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In this study, cellulose and basalt fiber were introduced simultaneously to stone mastic asphalt (SMA) to investigate the effects of
hybrid modification on performance improvement of asphalt mixture. .e study consists of three parts. .e first part investigated
material properties of cellulose and basalt fiber, including microscope electrical scanning. .e second part conducted a series of
tests to evaluate the effects of different combinations of cellulose and basalt fiber on performance. With a total addition of fiber
0.4% by the weight of mixture, five different cellulose-basalt fiber ratios, 0 : 4, 1 : 3, 2 : 2, 3 :1, and 4 : 0, were introduced to the
asphalt mixtures. A series of tests including draindown, permanent deformation, low temperature bending, beam fatigue, and
moisture damage resistance were conducted. In the final part, a benefit-cost ratio was designed to help determine the optimum
cellulose-basalt fiber combination in the economic aspect. Results show that material properties of the two fibers are very different,
including thermostability, modulus, surface, and microstructure, especially oil absorption. In general, all samples with fibers
outperformed the control group in all the performance tests. Specifically, cellulose fiber improved draindown, ductility, and
fatigue more significantly, whilst basalt fiber has more influence on improving permanent deformation, deflection strength, and
stress sensitivity. Equal portion of cellulose and basalt fiber has the best moisture damage resistance. .e mechanisms of the two
fibers are different, resulting in different performance improvements on asphalt mixtures. Overall, an appropriate combination of
the two fibers would produce paving materials with more balanced performance in an economical way.

1. Introduction

Asphalt mixture is made of bitumen, aggregates, and filler, of
which the properties are very sensitive to many factors
including temperature, load-time, moisture, and stress level.
Researchers and engineers are constantly trying to improve
the performance of asphalt mixture. Fibers have been used to
improve paving materials for decades in many parts of the
world and are gaining more attention due to their effects.
Researches have stated that fibers can significantly improve
asphalt mixture performances in one way or another [1]..e
finely divided fiber provides a high surface area per unit
weight so that mixtures with fiber showed an increase in the
optimum binder content [2]. Another function that fiber
plays is to reinforce the asphalt mixture, which carries more
tensile load and prevent propagation of cracks [3]. In all,

fiber changes the viscoelasticity of modified asphalt mixture,
improves the dynamic modulus, moisture susceptibility,
creep compliance, fatigue life, and rutting resistance, and
reduces reflective cracking of asphalt pavement [4–11].

Although fibers have many aforementioned advantages
in asphalt concrete, economy should be taken into con-
sideration. Studies showed that the cost of the fiber mixture
was about 11% higher than the cost of control mixture, and
this increased cost could be justified by an increase in the
service life of 0.9∼1.1 years [12]. However, they may not be
cost-effective if the improvement is not substantial. Cur-
rently, fibers have shown obvious performance promotion in
gap graded asphalt mixtures, like SMA (stone matrix as-
phalt). SMA is a type of hotmix asphalt consisting of a coarse
aggregate skeleton and a high binder content mortar. As the
stone-on-stone structure improves rutting resistance, the
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high asphalt content brings in problems like draindown or
bleeding during the processes of production, storage,
transportation, and paving [13, 14]. By far, the most com-
mon practice is to introduce fiber into the asphalt mixture to
prevent draindown or bleeding.

Cellulose fiber is plant-based fiber most commonly from
woody plants or recycled papers. .is kind of fiber has a
rough texture, porous surface, and diameter varied along the
length [15, 16]. As a result, it has fairly high absorption of
asphalt. It is this nature that helps holding higher binder
contents in mixtures. Cellulose fibers in asphalt mixtures
allow asphalt content to be increased while drastically de-
creasing draindown/bleeding of asphalt binder [17–19].
Cellulose fibers are widely available and inexpensive and
may be provided either in loose form or in pellets.

Basalt fiber is a mineral fiber manufactured by melting
crushed basalt, a hard, dense and stable igneous rock, then
physically forming fibers by spinning or extruding at about
1500°C. Basalt fiber has high elastic modulus and tensile
strength and has no toxic reaction with air or water. When in
contact with chemicals, they produce no chemical reactions
that may damage health or environment [20]. As it is strong
and stable, it makes a perfect reinforcement material for
infrastructure. But due to the relative smooth surface, it is
not as absorptive as cellulose. High price is another dis-
advantage that may hinder its application in engineering
projects. Some scholars also pointed out the damage basalt
fiber may have on vehicle tires [21].

Most studies focusing on fiber-reinforced paving ma-
terials generally investigate the effect of fiber separately. .is
paper introduced an idea of hybrid modification of asphalt
mixture by introducing cellulose and basalt fiber simulta-
neously into SMA so as to take advantages of both fibers to
produce more balanced designed paving material. Properties
of the two fibers were investigated first. .en, draindown
test, wheel tracking test at high temperature, low-temper-
ature bending, beam fatigue test, and moisture damage test
were conducted to evaluate the performance of SMA with
different fiber combinations. Finally, an economic solution
is provided to get optimum benefit-cost efficiency taking
consideration of economy.

2. Material Property Test

.e basic mechanical properties of the basalt fiber are listed
in Table 1..e cellulose fiber used in this study is 6mm long,
with ash content about 17.6%. Other properties including oil
absorption, water absorption, and pH will be tested and
shown in Section 2.1..ree replicates were used for each test,
and results were averaged for analysis.

2.1. &ermostability Test. Technically, there are two ap-
proaches of introducing fiber: wet process and dry process.
In the wet approach, fibers are blended with asphalt binder
first and then blended into mixture, while in the dry ap-
proach, fiber is mixed with the aggregate before adding
asphalt binder. Generally, the dry process is preferred as it is
easy to perform and fiber can be distributed evenly in the

mixture [24]. During the production of SMA, the temper-
ature of aggregates can easily reach 170∼180°C. If styrene-
butadiene-styrene- (SBS-) modified asphalt is used, which is
the normal case in SMA production, the blending tem-
perature could be even higher. As a result, stability of fiber at
a high temperature is a property worth looking into. In
thermostability tests, randomly weighted samples of the two
fibers were first kept in 50°C for 4h to dry up..en, they were
heated to 165°C/200°C and kept for 2 h/5 h. .e mass loss
was recorded as an indication of thermostability as is listed
in Table 2.

.e results show that mass loss of cellulose is much
higher than that of basalt fiber, indicating that basalt fiber is
much more durable than cellulose. Mass loss of basalt fiber
was very small, generally less than 1%. Cellulose was not as
stable as basalt fiber in high temperature, and the mass loss
was much higher, about 5% at 165°C for 2 h. .e mass loss
increased as temperature and duration increased, up to
nearly 12% at 200°C for 5 h. In Figure 1, it is also seen that the
appearance of basalt fiber does not change with heating time,
while the color of cellulose under 200°C/5 h becomes darker
and more curled than that under 200°C/2 h. In general, the
mass loss of cellulose is 20 times that of basalt fiber. .e
relative high mass loss in cellulose raises the consciousness
of strict temperature control during the production of as-
phalt mixtures with fiber. It is also implied that adding basalt
fiber to replace some cellulose can decrease fiber loss in
mixture production.

2.2.CompatibilityTest. Compatibility with asphalt cement is
a key factor of fiber to enhance the asphalt mixture per-
formance. Evaluation of compatibility includes pH, oil ab-
sorption, and stripping test. .e pH test is an indication of
chemical bond of asphalt with fiber, while oil absorption is
an indication of physical bond. .e stripping test is a
performance-related evaluation of bond between asphalt
and fiber.

.e pH test is typically done by soaking fiber in distilled
water and measuring the pH of the water with pH meter. 5 g
dry cellulose and basalt fiber were put into 100ml distilled
water, respectively, and stirred for a while to disperse the
fiber for full contact with water. After a rest of 30minutes,
fibers were taken out and pH of the water was measured. Test
results showed that pH of water with cellulose was 7.24, and
pH of water with basalt fiber was 7.92. Both fiber are weak
alkaline, but the pH of basalt fiber is a little higher because
the basalt fiber is mainly composed of SiO2, Al2O3, and FeOx,
which produce alkaline chemical reaction. According to the
bond theory of asphalt with aggregates, it is the acidic
components of asphalt that reacts with alkali components of
aggregates to form water insoluble salts which become a very
strong bond. Hicks stated that chemical reaction between
most asphalts and acidic aggregates is weaker compared with
alkali aggregates [25]. As such, both fibers have a good
potential of chemical bond with asphalt.

Oil absorption is an important index to test the fiber’s
ability of holding asphalt due to the surface texture (e.g.,
smoothness and porosity) of fibers. 5 g dry cellulose and
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basalt fiber were put in 100ml mineral spirit (kerosene),
respectively, and stirred for a while for full contact. After 30
minutes’ rest, the fibers were taken out and put into a
0.25mm sieve and shaken gently for 10mins to get rid of
excessive mineral spirit and then weighed. .e mass change
in terms of how many times the mass of fiber was used to
evaluate absorption. .e test results of cellulose and basalt
fiber were 683.4% and 145%, respectively. It was clearly
shown that oil absorption of cellulose is much higher, nearly
5 times that of basalt fiber. High absorption of cellulose is a
very good complement for basalt fiber to help hold asphalt
and solves problems like draindown and bleeding in SMA.
Similar tests were done with distilled water, and the ab-
sorption was 510% and 96% for cellulose and basalt fiber,
respectively. Although the absorptions of oil were fairly
larger than water for both fibers, higher oil absorption of
cellulose indicates possible higher vulnerability of water
deterioration of asphalt pavement with cellulose. In this
sense, replacing some cellulose with basalt fiber could reduce

the risk of moisture damage and increase the service life of
asphalt pavement.

.e stripping test of bond between asphalt and fiber was
designed similarly to the “boiling water test” for bond be-
tween asphalt and aggregate. 4 g cellulose or basalt fiber was
put in 100 g asphalt separately and stirred for a while for full
contact. Another sample with 2 g cellulose and 2 g basalt
fiber was also prepared. .e fibers covered with asphalt were
then put onto a 0.25mm sieve and kept at 165°C for 1 h to let
excessive asphalt draindown. After that, samples were cooled
down to room temperature. Randomly selected fibers cov-
ered with asphalt were put into boiling water for 3 minutes.
At last, pick the fiber out, observe the surface, and estimate
the stripped area of asphalt. No strip was observed in the 4 g
cellulose, 2 g cellulose, and 2 g basalt fiber; but about 6%∼
10% area was stripped in the 4 g basalt fiber. Results indi-
cated that the bond of cellulose with asphalt was stronger
than that of basalt fiber. Combination of cellulose and basalt
fiber demonstrated similarly excellent bond as cellulose.

Table 2: Mass loss of cellulose and basal fiber.

Fiber Test procedure Mass before heat (g) Mass after heat (g) Mass loss (%) Visual change of fiber

Basalt fiber

165°C, 2 h 1.0180 1.0155 0.246

No change.165°C, 5 h 1.0442 1.0416 0.249
200°C, 2 h 1.0334 1.0269 0.629
200°C, 5 h 1.0118 1.0053 0.642

Cellulose fiber

165°C, 2 h 1.0120 0.9624 4.901

Fiber curl, and color of surface becomes darker.165°C, 5 h 1.0563 0.9829 6.949
200°C, 2 h 1.0248 0.9278 9.465
200°C, 5 h 1.0007 0.8809 11.972

(a) (b)

Figure 1: Visual change of fibers after the thermostability test. (a) Basalt fiber (200°C). (b) Cellulose (200°C).

Table 1: Basic properties of basalt fiber.

Item Value Standards
Density (g/cm3) 2.56∼3.05 ASTM D3800-16 [22]
Diameter (μm) 13 ASTM D3800-16 [22]Length (mm) 6
Tensile strength (MPa) 4100∼4830

ASTM D5034-17 [23]Elastic modulus (GPa) 90∼110
Elongation rate (%) 3.0∼3.3
pH 9.72
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2.3. Microscope Detection. As mentioned before, the surface
of cellulose and basalt fiber is very different, which may
influence the interface between asphalt and fiber. .e ab-
sorption test and bond test above verified that cellulose has a
better absorption and better bond with asphalt than basalt
fiber. To get a more direct comparison of asphalt absorption
of the two fibers, an environmental scanning electron mi-
croscope (ESEM) was employed to detect the microscale
state of cellulose and basalt fiber mixed with asphalt, as is
shown in Figure 2.

In Figure 2(a), basically, the surface of basalt fiber is
smooth with a thin and evenly distributed asphalt film
covering the basalt fiber along the length. On contrast,
Figure 1(b) shows that there was a lot more asphalt adhered
to the cellulose. As the asphalt molecules align near to the
internal and external surfaces of cellulose filament, they
increase the thickness of asphalt membrane and effectively
increase the bond between asphalt and cellulose. Further-
more, there is a “root structure” that forms at the root of
cellulose, which is believed to enhance the bond between
asphalt and the fiber greatly. It is visually clearly shown in
the pictures that cellulose absorbs much more asphalt than
the basalt fiber does and forms stronger bond with asphalt.

.e properties above indicate that cellulose and basalt
fiber have different material properties. Comparatively,
cellulose has better absorption of and stronger bond with
asphalt material, while basalt fiber demonstrates better
thermal stability and mechanical behavior (higher elastic
modulus and higher tensile strength). It is preliminarily
hypothesized that the introduction of both fibers will
complement each other and leads to more balanced per-
formances of asphalt mixture than only one fiber.

3. Performance Test

3.1. Mixture Design and Specimen Preparation. Performance
tests were designed to test the hypothesis that hybrid in-
troduction of both cellulose and basalt fiber would result in
asphalt mixture with more balanced performance. SMA-13
(stone mastic asphalt with nominal maximum aggregate size
13mm) specimens were prepared as per the Marshall
mixture design method [26]. .e Marshall mixture design
method is a classical method of designing asphalt mixture
mainly based on volumetric properties together with me-
chanical properties. First, asphalt mixtures with different
asphalt contents (usually 5 asphalt contents) were prepared,
and then, a series of tests are conducted to inquire volu-
metric parameters: volumetric voids (VVs), voids of mineral
aggregates (VMAs), and voids of mineral aggregates that are
filled with asphalt (VFA), as well as mechanical properties:
Marshall stability and flow number and dynamic stability of
the prepared asphalt mixtures. Change of volumetric
properties and mechanical properties against asphalt con-
tent is plotted and fitted by second-order polynomial, and
the optimum asphalt content (OAC) is determined as the

asphalt content that gives the best volumetric and me-
chanical properties based on a comprehensive evaluation.
.e gradation of basalt aggregates is shown in Figure 3.
Properties of styrene-butadiene-styrene- (SBS-) modified
asphalt are listed in Table 3.

.e cellulose and basalt fiber were both 6mm long. .e
total introduction of fiber was 0.4% of the mixture by weight
as most literatures and practices recommended [1, 6, 27].
Five combinations of cellulose and basalt fiber were designed
with the portions of cellulose to basalt fiber, 0 : 4, 1 : 3, 2 : 2, 3 :
1, and 4 : 0, by weight. A control group without any fiber was
marked as 0 : 0. As fiber portion changes, the OAC was
anticipated to change too. Marshall tests were conducted to
determine OAC for each fiber combination. OAC and
volumetric properties are listed in Table 4.

Generally, OAC increases with cellulose. .is is because
cellulose has strong asphalt absorption. At the same time, the
volumetric properties also changed. For example, the VV
and VMA increased first and then began to decrease; on
contrary, VFA declined a little but went up afterwards. All
these changes are mainly due to the asphalt content change
caused by different combinations of fibers. Another con-
tribution is the volumetric difference of different fiber
combinations. .e addition of fiber is controlled by weight,
but cellulose and basalt fiber have different densities,
meaning volume of fibers are different, which could in turn
affect the volumetric properties of SMA specimen.

3.2.DraindownTest. A draindown test was carried out as per
ASTM D6390 [28]. A certain amount (about 1 kg) of loose
SMA was put in a glass beaker after mixing with fiber. .e
covered beaker was held in an oven at 185°C± 1°C for about
60min± 1min. .en the beaker was turned over, allowing
the mix to fall into a tared bowl. .e difference of mass,
expressed in the percentage of the original mass, was the
draindown loss. .e upper-limit of draindown loss is 0.3%.
Four replicates were tested, and results were averaged for
analysis. Test results are shown in Figure 4.

.e results were pretty straight forward, draindown loss
decreased with higher portion of cellulose, and this is a direct
sign that cellulose can hold asphalt better than basalt fiber.
More cellulose would improve the asphalt draindown in
SMA. SMA without fiber showed much higher draindown
loss, about 0.35%, which failed the criterion of 0.3%. A one-
tail t test was carried out to check the difference between
different fiber combinations. .e null hypothesis was that
the draindown of different fiber combinations was the same.
.e P value was calculated and compared with the critical
value of 0.05 to reject or accept the null hypothesis. In this
study, P≤ 0.05 means the results of different fiber combi-
nations are statistically different. As listed in Table 5, most of
the test results are significantly different from each other.
Especially, the control group (0 : 0) is significantly different
from all other samples with fibers, meaning that fibers,
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Figure 2: Image of ESEM (magnified by 500 times). (a) Basalt fiber. (b) Cellulose.
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Figure 3: Gradation of SMA.

Table 3: Physical properties of base asphalt.

Properties Values Standards
Specific gravity at 25°C (g/cm3) 1.03 ASTM D70
Penetration at 25°C (1/10mm) 55 ASTM D5M
Softening point (°C) 50.1 ASTM D36M
Flash point (°C) 298 ASTM D92
Ductility at 25°C (cm) >100 ASTM D113
Viscosity at 60°C (Pa·s) 876 ASTM D4402
Loss on heating (%) 0.042 ASTM D6M

Table 4: OAC and volumetric properties of SMA with different fiber combinations.

Cellulose : basalt OAC (%) (asphalt-aggregate ratio) VV (%) VMA (%) VFA (%)
0 : 4 5.9 3.6 16.5 79.4
1 : 3 6.0 3.8 16.6 77.1
2 : 2 6.1 3.9 17.0 77.6
3 :1 6.1 3.2 16.7 80.8
4 : 0 6.2 3.4 17.2 79.0
0 : 0 5.4 4.2 16.0 75.3
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whether cellulose or basalt fiber or the combination of both,
has significant improvement on the draindown of asphalt
mixture.

3.3. Permanent Deformation Test. .e main advantage of
SMA lies in its excellent rutting resistance. .e wheel
tracking test was carried out to compare the permanent
deformation of SMA with different fiber combinations at
high temperature. Wheel tracking test simulates traffic
moving on pavement to test the permanent deformation
resistance of asphalt mixture at high temperature as per JTG
E20-2011[29]..e test temperature was set at 60°C± 1°C and
contact pressure 0.7MPa± 0.05MPa. During test, the wheel
runs to and fro at frequency of 42 passes/min ±1 pass/min.
Dynamic stability (DS) indicating the passes to achieve every
1mm of deformation was used to evaluate the rutting re-
sistance of asphalt mixture, as shown in equation (1).
Specimens of 300mm length and 300mm width by 50mm
thick were prepared for the test. At least four replicates were
tested for each fiber combination:

DS �
t2 − t1(  × N

d2 − d1
× C1 × C2, (1)

where d1 and d2 correspond to the deformation at time t1
and t2, respectively; C1 and C2 are test parameters based on
equipment model and sample dimension, as standard test
equipment and samples are used in this study, C1 � 1.0,
C2 �1.0; and N is the passes per min.

Figure 5 displays the change of DS with fiber combi-
nations. First of all, specimens with fibers outperform the
control group in general. Secondly, mixtures with higher

basalt fiber portions had higher DS values, indicating that
basalt fiber improves the rutting resistance more signifi-
cantly. As the permanent deformation performance of
different fiber combinations looks close to each other, a one-
tail t test was carried out to check the difference between
different fiber combinations. .e null hypothesis was that
the DS of different fiber combinations were the same. .e P

value was calculated and compared with the critical value of
0.05 to reject or accept the null hypothesis. In this study,
P≤ 0.05 means the results of different fiber combinations are
statistically different. Table 6 shows that only one case
(cellulose : basalt� 0 : 4 against cellulose: basalt� 0 : 0) shows
significance (P � 0.048), meaning that when only basalt fiber
is added, the difference of DS are significantly different from
the control group. Basalt fiber has very high modulus and
tensile strength. When blended in SMA, it forms a strong
fiber network and restricted the movement of mastic and
thus improves the antideformation ability of asphalt mix-
ture. Another reason for the nonsignificant improvement of
DS by the other fiber combinations is that when cellulose is
added, asphalt content is increased at the same time, which
has the potential of increasing permanent deformation at
high temperatures. In general, the addition of fibers can
improve permanent deformation resistance of asphalt
mixture, but the effects are not significant.
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Figure 5: DS of SMA with different fiber combinations.
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Table 5: P values of draindown of different fiber combinations.

Cellulose : basalt 0 : 4 1 : 3 2 : 2 3 :1 4 : 0 0 : 0
0 : 4 — 0.173 0.067 0.019 0.013 0.009
1 : 3 — — 0.193 0.019 0.017 0.005
2 : 2 — — — 0.06 0.042 0.004
3 :1 — — — — 0.336 0.002
4 : 0 — — — — — 0.007
0 : 0 — — — — — —
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3.4. Low-Temperature Performance Test. As environmental
temperature drops, the body of pavement would contract
and internal stress builds up. If this contraction occurs fast
enough, tensile stress accumulates in asphalt mixture and
may cause cracking..ree-point beam test was carried out at
−10°C±0.5°C to check bending resistance at low temperature
as per JTG E20-2011(29). A loading is exerted at the mid-
point of the beam at a speed of 50mm/min. .e specimen is
250mm long× 30mmwide× 35mmhigh, with a supporting
span of 200mm. .e deflection strength RB, maximum
tensile strain εB at the bottom of beam, and stiffness modulus
SB are calculated as follows:

RB �
3LPB

2bh
2 ,

εB �
6h d

L
2 ,

SB �
RB

εB

,

(2)

where L is the supporting span, PB is the maximum load (N),
b is the width of the beam, h is the height of the beam, and d
is the maximum deflection (at the loading point). RB, εB, and
SB of different fiber combinations are listed in Table 7.

It is found that, with the increase of basalt fiber, RB and
SB increase, while εB decreases. On the contrary, as more
cellulose is added, RB and SB decrease, while εB increases.
.is is due to the different mechanisms of the two fibers.
Basalt fiber is a strong material with very high modulus, the
fibers form interconnected three-dimensional network and
helps transfer the internal stresses, thus increasing the
stiffness of SMA, acting like the reinforcing bar. .e main
effect of cellulose is increasing the asphalt content, which is
believed to increase the ductility of samples. To avoid low-
temperature cracking, the asphalt mixture is required to
either relax fast to release the stress or be strong enough to
resist the stress..e introduction of both cellulose and basalt
fiber at the same time seems to increase the deflection
strength and ductility at the same time, resulting in a more
balanced asphalt mixture. For example, in the case of cel-
lulose: basalt� 3 :1, when compared with the control group
(cellulose: basalt� 0 : 0), it increases the εB by about 5.3%
from 3397 to 3575 as well as increases RB by about 7.1% from
11.31 to 12.11.

3.5. Beam Fatigue Test. Intermediate temperature fatigue
cracking by repeated loading is the one of the major

distresses of asphalt pavement. Many test methods such as
beam fatigue, semicircle beam (SCB), indirect tension (IDT)
strength, Texas overlay tester (OT), and asphalt mixture
performance tester (AMPT) have been used to characterize
the resistance of asphalt mixtures to cracking.

One of the most widely accepted methods is the repeated
loading beam fatigue test. Beam specimens with dimension
of 380mm long× 63mmwide × 50mm thick were subjected
to four-point bending by IPC® fatigue test apparatus, as perASTM D7460 [30]. Test temperature was set at 15°C± 0.5°C.
Haversine loading with controlled stress was conducted at a
frequency of 10Hz± 0.1Hz. Stress levels to flexural strength
was set in four levels: 0.2, 0.3, 0.4, and 0.5. Before the fatigue
test, flexural strength of beam was determined and corre-
spondingly the stress levels. At least four replicates were
tested for each stress level. Typical fatigue relation is stated as
follows:

lg Nf  � a − blg(σ), (3)

whereNf is the fatigue repetition; σ is stress level; and a and b
are regression parameters.

Fatigue curves on log-log scale are shown in Figure 6.
.e strength test results and fatigue equations are listed in
Table 8.

.e fatigue models in this study have not been calibrated
with field data, so they cannot be used to predict fatigue life.
But, they are able to provide a comparison between speci-
mens to evaluate the effects of different fiber combinations
on fatigue. It is clearly shown that, as the stress level in-
creased, the fatigue life declined. Overall, specimens with
fiber had better fatigue than the control group. With the
increase in the cellulose portion, the specimen demonstrated
higher flexural strength and better fatigue property. .is is
mainly because of the increase of asphalt content. .e slope
of the fatigue line is an indication of sensitivity to stress level.
Smaller slope means less sensitive to stress level. As indicated
by parameter b in fatigue equations in Table 8, the slope
decreased with the increase of basalt fiber. .is makes sense
as the basalt fiber forms a strong fiber network that helps
mitigate the propagation of cracks to make asphalt mixtures
more stable. As a result, a combination of cellulose and
basalt fiber would lead to higher bending strength and better
fatigue compared with sole basalt fiber and less stress sen-
sitivity compared with sole cellulose.

3.6. Moisture Damage Test. .e resistance of asphalt pave-
ment to moisture damage is critical to its long-term per-
formance and sustainability. A moisture test was conducted
to evaluate moisture resistance of asphalt mixture with
different fiber combinations as per ASTM D4867M [31]. 8
samples were prepared for each fiber combination and
evenly divided into two groups: wet subset and dry subset. A
freeze-thaw conditioning was employed for the wet subset
samples: the specimens were first saturated in a vacuum
chamber to reach a partial saturation of 55%∼80% and then
wrapped in leak-proof bag with about 3ml distilled water
and placed in an air bath freezer at −18°C°±°2.0°C for at least
15 h; after that, the specimens were immersed in a water bath

Table 6: P values of draindown of different fiber combinations.

Cellulose : basalt 0 : 4 1 : 3 2 : 2 3 :1 4 : 0 0 : 0
0 : 4 — 0.229 0.205 0.092 0.078 0.048
1 : 3 — — 0.427 0.212 0.175 0.053
2 : 2 — — — 0.290 0.244 0.121
3 :1 — — — — 0.429 0.195
4 : 0 — — — — — 0.277
0 : 0 — — — — — —
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at 60°C°±°1.0°C; at last, both the dry subset specimens and
wet subset specimens were tested in the indirect tensile test.
Moisture damage is indicated by the tensile strength ratio
(TSR) of the wet subset (Stm) to that of the dry subset (Std),
calculated from equations (4) and (5). .e higher the re-
sidual strength is, the better the moisture stability is. Test
results are listed in Table 9.

St �
2P

πt D
, (4)

TSR �
Stm

st d

, (5)

where St is the tensile strength (kPa), P is the maximum load
(N), t is the specimen height immediately before test (mm),
D is specimen diameter (mm). Stm is the average strength of
moisture conditioned subset (kPa), and Std is the average
strength of dry subset (kPa).

Asphalt mixtures with different cellulose-basalt fiber
ratios showed different moisture resistances. With the
increase in a portion of cellulose, the residual strength
increased first and then began to decline. When cellulose-
basalt fiber ratio reached 2 : 2, the moisture stability was the
best. .is is because of the composite effect of the asphalt
absorption by cellulose and the strength enforcement by
basalt fiber, which together improve the resistance to
moisture. All cases with fiber have better moisture damage
resistance than the control group.

3.7. Economy Analysis. .e aforementioned technical
analysis has demonstrated that cellulose and basalt fiber
enhance SMA properties and performances in different ways
and work as good complements for each other. Nevertheless,
when applied in real projects, economy is a must consid-
eration. In fact, one of the purposes of hybrid enforcement is
to replace a portion of expensive basalt fiber with cheap

Table 7: .ree-point beam tests at low temperature.

Cellulose: basalt OAC (%) PB (N) d (mm) RB (MPa) εB (με) SB (MPa) Critical εB (με)
0 : 4 6.0 1531 0.626 12.97 3287 3947 >2800
1 : 3 6.0 1505 0.631 12.53 3313 3783
1 :1 6.1 1454 0.661 12.28 3470 3538
3 :1 6.1 1404 0.681 12.11 3575 3388
4 : 0 6.2 1352 0.693 11.85 3638 3258
0 : 0 5.4 1385 0.647 11.31 3397 3329

Table 8: .e strength and fatigue equations of SMA with different fiber combinations.

Cellulose : Basalt Flexural strength (MPa) Fatigue equations R2

0 : 4 4.88 lg(Nf )� 2.6147−1.8858 lg(σ) 0.9914
1 : 3 5.35 lg(Nf)� 2.6308− 2.0416 lg(σ) 0.9953
2 : 2 5.47 lg(Nf)� 2.6388− 2.1904 lg(σ) 0.9980
3 :1 6.90 lg(Nf)� 2.6615− 2.2533 lg(σ) 0.9950
4 : 0 7.09 lg(Nf)� 2.6690− 2.3346 lg(σ) 0.9930
0 : 0 4.17 lg(Nf)� 2.1162− 2.3634 lg(σ) 0.9843
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Figure 6: Fatigue curves of SMA with different fiber combinations.
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cellulose to bring down the cost. .e costs of different fiber
combinations and asphalt mixtures were calculated and are
listed in Table 10. .is case was based on average market
price of China in 2018 : 4000 yuan/ton for cellulose, 10000
yuan/ton for basalt fiber, and 6000 yuan/ton for SBS
modified asphalt. .e unit price of fiber combination was
calculated by multiplying the unit price of each fiber and its
portion, as displayed in column 2. .e total amount of fiber
was set at 0.4% of asphalt mixture by weight, and the cost of
hybrid fibers was displayed in column 3. .e total cost
(hybrid fiber + asphalt) was displayed in the last column,
regardless of aggregates.

As the table shows, with the increase in cellulose, the cost
of fiber decreases as less basalt fiber was used. Corre-
spondingly, the cost of asphalt goes up a little as a result of
higher asphalt content. .e net effect is that the total cost
declines with more cellulose. As a result, the hybrid fiber has
a price advantage over sole basalt fiber.

To get an optimum fiber combination, the benefit-cost
ratio B is termed as the ratio of “percent performance
change” to “percent cost change.” Obviously, the bigger the
B is, the more the cost-effective it is:

B �
P

C
, (6)

where P is the percent performance change and C is the
percent cost change.

.e B values of different fiber combinations for different
characteristics based on the results of this study are listed in
Table 11. As is shown in the table, the B value of different
performances shows different trends. For draindown and
fatigue, B value increases as cellulose increases; but for
permanent deformation, B value decreases as cellulose in-
crease. For moisture damage, B value increases first and then
declines. .is would bring in conflicts when performances
with opposite B trends are needed at the same time, e.g., a
fiber combination that achieves higher B value in permanent
deformation would result in a lower B value in fatigue.
Asphalt pavement in service is subjected to traffic and en-
vironmental change, and an optimum fiber combination is
to produce SMA with balanced characteristics to improve all
required performances. One simple and effective solution is
to assign different weight coefficients to different perfor-
mances to get a comprehensive B value, Btotal:

Btotal �  wiBi. (7)

where wi is the weight coefficient,  wi � 1; wi is determined
based on traffic, environmental condition, pavement
structure, etc; and Bi is the B value for the ith characteristic.

In general, replacing some basalt fiber with cellulose
would bring down the price and improve the fatigue and
draindown at the same time. In this study, the moisture
damage indicates that the best moisture resistance is
achieved when the portion of cellulose and basalt fiber is
equal. For specific projects, designers can determine the
weight coefficient and calculate an economic combination of
fibers in accordance with equation (7).

4. Discussions

Cellulose and basalt fiber are widely used additives to im-
prove the asphalt mixture performance, especially SMA..is
study showed that, when used in good proportion, the
combination of cellulose and basalt fiber can lead to a more
balanced performance.

.is study has three main parts. .e first part was
material tests, which revealed basic properties including
advantages and disadvantages of the two fibers. Basalt fiber
had much better high temperature stability than cellulose.
.e mass loss of cellulose was nearly 20 times that of basalt
fiber. At the same time, thanks to its porous and ribbon type
surface, the absorption of cellulose was more than 5 times
that of basalt fiber. Results from the pH test showed that both
fibers were weak alkaline. Stripping test and microscope
electric scanning demonstrated that bond between cellulose
and asphalt cement was better than that of basalt fiber. From
these material properties, it is hypothesized that the two
fibers can serve as a complement to each other to balance the
performance of asphalt mixtures.

A series of performance tests were conducted in the
second part to validate the hypothesis. Combinations of
different cellulose-basalt fiber portions were introduced into
SMA13. .e total amount of fiber addition is set at 0.4% of
asphalt mixture by weight, in accordance with relevant
literature. Five portions 0 : 4, 1 : 3, 2 : 2, 3 :1, and 4 : 0 as well
as a control group (0 : 0) without any fiber were designed,
and OAC was determined for each combination. With the
increase in the cellulose, the OAC increased mainly because
of the high absorption of cellulose. Volumetric properties
changed as a result of the different asphalt content and fiber
volumetric properties. .e draindown tests showed that
cellulose has a more significant influence on draindown.
Performance tests including permanent deformation, low
temperature bending, fatigue, and moisture damage were
evaluated and compared. .e mechanisms of the two fibers
were also analyzed. .e addition of cellulose fiber mainly
increases asphalt content, increasing the fatigue perfor-
mance and ductility at low temperature, whilst basalt fiber

Table 9: Moisture test of SMA with different fiber combinations.

Cellulose : basalt Air voids (%) Degree of saturation (%) Average Stm (kPa) Average Std (kPa) TSR (%)
0 : 4 6.9 64 498 548 90.8
1 : 3 6.6 60 497 537 92.4
2 : 2 7.2 71 597 640 93.2
3 :1 6.3 78 646 704 91.7
4 : 0 7.7 73 602 677 89.0
0 : 0 7.5 68 347 416 83.4

Advances in Materials Science and Engineering 9



works like reinforcement bars in the asphalt mixture due to
it high strength and modulus. As a result, it improves the
permanent deformation significantly and increases the de-
flection strength at low temperature but does not increase
the fatigue much. However, due to its enforcement, the
addition off basalt fiber improved the stress sensitivity of
fatigue. As for moisture damage resistance, the combination
of the two fibers with equal proportion showed the best
performance. Although differences exist among different
fiber combinations, SMA with fiber overall outperformed
the control group in all tests. As the mechanisms of the two
fibers are different, they have effects on different aspects of
performance of asphalt mixture. Hybrid modification with
cellulose and basalt fiber in asphalt mixture can produce
more balanced asphalt mixture performances than adding
only one fiber. A good example is shown in the low-tem-
perature test that the addition of cellulose and basalt fiber
increases the ductility and deflection strength at the same
time. Another good demonstration is the fatigue test, in
which the addition of cellulose increases fatigue resistance
and the basalt fiber decreases stress sensitivity.

In the third part, economy was taken into consideration,
as normally, the price of basalt fiber is over twice as much as
cellulose. .e increase of cellulose would increase the cost of
asphalt, but the total cost is still much lower compared with
that of basalt fiber. To help identify the optimum fiber
combination, the benefit-cost ratio B was introduced to take
into account the performance improvement with regard to
cost. Altogether, compared with solely basalt fiber modifi-
cation, hybrid modification with both cellulose fiber and
basalt fiber can reduce the cost and improve the performance
at the same time.

5. Conclusions

Cellulose and basalt fibers were introduced to SMA si-
multaneously to investigate the performance improvement
through a series of laboratory tests. Main conclusions are as
follows:

(1) Cellulose fiber and basalt fiber have different ma-
terial properties, and the basalt fiber has better high
temperature stability while cellulose fiber has better
absorption and bond with asphalt due to its porous
surface.

(2) .e two fibers improve different aspects of SMA
performance. Cellulose fiber improves drain down,
ductility, and fatigue significantly; at the same time,
basalt fiber contributes mainly on the improvement
of permanent deformation, deflection strength, and
stress sensitivity of fatigue. .e existence of both
basalt fiber and cellulose fiber improve the moisture
damage resistance.

(3) .e mechanism of the two fibers is different. Ad-
dition of cellulose increases the asphalt content as
well as its bond of the asphalt mixture. Basalt fiber,
due to its good mechanical property of high strength
and modulus, acts like reinforcement in the asphalt
mixture.

(4) .e hybrid modification of SMA using cellulose fiber
and basalt fiber can achieve a more balanced per-
formance at an economical cost.
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