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Abstract. Rutting deformation not only shortens the service life of asphalt pavement,
but also brings great risks to the drivers. The rutting resistance of Stone Matrix Asphalt
(SMA) is a�ected by many factors. This study aimed to thoroughly discuss the main
factors of rutting resistance and establish a dynamic stability prediction model based on
experimental data from Marshall testing and wheel tracking test of SMA mixtures. The
results showed that the optimal dosage of bitumen in rutting test was 0:1 � 0:3% more than
that in Marshall testing for SMA mixtures. With 0.5�C increase in temperature, dynamic
stability of SMA mixtures decreased by an average of 18.6%. Also, greater amounts of
aggregate and mineral powder did not lead to better rutting resistance of SMA mixtures.
With too much or too little compaction work, the rutting resistance of SMA mixtures was
reduced. There was a positive correlation between dynamic stability of SMA mixtures and
fractal dimension, relative coe�cient, and asphalt content, while the correlation between
dynamic stability of SMA mixtures and rolling times as well as testing temperature was
negative.
© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

In the past two decades, economic competitiveness and
productivity in nearly all developing and developed
countries have become a major challenge. Economic
growth has given rise to the production level of goods
and creation of transportation facilities used for the
delivery of products and oating population [1]. There-
fore, the transportation facilities have been carrying
more and more goods and the volume of tra�c on the
roads has increased, leading to the fast deterioration
and decomposition of asphalt pavements [2]. Rutting
deformation is one of the most prominent diseases in
the early damage of asphalt pavements, which not only
shortens their service life [3{5], but also brings great se-
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curity risks to drivers. Therefore, a new design method
is needed to improve the performance and e�ective
service life of asphalt concrete road. Using SMA is
an approach to the improvement of rutting resistance
of asphalt pavement [6] and the application of SMA
to the construction of the roads has been proven to
increase durability of asphalt road surfaces [7].

Stone Matrix Asphalt (SMA) is a hot asphalt
mixture that was �rst created in Germany during the
mid-1960s and has been used in Europe for more than
20 years to provide better rutting resistance, to resist
tire wear, and to prevent sliding [8]. Also, more than 28
states in the United States of America have turned to
SMA pavements [9,10]. After its successful application
in Europe and the USA, the �rst SMA pavement was
constructed in China in 1993. Since then, the number
of SMA pavements has signi�cantly increased and they
have been promoted nationwide by the ministry of
transport of China [11].

SMA is a gap-graded aggregate hot asphalt mix-



1040 R. Guo/Scientia Iranica, Transactions A: Civil Engineering 27 (2020) 1039{1049

ture that has higher proportion of coarse aggregate,
lower proportion of middle-size aggregate, and higher
proportion of mineral �ller than a dense-graded mix-
ture containing 70%{80% coarse aggregate, 6%{7%
binder, and 8%{12% �ller [12]. It provides an e�cient
network with a stable stone-on-stone skeleton. Other
characteristics of SMA are well wedging force among
coarse aggregates and low porosity [13{17]. The
signi�cant di�erences of SMA from continuous dense
gradation asphalt mixtures are its stabilized stone with
dense skeleton and high content of asphalt with 6{7.5%
total weight of the mixture [18,19]. Studies have shown
that SMA mixture has high resistance to deformation
with high coarse aggregate content interlocked to form
a stone skeleton that is more durable and rutting
resistant than the conventional asphalt mixtures [20{
23]. In comparison, it provides 33{103% longer service
life and increased durability up to 20%{30% [24]. Since
SMA pavements have a high capability of rutting
resistance, they have drawn more and more attention
of the engineers and technicians in the �eld of roads.

The rutting resistance of asphalt mixtures is
a�ected by many factors, including internal and ex-
ternal ones. The major inuencing factors are bi-
tumen dosage, compaction energy, test temperature,
and gradation composition [25]. These factors also
have an impact on the anti-rutting deformation of
SMA mixtures. Some researchers [26{28] studied
and validated the e�ects of asphalt content and ag-
gregate structure on the rutting resistance of SMA
from di�erent perspectives. Others [29,30] concluded
that the type and amount of mineral �ller played a
major role in the behavior of SMA and its mastics.
Xie [31] analyzed the optimum compaction e�ect in
SMA mixtures that might o�er higher durability and
better rutting resistance. Through laboratory tests,
Behbahani et al. [32] studied the change of �ber type
and content, which could cause considerable variation
in rutting performance of SMA. As observed in the
review of the literature, researchers have analyzed the
anti-rutting performance of SMA mixtures in terms of
only one of the major factors, e.g. bitumen content,
aggregate structure, compaction energy, etc., and there
is rare research on the rutting resistance of SMA
mixtures with regard to multiple inuencing factors.

The objective of this study is to investigate the
rutting resistance of SMA mixtures under the inuence
of asphalt dosage, compaction energy, gradation com-
position, and test temperature as well as to determine
the optimum level for every inuencing factor. Then,
based on the achieved results, the prediction model for
dynamic stability of SMA pavement is established by
taking into account the relative coe�cient correspond-
ing to the continuity of aggregate gradation, fractal di-
mension corresponding to the distribution of aggregate
size, asphalt content, rolling times corresponding to

the compaction e�ort, and temperature corresponding
to the surface temperature of the road in summer as
the parameters of the model. These parameters would
be signi�cantly helpful in improving the anti-rutting
performance of SMA concrete pavements.

2. Materials

2.1. Asphalt used
In SMA mixtures, the asphalt binder should have good
adhesion with the aggregate. The AH-90 heavy tra�c
petroleum asphalt produced by Lanzhou Petrochemical
Company of Petro China was used in this study. The
main properties of the asphalt used are given in Table 1.

2.2. Aggregate used
The aggregate and mineral �ller used in the tests were
supplied by a quarry about 30 km away from the
laboratory and the aggregate made from sandstone
in di�erent size standards was obtained after two
steps of crushing, grinding, classi�cation, and gravity
separation. The physical properties of the aggregate
and mineral powder are presented in Tables 2 and 3,
respectively.

In this study, three aggregate gradations (S-1,
S-2, and S-3 corresponding to the upper-, mid-, and

Table 1. Physical properties of the asphalt used.

Material properties Actual value
Penetration (25�C, 100 g, 5 s) 0.1mm 95.2
Wax content (%) 2.55
Speci�c gravity (g.cm�3) 0.996
Solubility (%) 99.59
Flash point (�C) 332.0
Softening point (�C) 47.6

Ductility (cm) 15�C > 150
10� 72

Dynamic viscosity (60�C)/(Pa.S) 165.2

Table 2. Physical properties of the aggregate used.

Characteristic Actual value

Water absorption (%) 1.2

Aggregate and asphalt adhesion (grade) 5.5

L.A. abrasion (%) 20.4

Flakiness (%) 9.5

Rock powder (g.cm�3) 2.8

Speci�c gravity-apparent (g.cm�3):

10 � 20 (cm) 3.52

5 � 10 (cm) 1.50

Stone chippings 1.43
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Table 3. Physical properties of the mineral �ller used.

Characteristic Actual value

Apparent relative density (g.cm�3) 2.81

Water content (%) 0.89

Appearance No agglomeration

Hydrophilic coe�cient � 1

Figure 1. The curves of the three gradations used.

the lower-limit gradations of SMA, respectively) with
nominal maximum aggregate size of 19 mm were chosen
to compare test results and analyze the inuence of
aggregate composition on the anti-rutting performance
of SMA mixtures. The curves for the three gradations
used are given in Figure 1.

2.3. Asphalt modi�er
In this experiment, a thermoplastic styrene butadiene
rubber with linear appearance and white stripe (as
presented in Figure 2), produced by a petrochemical
company named Yanshan in China, was used as asphalt
modi�er. The main properties of the asphalt modi�er
are listed in Table 4.

Figure 2. SBS asphalt modi�er.

Table 4. Physical properties of the asphalt modi�er used .

Surface
appearance

Density
(g.cm�3)

Particle
diameter

(mm)

Melting
point
(�C)

White linear 0.78 3 � 6 142

3. Experimental method

In this research work, testing was carried out in two
steps. In the �rst step, the volume of SMA mixtures
was measured through Marshall testing. To do so,
four asphalt contents and six volume indicators were
classi�ed as S-1, S-2, and S-3 mixtures by the above-
mentioned standards [33]. Then, 4 parallel samples (as
shown in Figure 3) were fabricated in laboratory by
a Marshall compaction device (as shown in Figure 4).
Samples were made for each considered volume with
di�erent bitumen dosages and the volume index of
Marshall test for asphalt mixture was taken as the
result. The Optimum Asphalt Content (OAC) in

Figure 3. Marshall testing samples.

Figure 4. Marshall testing device.
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Marshall testing was obtained for every mixture by
the curve between volume index and asphalt content,
which was drawn on the same chart to �nd the
asphalt dosage of every index [33]. In the second
step, the inuence of the factors including asphalt
dosage, gradation composition, testing temperature,
and compaction energy on the rutting resistance of
SMA mixtures was analyzed by wheel tracking test.
The four-level asphalt for each mixture was obtained by
oating 0:1% � 0:3% basing on OAC. The track plate
specimens (length 300 mm, width 300 mm, thickness
50 mm) were prepared by rolling machine with 98%
compaction e�ect (as presented in Figure 5). The
three samples for each asphalt content were the same
and a total of 36 cubes were prepared . The rut
samples were cooled 24 h at room temperature and
then placed in the rutting instrument (60 � 0:5�C
internally). Afterwards, they were continuously heated
5 h for the simulating high-temperature e�ect. After
preparing the conditions, the rut test instrument was
run at tire pressure of 0.7 MPa (Figure 6). After an
hour, dynamic stability of the mixtures was evaluated
by data acquisition.

In this study, the main test instrument used was

Figure 5. Rutting samples manufactured.

Figure 6. Rutting test of Stone Matrix Asphalt (SMA)
mixtures.

a Marshall compact device for wheel rolling and wheel
tracking (as shown in Figures 4, 5, and 6). Dynamic
stability test was conducted by the testing system of
the wheel tracking instrument, which was composed
of hydraulic power supply, environmental chamber,
control system, and data acquisition system. The
instrument has been proved in the literature; also, it
obtains accurate and reliable experimental data [34{
36]. At present, it is widely used by road research
institutions in China.

4. Experimental results and discussion

4.1. Marshall test results
In this paper, the asphalt dosage of 5.7% was primarily
determined for S-1, S-2, and S-3 gradations in Marshall
testing based on the standards of P.R.C. Ministry of
Communications [33] as well as experimental results
and tests in the literature [19]. Four di�erent bitumen
contents with the change rate of 0.3% were prepared
for each gradation mixture such that S-1 and S-2 had
the contents of 5.4%, 5.7%, 6%, and 6.3% and S-3
had 5.2%, 5.5%, 5.8%, and 6.1%. The volume indices
(BG: bulk speci�c gravity of bituminous mixtures; VV:
percentage of air voids in asphalt mixtures; VFA: per-
centage of voids in the mineral aggregate that are �lled
with asphalt in bituminous mixtures; VMA: percentage
of voids in the mineral aggregate in asphalt mixtures;
FL: ow value: MS: Marshall Stability) of SMA
mixtures with varying contents are shown in the �gures.

As seen in Figure 7, with increase in asphalt,
the bulk speci�c gravity (BG) and Marshall Stability
(MS) of SMA mixtures with di�erent gradations �rst
increase and then, decrease; also, the percentage of
air voids (VV) is gradually reduced as the surface of
the aggregates is fully covered and the space between
them is �lled in asphalt mixtures. Accordingly, the
percentage of voids in the mineral aggregate �lled with
asphalt (VFA) increases. The percentage of voids
in the mineral aggregate (VMA) �rst decreases and
then, increases with increase in asphalt dosage. The
reason is that when the asphalt dosage is less than
OAC, VMA gradually decreases by bitumen �lling with
the increased asphalt content. However, as asphalt
content becomes more than OAC, the gap between
the aggregates is opened up by the excess asphalt,
which leads to higher VMA. With increase in asphalt
content, the ow of SMA mixtures takes an increasing
trend, because as asphalt content is above the optimum
amount, the excess bitumen plays the role of a lubricant
between aggregates leading to their slipping.

According to Figure 7 and the standards of P.R.C.
Ministry of Communications [37], the asphalt contents
for the maximum Marshall Stability (MS) and bulk
speci�c gravity (BG) are a1 = a2 = 6:3%, 6.2%,
5.8%; for the medium value of the percentage of air
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Figure 7. The relationship between volume index and asphalt content in Stone Matrix Asphalt (SMA) mixtures.

voids (VV) are a3 = 6:3%, 6.2%, 6.0%; and for the
medium value of the percentage of voids in the mineral
aggregate �lled with asphalt (VFA) are a4 = 6:2%,
6.2%, 6.0% for S-1, S-2, and S-3 asphalt mixtures,
respectively. The initial value of OAC for S-1, S-2,
and S-3 mixtures is OAC1 = (a1 + a2 + a3 + a4)=4 =
6:25%, 6.20%, 6.12%. The min and max values of
asphalt content that can meet the requirements of
the standards [37] are OACmin = 6:2%, 6.1%, 5.8%
and OACmax = 6:3%, 6.2%, 6.1%. Thus, OAC2 =
(OACmin + OACmax)=2 = 6:25%, 6.15%, 5.95%. Ac-
cordingly, the optimum dosage for S-1, S-2, and S-3
mixtures is OAC = (OAC1 + OAC1)=2 = 6:25%, 6.2%,
6.0%. The Marshall testing results for SMA mixtures
under OAC are shown in Table 5.

4.2. E�ect of asphalt dosage
Based on the OAC values determined by Marshall
test, four asphalt dosages were selected for the SMA-1,
SMA-2, and SMA-3 asphalt mixtures (corresponding
to S-1, S-2, and S-3, respectively) to study the e�ect
of asphalt cement on the anti-rutting performance of
SMA and to identify the proper asphalt dosage in SMA
mixtures in the wheel test. The results are given in
Figure 8.

They obviously indicate that there is high cor-
relation, up to 0.9, between asphalt dosage and dy-
namic stability in di�erent aggregate gradations. With
increase in asphalt content, the dynamic stability of
SMA-1, SMA-2, and SMA-3 �rst increases and then,
decreases. The curves of bitumen content and dynamic



1044 R. Guo/Scientia Iranica, Transactions A: Civil Engineering 27 (2020) 1039{1049

Table 5. Marshall results for the three Stone Matrix Asphalt (SMA) mixtures.

Index
OAC
(%)

VV
(%)

VMA
(%)

VFA
(%)

VCAmix

(%)
VCADRC

(%)
MS

(kN)
FL

(mm)

M
ix

tu
re

ty
p

e S-1 6.25 3.10 17.90 82.90 37.10 40.32 7.20 4.10
S-2 6.2 3.10 17.50 82.10 33.43 40.74 7.01 3.97
S-3 6.0 3.90 17.91 78.20 30.35 41.46 6.51 3.53

Figure 8. The relationship between asphalt dosage and
dynamic stability in Stone Matrix Asphalt (SMA)
mixtures.

stability have an almost parabolic relationship with
the OAC (con�ned OAC0) in the rutting test of SMA
mixtures. The OAC0 values for SMA-1, SMA-2, and
SMA-3 mixtures are 6.1%, 6.2%, and 6.0%. They
are obviously di�erent from those in Marshall testing
(OAC). The relation between OAC and OAC0 agrees
with the formula:

OAC = OAC0 + 0:1% � 0:3%:

The inuence of asphalt content on the dynamic
stability of SMA mixtures could be interpreted as
follows. As asphalt content is less than OAC0, it
is prone to rutting deformation in SMA mixtures,
because a stable skeleton structure is di�cult to form
in SMA mixtures when the surface of mineral powder
and �ne aggregate cannot be fully wrapped by the
asphalt. As a result, the cohesion of coarse aggregates
decreases. When the asphalt content is more than
OAC0, the anti-rutting capability of SMA mixtures
decreases with increase in asphalt content, because the
excess asphalt plays the role of a lubricant between
coarse aggregates and improves lubrication between
aggregate surfaces. Therefore, it is not feasible to
improve rutting resistance of SMA pavement only by
increasing the amount of asphalt.

4.3. E�ect of compaction energy
Three rolling times (12, 18, and 24 times, respectively)
were selected for manufacturing rut samples based on
the standards [33] to simulate the compaction work
in a practical project. The amounts of bitumen used
for making rutting specimens were determined by the
OAC0 of three gradations of SMA mixtures. The test
results are reported in Table 6.

As shown in the table, in all the three gradations
of SMA mixtures under the same experimental condi-
tions, in comparison with compaction for 12 times, the

Table 6. Test results for dynamic stability of Stone Matrix Asphalt (SMA) mixtures under various compaction work.

Mixture
type

Test temperature
(�C)

Asphalt
dosage

(%)

Rolling
frequency
(timing)

Dynamic
stability

(times.mm�1)

Rutting depth Relative
deformation

(%)
(mm)

45 min 60 min

SMA-1

60� 5

6.1
12 3477 6.33 6.92 13.84
18 5107 5.51 6.18 12.36
24 4336 6.03 6.63 13.26

SMA-2 6.2
12 3 729 5.90 6.55 13.10
18 6 220 4.87 5.31 10.62
24 4 871 5.12 5.51 11.02

SMA-3 6.0
12 3755 6.14 6.70 13.40
18 6102 5.22 5.73 11.46
24 4500 5.77 6.22 12.44
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dynamic stability of compaction for 18 times increases
by 66.8%. However, dynamic stability of compaction
for 24 times is 23.16% lower than that for 18 times.
The reason is that when the number of compactions
is less than 18 times, an embedded skeleton structure
between coarse aggregates is di�cult to form in SMA
mixtures without compaction work. However, in case
of compaction for 24 times, the skeleton framework
formations of SMA mixtures are rapidly deteriorated
by over-extrusion of coarse aggregates subjected to too
high compressive stress. It can be concluded that too
much or too little compaction work will reduce the anti-
rutting performance of SMA pavement. With increase
in rolling times, the dynamic stability of the three
SMA gradations follows SMA-2 > SMA-3 > SMA-1,
relative deformation is SMA-2 < SMA-3 < SMA-1,
and deformation rate is SMA-2 < SMA-3 < SMA-1.
Accordingly, the change of relative deformation is ex-
actly opposite to that of dynamic stability. The above
result indicates that the optimum compaction work
is 18 times for SMA-16 mixture and the parameters
of dynamic stability and relative deformation can be
used to evaluate the e�ect of compaction energy on the
rutting resistance of SMA pavement.

4.4. E�ect of temperature
Six temperatures (60�C, 65�C, 70�C, 75�C, 80�C, and
85�C, respectively), OAC0, and 18 rolling times were
selected for manufacturing rut samples according to the
standards [33]. The test results are shown in Figure 9.

It can be seen from the �gure that the rutting
resistance of SMA mixtures is signi�cantly a�ected by
temperature. There is a linear positive correlation
between these two parameters up to 0.99 for the three
gradations of SMA mixtures. When temperature in-
creases by 5�C, dynamic stability of the three mixtures
decreases by 20%, 17.3%, and 18.4% in SMA-1, SMA-
2, and SMA-3, respectively (with the average reduction
of 18.6%). Under the same test conditions, by raising
temperature to 72�C, 80�C, and 75�C in SMA-1, SMA-
2, and SMA-3, respectively, dynamic stability of the
samples does not meet the standard requirements [37]
(� 3000 timing.mm�1). Under the same temperature,
the samples in the order of dynamic stability are
SMA-2 > SMA-3 > SMA-1, which indicates that

the rutting resistance of SMA-2 is the best at high

Figure 9. The relationship between test temperature and
dynamic stability in Stone Matrix Asphalt (SMA)
mixtures.

temperature. The reason is that the content of mineral
powder in SMA-1 is more than that in SMA-2, but
too much mineral powder results in lower viscosity of
asphalt mastic due to increase in �ller-asphalt ratio.
Also, dynamic stability of SMA-3 is lower than that of
SMA-2, because the void among the coarse aggregates
is not compacted by the mastic asphalt with insu�cient
mineral powder, which causes poor stability of the
skeleton structure formed by coarse aggregates.

4.5. E�ect of gradation composition
The gradation of SMA mixtures has a great e�ect on
the performance of pavement road. Three gradations
(given in Figure 1), OAC0, and rolling for 18 times
were considered in preparing the rutting samples. Also,
testing temperature was 60 � 5�C. After an hour,
both dynamic stability and relative deformation were
recorded to measure the indices of the rutting test. The
test results are shown in Table 7.

As observed from the table, the order for the
dynamic stability of the three gradations of SMA
mixtures is SMA-2 > SMA-3 > SMA-1, for the coarse
aggregate content (size � 4:75 mm) is SMA-3 >
SMA-2 > SMA-1, and for mineral powder is SMA-1 >

SMA-2 > SMA-3. This proves that higher amounts of
aggregate and powder do not mean better anti-rutting
performance of the SMA mixture. It is bene�cial to

Table 7. Rutting test results for the three gradations of Stone Matrix Asphalt (SMA) mixtures.

Mix type
SMA-1 SMA-2 SMA-3

In
d
ex

Mineral powder (%) 11 10.1 9.5
Aggregate size� 4:75 mm (%) 70 74 80
Dynamic stability (timing.mm�1) 5002 6220 5583
Relative deformation (%) 12.91 10.62 12.07
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form the framework skeleton structure with a suitable
increase in coarse aggregates and mineral powder as
well as reduction in �ne aggregates as in the SMA-2
mixture. The reason is that the skeleton structure is
not a�ected by interference and expansion of mastic
asphalt and the thick material bond increases by
expansion in the area covered by aggregates, which is
e�ective in improving resistance to rutting deformation
of SMA mixtures. When the skeleton structure is
formed with lower amount of mineral powder and
higher amount of coarse aggregate, as in SMA-3
mixture, the void among coarse aggregates cannot be
fully �lled by the mastic asphalt and the mixture
becomes prone to deformation and failure. It is also
illustrated in Table 7 that under the same experimental
conditions, the order of the relative deformation for
SMA mixtures is SMA-1 > SMA-3 > SMA-2, which
is exactly opposite to dynamic stability. The results
demonstrate that the indices of dynamic stability and
relative deformation can be used to evaluate the e�ect
of aggregate gradation on the rutting resistance of SMA
mixtures.

5. Prediction model for dynamic stability of
SMA mixtures

There is a favorable agreement between the above
experimental results for the single factor of dynamic
stability of SMA mixtures and the reference litera-
ture [38,39]. The prediction model for the dynamic
stability of SMA mixtures is established by taking
into account the relative coe�cient, R, representing
aggregate grading characteristics, fractal dimension,
D, representing size distribution of aggregates, asphalt
content, C, rolling times, N , representing pavement
compaction work, and temperature, T , as the parame-
ters (as given in Table 8). The model is created in the
following steps:

1. Generation and processing of the data. The coe�-
cient x(0)

i (represented in Table 9) is taken by initial
processing of the raw data on three gradations of
SMA mixtures shown in Table 8. x(1)

i in Table 10
is achieved by accumulating procession of x(0)

i .
2. Calculating sequence â. The sequence â is obtained

by adopting the calculation procedure. In the �rst
step, a sequence Z(1)

1 is formed, which can be

Table 9. Initial processing of raw data on Stone Matrix
Asphalt (SMA) mixtures.

Parameters
1 2 3

X(0)
i (1) X(0)

i (2) X(0)
i (3)

In
d
ex

es

RiDS X(1)
1 1 1.243 1.116

D X(1)
2 1 0.979 0.953

R X(1)
3 1 0.996 0.988

C X(1)
4 1 0.984 0.968

N X(1)
5 1 1.000 1.008

T X(1)
6 1 0.750 0.500

Table 10. Results of accumulation treatment x(0)
i .

Parameters
1 2 3

X(1)
i (1) X(1)

i (2) X(1)
i (3)

In
d
ex

es

RiDS X(1)
1 1 2.243 3.359

D X(1)
2 1 1.979 2.932

R X(1)
3 1 1.996 2.984

C X(1)
4 1 1.984 2.952

N X(1)
5 1 2.000 3.008

T X(1)
6 1 1.750 2.250

calculated by Eq. (1). Then, matrixB is established
through Eq. (2). The sequence YN stands for a data
vector determined by Eq. (3). The vector is shaped
by the data in Table 9, excluding those in the �rst
row and in the �rst column. In the second step,
the sequence â is formed by Eq. (4) based on the
matrix B and the sequence YN .

Z(1)
1 (k) = � hx(1)

1 (k � 1) + x(1)
1 (k)

i
=2; (1)

B =

"
z(1)

1 (2) x(1)
2 (2) L x(1)

6 (2)
z(1)

1 (3) x(1)
2 (3) L x(1)

6 (3)

#
=
��1:622 1:979 1:966 1:984 2:000 1:750
�2:801 2:932 2:984 2:952 3:008 2:250

�
;
(2)

YN =
h
x(0)

1 (2); x(0)
1 (3)

iT
= [1:243; 1:116]T ; (3)

Table 8. Rutting test data for the three gradations of Stone Matrix Asphalt (SMA) mixtures.

Inuence factors
Sample D R C (%) N (timing) T (�C) DS (timing.mm�1)
SMA-1 0.8963 2.60 6.2 60.0 24 5002
SMA-2 0.8777 2.59 6.1 60.0 18 6220
SMA-3 0.8544 2.57 6.0 60.5 12 5583
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â =BTB�1BTY = [a; b1; b2; � � � ; bn]T

= [1:605; 2:112; 1:083; 0:570;�0:156;�0:444]T ; (4)

where Z(1)
(1) (k) stands for the average of the series of

consecutive neighbors from x(1)
1 (k � 1) to x(1)

1 (k)
shown in Table 10. x(1)

i (2) and x(1)
i (3) are also

given in Table 10 and x(0)
1 (i) is in Table 9. The

letter a represents development coe�cient and bi is
the driving coe�cient for preparing to establish the
grey model GM (1, 6).

3. Calculating the raw data time response value x̂(0)
1 .

Eq. (5) is achieved by substituting â into Eq. (6)
and it is called whitening equation of the GM (1,
6). Eq. (7) is an approximate time response of
Eq. (5). The response x̂(1)

1 of the main sequence is
composed of the experimental data for the mixtures
of the three gradations, which is calculated by
substituting the inuence factor series X(1)

2 � X(1)
6

into Eq. (7). x̂(0)
1 indicates the dynamic stability

of SMA mixtures obtained by the sequence x̂(1)
1

through a regressive and initial reduction.�
dx(1)

1 =dt
�

+ 1:605x(1)
1 = 2:112x(1)

2 + 1:083x(1)
3

�0:1562x(1)
4 �0:444x(1)

5 +0:57x(1)
6 ; (5)�

dx(1)
1 =dt

�
+ ax(1)

1 = b2x
(1)
2 + b3x

(1)
3 ; (6)

x̂(1)
1 (k + 1) =

 
x(1)

1 0� 0:623
6X
i=2

bix
(1)
i (k + 1)

!
e�1:605k + 0:623

6X
i=2

bix
(1)
i (k + 1);

k = 1; 2; 3; (7)

where x̂(1)
1 (k + 1) indicates response value of dy-

namic stability at the k+1th SMA mixture. x(1)
1 (0)

is constant and equal to 1. x(1)
i (k + 1) shows that

the primitive data are processed by initialization
and then, �rst-order accumulation.

4. Establishing the prediction model. According to the
above research �ndings, the calculation model for
dynamic stability of SMA mixtures is established
based on the results for fractal dimension D, rela-
tive coe�cient R, asphalt content C, rolling times
N , and testing temperature T , as given in Eq. (8):

x̂(1)
1 (k + 1) =

"
1� 1

a

6X
i=2

bix
(1)
i (k + 1)

#
e�ak

+
1
a

6X
i=2

bix
(1)
i (k + 1);

x̂(0)
1 (k + 1) =

h
x̂(1)

1 (k + 1)� x̂(1)
1 (k)

i� 5002;

k � 3; (8)

where x̂(0)
1 (k+ 1) stands for the prediction value of

dynamic stability of SMA mixture. The coe�cient
x̂(1)

1 (k) is the response value of the dynamic stability
of the kth SMA mixture.

It is observable that the dynamic stability of SMA
mixtures has a positive correlation with fractal dimen-
sion and relative coe�cient. Also, the anti-rutting
performance of SMA mixtures with higher amounts of
coarse aggregate is better than SMA mixtures with �ne
aggregate, which is in agreement with the experimental
results for rutting resistance. Asphalt content has
a positive relation to the dynamic stability of SMA
mixtures and appropriate increase in asphalt content
can improve the adhesion and density of aggregate
particles, which is bene�cial to improving rutting
resistance of SMA mixtures. The correlation of testing
temperature with dynamic stability in SMA mixtures
is negative, that is, the higher the temperature, the
lower the dynamic stability of the asphalt mixture.
This �nding is in accordance with experimental results.
Also, there is a negative correlation between rolling
times and dynamic stability. The reason is that the
frame structure formed with coarse aggregates in SMA
mixtures is destroyed by over-rolling. As a result,
the mixture gradually turns into an AC one and its
resistance to rut deformation decreases.

6. Summary and conclusion

In this study, the rutting resistance of SMA mixtures
was investigated though laboratory tests under di�er-
ent inuencing factors and a dynamic stability predic-
tion model based on the test data was established. The
main research conclusions are as follows:

� For SMA mixtures, the optimum asphalt dosage
(OAC) in Marshall test is not in agreement with
that in wheel tracking test (OAC0) and they have the
following relationship: OAC = OAC0 + 0:1% � 0:3;

� With increase in asphalt dosage, the dynamic sta-
bility of SMA mixtures tends to increase at the
beginning and decrease afterwards. The curves
of bitumen content and dynamic stability have an
almost parabolic relationship. On the other hand,
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with too much or too little compaction work, the
rutting resistance of SMA mixtures is reduced.
When temperature increases by 0.5�C, the dynamic
stability of SMA mixtures is reduced by an average
of 18.6%. Higher amounts of aggregate and powder
lead to lower anti-rutting performance of SMA
mixtures;

� Dynamic stability of SMA mixtures has a positive
correlation with fractal dimension, relative coe�-
cient, and asphalt dosage. Also, it has a negative
correlation with rolling times and testing tempera-
ture.
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