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Abstract: In order to solve the problems of depleting pet-
roleum asphalt resources and deteriorating pollution of
marine products, a systematic study was carried out on
the application prospect of waste crab shell (WS) powder
as asphalt modifier. In this study, the physical properties of
WS powder modified asphalt (WSA) were tested by blending
different contents of WS powder into matrix asphalt; the high
and low temperature rheological properties of WS powder
modified asphalt were characterized by using Dynamic shear
rheometer, Bending beam rheometer, and Multiple stress
creep recovery test. In addition, the microscopic chemical
properties and modification mechanism were analyzed by
Differential scanning calorimetry, Fourier transform infrared
spectroscopy, Atomic force microscopy, and Scanning elec-
tron microscope. It was shown that the WS powder enhanced
the viscoelastic properties, temperature sensitivity properties,
and permanent deformation resistance of asphalt. In addi-
tion, there was no obvious chemical reaction between the
WS powder and the matrix asphalt, and no new chemical
substances were generated; at the microscopic level, the WS
powder and the matrix asphalt had good compatibility. In
conclusion, the use of WS powder as a bio-based asphalt
modifier to improve the resources and environmental issues
have certain prospects.
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1 Introduction

When marine invertebrates are processed for use as food,
the majority of them produce large volumes of waste.
Currently, the primary source of food waste among marine
invertebrates is crabs. Worldwide, an estimated 6—8 mil-
lion tons of crab waste are discarded each year, seriously
polluting the ecosystem [1,2]. But landfilling or incineration
continue to be the primary methods of handling these shell
wastes. The environment and human health are negatively
impacted by large amounts of accumulated shell wastes
that serve as breeding grounds and homes for mosquitoes
and flies [3]. Because of this, academics and policymakers
are now compelled to explore other waste treatment solu-
tions [4]. Global sustainability and waste reduction trends
necessitate more effective recycling of waste biomaterials
from the seafood sector and aquaculture development [5].
The circular economy can make effective use of waste crab
shells (WS) by heat treating them or turning them into
mechanical powders [6]. Large amounts of chitin and its
derivatives are harvested from crab and shrimp shells in
modern industry [7].

One method of converting trash into treasure is the
extraction of chitin from leftover crab shells. Proteinase
K and Bacillus coagulants LA204 can be used to remove
chitin from discarded crab shell powder by eliminating
Ca** and protein. After 48h of fermentation at 50°C, the
recovery of chitin, demineralization efficiency, and depro-
teinization efficiency were 94, 91, and 93%, respectively [8].
Chitin is utilized in adsorbent materials, biodegradation,
biocompatibility, and tissue engineering because of its
porous structure [9,10]. WSs can yield chitosan by the process
of deacetylation of chitin [11], a crucial chemical raw material.
WSs can yield chitosan, a crucial raw material for the che-
mical industry, through the process of deacetylating chitin. As
novel europium ion hiosorbents, crab shell powder and chit-
osan nanoparticles can effectively adsorb europium from aqu-
eous solutions [12,13]. Moreover, chitosan microspheres and
leftover crab shells may quickly absorb and remove organo-
chlorine pesticides from acqueous solutions [14]. Some studies
have demonstrated by comparing several adsorbents that the
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removal capacity and initial removal rate of heavy metals
in aqueous solution are ranked as WSs > cation exchange
resin > zeolite > powdered activated carbon granular
activated carbon [15].

WSs have a plethora of medicinal uses. Through heat
treatment, crab shells have been effectively recycled as
seafood waste into biomaterials. These high-quality, super-
crystalline apatite-based biomaterials have proven to be
instrumental in the use of bone and dental implants [16].
Additionally, it has been established that hydroalcoholic
crab shell extracts inhibit the proliferation of cancer cells
by increasing apoptosis and decreasing NO production in
breast cancer cell lines. Spent crab shells are traditional
medicines for the treatment of cancer [17]. Shrimp and
crab shell waste has substantial use as a particular culture
media. WSs have the potential to be used in the production
of functional foods because Bacillus licheniformis OPL-007
can biodeproteinize shrimp head waste (SHW) and increase
its antioxidant activity. Bacillus licheniformis culture medium
containing SHW as a carbon and nitrogen source has been
shown to have antioxidant activity [18]. Furthermore, when
Aspergillus erythropolis CRC31499 was cultivated in a medium
containing wasted crab shell meal, it produced antimicrobial
chitinase [19-21].

Crab shell waste can be used in a variety of various
industries, including building and agriculture. Adding WS
meal to the two-stage green waste composting process can
quickly raise the quality of the compost products [22]. For
non-structural uses, seashell trash can be utilized as a par-
tial aggregate to match the ease of usage and strength of
concrete [23]. Mangrove crab shells from Merako can serve
as a basic bioceramic raw material [24]. Increased preci-
sion in the identification of sulfides in gas samples is
obtained when powder traps made of porous crab shell
is utilized [25]. In addition to Marine derived waste, some
plant waste is also used to modify the properties of asphalt
mixtures. Some scholars have used olive husk ash to modify
asphalt and asphalt mixture, and found that olive shell ash
can reduce the penetration of asphalt and increase the soft-
ening point, and improve the strength and water stability of
asphalt mixture [26-28].

Scientists have created a variety of bio-based asphalt
modifiers to address the issue of conventional petroleum-
based asphalt that is not renewable. By adding poly-3-hydro-
xybutyrate-co-3-hydroxyvalerate, which is naturally formed
by microorganisms multiplying in wastewater treatment
plants, to asphalt, some researchers have had positive results
[29]. Furthermore, biobased asphalt modifiers increase
asphalt’s service life. The aging period of base bitumen is
prolonged by bio-based modified bitumen, which is produced
by substituting 30% of bitumen with lignin [30]. By giving
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reactive H atoms to react with O, and free radicals, catechins
isolated from plants, such as tea, stop asphalt molecules from
oxidizing and aging chemically [31]. It is evident that the aging
process of asphalt is largely influenced by the adsorption of
H atoms by oxygen or free radicals. Additionally, because
phenolic hydroxyl groups are very effective at immobilizing
H atoms, they attract oxidants and interact with them to
stop oxidants from removing H atoms from asphalt. Quer-
cetin exhibits superior anti-aging properties than lignin due
to its greater phenolic hydroxyl concentration [32]. The low-
temperature mechanical properties of asphalt mixes were
enhanced by substituting rosin esters of maleic anhydride,
which are produced from plant resins in the Pinaceae family,
for alcohol curing agents, thereby resolving the environ-
mental issues associated with polyurethane and epoxy resin
curing agents [33]. The lignin that Dutch scientists are cur-
rently utilizing to manufacture lignin-based asphalt has been
estimated to lower carbon emissions by 45% and environ-
mental expenses by 60% for the same weight of asphalt pro-
duced [34]. When substituting traditional matrix asphalts
with bio-based phenolic resins made from waste bio-oils, it
has been discovered that higher construction temperatures
are necessary; however, rutting resistance at high tempera-
tures has been significantly enhanced [35]. Furthermore,
some scholars have done research on the asphalt modifier
of waste shrimp shell powder, and the results show that
waste shrimp shell powder can improve the rutting resis-
tance and creep recovery performance of asphalt mixture.
Similarly, there are also attempts to use waste oyster powder
as asphalt modifier [36]. The main component of waste oyster
powder is calcium carbonate, which mainly acts similar to
mineral powder in asphalt modification [37].

In conclusion, the creation of ecologically safe and
sustainable asphalt modifiers has gained popularity in
the pavement building industry. Nevertheless, the research
works on Marine derived organic waste mainly focus on
the modified asphalt of waste shrimp shell powder and
waste oyster powder, and the research on waste shrimp
shell powder and waste oyster powder have not conducted
in-depth studies on the storage stability and microscopic
morphology of modified asphalt. In this study, Scanning
electron microscopy (SEM) and Atomic force microscopy
(AFM) were specially added to address the above deficien-
cies, in order to reveal the modification mechanism of
WS powder on asphalt from a microscopic perspective.
Moreover, there is a lack of systematic research on the
modification mechanism and effectiveness of WS powder
modified asphalt, and there is a lack of published literature
on the research of WS powder modified asphalt. Because of
this, this study adopts the physical properties and softening
point difference experiments to study the conventional
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properties and storage stability of different dosages of WS
powder modified asphalt; the use of Dynamic shear rhe-
ometer (DSR), Bending beam rheometer (BBR), and Multiple
stress creep recovery (MSCR) experiments to study the shear
and high and low temperature rheological properties of different
dosages of WS powder modified asphalt, as well as the creep
recovery performance; through the Differential scanning
calorimetry (DSC), and Fourier transform infrared spectro-
scopy (FTIR) to characterize different dosages of WS powder
modified asphalt, the glass transition point, and chemical
functional groups; finally, the micro-morphology and
micro-structure of the modified asphalt with different
dosages of WS powder were investigated from a microscopic
point of view by using AFM and SEM; meanwhile, the effects
of different dosages of WS powder on the modified asphalt
modification were compared. In order to provide new ideas
for the research and production of bio-based modified
asphalt, to open up the situation for the promotion of WS
powder as treasure, and to better protect the ecological
environment around the Earth’s oceans and seas, this study
provides a comprehensive evaluation of the performance of
modified asphalt with WS powder, with a view to provide
data support for the application of WS powder.

2 Materials and experiment
methods

2.1 Materials

The asphalt that was chosen is 90# matrix asphalt, which is
made in China at Panjin Asphalt Plant. The matrix asphalt’s
characteristics are listed in Table 1 according to the Chi-
nese technical specification (JTG E20-2011).

A selection of WS powder was made in Hohhot, China’s
Inner Mongolia Autonomous Region. After being cleaned
with tap water, it was dried for 12h at 100°C in an oven.

Table 1: Technical index of base asphalt

Technical index Test results  Technical requirements

Penetration 85 80-100
(25°C) (0.1 mm)

Solubility (%) 99.63 >99.5
Kinetic viscos (60°C) (P-s) 178 >160
Softening point (°C) 46.8 245
Ductility (15°C) (cm) >100 2100
Flash point (°C) 276 2245
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Following grinding with a grinder, particles larger than
0.15 mm were removed by sieving. Particles smaller than
0.15mm in size were retained. The sample is shown in
Figure 1(a).

2.2 Preparation of the modified asphalts

A high-speed shear shown in Figure 1(b) was used in the
laboratory to make WS powder modified asphalt. The base
asphalt was heated to 150°C in an oven, and then 5, 10, 15,
and 20% (mass percentage) of WS powder modifier was
added to the base asphalt. The mixture was then mixed
at 150°C for 60 min at a speed of 3,000 rpm. This constituted
the preparation procedure.

2.3 Test methods

The experimental flow chart of this study is shown in Figure 1.
According to the national standard (JTG E20-2011), needle
penetration, softening point, and ductility tests were per-
formed on asphalt binders to assess the physical qualities
of asphalt treated using WS powder. The above devices are
respectively shown in Figure 1(c) and (e). Temperatures for
the needle penetration test were 15, 25, and 30°C; for the
ductility test, the temperature was 15°C. Take the logarithm
of the penetration values tested under temperature condi-
tions of 15, 25, and 30°C, with y = 1g P and x = T. Perform a
linear regression of the y = a + bx univariate equation to
obtain the penetration temperature index Agpe,. Determine
the penetration index (PI) of asphalt according to formula
(1), and record as PIL

lgP=K+ Ajgpen, @

20 - 500Aigpen

, 2
1+ 50A1gpen 2

where 1g P is the logarithm of penetration values measured
under different temperature conditions; T is the test tem-
perature (°C); K is a constant term of regression equation a;
Ajgpen Is the coefficient b of the regression equation.
Under the AASHTO T315 standard shown in Figure 1(f),
the high temperature rutting resistance of WS meal mod-
ified asphalt was investigated using a DSR (Gemini II ADS),
which measured parameters including complex modulus,
loss modulus, phase angle §, and |G*|/sin 6. With tempera-
ture increments of 2°C per min, high temperature scanning
tests were conducted in the 46-70°C range. We used sam-
ples that had a 1mm gap and a diameter of 25mm.
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Figure 1: Research methodology flowchart. (a) Sample of WS powder, (b) asphalt high-speed shear machine, (c) penetrometer, (d) ductility machine,
(e) softening point tester, (f) rotary shear rheometer, (g) low-temperature BBR, (h) differential scanner, (i) infrared spectrum scanner, (j) SEM, and

(k) AFM.

Additionally, the frequency was consistently maintained at
10rad-s ™.

In frequency scan tests, the mechanical response of
temperature with loading frequency was measured at 46,
52, 58, 64, and 70°C. WS meal modified bitumen was sub-
jected to dynamic shear loads at modest strain levels (1%),
with loading frequencies ranging from 0.1 to 100 rad-s .

MSCR test evaluates the stress effects and elastic recovery
of repetitive asphalt loading and unloading. As a result, the
MSCR test offers a more thorough analysis of its deformation
properties under dynamic loading. The evaluation index is
unrecoverable creep compliance. For the MSCR test, the test
temperature is 58°C.

BBR test was carried out in compliance with ASTM D6648-
2008 (R2016) guidelines shown in Figure 1(g). The tests were
carried out from -34 to —16°C in order to determine the low-
temperature rheological properties of the bitumen treated with
crab shell powder. To test the creep stiffness and creep rate of
the beams throughout loading times ranging from 8 to 240, a
continuous load of 980 mN was applied.

An apparatus from TA Instruments, USA, model Q20 shown
in Figure 1(h) was used to conduct the DSC investigation. Since

the samples’ precision did not exceed 51 mg, their weight was
ascertained using a balance (1/10,000 g). The samples were first
heated to room temperature in the DSC, then chilled to -20°C at
a rate of 10°Cmin! and held for 1min, and finally heated to
225°C at a rate of 10°C-min " while being exposed to purge gas
for 2min. There was a last DSC curve. The glass transition
temperature (Ty) was calculated from the DSC test curve, and
the glass transition process was examined using the DSC data.

The functional groups of modified bitumen can be
characterized through the use of FTIR testing [38]. Using
NEXUS 870FT FIRT shown in Figure 1(i), spectrums of mod-
ified bitumen made from WS meal at several doses were
gathered. With a resolution of 4 cm™}, the test was con-
ducted over a scanning region of 500-4,000 cm ™.

Tests using AFM with a 15 um x 15 pm scanning area were
conducted at 25°C. A Quanta 200 SEM shown in Figure 1(k) and
made by FEI, USA was used to analyze the microstructural
features of the bitumen affected by WSs. Using Gwyddion soft-
ware, the AFM pictures were quantitatively analyzed, and the
roughness value was chosen as a quantitative index.

The surface morphology of WS powder and the adhe-
sion of crab shell to asphalt were tested by using the United



DE GRUYTER

States FEI QUANTA 650 FEG SEM, as shown in Figure 1(j). In
order to observe the adhesion interface between the asphalt and
the crab shell, a small amount of asphalt was dropped on the
unground WS and the sample was placed in the oven at 135°C
for 2h, so that the asphalt and the WS were fully integrated.

3 Result and discussion

3.1 Conventional physical performance and
softening point difference experiment

The
and

three basic indexes of needle penetration, ductility,
softening point were used to evaluate the change
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rule of the performance of WSA with different doping
amounts. The storage stability of crab shell powder mod-
ified asphalt was evaluated by referring to the softening
point difference test in ASTM D5976. The heat storage time
was 48 h. Softening point difference is negatively corre-
lated with the uniformity of modified asphalt. The smaller
the softening point difference is, the less easily the mod-
ified asphalt is separated. The basic indexes of WSA are
shown in Figure 2.

The needle penetration of WSA at 15, 25, and 30°C is
shown in Figure 2(a). When doping is increased at 15°C,
needle penetration decreases relatively slowly; when tem-
perature rises, on the other hand, needle penetration
decreases more quickly, with 30°C showing the quickest
rate of reduction. The needle penetration of WSA fell by
13.03, 22.80, and 18.37% at 15, 25, and 30°C, respectively,
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Figure 2: Physical properties of WSA with different contents. (a) Penetration; (b) softening point, ductility, PI; and (c) softening point difference.
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when the WS content was 20%. As a result, WS powder
enhanced 90# asphalt’s consistency. The softening point
of WSA rises as the WS content does, as seen in Figure
2(b). When compared to 90# asphalt, the 20% content
WSA has a 17.85% greater softening point at 55.12°C. The
better the asphalt’s ability to sense temperature, the higher
the PI value. The PI value increases linearly with the quan-
tity of mixing, as shown in Figure 2(b), suggesting that WS
benefits 90# asphalt. It should be noted that only the duc-
tility data fit curve is curved, and that the rate of ductility
decline is rather rapid in the early stages before tending to
level off at 15% dosage. It is evident that WS decreases 90#
asphalt’s low-temperature performance and has a larger
impact on the ductility of the asphalt. This could be as a
result of the WS particles influencing the way asphalt
deforms during tensile contraction, which has a somewhat
detrimental effect on asphalt viscosity. In conclusion, WS
significantly enhanced 90# asphalt’s temperature-sensitive
and high-temperature performance while reducing its low-
temperature performance.

It can be seen from Figure 2(c) that the softening point
difference of the modified asphalt with 5, 10, 15, and 20%
crab shell powder is 0.5, 0.8, 1.6, and 2.6°C, respectively, and
the softening point difference of the modified asphalt with
crab shell powder increases with the addition amount.
When the content of crab shell powder is 20%, the softening
point difference reaches 2.6°C, which exceeds the specified
standard of modified asphalt (2.5°C). This is because the
more the amount of crab shell powder is added, the more
serious the accumulation phenomenon of crab shell powder
in asphalt, resulting in segregation. Therefore, the content of
crab shell powder should not exceed 20% as far as possible.

3.2 Temperature sweep

The Test Procedure for Asphalt and Bituminous Mixtures
in Highway Engineering (JTG E20-2011) was adhered to for
both sample preparation and testing. The goal of this
experiment is to investigate the high-temperature perfor-
mance of WSA. The angular frequency parameter is set to
10 rad-s~, with a test applied strain of 1%, and a tempera-
ture scanning range of 46-70°C. Figure 3 illustrates how
temperature affects WSA’s dynamic mechanical reaction.
In general, as temperature rises, matrix asphalt stiff-
ness steadily decreases. Research has demonstrated that
the complex modulus and loss modulus, respectively, are
indicative of the stiffness and viscosity of matrix asphalt
[39]. The viscoelasticity of the asphalt binder diminishes
with increasing temperature, as observed in Figures 3(a)
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and (b), suggesting that the addition of WS does not alter
the viscoelasticity law of the base bitumen. As the amount
of WS incorporation grew, so did the base bitumen’s com-
plex modulus and loss modulus.

The asphalt binder’s percentage of viscous and elastic
components is characterized by the phase angle 6. This
binder typically demonstrates coexisting viscous and elastic
viscoelastic qualities [40]. Additionally, the asphalt binding
material is more elastic when the phase angle § is smaller.
Figure 3(c) illustrates that § increases with temperature in
all asphalt binders. As the WS content increases at constant
temperature, the phase angle § decreases, making the mod-
ified bitumen more elastic.

The rutting factor (G*/sin 6) is a superior indicator of
the asphalt binder’s resistance to permanent deformation,
according to research from the strategic highway research
program [41]. Furthermore, the researchers concluded that
the binder’s temperature sensitivity is accurately charac-
terized by the slope of the logarithm of the rutting factor vs
the test temperature. WSA with 20% WS doping exhibited
the highest rutting resistance across all temperature cir-
cumstances, as illustrated in Figure 3(d). Matrix bitumen
exhibited the largest slope value, indicating the highest
temperature sensitive. This suggests that the high-tempera-
ture rutting resistance of WSA is significantly enhanced by
any addition of WS.

The physical characteristics and microstructure of
WSA are likely intimately linked to the aforementioned
observations. To put it another way, WS just serves as filler
and spatial site resistance particles in WSA, which raises
the asphalt’s viscosity by strengthening the molecules’
resistance to thermal movement. Because of WS’s strong
mechanical strength, the asphalt binder’s elasticity ratio is
improved, lowering the WSA loss factor.

3.3 Frequency sweep

Figure 4 displays the results of frequency scanning of WSA
with varying quantities of blending in order to assess the
fluctuation of matrix asphalt with loading frequency fol-
lowing WS blending.

The primary indicator of traffic load duration on
asphalt pavement is frequency; the higher the frequency,
the shorter the loading time. When the frequency is low
and the loading time is lengthy, the higher deformation of
the asphalt binder owing to shear stress results in a
reduced complex modulus. The complex modulus rises
and the shear stress-induced deformation reduces with
increasing frequency. According to Figure 4, the complex
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Figure 3: Rheological properties of WSA at different temperatures; (a) Complex modulus; (b) loss modulus; (c) phase angle; and (d) rutting sensitivity.

modulus of WSA with varying dose rises as loading fre-
quency increases, suggesting that asphalt’s high tempera-
ture properties also rise as loading frequency increases.
Each asphalt binder’s complex modulus value drops as tem-
perature rises. When WS powder was added to the control
asphalt binder at the same temperature, the asphalt binder’s
complex modulus rose. This suggests that the deformation
capacity of matrix asphalt to withstand traffic loads at high
temperatures can be enhanced by addition of WS powder.
Consequently, incorporating WS powder can enhance matrix
asphalt’s performance at elevated temperatures.

3.4 Results and analysis of the BBR test

The creep modulus S and creep rate m of asphalt treated
with varying doses of crab shell powder were tested using
the asphalt bending beam rheological test to assess the

asphalt’s resilience to cracking at low temperatures.
S stands for the asphalt binder’s constant load resistance
measure, which indicates the material’s capacity to with-
stand long-term deformation. M represents the change in
the asphalt binder’s stiffness as a function of load, which
shows how the material’s stiffness changes over time and
how well stress relaxation works. The smaller the value of
S, the better the low-temperature flexibility of asphalt; the
larger the value of m, the better the stress relaxation
ability and crack resistance of asphalt. The creep modulus
S and creep rate m of asphalt with different dosages of
WSA are shown in Figure 5.

The BBR test measures the extent to which the asphalt
binder creeps at low temperatures under steady load con-
ditions. As illustrated in Figure 5, the S and m values of
various dosages of modified asphalt at -16, —22, -28, and
-34°C show that creep strength increases with decreasing
temperature, while creep rate decreases with decreasing
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Figure 4: Dynamic shear modulus of WSA based on frequency sweep. (a) 46°C; (b) 52°C; (c) 58°C; (d) 64°C; and (e) 70°C.

temperature. This demonstrates that as the temperature
drops, the resistance of asphalt with varying dosages to
low-temperature deformation decreases as well. This occurs
because, at low temperatures, asphalt is in a glassy state

where its molecular chains are nearly fixed and cannot be
readily reoriented or changed.

In comparison to matrix asphalt, WSA’s modulus of
strength progressively increased and its m-value progressively
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Figure 5: Morphology of WSA at different dosages.

decreased at the same temperature. At 15% dosage of WS
powder, the lowest m-value and highest modulus of strength
were observed. Additionally, it was discovered that the mod-
ulus of strength and m-value of WSA followed a linear trend
after being linearly fitted. As the dose of WS powder increases,
the slope of the modulus of strength gradually rises, reaching
its maximum value at a 15% dosage. That is to say, as the
dosage increases, the stiffness modulus and low-temperature
performance of WSA decrease at an accelerated rate. It is
evident that the WS meal somewhat reduces asphalt’s resis-
tance to cracking at low temperatures. The extremely rough
surface of the crushed WS meal may cause this effect by
obstructing the interaction between asphalt molecules.
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3.5 Results and analysis of the MSCR test

WS powder modified asphalt was subjected to MSCR tests,
with a test temperature of 58°C, in order to examine the
irrecoverable creep flexibility (J,,,) and creep recovery (R)
of WSA under high temperature conditions. While the high
stress level (3.2 kPa) more closely approximates the behavior
of asphalt under heavy traffic, the low stress level (0.1kPa)
better captures the elasticity and permanent deformation
resistance of WSA. Figures 6 and 7 present the MSCR test
results for WSA.

The creep and recovery findings for asphalt treated
with varying amounts of discarded crab shell powder at
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Figure 7: Creep recovery curves of WSA at 3.2 kPa stress level.

0.1 and 3.2kPa are presented in Figures 6 and 7. The strain
of all WSA specimens at 3.2kPa is clearly more significant
than the strain at 0.1kPa, indicating that deeper rutting
deformation in asphalt pavement corresponds to higher
traffic loads. However, regardless of the shear stress level,
the strain of virgin asphalt was higher than that of WSA,
suggesting that WSA can considerably lower the strain of
virgin binder.

Figure 8 displays the asphalt binder’s unrecoverable
creep flexibility (J,,) and rate of return (R). R is able to
describe the elastic content of the binder, while J, is
able to assess the rutting deformation. Better elasticity

0.40 10
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0.35
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R(%)
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Crab shell powder content(%)

Figure 8: /,, and R of WSA.

and resilience to rutting are found in binders with low
Jar and high R. As the stress in Figure 8 is increased from
0.1kPa to 3.2kPa, J,, increases and R decreases, suggesting
that the low stress levels contribute in the asphalt pave-
ment’s permanent deformation resistance.

Meanwhile, it was discovered that virgin asphalt’s R
was increased by WS powder. Compared to the matrix
asphalt, the R of the 5, 10, 15, and 20% dosages increased
by 34, 7.1, 246, and 21.4%, respectively, under 0.1kPa
loading stress. The R of various WSA doses rose by 5.8,
5.3, 21.5, and 19.5%, respectively, at a loading stress of
3.2kPa as compared to matrix asphalt. Stated differently,
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Figure 9: DSC curves of WS modified asphalt. (a) 0%; (b) 5%; (c) 10%; (d) 15% and (e) 20%.

the creep recovery of WSA outperforms that of the virgin were 3.1, 15.8, 22.2, and 35.9% less than that of virgin
asphalt, respectively. In the meantime, at 3.2kPa, the ],
of various WSA doses was 4.0, 13.4, 19.1, and 32.2% lower

binder. The J,,, of WSA is less than that of virgin asphalt, as
Figure 8 illustrates. The J,, of various WSA doses at 0.1kPa
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than that of virgin binder. These findings demonstrate that,
at high temperatures, discarded crab shell powder can improve
matrix asphalt’s resistance to permanent deformation.

3.6 Results and analysis of the DSC test

DSC tests were conducted for various dosages of WSA in
order to investigate the glass transition temperature (Tg) of
asphalt amended with WS powder. Figure 9 shows the DSC
curves for matrix asphalt and modified asphalt with varying
amounts of WS powder. The glass transition temperature is
determined by taking the midpoint of the first-order heat
flow temperature curve.

T, is recognized as the transition temperature at which
the macromolecular segments of an amorphous polymer
shift between highly elastic and glassy states. This tempera-
ture is the point at which the polymer shows elasticity;
below it, brittleness and brittle fracture are observed
[42]. Consequently, an asphalt’s performance at low tem-
peratures improves with a lower T, value.

The glass transition temperatures of WS powder mod-
ified asphalt with a dose of 5, 10, 15, and 20% are -4.17, —4.56,
-3.52, and -3.09°C, respectively, as can be seen from Figure 9.
The glass transition temperature of matrix asphalt is —6.48°C.
The glass transition temperatures of the asphalt modified by
WS meal were found to be higher than those of the matrix
asphalt. This suggests that adding WS meal to asphalt can raise
its glass transition temperature and cause a reduction in its
low-temperature performance.

It is important to note that, similar to the DSC test
results, the WSA ductility test results indicated a decline
in ductility values relative to the matrix bitumen. The

Transmittance(%)

T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Figure 10: IR spectra of matrix asphalt and WSA.
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asphalt has higher molecular stability and cross-linking,
which results in a decrease in T In conclusion, the WS
meal marginally decreased the matrix asphalt’s perfor-
mance at low temperatures.

3.7 Functional group characterization

An investigation into the modification method of WS powder
modified hitumen was conducted using Fourier infrared spec-
troscopy test. The location of the distinctive peaks was used to
analyze the WS powder’s chemical reaction mechanism and
identify any alterations to its functional groups. Figure 10 dis-
plays the test results for modified asphalt with varying
dosages of WS powder and matrix asphalt.

The same peak types and positions are seen in the IR
spectral test results of matrix asphalt and WSA without
dosing, as shown in Figure 10. However, there is some
fluctuation in the peak value, which is related to variations
in the dosage of WS meal. The presence of hydroxyl groups
and N-H bonds is linked to the transmittance drop at
3,475m™ %, The stretching vibrations of CH, and CH;, which
correlate to the alkyl functional groups of the bitumen, are
responsible for the two significant absorption peaks at
2,928 and 2,856 cm™, respectively. The C-H bonds in the
bitumen matrix have an impact on the transmittance in
the 2,900-2,400 cm™ region. Furthermore, the C-N bond
that the chitin created is linked to the decreased transmit-
tance in the 1,462 cm™ region. The most important charac-
teristic of the C-H out-of-plane bending vibration in the
1,4-disubstituted aromatic ring is the ability to couple the
backbone vibrations of CH; in the aromatic ring at 2,928
and 2,856 cm™ to the absorbance near 773 cm ™. This indi-
cates that the bitumen CHj is in the alkyl group in the
asphalt. The WS powder and the matrix asphalt did not
appear to undergo any discernible chemical reaction that
produced new chemical components; instead, the transfor-
mation that occurred was primarily physical, as revealed
by the results of IR spectroscopy.

3.8 Microscopic morphology in WSA

The use of Atomic force microscopy to test and analyze the
changes in the micro-morphology of different dosages of
WS powder modified asphalt is necessary because the
micro-morphological structure of asphalt is complex and
changes in the microstructure will have a greater impact
on the macroscopic properties of asphalt. Figure 11 dis-
plays the two- and three-dimensional atomic force dia-
grams of WS powder modified asphalt in different dosages.
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The term “honeycomb structure” refers to an oval-
shaped stripe pattern that resembles a bee’s tail. The influ-
ence of the honeycomb structure is mostly related to the
asphaltene in the asphalt since the polarity of asphalt is
mostly caused by heterocyclic atoms in the asphalt. The
“honeycomb structure” of asphalt modified with varying
dosages of WS powder is evident from the two-dimensional
atomic force diagram in Figure 11. As the dosage of WS
powder is increased, the “honeycomb structure” per unit
area exhibits a decreasing trend and becomes more evenly
distributed on the asphalt’s surface, reflecting the asphalt’s
homogeneous polarity, which is primarily due to the hetero-
cyclic atoms in the asphalt. The asphalt surface exhibits
improved compatibility, reflecting the WS powder and matrix
asphalt without any exclusion features. Additionally, the
microstructure of asphalt changed to varying degrees as
WS powder doping increased, significantly impacting on the
material’s surface roughness and related modulus. There is a
good correlation between asphalt adhesion and roughness,
and the greater the roughness, the worse the adhesion of
asphalt [43]. The nanoscale spatial structure of the asphalt
surface is more clearly depicted in Figure 11’s three-dimen-
sional atomic force diagram. The asphalt surface is covered in

many bumps and depressions, and its folds progressively
increase as dosage increases. This could be the result of
hydrogen bonding between the many hydroxyl groups in
the chitin found in crab shell meal and the hydroxyl groups
in the phenolic and carboxylic acids in the asphalt, which
strengthens the bonds between the macromolecules in the
asphalt and gives it a more wrinkled appearance. This would
imply that the WS powder improves the high-temperature
stability of the matrix asphalt. In summary, the AFM results
demonstrate that the WS powder enhances the asphalt’s per-
formance at high temperatures and exhibits good compat-
ibility with the matrix asphalt. This is in line with the findings
of the frequency and temperature scans.

3.9 Adhesion of asphalt to WSs

In order to study the interaction between the asphalt and the
crab shell, the surface morphology of the WS powder and the
adhesion between the crab shell and the asphalt were tested by
using the United States FEI QUANTA 650 FEG SEM. Figure 12
shows the SEM image of WS powder and the interaction
interface between crab shell and asphalt.
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Figure 12: SEM images of WS powder particles and adhesion of waste crab shell to asphalt. (a and b) WS microscopic morphology; (c) adhesion
morphology of asphalt and crab shell surface; and (d) adhesion between asphalt and crab shell fracture surface.

Figure 12(a) and (b) are the SEM images of the WS
powder after grinding, in which it can be seen that the
surface of the WS powder is uneven and very rough,
with an irregular layered structure in general, which is
conducive to the adhesion between the asphalt and the
WS powder. In order to observe the adhesion interface
between the asphalt and the crab shell, a small amount
of asphalt was dropped on the unground WS and the
sample was placed in the oven at 135°C for 2h, so that
the asphalt and the WS were fully integrated. Figure 12(c)
and (d) are SEM images of the interface between asphalt
and WSs. In Figure 12(c), the irregular stripes on the left are
the asphalt adhering to the WS, and the bare crab shell is
on the right. It can be seen from the figure that the asphalt
and the crab shell are closely fused, and the transition
from the asphalt area to the crab shell area is smooth
and natural. The difference between Figure 12(c) and (d)
is that the crab shell fracture surface is on the right and the
asphalt adhesion surface is on the left. The crab shell frac-
ture surface is extremely rough, while the area on the left

that is adhered by the asphalt is relatively smooth. There-
fore, SEM shows that the surface of the crab shell powder
after grinding is very rough, which is conducive to the
adhesion of asphalt. At the same time, both the smooth
area and the broken area of the WS adhere closely to the
asphalt, thus changing the performance of asphalt.

4 Conclusion

There are few systematic studies on the modification of
base asphalt by WS powder, while the studies on the mod-
ification of asphalt by marine-derived waste focus on
waste shrimp shell powder and waste shell powder. In
this study, the potential of WS powder as asphalt modifier
is systematically evaluated, which provides data support
for the promotion of WS powder as asphalt modifier, and
can also reduce the increasingly serious environmental
pollution caused by marine-derived waste. The effects of
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WSA on rheological properties, modification mechanism,
and microscopic characteristics of asphalt at high and low
temperatures were analyzed. It was found that the consis-
tency and rutting resistance of asphalt modified by WS
powder were improved, and the following preliminary
conclusions could be drawn:

1) The addition of WS powder can raise the glass transi-
tion temperature of asphalt, which lowers the asphalt’s
resistance to cracking at low temperatures. It also
improves the high temperature viscoelasticity and tem-
perature sensitivity of 90# asphalt.

2) The permanent deformation resistance of matrix asphalt
against traffic loads at high temperatures is enhanced by
WS meal modified asphalt. WS meal modified asphalt
exhibits superior rutting resistance and elastic recovery
as compared to virgin binder.

3) The waste powder from crab shells does not appear to
undergo any discernible chemical reaction with the
matrix asphalt, mostly resulting in a physical alteration.
The WS powder enhances the asphalt’s performance at
high temperatures and, at the microscopic level, is well
suited to the matrix asphalt.

4) The high temperature performance of crab shell mod-
ified asphalt is outstanding, so it is suggested to apply crab
shell modified asphalt to asphalt pavement projects in
tropical areas. In addition, crab shell powder, as a low-
cost kitchen waste or seafood waste, has a good applica-
tion prospect for improving resources and environment.

In this study, the effect of WS powder on the properties
of base asphalt was mainly studied. However, the research
on the properties of WS powder on asphalt mixture has not
been carried out, including the high and low temperature
properties, water stability, anti-aging ability and fatigue
properties of WS powder modified asphalt mixture will
be the next research direction. From the perspective of
research scale, the modification mechanism of WS powder
on asphalt mixture should be revealed from the macro,
fine, and micro levels. From the consideration of construc-
tion application, the response surface method should be
used to optimize the mix ratio of WS powder modified
asphalt mixture, so as to design asphalt pavement with
excellent performance.
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