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A B S T R A C T   

Asphalt mixture is a skeleton filling system consisting of aggregate, asphalt, and mineral powder. High perfor-
mance asphalt mixture design is directly affected by internal stress transmission of skeleton filling system. In this 
paper, the discrete element method based on digital image was employed to study the stress transmission. By 
analyzing the effect of skeleton structure on the contact force between aggregate and mortar, it is concluded that 
the skeleton aggregate in the asphalt mixture is the main stress transmission medium. The lower the degree of 
disruption, the higher the contact force of skeleton aggregate. At the same time, the variation coefficient of 
contact force of asphalt mortar with low filling coefficient is larger and the localization phenomenon is more 
serious. By analyzing the effect of mortar properties on the contact force between aggregate and mortar, it is 
concluded that the lower the modulus of asphalt mortar, the higher the degree of localization of contact force and 
the more likely to have local damage.   

1. Introduction 

Asphalt mixture is made up of aggregates that are stacked together 
and the interlocking between the aggregates maintains the stability of 
the asphalt mixture [1,2]. At the same time, asphalt mixture is composed 
of aggregates of different sizes, and the transfer of forces between ag-
gregates has a great influence on the performance of asphalt mixes. 
Studies have shown that the aggregates can be divided into skeleton 
aggregates, disruption aggregates and filling aggregates, the so-called 
skeleton-filling system, and their proportions directly affect the resis-
tance to deformation [3]. The internal force transfer characteristics are 
the key to reveal the effect of skeleton-filling system on mechanical 
properties. Stress measurement devices are difficult to measure the in-
ternal force contact and therefore to explain the complex damage 
behavior of asphalt mixtures. Therefore, it is necessary to use numerical 
simulation methods to obtain the internal meso-mechanical response of 
asphalt mixtures. 

The Discrete Element Method (DEM) can simulate the force transfer 
process between aggregates during damage. Modeling with DEM 

includes the following three main methods:  

(1) Asphalt mixture is simulated by ideal equal or unequal diameter 
spheres. Collop [4,5] modeled cylindrical asphalt mixture speci-
mens with equal diameter spheres and simulated compressive 
creep tests. Abbas [6] modeled columnar asphalt mortar speci-
mens by simulating equal diameter spheres of asphalt and filler. 
Cai [7] and Chen [8] modeled different sizes of aggregates by 
non-equal diameter spheres and established axial compression 
cylindrical specimens and penetration test specimens 
respectively.  

(2) Digital images allow extraction of aggregate and mortar locations 
in asphalt mixtures, and fill the aggregate and mortar locations 
with equal diameter balls. Many researchers [9–15] developed 
image-based cylindrical specimens to simulate compressive 
strength and dynamic modulus tests. Peng [16] and Mahmoud 
[17] established image-based indirect tensile test specimens of 
asphalt mixtures for strength and mechanical response analysis. 
Kim [18–20] established an image-based unilateral opening 
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fracture test model was developed. Huang [21] suggested an 
image-based multilayer structural model for asphalt pavements. 
Xu [22,23] analyzed the temperature effects and meso-
mechanical responses of pavement by image-based models. 

(3) Asphalt mixtures are simulated by customized polygonal parti-
cles that can be agglomerates formed by small spheres or ellip-
soids. Wang [24] built cylindrical specimens by simulating 
aggregates with equivalent ellipsoids. Liu [25] and Yu [26,27] 
simulated aggregates by randomly releasing small ball clusters 
and established a cylinder model for micromechanics and modal 
analysis. Dan [28] provided randomly placed spheres of unequal 
diameters by indirect tensile specimens, and then simulated ag-
gregates of different shapes by replacing the spheres with 
clusters. 

Since discrete particles are used to simulate the internal structure of 
materials, DEM is suitable for studying the meso-structural properties of 
heterogeneous materials. Studies on asphalt mixtures have focused on 
dynamic modulus, creep properties, fracture properties, and heat con-
duction. Collop [4,5] used such discrete elements to simulate the creep 
properties of asphalt mixtures under uniaxial compression and derived 
the relationship between the bulk elastic modulus and Poisson’s ratio. 
Kim [18–20] obtained the fracture mechanism of heterogeneous mate-
rials by discrete element model analysis. You [29,30] predicted the 
dynamic modulus of asphalt mixtures by 2D and 3D DEMs. Papa-
giannakis [31] predicted the plastic deformation of asphalt mixture by 
DEM, and the predicted results were consistent with the results of the 
Hamburg rutting test. Li [32] performed computer-aided design of 
asphalt mixtures using discrete elements and obtained the relationship 
between asphalt dosage and volume parameters by simulating 
compaction. Huang [21,33] analyzed the thermal effect of asphalt 
mixture structural layer in laboratory and field through the discrete 
element thermal analysis model, and the results showed that the discrete 
element could effectively obtain the temperature field distribution in-
side the asphalt structural layer. 

The existing discrete element numerical simulations of asphalt 
mixtures mainly aimed at macroscopic problems such as modulus, creep 
and fracture, and the statistical analysis of local contact forces is insuf-
ficient. For skeleton and filling systems, the variation of local contact 
forces caused by different disruption states is very important to reveal 
the damage mechanism of asphalt mixtures. Therefore, in this paper, 
discrete element modeling was carried out based on real images of 
asphalt mixtures to obtain the transmission law of aggregate contact 
forces under real aggregate distribution states. The objective of this 
paper is to obtain the effect of skeleton filling state on the stress trans-
mission of asphalt mixture through the contact force analysis of DEM. 
The results lay a foundation for the design method of asphalt mixture 
based on skeleton and filling coefficient. 

2. Materials and methods 

2.1. Materials and gradations 

AC (Asphalt Concrete), SMA (Stone Mastic Asphalt) and OGFC (Open 
Graded Friction Course) asphalt mixture with a maximum nominal 
particle size of 16 mm was used in this study. The residual percentages 
for each sieve are shown in Table 1. If aggregates larger than 1.18 mm 

were removed from the asphalt mixture, the mass percentages of 
aggregate and asphalt in the asphalt mortar are shown in Table 2. The 
SBS (Styrene-Butadiene-Styrene) polymer modified asphalt is used in 
this paper. Base on the test methods of “Standard Test Methods of 
Bitumen and Bituminous Mixtures for Highway Engineering (JTG E20)”, 
the properties of the asphalt are shown in Table 3. The Properties need to 
meet requirements of “Technical Specifications for Construction of 
Highway Asphalt Pavements (JTG F40)”. 

2.2. Disruption and filling coefficients 

To characterize the skeleton-filling system of asphalt mixture, our 
team calculated the disruption coefficient and filling coefficient in pre-
vious research [3]. For asphalt mixtures with a maximum nominal 
particle size of 16 mm, aggregates smaller than 1.18 mm were defined as 
filling aggregates and mixed with asphalt to form asphalt mortar. For 
coarser aggregates, aggregates in the size range of 4.75 mm ~ 1.18 mm 
are defined as disruption aggregates, while aggregates larger than 4.75 
mm are skeleton aggregates [3]. According to the classification method, 
the disruption and filling coefficients can be calculated, as shown in 
Table 4. 

The disruption coefficient indicates the effect of disruption aggre-
gates on the contact between skeleton aggregates, while the amount of 
mortar in the asphalt mixture was characterized by the filling coeffi-
cient. The results in the table were consistent with our common 
knowledge that the coarse aggregate skeleton was better in SMA and 
OGFC asphalt mixture and that more asphalt mortar was present in AC 
asphalt mixture. In the following study, the disruption and filling co-
efficients will be used to compare the meso-structure and contact forces. 

Table 1 
Percentage of aggregates (%) in asphalt mixtures.  

Types of mixture Size of sieve (mm) 

16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 <0.075 

AC-16  5.0  11.0  14.0  22.0  14.0  9.5  7.0  5.0  3.0  3.5  6.0 
SMA-16  5.0  20.0  20.0  29.0  6.5  1.5  3.0  2.5  1.0  1.5  10.0 
OGFC-16  5.0  15.0  22.5  36.5  5.0  4.0  2.5  2.0  2.0  1.5  4.0  

Table 2 
Percentage of different materials in asphalt mortar (%).  

Type of mixture 0.6 0.3 0.15 0.075 <0.075 asphalt 

AC-16  24.0  17.0  10.0  12.0  21.0  16.0 
SMA-16  12.0  10.0  4.0  6.0  41.0  26.0 
OGFC-16  16.0  13.0  13.0  9.0  25.0  25.0  

Table 3 
Properties of SBS modified asphalt.  

Properties Unit Test 
result 

Specification 
requirements 

Specification 

Penetration, 25 ℃, 100 g, 
5 s 

0.1 
mm  

66.9 60~80 JTG F40 

Ductility (5 ℃, 5 cm/min) cm  43.3 ≥30 
Softening point ℃  66.5 ≥55  

Table 4 
Disruption and filling coefficients of asphalt mixtures.  

Gradation Types Disruption coefficient Filling coefficient 

AC-16  2.05  2.23 
SMA-16  0.67  1.21 
OGFC-16  1.13  0.83  

C. Xing et al.                                                                                                                                                                                                                                     
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3. Modeling and parameter determination 

3.1. DEM model 

The DEM simulation was performed by PFC software. The digital 
image processing method allowed to divide the asphalt mixture into 
aggregates, asphalt mortar and voids. The geometric positions of the 
aggregates and asphalt mortar were obtained from the images 
[10,12,15]. The digital image processing method was composed of fuzzy 
network noise reduction and contrast enhancement, multilevel thresh-
olding, watershed transformation image segmentation. In the PFC2D 
software, the aggregates were represented by clumps, while the mortar 
was simulated by ball element. The images of the asphalt mixtures were 
shown in Fig. 1(a)–(e), and the DEM model was created in Fig. 1(b)–(f). 

3.2. Modelling parameters of asphalt mortar and aggregate 

Aggregates and asphalt mortars belong to the categories of elasticity 
and viscoelasticity, respectively. The viscoelastic parameters of asphalt 
mortar were obtained by DSR (Dynamic Shear Rheometer) frequency 
scan tests. The test temperatures in this study included 10 ℃, 20 ℃, 30 

℃, 40 ℃, 50 ℃ and 60 ℃, and the frequency range was 0.01 Hz ~ 50 
Hz. The height and diameter of the column are 10 mm and 6 mm. The 
test samples and DSR equipment are shown in Fig. 2. 

According to the time–temperature equivalence principle, the com-
plex modulus curves at different temperatures can be transformed into a 
wide frequency domain complex modulus curve at the same tempera-
ture, which is the complex modulus master curve. According to the 
time–temperature equivalence principle and Christensen Anderson 
Marasteanu (CAM) model, the complex modulus master curves of three 
asphalt mortars at 20 ◦C were obtained by the programming solution 
method. 

The Burgers model was used to describe the viscoelastic properties of 
the asphalt mortar. The complex modulus and phase angle of the asphalt 
mortar can be obtained by DSR test, and the main curve of the complex 
modulus and phase angle obtained by experiment can be fitted by 
Burgers model. The main curve and Burges fitting curve of the three 
asphalt mortars are shown in Fig. 3. 

As shown in Fig. 3, for these three asphalt mortars, the Burgers model 
was able to fit the main curve of the composite modulus well. By fitting, 
the Burgers model parameters of the three asphalt mortars can be ob-
tained, as shown in Table 5. According to the conversion relationship 
between Burgers macro model parameters and micro model parameters 
[13], the elasticity parameters and viscosity parameters of the three 
asphalt mortars are shown in Tables 6 and 7. 

The modulus of elasticity of aggregates is much larger than that of 
mortar, and the variation with temperature is very small. According to 
the results of related literature [9,18–20], the elastic modulus of 
aggregate is 55.5 Gpa, and the Poisson’s ratio of basalt stone is about 
0.23 ~ 0.32. The Poisson’s ratio of the aggregate used in this research is 
0.25. Therefore, the shear modulus of aggregate is 22.2 Gpa. According 
to the macro–micro parameter transformation relationship of aggre-
gates, the aggregate stiffness and contact stiffness of aggregates are 
shown in Table 7. 

Assuming that the modulus of elasticity of steel is 200 Gpa and 
Poisson’s ratio is 0.25, the steel particle stiffness parameters and the 
aggregate-steel contact stiffness parameters are shown in Table 8. Given 
the modulus of elasticity and shear modulus of the aggregate and the 
microscopic Burgers parameters of the mortar, the microscopic param-
eters of the Burgers contact model between the aggregate and mortar 
can be calculated and the calculation results are shown in Tables 9 and 
10. 

4. Results and discussion 

Based on the DEM model of the asphalt mixture developed above and 
the determined model parameters, this section analyzes the effect of 
meso-structure and properties of the asphalt mortar on the internal 
mechanical response of the asphalt mixture. The contact forces between 
the aggregate and the mortar are utilized to illustrate the effect of the 
skeleton filling state on the mechanical responses of the asphalt mixture. 

Fig. 1. Image and DEM model of the three types of asphalt mixtures.  

Fig. 2. Test samples and DSR equipment.  

C. Xing et al.                                                                                                                                                                                                                                     
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4.1. Influence of meso-structure on contact force of aggregates 

In this paper, the indirect tensile test was used for the mechanical 
response, and the loading speed was 50 mm/min. Through the analysis 
of the DEM calculation results, the mechanical response was relatively 
stable at 1% vertical strain, so the contact force at 1% vertical strain of 
the indirect tensile test was chosen for the analysis. The contact force 
distribution of the aggregates is shown in Fig. 4. 

From Fig. 4, it can be seen that for the three types of asphalt mix-
tures, the load is mainly borne by the coarse aggregates, while the fine 
aggregates are scattered among the coarse aggregates and bears a 
smaller load. The diameter of the aggregates can be calculated based on 
the circular transformation of the equivalent area. The relationship be-
tween the equivalent diameter of the aggregate and the contact force is 
shown in Fig. 5. 

As shown in Fig. 5, in general, the contact force increases with the 
increase of aggregate size. In SMA and OGFC asphalt mixture, some of 

Fig. 3. Complex modulus and Burgers model fitting curve.  

Table 5 
Burgers macro model parameter.  

Mortar type E1 (MPa) E2 (MPa) ƞ1 (MPa ⋅s) ƞ2 (MPa ⋅s) 

AC-16  508.5  30.2  325.8  32.2 
SMA-16  184.4  7.4  171.4  27.2 
OGFC-16  253.9  7.8  106.0  22.4  

Table 6 
Burgers model micro elastic parameter of asphalt mortar.  

Mortar type Kmn 

(MPa⋅m) 
Kms 

(MPa⋅m) 
Kkn 

(MPa⋅m) 
Kks 

(MPa⋅m) 

AC-16  508.5  169.5  30.2  10.1 
SMA-16  184.4  61.5  7.4  2.5 
OGFC-16  253.9  84.6  7.8  2.6  

Table 7 
Burgers model micro viscous parameter of asphalt mortar.  

Mortar type Cmn 

(MPa⋅m⋅s) 
Cms 

(MPa⋅m⋅s) 
Ckn 

(MPa⋅m⋅s) 
Cks 

(MPa⋅m⋅s) 

AC-16  325.8  108.6  32.2  10.7 
SMA-16  171.4  57.1  27.2  9.1 
OGFC-16  106.0  35.3  22.4  7.5  

Table 8 
Micro stiffness parameters of aggregate.  

kn (GPa) ks (GPa) Kn (GPa) Ks (GPa)  

111.0  44.4  55.5  22.2  

Table 9 
Micro stiffness parameters of aggregate-steel.  

kn (GPa) ks (GPa) Kn (GPa) Ks (GPa)  

400.0  160.0  86.9  34.8  

Table 10 
Burgers model micro elastic parameter of asphalt mortar-aggregate.  

Mortar type Kmn 

(MPa⋅m) 
Kms 

(MPa⋅m) 
Kkn 

(MPa⋅m) 
Kks 

(MPa⋅m) 

AC-16  1007.8  336.4  60.5  20.2 
SMA-16  367.6  122.6  14.7  4.9 
OGFC-16  505.6  168.6  15.7  5.2  

C. Xing et al.                                                                                                                                                                                                                                     
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the fine aggregates also bear larger contact forces, while in AC asphalt 
mixture, the contact force distribution of fine aggregates is concentrated 
in the small force area. 

This phenomenon shows that coarse aggregates are generally the 
main load bearing units of asphalt mixtures in different skeletal states. 
Part of the fine aggregates in OGFC and SMA asphalt mixtures are 
located in the contact area between coarse aggregates. They are the 
transmission medium between coarse aggregates, so they are subjected 
to higher contact forces. For AC asphalt mixes, the coarse aggregates are 
suspended among many fine aggregates, and the reasons for the lower 
contact forces on the fine aggregates include. (1) Some fine aggregates 
fill the voids between coarse aggregates and bear less contact force. (2) 
Due to the large number of fine aggregates, the contact force trans-
mission is relatively dispersed, resulting in a smaller contact force for 
each aggregate. 

Based on the data of contact forces and aggregate sizes, the average 
contact forces of different aggregates for the three asphalt mixtures are 
shown in Fig. 6. 

It can be seen from Fig. 6 that the average contact force tends to 
increase with the increase of aggregate size. For the 13.2 mm and 16 mm 
gradations, the average contact force fluctuates slightly due to the small 
number of aggregates. For different asphalt mixture, the order of the 
average contact force is OGFC > SMA > AC. 

In order to describe the role of skeleton aggregate and disruption 
aggregate during loading, the average contact force ratio of skeleton 
aggregate to disruption aggregate was used to evaluate the bearing ca-
pacity of the skeleton aggregate. It can be calculated by formula (1). The 
average contact forces and contact force ratios are shown in Table 11. 

R =
Fs

Fd
(1)  

where R is the contact force ratio, Fs is the average contact forces of 
skeleton aggregates, Fd is the average contact forces of disruption 
aggregates. 

It can be seen from Table 11 that the average contact force of skel-
eton aggregates is significantly higher than that of disruption aggre-
gates, which indicates that the skeleton aggregates are the main force 
transmission medium in asphalt mixture. Meanwhile, the order of con-
tact force ratio of the three asphalt mixtures is SMA > OGFC > AC, 
which is consistent with the disruption coefficient, indicating that the 
lower the disruption state is in the asphalt mixtures, the higher the 
contact force of the skeleton aggregates are. 

4.2. Influence of meso-structure on contact force of mortar 

The meso-structure not only affects the force transfer of the aggre-
gate, but also the contact force distribution of mortar-aggregate and 
mortar-mortar. The contact tension and pressure distribution of the 
mortar in the indirect tensile test are shown in Fig. 7(a), (c) and (e). The 
green rectangle represents the pressure, the blue rectangle represents 
the tension, and the wider the rectangle represents the value of the 
contact force. To clearly observe the local tension and pressure distri-
bution, the red boxes in the center of the specimens are enlarged as 
shown in Fig. 7(b), (d) and (f). 

From Fig. 7, it can be seen that for these three asphalt mixtures, the 
large contact forces were mainly generated in the middle of the spec-
imen. The contact compression forces for OGFC and SMA asphalt 

Fig. 4. Relationship between aggregate size and contact force.  
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mixtures were concentrated at the contact location of the aggregates. In 
contrast, the contact compression forces for AC asphalt mixtures were 
scattered over wider areas, with little difference between different areas. 
By magnifying local areas, it can be seen that the contact force is mainly 

expressed as pressure in the vertical direction and tension in the hori-
zontal direction, which is consistent with the mechanical response of the 
indirect tensile test. 

According to the calculation results of DEM, the contact forces be-
tween the mortars can be extracted. The contact tension and pressure 
distribution between mortar and mortar for the three asphalt mixtures 
are shown in Fig. 8. 

As can be seen from Fig. 8, for all three asphalt mixtures, most of the 
contact forces are small and the percentage of high contact forces is 
small. 

This indicates that the asphalt mixtures showed localization phe-
nomenon during loading with relatively high local contact forces. 
Comparing the three asphalt mixtures, OGFC presents a lower percent-
age of high contact force areas than AC and SMA, and the localization 
phenomenon is more severe. Similarly, the mortar-aggregate contact 
tension and pressure can be obtained from the DEM model. The contact 
force results for the three asphalt mixtures are shown in Fig. 9. 

It can be seen from Fig. 9 that the distribution of contact forces for 
mortar-aggregate is similar to that of mortar-mortar and also shows a 
strong localization phenomenon. In order to describe the differences in 
the localization behavior of the three asphalt mixtures, the mean values 
and coefficients of variation were calculated for tension and pressure, 
respectively. The coefficient of variation is a dimensionless parameter 
that indicates the degree of dispersion of the data. Large coefficients of 
variation indicate severe localization. The results of the mean and co-
efficient of variation calculations are shown in Tables 12 and 13. 

By comparing the average contact forces in Tables 12 and 13, the 
average contact tension force is greater than the average contact pres-
sure, and the mortar-aggregate contact force is greater than the mortar- 
mortar contact force. This indicates that in the indirect tensile test, the 
mortar was subjected to higher tensile forces, which led to tensile 
damage of the mortar. At the same time, the interface between the 
aggregate and mortar was more susceptible to larger contact forces, 
which led to interface damage. The contact force relationship between 

Fig. 5. Relationship between aggregate size and contact force.  

Fig. 6. Average contact forces of aggregates with different size.  

Table 11 
Burgers model micro viscous parameter of asphalt mortar-aggregate.  

Mortar type Cmn 

(MPa⋅m⋅s) 
Cms 

(MPa⋅m⋅s) 
Ckn 

(MPa⋅m⋅s) 
Cks 

(MPa⋅m⋅s) 

AC-16  651.5  217.2  64.4  21.5 
SMA-16  342.7  114.2  54.5  18.2 
OGFC-16  212.0  70.7  44.9  15.0  

C. Xing et al.                                                                                                                                                                                                                                     
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Fig. 7. Contact force distribution of mortar.  
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the three asphalt mixtures was SMA > AC > OGFC. The reason for this 
phenomenon was that the number of aggregates of OGFC was low and 
the contact force was high, as shown in Fig. 8(a) and (b), resulting in a 
low average contact force. While the high contact force area of SMA and 
AC is larger, the contact force concentration of SMA is more serious, 
resulting in a larger overall contact force value. 

By comparing the coefficient of variation of contact force, the order 
of the coefficient of variation of the three asphalt mixtures is OGFC >
SMA > AC, indicating that the coefficient of variation of contact force is 
larger for asphalt mortar with lower filling coefficient. The reason for 
the above phenomenon is that the asphalt mixture with lower filling 
coefficient, the filling area of the mortar is smaller, and it is easier to 
produce local high contact force during the loading process, and the 

localization phenomenon is more serious. 

4.3. Influence of asphalt mortar properties on contact force of aggregates 

The transmission characteristics of the contact forces between the 
aggregate and the mortar in asphalt mixtures are influenced not only by 
the mesoscopic structure, but also by the mechanical properties of the 
asphalt mortar. This section focuses on the effect of mechanical prop-
erties of asphalt mortar on the contact forces inside the asphalt mixture. 
According to the performance of AC-16 mortar, the elastic and viscous 
model parameters of Burgers were increased and decreased by 20%, 
respectively, and the aggregate properties were kept constant. The 
macro-Burgers model parameters of asphalt mortar were used in this 

Fig. 8. Distribution of contact force in asphalt mortar.  
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section, as shown in Table 14. 
The parameters of the asphalt mortar model in Table 14 were input 

into the discrete element model, and the parameters of the three asphalt 
mixture models with reduced modulus and 20% increased mortar load 
were obtained for aggregate contact force, mortar contact force and 
mortar-aggregate interface contact force for three different mortar 
properties of asphalt mixture aggregate contact force as shown in 
Fig. 10. 

It can be seen from Fig. 10 that when the elastic and viscoelastic 
properties of the mortar are increased or decreased, the contact force of 

Fig. 9. Distribution of contact force between asphalt mortar and aggregate.  

Table 12 
Contact force of skeleton and disruption aggregates.  

Mixture 
type 

Average contact forces of 
skeleton aggregates (N) 

Average contact forces of 
disruption aggregates (N) 

Contact 
force ratios 

OGFC  11.08  4.88  2.27 
SMA  5.96  1.79  3.33 
AC  2.33  1.51  1.54  

Table 13 
Mean value and variable coefficient of mortar-aggregate contact force.  

Indexes OGFC tension SMA tension AC tension OGFC 
pressure 

SMA pressure AC 
pressure 

Mean(N)  35.97  106.31  69.70  17.76  28.58  23.15 
Variation coefficient (%)  177.5  129.1  125.2  159.5  141.0  111.2  
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the aggregates with different aggregate sizes also increases with the 
increase in aggregate sizes. It indicates that for different mortar prop-
erties, the aggregate with large aggregate size is the main load bearing 
unit of asphalt mixture, and the relationship between aggregate size and 
contact force does not change with the change of mortar modulus. 
Meanwhile, it can be found that the contact force of aggregates increases 
with the increase of mortar modulus. The main reason is that the in-
ternal contact force of the high modulus material is larger when the 
same deformation is applied to the material in the displacement loading 
mode. The average contact forces of the skeleton aggregates and 
disruption aggregates were calculated and the statistical results are 
shown in Table 15. 

It is clear from Table 15 that the contact force of the skeleton ag-
gregates is higher than that of the disruption aggregates. Meanwhile, 
increasing the modulus of mortar can improve the contact force of both 
skeleton aggregates and disruption aggregates. As for the contact force 
of skeleton aggregates and disruption aggregates, the load-bearing effect 
of both types of aggregates is of more interest with the change of mortar 
modulus. The contact force ratio (contact force of skeleton aggregates/ 

contact force of disruption aggregates) can reflect the changing rela-
tionship of the load bearing effects of the two types of aggregates. The 
contact forces of different mortar properties are shown in Fig. 11. 

It can be seen from Fig. 11 that the increase or decrease of mortar 
modulus does not change the contact force ratio relationship of the three 
asphalt mixtures, and the rule is also SMA > OGFC > AC. It is also found 
that the contact force ratio is decreasing with the increase of asphalt 

Table 14 
Mean value and variable coefficient of mortar-mortar contact force.  

Indexes OGFC tension SMA tension AC tension OGFC 
pressure 

SMA 
pressure 

AC 
pressure 

Mean value (N)  25.88  81.44  51.30  13.17  21.99  18.14 
Variation coefficient (%)  181.1  126.7  124.4  160.4  145.2  125.3  

Fig. 10. Relationship between aggregate size and contact force.  

Table 15 
Burgers macro model parameter of asphalt mortar.  

Mortar type E1/MPa E2/ MPa ƞ1/ MPa ⋅s ƞ2/ MPa ⋅s 

Mortar (− 20%)  406.80  24.16  260.64  25.76 
Mortar (0)  508.50  30.20  325.80  32.20 
Mortar (+20%)  610.20  36.24  390.96  38.64  

Fig. 11. Relationship between contact force rate and asphalt mortar property.  
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mortar modulus, which indicates that the lower the mortar modulus, the 
higher the contact force of the skeleton aggregates and the more obvious 
the bearing effect. The reason for the above phenomenon is that the 
lower the mortar modulus is, the less the disruption aggregates and 
mortar support the skeleton aggregates, so the skeleton aggregates are 
subjected to a higher contact force than the disruption aggregates (see 
Table 16). 

4.4. Influence of asphalt mortar properties on contact force of mortar 

Through the calculation results of different mortar performance 
models, the average contact tension of mortar-mortar and mortar- 
aggregate can be extracted, and the variation law of the average con-
tact force with the mortar modulus is shown in Fig. 12. 

It can be seen from Fig. 12 that for different mixture types, different 
contact types and tensile pressure types, the average contact force tends 
to increase with the increase in mortar modulus. The reason for this 
phenomenon is the same as the increase in aggregate contact force. This 
is because the increase in the material modulus leads to an increase in 
the contact force within the material under the same deformation con-
ditions. Mortar properties affect not only the load bearing capacity of the 

skeleton aggregates, but also the localization behavior of the mortar 
contact forces. As mentioned above, the localization behavior of mortar 
contact forces can be expressed by the coefficient of variation of contact 
forces. The relationship between the coefficient of variation of mortar 
contact force and mortar properties is shown in Fig. 13. 

By comparing the contact tensile forces in Fig. 13(a) and (b), it can be 
seen that OGFC has the largest coefficient of variation for the different 
mortar properties, while SMA is slightly larger than AC. By comparing 
the contact compression forces in Fig. 13(c) and (d), it can be seen that 
OGFC has the largest coefficient of variation for different mortar prop-
erties, while SMA is larger than AC. This indicates that the variation of 
mortar properties does not affect the relationship between the local 
degree of contact forces of the three asphalt mixtures, while the local 
phenomenon is most severe for OGFC asphalt mixture. More notably, it 
can be found from Fig. 13 that the coefficient of variation of contact 
force decreases with the increase of mortar modulus parameter for 
different contact types, different mixture types and contact tensile 
pressures. It indicates that the lower the asphalt mortar modulus is, the 
larger the coefficient of variation of contact force is, and the higher the 
localization of contact force is, the more likely local damage will occur. 

Table 16 
Contact force of skeleton and disruption aggregates.  

Grain Type  OGFC 
− 20% 

OGFC 
0% 

OGFC 
20% 

SMA 
− 20% 

SMA 
0% 

SMA 
20% 

AC 
− 20% 

AC 
0% 

AC 
20% 

Skeleton aggregates  9.96  11.08  17.10  2.63  5.96  7.07  1.85  2.33  3.95 
Disruption aggregates  3.69  4.88  9.50  0.61  1.79  2.50  1.11  1.51  2.65  

Fig. 12. Relationship between contact force and asphalt mortar property.  
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5. Conclusions 

In this paper, a discrete element model of the asphalt mixture was 
established using DEM and digital image processing techniques, and 
then the indirect tensile test of the asphalt mixture was simulated. On 
this basis, the effects of skeleton structure on the meso-mechanical 
response of the asphalt mixture were analyzed separately, and the 
main conclusions are as follows.  

(1) By analyzing the effect of meso-structure on aggregate contact 
force, the average value of contact force increases with the in-
crease of aggregate size, and the average value of contact force of 
skeleton aggregates is significantly higher than that of disruption 
aggregate. This indicates that skeleton aggregates are the main 
force transmission medium in asphalt mixture.  

(2) By analyzing the effect of meso-structure on the contact force of 
mortar, it was concluded that the contact compression force of 
OGFC-16 and SMA-16 asphalt mixtures was concentrated at the 
contact position of aggregates, and the distribution area of AC 
asphalt mixtures was more dispersed. For the contact compres-
sion force and tensile force, the order of the variation coefficient 
is OGFC-16 > SMA-16 > AC-16, which indicates that the asphalt 
mortar with low filling coefficient, the greater the variation co-
efficient of contact force, the more serious the localization 
phenomenon.  

(3) Analysis from the effect of mortar properties on aggregate contact 
force. And with the increase of asphalt mortar modulus, the 
contact force ratio shows a decreasing trend, indicating that the 
lower the mortar modulus is, the higher the contact force of the 
skeleton aggregates is, and the more obvious the bearing effect is.  

(4) The analysis of the effect of mortar properties on mortar contact 
force shows that the coefficient of variation of mortar contact 
force decreases with the increase of mortar modulus parameters, 
indicating that the lower the modulus of asphalt mortar, the 
higher the degree of localization of contact force and the more 
likely local damage occurs. 
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