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ABSTRACT

Lignin fiber, basalt mineral fiber (abbreviated as mineral fiber) and polyester fiber are being used for
Stone Matrix Asphalt (SMA) pavement in China. However, there is not sufficient information available
for the selection of these three fibers with regard to different applications of SMA pavement. In order to
investigate the effects of these three fibers, SMA-16 is used as an example in this study using these three
different fibers. Based on the Marshall test, Residential stability test, Rutting test and Freeze—thaw cycle
test of the mixtures, the influences of lignin fiber, mineral fiber and polyester fiber on high temperature
and water stability of an SMA mixture were investigated. The results show that the fibers significantly
improved the high temperature stability and water stability of the mixture. The influence of different
fibers on high temperature and water stability of the SMA mixture are not very significant. Of the three
SMA mixtures, each with different fibers, SMA mixtures with mineral fibers exhibit optimal high
temperature and water stability.

Key Words: Stone Matrix Asphalt (Sma), Asphalt Mixture, Fiber, High Temperature Stability, Water
Stability

INTRODUCTION

Stone Matrix Asphalt (SMA) is a type of gap-graded hot mixture asphalt, which relies on stone-on-stone
contact to resist deformation. SMA is made up of asphalt, fiber stabilizer, mineral filler, and less fine
aggregate consisting of mastic asphalt binder; this mixture fills in the gaps of the coarse aggregate
skeleton gradation in the formation of SMA (Chiu and Lu, 2007; Brown and Manglorkar, 1993; Ibrahim,
2006; Moghadas et al., 2010). SMA has a strong permanent deformation resistance capacity, is capable of
resisting deformation in high temperatures, and can also significantly improve the water stability of the
mixture. It also has positive performance features such as good phydroplaning resistance, anti-aging
capability, and resistance to fissure in low temperature, consequently extending the life of the pavement
(lbrahim, 2006; Moghadas, 2010; Richardson, 1997; Brown et al., 1997; Bellin, 1997; Cooley and
Brown, 2003; Brown et al., 1997; Scherocman, 1991; Karakus, 2011; yongjie et al., 2009; Allen and
Graham, 2004). In recent years, the application of SMA has been steadingly increasing. The
charisteristics of the composition of SMA, mix optimization, and its road performance improvements
have received considerable attention from the research community (Jinan and Fupu, 2003). At present, the
fibers mainly used for SMA pavement applications in China are lignin fiber, mineral fiber and polyester
fiber. There has been much research on the performance these three fiber SMA mixtures (Dang et al.,
2011; Wang and Xuefeng, 2010; Hongbin and peng, 2010; Liang, 2009; Naisheng et al., 2009; Cao,
2011; Yinghua, 2008; Wang, 2010; Hou, 2009; NAPA, 1994) but none have performed a specific
comparison of the performance of these three fibers with respect to the behaviour of the SMA mixture. In
order to establish a basis for when to select these three fibers, this comparison needs to be conducted.
Furthermore, asphalt mixture is a composite material and thus the use of different constituent materials
leads to different properties of the SMA. The specific performance requirements also vary depending on
the climate conditions in different regions. For these reasons, three types of SMA, each made from one of
the three different fibers, namely lignin fiber, polyester fiber and mineral fiber were prepared. SMA-16
was used as an example, based on the Marshall test, Residential stability test, rutting test and Freeze-thaw
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cycle test of the mixtures, and the influences of lignin fiber, mineral fiber and polyester fiber on high
temperature and water stability of SMA pavement are investigated in this paper.

MATERIALS AND METHODS

Materials

The asphalt was used styrene butadiene styrene (SBS) polymer modified asphalt, made in China with a
penetration of 67 (0.1 mm at 250C, 100 g and 5s), ductility of 95.2 cm (at 50C) and softening point of
76.50C.

The aggregate used was crushed basalt mineral, with an apparent specific gravity of 2.84 g/cm3 and a
maximum nominal size of 16 mm. Mineral filler used was limestone type, with a specific gravity of
2.78g/cm3, with 87.7% by mass smaller than 0.075 mm. The aggregate gradation and mineral filler are
shown in Table 1.

Table 1: Grading of mineral aggregate (%)

Sieve size (mm) 19 16 132 95 475 236 118 06 03 015 0.075

Crushed stone
(10-20mm) 100 889 29.0 0.7 0.1 0

Crushed stone
(5-10mm)
Crushed stone
(3-5mm)
Fine aggregate 100 903 630 359 219 112 57
(< 3mm)

Mineral filler 100 96.6 87.7

100 988 02 01 O

100 705 02 O

Three types of Chinese-grown fibers are used: lignin fiber, mineral fiber and polyester fiber. Figure 1
shows photographs of these three fibers, and their relevant properties are listed in Table 2.

A k ".“‘:f__
Mineral fiber
Figure 1: The photographs of the three fibers

Polyester fiber

Lignin fiber

Table 2: Properties of the three fibers

Index Color Length  Diamete Density Tensile Strength pH
(mm) (nm) (g/m?) (MPa) Value
Lignin fiber Gray — and _g 46 16 i 7.5+1
white
Mineral fiber Gray 6 15 2.463 3000-4840 -
Polyester fiber white <6 14-50 1.36 > 500 -
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Test Program

First, in accordance with China's "Asphalt pavement construction specifications” (JTG F40-2004) and
sieve test results, SMA-16 mineral aggregate gradation was made to conform to Chinese standard
requirements for SMA-16. Based on published results shown in (Dang et al., 2011; Wang and Xuefeng,
2010; Hongbin and peng, 2010; Liang, 2009; Naisheng et al., 2009; Cao, 2011; Yinghua, 2008; Wang,
2010; Hou, 2009; NAPA, 1994) corresponding SMA mixtures were made from each of the three fibers,
selecting three asphalt-aggregate ratios and three fiber-aggregate ratios. Then, according to Chinese
regulations and norms (JTJ 052-2000) a Marshall test was conducted to determine the optimum asphalt-
aggregate ratios of the three different fibers SMA-16. Finally, a Residual stability test, rutting test and
Freeze—thaw cycle tests were used to study the three different fiber mixtures. The effects of the different
fibers on the high temperature and water stability of the SMA were then analysed through these test
results. Based on this study, a selection basis and usage of these three fibers in SMA pavement
application will be proposed.

Mix Selection

In accordance with Chinese Standard (JTG F40-2004) and sieving test results, SMA-16 mineral aggregate
gradation requirements and design are shown in Table 3. The mixture asphalt-aggregate ratios and fiber-
aggregate ratios are presented in Table 4.

Table 3: Grading of mineral aggregate for SMA-16 (%)

Sieve  Size .49 g 132 95 475 236 118 06 03 015 0075
(mm)
Designed 100 951 819 537 253 184 162 140 121 108 94

Requirement
(JTG F40-2004) 100 90-100 65-85 45-65 20-32 15-24 14-22 12-18 10-15 9-14 8-12

Table 4: Preliminary selection of asphalt-aggregate ratio and fiber-aggregate ratio

Lignin fiber Mineral fiber Polyester fiber Without fiber
Asphalt-aggregate
ratio (%) 6.2 6.0 6.0 5.8
Fiber-aggregate 0.31 0.4 0.25 0

Ratio (%)

In Table 4, the asphalt-aggregate ratio is the percentage of asphalt to mineral aggregate (coarse aggregate,
fine aggregate and mineral filler). Similarly, fiber-aggregate ratio is the percentage of fibers to mineral
aggregate.

Marshall Test

For the Marshall test (JTJ 052-2000) specimens were manufactured following Marshall Standard. Four
replicates of the specimens for each group (101.6 mm in diameter and 63.5 + 1.3 mm in height) were
produced with 75 blows compacting energy per side. The test measures include determining the specimen
Bulk specific gravity (MD), Marshall stability (MS- Marshall stability at 600C, 30 min water immersion)
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and Marshall flow value (FL) and calculating the Air void (VV), Voids in mineral aggregate (VMA ) and
Voids filled asphalt (VFA).

High Temperature Stability Test

A rutting test was used to evaluate the high temperature stability of the SMA. The rutting test was utilized
to measure rutting resistance of the specimens. The 300mm long, 300mm wide and 50mm thick square
slab specimen was immersed in a dry atmosphere at 60 £ 0.50C for six hours. Subsequently, a wheel
pressure of 0.7MPa = 0.05MPa was applied onto the specimen. The traveling distance of the wheel was
230 + 10mm. The traveling speed of the wheel was 42 + 1cycles/min. The wheel was loaded to test for 60
minutes. The Dynamic stability was determined as follows (JTJ 052-2000):

42 x15
DS =—— (1)
deo - d45

Where DS is the Dynamic stability (cycle/mm); d60 and d45 is the rutting depth (mm) at 60 min and 45
min; 42 is the speed (cycle/min) and 15 is the time difference (min).

Water Stability Test

Residual stability test: A residual stability test was used to evaluate the water stability of the SMA. Two
groups of duplicate specimens (three specimens for each group, 101.6mm in diameter and 63.5 + 1.3mm
in height) were prepared. The first group was submerged in water at 600C for 30min, while the second
group of the specimens was submerged in water at 600C for 48h. Consequently, the residual stability
(retained stability) was determined as follows [26]:

s, = MS:
MS

X 100 (2>

Where MS1 is Marshall Stability at 600C after 48h water immersion (KN); MS is Marshall Stability at
600C, 30min water immersion (KN) and MSO0 is residual stability at 600C, after 48h water immersion
(%). Freeze-thaw cycle test: A residual stability test method is simple to use but is not capable of
reflecting the actual water damage situation of asphalt mixtures in a water damage situation. In order to
evaluate water stability of the asphalt mixture from multiple perspectives, a freeze—thaw cycle test was
used in this study. This test also uses two groups of Marshall standard specimens, each group consisting
of four specimens. The first group was kept at room temperature. The second group was placed in a
water-saturated vacuum device and maintained for 15min at a pressure of 98.3 ~ 98.7kPa (730 ~
740mmHg) in a vacuum condition. Then, the valve was opened and the specimens were kept under water
at atmospheric pressure for 30 min. After that, the specimens were taken out and put into a plastic bag
with 10ml of water added. The bag was then fasten, put into a freezer with temperature at -180C, and kept
for 16h. Next, these specimens were taken out of the bag and immediately placed into a 600C warm water
bath for 24h. Afterwards, both of the first group and second groups were placed in 250C water bath for 2h
and then brought to test. Test loading rate was 50 £ 5mm/min. The split indirect tensile strength ratio
before and after freezing and thawing (abbreviated: tensile strength ratio) was calculated using Equation 3
(JTJ 052-2000).

R
TSR =—"2x100 )
T1
TSR is the split indirect tensile strength ratio before and after freeze-thaw (%); RT1 is the split indirect

tensile strength of the fresh specimen (MPa); RT2 is the split indirect tensile strength of the frozen—
thawed specimen (MPa).
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RESULTS AND DISCUSSION

Test Results
Marshall Test Results

The Marshall Test results of different fiber SMA-16 are shown in Table 5 and in Figures 2 to 4.

Table 5: The Marshall test results of different fiber SMA-16.

4.2

Fiber Tvoe Optimum of Asphalt- MD MS FL \AY VMA VFA
yp Aggregate Ratio (%) (g/cm3) (kN)  (mm) (%) (%) (%)
Without fiber 5.8 2.454 7.23 3.37 4.46 17.27 74.19
Lignin fiber 6.1 2.442 10.39 3.95 4.45 18.21 74.97
Mineral fiber 5.9 2.449 9.08 3.44 4.49 17.79 74.24
Polyester fiber 6.0 2.443 8.43 431 4.41 17.19 74.86
Requirement N N N
(JTG F40-2004) >6 2~5 3~45 >16.5 70~85
247 N ) o 4 4.6
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Figure 2: Comparison of bulk specific gravity and air void of mixture
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Figure 3: Comparison of Marshall Stability and flow value of mixture
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Figure 4: Comparison of voids in mineral aggregate and voids filled asphalt of mixture

High Temperature Stability Test Results
The Rutting test results of different fiber mixture are shown in Table 6 and in Figures 5.

Table 6: The Rutting test results of different fiber SMA-16

Fiber Type dss (mm) dso (mm) DS (Cycle/Min)
Without fiber 2.931 3.121 3324
Lignin fiber 1.900 1.993 6828
Mineral fiber 1.899 1.990 6956
Polyester fiber 1.925 2.018 6858

Requirement

(JTG F40-2004) >3000
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o
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w
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2000

Without fiber Lignin Mineral Polyester

Figure 5: Comparison of dynamic stability of different fiber mixtures
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Water Stability Test Results
Results of Residential stability test and Freeze—thaw cycling test are shown in Table 7 and in Figures 6 to
7.
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Figure 6: Comparison of residential stability of different fiber mixtures
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Figure 7: Comparison of tensile strength ratio of different fiber mixtures

Table 7: The water stability test results of different fiber SMA-16 mixtures

Fiber Type Rr(MPa) R;(MPa) TSR (%)  MS (%) MS: (%)  MS, (%)
Without fiber 0.573 0.463 81.09 7.23 6.09 84.15
Lignin fiber 0.627 0.542 86.47 10.39 9.25 89.03
Mineral fiber 0.651 0.568 87.22 9.08 8.26 90.96
Polyester fiber 0.660 0.557 84.51 8.43 7.59 89.98

Requirement

(JTG F40-2004) =80 =80
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From Table 5 and Figure 2 to 4 it can be seen that when the air voids of SMA are maintained at 3 to 4.5%,
the bulk specific gravity of SMA made from the three types of fiber decreases when compared to the
mixture without fiber. The bulk specific gravity of lignin fiber mixture decreased most, but this decrease
is less significant in a mineral fiber mixture. This is because the fibers take up some space in the mixtures;
the density of the mineral fibers is high, with the mineral aggregate density not much lower. Therefore,
the mineral fiber mixture density decreased less; the density of lignin fiber and polyester fiber is much
smaller than the density of mineral aggregate, so it caused a greater reduction in the bulk specific gravity
of the mixture. Furthermore, adding fibers into the mixture causes the optimum asphalt-aggregate ratio to
increase. The optimum asphalt-aggregate ratio for the lignin fiber mixture was the highest at 6.1% and
was lowest for the mineral fiber mixture at 5.9%. The main reason for this is because the fibers absorbed
and assimilated asphalt, so the asphalt content of mixture increased; but the various fiber oil absorption
are not the same, the oil absorption of the lignin fiber is highest, polyester fiber is second and mineral
fiber is the lowest.

From the test results it can be seen that, with a variety of fibers added, all of Marshall Stability, Dynamic
stability, Residual stability and Tensile strength ratio of mixture increased. Compared to a mixture
without fiber, lignin fiber SMA had an increase of 43.71% in Marshall Stability, 105.42% in Dynamic
stability, 5.8% in Residual stability and 6.63% in Tensile strength ratio. Mineral fiber SMA had an
increase of 25.59% in Marshall Stability, 109.27% in Dynamic stability, 8.09% in Residual stability and
7.56% in Tensile strength ratio. Polyester fiber SMA had an increase of 16.6% in Marshall Stability,
106.32% in Dynamic stability, 6.93% in Residual stability and 4.22% in Tensile strength ratio.

This was mainly because, of the complex interactions between the fibers and between the fibers and the
surrounding asphalt and mineral aggregate due to fiber discontinuity. These interactions can significantly
impact on toughness and destructive process of the SMA. In the SMA mixture, asphalt and fiber have a
good adhesion; fibers absorb and stabilize free asphalt, so the asphalt viscosity and cohesive strength
increased; this leads to a reduction of the temperature sensitivity of asphalt.

The interface between the fiber and the asphalt is a thick layer, which is composed of one or a few
molecular layers. Its structure and performance plays an important role in enhancing the physical and
mechanical properties of the SMA. The acidic resin component of the asphalt is a surface-active
substance, which soaks, absorbs and chemically bonds to the surface of fibers making single molecules of
the asphalt arrange on the fiber surface and form a solid cohesive "structural asphalt"” thin film. Structural
asphalt is larger than the free asphalt outside the thin film, and has good heat resistance.

Meanwhile, fiber diameter is extremely small, and the fiber and asphalt structure of around it together
cover the aggregate surface, so the both the asphalt film thickness and its properties are changed. Thick
asphalt film slows down the aging speed of the asphalt, which can maintain its long visco-elasticity,
reduce the temperature sensitivity of asphalt, improve the performance of the asphalt mixture and
ultimately extend the road performance. Furthermore, short fibers in the asphalt matrix are randomly
distributed in three-dimensional space, due to a very small cross-section, short fibers appear in large
guantities even with a small fiber content, which can form a cross-link network within the mixture. This
effect of short fibers is very effective in blocking crack propagation.

From the above analyses it can be seen that, although different fibers SMA mixture have different
performance indexes, they all meet the specification requirements. The performance indicators of mineral
fiber SMA are higher than those of the other two fiber mixtures except for Marshall Stability. The
performance of lignin fiber SMA mixture is not much different from those of mineral fiber and polyester
fiber mixtures. This shows that when correct mixture proportions are selected, high temperature and water
stability of lignin fiber, mineral fiber and polyester fiber SMA are all preferable. The selection of fiber
types should be in accordance with regional conditions, construction conditions, magnitude of the impact
on the environment and economic comparisons. Compared with the other two fibers, high temperature
and water stability of mineral fiber SMA are optimal, while lignin fiber and polyester fiber mixtures are
the same.
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CONCLUSION

By analyses of Marshall Test, Residual stability test, Freeze—thaw cycle test and the Rutting test results of
lignin fiber, mineral fiber and polyester fiber modified asphalt SMA, the following results have been
obtained:

Fibers significantly improve the high temperature and water stability of SMA. The three types of SMA
mixtures used include lignin fiber, mineral fiber and polyester fiber all of which exhibit good performance
of high temperature and water stability.

When the optimal mixture proportion is selected, high temperature and water stability of mineral fiber
SMA are better than that of lignin fiber and polyester fiber SMA.

Apart from the requirements of SMA performance, the selection of fiber types should be based on
regional conditions, construction conditions, degree of impact on the environment and economic
comparison.
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