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Abstract Cow dung waste has caused severe envi-
ronmental pollution and public health issues in China.
In this study, the cow dung residues were used as a
cheap renewable fiber to modify asphalt binder, pro-
viding a new solution for the proper disposal of cow
dung waste. Three cow dung fibers with two lengths
were prepared using different treatments, including
original cow dung fiber (CDF), surface treatments of
cow dung fiber (STCDF) and alkali treatments of cow
dung fiber (ATCDF). The physicochemical proper-
ties of CDF, STCDF and ATCDF were analyzed by
scanning electron microscope (SEM) and thermo-
gravimetry (TG). The viscidity, rheological properties
and fatigue characteristics of CDF modified asphalt
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binders (CDFMA) were evaluated using Brook-
field viscometer and dynamic shear rheometer. The
results showed that the rough surfaces of STCDF and
ATCDF improved their thermal stability. STCDF and
ATCDF enhanced the resistance to permanent defor-
mation under high temperature conditions of modi-
fied asphalt binder. STCDF modified asphalt binders
exhibited the best viscosity and rheological perfor-
mance. The increase of fiber length was positively
correlated with the high temperature deformation
resistance of CDFMA. CDF, STCDF and ATCDF
inhibited fatigue cracking of modified asphalt bind-
ers compared to base asphalt binders. ATCDF modi-
fied asphalt binders exhibited higher fatigue life and
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smaller crack under the same cyclic loading. The
increase in fiber length had a slight improvement on
the fatigue resistance of modified asphalt binders.

Keywords Cow dung fiber - Modified asphalt
binder - Surface treatment - Rheological properties -
Fatigue cracking

Introduction

Dairy industry is considered to be one of the fastest
growing industries in the world. The current global
dairy market has an estimated value of 673.8 bil-
lion dollars, which is expected to exceed one tril-
lion dollars by 2024 (Iwuozor et al. 2022). It has
been reported that the number of cattle in the world
reached 987.51 million in 2020 (Ananno et al. 2021).
Global demand for cow is still growing continually.
The situation is the same in China. It is estimated that
there are approximately 12.7 million cows in China,
producing 260 million kilograms of cow dung per day
(Rath et al. 2016). As a result, increasing amount of
cow dung is produced and causes environmental pol-
lution and public health issues due to the releases of
toxic gases, odors and harmful bacteria (Masud et al.
2019).

Cow dung is an undigested plant material from
the ruminant digestive system of cow, which includes
reticulum, rumen, omasum and abomasum cham-
bers. Raw food materials are swallowed by cow into
the rumen and reticulum without adequate chewing.
The semi-digested materials are moved from the two
chambers back to the oral cavity. Then the rumi-
nant materials are re-chewed and re-swallowed, and

Lignocellulosic materials
(corn stalk)

Fig. 1 The conversion of
lignocellulose into cow
dung
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excreted from the body as residues passing through
the omasum and abomasum (Gupta et al. 2016), as
shown in Fig. 1. Cow dung contains a 3:1 ratio of
urine to feces and the main components are lignin,
cellulose and hemicellulose (Thangavel and Gopal
2017). Owing to the lack of effective treatment, the
accumulation of a substantial amount of cow dung
causes serious pollution as well as occupies the lim-
ited production area of the dairy farm. Therefore, the
comprehensive utilization of cow dung into a worth-
while value-added product for human beings has
become an urgent issue. In this regard, extensive stud-
ies have been attempted and cow dung has been used
for biofertilizer production (Bridget et al. 2020; Hen-
darto et al. 2019) as a reinforcing phase material for
friction composites (Manikandan et al. 2020; Yunhai
et al. 2019), a source of solid fuel and energy (Marin-
Batista et al. 2020; Narayan et al. 2018; Szymajda
and Joka 2021), and a sorbent with great potential for
the removal of wastewater pollutants and heavy met-
als (Dongjin et al. 2018; Ojedokun and Bello 2016).
However, it is still very challenging to recycle and
reuse cow dung on a large scale at present due to
financial limitations and the technical deficiencies of
solid waste management.

Considering the abundance of cellulose in cow
dung, it can be used as natural fiber in road materi-
als after recycling, which provides a promising solu-
tion to the accumulation of cow dung. Recent studies
have shown that the cow dung fibers can be applied
to cementitious materials and can effectively inhibit
the development of self-shrinkage of the cementi-
tious paste (Li et al. 2022). In terms of asphalt-based
materials, recent research focuses on turning waste
into cleaner asphalt pavement materials (Hl et al.

Omasum

Reticulum

Abomasum Rumen

Cow dung
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2022). Among them, natural fibers have been proven
to be used as modifiers to improve the properties of
asphalt pavement because of renewability and low
cost. For instance, bamboo fibers incorporated into
dense-grade and stone matrix asphalt (SMA) con-
crete can enhance dynamic stability and low-tem-
perature crack resistance (Sheng et al. 2019); Corn
straw fibers compounded with asphalt can effectively
reduce the temperature sensitivity and increase the
stiffness of the binder (Chen et al. 2019); Md Tareq
Rahman et al. confirmed the rationality of the appli-
cation for cigarette fiber modified asphalt (Rahman
et al. 2020). These studies provide the basis for the
effective role of biomass fibers in modified asphalt.
However, the inertia and incompatibility of fiber
with asphalt make it difficult to prepare fiber modi-
fied asphalt, limiting the application of the compos-
ite material (Su et al. 2019). To promote the wetta-
bility of the asphalt matrix to the natural fibers and
enhance the interfacial adhesion of the composite,
current researches mostly focus on the surface treat-
ment of fibers before the preparation of modified
asphalt, including alkali treatment (Adeyi et al. 2021;
Chen et al. 2021), interfacial coupling treatment
(Huda et al. 2008; Xiang et al. 2018), steam blast-
ing treatment (Brugnago et al. 2011), heat treatment
(Min et al. 2001), etc. Among them, alkali treatment
and interfacial coupling treatment are commonly
employed owing to the convenience of operation
and good treatment effect. Despite numerous studies
have been conducted on the surface treatment meth-
ods of plant fibers, few studies focus on comparing
the effects of different treatment methods on fibers.
In addition, numerous studies have shown that the
rheological properties of asphalt binders can be more
appropriately characterized employing master curves
and black diagrams (Wang et al. 2019, 2020). How-
ever, few studies have comprehensively evaluated the
rheological properties of fiber-modified asphalt bind-
ers from this aspect.

On the other hand, the effect of natural fibers on the
fatigue failure of asphalt matrix is worthy of attention.
Existing studies mostly adopt fatigue factor (IG*I-sin
0), dissipative energy ratio (DER) and dissipative
energy change rate (RDEC) to evaluate the fatigue per-
formance of modified asphalt binder, which has been

proved that these parameters are incapable of correlat-
ing to the fatigue life of pavement (Zhou et al. 2013),
and the fatigue mechanism are still unclear (Gao et al.
2020a). In addition, linear sweep test (LAS) test has
gradually become an effective method to predict and
evaluate the fatigue performance of asphalt binder
based on the viscoelastic continuum damage (VECD)
mechanics (Hintz and Bahia 2013a, b; Safaei and Cas-
torena 2017). Nevertheless, the excessive strain ampli-
tude of LAS test may lead to premature cracking of the
asphalt binder and cannot explain how fatigue cracks
evolve under rotational shear loading. To intuitively
understand the fatigue damage mechanism of asphalt,
several studies have focused on crack propagation
in asphalt. For example, Hintz and Bahia used time
sweep (TS) testing and digital visualization of DSR to
observe crack growth trends in asphalt samples (Cas-
sie Hintz and Bahia 2013a, b); Shan, Tian et al. used
experimental and image analysis methods to deter-
mine the internal crack growth of asphalt samples dur-
ing shear fatigue crack expansion (Shan et al. 2016).
It was found that the fatigue cracking of asphalt speci-
mens under rotational shear fatigue loading was “edge
crack”. Based on damage mechanics, Zhang and Gao
developed a DSR-based cracking (DSR-C) model to
accurately predict fatigue cracking in asphalt samples,
which can be obtained by material properties in undam-
aged and damaged conditions (Zhang and Gao 2019).
The DSR-C model has been widely used to character-
ize the fatigue resistance of various asphalt binders (Elo
et al. 2020; Li et al. 2021; Yga et al. 2021).

The objective of this study is to investigate the rheo-
logical and fatigue characteristics of cow dung fiber
modified asphalt binders with the effects of surface
treatment and fiber length. Six kinds of cow dung fiber
modified asphalt binders were prepared by using cow
dung fibers as modifiers after surface and length treat-
ments. Microscopic morphology and thermal stability
of original fiber and two types of pretreated cow dung
fibers were measured by scanning electron microscope
(SEM) and thermogravimetry (TG). The rotational vis-
cosity test, frequency sweep test, multiple stress creep
recovery (MSCR) test, linear amplitude sweep (LAS)
test and the time sweep test were conducted to evaluate
the viscidity, rheological properties and fatigue charac-
teristics of various modified asphalt binders.

@ Springer
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Materials and methods
Raw materials
Base asphalt binder

In this research, AH-70 asphalt (PG 64-28) was
selected as the base asphalt. Table 1 shows the meas-
ured basic properties of the asphalt binder and the rel-
evant tests were carried out in accordance with Chi-
nese Standards (JTG E20-2011). The AH-70 asphalt
has also been measured following SHRP specifica-
tions and determined to be a PG 64-28 binder.

Cow dung fiber
The cow dung fibers used in this study were undi-
gested plant fibers recovered from the excreta of

cows that have been preliminarily dried and drained,
which were obtained from Luoyang Zhuoer Animal

Table 1 Basic properties of AH-70 asphalt

Properties Value Requirement Test method
Penetration (25 C, 67 60~80 T0604-2011
0.1 mm)
Penetration index (PI) -0.5 —15~+1.0 T0604-2011
Softening point ('C) 48.0 >45 T0606-2011
Ductility (15 C) >100 >100 T0605-2011
Wax content (%) 1.6 <22 T0615-2011
Flash point (‘C) 310 >260 T0611-2011
Dynamic viscosity (60 ‘C) 200 >160 T0620-2000
Density (15 °C, g/em®) 1.045 - T0603-2011

Fig. 2 External appearance
of CDF (1 mm and 2 mm)
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Husbandry Co. LTD. The appearance of the dried and
standing cow dung fibers was yellow, and the surface
was not damaged or moldy. However, the loose struc-
ture and weak strength of cow dung fibers result in a
poor compatibility with asphalt binder, which is dif-
ficult to form a stable structure. Therefore, the surface
of cow dung fibers must be further pretreated before it
is used in asphalt.

Firstly, the cow dung fibers were sieved by a set
of grids, and the residual fibers on the 0.6 mm sieve
were selected as the original cow dung fibers (CDF).
In addition, according the results of the different fiber
length effects on the asphalt performance (Xing et al.
2020), two different lengths were produced (I mm
and 2 mm) to investigate the effect of cow dung fiber
length on the properties of asphalt binder, as shown
in Fig. 2.

Secondly, for the elimination of reactive hydroxyl
groups (—OH) present in the extracted fibers, two
common chemical treatments (alkaline treatment and
silane treatment) were used on CDF with two lengths.
This will diminish the water sensitivity of CDF and
effectively interlock the matrix asphalt and CDF by
increasing the surface roughness of the fibers (Ara-
vinth et al. 2022):

(1) Absolute ethanol and distilled water were pre-
pared in the ratio of 3:7. Then, 2% (by mass of etha-
nol) KH-570 (silane coupling agent) was added to the
above solution. The mixture was thoroughly stirred
and allowed to stand for 30 min to fully hydrolyze the
silane coupling agent. After that, the CDF were added
to the solution prepared above and soaked for 60 min.
Finally, the CDF were filtered out and dried in an
80 °C oven for 3 h. The samples obtained in this step

(b) 2mm
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were labelled as the surface treatments of cow dung
fiber (STCDF).

(2) Another group of CDF was pretreated by alkali
immersion and surface activity treatment: the fiber
was soaked in sodium hydroxide solution with a con-
centration of 1 mol/L for 1 h at first, and then the
surface pretreatment was carried out according to the
step (1). This group was labelled as the alkali treat-
ments of cow dung fiber (ATCDF).

Preparation of cow dung fiber modified asphalt
(CDFEMA).

Because the integrity of fibers may be destroyed by
using high-speed shearing equipment to produce the
fiber modified asphalt binder, which will diminish the
modification effectiveness. Therefore, the method of
low-speed continuous shearing was adopted in this
study to prepare the CDFMA, and the specific pro-
cess is as follows:

The AH-70 asphalt was first preheated to 160 °C.
The above-mentioned weighed (1.5 wt.%) cow dung
fibers were then gradually added to the asphalt. After
raising the temperature to 165 °C, the fibers were
completely dispersed in asphalt by low-speed shear-
ing for 450 min at 165 °C at a speed of 2000 r/min.

Table 2 shows the identifications of the asphalt
binders modified by the cow dung fibers used in this
paper. Where BA represents the binder obtained from
AH-70 asphalt after shearing at 165 °C for 45 min,
which is to eliminate the potential effects of asphalt

aging.

Experimental methods

Scanning electron microscope (SEM) analysis

The surface texture is an important index to study

the influence of different pretreatment methods
on the properties of cow dung fiber from a micro

perspective. In this study, an S-4800 cold field emis-
sion SEM was used to detect the morphology and
phase composition of CDF with different surface
treatments, according to its imaging depth and three-
dimensional characteristics. In the test, the cow dung
fibers were first pasted on the sample plate through
conductive double-sided adhesive, the samples were
then sprayed with gold, and finally scanned by the
SEM. The test voltage is 5 kV, and the magnification
is 150 and 200 times respectively.

Thermogravimetric analysis (TGA)

For the evaluation of thermal stability and effects of
surface treatment on the composition and structure
of cow dung fibers, thermogravimetric (TG) curves
of the prepared samples were constructed via a TA
Instruments (DSC/TGA Discovery SDT 650). During
the testing, 5 mg of samples were heated in a nitro-
gen atmosphere from 20 to 700 “C at a linear heating
rate of 20 ‘C/min. The mass change, endothermic and
exothermic conditions of the samples during heat-
ing were then analyzed according to the weight loss
results.

Rotational viscosity (RV) test

The viscosity of asphalt binder reflects its ability to
resist shear deformation and flow under external
pressure. In this study, the viscosity of CDFMA at
five temperatures (110 “C, 120 °C, 135 °C, 150 C and
160 C) was measured using a Brookfield viscom-
eter. The test was carried out following an AASHTO
specification (AASHTO T316-13). The viscosity was
measured at a spindle speed of 20 rpm and the cor-
responding viscosity-temperature curve was plotted.

Table 2 Identifications of
asphalt binders

Binder types Identification
AH-70 asphalt BA

Blending 1 mm length of ATCDF into AH-70 asphalt ATCDFMA-1
Blending 2 mm length of ATCDF into AH-70 asphalt ATCDFMA-2
Blending 1 mm length of STCDF into AH-70 asphalt STCDFMA-1
Blending 2 mm length of STCDF into AH-70 asphalt STCDFMA-2
Blending 1 mm length of CDF into AH-70 asphalt CDFMA-1
Blending 2 mm length of CDF into AH-70 asphalt CDFMA-2

@ Springer
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The temperature sensitivity of CDFMA was evalu-
ated by a viscosity-temperature curve.

Frequency sweep test

Frequency sweep test was used to measure and ana-
lyze the rheological response of asphalt samples
over a large temperature and frequency range. Strain
amplitude sweep tests were undertaken with the strain
amplitudes ranging from 0.1 to 30% to determine
the linear viscoelastic (LVE) strain range of asphalt
binder samples. The strain-controlled frequency
sweep tests were then conducted to obtain the sam-
ples’ complex shear modulus and phase angle at 5 dif-
ferent temperatures (46 C, 52 'C, 58 C, 64 °C, 70 C)
with frequency varied from 0.1 to 25 Hz. This work
focused to reveal the rheological response under the
high temperature conditions. We chose 46 ‘C as the
lowest temperature.

It is noted that the strain levels were controlled
within the viscoelastic strain range. Further, the sig-
moidal model was used to obtain the time—tempera-
ture shift factors and construct the master curve of
complex shear modulus and phase angle based on the
time—temperature superposition principle, as shown
in Egs.1 and 2:

5
T)="2
a(T) 7 (D)

04

log |G*| =6 + T3 obrioety )

where a(T) is the shift factor at temperature T rela-
tive to the reference temperature, f, is the reduced
frequency at the reference temperature (Hz), f is
the frequency at tested temperature (Hz), IG*| is the
complex modulus (Pa), and a, 5, , and y are model
coefficients.

MSCR test

MSCR test (AASHTO T350) was used to evaluate
the rutting resistance of each asphalt binder sample
at a high temperature. In this test, a loading plate
with a diameter of 25 mm and a gap of 1 mm was
selected. The MSCR test was carried out on the sam-
ples before and after short-term aging (RTFO) at

@ Springer

three temperatures (i.e. 64 °C, 70 °C and 76 ‘C). Dur-
ing this testing process, the samples were loaded at
a constant stress level of 0.1 kPa and 3.2 kPa for 20
and 10 creep-recovery cycles respectively, with each
cycle loading for 1 s and recovery for 9 s. The non-
recoverable compliance (J,,) and percent recovery (R)
of asphalt binders in each creep-recovery cycle were
obtained to evaluate their high-temperature rheologi-
cal properties.

Fatigue tests of cow dung fiber-modified asphalt

The fatigue test mainly included two parts in this
study. In the first portion, the LAS test in AASHTO
TP 101 was used to evaluate the fatigue life of asphalt
samples with long-term aging (PAV). The accelerated
fatigue damage tests on asphalt specimens were per-
formed through a DSR device at 20 “C under a load-
ing frequency of 10 Hz. The amplitude of the loading
oscillating shear strain increased linearly from 0.1 to
30%. The fatigue equation is as follows:

Ny =A (yp) 8 3)

where N; represents the fatigue lifesy, is the applied
amplitude shear strain; A, B and S; are the fitting
parameters, which are expressed by Eqgs. 4, 5 and 6,
respectively (Sun et al. 2019).

1+a(1-C,)
fo

= a . “
[1+a(l-C))| (%C1 Cz) (IG >x<ILVE)2

B=2a )

-G\ 1
=(=)z ©

where f is the reduced frequency; S; is the damage
accumulation corresponding to the fatigue failure
point; C; refers to the material integrity correspond-
ing to the point at peak stress; and C, and C, are fit-
ting coefficients.

In the second portion, time sweep test was per-
formed to evaluate the fatigue performance of PAV
asphalt specimens. Parallel loading plates with a diam-
eter of 8 mm (gap of 2 mm) were used in this test. The
samples were loaded for 54,000 cycles at a temperature
of 20 °C, a frequency of 10 Hz and a strain amplitude of




Cellulose (2023) 30:3773-3791

3779

5% to determine the complex shear modulus and phase
angle of the samples under failure damaged conditions.
The fatigue crack length of asphalt samples after fail-
ure can be obtained by digital image processing and
DSR-C model.

The DSR-C model described in Eq. 7 was estab-
lished by Zhang and Gao based on the balance princi-
ple of torque and dissipative strain energy of viscoe-
lastic damage mechanics, which has been employed
to calculate the crack length of various asphalt bind-
ers under the rotational shear fatigue load (Gao et al.
2020a, 2020b; Yga et al. 2021; Zhang and Gao 2019).

Gy |/sin (8y) |*

_ o

c=11 Ty @)

/sin (&)

where c is the crack length of asphalt samples; r, is
the original radius of asphalt samples; |G3| and §, rep-

resent the dynamic modulus and phase angle of
asphalt in undamaged state; ‘G;,| and o, represent the

dynamic modulus and phase angle of asphalt under
the N-th cyclic loading.

Results and discussion
Surface morphology of cow dung fibers

Figure 3 shows the SEM results of CDF before and
after pretreatment. It can be seen from the SEM
micrographs that the surface of CDF is smooth and
uniform and they are closely arranged (Fig. 3a),
which is not conducive to dispersion. By contrast,
the surface texture of STCDF turns out to be rough

Fig. 3 SEM image of the cow dung fiber surface: a CDF; b STCDF; ¢ ATCDF

@ Springer
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and is coated with a layer of reagent due to the silane
coupling agent (Fig. 3b). When the cow dung fiber
is processed with alkaline solution and silane cou-
pling agent, it can be observed that the solvent coat-
ing on the ATCDF surface is more pronounced and
more grooves appear (Fig. 3c). This is attributed to
the fact that alkali pretreatment dissolves impuri-
ties in cow dung fibers, including hemicellulose and
lignin, and breaks the hydrogen bonds between cel-
lulose molecules (Gholampour and Ozbakkaloglu
2019), resulting in a rough surface morphology of the
fibers. Furthermore, the presence of grooves increases
the contact area between ATCDF and coupling agent,
causing more solvent to be adsorbed on the surface
and eventually resulting in better interfacial adhesion
to the asphalt binder matrix. From this point of view,
STCDF and ATCDF will possess a better modifica-
tion due to the existence of surface coupling agent
reagent layer that strengthens the combination of fiber
and asphalt.

Thermal stability of cow dung fibers

Figure 4 presents the variational residual weight per-
centage and mass loss rate of three cow dung fibers
in the temperature range of 20-700°C. It can be seen
from the TG curves in Fig. 4a that CDF, STCDF and
ATCDF exhibit similar thermal degradation trend,
which can be divided into three stages. The mass loss
in the first stage is between 20°C and 200°C, which is
attributed to the evaporation of free water and chemi-
cally bound water in the cow dung fibers (Jones et al.
2018). It can be clearly seen that the starting and end-
ing decomposition temperatures of the three fibers
at this stage are almost the same and the fraction of
thermal weight loss is less than 10%, indicating that
alkali treatment and surfactant treatment applied in
this research have no significant effect on the exist-
ence of water in the structure of cow dung fibers. In
other words, the effects of alkali treatment and inter-
facial coupling treatment on fibers composition could
be negligible within the temperature range for the
preparation of modified asphalt.

The second decomposition stage occurs in the
temperature range of 200400 “C. At this stage, the
macromolecular components such as cellulose, lignin
and hemicellulose in fibers are pyrolyzed (Bradbury
et al. 2010). This process is the most obvious thermal
weight loss stage in the TG curves due to the high

@ Springer
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Fig. 4 TG test results of cow dung fibers with different treat-
ment methods: a TG curves; b Differential thermogravimetric
(DTG) curves

content of these macromolecules in the cow dung
fiber structure. In order to accurately determine the
starting and ending decomposition temperatures of
the mass loss stage, the time coordinates of each point
on the TG curves were differentiated to obtain the dif-
ferential thermogravimetric (DTG) curve, as shown
in Fig. 4b, which characterizes the variation of the
weight change rate with temperature. The peak point
is the temperature point with the largest mass change
rate in the TG curve (inflection point). It can be
seen from Fig. 4b that the peak temperature of CDF
is 316.55 C (T,,), while the peak temperatures of
STCDF (T,g) and ATCDF (T,,) appear at 340.27 T
and 394.28 °C, respectively. In TG curves, the tangent
line at the peak DTG temperature of the three fib-
ers intersects the tangent line at the platform before
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decomposition reaction, which is the initial reference
temperature (T,,, Tig, T;5) for decomposition reaction.
As seen from Fig. 4a, the initial pyrolysis tempera-
ture of CDF and STCDF is 300—-400 “C, which indi-
cates that the pyrolysis of cellulose and hemicellulose
mainly occurs in this decomposition stage. By com-
parison, the initial pyrolysis temperature of ATCDF
is higher than 350 °C, with this exceeding the decom-
position temperature of hemicellulose. Therefore, the
main pyrolysis component is cellulose. This can be
attributed to the fact that alkali treatment dissolves
hemicellulose from the cow dung fibers (Gholampour
and Ozbakkaloglu 2019).

When the temperature is higher than 400 °C, the
small molecules generated at the second stage of
decomposition are further decomposed, which is the
residual decomposition stage. The small molecule
obtained from macromolecules such as hemicel-
lulose, which are dissolved by an alkaline solution.
The thermal weight loss range at this stage is rela-
tively small. TG curves reveal that CDF and STCDF
have similar thermal weight loss, while ATCDF has
greater thermal weight loss, proving a higher propor-
tion of small molecule mass in ATCDF.

Rotational viscosity

The viscosity of the samples was determined by a
Brookfield viscometer with a temperature control
device. The test results of cow dung fiber modified
asphalt with different lengths and treatment meth-
ods were shown in Fig. 5. The viscosity of the bind-
ers exhibits a nonlinear attenuation trend with the
increasing temperature. It is noteworthy that CDFMA
with different lengths of cow dung fibers have a
higher viscosity than BA in the selected temperature
range, indicating that the addition of CDF increases
the viscosity significantly.

In addition, it is seen that the viscosity of
CDFMA-2 is higher than that of CDFMA-1, espe-
cially in the range of 110-120 °C and after surface
treatment. The results suggest that the increase of
cow dung fiber length can increase the viscosity,
which can be attributed to the more remarkable fiber
network. Moreover, the two kinds of surface treat-
ments can further improve reinforcing effect of the
fiber network.

In terms of asphalt binders modified by CDF,
STCDF and ATCDEF, it can be observed that
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Fig. 5 Viscosity versus temperature curve of asphalt binders

STCDFMA exhibited the highest viscosity, followed
by ATCDFMA, and CDFMA has the lowest viscosity
under a condition of constant fiber length. The rea-
son is that the compatibility between the CDF and the
asphalt is improved by surface treatment, which facil-
itates the formation of three-dimensional (3D) net-
work structure in the asphalt binder. The interlacing
and winding effects between fibers become more evi-
dent, making CDFMA more viscous. By contrast, the
ATCDFMA obtained by alkali treatment has a lower
viscosity than STCDFMA due to the degradation
reaction of hemicellulose and lignin, which reduces
its polymerization degree and weakens the network
structure of CDF.

The quantitative relationship between viscosity
and temperature can be analyzed using Saal’s formula
(Wang et al. 2014), as expressed in Eq. (8).

lg(lgn x 10°) = n — m1g(T + 273) 8)

where 1 represents the kinematic viscosity; T repre-
sents the temperature; m is the regression coefficient,
its absolute value characterizes the temperature sen-
sitivity of the material within the tested temperature
range; and n represents a constant relating to the
physical properties of the fluid. The Saal formula was
used to process the data and the double-logarithmic
viscosity-temperature curves were obtained, as shown
in Table 3 and Fig. 6. According to the viscosity-
temperature sensitivity (VTS) method, the smaller
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Table 3 Regression analysis of double logarithmic viscosity
versus temperature curve of asphalt binders

Asphalt type Regression equation* Correlation
coefficient
R
BA y; =13.156—4.889x 0.9769
ATCDFMA-1 y,=9.753-3.563x 0.9988
ATCDFMA-2 y3=9.389-3.417x 0.9988
STCDFMA-1 y4=10.244-3.738x 0.9946
STCDFMA-2 y5=9.624 —3.496x 0.9955
CDFMA-1 Y6 =12.408 —4.597x 0.9893
CDFMA-2 y;=12.101 —4.475x 0.9774

*y represents lg (Ig nx 10%) and x represents Ig (T +273)
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Fig. 6 Double-logarithmic viscosity versus temperature curve
of asphalt binders

the absolute value of viscosity-temperature index, the
less sensitivity of asphalt to temperature. It can be
seen from the regression fitting results that the tem-
perature sensitivity of CDFMA is weaker than that of
BA. The temperature sensitivity of CDFMA can be
inhibited by the two surface pretreatment processes.
The ATCDFMA exhibits the least sensitivity to tem-
perature. Furthermore, with an increase in the length
of CDF, the high temperature stability of CDFMA is
proved to be significantly improved.

@ Springer

Complex modulus and phase angle of CDFMA
Black space diagram

A black space diagram is a graph plotting complex
shear modulus versus phase angle obtained from the
frequency sweep tests at different temperatures. This
representation of the test data eliminates the test
parameters (frequency and temperature) and enables
the viscoelastic responses of bituminous materials to
be analyzed without performing the time—temperature
superposition principle (TTSP) manipulations of the
raw dynamic data. Generally, the black diagram has
been widely used in identifying possible discrepan-
cies in the measurements, in verifying the thermo-
rheological simplicity of the different types of bind-
ers and time—-temperature equivalency, which can be
indicated by a smooth curve (Wang et al. 2018).
Figure 7 shows the black space diagram of BA
and CDFMA samples in the test temperature and fre-
quency range. It can be clearly seen that the dynamic
data of all the binders produced relatively smooth
curves with slight scattering. This indicates that BA
and CDFMA binders can be considered as thermo-
rheological simple materials. Compared with BA,
the rheological data of ATCDFMA-1, STCDFMA-1
and CDFMA-1 have a similar trend, but with a shift-
ing towards a lower phase angle (left), which means
more elastic behavior. This can be interpreted as the
obstruction of cow dung fiber to the viscous flow
of asphalt binders. Unlike the black space diagram

10°
10% 5
o)
£y
~d 10 3
<
2
s 1074
=}
g
1]
S 10
=
-3 ® BA s
£ 109 ATCDFMA-1
8 & ATCDFMA-2 o
# STCDFMA-1 B
10! 4 STCDFMA-2
O CDFMA-1
% CDFMA-2
10-2 1 1 1 1 1 1 1

50 55 60 65 70 75 80 85 90
Phase angle (°)

Fig. 7 Black space diagram of BA and CDFMA binders
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of samples mentioned above, the curves of ATCD-
FMA-2, STCDFMA-2 and CDFMA-2 exhibit an
inverse “C” pattern, which is similar to the rheologi-
cal curve of SBS modified asphalt reported in the
previous literature (Wang et al. 2018). At a moderate
temperature (i.e. 46 ‘C, 52 °C), the curves of ATCD-
FMA-2, STCDFMA-2 and CDFMA-2 exhibit a simi-
lar trend to that of BA because the rheological behav-
ior of the three CDFMA is dominated by the linear
viscoelastic response of asphalt matrix in this temper-
ature range. However, these samples have a trend of
decreasing phase angle at high temperature (i.e. 58 ‘C,
64 'C and 70 C) as the network reinforced structure
formed by fibers with a length of 2 mm controls the
rheological response of binders, which increases the
friction between asphalt molecules and resists the
viscous flow of the asphalt matrix. In addition, the
difference of black diagram curves of ATCDFMA,
STCDFMA and CDFMA demonstrates that STCDF
possesses the most obvious hindrance effect on the
viscous flow of asphalt matrix, followed by ATCDF,
and CDF.

Master curve

The master curves of complex modulus at the refer-
ence temperature of 46°C are presented in Fig. 8. It
can be seen that the increasing reduced frequency
led to an upward shift of complex modulus. Moreo-
ver, the addition of cow dung fiber is able to provoke

1E+02
/a/’
_ 1E+01 +
<
-
)
N’
@n
2 1E+00 +
=
<
=]
=
% 1E-01 4
= —e—BA
E’ ATCDFMA-1
3 75 ATCDFMA-2
1E-02 5 S = —#— STCDFMA-1
STCDFMA-2
—5— CDFMA-1
—¥— CDFMA-2
1E-03

T T T T
1E-03 1E-02 1E-01 1E+00 1E+01 1E+02
Reduced frequency (Hz)

Fig. 8 Master curves of complex modulus for BA and
CDFMA binders

a slight increase in the complex modulus of the
asphalt binder samples. This means that CDFMA has
a higher stiffness at the same temperature and fre-
quency range. By comparison, the samples ATCD-
FMA and STCDFMA exhibit a higher complex
modulus than CDFMA due to the presence of silane
coupling agent. It is worth noting that after the alkali
treatment, STCDFMA becomes softer based on the
fact that ATCDFMA has a lower complex modulus,
indicating that alkali treatment has a negative effect
on the ability of CDFMA to resist shear loading. This
is because that the structural macromolecules in the
cow dung fibers are dissolved and destroyed by the
alkaline solution, causing a decrease in stiffness. In
addition, it can be observed from the master curves
of all the CDFMA samples that the increase in the
length of the cow dung fibers can slightly enhance the
stiffness of the asphalt binders.

MSCR test results

The rutting resistance potential of the RTFO-aged
binder samples was characterized by the MSCR test
according to AASHTO MP 19, the results were as
shown in Fig. 9. The elastic property and permanent
deformation resistance of the asphalt binder speci-
mens were evaluated by percent recovery (R) and
non-recoverable creep compliance (Jnr) respectively,
which can be calculated by Egs. (9) and (10):

R= 2" 100%
= X
- ‘ ©)
P
Jnr = &
nr= — (10)

where ¢, is the peak strain in creep stage; ¢, is the
unrecovered strain in a creep-recovery cycle; and o is
the stress level (kPa) applied during creep phase. The
average percent recovery and non-recoverable creep
compliance of binders in 10 creep recovery cycles at
0.1 and 3.2 kPa stress level were expressed as R,
R;,, Jnry | and Jnrs ,, respectively. The stress sensitiv-
ity indexes of R and Jnrg; are calculated according
to Egs. (11) and (12) respectively:

Ry = [(Ry — Rs2)/Ry 11 % 100% (11

JInryy = [(Jnrs, — Jnrg ) /JInry 1% 100% (12)
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Fig. 9 MSCR parameters for all the RTFO-aged samples at
64 °C, 70 °C and 76 °C: a RO.1 and R3.2; b Jnr0.1 and Jnr3.2;
¢ Rdiff and Jnrdiff

According to Fig. 9a, b, compared with BA, all
the CDFMA samples exhibit lower non-recovera-
ble creep compliance with higher percent recovery,

@ Springer

which means a better resistance to rutting deforma-
tion. This demonstrates that the presence of cow dung
fibers inhibit the generation of irreversible defor-
mation of asphalt binder. Among the three types of
CDFMA samples, STCDFMA shows the most desir-
able MSCR parameters, followed by ATCDFMA,
while CDFMA possesses the largest Jnr and the
smallest R value. This phenomenon proved that sur-
face coupling pretreatment has an enhancement effect
on creep deformation recovery and rutting resist-
ance of CDFMA, but alkali treatment attenuated this
enhancement due to the destruction of cow dung fiber
structure by alkali. Furthermore, it can be noted that
the rutting resistance of CDFMA-2 is superior to that
of CDFMA-1. The main reason accounting for this is
that long fiber is more likely to form a network rein-
forcement structure in asphalt binder, improving the
deformation resistance. In addition, it’s worth noting
that the difference of MSCR parameter values of all
the samples is diminished with the increase of tem-
perature, indicating that the deformation resistance of
cow dung fibers is weakened at high temperature (i.e.
76 C).

Figure 9c illustrates the stress sensitivity indexes
results of BA and CDFMA. It can be seen that both
the increase in fiber length and the surface coupling
treatment reduce the stress sensitivity for R and Jnr of
CDFMA. R and Jnry;; exhibit similar sensitivity to
high-temperature as R and Jnr.

Fatigue characteristics of CDFMA
LAS test results

Figure 10 presents the stress—strain curves for PAV-
aged binder samples from LAS tests. It can be seen
that the shear stress response of all asphalt bind-
ers exhibited distinct peaks but appeared at differ-
ent strains, which is called the yield stress (strength)
of the material. The shear strain corresponding to
the yield stress is the yield strain. After the peak, a
substantial drop in shear stress can be observed,
indicating that significant damage to the specimen
has occurred. Obviously, the yield strains of all the
CDFMA are higher than BA except for CDFMA-1,
which demonstrates that the addition of CDF acceler-
ates the destruction, but the failure of binders could
be hindered by pretreatment on the fiber surface or
increasing the fiber length. In addition, compared to
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Fig. 10 Stress—strain curves from the LAS test for PAV-aged
asphalt binders

BA, all the CDFMA binders show lower maximum
stress values, which suggests that the addition of cow
dung fiber leads to a decrease in the stiffness of the
asphalt binder.

With the VECD theory based on pseudo strain
energy (PSE) (Park et al. 1996), the relationship
between damage strength S and material integrity C
can be quantified, and the results are shown in Fig. 11.
At constant damage density, binders with higher C
values possess better fatigue resistance, indicating
higher material integrity under load cycles. As seen
from the curves that there is no significant difference
in C values of BA and CDFMA when the damage

—BA
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Fig. 11 Relationship between parameter C and damage den-
sity of PAV-aged asphalt binders

intensity is low. As the S increases, it is evident that
the addition of cow dung fiber enables the asphalt
binder to present a small decline of C when bearing
the same level of damage, which demonstrates a bet-
ter fatigue performance. However, the improvement
of the fatigue resistance of BA by the six fibers occurs
at different damage densities. ATCDFMA and STCD-
FMA show higher durability at smaller damage den-
sities, while CDFMA-1 at higher damage densities
(over 150).

Figure 12 illustrates the predicted fatigue lives for
the binders through VECD theory at the two applied
strain levels. It can be seen that fatigue lives of all
the binders decreases with strain level increases and
the fatigue resistance of BA displays the worst at
any strain amplitude. Obviously, the addition of cow
dung fibers considerably enhances the fatigue life
of BA. Besides, it can be found from the fatigue life
of CDFMA samples that both the pretreatment and
the increase in fiber length could enhance the dura-
bility of asphalt binders, especially the pretreatment
by a combination of alkali and coupling agent. For
instance, the ATCDFMA-2 affords the fatigue lives
1.14, 1.27 and 1.12 times longer than STCDFMA-2,
CDFMA-2 and STCDFMA-1 at the strain amplitudes
of 2.5%, respectively. The cause is that ATCDF bonds
more tightly with the asphalt matrix and its higher
interface energy effectively prevents the expansion of
fatigue cracks. On the other hand, the increased fiber
length enhances bridging effects and thus inhibits
crack growth.
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Fig. 12 Predicted fatigue lives for PAV-aged asphalt binders at
2.5% and 5.0% strain amplitudes
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Fig. 13 Images of cracking
surfaces for asphalt binders
after time sweep tests at

20 °C and 10 Hz

STCDFMA-2

Time sweep test results

A typical image of asphalt cracking surface after
the time sweep fatigue test is presented in Fig. 13.
From the images it can be observed that the asphalt
sample surface displays distinct morphology in dif-
ferent areas. In the central region of the specimen,
the surface is flat and smooth, which represents the
uncracked part of the specimen during the time sweep
test. In the edge region of the specimen, a circular
rough surface consisting of radial peaks and valleys
(referred to as the "factory roof") is fatigue crack area
caused by the interaction between the surface and the
bottom of the specimen triggered by the shear load.

The surface morphology of ATCDFMA-1 is
labelled to show how the fatigue crack length is
obtained from the asphalt cracking surface photos.
Firstly, the boundary between the undamaged area
and the cracked area is marked out using Adobe
Photoshop CS6 software based on the noticeable dif-
ference in grayscale values. The pixel area statistics
function in the Image Pro Plus (IPP) 6.0 software is
then used to calculate the pixel area of the undam-
aged area and the whole sample area and replace the
actual area ratio with the pixel area ratio (S./S,). The
final crack length (c), denoted as the measured crack
length, can be obtained by Eq. (13):

o= D0~ VS./S0) (13)

2

where d, is the diameter of the asphalt sample, 8 mm.
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In the DSR-C model, the crack length of asphalt
during time sweep testing is predicted from the com-
plex shear modulus and phase angle of the specimen
under undamaged and damaged conditions, as shown
in Eq. (7). The complex shear modulus (|GE“)‘) and

phase angle (6,) in the undamaged condition can be
obtained from the frequency sweep test in LAS test.
The shear modulus (|G]*V‘) and the phase angle (6y)

with the 54,000th load cycles under the damaged con-
dition are obtained by the time sweep tests. Taking
CDFMA-1 as an example, the process of obtaining
the above parameters is shown in Fig. 14.

The results of measured crack length and calcu-
lated crack length obtained by DSR-C model are pre-
sented in Table 4. It can be seen that the crack length
values of all the CDFMA samples are smaller than
that of BA, indicating that the addition of cow dung
fiber can improve the fatigue resistance of asphalt
binders. Besides, the variations in the crack lengths
of the six CDFMAs exhibit a good concordance with
the results of their fatigue life from the LAS test. This
further proves the pretreatment and increased fiber
length enhance the durability of asphalt. In addi-
tion, the cow dung fiber modified by a combination
of alkali and silane coupling agent is more effective
in preventing fatigue cracking of the asphalt binder,
demonstrated by the minimum crack length values.
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Fig. 14 Results of LAS test and time sweep test for CDFMA-
1: a Shear modulus and phase angle in undamaged condition;
b Shear modulus and phase angle in damaged condition

Comparison of DSR-C model and fatigue parameter
N,
f

Figure 15a presents the comparison between the cal-
culated crack length obtained from the DSR-C model

and the measured results. The quality line (y=x) is
added to visualize the difference between the theo-
retical and actual results. The proximity of the data
points to the quality line can be measured by sum
squared residuals (SSR). It is found that the pre-
dicted crack length agrees well with the actual meas-
ured values with an SSR of 0.05, which verifies the
accuracy of the DSR-C model in terms of fatigue
performance prediction of asphalt binders. Further-
more, the fitting curve of the fatigue life (N;) obtained
in the LAS tests versus the measured crack length
from time sweep tests at 5% strain level was plotted
in Fig. 15b. It can be seen that its correlation coeffi-
cient R value of N; is 0.87, which is smaller than that
(0.97) of the DSR-C model shown in Fig. 15a. This
indicates that the DSR-C model presents a more accu-
rate fatigue resistance evaluation of asphalt binders
than that of the fatigue parameter N; obtained from
the LAS tests. The reason is because that the varia-
tion range of strain amplitude in the LAS tests is too
large. When the strain level exceeds the yield strain
of the material, the asphalt specimen will be damaged
in advance. The damage at this point is caused by the
too large strain level rather than fatigue. Overall, the
DSR-C model is capable of accurately evaluating the
fatigue resistance of the CDFMA.

Conclusions

In this study, the rheological and fatigue characteris-
tics of cow dung fiber-modified asphalt binders were
investigated with the effects of surface treatment and
fiber length. The surface morphology and thermal
stability of cow dung fibers with surface coupling

Table 4 Calculation results

Samples G, (kPa d,(° Gy'(kPa On(° Calculated crack Meas-
gfnféli::iriue crack in asphalt b o (7 O n (P "0 length(mm) ured crack
length(mm)

BA 2845.645  57.32  285.219 64.02  1.786057 1.767074143
ATCDFMA-1 3781386 5521  697.572 65.70  1.445927 1.494999859
ATCDFMA-2 4254973  54.63  829.521 63.07  1.400762 1.436775888
STCDFMA-1 3700.768  55.38  517.533 64.77  1.611065 1.597196609
STCDFMA-2 3768.360  54.69  672.349 64.00 1.462311 1.536222377
CDFMA-1 3036.843  54.57  329.253 64.90 1.764511 1.703233404
CDFMA-2 3515325 5424  511.650 64.69  1.595141 1.649942055
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Fig. 15 Fatigue performance prediction of asphalt binders
based on DSR-C model and fatigue parameter Nf: a Com-
parison between calculated and measured crack length in time

treatment, alkali treatment and two fiber lengths were
first measured using SEM and TG. The viscosity test,
frequency sweep test and MSCR test were performed
to evaluate the rheological properties of CDFMA
with different lengths and surface treatments. The
fatigue properties of CDFMA were characterized by
LAS and time sweep tests. Based on the results and
analysis, the following conclusions can be drawn:

(1) The surface treatment increases the roughness of
the cow dung fiber surface, which covers the sur-
face with a solvent layer and facilitates the com-
patibility of asphalt binders and cow dung fiber.

(2) The surface coupling treatment of cow dung fib-
ers increases the stiffness of asphalt binders. The
fiber length has no significant effect on the stiff-
ness of the binders.

(3) CDFMA-1, STCDFMA-1 and ATCDFMA-1
can be considered as thermo-rheological simple
materials. The master curves of three CDFMAs
modified with 2 mm fibers show an inverse “C”
pattern.

(4) The surface treatments and the increase in fiber
length can improve the high-temperature perma-
nent deformation resistance of asphalt binders.
STCDFMA-2 exhibits the best high-temperature
performance among all seven binders.
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sweep tests at the 54000th load cycles; b Comparison between
fatigue life obtained in LAS tests and measured crack length

(5) ATCDFMA shows the highest fatigue cracking
resistance, followed by STCDFMA and finally
CDFMA. The increase in fiber length slightly
inhibited the fatigue cracking.

(6) Compared to the index of fatigue life Ny, the
fatigue crack length of CDFMA calculated by the
DSR-C model correlated better with the meas-
ured results from time sweep fatigue tests.
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