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Abstract: The use of molasses as a replacement for bitumen could benefit the pavement industry by
improving the performance of the pavement or by lowering its cost. An experimental investigation
was carried out to investigate the effect of molasses with different moisture contents on the property
of hot-mix asphalt (HMA). Bitumen binders (BB) containing 5%, 10%, 15%, and 20% molasses were
investigated as molasses modified binders (MMB). Molasses with 24.9% and 5.02% by weight of
water were used to investigate the effect of moisture on the MMBs. In addition to the conventional
binder tests, additional tests such as the Fourier transform infrared (FTIR) test, amplitude and
frequency sweep test, performance grade (PG) test, and multiple stress creep recovery (MSCR) test
were performed. The results indicated that most of the properties of the MMBs improved with
the reduction in the moisture content of molasses but worsened with the percentage replacement
of molasses. The IR spectra show that the carbonyl index decreased with an increasing amount
of molasses. The control grade PG58 was improved to PG64 and PG70 when the base binder was
modified with molasses and aged with rolling thin film oven (RTFO) consecutively. At a temperature of
58 ◦C, non-recoverable creep compliance of 3.2 kPa (Jnr3.2kPa) was decreased for each MMB, which leads
to improved rutting potential. At a temperature of 64 ◦C, the Jnr value was decreased only for the MMB
containing 5% molasses, and then gradually increased for the remaining MMBs. Generally, the study
revealed that low moisture content molasses could be used as a partial replacement for bitumen to
enhance the rheological properties of the bitumen.
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1. Introduction

The use of bio-asphalt in asphalt mixtures is currently considered as one of the main alternatives for
reducing bitumen consumption, which has environmental, economic, and health benefits [1–10]. Some
of these bio-binders that studied and showed promising results include sugar cane molasses [11–14],
beet molasses [15], swine manure [1,16,17], waste cooking oil [6,9,18–20], and wood waste [21,22].
However, the studies indicated that bio-asphalts are moisture susceptible because moisture can have
serious effects on the durability of hot-mix asphalt HMA pavements. The use of sugar cane molasses as
a replacement for bitumen in pavement construction has less environmental impact and construction
cost than that of bitumen. It reduces the greenhouse gas emission by up to 30% and improves the
thermal durability of asphalt pavements [23]. In research studies conducted to determine the optimum
percentage replacement of bitumen with molasses in the production of HMA, some of the values
claimed include 4.7% [13] and 13–15% [24] for 30 viscosity grade bitumen, 0–3% [25], and 9% [12] for
60/70 penetration grade bitumen and 0–10% [15] and 5–20% [11] for 50/70 penetration grade bitumen.
The agreement between the research outcomes was that partial replacement of bitumen with molasses
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can improve the performance of the pavement. Although extensive and valuable studies have been
conducted in this field, detailed information on the effects of the water content of molasses on the
properties of molasses modified binders, such as rheological properties and chemical compositions,
could not be found.

This paper presents the results of an experimental study on the effect of high and low water
content sugarcane molasses on the rheological and chemical properties of molasses modified binders
used in HMA. Bitumen binders (BB) containing 5%, 10%, 15%, and 20% molasses were investigated as
molasses modified binders (MMB). Molasses with 24.9% and 5.02% by weight of water were used to
investigate the effect of moisture on the MMBs.

2. Materials and Methods

2.1. Materials

2.1.1. Bitumen

According to the temperature zone mapping for the performance grade (PG) system of Ethiopia,
bitumen grade PG58-10 (SHRP, Washington, DC, USA) is the commonly used asphalt binder in most
parts of the country, this PG grade is equal with penetration grade P80/100 [26]. Therefore, the same
bitumen grade was used in this research. The properties of the PG58-10 bitumen, referred henceforth
as the base binder (BB), were determined using the PG test.

2.1.2. Molasses

Molasses (M) is a thick, sticky, dark brown syrup obtained from sugar industries as a waste
of sugarcane or sugar beet processing [14]. The molasses used in this research study were sugar
cane molasses obtained from Metehara Sugar Factory in Ethiopia, located about 200 km south of
Addis Ababa city, and Misraq Shewa Zone of the Oromia Region, it has a latitude and longitude
of 08◦54′ N 39◦55′ E with an elevation of 947 meters above sea level [27].The molasses was used
as a partial replacement for petroleum-based neat asphalt (BB) to prepare a bio-asphalt binder or a
molasses-modified binder (MMB). The water content of the molasses was initially 24.9% by weight
and was reduced to 5.02% using fractional distillation. These two water contents were used to
investigate the effect of moisture content on the properties of the MMBs. Molasses was selected as the
bio-rejuvenator of BB because they are compatible [7,11,28].

2.1.3. Aggregate

The aggregate used in this research was granite obtained from Deneba, about 350 km southwest of
the city of Addis Ababa, Ethiopia. The selection of the gradation was done following the SuperPave® [29]
procedure with a nominal maximum aggregate size of 19 mm. SuperPave is a mix design procedure
and binder specification developed by a strategic highway research program (SHRP). A SuperPave®

gradation curve was selected for good particle interlocking, sufficient voids in mineral aggregate (VMA),
and dense-graded HMA [29,30]. All properties of the aggregate were determined in accordance with
American Society for Testing and Material (ASTM) or British Standard (BS) procedures, and the test
results are presented in Table 1 and Figure 1.
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Table 1. Characteristics of the aggregate.

Sieve Size (mm) Properties Result Specification Test Method

25–4.75 Bulk specific gravity (SG) 2.74 g/cm3 * ASTM C-127–68
Apparent SG 2.85g/cm3 * ASTM C-127–68

Water absorption 1.1% <2% ASTM C-127–68
Soundness 4.63% 10–20% ASTM C–88

Flakiness index 4.00% <10% BS 812
Elongation index 6.50% <10% BS 812
Impact value (IV) 6.59% <30% BS 812:112

Crushing value (CV) 12.65% <35% BS 812:110
Los-Angeles Abrasion LAT 9.46% 35–45% ASTM C-131–69

4.75–0.075 SG 2.71g/cm3 * ASTM C-127–68
Apparent SG 2.64 g/cm3 * ASTM C-127–68

Water absorption 1.2% <2% ASTM C-127–68
Angularity 78% >45% AASHTO T33

0.075 SG 2.706 g/cm3 * ASTM C-127–68

* Not applicable. ASTM (American Society for Testing and Material), AASHTO (American Association of Highway
and Transportation Officials), BS (British Standard).
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Figure 1. Particle size distribution curve.

2.2. Methodologies

The first phase of the research study involved determining the properties of the materials used,
and the results were compared with the relevant specifications. Water content, penetration, softening
point, ductility, flash, and fire point tests were the tests carried out on the binders. In the second phase,
the optimal binder content was determined and the value was used as a control for the binder content
of the mix. The bio-asphalt binder mix containing 5%, 10%, 15%, and 20% by weight of molasses as a
partial placement for the BB was prepared. The study sample range matrix is presented in Table 2.
Then; the Fourier transform infrared (FTIR) spectrometer test was carried out on the molasses, BB,
and MMBs to know the functional group and the change in the chemical composition of the parent
materials before and after blending.
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Table 2. Asphalt binder sample range matrix and definition.

Binder Acronym Definition

BB Base bitumen(traditional petroleum asphalt)
M Molasses

MMB Molasses-modified binder
MMB5 95%Base Bitumen Blended with 5% Molasses

MMB10 90%Base Bitumen Blended With 10% Molasses
MMB15 85%Base Bitumen Blended with 15% Molasses
MMB20 80%Base Bitumen Blended With 20% Molasses

In the third phase, binder specification tests such a rotational thin film oven (RTFO) test, dynamic
shear rheometer (DSR) test, frequency sweep test (FST), amplitude sweep test (AST), multiple
stress creep recovery (MSCR) test, and PG determination test were carried out to evaluate the high,
intermediate, and low-temperature rheological properties and performances of the BB and MMB’s.
The entire sequence of the experimental program is presented in Figure 2.
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2.2.1. Effect of the Water Content of Molasses on MMBs

The effect of the water content of molasses on the basic properties of MMBs was experimentally
investigated by varying the amount of water in molasses. The basic bitumen binder tests carried out
include the penetration test to determine the degree of hardness and softness of the binders, softening
point(SP) test to determine the viscosity of the binders, the temperature at which the binders reach a
flow state, a ductility test to evaluate the adhesive properties of the binders and their ability to stretch
and become flexible [31], specific gravity, and water content tests carried out on MMBs containing
molasses with 24.9% and 5.02% water content.

The initial 24.9% water content of molasses was reduced to the lowest possible water content of
5.02% using fractional distillation.
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2.2.2. Distillation

During the fractional distillation process, the molasses was heated to a temperature of slightly
lower than 80 ◦C, and the resulting water content was 5.02%. The limiting 80 ◦C was selected because the
molasses started to foam at that temperature. Then, BB was uniformly heated using a digital bitumen
hot plate at a temperature of 110 ◦C until it turned into a liquid phase and immediately blended with
the preheated molasses per the specified percentages (5%, 10%, 15%, and 20% of molasses). To ensure
that the BB was uniformly heated, it was continuously stirred and a temperature measurement was
taken using a calibrated thermometer at different locations of the BB. Each blend was mixed using a
shear mixer at a speed of 4000 rpm for 30 min to get a homogeneously mixed MMB [6,31–33]. The steps
followed in the preparation of the bio-asphalt binder are shown in Figure 3.
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The effect of the water content of molasses was investigated by comparing the test results of
the MMBs with high water content molasses with the results of those containing low water content
molasses. The MMB samples from the low water content molasses were also used for rheological tests
using Super pave binder specifications.

2.2.3. Fourier Transform Infrared (FTIR) Spectrometer

FTIR is a common method used by organic chemistry to identify the various functional
groups, areas, and levels of the peak in a single chemical compound. The FTIR graph illustrates
absorbance/transmittance versus the wave number. In this respect, the y-axis shows absorbance
ranging from 0–100% and the x-axis represents a wave number ranging from 500 cm−1–4000 cm−1

(>1500 cm−1 called functional group region and <1500 cm−1 fingerprint region). The peak is classified
as strong, moderate, and weak [34,35].

FTIR spectrometer analysis was carried out on the BB, molasses, and MMBs using Spectrum Two
(Waltham, MA, USA) equipment. The functional group and area of the peak were determined, and the
fully absorbed and decreased indexes were detected.

The FTIR spectrometer test was performed to evaluate the chemical structure of the aged binder
samples before and after the addition of molasses. This study uses parameters such as the carbonyl
index(IC=O) and the sulphoxide index (IS=O) to characterize the oxidation of the binder, and quantitative
analysis can be performed for the two indexes using Equations(1) and (2) [34–36].

IC=O =
Areao f thecarbonylbondaround 1700 cm−1

Areao f thespectralbandbetween 2000 cm−1 and 600 cm−1
(1)

IS=O =
Areao f thesulphoxidebondaround 1030 cm−1

Areao f thespectralbandbetween 2000 cm−1and 600 cm−1
(2)



Appl. Sci. 2020, 10, 1931 6 of 22

2.2.4. Rolling Thin Film Oven (RTFO) Test

Short-term aging and loss on heating tests were carried out using the RTFO test, according to
AASHTO T 240 [37] for the BB and MMB [19]. Eight samples were heated in the rolling thin film oven
at 163 ◦C for 85 min, and the loss in mass was determined for each sample.

2.2.5. Dynamic Shear Rheometer (DSR) Test

Bohlin dynamics shear rheometer instrument was used to characterize the rheological properties
(Viscous and elastic behaviors) of the aged and unaged BB and BBM’s at low and high-temperature
gradients using 8 mm and 25 mm movable plates [38,39]. The rutting index (G*/sinδ) and phase angle
of the binders were determined at 0.1 Hz, 1 Hz, and 10 Hz cyclic frequencies. The phase angle was
used to characterize the viscoelastic properties of the binders, and the rutting index was used to predict
the rutting resistance of the binders.

2.2.6. Performance Grading (PG) Determination Test

The performance grading (PG) test was performed on RTFO-aged and un-aged BB and MMB
are using DSR equipment in accordance with AASHTO T-315 [39] testing procedures. The test was
carried out in 25-mm diameter plates spaced at 1 mm moving at a constant frequency of 10 rad/s
with 10% strain for the RTFO-aged binders and 12% strain for the un-aged binders. The initial testing
temperature was 52 ◦C and was gradually increased until the test was completed. The test was used to
determine the permanent deformation parameter (G*/sinδ) and to categorize the PG of the binders.

2.2.7. Frequency Sweep Test (FST)

A frequency sweep test was performed using a DSR SuperPave instrument on the RTFO-aged and
un-aged BB and MMBs in accordance with AASHTO-315 [39]. A strain-controlled test with frequency
ranging between 0.1Hz and 25Hz was carried out at temperatures of 10 ◦C, 21.1 ◦C, 37.8 ◦C, 52 ◦C,
58 ◦C, 64 ◦C, and 70 ◦C with a constant strain amplitude. Before conducting the FST, a strain sweep test
was performed to measure the limit of the linear viscoelastic (LVE) region for all the binders and the
test temperatures. The FST test results were used to construct the isothermal plot, black space diagram,
and master curve, which were used to evaluate the rheological property of the binders at different
temperatures and frequencies.

2.2.8. Dynamics Modulus Master Curve

The master curve of the complex modulus of the BB and MMBs were constructed using the
time-temperature equivalent principle [40–42]. The reference temperatures were 58 ◦C (high), 37.8 ◦C
(intermediate), and 10 ◦C (low). In this study, a sigmoidal function was used to fit and smoothen the
test results at different temperatures and to construct the master curve [43] of the complex modulus by
means of Microsoft Excel solver. The principle is shown in Equation (3) [43].

log|G∗| = δ+
α

1 + eβ+γ(log ft)
(3)

where α, β, δ, and γ are sigmoid function constants, ft isreduced frequency, and |G*| is a
complexshear modulus.

A William–Landel–Ferry (WLF) [44] empirical relationship was used to link the shift factor for each
flow curve to master the curve based on the time temperature superposition to obtain the temperature
shift factor (aTa)

log(aT) =
−C1
(
T − Tre f

)
−C2
(
T − Tre f

) (4)
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where Tref is the reference temperature, C1 and C2 are empirical factors, log (aTa) is the shift factor, and
T is temperature.

log fr = log f + aT (5)

where fr is reduced frequency, f is frequency, and aT is the temperature shift factor.

2.2.9. Multiple Stress Creep Recovery (MSCR) Test

Bohlin Dynamic Shear Rheometer (DSR) instrument was used to perform a multiple stress
creep recovery test for RTFO-conditioned BB and MMB’s in accordance with the AASHTO T-350
standard procedure [45]. The test was used to evaluate the non-recoverable creep compliance (Jnr)
and the measure of the potential of a binder to undergo permanent deformation (rutting) under
cyclic loading [45–47]. During the test, the applied stress level at the outset was 0.1 kPa and,
after 10 creep/recover cycles, was increased to 3.2 kPa. The Jnr was calculated as a residual strain in a
specimen after creep/recovery cycles divided by the applied stress.

3. Results and Discussions

3.1. Effect of the Water Content of Molasses on MMBs

The experimental test results of the properties of MMBs containing molasses with 24.9% and 5.02%
water contents are shown in Table 3. The results of the fire point and flash point tests carried out on the
MMBs after their stabilization by lowering the moisture content to 5.02% are presented in Table 4.

Table 3. Properties of molasses modified binders (MMBs) containing molasses with 24.9% and 5.02%
water contents.

Test Unit
MMB Containing Molasses with High &Low Moisture Contents Spec.

Requirement Test Method

MMB5 MMB10 MMB15 MMB20

24.9% 5.02% 24.9% 5.02% 24.9% 5.02% 24.9% 5.02%

Penetration (at 25 ◦C) 0.1 mm 95.4 86 101.6 88.6 108.3 91.3 131 112 80–100 ASTM D5
Softening ◦C 46.62 54.87 45.44 50.26 41.94 47.9 40.35 47.95 42–52 ASTM D36

Ductility (at 25 ◦C) cm 93 108 85 101 76 89 69 77 >100 ASTM D113
water content % 1.32 0.97 2.56 1.94 3.8 2.05 5.05 2.12 1 AASHTO T55

Table 4. Fire point and Flash point test results of MMBs containing molasses with 5.2% water content.

Test Unit
Molasses Modified Binder (MMB) Spec.

Requirement
Test Method

ASTMMMB5 MMB10 MMB15 MMB20

Fire point ◦C 335 338 342 345 >250 D92
Flash point ◦C 317 320 322 325 >225 D92

3.1.1. Penetration Resistance

The penetration test results shown in Table 3 indicate that the resistance of the binders increased
with the reduction in the water content of molasses. Most of the results of the specimens from the high
water content binders exceeded the specified limits while those of the low water content specimens
except for MMB20 satisfied the limit. Similarly, the penetration resistance was observed to increase
with the content of molasses. The penetration resistance was dropped by 9.85% for MMB5, 12.8% for
MMB10, 15.7% for MMB15, and 14.5% for MMB20 when the water content of molasses was reduced
by about 80%. Furthermore, the penetration resistance decreases with an increase in the content of
molasses. The reduction in penetration resistance of the binders could be due to the water breaking
down the weak bond between the molecules of the MMB, which leads to the reduction of its cohesive
property. The drop in penetration resistance with an increase in the content of molasses could be related
to the increase in the amount of water added to the binders. The more water was added to the binder,
the more molecules of the binder will disperse farther apart and the binder may lose its hardness.
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3.1.2. Softening Point

The softening point (SP) test results shown in Table 3 indicate that the softening temperature of the
binders increased with the reduction in the water content of molasses. Unlike the penetration resistance,
the softening temperature was not affected by the molasses content of the binders. The softening
temperature was increased by 17.7% for MMB5, 10.6% for MMB10, 14.2% for MMB15, and 18.8% for
MMB20 when the water content of molasses was reduced by about 80%. This could be related to the
effect of water on viscosity and surface tension. The reduction of water in molasses increases the heat
resistance and surface tension between molecules, which improves the viscosity of the binders.

3.1.3. Ductility

The ductility test results shown in Table 3 indicate that the ductility of the binders increased with
the reduction in the water content of molasses. No correlation was observed between the molasses’
water content and molasses’ content of the binders because the increase in the ductility was 16.1%
for MMB5, 18.8% for MMB10, 17.1% for MMB15, and 11.6% for MMB20 when the water content of
molasses was reduced by about 80%. This could be due to the hydrophilic property of molasses, which
affects the stability of molecules and leads to a decrease in the intermolecular attraction and surface
tension of the MMBs. This phenomenon could result in the reduction of the MMBs’ ability to stretch
and become flexible [48].

The ductility of the binders reduced with the content of molasses, irrespective of its moisture
content. MMB5 and MMB10 containing low water content molasses were the only binders that satisfied
the specified limit for binders. Most of the results of the specimens from the high water content binders
exceeded the specified limits while those of the low water content specimens, except for MMB20,
satisfied the limit.

Therefore, the presence of moisture has a negative effect on the properties of MMBs when molasses
is used as a partial replacement for BB in HMA. When the amount of moisture is reduced, the MMBs
have shown some improvements in their properties. To improve the rheological properties of the
MMBs, it is necessary to reduce the moisture content of molasses. Since some of the properties of
the MMBs did not meet the required specifications at low moisture contents. Additional testing such
as Fourier transformation infrared (FTIR) and SuperPave rheological tests was conducted to draw
definite conclusions.

3.2. FTIR Test Results

The FTIR test results of the BB, MMB5, and MMB10 are presented in Table 5.

Table 5. Index from Fourier transform infrared (FTIR) test for Bitumen binders (BB), MMB5, and MMB10.

Index BB Molasses MMB5 MMB10

IC=O 0.0059 0.0068 0.0062 0.0067
IS=O 0.0011 0.0029 0.0013 0.0013

Table 5 Illustrates that all MMBs recorded higher carbonyl and sulphoxide indexes than that of BB
(PG58-10). This indicates that the stiffness behavior and aging potential of BB has-been improved with
the addition of molasses.

The FTIR spectroscopy test results are also elaborated on in Figure 4. The figure illustrates that
the observed absorbance peaks for M and BB are similar. This could be an indication that there
were no significant variations between the functional groups, even if a dehydration chemical reaction
took place during the mix of molasses with the control binder BB. In the case of MMB5 and MMB10,
peak functional groups between wavenumbers 3550 cm−1 and 3425 cm−1 (Alcohol) disappeared.
This indicates that the alcohol has reacted with oxygen at a high temperature during the preparation
of the MMBs. Those around wave number 750 cm−1 (Aromamins) were partially absorbed. When
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primary alcohol was oxidized to an Aldehyde, the O-H (Hydroxyl) bonds in the alcohol were replaced
by the C=O bond in the Aldehyde. The functional groups determined using the FTIR test, carried out
on three replicate specimens, and are presented in Table 6.Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 23 
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FGR 
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Table 6. Functional groups identified for Molasses (M), Bitumen binders (BB), and molasses modified
binders (MMB).

Asphalt
Binder Region Wave Number

(cm−1)
Functional Group Intensity Signal

BB

Diagnostic or
functional group

region (FGR)

3600–3300 O-H stretching Alcohol Strong Broad
3000–2840 C-H Stretching Alkanet Strong Broad
2800–2750 C-H Bend Aldehyde Weak Sharp
2720–2700 C-H Stretching Aldehyde Weak Sharp
1680–1600 C=C Stretching Alkene Medium Sharp

Finger print
region (FPR)

1470–1450 C-H Bend Alkane Strong Sharp
1365–1350 C-H Bend Alkane Strong Sharp
1300–1260 C-N Bend Aromamins Weak Sharp
775–725 C-H Bend Aromatic Medium Sharp

M

FGR
3600–3300 O-H stretching Alcohol Strong Broad
3000–2840 C-H Stretching Alkane Strong Broad
1680–1600 C=C Stretching Alkene Weak Board

FPR
1470–1450 C-H Bend Alkane Strong Sharp
1365–1350 C-H Bend Alkane Strong Sharp
775–725 C-H Bend Aromatic Weak Sharp

MMB5

FGR
2990–2940 C-H Stretching Alkane Strong Sharp
2925–2875 C-H Stretching Alkane Strong Sharp

FPR
1425–1375 C-H Bend Alkane Strong Sharp
1350–1320 C-H Bend Alkane Strong Sharp
775–725 C-H Bend Aromatic Weak V. Sharp

MMB10
FGR 2960–2875 C-H Stretching Aldehyde Strong Broad
FPR 1450–1400 C-H Bend Alkane Medium Sharp
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3.3. RTFO Test Results

The RTFO test results, as a percentage loss in mass of BB and MMBs specimens, are presented in
Table 7. The results of the two specimens for each mix are presented [49].

Table 7. Loss on heating for Bitumen binders (BB) and molasses modified binders (MMBs).

Binder BB MMB5 MMB10 MMB15 MMB20

Specimen S1 S2 S1 S2 S1 S2 S1 S2 S1 S2
Change in mass (%) 0.10 0.07 1.022 0.971 1.907 1.977 2.096 2.048 2.103 2.134

Average loss (%) 0.623 0.996 1.94 2.048 2.118

According to AASHTO M-320 PG specifications, the mass change in the asphalt binder should not
exceed 1% [50]. Based on the specification limit, BBM5 meets the requirements. The results indicate
that the loss in mass increases with the increase in the content of molasses. This could be due to the
high water content of molasses and the loss of the water by evaporation during aging in the RTFO
(163 ◦C for 85 min). The loss of mass is expected to increase with the increase in the content of molasses.

3.4. Performance Grade (PG)

The rutting resistance parameter G*/Sin of the un-aged and RTFO-aged MMBs are shown in
Tables 8 and 9, respectively. The G*/Sin of the MMBs versus temperature effects were plotted, as shown
in Figures 5 and 6. The results were compared with the rheological parameter (G*/Sin) of the control
PG [50].

Table 8. Performance grade determination test result for the un-aged binders.

Binder Temp.
(◦C)

Phase Angle
(deg)

Complex
Modulus (Pa)

G*/sinδ
(kPa)

Pass/Fail
Temp. (◦C) Remark PG

BB
58 86.90 1913 1.92 58 Pass

5864 87.75 848 0.85 62.2 Fail

MMB5
64 87.81 1261 1.26 64 Pass

6470 88.49 595 0.60 65.9 Fail

MMB10
64 86.94 1100 1.10 64 Pass

6470 87.73 541 0.54 64.6 Fail

MMB15
64 85.69 1022 1.03 64 Pass

6470 85.79 507 0.51 64.2 Fail

MMB20
64 87.37 1193 1.02 64 Pass

6470 87.90 572 0.50 65.4 Fail

Table 9. Performancegradedetermination test result for rolling thin film oven (RTFO)-aged binders.

Binder Temp.
(◦C)

Phase Angle
(deg)

Complex
Modulus (Pa)

G*/sinδ
(kPa)

Pass/ Fail
Temp. (◦C) Remark PG

BB
58 83.26 4988 4.95 58 Pass

5864 85.30 2067 2.04 63.6 Fail

MMB5
76 87.71 4185 4.18 76 Pass

7682 88.44 2099 2.10 82 Fail

MMB10
70 86.83 3360 3.35 70 Pass

7076 87.71 1620 1.62 73.5 Fail

MMB15
70 86.40 3929 3.92 70 Pass

7076 85.54 2105 2.10 75.6 Fail

MMB20
70 85.16 2289 1.53 70 Pass

7076 85.28 1087 1.08 70.4 Fail
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The test results of the un-aged binder show an improvement in the performance grade from
the control PG58 to PG64 in all MMBs, while those of RTFO-aged improved to PG-70. This result
indicates that partially replacing bitumen with sugarcane molasses could increase the stiffness and
rheological parameters of the resulting blended binder. Complex shear modulus was increased due to
the addition of molasses and RTFO-aging. The increment in the complex shear modulus could mean
an improvement in the rutting performance of the binder. To confirm this increment quantitatively,
rutting resistance parameters (G*/sinδ) of the unagedMMB5, MMB10, MMB15, and MMB20 were
increased by 38.02%, 20.32%, 11.98%, and 11.46%, respectively, at a temperature of 58 ◦C and by
48.67%, 29.8%, 29.76%, and 20.7%, respectively, at 64 ◦C. The RTFO-aged samples became stiffer,
which led to an increased rutting resistance factor. However, Anderson [51] reported that there is a
weak relationship between the stiffness parameter (G*/sinδ) and rutting potential and recommend
the multiple stress creep recover test for a strong relationship and to measure the rutting potential
accurately [51]. Therefore, the MSCR test was performed to measure the rutting performance and
correlate the result with strategic highway research program performance grade (SHRP-PG) [52].

3.5. FST Results

The major rheological parameters, the complex shear modulus, and the phase angle were
determined using FST. From the test results, isothermal plots, a black space diagram, and master curves
were plotted to characterize the shear stiffness of the binder, to evaluate the effect of molasses on the
BB, and to characterize the binder for a wide range of temperatures and frequencies. The black space
diagram and isothermal plot for MMB20 are shown in Figures 7 and 8, respectively, as sample diagrams.
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From the FST results, the black space diagram, isothermal plot, and the master curve was
developed and presented in Figures 7–11. The figures indicate that, at a lower temperature, higher
frequency and percentage replacement led to the higher complex shear modulus. But, at a higher
temperature, the result was the opposite. An increase in the percentage replacement of molasses from
5% to 20% at higher temperatures led to a decrease in the complex shear modulus. At lower to higher
temperature and frequency, the phase angle (δ) of MMB5 and MMB10 gradually increased and then
decreased slowly for MMB15 and MMB20.

3.5.1. Low Temperature (Tref = 10 ◦C)

As observed in Figure 9, the complex modulus and the rutting factor of MMB10 and MMB20
increase from a low to a high frequency range. In the case of MMB5 and MMB15, the complex modulus
and rutting factors decreased with the lower frequency (0.1 to 10 Hz.), and the complex modulus
increased with the increase in frequency. As the results indicate, MMB5 and MMB15 have less stiffness
compared to those of MMB10 and MMB20 at low temperatures and low frequency (slow-moving traffic).
However, this result does not lead to a conclusion. Supplementary stress creep recovery tests were
performed to evaluate the stress or loading resistance of the binders with different molasses content.

3.5.2. Intermediate Temperature (Tref = 37.8 ◦C)

As shown in Figure 10, in the lower frequency range of 0.1 to 1000 Hz, the complex modulus and
rutting factors of all MMBs were consistent with that of BB. This result indicates that the MMBs have
almost the same resistance to rutting as that of the BB. In the high-frequency range, exceeding 1050 Hz,
the complex modulus of MMBs reduced, to some extent, compared to that of the BB.
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3.5.3. High Temperature (Tree = 58 ◦C)

Figure 11 indicates that, in the lower to higher frequency range, the complex shear modulus and
rutting factors of all MMBs were significantly decreased relative to that of the BB. This result indicates
that the MMBs have less resistance to rutting than the BB at high temperatures. This could be attributed
to the effect of molasses in lowering the stiffness of BB.Appl. Sci. 2020, 10, x FOR PEER REVIEW 16 of 23 
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3.6. Multiple Stress Creep Recovery (MSCR) Test Result

From the obtained test results, the average percent recovery, non-recoverable compliance (Jnr),
and non-recoverable compliance difference (Jnr Diff.) were determined in two stress levels (0.1 kPa and
3.2 kPa). Jnr at 3.2 kPa is a critical constraint to evaluate the rutting potential. This is summarized in
Table 10 and Figure 12.

Table 10. Summary of multiple stress creep recover test output.

Binder Ration BB MMB5 MMB10 MMB15 MMB20

Description
Test Temperature

(◦C)
Test Temperature

(◦C)
Test Temperature

(◦C)
Test Temperature

(◦C)
Test Temperature

(◦C)

52 58 64 52 58 64 52 58 64 52 58 64 52 58 64

Jnr at 3.2 (kPa) 0.41 1.18 2.01 0.47 0.79 1.10 0.42 0.70 3.42 0.41 1.05 2.98 0.31 1.14 2.98
Std. Deviation (kPa) 0.28 0.44 1.22 0.04 0.02 0.01 0.02 0.02 0.04 0.08 0.10 0.03 0.02 0.03 0.18

PG Grade 52E 58H 64S 52V 58E 64H 52E 58V 64S 52E 58H 64S 52E 58H 64S

E = Extremely Heavy Traffic, V = Very Heavy Traffic, H = Heavy Traffic, S = Standard Traffic.
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Figure 12 presents the calculated non-recoverable creep compliance (Jnr0.1kPa, Jnr3.2kPa) with the
change in molasses content at a high temperature. The result indicates that the Jnr value increases
as the temperature increases for all the binders. However, at a temperature of 58 ◦C, the Jnr value is
decreased with the increase in the percent replacement of molasses for BB. This led to improving the
rutting potential. Furthermore, at a temperature of 64 ◦C, the Jnr value decreased only for MMR5, and
then gradually increased for the remaining MMBs. However, the increment in the Jnr value was within
the ASSHTO M-332 [52] specification limit. Therefore, the rutting resistance of binders containing a
large amount of molasses should be evaluated cautiously.

According to AASHTO M-332 [52], the maximum J_nr3.2 value of the standard (S), heavy (H),
very-heavy (V), and extremely heavy (E) traffic conditions are ≤4 kPa−1, ≤2 kPa−1, ≤1 kPa−1, and
≤0.5 kPa−1, respectively. This indicates that the Jnr3.2 value decreased from 4 to 0 kPa−1 when the
traffic loading is increased from standard to extremely heavy. The MSCR result of this study has
been presented in Table 10 and clearly defined the PG with a traffic designation for each of the MMBs
and BB. This result shows that the J_nr3.2 value increases as the temperature increases for all MMBs.
At a temperature of 52 ◦C, the results indicate that there were no significant variations on the traffic
designation PG52E for all MMBs and the BB. The traffic designation of BB, MMB15, and MMB20
exhibited similar PG and traffic PG58H. However, the traffic loading was improved from PG58H to
PG58E for MMB5 and from PG58H to PG58V for MMB10.

The accumulated (total) strain with respect to time was calculated using a semi-empirical equation
equations [53–55] and is based on the phase angle (δ) and shear complex modulus (G*).

Figures 13 and 14 show that the accumulated strain was influenced by the percentage of the
molasses used. Smaller values of accumulated strain were obtained for MMB5, which is followed by
BB, MMB10, MMB15, and MMB20 for a 3.2 kPa stress level and BB, MMB15, MMB20, and MMB10 for
a 0.1 kPa stress level. From this, it can be concluded that MMB5 could better improve the resistance to
rutting phenomena compared to the MMBs with higher molasses content.
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4. Conclusions

• This research comprehensively evaluated the effect of using molasses as a modifier for neat
bitumen in HMA using detailed experimental investigations. Based on the results obtained, the
following conclusions have been made. The water content of molasses has a direct effect on the
properties of the molasses’ modified binder. The properties of the binder are negatively affected
by the increase in the moisture content of molasses.

• Within a wavenumber range of 3550 cm−1 and 3425 cm−1, the Alcohol (O-H stretching) fully reacted
with the functional group and, around wave number 750 cm−1; Aromamins (C-H stretching) had
partially reacted with the functional group.

• At low temperatures, the complex shear modulus of the molasses’ modified binders increased
with the increase in the content of molasses. However, at high temperatures, the complex shear
modulus decreased. Therefore, molasses improves the rutting resistance of the bitumen binder at
a low temperature.

• PG determination tests confirmed that neat bitumen does not undergo a major change in the PG
before and after RTFO aging. However, when the percentage of the bio-binder was increased,
the complex shear modulus increased, which resulted in improving the PG from PG58 to PG64.
After the RTFO aging condition, PG58 became PG70.

• The non-recoverable creep compliance (Jnr) of molasses’ modified binder increases as the
temperature increases. A reduced Jnr value of the binders at 58 ◦C could result in improved rutting
resistance potential.

• Overall, this study revealed that molasses treated for water content reduction could be used as a
partial replacement for the bitumen binder to enhance the rheological properties of the binder and
to produce a sustainable bio-asphalt binder.
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