36] suggested that the aggregate 
contact state can be characterized using the indicators of proximity 
length, aggregate contact number, contact area and contact plane 
orientation, and established relationships with the macroscopic perfor-
mances of asphalt mixture. Shi and Wang et al., [9,37,38] introduced 
qualitative and quantitative evaluation criteria for the formation of 
desired skeleton structure by the coarse aggregates. Wang et al., [39] 
revealed that the gradation type affected the average number of contact 
points of the asphalt mixture significantly, while the contact direction 
was independent of the gradation type. The results of indirect tensile 
strength and fatigue tests showed that the short-term and long-term 
mechanical properties of the mixture were both directly influenced by 
the contact properties of the aggregates. 

Given the above background, this paper focused on the characteris-
tics of mesoscale skeleton structure for asphalt mixture. The coordina-
tion number of particle contact force (CNpcf) was proposed as an 
indicator to characterize the contact properties of mesoscale skeleton. 
DIP technology and rutting test were combined to quantitatively eval-
uate the negative effects of disturbing aggregates on the stability of 
skeleton structure of asphalt mixture from mesoscale to macroscale. 
Moreover, the effect of CNpcf on the rutting resistance of asphalt mixture 
was investigated. The results of this work provided an innovative 
approach for the material design and evaluation of asphalt mixture. 

2. Materials and methods 

2.1. Materials and properties 

In this study, the performance of the base asphalt (Table 1) used to 

Table 1 
Asphalt performance parameters.  

Type of asphalt Performance Parameters Indicators 

Karamay 70# Penetration(25℃, 5 s, 100 g)/0.1 mm 66 
Ductility(15℃, 5 cm/min)/cm >100 
Softening point /℃ 50.5 
RTFOT Quality loss/% − 0.512 

Penetration Ratio/% 71 
Residual Ductility/cm 
(15℃, 5 cm/min) 

20  
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make the asphalt mixture is tested according to the specification JTG 
E20-2019 [40]. All aggregates are obtained from locally produced 
limestone in Shaanxi Province, China. The density properties of each 
grade of aggregates which were used to form the asphalt mixture spec-
imens are shown in Table 2. 

2.2. Gradation design and calculation 

2.2.1. Gradation design method 
The performance of asphalt mixture can be significantly affected by 

the key sieve passage rate, When the key sieve determined by nominal 
maximum aggregate size (NMAS) are 2.36 mm and 4.75 mm, the 
aggregate in this portion carried the majority of the load on the asphalt 
mixture. Aggregates with the break-even size from 2.36 mm to 4.75 mm 
significantly affect the skeleton structure, which can be considered as 
the primary sensitive particle size [41]. Furthermore, aggregates with 
particle size above 4.75 mm contribute the most to stabilize the skeleton, 
while aggregates from 2.36 mm to 4.75 mm contribute less to the con-
tact points, which leads to insufficient stability of the skeleton structure 
[18]. The coarse aggregate particles can reach the tightest contact state 
when the percentage of the finer components (i.e., 4.75 mm to 9.5 mm) 
in coarse aggregate was 60% [42]. Zhang et al., [43] indicated that the 
contribution of 4.75 mm and 2.36 mm sieved aggregates to the load 
resistance was more than 50%. Niu [44] selected the proportions of 2.36 
mm to 4.75 mm as 0%, 5%, 10%, and 15%, respectively, and found that 
the road performance and mechanical properties of the mixture were 
worse at their contents of 0% and 15%. 

In view of this, this paper refers to the SAC design theory and selects 
4.75 mm and 2.36 mm as the control sieves, and designs 9 types of 
gradations of asphalt mixture by orthogonal combination with different 
skeleton structure characteristics, the calculation processes are shown in 
section 2.2.2. 

2.2.2. Calculation of gradation 
In this section, the values of control sieve and disturbing aggregate 

content are selected in section 2.2.1 and the complete gradation curves 
are obtained by substituting into Eqs. (1) and (2). Table 3 exhibits the 
details of the various gradations as well as optimum asphalt content 
(OAC), and all the gradation curves are shown in Fig. 1. 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

P1 = a
(

d1

Dmax

)b

P2 = a
(

d2

Dmax

)b
(1)  

PDi = a
(

Di

Dmax

)b

(2)  

where Di is the coarse aggregate sieve diameter, mm; PDi is the passage 
rate of Di sieve, %; Dmax is the maximum particle size of mineral, mm; P1 
is the passage rate of the nominal maximum particle size, %; P2 is the 
passage rate of 4.75 mm sieve, %; d1 is the nominal maximum particle 
size, mm; d2 is 4.75 mm; a and b are coefficients. 

2.2.3. Experimental methodology 
To investigate the effect of disturbing aggregate content on the 

performance of asphalt mixture with high temperature rutting resis-
tance, the Marshall test and the rutting test were carried out in this paper 

according to the specification JTG E20-2019 [40] for 9 types of asphalt 
mixture with different structures designed in the section 2.2. The 
Marshall specimens and standard rutting plates were produced by the 
compaction method and wheel rolling method, respectively. Among 
them, 5 Marshall specimens and 3 rutting plates were prepared for each 
gradation. The Marshall stability was used as the basic evaluation in-
dicator of asphalt mixture, and the high-temperature rutting test under 
standard conditions (60℃) was used to evaluate the high temperature 
rutting resistance of asphalt mixture. 

3. Analysis of the dominant skeleton of asphalt mixture and 
coarse aggregate contact characteristics 

The relative content of coarse and fine aggregates in the asphalt 
mixture determines whether the internal system of the asphalt mixture 
can form a well embedded structure. Neither can interact independently 
in any case and form a well embedded network structure to resist 
external loads. And the damage to the skeleton structure caused by 
disturbing aggregates cannot be underestimated. Therefore, it is essen-
tial to develop an appropriate model to evaluate the desired distribution 
of coarse and fine aggregates in the asphalt mixture in order to induce 
better nested combinations. 

The contact state of coarse aggregates can be mathematically char-
acterized by contact parameters, which contributes to further in-
vestigations of the mechanism for optimal design of the mesoscale 
skeleton. For the purpose of investigating the relationship between 
coarse aggregate contact parameters and the mesoscale contact state of 
coarse aggregate in mixture, this section proposes accurate coarse 
aggregate contact parameters, establishes a criterion for evaluating 
whether coarse aggregate is in dense contact, and analyzes them based 
on digital image processing techniques. 

3.1. Asphalt mixture dominant skeleton analytical method 

3.1.1. Particle identification method of the dominant skeleton 
The number of aggregate contact zones (CZ) that can be generated by 

each singular particle varies in the dense nested packing formed by 
particle filling, i.e., different coordination numbers [23]. The coordi-
nation number is a reflection of the contact state between the particles 
[45,46], so as to achieve a stable and regular dense filling, only four 
typical packing methods are commonly utilized, respectively, simple 
cubic, oblique square, wedge-shaped tetrahedral and rhombohedron 
[47]. By filling and arranging the spheres, the parameters related to the 
spheres and voids can then be obtained for varying regular patterns of 
arrangement [48]. 

In asphalt mixture, the enhancement of skeletal continuity provides 
significantly improved resistance to permanent load deformation [9]. 
When CZ are insufficient, the skeletal continuity state is constrained and 
contact forces may concentrate at the partial contact points and cause 
cracks in the mixture. Hence, the identification of the contact state be-
tween particles on adjacent sieve is critical. 

The weighted average void diameter, davg, of adjacent sieve sizes, 
according to the assumption of equal volume and three-dimensional 
packing theory, is used to analyze the contact state between particles 
under different packing patterns [19]. 

Since sieve size D2 is only the minimum particle size of this grade of 
aggregate, and the maximum particle size of this grade of aggregate is 
the previous sieve size D1, it cannot adequately characterize the volume 
of aggregate by calculating the packing volume of the two adjacent 

Table 2 
Relative density of each grade of aggregates.  

Particle size (mm) 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

Apparent relative density  2.817  2.763  2.736  2.683  2.685  2.673  2.667  2.657  2.625 
Gross volume relative density  2.789  2.73  2.709  2.634  2.637  2.619  2.603  2.584  2.567  
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grades of aggregate with sieve size. Consequently, in this section, the 
characteristic particle size [49], di, is chosen instead of davg. For any 
sieve, the calculation of the di is shown in Eq. (3). 

lg(di) = [lg(D1) + lg(D2)]/2 (3) 

The particle size of the aggregate forming the predominant skeleton 
structure can be determined as follows: 

(1) When the particles on D1 are packed as a simple cubic, the pile 
shows the maximum void ratio and the least number of particle contact 
points, which yields a maximum weighted average void diameter as 
Dmax, refer to Eq. (4). 

Dmax =
1.1 × di1di2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
d3

i1 + 2.36 × d3
i2

3
√ (4) 

(2) When the particles on D1 are packed as rhombohedron, the pile 
exhibits the lowest void ratio and the maximum number of particles 
contact points, which yields a minimum weighted average void diameter 
as Dmin, as shown in Eq. (5). 

Dmin =
1.1 × di1di2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
d3

i2 + 2.36 × d3
i1

3
√ (5) 

(3) When the screening rate of the particles on D1 and D2 sieves are 
φ1 and φ2, respectively, the weighted average void diameter between 
particles is dw,avg in this case, as given in Eq. (6) 

dw,avg = 0.732 × di1di2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
φ1 + φ2

φ1d3
i2 + φ2d3

i1

3

√

(6) 

(4) Integrating Eqs. (4) to (6), the identification for the particle size 
range of the aggregates for dominant skeleton can be obtained, see Eq. 
(7). 

1.1 × di1di2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
d3

i2 + 2.36 × d3
i1

3
√ ⩽dw,avg⩽

1.1 × di1di2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
d3

i1 + 2.36 × d3
i2

3
√ (7) 

Where di1 and di2 are the characteristic particle sizes obtained when 
D1 and D2 act as the minimum particle size for a given grade of 

Table 3 
Gradation and optimum asphalt content.  

Gradation Passing Ratio (%) OAC (%) 

16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

R54S050 100.0 97.5 76.6 46.0 41.0 26.9 17.8 11.6 7.6 5.0 4.76 
R54S075 100.0 97.5 76.6 46.0 38.5 25.5 17.1 11.4 7.5 5.0 4.60 
R54S100 100.0 97.5 76.6 46.0 36.0 24.2 16.4 11.1 7.4 5.0 4.44 
R57S050 100.0 97.5 74.9 43.0 38.0 25.3 17.0 11.3 7.5 5.0 4.67 
R57S075 100.0 97.5 74.9 43.0 35.5 23.9 16.3 11.0 7.4 5.0 4.55 
R57S100 100.0 97.5 74.9 43.0 33.0 22.6 15.6 10.7 7.3 5.0 4.42 
R60S050 100.0 97.5 73.2 40.0 35.0 23.7 16.2 10.9 7.4 5.0 4.58 
R60S075 100.0 97.5 73.2 40.0 32.5 22.3 15.5 10.6 7.3 5.0 4.48 
R60S100 100.0 97.5 73.2 40.0 30.0 20.9 14.7 10.3 7.2 5.0 4.38 

NOTE: R54 in R54S050 means 54% of the aggregate above 4.75 mm, while S050 means 5% of the aggregate between 2.36 mm and 4.75 mm. 

Fig. 1. Asphalt mixture gradation curve for this research.  
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aggregate, respectively. 

3.1.2. Analysis of the particle size range for the dominant skeleton 
The inter-granular contact effect is crucial for load transfer and 

dispersion, while the capacity of load transfer is related highly and 
positively to the square of the particle size [50]. The skeleton structure is 
primarily composed of coarse aggregates, where the larger the particle 
size is, the greater the load carrying capacity is [41]. Considering this, 
the primary object of skeleton analysis in this paper is the coarse 
aggregate of mixture which mainly bears and transmits the load. 

The delineation of coarse and fine aggregates is defined by the 
nominal maximum particle size (NMPS) [12] and the delineating of the 
break-even sieve size for the control sieve can be calculated by Eq. (8). 
The NMPS of the gradations in this paper is 13.2 mm, then the primary 
control sieve (PCS) is approximately 2.904 mm. As the range of aggre-
gate particle sizes on the 2.36 mm sieve is 2.36 mm to 4.75 mm, the 
range of particle sizes used for the dominant skeleton analysis is 2.36 
mm to 16 mm, i.e., the range of values of D2. 

PCS = 0.22 × NMPS (8) 

The characteristic particle sizes of the aggregates for each grade can 
be calculated according to Eq. (6), and they are shown in Table 4. The 
coarse aggregate skeleton structure of the gradations R54S050 to 
R60S100 was analyzed by the method in Section 3.1.1, as shown in 
Fig. 2 below.  

(1) When D2 ≥ 9.5 mm, as in Fig. 2(a). The dw,avg of all gradations are 
lower than Dmin, that is because the voids formed by the accu-
mulation of aggregates on 13.2 mm sieve in the gradation are too 
narrow to accommodate all the aggregates on 9.5 mm sieve, thus 
the aggregates with particle size in the range of 9.5 mm ~ 16 mm 
are unable to form a well-contacted skeleton structure, which do 
not belong to particles for the dominant skeleton structure. 

(2) When D2 = 4.75 mm, as in Fig. 2(b). The dw,avg of all the grada-
tions meet the requirements of Eq. (7), which indicates that the 
voids formed by the accumulation of aggregates on the 9.75 mm 
sieve in the gradation can accommodate the particles on the 4.75 
mm sieve. Thus, the aggregate with particle size range of 4.75 
mm ~ 13.2 mm can be assessed as particles for the dominant 
skeleton structure.  

(3) When D2 = 2.36 mm, as in Fig. 2(c). The dw,avg of all gradations 
are larger than Dmax, that is due to the excessive aggregate on 
2.36 mm sieve in the gradation, which is partially filled in the 
void formed by the accumulation of aggregates on 4.75 mm sieve 
to develop a well-contacted skeleton, but the surplus aggregates 
would burst the skeleton and reduce the contact points. Thus, the 
aggregate with particle size range of 2.36 mm ~ 9.5 mm cannot 
be identified as particles for the dominant skeleton structure. 

3.2. Contact coordination parameters for the coarse aggregates of the 
dominant skeleton 

According to the analysis results of the dominant skeleton, the 
mineral mixture can be classified into oversized structure (OS), domi-
nant structure (DS), secondary structure (SS). The aggregates of the 
secondary structure are filled in the void formed by the DS, as shown in 
Fig. 3(a). 

In the secondary structure (SS), aggregates less than 0.225 times of 

the minimum particle size, i.e., D, of the dominant structure (DS) will 
merely fill the skeleton structure of the mixture [49], as shown in Fig. 3 
(b). Conversely aggregate with particles larger than 0.225D will disrupt 
the complete continuity of the skeleton structure, as shown in Fig. 3(c). 

Consequently, in this section, such particles are defined as disturbing 
aggregate (DA). Since the maximum nominal particle size of the 
aggregate is varied, the corresponding particle size range of the 
disturbed particles is also different [49]. The classifications of the in-
ternal structure and its particle size range for asphalt mixture in this 
study are presented in Table 5. 

Based on the studies of Chun [18,51] and Yideti [23], this paper 
defines the corresponding key indicators of asphalt mixture with 
dominant skeleton structure, including the total volume value of the 
mixture (VT), the effective volume value of the dominant structure 
mixture (VT

DS), the volume value of oversized structure (Vagg
OS ), the vol-

ume value of the dominant structure (Vagg
DS ), the volume value of the 

secondary structure (Vagg
SS ), and the volume value of the disturbing 

structure (Vagg
SSDA), and so on, as shown in Fig. 4. 

According to the volumetric parametric relationship and combined 
with the corresponding key indicators, the void volume ratio of the 
dominant skeleton structure particles (ηDS) is defined as the ratio of the 
sum of the Vagg

SS and VMA over the VT
DS, as shown in Eqs. (9) and (10). 

VDS
T = VT − VOS

agg (9)  

ηDS =
VDS

V

VDS
T

=
VSS

agg + VMA
VT − VOS

agg
(10) 

The ratio of the Vagg
SSDA over the VT

DS is defined as the volume ratio of 
disturbing particles (ηSSDA), given in Eq. (11). 

ηSSDA =
VSSDA

agg

VT − VOS
agg

(11) 

The embedded structures formed by particle filling correspond to 
different coordination numbers respectively, which can reflect the 
interaction state between particles, following the studies of Scott and 
Bernal et al., [45,46] on random filling of equal size spherical particles 
with different sizes as well as its skeleton structure. Yideti et al., [23] 
established a theoretical mathematical relationship between theoretical 
voids and coordination number by means of particle coordination 
number to characterize the state of primary chain for contact between 
particles. 

Based on the above theory and the relationship equation of coordi-
nation number [23], the parameter that represents the contact state of 
coarse aggregates, i.e., CNpcf is proposed in this paper by considering the 
effect of the volume of disturbing particles on the dominant skeleton 
particle contact. Following the formulation of the coordination number 
[23], the correction of the volume effect for disturbing aggregates is 
introduced to it. Thus, the parameter, CNpcf, is calculated by Eq. (12). 

CNpcf = 2.827 ×

(
ηSSDA

ηDS
× 100%

)− 1.069

(12) 

From Eq. (12), the CNpcf can be calculated from the gradations in the 
paper, as shown in Table 6 below. 

3.3. Acquisition and validation of the contact coordination parameters 

With varying grayscale distributions [52], asphalt mixture can be 
separated from different components to accurately characterize the in-
ternal structure by digital image processing (DIP) techniques. Given this, 
this section investigates the contact characteristics of aggregates for 
dominant structure in asphalt mixture through DIP techniques to verify 
the feasibility of CNpcf. The processes of extracting the contact charac-
teristics for the dominant aggregates in this section can be grouped into 
three parts: image acquisition, image processing, and contact analysis. 

Table 4 
The characteristic particle size of each grade of aggregates.  

Sieve (mm) 16 13.2 9.5 4.75 2.36 

D1 (mm) 19 16  13.2  9.5  4.75 
D2 (mm) 16 13.2  9.5  4.75  2.36 
di (mm) 17.44 14.53  11.20  6.72  3.35  
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3.3.1. Digital image-based contact condition acquisition  

(1) Image acquisition 

As shown in Fig. 5(a), each specimen in this section was divided into 
three slices, with four original image samples and two rutting image 
samples obtained after high-precision photographing. A total of 18 

images were captured for each gradation, and altogether 162 images 
were accessed, which met the requirements of test accuracy [53]. Note 
here that the surface of the specimen slices after cutting is muddy, and 
each slice need to be cleaned and placed at the room temperature for 
several hours to ensure that the cut surface is dry to avoid the residual 
moisture from affecting the accuracy of image acquisition. 

As the technical requirements of two-dimensional digital image 
processing for photographic quality, a 10-megapixel CCD-camera 
(CE100-30GM/C) from Hikvision was utilized to capture the slices. the 
image acquisition system is shown in Fig. 5(b), including specimen sli-
ces, CCD-camera, aperture and image acquisition software.  

(2) Image processing 

In this paper, a co-processing strategy of independent Python pro-
gramming and iPAS-2 software is adopted. Firstly, a Python program 
was applied for image pre-processing according to the Scikit-Image li-
brary, and then a multi-process script was implemented by Python to 
manipulate the iPAS-2 [34,54] software for CZ extraction aiming to 
optimize the data processing efficiency. Finally, a suitable data purifi-
cation program was also designed to obtain information on CZ of the 
aggregates for dominant skeleton. As shown in Fig. 5(c), the key image 
processing procedures included Grayscale transformation, Hmax 
filtering, Median filtering, Threshold-value filtering, Watershed algo-
rithm, and Binarization. After the execution of the program, each 
identified and separated aggregate would be serialized and its coordi-
nate data in the image would be collected to facilitate the identification 
of contact conditions.  

(3) Contact analysis 

In the pattern of DIP of aggregates, the contact judgment between 
any aggregates would be transformed into a particular threshold dis-
tance. If the distance between the two is narrower than a predefined 

Fig. 2. Weighted average void diameter of adjacent coarse aggregate sieves.  

Fig. 3. Example of the particle contact status [15].  

Table 5 
The control sieve and particle size range of each structure.  

Structure division Control sieve (mm) Particle size range (mm) 

OS 13.2 13.2 ~ 16 
DS 9.5, 4.75 4.75 ~ 13.2 
SS 2.36, 1.18, 0.6, 0.15, 0.075 0 ~ 4.75 
DA 2.36, 1.18 1.18 ~ 4.75  

Fig. 4. The volume composition of asphalt mixture.  

Table 6 
Coordination numbers of particle contact force for each gradation.  

Gradation Asphalt/aggregate ratio 
(%) 

VV 
(%) 

VMA 
(%) 

ηDS 

(%) 
ηSSDA 

(%) 
CNpcf 

R54S050  4.76  3.9  14.7  59.55  23.10  7.78 
R54S075  4.60  4.0  14.6  59.62  24.69  7.26 
R54S100  4.44  4.1  13.7  59.18  26.01  6.81 
R57S050  4.67  4.1  14.4  55.96  21.33  7.93 
R57S075  4.55  4.2  14.1  55.88  22.85  7.35 
R57S100  4.42  4.3  14.2  56.10  24.52  6.85 
R60S050  4.58  4.2  13.9  52.14  19.53  8.08 
R60S075  4.48  4.3  14.8  52.78  21.40  7.42 
R60S100  4.38  4.4  14.4  52.65  22.94  6.87  
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threshold value, the aggregates are considered as pairwise contact [55]. 
According to the results of the dominant skeleton analysis in Section 3.1, 
the minimum analyzed particle size is adopted as 4.75 mm, while the 
contact threshold is 0.23 times of the minimum analyzed particle size, i. 
e., 1.0925 mm. For instance, the number of CZ is 3, when aggregate #1 is 
in contact with #2, #3, and #4, respectively, as shown in Fig. 6. 

3.3.2. Validation of the contact coordination parameters for coarse 
aggregate 

The relationship between the number of CZ for aggregates above 
4.75 mm and CNpcf parameter in asphalt mixture is shown in Fig. 7. An 
increase in the number of CZ indicates that the continuity of the internal 
contact of the mixture is enhanced, which expands the transfer path of 
internal stresses. The two exhibited a highly positive correlation in 
statistical level with PCCs = 0.843 and R2 = 0.711, which indicated that 
the contact coordination parameters for coarse aggregate could char-
acterize the internal skeletal contact state of the mixture effectively. 

Also, it can be found that, on the one hand, under the conditions of 
constant percentage of aggregates above 4.75 mm, the number of CZ 
significantly decreases with the addition of sensitive aggregates from 
2.36 mm to 4.75 mm, which is attributed to the destruction of the 
contact skeleton by sensitive aggregates. Moreover, the larger the 

proportion of sensitive aggregates, the stronger the destructive effect is, 
which exhibits a decrease in the number of CZ. On the other hand, the 
number of CZ is increased as the proportion of sensitive aggregates from 
2.36 mm to 4.75 mm remained constant, with the developing proportion 
of aggregates above 4.75 mm. It is attributed to the improvement for the 
probability of adjacent contact of aggregates by the increasing number 
of the aggregates for dominant structure, which shows an enlargement 
of the number of CZ. 

4. Influence of contact coordination parameters for coarse 
aggregates on the rutting resistance of asphalt mixture 

4.1. Contact coordination parameters and performance of asphalt 
mixture  

(1) Marshall stability 

The Marshall stability of each gradation has been indicated in 
Table 7. The Marshall stability of the asphalt mixture increases with the 
variation of the CNpcf, showing a sharp rise and then a gradual decrease. 
When the CNpcf are around 7.4, the stability of the mixture is relatively 
better and the mechanical properties are optimal; meanwhile, with the 
CNpcf less than 7.2, the stability is relatively low. But it still meets the 
requirement of MS ≥ 8kN according to the specification, which indicates 
that the basic mechanical properties of the asphalt mixture designed in 
this study can be ensured. 

Nevertheless, it needs to be emphasized that, as shown in Fig. 8(a), 
with the increase in the proportion of sensitive aggregates of 2.36 mm to 
4.75 mm from 5% to 10%, the decrease in Marshall stability raises 
significantly, which indicates that the sensitive aggregate content is 
excessive and the surplus sensitive aggregate disrupts the skeleton 
structure. When the sensitive aggregate content is in between, i.e., the 
CNpcf is from 7.2 to 7.6, the embedded contact of the aggregates for 
dominant structure increases and the voids of the dominant structure 
can be densely filled. 

On the other hand, the stability is relatively greater for the per-
centage of aggregates above 4.75 mm at 54%. In the scope of this paper, 

Fig. 5. Aggregate cross-section image acquisition and data processing.  

Fig. 6. An example of contact identification.  
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with respect to the mechanical performance of asphalt mixture, a lower 
proportion of aggregates above 4.75 mm corresponds to a relatively 
lower CNpcf and a greater stability as well as better mechanical perfor-
mance of the asphalt mixture.  

(2) Dynamic stability 

In this study, the rutting test results are shown in Table 7, and all the 
dynamic stability of the various levels of CNpcf meet the basic require-
ment of DS ≥ 800 times/mm according to the specification. As shown in 
Fig. 8(b), the dynamic stability of the asphalt mixture exhibited an 

increasing and then decreasing trend with the CNpcf enlarged, mean-
while the rutting depth varied oppositely. It is indicated that the degree 
of embedded contact between the aggregates for dominant structure is 
the critical factor to determine the capability of the asphalt mixture for 
resisting permanent deformation at high temperature. The CNpcf can 
effectively characterize the embedded contact state of the aggregates for 
dominant structure as well as control the high temperature performance 
of the mixture. 

Also, it is to be noted that the average decrease in dynamic stability 
reaches 9.13% as the proportion of sensitive aggregates of 2.36 mm to 
4.75 mm increases from 5% to 10%. This indicates that the sensitive 
aggregate content is excessive and the surplus sensitive aggregate would 
disrupt the skeleton structure and affect the embedded contact between 
aggregates, which reduces the capacity of the skeleton to bear load 
transfer. When the content of disturbing aggregate is 7.5%, the mixture 
achieves the optimal condition for resisting rutting. 

On the other hand, the dynamic stability was relatively maximum 
when the percentage of aggregates above 4.75 mm reached 57%. 
Compared with the gradation R60S050 and R54S050, the dynamic 
stability of R57S050 was increased by 27.87% and 23.72%, respectively; 
while compared with the gradation R60S075 and R54S075, the dynamic 
stability of R57S075 was increased by 14.98% and 9.67%, respectively; 
whereas compared with the gradation R60S100 and R54S100, the dy-
namic stability of the gradation R57S100 was improved by 14.79% and 
19.22%, respectively. As a result, there is an optimal proportion of ag-
gregates above 4.75 mm for improved high-temperature stability of 

Fig. 7. Tendency of aggregate contact coordination parameters with CZ.  

Table 7 
Marshall stability and dynamic stability of each gradation.  

Gradation Asphalt/Aggregate 
ratio 
(%) 

CNpcf Marshall 
Stability 
(kN) 

Dynamic 
Stability 
(Times/mm) 

R54S050  4.76  7.78  11.78 1029 
R54S075  4.60  7.26  12.44 1514 
R54S100  4.44  6.81  9.70 912 
R57S050  4.67  7.93  11.12 1349 
R57S075  4.55  7.35  11.64 1676 
R57S100  4.42  6.85  9.83 1129 
R60S050  4.58  8.08  10.95 1055 
R60S075  4.48  7.42  11.21 1425 
R60S100  4.38  6.87  9.49 962  

Fig. 8. Tendency of Marshall Stability and Dynamic Stability.  
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asphalt mixture within this paper, which can facilitate a more optimal 
embedded contact of the aggregates for dominant structure and enhance 
the resistance of the skeleton structure to deformation. 

4.2 Contact coordination parameters and characteristics of rutting 
resistance 

High-temperature rutting is one of the irreversible diseases for 
asphalt mixture. Once the rutting occurs, its effect lasts for the entire 
life-cycle of the pavement and indirectly increases the probability of 
developing other diseases. Given this, it is necessary to quantify the 
structural properties of asphalt mixture before and after rutting test to 
evaluate the performance of asphalt mixture for rutting resistance, 
although the asphalt mixture exhibits reasonable mechanical properties 
during the experimental phase. 

In this section, the contact characteristics of the asphalt mixture 
before and after the rutting test were considered in a comprehensive 
assessment. Based on the methodology in the Section 3 of this paper, the 
CZ were extracted from un-rutted samples and rutted samples. Taking 
into account that CZ is the direct information that can be obtained from 
the image, the parameter CNpcf is a mathematical abstract representa-
tion of the contact characteristics for the coarse aggregates. It has been 
verified in this study that the two are highly correlated, and adopting the 
CZ value in the test stage can simplify the complexity of the analysis. The 
contact zone distribution characteristics of the control and test groups 
are shown in Fig. 9. 

By statistical analysis, the average probability density of the number 
of CZ ≥ 3 among all levels of the mixture was 61.39% under the original 
state without testing. After the rutting test, the majority of the asphalt 
mixture showed an increasing trend in the number of CZ. Meanwhile, 
the average probability density of CZ ≥ 3 was 65.18%. From the 
mesoscale level, this is due to the displacement of the originally 
dispersed individuals or the aggregates for skeleton with fewer CZ under 
the load, which is reflected as deformation in the macroscopic sense. 

For the characterization of CZ within the mixture, the average co-
ordination number is preferred and its calculation is shown in Eq. (13): 

nc =
1
m

∑m

i=1
ni

c (13)  

where nc is the average coordination number of aggregates, m is the total 
number of aggregates, and ni

c is the number of CZ of the aggregate i. 
The stability of the skeleton structure before and after the test in-

dicates the performance level of the mixture to resist rutting. As shown 
in Table 8 and Fig. 10, the mixture has greater resistance of damage 
when the content of the aggregates for dominant structure is 57%, and 
the rate of variation for nc before and after the test is the lowest. 

Furthermore, the rate of variation of the gradation R60S075 is 
negative. Even though the mixture itself exhibits greater dynamic sta-
bility, the analysis of the mesoscale contact shows that there is already a 
variation within the structure, resulting in the decrease of the contact 
coordination number, which negatively affects the long-lasting rutting 
resistance. 

Fig. 9. Variation of the frequency of aggregate CZ before and after rutting test. From (a) to (i) correspond to the gradations of R54S050 to R60S100 respectively.  

Table 8 
The magnitude of coordination number variation.  

Gradation Average coordination number (nc) Variation rate 
(%) 

Original Rutted 

R54S050  2.758  2.920  5.89% 
R54S075  2.560  2.694  5.23% 
R54S100  2.717  2.868  5.54% 
R57S050  3.241  3.392  4.67% 
R57S075  3.113  3.203  2.88% 
R57S100  2.987  3.117  4.36% 
R60S050  2.891  3.062  5.93% 
R60S075  2.784  2.691  ¡3.33% 
R60S100  2.838  2.992  5.41%  
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Nevertheless, it is important to be aware that not all “displacements” 
lead to further deepening of the damage. The Mann-Whitney U test [56] 
is capable for estimating whether two groups of samples are statistically 
homogeneous, thereby serving the purpose of distinguishing if the dis-
tributions are similar. To clarify the discrepancy in the distribution of CZ 
inside the asphalt mixture before and after rutting test, the Mann- 
Whitney U test with a significance level of α = 0.01 was applied to 
evaluate the degree of variation. 

As shown in Table 9, the contact zone distributions of all levels of 
asphalt mixture in this study remained significantly similar before and 
after the rutting test, and there was a large P-value to demonstrate the 
excellent performance of this asphalt mixture in resisting rutting. Such 
results further indicate that the contact coordination parameters for 
coarse aggregate are reasonable for optimizing the rutting resistance of 
asphalt mixture. 

5. Conclusions and future work 

In this study, the influence of contact characteristics of aggregates 
inside the asphalt mixture on its rutting resistance was investigated by 
adopting the parameter CNpcf to characterize the structural conditions of 
the dominant structure. The relationship between CNpcf and the contact 
conditions of the dominant structure was identified, and the influence of 
CNpcf on the resistance of asphalt mixture to high-temperature rutting 
was investigated. Based on the results of this study, the following con-
clusions can be drawn:  

(1) Upon analyzing the gradation design based on CNpcf through 
Python script combined with image sampling, it was discovered 
that the majority of aggregates exhibited CZ with values greater 
than 3, while the number of suspended particles was minimal. 
The coarse aggregates were found to be embedded in intimate 
contact with each other, thereby forming a mesoscale skeletal 
structure.  

(2) With the increase in value of CNpcf, the number of CZ and nc of the 
mixture tended to increase, particularly when the content of 
coarse aggregate was constant. The correlation of the number of 
CZ and nc with CNpcf was significant (PCCs = 0.843, R2 = 0.711), 
which demonstrated that CNpcf could effectively characterize the 
contact between aggregates inside the mixture.  

(3) It was found that the Marshall stability and dynamic stability first 
increased and then decreased with the variation of the CNpcf, 
which indicated that the optimum value of the dominant struc-
ture can be determined. Furthermore, considering the NMAS was 

13.2 mm in this study, the asphalt mixture can achieve higher 
performance level with 43% aggregate content on the break-even 
sieve of 4.75 mm.  

(4) CZ number of asphalt mixture with almost all gradations 
increased after the rutting test, and the particles with CZ ≥ 3 in all 
gradations occupied the majority. When the content of aggregates 
for dominant structure was 57% and the percentage of disturbing 
aggregates was 7.5%, the corresponding mixture possessed 
outstanding rutting resistance.  

(5) Through the Mann-Whitney U test at the significance level α =
0.01, it was evident that the asphalt mixture designed in this 
study can achieve better resistance to rutting deformation. It was 
further demonstrated that the CNpcf is valuable for guiding the 
performance optimization of asphalt mixture in the design 
period. 

In summary, an optimized design parameter (CNpcf) based on parti-
cle accumulation theory was proposed and reliably verified. The influ-
ence of CNpcf was analyzed on the rutting resistance of asphalt mixture. 
In future work, because the CNpcf was mainly investigated in the mixture 
type of AC-13, its feasibility of mathematical representation still needs 
to study for other types of asphalt mixture. Meanwhile, the influence of 
the angular properties to the aggregates was not considered much in this 
paper. Thus, the morphology of aggregates will be thoroughly studied. 
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Fig. 10. The variation of aggregate coordination number before & after 
rutting test. 

Table 9 
Verification of similarity of aggregate contact distribution before & after rutting 
test (α = 0.01).  

Gradation Z-value P-value 

R54S050  − 1.02995  0.30453 
R54S075  − 0.72012  0.47375 
R54S100  − 0.47296  0.63591 
R57S050  − 0.73021  0.46613 
R57S075  0.03596  0.97107 
R57S100  − 0.66323  0.50838 
R60S050  − 0.7346  0.46352 
R60S075  − 0.50612  0.61963 
R60S100  − 1.34259  0.17943  
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