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Deformation superposition effect 
of asphalt mixture based on experiments 
and micromechanical modeling
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Abstract:  Under multi-wheel heavy load, the asphalt mixture is prone to exhibit the deformation superposition 
effect, which exacerbates the damage of pavement structure. Multi-point penetration tests and numerical simula-
tions by discrete element method (DEM) are performed to investigate the deformation superposition effect and 
micromechanical characteristics of asphalt mixture. The effect of wheel spacing, wheel group, and the evolution of 
micromechanical deformation superposition behavior are analyzed. Results indicate that the deformation super-
position resistance of the asphalt mixture under the multi-wheel load decreases dramatically with the decrease in 
wheel spacing and the increase in the number of wheels, specifically the wheel spacing is 54 mm and the number 
of wheels is 4. The DEM simulations reflect the micromechanical property of asphalt mixture in the multi-point 
penetration test. The reduction of tensile chains is the internal reason for asphalt mixture deformation superposi-
tion, indicating the decrease of the adhesive strength of the material. A remarkably positive correlation is found 
between the reduction of the tensile chain and the deformation effect coefficient. In the process of superposition, 
the aggregate skeleton force chains are gradually destroyed and decrease to zero until cracking. The numerical 
simulation outcome is consistent with the laboratory penetration test outcome.

Highlights 

(1)	 Evaluation of deformation superposition behavior of asphalt mixture by the multi-point penetration test.
(2)	 Determinant of the deformation superposition resistance of the asphalt mixture under the multi-wheel load is 

wheel spacing and the number of wheels.
(3)	 The reduction of tensile chains is the internal reason for asphalt mixture deformation superposition.
(4)	 The numerical simulation method can reflect the laboratory penetration test outcome.

Keywords:  Asphalt mixtures, Deformation superposition effect, Multi-point penetration test, Discrete element 
method (DEM), Micromechanical characteristics
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Introduction
The proportion of multi-wheel heavy transportation 
increases significantly on asphalt pavements of high-
grade highways and airports. The multi-wheel load pro-
duces stress interference inside the asphalt mixture. The 
deformation that occurs at the same point is equivalent 
to the deformation superposition caused by a single 
load. Deformation superposition accelerates pavement 
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structure destruction and performance degradation [1–
3]. Excessive superposition deformation directly affects 
driving comfort and endangers driving safety. Therefore, 
the first step is to understand the evolution of deforma-
tion superposition under the multi-wheel load and inter-
nal micromechanical characteristics that uncover the 
deformation superposition behavior to effectively control 
the deformation and ensure the long-term stability of 
pavement structure.

The importance of deformation superposition related 
to heavy load as the major contributor to damage of 
asphalt pavement has long been recognized [4, 5]. On the 
one hand, previous studies mainly focused on long-term 
monitoring and field investigation of the macroscopic 
characteristics of deformation superposition. Gomez-
ramirez [6], Hayhoe et  al. [7], and Gopalakrishnan [8] 
utilized the National Airport Pavement Test Facility to 
monitor the damage of asphalt pavement under aircraft 
load. The mechanical response within pavement mate-
rials under the multiple wheels is obtained. Al-Qadi 
et  al. [9] embedded 149 sensors on the airport pave-
ment. The sensors monitor the response of pavement 
structure and ambient data under vehicles and aircraft. 
The data are used to modify pavement design models 
and performance estimates. Fabre et  al. [10] established 
a test section at an airport. They set up a rutting moni-
toring sensor to explore the pavement response under 
two-wheel load. Salama et  al. [11], Zhao et  al. [12], and 
Minkwan et  al. [13] analyzed the superposition effect 
of asphalt pavement under the multi-axle loads. They 
pointed out that the asphalt pavement responses appear 
to have obvious superposition characteristics, indicat-
ing that the superposition under multi-wheel load must 
be considered compared with single wheel loads. These 
studies confirm the existence and destructive effect of 
deformation superposition behavior of asphalt mixture. 
However, most field monitoring is time-consuming and 
involves considerable financial costs. Understanding the 
micromechanical mechanism of the deformation super-
position behavior of asphalt mixture based on field moni-
toring is difficult.

On the other hand, understanding the deformation 
superposition characteristics conduces to predict the 
structural response of pavement and provides a method 
to design or repair asphalt pavement. Thompson et  al. 
[14] proposed two superposition analysis methods. The 
whole idea relies on the assumption of the linear super-
position principle. They [15] also applied the superposi-
tion principle to analyze the superposition effect. They 
believed that the pavement response under multi-wheel 
load can be obtained by superimposing the response 
under a single wheel load. Zhao et al. [16] used the peak 
midpoint method to calculate the typical pavement 

structure damage under dual-wheel load. The damage 
obtained by diverse methods differs by more than three 
times. Martin [17], Marques et al. [18], Chatti et al. [19], 
and Homsi et  al. [20] reached similar conclusions. This 
condition indicates that the prediction of superposition 
response under the multi-wheel load is based on the 
superposition principle. However, this assumption is not 
found in the understanding of the internal mechanism of 
materials, and expounding scientifically on the pavement 
damage under complex loads is difficult.

The discrete element method (DEM) allows the defor-
mation of asphalt mixture to be characterized from a 
microscale perspective. You et  al. [21] established a 2D 
model of the tensile tests for asphalt mixture. They ana-
lyzed the distribution of forces and the expansion of 
cracks. Zelelew [22] simulated the compression creep 
test of asphalt mixture by utilizing a 2D discrete element 
microscopic model from X-ray computed tomography 
images. He obtained the flow number and creep compli-
ance and analyzed the permanent deformation character-
istics of asphalt mixture. Chen et al. [23, 24] studied the 
deformation of asphalt mixture in the compaction pro-
cess by utilizing the DEM. They discussed the void distri-
bution and obtained similar results with the experiment. 
The results indicate that simulating the meso mechanical 
behavior by reconstructing a discrete element model of 
asphalt mixture is feasible. The DEM can quantitatively 
analyze the force chain distribution of asphalt mixture 
during loading. The force chain is used to describe the 
interaction of particles within the system. This concept 
was proposed by Bouchaud et al. [25], Wittmer et al. [26] 
on the basis of the study of arching effect, stress distribu-
tion, and stress extension in granular matter. Tordesillas 
et  al. [27, 28] utilized a discrete element model to ana-
lyze the spatial distribution of force chain buckling under 
quasi-static biaxial load. Wang et al. [29] considered the 
influence of the filling rate and friction coefficient of 
dense particulate on the distribution of force chain. They 
studied the angle distribution of the force chain. You et al. 
[30, 31] established a discrete element model of asphalt 
mixture composed of particles to simulate the standard 
penetration test. They presented the distribution of force 
chains among aggregate, among asphalt mastics, and 
between aggregate and asphalt mastics at different load-
ing times.

In conclusion, the deformation superposition-
induced damage contributes considerably to the dete-
rioration of asphalt mixtures. Several studies rarely 
focused on the micromechanical characteristics of the 
deformation superposition behavior of asphalt mix-
ture based on field monitoring. The DEM promotes 
the understanding of the internal micromechanical of 
asphalt mixture deformation superposition. Further 
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research is necessary. In this study, the multi-point 
penetration test and DEM were used. The macro char-
acteristics of the asphalt mixture deformation effect 
were analyzed, and the mesoscopic mechanism of 
deformation superposition was explored. The match-
ing relationship between macroscopic deformation 
and micromechanical was established, providing the 
necessary guidance for the prevention and treatment 
of asphalt pavement deformation superposition.

Materials and experimental methods
Asphalt mixtures
According to the Marshall mix design method, a stone 
matrix asphalt mixture, SMA-13, was manufactured for 
the test. Aggregate gradation with the nominal maximum 
aggregate size of 13.2 mm was demonstrated in Fig.  1. 
The aggregate was andesite produced in Heilongjiang 
Province, the properties of the aggregate were shown 
in Table 1 and Table 2, tests were conducted to find the 
properties of coarse aggregate and fine aggregate accord-
ing to the Test Methods of Aggregates for Highway Engi-
neering (JTG E42–2005). The filler was limestone with 
an apparent relative density of 2.720, to enhance the 
anti-stripping ability of the asphalt mixture. The asphalt 
was from China National Petroleum Corporation with a 
penetration grade of 80/100. Based on the Standard Test 
Methods of Bitumen and Bituminous Mixtures for High-
way Engineering (JTG E20–2011), the properties of the 
SMA-13 mixture were determined as shown in Table 3.

Specimens were prepared by a gyratory compactor 
with standard vertical pressure of 0.6 MPa, a gyratory 

angle of 1.25°, and a gyratory speed of 30 rpm. The ini-
tial diameter of the specimen was 150 mm, the height was 
170 mm. Then, considering the requirements for parallel 
tests, the specimens were cut from the middle and per-
formed the same test. Thus, the final specimen used in 
the test was 85 mm in height and 150 mm in diameter.

Multi‑point penetration test
In previous work [32], the penetration test was proven 
to simulate the stress state of asphalt pavement. How-
ever, the traditional uniaxial penetration test cannot 
accurately describe the mechanical behavior of asphalt 
mixture under multi-wheels. Thus, the multi-point pen-
etration test was developed to characterize the defor-
mation superposition effect of asphalt pavements under 
multi-wheel load.

The apparatus used in this study is shown in Fig.  2. 
It can be used for multi-point penetration tests in the 
condition of various spacing. This apparatus consists of 
the main shaft, disk, and penetration loading shaft. The 
height of the penetration loading shaft is 100 mm, and 
the diameter is 20 mm. The size of the disk is shown in 
Fig. 3. The central hole was used for uniaxial loading. The 
bar-type holes were used for two-point loading, which 
can simulate the condition of the distance between 60 
and 120 mm. The inner or outer circular holes were used 
for four-point loading. The distance between the inner 
holes is 60 mm, and the distance between the outer holes 
is 68 mm. Different combinations of holes can be used to 
simulate six-point and eight-point loading with 60 mm or 
68 mm wheel spacing.

Fig. 1  Aggregate gradation curves for SMA-13 mixtures
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The loading device used is a universal testing machine 
(UTM-250). The equipment installation is shown in 
Fig. 4. In the test, the specimens were placed in a temper-
ature-controlled chamber for at least 3 h, the temperature 
was set at 60 °C. The specimen was then placed on the 
loading platform, the rubber mat was pasted below the 
penetration shaft, and the penetration shaft was lowered 
until it contacted the specimen, the contact force is 0.200 
kN. The UTM-250 performed with strain control mode 
and obtained the data pair that the loading force varied 
with the loading depth. The penetration shear curve is 
shown in Fig.  5. The loading stress converted from the 
loading force is the ordinate, and the penetration depth 
is the abscissa.

In this analysis, the superposition effect coefficient was 
used to evaluate the deformation superposition charac-
teristics of asphalt mixture. The superposition effect coef-
ficient is sensitive to the type of asphalt mixtures and has 
a strong correlation with the dynamic stability obtained 
from the rutting test [33]. This condition indicates that 
this coefficient can correctly evaluate the influence of 
asphalt mixture type on the deformation superposition 
effect under multi-point load and connect well with the 
asphalt pavement deformation under a wheel load. The 
smaller superposition effect coefficient demonstrates that 
the superposition deformation of the asphalt mixture 
increases significantly, and the material has weak resist-
ance to multi-wheel load. The superposition effect coef-
ficient is calculated by using Eq. (1).

Where Δ1 is the penetration load growth rate under 
the uniaxial load, Δn is the penetration load growth rate 

(1)β∆ =

∆1

∆n

,

under the multi-point load. In particular, the penetration 
load growth rate refers to the slope of the linear growth 
section, it means the load growth of the asphalt mixture 
at a penetration depth of 1 mm.

Discrete element model
The 3D skeleton model of the SMA-13 mixture was 
established to investigate the micromechanical charac-
teristics of the deformation superposition effect. The 
skeleton particles were the main load-bearing elements 
of the asphalt mixture. This study adopted a spherical 
composite body with four grades of 2.36–4.75, 4.75–9.5, 
9.5–13.2, and 13.2–16 mm to simulate the skeleton model 
of the asphalt mixture. The model contained 681 sphere 
units in total. The gradation and size of the skeleton 
model were consistent with the asphalt mixture used in 
the test. The voids of coarse aggregate were regarded as 
the porosity of the skeleton model.

The bonding behavior of skeleton particles was simu-
lated by using a parallel-bonded contact model on a cer-
tain scale. Within the cylinder of two spherical particles, 
the connection of asphalt and aggregate according to real 
asphalt mixture was built. This connection can accu-
rately represent the composition of the asphalt mixture, 
avoid setting the bonding properties of each element of 
the asphalt mixture, and resolve the problems of slow 
computing speed and difficult convergence. The parallel-
bonded contact model parameters used in this study are 
shown in Table 4.

Under penetration load, a wall with a diameter of 
20 mm and a length of 50 mm was established to simulate 
the shaft, and a wall with a side length 4 times the diam-
eter of the skeleton model was established to simulate 
the platform. The stiffness of the shaft and platform was 
1 × 108 N·m−1. The skeleton particle model under uniax-
ial and four-point penetration load is shown in Fig. 6.

Results and discussion
Failure mode of deformation superposition effect
Previous studies showed that the shear failure mode of 
the asphalt mixture in the uniaxial penetration test is 
similar to that of pavement core [34]. However, the uni-
axial penetration method cannot accurately describe the 
superposition damage of asphalt pavement. On the basis 

Table 2  Basic properties of fine aggregate

Index Sieve Size / mm Requirement

1.18 0.6 0.3 0.15 0.075

Apparent specific gravity 2.771 2.755 2.772 2.778 2.783 ≥ 2.50

Angularity / s 45 ≥ 30

Table 1  Basic properties of coarse aggregate

Index Sieve Size / mm Requirement

13.2 9.5 4.75 2.36

Bulk specific gravity 2.775 2.782 2.773 2.772 ≥ 2.60

Water Absorption / % 0.50 0.49 0.57 0.51 ≤ 2.0

Crushing Value / % 10.1 ≤ 26

Los-Angeles Abrasion / % 14.5 ≤ 28



Page 5 of 19Li et al. J Infrastruct Preserv Resil            (2021) 2:26 	

Table 3  The properties of the SMA-13 mixture

Asphalt 
content(%)

Volume 
of air 
voids(%)

Voids in 
mineral 
aggregate(%)

Voids 
filled with 
asphalt(%)

Marshall 
stability(kN)

Flow 
value(mm)

6.5 4.0 18.5 78.4 7.6 4.3

Fig. 2  Apparatus of the multi-point penetration test

of the method mentioned in Multi-point penetration test 
Section, uniaxial and four-point penetration tests were 
conducted for SMA-13 with a temperature of 60 °C and a 
loading rate of 1 mm/min. This process was performed to 
obtain and compare the failure mode of the asphalt mix-
ture. The penetration curve is shown in Fig. 7.

As shown in Fig.  7, the load growth rate under uni-
axial and four-point penetration of the SMA-13 mixture 
is 4.33 and 2.50 MPa/mm respectively. This finding indi-
cates that resisting deformation under a four-point pen-
etration load is more difficult for the asphalt mixture.

A direct result is shown in Fig. 8, which illustrates the 
crack patterns of asphalt mixture under uniaxial and 
four-point loads.

Under uniaxial penetration load, the cracking path 
is from the center to the edge of the specimen, indicat-
ing that the edge cracking is the main reason for the 
strength loss of the mixture. Under four-point penetra-
tion load, the crack path is the edge of the specimen and 
the connecting line of the four penetration points, indi-
cating that the deformation is caused by the joint action 
of four penetration shafts. The deformation appears as 

a superposition phenomenon. This condition results in 
considerable cracking of the sample. Thus, the resistance 
to deformation decreases, and the load growth rate is 
small. Specifically, Δ4 is less than Δ1, and the superposi-
tion coefficient is less than 1.

Effect of the wheel group on deformation superposition
The impact of wheel spacing and the number of wheels 
on the superposition effect in asphalt mixtures is quanti-
tatively discussed to investigate the external cause of the 
deformation superposition in asphalt mixtures.

Effect of wheel spacing
Wheel spacing is regarded as the key factor affect-
ing the deformation behavior of asphalt mixture. This 
section quantificationally examines the influence of 
wheel spacing on the deformation superposition effect 
of the SMA-13 mixture by using the aforementioned 
test method. The four-point penetration tests with the 
wheel spacing of 54, 60, and 65 mm were conducted, the 
loading rate was 1 mm/min, and the test temperature 
was 60 °C. The results from the various wheel spacings 
exhibit the variation of superposition parameters, as 
shown in Figs. 9 and 10.

Figure  9 presents the penetration load growth rate in 
uniaxial and four-point penetration tests. On the whole, 
the penetration load growth rate generated by the uni-
axial penetration is greater than that by the four-point. 
The result of uniaxial penetration is 1.1 MPa/mm, 
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Fig. 4  Equipment installation of the penetration test. (a) Uniaxial penetration test. (b) Four-point penetration test

Fig. 3  Size of disk
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Fig. 5  Diagram of penetration curve

Table 4  Elastic and mass properties of particle materials in the 
discrete element model

Contact 
stiffness
(N/m)

Connection 
strength
(N)

Adhesive 
modulus
(N/m2)

Normal 
shear 
stiffness 
ratio

Friction 
coefficient

Density
(kg/m3)

1 × 108 1 × 105 7.5 × 106 0.5 0.5 2780

whereas the maximum value of four-point penetration 
is 0.65 MPa/mm, which is only 59% of the former. This 
finding confirms the analysis in Failure mode of deforma-
tion superposition effect Section and indicates that the 
asphalt mixture is prone to deform under the four-point 
penetration load. Compared with the result under vari-
ous four-point loads, the penetration load growth rate 
increases with wheel spacing. This phenomenon demon-
strates the important effect of wheel spacing on superim-
posed deformation.

A direct explanation of the influence of wheel spacing 
on deformation superposition is illustrated in Fig.  10. 
Specifically, the superposition effect coefficient gradually 
increases with the rise of wheel spacing. For instance, the 
coefficient is 1.2 times higher for spacing of 54 mm com-
pared with that for spacing of 65 mm. The increase in the 
superposition effect coefficient suggests that the resist-
ance to superposition deformation of asphalt mixture is 
better. This result is attributed to the increase in wheel 
spacing.

Effect of the number of wheels
The preliminary analysis in Failure mode of deformation 
superposition effect Section showed that the number of 
wheels is another important factor for the deformation 
superposition of the asphalt mixture. In this section, the 
deformation superposition effect under two-point, four-
point, and six-point penetration loads was investigated. 
The test temperature was 60 °C, the loading rate was 
1 mm/min, and the wheel spacing was 65 mm. The results 
from the various number of wheels exhibit the variation 
of superposition parameters, as shown in Figs. 11 and 12.

In Fig. 11, the penetration load growth rate is smaller 
under multi-point load compared with that under uniax-
ial load. This condition is the same as the previous analy-
sis in Effect of wheel spacing Section. Figure 10 displays 
that the penetration load growth rate decreases with 
the number of wheels. The penetration load growth rate 
under uniaxial and six-point loads is 1.1 and 0.4 MPa/
mm, and the latter decreases by 63.6%. This finding 
shows that the number of wheels is an important param-
eter affecting the superimposed deformation of asphalt 
mixture, because it has the potential to increase the stress 
transferring path in the internal structure.

The deformation superposition effect coefficient 
varies with the number of wheels, as illustrated in 
Fig. 12. The superposition effect coefficient decreased 
with the growth number of wheels. The coefficient 
decreases from 0.66 in the case of two-point loading 
to 0.38 in the case of six-point loading, and the latter 
decreases by 42.9%. This finding shows that the defor-
mation superposition effect becomes significant with 
the increase of the number of wheels. The resistance of 
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asphalt mixture to deformation is reduced. Compared 
with light vehicles, we should pay attention to the 
multi-wheel heavy vehicles, which aggravate the pos-
sibility of superimposed deformation damage.

Micromechanical characteristics of deformation 
superposition
In Effect of the wheel group on deformation super-
position Section, two factors causing the deforma-
tion superposition of asphalt mixture, namely, wheel 

spacing and the number of wheels, were discussed. 
They were the external reasons that cause the deforma-
tion superposition of the asphalt mixture. In the process 
of deformation, the variation of the micromechanical 
characteristics of asphalt mixture under multi-wheel 
load is still unclear. The importance of understanding 
the micromechanical characteristics is that it can guide 
asphalt mixture design for anti-superimposed deforma-
tion properties. Therefore, this section aims to clarify 
the micromechanical characteristics of deformation 

Fig. 7  Uniaxial and four-point penetration shear curves of SMA-13 mixture

Fig. 6  Penetration test model of asphalt mixture skeleton particles. (a) Uniaxial penetration test model. (b) Four-point penetration test model
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Fig. 8  Crack patterns of SMA-13 mixture. (a) Under the uniaxial load. (b) Under the four-point load

superposition behavior under different wheel group con-
ditions based on DEM.

Wheel spacing
In this section, the uniaxial and the four-point penetra-
tion tests with wheel spacings of 20, 50, and 65 mm were 
simulated. The penetration curves are shown in Fig. 13. 
The black curve describes the result in the uniaxial 
penetration test, and the red, green, and purple curves 
describe the result under the wheel spacings of 20, 50, 
and 65 mm.

As shown in Fig.  13, a linear relationship is found 
between penetration strength and depth, and the mate-
rial mainly shows linear elastic characteristics at the 
initial stage of simulated loading. The mixture was 
destroyed until the load reached its peak, and the bearing 
capacity declined rapidly. The slope of the linear segment 
represents the penetration load growth rate. The slope 
and peak load are larger in uniaxial tests compared with 
that in multi-point tests. For instance, the former is 0.13 
and 0.65 MPa, whereas, the maximum values of the lat-
ter are 0.12 and 0.35 MPa. This finding indicates that the 

Fig. 9  Penetration load growth rate with different wheel spacings



Page 10 of 19Li et al. J Infrastruct Preserv Resil            (2021) 2:26 

asphalt mixture consistently has low resistance to multi-
wheel action. The whole simulation loading process is 
consistent with the laboratory test, thereby reflecting the 
reliability and accuracy of the simulation. For multi-point 
simulation tests, the penetration load growth rate gradu-
ally increases with the increase in wheel spacing. The 

results agree with the reported laboratory test in Effect of 
wheel spacing Section.

The superposition effect coefficient obtained from the 
skeleton model is shown in Fig.  14. The values of the 
superposition effect coefficient are 0.43, 0.55, and 0.77 
for the wheel spacing of 20, 50, and 65 mm, respectively. 

Fig. 11  Penetration load growth rate with different number of wheels

Fig. 10  Superposition effect coefficient with different wheel spacings
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Fig. 12  Superposition effect coefficient with different number of wheels

This finding demonstrates that the model deformation 
under four-point loads is superimposed compared with 
that under uniaxial loads. The superposition coefficient 
increases with the decrease in wheel spacing. This result 
is the same as that obtained in Effect of wheel spacing 
Section.

Figure 15 shows that the number of tensile chains var-
ies with depth. In the penetration process, the number 
of force chains gradually decreases. This phenomenon 
suggests that the strength of physical adhesion between 
the asphalt and the aggregate is reduced. As shown in 
Fig.  16, the decrement of tensile chains decreased with 

Fig. 13  Penetration curves with different wheel spacings
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the increase in wheel spacing, the force chains at the 
penetration depth of 4 mm are reduced by 272, 260, and 
249 for the wheel spacing of 20, 50, and 65 mm com-
pared with that at 1 mm. This result indicates further 
superimposed deformation and damage to the asphalt 
mixture.

The previous consequence can be illustrated by the 
force chain evolution in Fig.  17. The lines in the fig-
ure represent the contact force between the skeleton 

particles, and the blue and red lines denote the pressure 
and tensile chain, respectively.

During the whole loading process, the number of ten-
sile chain decreases with the penetration depth. At the 
1 mm penetration depth, the number of tensile chains 
reaches a maximum. At the 4 mm depth, a large number 
of tensile chains are broken. Under the four-point load, 
cracks are generated from the center to the edge of the 
model, and deformation superposition is destructive.

Fig. 14  Superposition effect coefficient at different wheel spacings

Fig. 15  Number of tensile chains at various depths
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With the increase in wheel spacing, the number of ten-
sile chains decreases significantly, and the skeleton model 
is close to the overall loading state. For the wheel spacing 
of 50 mm, part of the tensile chain breaks at the edge of 
the model. For the wheel spacing of 65 mm, only part of 
the force chain under the penetration shaft breaks. Under 
the four-point load, the number of broken tensile chains 
increases with the decrease in wheel spacing, and the 
superposition effect is significant.

Number of wheels
In this section, the uniaxial, two-point, four-point, six-
point, and eight-point penetration tests were simulated. 
The penetration curves are shown in Fig.  18, and the 
superposition coefficient obtained from the skeleton 
model is shown in Fig. 18.

As shown in Fig. 18, the multi-point action has a sig-
nificant effect on the deformation superposition behav-
ior of the asphalt mixtures. This condition is consistent 
with the previous analysis in Number of wheels Section. 
With the increase in the number of penetration shafts, 
the peak load and penetration load growth rate of the 
model show a decreasing trend. Under the two-point, 
four-point, six-point, and eight-point loads, the former 
is 0.31, 0.26, 0.22, and 0.16 MPa, and the latter is 0.078, 
0.065, 0.073 and 0.053 MPa/mm, respectively. These 
results provide important insights into the superim-
posed deformation damage under multi-wheel load. As 
shown in Fig.  19, the superposition coefficient is 0.59, 

0.52, 0.49, and 0.41 in the aforementioned loading con-
ditions. These results support the idea of the superpo-
sition effect being enhanced by multi-wheel load. This 
condition is consistent with the conclusion obtained in 
Effect of the number of wheels Section.

The results in Fig.  20 show the changes in internal 
tensile chains of the asphalt mixture during the defor-
mation superposition. A significant reduction is found 
in tensile chains when the number of loads increased. 
As shown in Fig.  21, under the two-point, four-point, 
six-point, and eight-point loads, the number of force 
chains decreases at 4 mm is 203, 250, 307, and 337, 
respectively, compared with the peak value of ten-
sile chains at the depth of 1 mm. With the increase in 
the number of wheels, the number of tensile chains 
decreases significantly. This finding indicates that the 
more the number of wheels, the more serious the defor-
mation and damage of asphalt mixture under multi-
wheel load. This result is consistent with the conclusion 
of the laboratory experiment above.

Figure  22 illustrates the variation of the force chain 
under the different number of wheels. The meaning of 
the lines in the figure is the same as in Wheel spacing 
Section.

At the same penetration depth, the high number of 
wheels corresponds to the low number of the ten-
sile chain. The previous analysis in 3.2.2 indicates that 
the superposition coefficient of the skeleton model is 
smaller, the deformation superposition effect is more 

Fig. 16  Decrement of tensile chains with different wheel spacings



Page 14 of 19Li et al. J Infrastruct Preserv Resil            (2021) 2:26 

significant, and asphalt mixtures have weak resistance 
to deformation.

Specifically, for the uniaxial penetration test, the 
number of tensile chains is 1006 at a penetration depth 
of 1 mm, and the skeleton model has strong resist-
ance to deformation superposition. This condition 
is the reason that the shear stress of the whole skel-
eton structure points to the external, and the full skel-
eton structure shares shear deformation. Thus, tensile 
chains are found. When the penetration depth reaches 
4 mm, the number of tensile chains in the skeleton 
model decreases remarkably. Under the eight-point 
load, the number of tensile chains of the skeleton 
model is 893 at the depth of 1 mm, whereas the num-
ber of tensile chains of the skeleton model rapidly 
decreases at the depth of 4 mm. Affected by the super-
position effect, the tensile chains of the skeleton model 
near the penetration shaft decrease, and the bearing 

capacity of the structure decreases rapidly. Under 
the eight-point load, the number of tension chains 
at different penetration depths is the minimum, and 
the asphalt mixture has poor resistance to structure 
deformation.

Conclusions
This study focused on the deformation superposition 
behavior of asphalt mixture and its micromechanical 
characteristic. The multi-point penetration tests were 
employed. The influences of wheel spacing and the num-
ber of wheels were investigated, respectively. Based on 
the DEM, the micromechanism of deformation super-
position behavior under different wheel spacing and the 
number of wheels were further studied. The main conclu-
sions are summarized as follows.

The penetration load growth rate and superposi-
tion effect coefficient were adopted to quantitatively 

Fig. 17  Distribution of force chains under different wheel spacings. (a) Wheel spacing: 20 mm. (b) Wheel spacing: 50 mm. (c) Wheel spacing: 65 mm
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evaluate the deformation superposition characteristics 
in asphalt mixture. It was found that the penetration 
load growth rate and superposition effect coefficient 
are decreased under the intensifying of multi-wheel 
action. Specifically, these two parameters increase 
with wheel spacing, while those decrease with the 
number of wheels. This result indicates that the defor-
mation superposition effect is significant under the 

multi-wheel load. From a failure mode perspective, 
the reason for this is because the action of multi-wheel 
load increases stresses transferring path in the internal 
structure of asphalt mixture.

Micromechanical analysis based on virtual penetration 
tests shows that the tensile forces within asphalt mixture 
tend to decrease during multi-point penetration tests. 
The deformation superposition effect of asphalt mixture 

Fig. 18  Penetration curves with different numbers of wheels

Fig. 19  Superposition effect coefficient with different numbers of wheels
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can be described by using the deformation superposi-
tion effect coefficient and reduction of the tensile chain 
in skeleton model. The discrete element model was used 
to verify the deformation superposition characteris-
tics of the asphalt mixture under different factors. The 
results show that the deformation superposition effect 
coefficient of the skeleton model decreased with the 
wheel spacing and the number of wheels. The greater 

the reduction of the tensile force chain, the greater the 
superimposed deformation, and the deformation super-
position effect coefficient is negatively correlated with 
the reduction of the tensile chain. The tensile chain 
represents the adhesive strength between aggregates 
in asphalt mixture, thus, the intrinsic reason for defor-
mation superposition is the decrease of the adhesive 
strength of the material.

Fig. 20  Number of tensile chains with different numbers of wheels

Fig. 21  Decrement of tensile chains with different numbers of wheels
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Fig. 22  Distribution of tensile chain under the different number of the wheels. (a) Number of the wheels: 1. (b) Number of the wheels: 2. (c) 
Number of the wheels: 4. (d) Number of the wheels: 6. (e) Number of the wheels: 8
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Abbreviations
DEM: Discrete element method; SMA: Stone matrix asphalt; UTM: Universal 
testing machine; Δ1: Penetration load growth rate under the uniaxial load; Δn: 
Penetration load growth rate under the multi-point load; Δ4: Penetration load 
growth rate under the four-point load; βΔ: Superposition effect coefficient.
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