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Abstract: In order to explore the feasibility and efficacy of reed-fiber-modified bitumen (REMB), three
lengths and three dosages of reed fibers were selected to modify bitumen and bituminous mortar,
while the physicochemical properties of RFMB and RFMB mortar were analyzed. In this work, FTIR
spectroscopy was employed to characterize the chemical impact of fiber on bitumen. The viscidity
and rheology of RFMB and the tensile strength of RFMB mortar were evaluated using a Brookfield
viscometer, dynamic shear rheometer, and monotonic tensile test. The results showed that adding
fibers primarily affects the physical structure rather than the chemical composition of bitumen,
confirmed by FTIR spectroscopy. RFMB viscosity increased with higher fiber dosage and fiber
length. Rheological evaluations showed an enhanced complex shear modulus for REMB, suggesting
improved performance at higher temperatures but increased stiffness at lower temperatures, with
the latter indicating reduced flexibility. RFMB also demonstrated superior fatigue and rutting
resistance, albeit with compromised stress sensitivity. Tensile tests on RFMB mortar highlighted
significant improvements, especially with longer fibers, while shorter 0.4 mm fibers showed modest
reinforcement effects, possibly due to uneven distribution during sample preparation.

Keywords: bitumen; reed fiber; mortar; rheological; performance characterization

1. Introduction

Bitumen is the cornerstone of road pavement construction worldwide, and is crucial
for creating resilient and durable road surfaces. The increasing volume of traffic and
the diverse environmental conditions to which roads are exposed demand enhanced
performance from bitumen. Traditional bitumen often struggles to meet these rigorous
requirements, including varying climate conditions, heavy traffic loads, and evolving
pavement structures. Consequently, modifying bitumen has emerged as a crucial strategy
to improve its performance, durability, and adaptability under challenging conditions [1].

Historically, the enhancement of bitumen has largely relied on synthetic polymers.
These polymers improve various bitumen properties, such as flexibility, resistance to
deformation, and temperature susceptibility. However, with the growing emphasis on
sustainability and eco-friendly construction practices, there is a rising interest in natural
and renewable alternatives. Natural fibers, including reed fibers, have garnered attention
as promising additives that can not only reinforce bitumen but also align with sustainable
construction goals [2—4].

Research into fiber-modified bitumen has demonstrated various benefits. For instance,
fibers such as glass and metal have been shown to enhance bitumen’s resistance to ther-
mal deformation and rutting [5]. Cellulose fibers have been effective in improving the
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performance of recycled bitumen concrete by increasing its rutting resistance and moisture
stability [6].

Amidst this backdrop, reed fibers have emerged as a promising candidate due to their
widespread availability and renewable nature. Reed, thriving in wetland environments
globally except Antarctica, offers advantages such as rapid growth and resilience to frequent
cutting without the need for fertilizers. Moreover, reed cultivation can contribute to
environmental conservation efforts by preventing peatland drainage, thereby mitigating
greenhouse gas emissions [7,8].

Reed fibers, known for their high lignin content, mechanical strength, and rapid
growth, present a compelling alternative to synthetic fibers. They have been successfully
utilized in other applications such as insulation panels and composite materials, where
they enhance mechanical and thermal properties [9-12].

Despite these advances, there is a notable gap in the literature regarding the specific
effects of fiber length and dosage on bitumen properties. Most existing studies have focused
on general benefits rather than a detailed examination of how varying fiber dimensions
and concentrations affect bitumen’s performance.

Bituminous mortar, which integrates bitumen with aggregates, plays a critical role
in road construction by providing necessary structural support and durability. Although
previous research has explored the impact of various modifiers on bituminous mortar,
there is limited understanding of how different fiber lengths and dosages influence its
properties [13]. This gap is particularly evident with natural fibers like reed, which have
not been extensively studied in the context of bituminous mortar.

This study aims to bridge this gap by investigating the impact of reed fibers on bitumen.
Specifically, we will explore how varying fiber lengths (<0.4 mm, 0.4-0.6 mm, and 0.8 mm)
and dosages (2%, 6%, and 10%) affect the properties of reed--fiber-modified bitumen (RFMB).
Through a comprehensive series of tests, including viscosity, frequency sweep, multiple
stress creep recovery, linear amplitude sweep, and monotonic tensile tests, this research will
provide valuable insights into optimizing reed fibers for bituminous mortar.

2. Materials and Methods
2.1. Raw Materials
2.1.1. Base Bitumen

The experiments utilized a 70/100 bitumen binder from Total Nederland N.V. (Den
Haag, The Netherlands). Table 1 presents the physical properties and chemical components
of this bitumen binder. In Table 1, The Asphaltene Colloidal Index (AsColloidal Index, CI)
is a key parameter used to evaluate the colloidal stability of asphaltenes within bitumen.
This index provides valuable information regarding the dispersion and interactions of
asphaltenes with other bitumen constituents, thereby influencing the overall performance
and rheological properties of the bitumen.

Table 1. Physical properties and chemical components of virgin bitumen.

Properties Value Test Standard
25 °C Penetration (1/10 mm) 91 ASTM D5 [14]
Softening point (°C) 48 ASTM D36 [15]
135 °C Dynamic viscosity (Pa-s) 0.8 AASHTO T316 [16]
25 °C Density 1.017 EN 15326 [17]
60 °C Density 0.996
Saturate, S 3.6
. . o Aromatic, A 53.3
Chemical fractions (wt %) Resin, R 303 ASTM D4124 [18]

Asphaltene, AsColloidal Index CI 12.8
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Table 1. Cont.

Properties Value Test Standard
Carbon, C 84.06
Hydrogen, H 10.91
Element compositions Oxygen, O 0.62 ASTM D7343 [19]
Sulphur, S 3.52
Nitrogen, N 0.9
Complex shear modulus
at 1.6 Hz and 60 °C (kPa) 24 AASHTO M320 [20]
Phase angle at 1.6 Hz (°) 84.5

2.1.2. Reed Fiber

The reed fibers of varying lengths were sourced from ESEM, Eindhoven, The Nether-
lands. These fibers, characterized by a golden hue and dry texture, retained their natural
surface without modification.

In this study, we selected specific reed fiber lengths and dosages based on practical
and experimental considerations. The fiber lengths chosen were <0.4 mm, 0.4-0.6 mm,
and 0.8 mm. Fibers shorter than 0.4 mm tend to provide insufficient reinforcement, while
fibers longer than 0.8 mm can intertwine, complicating blending with bitumen and causing
"balling” issues [21]. The intermediate lengths of 0.4-0.6 mm were included to assess their
effectiveness relative to the extremes. According to preliminary investigation results, we
excluded the 0.6-0.8 mm length group due to similar performance results observed with
0.8 mm fibers.

In this research, the impact of reed fiber length on bituminous binder was investigated.
Four lengths of reed fibers (<0.4 mm, 0.4-0.6 mm, 0.6-0.8 mm, 0.8 mm) were selected, as
depicted in Figure 1. Fibers that are excessively long may intertwine, posing challenges in
blending with bitumen and causing “balling” issues. Conversely, fibers that are too short
provide inadequate reinforcement, making their inclusion as a filler futile and costly [22].

(a) 0.8mm (b) 0.8mm~0.6mm
(c) 0.6mm~0.4mm (d) <0.4mm

1

Figure 1. Appearance of reed fiber (0.8 mm, 0.6 mm to 0.8 mm, 0.4 mm to 0.6 mm, and less than 0.4 mm).

The reed fibers were mixed with bitumen at specified ratios based on bitumen mass.
High-, medium-, and low-fiber dosages—referenced from experimental doses of corn stalk
fibers with properties similar to reed fibers [22]—were set at 2%, 6%, and 10%. Following
previous experimental findings that revealed negligible performance differences between
0.6-0.8-millimeter-diameter fibers and 0.8 mm fibers, the 0.6-0.8 mm group was excluded
from subsequent experiments. The physical and mechanical properties of the reed fiber are
shown in Table 2.

Table 2. Physical and mechanical properties of the reed fiber.

Property Density Tensile Strength Elastic Modulus Lignin Content Moisture Content

Range 1.1~1.2

g/cm? 30~70 MPa 2.5~4.5 GPa 20~30% 10~15%
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2.2. Preparation of the Modified Bitumen

To mitigate the potential impact of high-speed shearing on fiber length, a method
involving low-speed agitation was employed. Following the procedures used for prepar-
ing other fiber-modified bitumen of similar structure [23,24], the preparation of RFMB
proceeded as follows:

(1) The reed fibers were weighed according to specified dosages based on the weight of
the bitumen;

(2) The bitumen and fibers were combined and placed in an oven, where they were
heated to 150 °C;

(38) Subsequently, the heated mixture was gradually introduced into the bitumen and
blended at low speed for 30 min to achieve even dispersion of the fibers.

Refer to Figure 2 for a visual representation of the RFMB preparation process.

4§ 150-170°C
______________________________________ Remove moisture
:
: Heating
1
g ! Blendin
£0 g
[l |

70/100 bitumi Low-speed 5
Reed fibers (RF) bil: d'::lmo“s Agitalt)ion Modified Asphalt

Figure 2. Process of preparing reed-fiber-modified bituminous binder.

2.3. Test Methods
2.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR was employed to investigate the effects of reed fibers on the modified binder.
The fibers were added at different weights (2%, 6%, and 10%). This analysis aimed to
determine any alterations in the chemical structure of the bitumen resulting from the fiber
additions. The FTIR device used for this analysis was from Waltham, MA, USA, which
provided precise spectral data to identify and quantify the chemical changes induced by the
incorporation of reed fibers. The procedure followed was outlined in ASTM E1252-98 [25].

2.3.2. Viscosity

The viscosity of the reed-fiber-modified bitumen was tested using fibers of three dif-
ferent lengths (<0.4 mm, 0.4-0.6 mm, and 0.8 mm) and varying dosages (2%, 6%, and 10%).
Viscosity serves as a critical indicator of bitumen’s flow characteristics and workability
during construction. Following standard rotational viscosity test procedures, viscosity mea-
surements were conducted at different temperatures using a Brookfield viscometer (Changji
Geological Instrument CO., Ltd., Shanghai, China), adhering to ASTM D4402-14 [26].

2.3.3. Rheological Measurements

This section uses the SmartPave 102 DSR (SmartTest, Uppsala, Sweden) testing device
to evaluate the rheological performance of reed-fiber-modified bitumen.

(1) Frequency Sweep

Complex modulus and phase angle measurements were conducted on reed-fiber-
modified bituminous binder across various temperatures (0 °C, 15 °C, 30 °C, 40 °C, 60 °C,
and 80 °C) and frequencies (0.1-10 Hz). Master curves were then constructed to represent
the collected data. The time-temperature superposition principle was used to create a
master curve for modified bitumen, with 30 °C as the reference temperature. Fitting
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parameters for the complex modulus were then determined based on this model [27].
Fitting parameters were derived as per ASTM D7175-15 [28].

[0

181G = 8+ ——5vrwm o E TR

M
where G* represents the complex modulus; 5 denotes the lower asymptote of complex
shear modulus |G*|; « denotes the upper asymptote of the complex shear modulus |G*|;
3 and vy are the shape factors.

(2) Multiple stress creep recovery (MSCR)

The MSCR method outlined in ASTM D7405-15 [29] identified the elastic response of
bitumen and its variation under two different stress levels. This study aimed to evaluate the
impact of reed fiber addition on rutting resistance through analysis of parameters including
percentage recovery and non-recoverable creep flexibility of the bitumen.

(3) Relaxation test

Bitumen samples were analyzed using a DSR equipped with an 8-millimeter-diameter
plate and a 2 mm gap at a temperature of 0 °C. The relaxation tests began with a 1% shear
strain applied over 0.1 s, followed by a 100-s relaxation period. Data were collected at a
frequency of 100 Hz, following the protocol in ASTM D7316-15 [30]. These tests are essential
for evaluating the stress generation and relaxation capabilities of bitumen at low temperatures.

(4) Linear Amplitude Sweep (LAS)

An LAS test was conducted to evaluate fatigue criteria. Initially, a frequency sweep
assessed rheological properties by applying a constant 0.1% strain across frequencies ranging
from 0.2 to 30 Hz, with data used to determine the “alpha” parameter for damage analysis.

Following this, at a consistent 10 Hz frequency, the LAS test involved incrementally
increasing strain from zero to 30% over 3100 cycles to simulate accelerated fatigue damage.
Key metrics such as peak shear strain, peak shear stress, phase angle, and dynamic shear
modulus were recorded at 10-cycle intervals, as detailed in ASTM D7405-15.

These tests provide comprehensive insights into the material’s fatigue behavior under
varying strain amplitudes and frequencies, critical for understanding its durability and
performance characteristics.

2.3.4. Monotonic Tensile Testing of Mortar Reinforced with Reed Fibers

In the context of fatigue and crack resistance, the tensile strength of bituminous
mixtures plays a critical role. Traditional uniaxial direct tensile testing of cylindrical
samples often encounters challenges, such as uncertain failure locations, particularly near
the specimen’s end caps [31]. To ensure controlled tensile failure at the specimen’s center, a
complex dog-bone-shaped geometry was adopted [32]. This study aimed to investigate the
impact of reed fibers on the mechanical properties of bitumen mortar specimens, which
were shaped into a parabolic form with a central straight section.

The test specimens were prepared using a systematic procedure: Bitumen, sand, and
fibers were initially heated to the specified temperature and mixed in proportions outlined
in Table 3 to form the mortar mixture. The mixture was then reheated in an oven to
maintain its rheological properties and facilitate handling. Concurrently, a silicone mold
was also preheated. The mortar was poured into the heated mold (see Figure 3a), allowed
to settle briefly to fill any voids, and then transferred to a refrigerator. Cooling in the
refrigerator stiffened the samples, facilitating easy demolding while retaining their shape.
The properties of the sand used in bituminous mortar are shown in Table 4.

Table 3. Material dosage per set of three prepared specimens.

Reed Fiber
2% 6% 10%

Species Sand Bitumen Filler

Dosage 100 g 50¢g 50¢g lg 3g 5g
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Figure 3. (a) The silicone mold containing the mortar, and (b) the demolded mortar sample.

Table 4. Properties of sand used in bituminous mortar.

© o as Specific Bulk Moisture Fineness . Silt and Clay
Property Source Grain Size Gravity Density Content Modulus Gradation Content
crushed 0.075 mm to Conforms to
Values d 4.75 mm (ASTM 2.63 g/cm? 1.52 g/cm® 0.5% 26 ASTM C33 <5%
sa (33 [33] Standard) specifications

Each mold allowed for the production of six specimens simultaneously, which were
later stored horizontally in a sand-filled container upon removal from the mold, as depicted
in Figure 3b. These specimens underwent meticulous inspection to detect any significant
pores or defects.

Following preparation, the specimens underwent monotonic tensile testing. The
mortar samples were loaded in tension using a Universal Testing Machine (UTM, IPC,
Melbourne, Australia) at a controlled displacement speed of 0.1 mm/s at 5 °C and 20 °C.
The specimen fixation during loading is illustrated in Figure 4.

Clamping system

16.3

18.2

Figure 4. Tensile test setup.

This methodical approach ensured consistent specimen preparation, essential for
accurately assessing how reed fibers affect the mechanical properties of bitumen mortar.
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3. Results and Discussion
3.1. FTIR

Figure 5a,b show the FTIR spectra of various samples, including virgin bitumen,
modified bitumen with different amounts of reed fiber, and pure reed fiber. Key peaks
observed in the FTIR spectra of reed fiber include the C-O stretch (1053 cm~1) and C-
C stretch (1028 cm™!), which indicate cellulose deposition during secondary cell wall
synthesis. Additionally, the NH, peak (1537 cm~!) suggests the presence of proteins or
amino acids, while the absorption peak at 1633 cm ™! indicates absorbed water—likely
moisture from fiber storage—a hypothesis to be verified by testing dried fibers; further,
-CH, asymmetric stretching (2918 cm~!) and intermolecular hydrogen bonds (3334 cm 1)
arise from waxes and cuticles on the fiber surface [34,35].

0.03

(a) ‘ 1028em’™": C-C stretch, cellulose deposition_L CITETS
s .

0.02

i 3334cm™ " O-H stretching :
. 1633cm™: H
(intermolecular hydrogen bonds) { dnf”: Adsortied H,D

" R

1537cm!: NH, deformation

Absorbance
L~
e

0.00

‘2918<:m'1: Asymmertic CH,, stretching (amide II)

T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)
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—2%
— 6%
—10%
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030 |(b)

0.25

<
Y
S

Absorbance
S
vy

o
=
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005 - A w}g

0.00 E
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Wavenumbers (cm™)

Figure 5. The FTIR spectra of (a) reed fiber, (b) virgin bitumen and RFBM.

In Figure 5b, it is apparent that the absorption peak intensities of modified bitumen
and virgin bitumen are nearly identical, suggesting that the addition of reed fiber did not
substantially alter the chemical composition of bitumen. This implies that the modification
of bitumen with reed fiber involved physical mixing without significant chemical reactions.
Furthermore, comparison of absorbance values between bitumen and fiber components
reveals minimal absorption by the fibers. With a maximum fiber addition of 10%, the FTIR
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spectrum of bitumen shows minimal interference from overlapping absorbance effects
caused by the fibers.

A notable observation is the distinct absorption peak at 1028 cm ! in reed fiber, which
shows an increasing trend in the peak area for 2%, 6%, and 10% RFMB. This observation
could potentially serve as a criterion for evaluating the consistency of the fiber-bitumen
blend in future research. It is important to note, however, that the iS50 FTIR Spectrometer
manual specifies that infrared light used in the attenuated total reflection (ATR) test interacts
only with the material’s surface in contact with the ATR crystal, with penetration depths
ranging from 0.25 to 2.5 um across the 4000400 cm~! wavelength range [36]. Given the
lower fiber content used in this study and potential limitations in fiber length, it is possible
that few or no reed fibers make contact with the crystal during testing. Therefore, verification
through transmission FTIR measurements may be necessary for future applications.

This refined explanation ensures clarity and coherence in describing the FTIR analysis
and its implications for assessing the modification of bitumen with reed fiber.

3.2. Viscosity

In this study, eight test temperatures—90 °C, 100 °C, 110 °C, 120 °C, 135 °C, 150 °C,
160 °C, and 170 °C—were used to measure and plot the viscosity of RFMB to assess its
temperature sensitivity. Figure 6 demonstrates that as temperature rises, the viscosity of RFMB
decreases. Moreover, it shows an increase in viscosity with greater fiber length and dosage.

304

—=—0.4mm 2%
10%) —e—0.4mm 6%
25 ——0.4mm 10%

——0.4-0.6mm 2%
0.4-0.6mm 6%
0.4-0.6mm 10%

"%E ——0.8mm 2%
——0.8mm 6%

[
S
1

——0.8mm 10%

2% [ —— Virgin

Viscosity (Pa-s)
>
1

T T T T
80 100 120 140 160 180

Temperature (°C)

Figure 6. Viscosity varies with the temperature across each group.

Additionally, as depicted in Figure 6, the viscosity of RFMB shows a significant
increase with higher fiber dosage, displaying three distinct gradients based on fiber content.
Although fiber length also influences REMB viscosity, even the longest fibers at a lower
dosage exhibit lower viscosity compared to shorter fibers at a higher dosage. At lower fiber
dosages, reed fibers primarily act as dispersing agents in bitumen, resulting in a limited
viscosity increase. However, with increasing fiber dosage, reed fibers form a network
structure, resulting in a viscosity increase of 1-2 times that of virgin bitumen. Importantly,
all REMB samples exhibit higher viscosity compared to virgin bitumen.

From a construction temperature perspective, REMB requires sufficient heating during
storage, blending, and pumping. Typically, after mixing, transporting, and pumping, the
mixture is compacted around 135 °C. According to AASHTO standards, the viscosity of
modified bitumen should not exceed 3 Pa-s at this temperature. Hence, bitumen with a
viscosity below 3 Pa-s at 135 °C is deemed acceptable, with lower viscosity being preferable.

The viscosity—temperature relationship was utilized to determine the temperature at
which each sample reaches a viscosity of 3 Pa-s at 20 rpm, ensuring effective compaction
in practical engineering, as depicted in Figure 7. The addition of reed fiber is observed to
elevate the compaction temperature, consistent with the viscosity analysis discussed earlier.
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Notably, the 0.8 mm fiber length at the 2% dosage exhibits a lower compaction temperature
than samples with longer fibers at the same dosage, contrary to previous findings. This
discrepancy might stem from difficulties in achieving uniform blending of longer fibers,
resulting in a lower actual fiber dosage in the test samples.

140

1216
120 - 17 W36 1177 118.1

113.4 113.7 12.1 1114

=3
S
1

Temperature (°C)
8

60

oo | glo Tl | gl sl Tglo | qsle | gl
o o » - - M > >

o o N o o - 0N o o

OFT QAT T T “&3.6“‘ Q¥ Q¥ (8

W

Figure 7. Temperature at 3 Pa-s viscosity for each sample at 20 rpm.

Additionally, Figure 8 shows viscosity measurements at 135 °C for each sample. While
lower fiber dosages result in minimal changes in viscosity, higher dosages lead to a 50-80%
increase, yet all samples meet the 3 Pa-s requirement, indicating that fiber addition does
not compromise the bitumen’s suitability for practical use. The similar viscosity values
for 0.4 mm 2%, 0.4-0.6 mm 2%, 0.8 mm 2%, and virgin bitumen at 135 °C suggest that,
under these conditions, variations in fiber length and dosage have a minimal impact on
viscosity. This uniformity implies that at this temperature, the reed fibers’ effect on the
bitumen’s viscosity is not pronounced, likely due to the high temperature mitigating the
fibers” influence on the binder’s flow properties.

1.0

0.8+

e
o
1

Viscosity (Pa.s)
o
N
1

0.2

0.0 -
AR L N L SO “\\“o,u s

Figure 8. Viscosity at 135 °C.

This refined explanation provides clarity and coherence in discussing the impact of reed
fiber on the viscosity and practical usability of modified bitumen in construction scenarios.
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3.3. Frequency Sweep

Figure 9 depicts the relationship between the complex modulus of RFMB and loading
frequency, highlighting how the modulus increases with the higher reed-fiber dosage in
bitumen. Additionally, greater fiber length enhances the master curve of the complex
modulus, though to a lesser degree than variations in fiber dosage, aligning with results
from prior viscosity experiments.

10°
= Virgin
© 0.4mm 2%
s ] A 0.4mm 6%
10 v 0.4mm 10%
0.4-0.6mm 2% 's
; 0.4-0.6mm 6% s¥
104 . > 04-0.6mm 10% 8§ ¢ .
H o 08mm2% : ) Sl
P - *0.8mm 6% T T
—_ 6 | = L] L
£ 10 £ ¢ 08mm10% g .-
= 3 .
E b .
= ]05 - b -
< i“ (%"
S od
: 3 .
g {7 oo o8, e /
2 10% 4 ) z
s 10 \ o - :
£ \ ® . E
o \ H
10° 4 \ - 2
\ H
\ S
\
\
102 4 — -
.
% |- o o 0 s W
Log reduced frequency (1)
10' 4
0
10 T T T T T

2 0 2
Log reduced frequency (Hz)

Figure 9. Complex modulus master curve at 30 °C.

The low-frequency region pertains to bitumen performance at high temperatures,
whereas the high-frequency region reflects performance at low temperatures. Upon detailed
examination of the frequency spectrum in Figure 9, it is evident that fiber addition markedly
enhances the modulus across all temperatures compared to virgin bitumen. Notably, in the
high-frequency range, the disparity between the RFMB and virgin bitumen curves is more
pronounced, highlighting a substantial impact of reed fiber addition at higher frequencies.
In REMB groups, the modulus increases by approximately 100% at high temperatures,
while the difference is around 10% at low temperatures, which is relatively insignificant. A
higher G* value indicates greater stiffness of the bitumen.

Here, the black space diagram is used to evaluate crack resistance, plotting the com-
plex shear modulus G* against phase angle 5 without relying on the time—temperature
superposition principle. This diagram offers unique profiles for different types of bitumen.
Anderson and colleagues introduced a method to fit the G* master curve and phase angle
using an essential parameter known as the R-value, as depicted in the following equation.

(log2) x log%‘”)
R= : (2)
log< - %)

where G*(w) is the complex modulus at frequency w; Gg is the glassy modulus and
assumed to be 1 x 10° Pa; §(w) is the phase angle at frequency w. With the aid of the
regions divided by the R =1, R = 2, and R = 3 curves, it is interesting to view the results of
modification on a black space diagram about potential damage, as shown in Figure 10.
The complex modulus at frequency w is denoted by G*(w), where G represents the
glassy modulus assumed to be 1 x 10° Pa and §(w) is the phase angle at frequency w.
Divided into regions by the R =1, R =2, and R = 3 curves, the black space diagram provides
insights into the impact of modification on potential damage, as depicted in Figure 10.
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Figure 10. Black space diagram of rheological data.

Based on the R-value ranges, higher values indicate greater susceptibility to cracking.
Areas in the lower-left corner of the graph signify potential for block cracking, while the
upper-right corner indicates lower risk. Figure 10 illustrates that the addition of reed fiber
shifts RFMB closer to curves associated with lower R-values compared to virgin bitumen,
suggesting reduced susceptibility to cracking. This effect is particularly notable in the lower
phase angle region, indicating improved resistance to low-temperature cracking due to
fiber inclusion.

Conversely, among fiber-added groups, curves almost overlap, suggesting minimal
distinguishable effects of fiber length and dosage on their mechanical properties.

This revised version maintains formality and coherence, offering a clear and precise discus-
sion on how reed fiber influences the mechanical properties and crack resistance of bitumen.

3.4. MSCR
Figures 11 and 12 present the results from MSCR tests conducted at 70 °C and 76 °C.
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In terms of ], which signifies rutting resistance, all REMB consistently exhibit lower
values compared to virgin bitumen across both temperatures and stress levels. Notably, the
value of |, decreases in an approximately linear manner with increasing reed fiber dosage,
irrespective of variations in fiber length. Particularly, the REMB containing 10% 0.4-0.6 mm
reed fibers demonstrates superior rutting resistance under varied test conditions.

Conversely, J,,4iff, indicating stress sensitivity, shows an increase with the addition
of fiber. This trend opposes the observed improvement in rutting resistance. Higher fiber
dosage, notably in the 10% 0.4 to 0.6 mm reed-fiber group, exhibits the highest stress
sensitivity. This discrepancy is likely due to the aggregation of longer fibers at higher
dosage levels, reducing their effectiveness and potentially acting as inert fillers within the
bitumen matrix. This effect is less pronounced with 0.4 mm fibers.

According to AASHTO M332 [37] specifications, none of the modified bitumen sam-
ples exceeded the maximum allowable 75% limit for J,,4irs. However, considering the
variability in sample composition and blending conditions typical in practical applications,
the elevated stress sensitivity observed in the 10% 0.4 to 0.6 mm reed-fiber group may limit
its practical usability. Evaluating both rutting resistance and stress sensitivity collectively,
the 6% 0.4 to 0.6 mm and 6% 0.8 mm modified bitumen samples exhibit superior rutting
resistance and relatively lower stress sensitivity.

These findings highlight the intricate relationship between fiber dosage, length, and
their impact on the mechanical properties of bitumen. They provide valuable insights
for optimizing fiber-modified bitumen formulations tailored to enhance performance in
bitumen engineering applications.

3.5. Relaxation Test

Figure 13 displays the stress—time curve for the 0.4 mm 6% reed fiber group. At lower
temperatures, the relaxation test assesses stress generation and relaxation capabilities.
Figure 14 presents the maximum shear stress of each sample under identical shear strain, with
the initial maximum shear stress normalized to 100%. Figure 15 displays the times required
for the stress to decrease to 50% (T50) and 10% (T10) of their initial values for each sample.

The data clearly indicate a substantial increase in shear stress with the addition of reed
fibers, suggesting greater stiffness of the REMB. This increased stiffness at low temperatures
also implies increased brittleness.

From Figure 15, it is clear that the time required for stress to return to 50% remains largely
unchanged for RFMB compared to virgin bitumen. However, for stress to return to 10%,
RFEMB exhibits approximately half the time compared to virgin bitumen. This improvement
indicates that the incorporation of fibers enhances stress relaxation and reduces residual
stresses, which is typical of viscoelastic materials. The elastic component rapidly releases
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part of the stress upon removal of external force, while the viscous component gradually
releases the remaining stress over time. The addition of reed fibers increases the viscosity of
bitumen, facilitating easier release of residual stresses compared to virgin bitumen.
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Figure 13. Stress-time relaxation curve for 0.4 mm and 6% reed fiber.
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Another consideration is the method employed for applying strain in DSR testing, where
strain is induced by twisting the plate bonded to the bitumen, relying on the adhesion between
the plate and the bitumen. The presence of fibers at this contact surface due to fiber addition
may alter this adhesion, potentially reducing the ability of bitumen to maintain strain after
application. This alteration could contribute to the observed stress relaxation behavior.

In summary, these findings underscore the complex interplay between fiber addition,
material stiffness, stress relaxation, and adhesion dynamics in fiber-modified bitumen.
They provide valuable insights into the viscoelastic properties and potential implications
for bitumen engineering applications.

3.6. Linear Amplitude Sweep

Figure 16 displays the results of the linearly increasing amplitudes test. The area under
the LAS curve, depicted in Figure 17, quantifies the energy required to fracture the samples.
It is evident that with increasing shear strain, all RFMB samples show a distinct peak in
shear stress, followed by a sharp decline, indicating sample damage.
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Figure 16. Stress-strain curves from LAS test with various reed fiber lengths: (a) all lengths; (b) 0.4 mm;
(c) 0.4 to 0.6 mm; (d) 0.8 mm.

Specifically, in Figure 16a, the RFMB containing 0.4 mm reed fibers shows an increase
in peak stress with higher fiber dosage, occurring at higher strain values. This suggests
improved strain tolerance as the fiber dosage increases. This trend is less consistent across
other fiber length groups but consistently shows peaks occurring beyond those of virgin
bitumen. Similarly, Figure 16 indicates a comparable trend in the area under the LAS curve
with increasing fiber dosage in the 0.4 mm and 0.8 mm groups. However, the influence
of dosage variation in the 0.4-0.6 mm group is less pronounced, necessitating further
investigation into its impact on enhancing bitumen strain tolerance.

Based on these results, the addition of 10% 0.4 mm reed fibers showed the most
significant improvement in bitumen tensile strength. Using AASHTO TP 101-14, the fatigue
performance parameter N¢ was calculated from the aforementioned data and is depicted in
Figure 18 for strain levels of 2.5% and 5%. RFMB demonstrated superior fatigue resistance
across both strain levels, particularly with a 2% fiber addition across all fiber lengths.
Specifically, at a 5% strain level and 2% fiber dosage, fatigue performance for 0.4 mm,
0.4-0.6 mm, and 0.8 mm reed fibers was 16.8, 17.2, and 17.4 times higher than that of virgin
bitumen, respectively; however, at a 10% fiber dosage, these values decreased to 11.3,7.7,
and 6.5 times, respectively. Similar trends were observed at the 2.5% strain level, with
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values of 13.0, 13.1, and 13.6 times higher at 2% dosage and 9.0, 6.5, and 5.4 times higher at
10% dosage.
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Figure 17. The area enclosed by the LAS curve.
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Figure 18. Predicted fatigue lives at 2.5% and 5% strain amplitudes.

Overall, the impact of fiber dosage was more pronounced in longer fiber lengths. Reed
fibers significantly enhance fatigue resistance, with REMB containing 0.8 mm fibers and a
2% addition exhibiting the most notable improvement in fatigue life.

The LAS test has recently played a crucial role in evaluating the damage tolerance
of bitumen binders based on macrocrack growth rate trends [38]. Figure 19 depicts crack
length (a¢) calculated from the LAS test, representing the maximum allowable crack length
before sample failure. Beyond this threshold, the crack length increases abruptly, indicating

sample damage. Longer crack lengths at failure are preferable as they indicate greater
tolerance to crack propagation [39].
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Figure 19. Crack length at failure.

3.7. Monotonic Tensile Testing of Mortar Reinforced with Reed Fibers

Figure 20 depicts the force—displacement data obtained from the monotonic tensile test,
showing the maximum tensile force recorded for each specimen. Typically, the addition
of fibers enhances the tensile strength of bituminous mortars [40]. Interestingly, when
containing 6% reed fiber, the mortar showed the lowest strength among groups with similar
fiber lengths, even demonstrating lower strength at 5 °C compared to the mortar without
added fiber. The error bars suggest that the influence of fiber addition on tensile strength is
not definitively clear. Nonetheless, at 20 °C, the addition of 2% 0.4-0.6 mm and 0.8 mm
fibers showed significant increases of 3.09 and 2.59 times, respectively. This enhancement
can be attributed to the reinforcing effect of fiber stiffness on the matrix, which is more
pronounced at higher temperatures due to improved blending.

While higher fiber dosages enhance the ability to transfer forces between fibers within
the specimen, the bond at the fiber-mastic interface remains the weakest link [41]. At
elevated temperatures, the adhesion between fiber and mastic can surpass the cohesive
strength of the mortar itself, which helps mitigate this weakness with higher fiber pro-
portions. This accounts for the decrease in strength observed with 6% reed fiber at 20 °C,
along with the slight increase with the 10% addition. In contrast, at 5 °C, there are no clear
trends, and minimal differences between groups suggest that load transfer between fibers
is less significant at lower temperatures. Nonetheless, the phenomenon of enhanced tensile
strength with reed fiber addition remains uncertain and requires further investigation.
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Figure 20. (a) Force-deformation curve at 5 °C, (b) maximum tensile force at 5 °C, (c) force-deformation
curve at 20 °C, (d) maximum tensile force at 20 °C.

Fracture energy, representing the material’s capacity to absorb energy before failure, is
depicted in Figure 21 under monotonic tensile loading. At 5 °C, fibers did not significantly
enhance the energy required to fracture the specimen, with irregular effects observed
regarding fiber length and dosage. This inconsistency may arise from the interface zone
between fibers and mastic becoming a potential weak point during low-temperature testing,
which can accelerate specimen damage and reduce total energy absorption.
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Figure 21. Fracture energy at (a) 5 °C and (b) 20 °C.

Conversely, at 20 °C, a notable enhancement in fracture energy was observed with
2% reed fiber dosage, while other fiber dosages did not show significant improvements,
mirroring the strength analysis pattern. Notably, while 0.4 mm fibers exhibited considerable
performance increases, the effect was slightly less pronounced than longer fibers, likely
due to shorter fiber lengths limiting force transmission within the mastic.

In summary, the monotonic tensile test effectively demonstrated the enhancement in
tensile strength afforded by reed fibers. Analysis based on peak forces indicates a more
pronounced effect at 20 °C compared to 5 °C, highlighting the critical role of fiber—-mastic
adhesion at higher temperatures where fibers primarily contribute to mixture strength. The
total fracture energy represents the stress and elongation of the specimen under tension,
indicating the overall energy required to fracture the sample. Combining peak force and
fracture energy data suggests that adding 2% of 0.4-0.6 mm reed fibers effectively enhances
the tensile properties of the mortar.
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3.8. Ranking

Based on the preceding tests, a straightforward ranking method is introduced to
determine the optimal amount and length of fiber to incorporate. Each material is assigned
a ranking value (RV) based on its performance across various tests, with the highest-
performing material receiving an RV of 10 and the lowest-performing an RV of 1. The Total
Ranking Value (TRV) for each material is then calculated by summing its RV across all tests.
Table 5 summarizes the RV and TRV for both RFMB and virgin bitumen.

Table 5. Ranking values comparison between various REMB and virgin bitumen.

Workability 0.4 mm 0.4 mm 0.4 mm 0.4-0.6 mm  0.4-0.6 mm  0.4-0.6 mm 0.8 mm 0.8 mm 0.8 mm Virgin
Parameters 2% 6% 10% 2% 6% 10% 2% 6% 10% 8
Viscosity 8 6 3 7 5 2 9 4 1 10
High-Temperature Properties
Jaro1 2 5 8 3 6 10 4 7 9 1
Jnrs2 2 5 8 3 6 10 4 7 9 1
Jnr diff 9 7 5 8 3 1 6 4 2 10
Medium-Temperature Properties
LAS-Fracture energy 3 7 10 4 2 9 6 8 5 1
Fatigue life—5% strain 8 7 4 9 5 3 10 6 2 1
Fatigue life—2.5% strain 8 7 4 9 5 3 10 6 2 1
Cracking length at failure 3 6 8 1 2 5 4 7 9 10
Low-Temperature Properties
Maximum stress 9 7 1 5 6 2 4 8 3 10
Relaxation(T10) 9 6 4 10 7 3 8 5 2 1
Tensile strength of mortar
Tensile strength of mortar —5 °C 6 4 9 7 5 10 3 1 8 2
Tensile strength of mortar —20 °C 8 2 3 10 4 5 9 3 7 1
Fracture energy —5 °C 6 4 1 8 2 10 3 9 7 5
Fracture energy —20 °C 8 2 6 10 3 5 9 4 7 1
Total ranking value 89 75 74 94 61 78 89 82 73 55

The evaluated properties include performance across low, medium, and high tem-
peratures, workability, and tensile strength of the mortar. Based on Figure 22, bitumen
modified with 2% 0.4-0.6 mm reed fiber shows optimal overall performance. Additionally,
the modified bitumen with reed fiber additions consistently outperforms virgin bitumen,
indicating an overall enhancement in bitumen performance due to the addition of reed
fibers. However, it should be noted that the bitumen modified with 10% fiber addition
performs inadequately at low temperatures, suggesting that this level of fiber addition may
not be suitable for applications in cold climates.

The ranking approach offers a structured method to assess different fiber types and
quantities, facilitating the selection of the most effective reed fiber dosage and length to
enhance bitumen properties.
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Figure 22. Rank values comparison: various RFMB and virgin bitumen.
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4. Conclusions

This paper investigates the modification of bitumen using reed fibers and examines
their impact on bitumen properties across varying fiber lengths and dosages. This study
encompasses comprehensive analyses, including the chemical characterization of RFMB,
rheological evaluations of complex shear modulus and viscosity, tensile strength tests
on mortar incorporating RFMB, and determination of optimal fiber length and dosage
combinations. The key findings can be summarized as follows:

1 Chemical Characterization: FTIR analysis revealed that the addition of fibers did
not alter the chemical structure of bitumen, confirming a purely physical blending
process. Increased fiber dosage led to higher peak areas in REMB spectra, particularly
in the C-C stretch region of reed fibers, which serves as a criterion for determining
optimal fiber dosage levels;

2 Viscosity: The viscosity of REMB increased proportionally with higher fiber dosage.
Longer fibers contributed to higher viscosity under equivalent dosage levels, although the
effect was relatively minor, highlighting the role of fiber length in influencing viscosity;

3 Rheological Tests: Results from rheological tests indicated that adding reed fibers
enhanced the complex shear modulus of bitumen, improving its performance at
high temperatures; however, at low temperatures, higher fiber dosages exacerbated
stiffness, indicating reduced flexibility. REMB exhibited superior fatigue and rutting
resistance but demonstrated poor stress sensitivity;

4  Tensile Strength Tests: Monotonic tensile tests on RFBM mortar showed varying effects
of fiber addition. Significant improvements were observed primarily in mortars containing
0.4-0.6 mm and 0.8 mm fiber lengths. The shorter 0.4 mm fibers exhibited less pronounced
reinforcement effects on bitumen, possibly due to uneven distribution during sample
preparation, necessitating refinement in preparation methods for future studies;

5 Ranking: Based on the tests, bitumen modified with 2% of 0.4 to 0.6 mm reed fibers
shows the best overall performance compared to other fiber dosages and types,
consistently outperforming virgin bitumen. However, higher fiber dosages like 10%
perform inadequately at low temperatures, indicating limitations in colder climates.
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