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Abstract: In order to understand the influence of compaction energy on the skeletal structure of dense-graded as-
phalt mixtures, it is essential to establish a stable skeletal framework. This study addresses the limitations of existing
research regarding the effects of compaction energy on asphalt mixtures by analyzing the volumetric parameters of
specimens subjected to varying compaction stages, specifically ranging from 25 to 1,000 gyrations. Digital image pro-
cessing techniques are employed to investigate the microstructural characteristics of asphalt mixtures under different
compaction energies. The results indicate: (1) For both Granite Asphalt Concrete (GAC) and Stone Matrix Asphalt
(SMA) mixtures, the density initially increases rapidly, then slows down after 250 gyrations, without exhibiting a con-
sistent trend. (2) Throughout the compaction process, the contact points and average coordination numbers of
4.75 mm aggregates in SMA mixtures surpass those observed in GAC mixtures. As compaction frequency increases,
the contact points and average coordination numbers of coarse aggregates initially rise before subsequently declining,
with some coarse aggregates becoming suspended within the fine aggregates. (3) By excluding the aggregates that do
not make contact, the effective Voids in Coarse Aggregates (VCAgsoct) are calculated to assess the skeletal changes
within of the mixture. The SMA mixture demonstrates a more robust skeletal structure compared to GAC, with VCAgfect
initially decreasing before increasing. As increase in the compaction frequency correlates with a rise in the number of
no-contact coarse aggregates, ultimately leading to the degradation of the destruction of the skeletal structure of the
asphalt mixture .

Keywords: road engineering; digital image processing techniques; skeleton characteristics; compaction energy;
effective VCA

Dense-graded asphalt mixtures with outstanding res-
istance to rutting are widely used in highways and urban
roads in China. Their typical characteristics include:
(1) Coarse aggregates in the asphalt mixture form the
skeleton, transmitting loads downward through contact
points; (2) Fine aggregates, asphalt, and other additives
form a mortar, partially adhering to coarse aggregates to
create bond strength between them and filling voids
within the skeleton, resulting in a cohesive structure with
higher strength. Therefore, a sound skeletal structure
plays a crucial role in the deformation resistance of as-
phalt mixtures. Unfortunately, current research lacks a
clear understanding of the influence of compaction en-

ergy on the skeleton. Traditional empirical methods base

compaction energy determination on macroscopic com-
paction degree, neglecting changes in the mixture's
skeletal structure.

Both China and the United States use VCAp; <
VCADRC as the criterion for determining mixture skel-
etal structure. However, the calculation method for the
skeletal void content (VCA) of specimens employs nu-
merous empirical formulas, leading to significant errors
and an inaccurate reflection of skeletal structure quality.
Factors influencing mixture skeleton include aggregate
gradation and compaction energy. Appropriate compac-
tion energy ensures a dense structural skeleton, enhan-
cing pavement durability. Most road engineers believe

that higher compaction energy results in denser mixtures
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and superior skeletal structure. The American Associ-
ation of State Highway and Transportation Officials
(AASHTO) has proposed using theoretical density as a
compaction standard. For every 1% increase in compac-
tion, pavement service life extends by 10%. Studies by
Harvey and others!"! on low air void asphalt mixtures su-
ggest that reducing air voids increases the stiffness mod-
ulus and fatigue strength of asphalt mixtures. Many sch-
olars utilize computer image processing techniques to
study the internal micro structure of mixtures. Using di-
gital image processing technology, researchers like Shi,
et al.”?! accurately measure the VCA,,;, of mixtures and
propose the concept of VCAgecive Cai et al.l*! establish
rutting prediction models based on grading blending
methods and optimize grading blending design methods.
M. Emin Kutay, et al.”! reconstruct three-dimensional
models of asphalt mixture specimens using CT techno-
logy and find that in the early stages of compaction, the
main axis direction of coarse aggregates is already estab-
lished, with minimal impact on the angle between the ag-
gregate's main axis and the horizontal line as compac-
tion energy increases.

This study utilizes digital image processing technology
to analyze changes in the skeletal characteristics of asph-
alt mixtures at various compaction stages, thereby affect-
ing macroscopic performance. It elucidates the short-
comings of skeletal contact characteristics under under-
compaction and over-compaction conditions. While en-
suring the optimal skeleton, it comprehensively con-
siders compaction energy, thereby creating possibilities
for determining compaction energy based on skeletal
characteristic parameters. It also opens up a new ap-
proach for determining field compaction energy during

construction.
1 Raw materials

To obtain volumetric indicators of mixtures under dif-
ferent compaction energies, this study employed rotat-
ing compaction specimens with the same gradation but
different compaction frequencies. The aggregates used
were all granite, with technical specifications as shown
in Table 1, while the asphalt binder was SBS modif-
ied asphalt, with technical specifications as shown in
Table 2.

Table 1 Technical parameters of aggregate

Material name Testing item

Quality requirement Aggregate test result

Crushing value (%)
Los angeles abrasion value (%)

Needle-shaped particles content (%)

Coarse aggregate
Water absorption (%)

Apparent relative density (g/cm’)
Apparent relative density (g/cm’)
Apparent relative density

Fine aggregate
Sand equivalent (%)

<26 18.25

<28 17.3

<15 10.5

#2.0 All meet requirements
- 2.569

>2.6 2.655

>2.5 2.643

>60 65

Table 2 Technical parameters of asphalt

Testing item Unit Test result
Penetration (25 °C, 100 g, 5 s) 0.1 mm 54
Softening point (TR&B) C 80
Ductility (5 °C, 5 cm/min ) cm 27
Density (25 °C) g/em’ 1.035

Wang Hainian, et al.'” demonstrated that an increase

in the needle-shaped aggregate content will increase the

number of contact points of coarse aggregate in asphalt
mixture. Needle-shaped aggregates have a significant in-
fluence on the skeletal strength of the mixture. However,
the conclusions of this study are limited to the perform-
ance analysis of mixtures with a needle-shaped aggreg-
ate content of 10.5%.

2 Skeleton structure analysis

2.1 Acquisition of digital images

According to Table 3, rotating compaction specimens
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Table 3 Gradation of asphalt mixtures

The mass percentage (%) passing through the following sieves (%)

Gradation type Asphalt-stone ratio (%)
16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
GAC-13 100 97.5 65 345 25 18.5 12.5 9.5 7.5 5 5.0
SMA-13 100 95 65 25 20 18 16 14 12 10 6.0

were formed with 25, 50, 75, 150, 200, 300, and 1 000
gyrations, with two specimens formed at the same rota-
tion frequency. The mixing temperature was determined
as 160 °C (viscosity 0.28 Pa-s) based on asphalt viscosity,
and the compaction temperature was set at 145 °C (vis-
cosity 0.17 Pa-s). During the forming process, specimen
heights were recorded at different compaction frequen-
cies to calculate volume and density. Subsequently, the
specimens were longitudinally cut three times using a
cutting machine, as illustrated in Figure 1. Figure 2
presents some of the rotating compaction specimens and
their sectional views. The specimens were placed and cut
according to the forming direction, labeled from left to
right as A, B, C, and parallel specimens as D, E, F, total-
ing six faces. The sectional data represents the average
of the left and right sides at the cutting point.

To avoid errors caused by shadows from the light

Cutting position

NN

Fig. 1 Cutting example

Fig.2 Rotary compacted specimens

source, vertical photography should be employed. To
minimize errors in the size of aggregate in photos caused
by the lens not being parallel to the specimen's cross-sec-
tion, the camera-to-specimen distance should be consist-
ent, ensuring parallel photography'”. The cross-sectional
images of the specimens are shown in Figure 3.

Fig.3 Obtain section of specimen

2.2 Digital image processing

The current technologies for obtaining images of as-
phalt mixture slices mainly involve CCD digital camer-
as and industrial CT scans. Due to the dissipation of X-
ray energy during the process of scanning specimens and
acquiring digital image information in industrial CT sca-
ns, some aggregates may be difficult to distinguish from
the asphalt boundary. Even with the use of the OTSU al-
gorithm, which is considered to have high segmentation
accuracy, there are still issues with particle agglomera-
tion due to limitations in the quality of the original im-
age, which significantly affects measurement results™.
Furthermore, in contact analysis, the contact threshold is
typically set at around 1 mm. However, the original im-
ages obtained from CT scans obviously cannot meet this
requirement. Previous studies'” have indicated that the
pixel accuracy should be less than 0.04 mm/pixel for
contact analysis. Given these limitations, this study util-
ized high-definition digital cameras to capture images of
asphalt mixture slices.

Since electronic noise during photography significan-
tly affects the quality of the images, the obtained images
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need to undergo denoising processing first before sub-
sequent analysis steps. The main steps are as follows: (1)
Denoising the images and then performing binary image
processing to segment boundaries. (2) Inputting basic
parameters of asphalt mixture raw materials and propor-

tions. A Matlab program calculates the equivalent dia-

Y o N

(b) Watershed transformation

meter of coarse aggregates based on their equivalent dia-
meter and assigns them numbers. (3) Inputting the con-
tact threshold and calculating the positions of coarse ag-
gregate contact points, the numbers of contacting aggre-

[9-10

gates, and their areas””'"). Taking the cross-section with

1 000 compactions as an example, as shown in Figure 4.

Fig. 4 Image processing

2.3 Contact point calculation

When analyzing the spatial distribution characteristics
of aggregates using two-dimensional image analysis, the
threshold for determining whether coarse aggregates are
in contact should consider the smallest particle size of
the analyzed aggregates. Previous studies!'! have set this
threshold at 25% of the calculated minimum particle
size, but the rationale behind this value has not been dis-
cussed. Cai Xu, et al.”! argued that in analyzing the three-
dimensional spatial distribution through two-dimension-
al image analysis, the effects of cutting position and as-
phalt film thickness must be simultaneously considered.
They applied a contact probability analysis and found
that setting the contact threshold at 23% of the minim-
um calculated particle size was more reasonable. In this
study, the minimum particle size in contact was determin-
ed to be 4.75 mm, with a contact threshold of 1.092 5 mm.
2.4  VCA, et calculation

Empirical methods for calculating V'CA,,;, involve nu-
merous volume parameters and estimations, inevitably
leading to large errors. Therefore, some scholars have
proposed using digital image processing technology to
accurately calculate VCA,. " This method only re-
quires extracting the area of coarse aggregates within the
cross-section, eliminating intermediate variables such as
bulk volume relative density and adsorbed asphalt that
are difficult to control and measure. The calculation

method is shown in Equation (1):
M
VCAmixz(l—N)xIOO% 1)

where, M is the area of all coarse aggregates in the cross-

section obtained from digital image processing; N is the
cross-sectional area.

The skeleton inside the asphalt mixture is composed
of mutually contacting coarse aggregates, and the skelet-
on state is closely related to the contact characteristics of
internal aggregates''”. Previous studies have shown that
asphalt mixtures of any gradation possess a skeleton.
However, the nature of the basic "unit" forming the skel-
eton (such as aggregate properties, surface contours, and
particle size) differs, leading to different abilities exhib-
ited by the skeleton. According to the multiple-point sup-
port theory, stress is primarily distributed along lines of
high modulus of elasticity during the transmission pro-
cess, i.e., according to the contact points of the skel-
eton!'”. However, during this process, stress concentra-
tion inevitably occurs at certain contact points, and when
these contact points fail, the asphalt mixture promptly
undergoes failure.

Wang Zhen, et al.l"™ argued that stress is dispersed to
the contact points of each aggregate in the skeleton, so
there must be aggregates primarily bearing the stress.
Their research results showed that 4.75 mm aggregates
have certain strength characteristics and can provide a
sufficient number of contact points, serving as stable
force-bearing points and the transition points between
coarse and fine aggregates. Therefore, this study mainly
focuses on investigating the skeleton formed by aggreg-
ates of 4.75 mm and above.

During the study of contact characteristics, it was
found that there are coarse aggregates with zero contact

points inside the mixture, indicating that the structural
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system for transmitting force through the skeleton is not
functioning as expected. Instead, these aggregates are
"suspended" within the fine aggregates and asphalt!'*), as
shown in Figure 5. However, these coarse aggregates
have the same function as the fine aggregates in filling
the gaps between the skeleton. Therefore, it is more reas-
onable to deduct these coarse aggregates when calculat-
ing the skeleton void content. Traditional empirical
methods cannot accurately calculate this, so this study
introduced the calculation method of VCA.g.l', as
shown in Equation (2):

M—-m

VCAuttont = (1 - )x 100% @)

where m is the area of coarse aggregates with zero con-

tact points.

Fig. 5 Contact analysis and coarse aggregate without contact

This calculation method divides the coarse aggregates
into two parts: those involved in forming the skeleton
and the remaining coarse aggregates. It accurately re-
flects the characteristics of skeleton embedding in the
mixture, without considering the interference of fine ag-
gregates and asphalt, making it a more optimized ap-
proach based on Equation (1).

2.5 Coordination number calculation

For the evaluation of the internal dense structure of the
skeleton, the coordination number is defined as the num-
ber of contacts between a particle and its neighboring
particles within a particle assembly. It is an important
micro structural parameter that reflects the packing and
microscopic mechanical behavior of granular bodies!.
Therefore, it is reasonable to use the average coordina-
tion number to evaluate the embedding characteristics of
the skeleton structure. The larger the average coordina-
tion number, the more contacts each individual particle

has, indicating a denser skeleton structure. The average

coordination number is calculated as the average num-

ber of contacts per particle, as shown in Equation (3):

=l
N

3)
where, 7 is the average coordination number; N is the
total number of calculated particles within the cross-sec-

tion; n; is the number of contact points for the i"™ particle.
3 Experimental setup and results analysis

3.1 Influence of compaction energy on density

The compaction process of asphalt mixtures involves
transitioning from loose, plastic states to eventually
forming a structure capable of bearing loads and exhibit-
ing high tensile strength. In this study, rotating compac-
tion specimens were formed with different compaction
frequencies, and density curves for GAC and SMA grad-
ations under different compaction energies were plotted,

as shown in Figure 6.
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Fig. 6 Compactness curve

The relationship between mixture density and com-
paction frequency is illustrated in Figure 6. In the early
stages of mixture formation, the mixture density in-
creases rapidly with the increase in compaction energy.
However, after reaching 150 compaction cycles, the in-
crease in mixture density slows down, but there is no
stable trend; it continues to increase slowly. This is be-
cause as the compaction energy increases, the aggreg-
ates within the mixture automatically seek stability
through rotation to form a skeleton. As the skeleton
forms, increasing compaction energy gradually fills the
voids inside the specimen, and the center of gravity of
the specimen gradually decreases.
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From the above figure, it can be observed that thro-
ughout the entire compaction process, the density of
GAC is greater than that of SMA. This is because the
SMA gradation is coarser, and the fine aggregates are in-
sufficient to completely fill the gaps between coarse ag-
gregates, preventing the mixture from achieving maxim-
um density.

3.2 Coarse aggregate contact points and coordina-
tion number

Generally, with the increase in compaction energy, the
skeleton structure of the specimen becomes denser, and
the number of contact points increases. Considering the
situation of under-compaction, the effect of compaction
energy on the change in internal contact points of the

specimen is shown in Figure 7.
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Fig. 7 The number of contact point change trend

From Figure 7, it can be observed that the internal
contact points increase rapidly in the early stages of mix-
ture compaction. For GAC mixtures, the number of con-
tact points reaches its peak at 300 compaction cycles,
which is twice the number of contact points at 25 com-
paction cycles. For SMA mixtures, the maximum num-
ber of contact points occurs at 200 compaction cycles,
similar to the number of contact points at 150 compac-
tion cycles. Traditional empirical methods typically sug-
gest compaction cycles of 100-130 for GAC and SMA
mixtures. However, the number of contact points does
not reach its peak within this range, and it continues to
increase with increasing compaction energy. When the
compaction cycles reach 1000, which is eight times the
traditional compaction energy, it falls into the category
of over-compaction. Beyond 300 compaction cycles, the
number of contact points starts to decline, indicating po-

tential damage to the skeleton structure.

Coordination number, defined as the ratio of contact

points to the number of coarse aggregate particles, is

shown in Figure 8 for different compaction cycles, rep-

resenting the average coordination number within the
mixture.
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Fig. 8 Mean coordination number

Figure 8 indicates that the average coordination num-
ber of SMA mixtures is significantly higher than that of
GAC mixtures. Coarser aggregate gradations are more
prone to contact, hence resulting in a higher coordina-
tion number. When the compaction cycles reach 1000,
both the number of contact points and the coordination
number start to decrease. This may be due to the denser
composition and higher content of fine aggregates in the
central portion of the specimen. As the compaction energy
continues to increase, the center of the specimen gradu-
ally densifies, causing the fine aggregates and asphalt
binder to spread outward. This leads to the rupture of
contact between coarse aggregates due to the intrusion of
fine aggregates, thereby disrupting the skeleton structure.
According to the principle of effective stress in the tri-
axial test (where o is the normal stress provided by the
rammer at 0.6 MPa, ¢' is the effective stress provided by
the aggregate, and u is the pore water pressure), the as-
phalt binder exhibits fluid-like characteristics under high
temperature conditions during the compaction process.
As the specimen is compressed, it generates positive pore
water pressure, leading to a decrease in effective stress
between aggregates. Consequently, the contact between
aggregates decreases, and some coarse aggregates in-
volved in forming the skeleton structure become "sus-
pended" in the fine aggregates. This phenomenon may
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also be attributed to over-compaction-induced aggregate
breakage and refinement of the mixture gradation.
3.3 Mixture VCA

Comparison between the VCA,,;, calculated using the
empirical method and the VCA g, calculated consider-
ing contact characteristics is illustrated in Figure 9.
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Fig. 9 Calculation results of VCA

From Figure 9, it can be observed that the traditional
empirical VCAp, is 13% to 20% smaller than the
VCA et considering contact characteristics. Based on
the empirical method, the determination of the skeleton
is made by comparing VCA,,;, with VCADRC. The void
ratios of coarse aggregate skeleton for GAC and SMA
are 43.03% and 42.09%, respectively. The mixture has
already formed a densified skeleton when the compac-
tion cycles reach 75 for GAC, and the skeleton becomes
denser with increasing compaction cycles, although this
trend does not align with the internal contact character-
istics of the mixture. However, for SMA mixture, the
skeleton is formed when compacted 25 times. The trend
of VCA g aligns with the contact characteristics, show-
ing a decrease followed by an increase after excluding
the coarse aggregates that have not made contact. There-
fore, the calculation method for effective VCA,,;, is more
rigorous and accurate.

When evaluating the skeleton structure based on the
number of contact points, the skeleton is not disrupted
until the compaction cycles exceed 300. However, when
using VCA . to evaluate the skeleton structure, the dis-
ruption begins after 200 cycles. This may be because du-
ring the compaction cycles between 200 and 300, some
particles are surrounded by more fine aggregates and as-
phalt binder, which disrupt the original contact between

coarse aggregates, causing them to "suspend" in the fine
aggregates. Meanwhile, as the compaction continues, the
skeleton becomes denser, and the number of contact
points per aggregate increases from single to double or
even triple contacts. At this stage, although some coarse
aggregates are "suspended," the skeleton characteristics
are still significant, indicating a somewhat conflicting
phase that requires further research on its impact on the
rutting resistance of asphalt mixtures.
3.4 Compaction energy analysis

Based on the internal contact characteristics of the
mixture and the rutting test results, it is determined that
the maximum compaction cycles for the mixture should
not exceed 300. The compaction energy required for 8 to
100 cycles and 100 to 300 cycles is calculated by integ-
rating the density curve, as shown in Figure 10.
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Fig. 10 Compaction energy

The variations in compaction energy for SMA and
GAC mixture specimens were separately calculated.
Table 4 presents the compaction energy required for the
two types of gradation mixtures over 8 to 100 cycles and
100 to 300 cycles of compaction. The segment from § to
100 cycles represents the energy required for the mix-
ture under traditional compaction efforts, while the seg-
ment from 100 to 300 cycles represents the energy re-
quired for the mixture from achieving a certain level of
compaction to the onset of skeleton disruption.

The results indicate that when the mixture is subjec-

Table 4 Compaction energy

Compaction stage 8-100 100-300
GAC 14.64 7.95
SMA 15.51 7.65
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ted to 1.5 times the traditional compaction energy, the
mixture skeleton begins to break down, and the resist-
ance to rutting performance begins to decrease. SMA ini-
tially experiences higher compaction energy, indicating
that SMA gradation is easier to compact compared to
GAC gradation, likely due to SMA having a higher as-
phalt content and better aggregate surface lubrication
compared to GAC mixture. Additionally, the SMA mix-
ture receives less energy from completion of compac-
tion to the onset of skeleton breakdown, implying that
within the same number of compaction cycles, there is
minimal change in density, indicating a stronger ability

to resist external loads.
4 Conclusions

(1) With an increase in the number of compaction
cycles, both SMA and GAC mixture specimens show a
rapid increase in density in the early stages, followed by
a gradual rise in the later stages. The density of the
coarser SMA mixture is consistently lower than that of
the GAC mixture, but neither mixture reaches a stable
density state throughout the compaction process.

(2) For the GAC mixture, the number of contact points
increases rapidly at 100 compaction cycles, remains
stable between 100 and 200 cycles while the average co-
ordination number increases, indicating a denser skelet-
on. At 1000 compaction cycles, the gradation of the mix-
ture may vary due to aggregate breakage, resulting in
more fine aggregates and fewer contact points for coarse
aggregates, possibly leading to skeleton disruption, with
a decrease in contact points and average coordination
number. For the SMA mixture, the number of contact
points and coordination number peak at 250 cycles, and
begin to decrease at 300 cycles.

(3) Traditional skeleton determination methods have
limitations and cannot accurately reflect the state of the
skeleton structure. By excluding coarse aggregates that
have not made contact in the calculation of VCA ., the
trend of change aligns with the trend of internal skeleton
characteristics of the mixture, increasing before decreas-
ing. In the compaction cycle range of 200 to 300 cycles,
the number of contact points and coordination number
increase for both mixtures, while VCAq. decreases,
showing inconsistency in the trends.

(4) At 100 compaction cycles, the mixture receives

traditional compaction energy; at 300 cycles, the mix-
ture skeleton structure begins to break down. To improve
mixture skeleton characteristics, compaction energy is
calculated both traditionally and at the limit of over pres-
sure compaction. When the mixture receives 1.5 times
the traditional compaction energy, the skeleton charac-
teristics begin to deteriorate. Therefore, it is recommen-
ded that the compaction energy applied to the mixture
should be 1.1 to 1.3 times the traditional compaction en-
ergy, not exceeding 1.5 times.
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