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,e growth of aquaculture has increased the production of oysters. However, the increased oyster shell volume has created serious
environmental and recycling problems for the society. In order to study the sustainable utilization of waste oyster shells, asphalt
binder of waste oyster shell powder was prepared by using modified asphalt material with waste oyster shells. ,e microstructure
of oyster shell powder was analyzed by scanning electron microscopy experiments. ,e chemical composition of the asphalt
binder was observed by Fourier transform infrared spectroscopy tests. ,e physical properties of the asphalt binder, including
softness, high-temperature performance, and plastic deformation capacity, were initially evaluated through three indicators’ tests
on asphalt. A preliminary performance evaluation of the asphalt binder was performed. ,e high-temperature stability of asphalt
binders was evaluated using dynamic shear rheometry. ,e rutting resistance of the material was evaluated by temperature sweep
tests, and the shear deformation resistance of the material was evaluated by frequency sweep tests. Multiple stress creep recovery
tests determine the material’s ability to resist permanent deformation.,e low-temperature rheological properties were evaluated
by bending beam rheology tests. ,e study found that the waste oyster shell powder is a biomass with a porous irregular petal
shape. No new characteristic absorption peaks are formed by mixing with asphalt. And, it can improve the viscosity, thermal
stability, and temperature-sensitive properties of the material. It significantly improved the high-temperature rheological
performance, rutting coefficient, and recovery elasticity of thematerial. However, it has little effect on low-temperature rheological
performance. ,is study provides a solid foundation for the effective use of biowaste in engineering materials.

1. Introduction

Economic development and increasing consumption levels
have led to a yearly increase in the global generation of
municipal domestic waste [1, 2]. Due to its high water
content and perishable nature, this waste can damage the
ecological environment. However, it also contains a large
amount of biomass energy, which is a valuable renewable
resource [3, 4]. Currently, oyster products are widely dis-
tributed and have high organic component content. Many
oyster shells are discarded during processing and con-
sumption without effective exploitation, and they have be-
come a serious source of pollution [5]. In some areas, a flood
of oysters can also pollute the marine ecosystem, as in the

case of the Pacific oysters that swept the beaches along the
west coast of Denmark in 2017, severely damaging the local
marine ecosystem [6]. ,erefore, a reasonable utilization of
oyster shell waste is one of the current research problems. In
the biomedical field, competitive inhibitors against the
angiotensin-converting enzyme have been developed by
isolating functional peptides from oyster shell hydrolysis
products [7]. It was found that the oyster shell powder and
dicalcium phosphate dibasic dihydrate can produce hy-
droxyapatite under ball-milling and high-temperature cal-
cination conditions [8]. In the field of biomedicine, oyster
shells have been used for the development of anti-ACE
competitive inhibitors [9]. In the field of environmental
science, oyster shells have been used formarine environment
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remediation [10] and improvement of acidic sulfate soils
[11]. In the field of food science, oyster shells can be used to
make preservatives [12] and additives for food products [13].
However, there is still a large amount of oyster waste being
buried [14], which not only negatively affects human health
[15] but also increases the cost of waste disposal [16] and
harms economic development. ,erefore, it is crucial to
develop a new method for disposal of this waste.

,e utilization of shellfish products in the field of en-
gineering materials has been extensively studied. However,
most of the researches have focused on the incorporation of
bio-shell waste into cement-based materials, but less re-
search was about that used by asphalt modification.,e high
CaCO3 content in the shells can be used to produce cement.
,e use of shells instead of the coarse or fine aggregates in
concrete decreases their work performance, but the com-
pressive strength of the material increases when the coarse
aggregate replacement rate is less than 25% or the fine
aggregate replacement rate is less than 10% [17]. ,e basic
properties of self-compacting mortar with shells as fine
aggregate are not affected; when the shell replacement rate
reaches 100%, the mortar has better flowability [18]. Asphalt
concrete is widely used in high-grade highways, urban roads,
and bridge deck pavements with good serviceability and
comfort, and is the main engineering material in infra-
structure [19, 20]. However, petroleum asphalt, as a non-
renewable energy source, inevitably limits the development
of road construction [21]. ,erefore, bio-asphalt, as a new
renewable paving material, has become an active topic of
research in the engineering field [22, 23]. To date, waste
cooking oil and waste vegetable oil are the most common
bio-oil-modified materials [24]. ,ere are also modified
asphalt binders that use animal manure as an additive
[25, 26]. Vegetable oil can soften asphalt and improve low-
temperature performance. However, pig manure bio-oil not
only decreases the viscosity of asphalt binders but also
enhances their thermal cracking properties [27, 28]. ,e use
of lignin powder and lignin-fiber-modified materials can
enhance the physical properties of asphalt [29]. Corn-stalk-
modified materials will improve the temperature sensitivity
of the material [30]. ,e wood bio-oil asphalt binder meets
all specifications and can be used for road paving [31].
Dynamic simulation of the diffusion mechanism and rhe-
ological properties of asphalt recycled from waste wood bio-
oil, with enhanced extension and elasticity compared to
asphaltene, saturated oil and resin [32, 33]. ,e high-tem-
perature rheological properties of the waste crayfish asphalt
binder were substantially improved [34].

To sum up, bio-asphalt has a great potential in the field of
sustainable pavement materials, but it must be modified to
address the problem of decline in the performance of asphalt
and asphalt mixtures and enhance its applicability in
highway engineering construction. On this basis, this study
analyzed the microstructure of oyster shells and evaluated
the effect on asphalt properties produced by its use as a
modified material. ,e new idea of using oyster shells as
biological waste to improve the asphalt performance is put
forward, and a bridge between crustacean organic waste and
asphalt materials is established, which can solve the

problems of environmental pollution and waste of resources.
,is study contributes to the sustainable development of
highway engineering by using bio-renewable materials, and
it is a guide to promote the application of bio-asphalt in
asphalt pavements.

,e remainder of this paper is structured as follows:
Section 2 focuses on the asphalt type and the microstructure
of oyster shell powder. ,e chemical composition of asphalt
binder, the three indicators, and the rheological properties of
the test methods are introduced in Section 3. Section 4
provides a detailed analysis of the properties of the asphalt
binder based on the test results and a comparative analysis
with the research results of other researchers. Finally, in
Section 5, the conclusion is summarized.

2. Materials

2.1. Asphalt. Karamay (KLMY) AH-70# asphalt, the most
common asphalt pavement raw material in Shaanxi, was
selected. ,e matrix asphalt index is listed in Table 1.

,e waste oyster shells were obtained from Xi’an. After
being washed with clean water, they were dried in the oven
for 12 h at 90°C. Oyster shell powder particles less than
0.15mm is size were denoted as OS, as shown in Figure 1.

2.2. Microstructure of Oyster Shell Powder. A SEM (S-4800)
produced by Hitachi was used to observe the distribution
andmorphological characteristics of the shell powder, which
was beneficial for understanding the microstructural char-
acteristics of the waste oyster shell powder and exploring its
influence on asphalt materials. SEM images at different
magnifications of the oyster shell powder are shown in
Figure 2.

,e oyster shell powder biological filler is composed of
an inorganic aragonite layer and organic matter. ,e in-
organic aragonite layer is composed of aragonite flakes
parallel to the shell surface, and each aragonite flake is
composed of nano aragonite fibers. As shown in Figure 2, the
powder has an irregular block structure with sharp edges and
corners, and it shows angularity.,ere are many holes in the
block structure, which can provide adsorption sites for as-
phalt, and this indicates that the structure of oyster shell
powder is beneficial for absorbingmore asphalt. As shown in
Figure 2(d), the structure of oyster shell powder is clustered
and stacked in a petal pattern, which is accompanied by a
small number of pores.,is structure leads to tighter mixing
of the particles with asphalt, which changes the various
properties of the asphalt.

3. Methods

3.1. Research Methodology Flow Chart. ,e flow of the re-
search methodology in this paper is shown in Figure 3.

3.2. Preparation of Studies Materials. High-speed shear
(FM300) manufactured by Shanghai Fluke Liquid Ma-
chinery Manufacturing Company was used for the studied
materials. ,e waste oyster shell asphalt binder material was
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produced by the following method: set the oven temperature
at 135°C, heat AH-70 asphalt for 1 h, and then pour into a
container. ,e temperature was maintained at 150± 5°C by
the electric furnace control. Add waste oyster shell powder
modified by three different proportions (5%, 10%, 15%).
First, manual mixing was performed for 10min, followed by
pre-mixing for 10min at 2000 rpm, and finally mixing for
30min at 3000 rpm.

3.3. Fourier Transform Infrared (FTIR) Spectroscopy Test.
FTIR tests were performed using a TENSOR II Fourier
transform infrared spectrometer (BRUKER, Germany). ,e
test spectral range was 400–4000 cm−1.

3.4. Conventional Performance. ,ree indicators of asphalt
binder were tested according to Chinese standard (JTG E20-
2011) [35], that is, penetration test temperature of 25°C, load
of 100 g, and penetration time of 5 s. ,e ductility test was
conducted at 5°C. ,e softening point test was conducted
using a water bath heating method. Furthermore, the
physical properties of the waste oyster shell powder asphalt
binder were evaluated.

3.5. Dynamic Shear Rheometer (DSR). DSR applies periodic
stresses or strains to asphalt specimens by means of an

oscillatory modulus to obtain material responses under
frequency, temperature, and time scales [36], revealing the
viscoelastic properties of asphalt binders [37]. ,e tem-
perature sweep test, frequency sweep test reference JTG E20-
2011 [35], and multiple stress creep recovery (MSCR) test
reference AASHTO T 350–18 [38] were conducted using a
DHR−1 hybrid rheometer (TA, USA).

3.5.1. Temperature Sweep Test. In this study, using the strain
control mode, the strain was set to 1.5%, and the asphalt
specimen was sandwiched between two parallel plates. ,e
temperature range was 40°C–70°C. ,e properties of the
complex modulus |G∗| and phase angle δ of the asphalt
samples were analyzed to evaluate the rheological properties
of the materials at different temperatures.

3.5.2. Frequency Sweep Test. ,e temperatures of the fre-
quency sweep test were 58°C–70°C, and the |G∗| and δ values
of the materials studied under nondestructive conditions
were measured by applying a dynamic shear load with a low
strain level of 1.5%.

3.5.3. Multiple Stress Creep Recovery Test. ,e temperatures
of the asphalt in the MSCR test were 58°C, 64°C, and 70°C.
,e stress control mode was adopted in this experiment,
which included two stages: loading and unloading. ,e
experimental process of the asphalt was applied at two
stresses (0.1 and 3.2 kPa).,e loading was applied for 1 s and
unloading for 9 s at each cycle, and 30 cycles were repeated in
total. Twenty cycles of 0.1 kPa stress followed by 10 cycles of
3.2 kPa stress. ,e creep and recovery tests were completed
in a total of 300 s. ,e deformation generated in the loading
phase of the experiment was partially recovered in the
unloading phase, and the unrecoverable deformation was
accumulated in the next cycle, which could better simulate
the repeated loading and unloading processes of different
traffic loads. ,erefore, this test can reflect the actual de-
formation recovery capability of the pavement.

,e samples were conditioned by the first 10 cycles in the
20 cycles at 0.1 kPa stress, so the test information was
recorded for the last 20 cycles. ,e initial strain of the
specimen is recorded as εc. ,e strain at the completion of
the cycle (1 s after the start of each cycle) was recorded as εc.
,e adjusted strain at the end of loading was obtained
through the equation ε1 � εc − ε0. ,e strain at the

Table 1: Performance parameters of AH-70 asphalt.

Performance
JTG E20-2011

Test results Requirements Test method
Penetration (25°C, 100 g, 5 s) (0.1mm) 66.5 60–80 T 0604
Softening point (°C) 50.5 ≥46 T 0606
Extension (5°C, 5 cm/min) (mm) 78 — T 0605
Dynamic viscosity at 60°C (Pa s) 260 ≥180 T 0620
Flash point (°C) >300 ≥260 T 0611
Paraffin wax content (%) 1.74 ≤2.2 T 0615
Density (25°C) (g·cm−3) 0.979 Actual test records T 0603

Figure 1: Waste oyster shell powder.
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completion of the unloading cycle was recorded as εr. ,e
adjustment strain at the end of the unloading was calculated
using the equation ε10 � εr − ε0. ,e recovery rate R and the
irrecoverable creep flexibility Jnr at 0.1 kPa were obtained by
averaging the data after 10 cycles at 0.1 kPa.,e recovery rate
R and irrecoverable creep flexibility Jnr at 3.2 kPa were
obtained by averaging the 10 cycles of data at 3.2 kPa, and the
calculation is shown in

R �
ε − ε10
ε10

, (1)

Jnr �
ε10
δ

. (2)

3.6. Bending Beam Rheology (BBR). ,e test apparatus was
TE-BBR-type low-temperature bending beam rheometer
manufactured in the United States. Refer to JTG E20-2011 [35]
for the asphalt bending creep stiffness test method. ,e test
temperatures were −12°C to −24°C. Record the load defor-
mation data at 60 s. ,e low-temperature performance of the
waste raw oyster shell powder asphalt binder was evaluated
based on the creep stiffness modulus S and creep rate m.

4. Results and Discussion

,e interaction forms between oyster shell powder and
asphalt binder were analyzed, and the effects of oyster shell

powder on the basic properties, high-temperature rheo-
logical properties, and low-temperature rheological prop-
erties of asphalt binder were discussed. Since research on
bio-modified asphalt has focused on several aspects of plant-
based modified, bio-oil modified and bio-shell modified
[39]. ,e performance advantages of oyster shell powder
asphalt binders were further clarified by comparing the
differences in the effects of different bio-modified materials
on asphalt performance.

4.1. Chemical Characterization. ,e FTIR test is used to
characterize the interaction between different functional
groups, or the molecules of a composite, or between the
same molecules in a blended system [40].

From Figure 4, it can be observed that the spectra of all
the samples, regardless of whether they included oyster shell
powder, showed a strong peak from 2800 cm−1 to 3000 cm−1.
,e difference between saturated and undersaturated hy-
drocarbons is whether the stretching vibration is less than
3000 cm−1. ,erefore, the peaks at 2920 and 2847 cm−1 are
attributed to the stretching vibrations of the saturated hy-
drocarbon CH2 in the asphalt. ,e peak at the wave number
of 1600 cm−1 is partly caused by the C � C stretching
(benzene ring skeleton vibration) and partly by the ab-
sorption of C � O stretching, thus indicating the presence of
aromatic compounds in the asphalt binder. ,e in-plane
bending vibration absorption peaks at 1457 cm−1, and

(a) (b)

(c) (d)

Figure 2: SEM images of studied materials. (a) 3000 times. (b) 6000 times. (c) 10000 times. (d) 30000 times.
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1373 cm−1 represents the C–H ring stretching from aliphatic
compounds. ,e four peaks at 864, 812, 746, and 721 cm−1,
located in the fingerprint area, are characteristic groups of a
class of aromatic compounds caused by C–H out-of-plane
bending vibrations.

For a mixture of several substances, if there is excellent
compatibility or chemical reaction between the different
substances, the spectrum of the mixture will produce large
deviations, such as shifted absorption peak positions, new
peaks, and asymmetric broadening of peaks. Comparing the
spectra of the matrix asphalt and the asphalt mixture of
waste oyster shell powder with different blends, it was found
that the peak positions of the four sets of infrared spectra
were basically the same, and no new peaks were generated,
indicating that no new chemical groups were generated
between the waste oyster shell powder and the asphalt, and it
was a physically modified, mainly co-blended, system.

When bio-oil was used for modification, the bio-oil
extracted from waste wood contained a large number of
oxygen-containing functional groups, and alkanes would
react chemically with oxygen, leading to easier aging of

Determining the effect of oyster shell powder on
the performance of asphalt binders

TS test FS test MSCR test

High-temperature
rheology

Low-temperature
rheology

BBR test

High- and low-temperature rheology of oyster
shell powder asphalt binders

Penetration Softening point Ductility

Preliminary validation of oyster shell
powder asphalt binder

SEM test FTIR test

Proposing the use of oyster shell powder to
improve asphalt performance

Figure 3: Research methodology flow chart.
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asphalt [41]. Bio-oil extracted from animal manure contains
a large number of polar functional groups (amines, hy-
droxyl, sulfoxide, etc.) that when they associate with asphalt,
they have a softening effect on asphalt [42]. When plant-
based modification was used, the infrared spectra of asphalt
binders from lignin fibers [31], corn stalks [43], rice straw
stalks, and rapeseed [44] were essentially the same as the
matrix asphalt with no chemical reaction. When biological
shell was used for modification, crayfish shell powder [34],
fish scale powder [45], and oyster shell powder had more
similar properties and just physically mixed.

4.2. Conventional Performance. In road engineering mate-
rials, the three major indicators of asphalt testing are not
only an essential part of the process but are also important
technical indicators for classifying the viscous petroleum
asphalt.

Penetration is one of the main indicators of asphalt and
can indicate softness, consistency, and resistance to shear
failure [46]. Penetration classification is also one of the most
representative systems for evaluating pavement asphalts
worldwide. ,e softening point, which indicates the tran-
sition of asphalt from the viscoplastic state into a viscous
flow state at the critical temperature, is a conditional vis-
cosity index. In general, the softening point is used initially
to evaluate the high-temperature stability of asphalt [47].
,e ductility characterizes the plastic deformation capacity
of the asphalt material [48]. Studies have shown that the
larger the ductility is, the larger the plastic deformation
capacity of the asphalt, the better its crack resistance, and the
less prone the pavement is to cracking. Figure 5 shows the
conventional performance of the asphalt.

From Figure 5(a), it is found that the penetration of the
needle decreases with the increase in waste oyster shell
powder dosing, and the rate of decrease gradually declines
with the increase in dosing. ,e penetration of the needle
decreased by 21.01%, 25.23%, and 26.88% compared with the
matrix asphalt when the admixture amounts were 5%, 10%,
and 15%, respectively.

When bio-oil was used in the preparation of asphalt
binder, the penetration increased considerably and con-
tinued to increase with the amount of mixture. When plant-
based modifier were used, the bio-asphalt prepared from
sargassum substantially reduced the penetration of the as-
phalt binder, with a 15% reduction in the penetration of the
asphalt binder from 5% sargassum [40]. ,e degree of
penetration decreased by 6% at 6% of corn stalk asphalt
material [49]. ,e most significant decrease in the pene-
tration of the asphalt binder was observed when the bio-shell
was used for modification, and the penetration of 5%, 10%,
and 15% crayfish shell powder decreased by 49%, 52%, and
56%, respectively, compared to the matrix asphalt [34]. It
shows that the penetration of the asphalt binder is closely
related to the nature of the modified material, the bio-oil
material is liquid, and the grease will reduce the friction
between the probe and the asphalt, resulting in a significant
increase in the penetration of the bio-oil-modified asphalt.
When the plant-based material was used for modification,

straw and corn stalk hardness will be low, but the fibers in
the plant-based materials have a certain toughness and the
fibers intertwine during the asphalt mixing process, which
increase the hardness of the material. Oyster shells and
crayfish shells are hard materials. When they are mixed with
asphalt to increase the hardness of the bonding material, the
penetration of the asphalt binder could be significantly
reduced. ,e results showed that waste oyster shells could
improve the hardness, consistency, and shear resistance of
matrix asphalt.

Figure 5(b) shows that all three doping levels improved
the softening point of the asphalt materials. ,e softening
points of asphalt binders were increased by 3.7%, 6.7%, and
9.8% compared to the neat asphalt when waste oyster shell
powder was mixed at 5%, 10%, and 15%, respectively.

Bio-oil asphalt binder’s softening point decreases with
the increase of admixture. When the content of bio-oil
admixture was 15%, a significant decrease in softening point
indicated that the high dose of bio-oil reduced the high-
temperature performance of asphalt materials [50]. Plant-
based-modified materials softening point of cornstalk as-
phalt binder increased with the increase of admixture [49].
,e softening point of rapeseed asphalt binders decreased
with the increase of admixture [44]. ,e softening points of
crayfish shell powder and oyster shell powder asphalt
binders all increased with the increasing amount of ad-
mixture.,is may be due to the fact that bio-oil and rapeseed
would absorb a lot of heat in the asphalt binder to reduce
energy loss and soften the asphalt rapidly, thereby causing
the softening point of the asphalt binder to decrease. Corn
stalks, crayfish shells, and oyster shells have a higher energy
loss during the heating process due to low heat absorption
efficiency, resulting in a longer time required for the asphalt
binder to soften and a higher softening point.,e test results
showed that the waste oyster shell powder could effectively
increase the rutting resistance of asphalt at high
temperature.

As shown in Figure 5(c), the ductility of asphalt de-
creased by 2, 4, and 9mm with different amounts of waste
oyster shell powder compared to the neat asphalt, with a
decrease rate of 2.6%, 5.2%, and 12%.,rough the analysis of
the test results, it was revealed that the waste oyster shell
powder hardened the asphalt material and made it more
susceptible to damage and reduced plastic properties. ,is
may be due to the fact that the discarded oyster shell powder
particles impede the movement of asphalt macromolecules,
thus reducing the ductility of the asphalt material, and the
effect of this impediment increases with an increase in the
shell powder particle content.

Bio-oil modifiers extracted from animal manure and
waste wood could diffuse more rapidly in asphalt materials,
and the ductility of asphalt binders increases with the in-
creasing amount of admixture [41]. ,e 5°C ductility of
rapeseed asphalt binders in plant-based-modified materials
decreases with the increase of admixture, with a 30% de-
crease in ductility compared to the matrix asphalt at 4%
admixture [44]. ,e ductility of cornstalk asphalt binder
increases with the increase of admixture [49].,e ductility of
oyster shell powder gradually decreases due to the increase
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of the admixture. It showed that bio-oil decreased the
stiffness of the asphalt binder and ensured sufficient light
material in the asphalt binder under high-temperature
conditions, which is equivalent to increasing the proportion
of oil in the material, so the material has better ductility.
Plant-based modified and bio-shell modified are physically
modified, granular modified materials would make the in-
ternal stress of asphalt binder stronger. Asphalt in the tensile
process creates a weak surface prone to fracture, thereby
accelerating the damage. ,e fibrous modified material
would improve the crack resistance of the material due to
fiber winding. However, considering that many factors could
affect the ductility, and the ductility test used external force
to stretch the asphalt directly, the effect of waste oyster shell
powder on the plastic deformation capacity of asphalt needs
to be further studied.

4.3. Temperature Sweep. In the temperature sweep, the
dynamic shear modulus |G∗| indicates the resistance to

shear deformation of the asphalt binder [51]. ,e rutting
factor (|G∗|/sin δ) reflects the resistance of the asphalt to
permanent deformation. It can evaluate the resistance of
the asphalt binder to rutting deformation [52]. ,e
higher (|G∗|/sin δ) is, the lower the permanent defor-
mation of the asphalt binder, the better the resistance to
rutting.

,e |G∗|, δ, and (|G∗|/sin δ) of the studied material by
temperature sweep from 40°C to 70°C are shown in Figure 6.

As shown in Figure 6, as the temperature increases, the
|G∗| of the studied material decreases with a consistent trend
for each doping amount.,is is due to the major effect of the
elastic component of the asphalt binder in reflecting its
elastic properties at low temperatures. As the temperature
increased, the asphalt binder gradually exhibited non-
Newtonian viscous fluid properties. ,erefore, the repeated
shear deformation resistance of asphalt materials at low
temperatures is larger and |G∗| becomes larger, and the
repeated shear deformation resistance at high temperatures
becomes smaller and |G∗|, |G∗| becomes smaller.
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At the same temperature with different amounts of
asphalt binder, |G∗| increases with the amount of admixture.
In the temperature range of 40°C to 70°C, oyster shell powder
asphalt binder compared to the base asphalt |G∗| is im-
proved. ,e test results showed that the waste oyster shell
powder could improve the permanent deformation resis-
tance of asphalt, and the enhancement effect was most
significant at 58°C.

δ indicates the angle of strain lagging behind the stress
when the asphalt material is subjected to shear loading. ,e
lower the angle, the shorter the time required for the strain to
react to the stress, indicating that the asphalt is more elastic,
and the elastic recovery performance improves after the
same deformation occurs. From Figure 7, it is seen that the
δof the asphalt binder increases with the temperature. ,is
indicates that the elastic modulus G′ percentage decreases

and the loss modulus G″ percentage increases with the
increase in temperature, the asphalt changes from solid to
liquid state, and the elastic recovery capacity gradually
decreases. At the same temperature, the higher the amount
of waste oyster shell powder, the smaller is the δ of the
asphalt binder. In the temperature range of 40°C–70°C, the
5%, 10%, and 15% dose of oyster asphalt binder decreased δ
compared to the base asphalt. Waste oyster shell powder can
improve the rebound stability of asphalt at the same tem-
perature, mainly because the interaction between the mol-
ecules of asphalt is modified by the waste oyster shell
powder, which results in better elasticity than the matrix
asphalt.

,e deformation resistance of bituminous materials is
affected by the combination of both |G∗| and δ of the asphalt.
,us, it is not rigorous to judge the rheological properties of
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asphalt materials simply by comparing the magnitudes of
|G∗| and δ. ,e US SHPR specifies (|G∗|/sin δ) as an index
to evaluate the high-temperature rheology of asphalt. ,e
asphalt meets the temperature grading criteria of
(|G∗|/sin δ) above 1.0 kPa. From Figure 8, it can be seen that
the (|G∗|/sin δ) of the asphalt binder decreases with in-
creasing temperature, However, the trend of asphalt binder
(|G∗|/sin δ) was not affected by the admixture of waste
oyster shells. ,e (|G∗|/sin δ) of the asphalt binder at the
same temperature increases with increasing amount of waste
oyster shell powder. When the temperature is within 40°C
–70°C, with 5% of waste oyster shell powder in the asphalt
binder, (|G∗|/sin δ) increased by 5.76%, 6.92%, 8.38%,
10.56%, 8.47%, and 7.02%, respectively, compared with the
matrix asphalt; with 10%, (|G∗|/sin δ) increased by 10.01%,
15.53%, 18.71%, 27.67%, 20.94%, and 19.11, respectively; and

with 15%, (|G∗|/sin δ) increased by 23.81%, 26.38%, 29.25%,
30.24%, 29.60%, and 22.38%, respectively. ,e (|G∗|/sin δ)

of the 15% asphalt binder is still larger than 1.0 kPa, which
meets the requirements of the specification. It was found that
the waste oyster shell powder could improve the high-
temperature performance of the asphalt binder and was
most effective in improving the rutting resistance of the
matrix asphalt at 58°C.

Animal manure and plant-derived bio-oil soften the
asphalt, resulting in a significant decrease in high-temper-
ature viscosity [53]. ,e high-temperature stability of the
material was reduced. When adding plant-based and bio-
shell-modified asphalt binders, due to the nature of the
modifier itself and the properties of the physical mixture,
asphalt binder hardness is significantly increased,
(|G∗|/sin δ) decreased noticeably. ,e bio-shell-modified
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Figure 7: Complex shear modulus for various amounts of asphalt binders under fs. (a) 58°C. (b) 64°C. (c) 70°C.
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material, due to its excellent high-temperature resistance
and high hardness, has improved the high-temperature
stability of the bio-shell-modified asphalt binder most sig-
nificantly. Oyster shell powder was less used and the material
is inexpensive, making it an ideal low-cost bio-modifier for
improving the high-temperature stability of asphalt
materials.

4.4. Frequency Sweep. FS simulates the duration of the load
on the pavement, and high-frequency loading can simulate
high-speed moving traffic, whereas low-frequency loading
can simulate low-speed moving traffic [54]. Figure 7 shows
the dynamic frequency sweep modulus variation curve with
frequency for the studied material.

As can be seen in Figure 7, as the temperature increases,
|G∗| decreases. ,is is because the high temperature pro-
motes the movement of molecular chains within the asphalt
material, which results in better fluidity. With increasing
frequency, the asphalt binder |G∗| continues to increase.
Since the high-frequency region is equivalent to the low-
temperature region, the fluidity of the asphalt binder de-
creased under low-temperature conditions, and the elastic
content increased; thus, there was a higher modulus in the
high-frequency region. ,e softer nature of the bio-oil as-
phalt binder results in a lower |G∗| for the high-temperature
frequency sweep of thematerial than the control asphalt, and
the higher the bio-oil admixture the smaller the |G∗| indi-
cated that the bio-oil-modified material increases the shear
deformation of the asphalt. ,e plant-based-modified as-
phalt binder |G∗| with the same amount of admixture is
lower than the bio-shell-modified asphalt binder, ,is is due
to the hardness of the bio-shell powder while the surface is
rougher in the crushing process; therefore, it is more likely to
improve the shear deformation resistance of the binder at
high temperatures. Oyster shell powder in the range of 58°C

–70°C; when the temperature is the same, the |G∗| of binders
with waste oyster shell powder was higher than that of the
neat asphalt, and at different temperatures, with 15% of
waste oyster shell powder in the asphalt binder, |G∗| had a
faster incremental rate, indicating that the asphalt binder
shear deformation resistance was better.,erefore, the waste
oyster shell powder can improve the material hardness and
reduce the high-temperature shear deformation.

4.5. Multiple Stress Creep Recovery. ,rough the MSCR test
of the asphalt binder, the corresponding relationship be-
tween the test time and creep cumulative strain of the matrix
asphalt and oyster shell powder asphalt binder was obtained
[55]. ,e calculation of R and Jnr of the studied materials
showed that Jnr can reflect the nonlinear rheological effects
of asphalt under higher stresses and correlates well with the
rutting resistance of the asphalt mixes. R and Jnr are shown in
Figures 8 and 9, respectively.

From Figure 8, it is found that the higher the temper-
ature is, the lower the R0.1 and R3.2 of the asphalt binder at
different temperatures, indicating that high temperatures
reduce the elastic component of the asphalt binder and
decrease the deformation recovery capacity. At the same
temperature, the R of the studied material ground increases
with the increase of waste oyster shell powder.

From Figure 9, it was found that the Jnr0.1 and Jnr3.2 of the
asphalt binder decreased with the increase of oyster shell
admixture at the same temperature, indicating that the
resistance to permanent deformation of the material in-
creased and the high-temperature performance was
improved.

,e majority of bio-oil asphalt binders exhibited higher
Jnr and R; this may be due to the fact that bio-oil decreases
the softening point of the asphalt binder, the more viscous
and less elastic the asphalt is at the same temperature, thus
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Figure 8: ,e average recovery rate of the studied materials. (a) 0.1 kPa. (b) 3.2 kPa.
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resulting in a decrease in the high-temperature stability of
the asphalt binder [50]. In the plant-based modifier, how-
ever, the tension of the fibrous material itself is equivalent to
the increased elasticity of the asphalt due to the higher
number of fibers inside the plant-based modifier. But
compared with the bio-shell modifier, the rough and hard
surface of the bio-shell will reduce the deformation of the
material at the same load and improve the deformation
resistance of the asphalt binder.

By comparing the studied materials at different tem-
peratures, it was found that an increase in temperature
would decrease R0.1, R3.2, Jnr0.1, and Jnr3.2, respectively, while
an increase in waste oyster shell powder admixture would
decrease the difference of R0.1, R3.2, Jnr0.1, and Jnr3.2 at dif-
ferent temperatures, indicating that waste oyster shell
powder decreases the sensitivity of asphalt to temperature.

4.6. Bending Beam Rheology. ,e BBR test evaluates the
creep degree of bitumen binders at lower temperature and
constant load. S indicates the measure of asphalt binder
resistance to constant load, reflecting the ability of the
material to resist permanent deformation. M indicates the
change in stiffness of the asphalt binder under load,
reflecting the time sensitivity of material stiffness and stress
relaxation performance.,e smaller the S of thematerial, the
better is its low-temperature flexibility, and the better the
low-temperature rheological properties of the asphalt binder
[56].

From Figures 10 and 11, it can be observed that the S of
the studied materials increases with decreasing temperature
and m decreases with decreasing temperature. It indicates
that the low-temperature crack resistance of asphalt binder
continues to decrease with the decrease of temperature,
which is due to the fact that the asphalt binder will show a

glassy state and cannot move rapidly under low-temperature
conditions. At the same temperature, the S and m of the
studied materials change less at −12°C and −18°C, while S
and m change more at −24°C. ,is shows that the low-
temperature crack resistance of asphalt is less affected by the
waste oyster shell powder within −18°C.

,e S of asphalt binder with the addition of bio-oil
decreased and m increased, indicating that the cumulative
strain of the material became smaller during the cooling
process of asphalt binder, which improved the low-tem-
perature crack resistance [57]. In contrast, the modified
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materials such as corn stalk and fish scale powder among the
plant-based and bio-shell modifiers all lead to an increase in
S and a decrease in m of the asphalt binder [42, 46]. ,is is
because at the low-temperature conditions, the asphalt
binder changes from viscous to plastic, and physical mixture
of modified materials and asphalt bonding relies mainly on
viscous components, resulting in asphalt binder being more
prone to fracture, so the low-temperature cracking resis-
tance of plant-based, bio-shell asphalt binder could be af-
fected. Oyster shell powder has little effect on the low-
temperature cracking resistance of asphalt binder, which
may be due to the fact that the surface of oyster shell powder
is very rough after crushing, which can significantly increase
the force between asphalt and shell powder to weaken the
effect caused by the reduction of the bonding components.
According to the 60s test in the SHPR specification, the
asphalt material with S< 300MPa and m> 0.3 meets the
specification requirements.. ,e figure shows that all the
studied materials have a low temperature rating of −18°C.

5. Conclusions and Recommendations

Based on the test results, the following conclusions were
drawn:

,e oyster shell powder showed a rough, angular, and
porous petal structure in the SEM test, which could improve
the adsorption capacity of asphalt. ,e oyster shell powder
asphalt binders did not produce new chemical groups, and the
modified process is determined as physically modified.

Oyster shell powder asphalt binder was influenced by the
amount of shell powder admixture, and the physical
properties of the material changed with the increase of shell
powder admixture. Harder oyster shell particles increased
the hardness of the asphalt binder, resulting in a decrease in
penetration and ductility. ,e lower heat absorption effi-
ciency of oyster shells caused the softening point of the
asphalt binder to rise.

High-temperature rheological evaluation of oyster shell
powder asphalt binders showed that the stiffness of the
materials was improved overall. With the increase of oyster
shell admixture, the hard particles increased, δ and Jnr de-
creased, but (|G∗|/sin δ) and R have been improved.
,erefore, it was believed that oyster shell powder would
reduce the temperature sensitivity of asphalt binders and
improve the rutting resistance and resistance to permanent
deformation at high temperatures.

,e BBR test found that the S of oyster shell powder
asphalt binder improved and m decreased. It showed that
oyster shell powder cannot improve the toughness and low-
temperature cracking resistance of asphalt binder. ,e
materials are less affected within −18°C, and the low-tem-
perature stability was significantly reduced at −24°C. ,e
effect of extremely low temperatures on performance should
be considered during application.

In summary, oyster shell powder can be used to improve
the high-temperature stability and creep resistance prop-
erties of asphalt materials, promote the application of do-
mestic waste in road engineering, and improve the
environmental protection and sustainable development of
road engineering.
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