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A B S T R A C T   

Gilsonite, as a type of natural asphalt binder, has been used to improve the high-temperature performance of 
regular asphalt binders. However, the addition of gilsonite may compromise binders’ low-temperature thermal 
cracking resistance. In this research, polyethylene glycol (PEG), as one type of the phase change materials 
(PCMs), was used as an innovative material to balance the impacts of gilsonite on high and low performance of 
asphalt binders. The dosages of gilsonite and PEG were first determined based on the materials’ rheological 
behaviors at low temperatures. The performance of the PEG-gilsonite-modified binder was then fully evaluated in 
terms of the resistance to cracking and rutting at various temperatures. Thermal tests were also conducted to 
assess the thermal behaviors of the modified binders. The testing results indicate that with the proper dosage of 
gilsonite and PEG, the rutting resistance of the binder can be improved without sacrificing its low-temperature 
performance. With the addition of the PCM, the binder was tested to have high volumetric heat capacity, which 
indicates PCM can reduce the rate and the magnitude of the temperature changes in pavements.   

1. Introduction 

Gilsonite is a naturally occurring glossy black asphaltic and known as 
asphalt binder modifier for its good affinity with asphalt and superior 
bonding. As a natural lake asphalt, gilsonite can be quickly dissolved in 
the binder and coat aggregate particles during the mixing process 
providing additional bonding strength between different components. In 
a previous research study, the researchers have found that using 
gilsonite-modified binders can improve stripping resistance of pave-
ments and reduce the shoving and rutting susceptibility [1]. Kok et al. 
confirmed that as the dosage of gilsonite increased, the value of the 
rutting parameter (G*/sinδ) increased, indicating the rutting resistance 
was improved. The findings have been confirmed by other researchers 
using testing methods such as the multiple-stress creep- recovery 
(MSCR) test [2–6]. However, it has also been reported that incorpo-
rating gilsonite may adversely affect the fatigue and low-temperature 
performance of pavements as it changes the oil-to-asphaltene content 
([4,5,7–9]). The addition of gilsonite can also increase the mixing and 
compaction temperatures as the gilsonite increases the binder viscosity; 
thus, leading to greater energy consumption [10]. 

Phase-change materials (PCMs), on the other hand, have been used 
in civil infrastructures to regulate dramatic temperature changes and 

improve the thermal behaviors of construction materials, respecting 
their high latent thermal storage capacity. PCM can absorb and release a 
great amount of energy during the phase transition between solid–solid, 
solid–liquid or solid–gas at specific temperature range [11]. For 
example, PCM has been incorporated in Portland cement concrete and 
considered as a novel technology to reduce energy usage and keep the 
temperature of building interior spaces at the comfortable zone [12]. 
Engineers have also used PCM in paving concrete to store energy and 
function as a heat source to melt ice/ snow in pavements [13]. 

Besides regulating temperatures, PCM with low melting points have 
been incorporated into asphalt binder to improve the low-temperature 
performance of binders. The low-temperature stiffness of asphalt 
binder has been found to be correlated to its glass transition tempera-
ture. Binders with lower glass transition temperature usually are softer 
at low temperatures; thus, experiencing less intense thermal stress when 
temperature decreases [14]. Moreover, the glass transition temperature 
is a function of the molecular weight of the material [15]. Therefore, 
lowering the molecular weight of the asphalt binder can effectively 
decrease the glass transition temperature; thus, improving the low- 
temperature performance. 

On the other hand, PCM with low melting point is usually associated 
with low molecular weight. For instance, PCM with a melting point of 
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4 ◦C has a molecular weight of 400 g/mol. The molecular weight of PCM 
is lower compared to the average molecular weights of the four fractions 
of asphalt binder, i.e., saturates, aromatics, resins, and asphaltenes, 
which are 566, 630, 888, and 1937 g/mol, respectively. Therefore, 
incorporating PCM with a low melting point into asphalt binder has 
been considered as a measure to the binder low-temperature cracking 
resistance [15,16]. Kakar et al. employed microencapsulated PCM with 
Tetradecane and the melting point of 6 ◦C in two different dosages, i.e., 
1%, and 3% by weight. The temperature sweep test indicated adding 
PCM decreased the complex modulus at different temperatures for 
binder [17]. Polyurethane solid–solid phase change material 
(PUSSPCM) with low phase change temperature was utilized in asphalt 
binder by a direct incorporation method at different percentages, i.e., 0, 
3, 5, and 7% by weight. The results showed polyurethane solid–solid 
PCM had slightly improved the high-temperature rutting performance 
but induced a significant decrease in creep stiffness, which was a great 
improvement in low temperature performance [18]. 

In this study, gilsonite and a polyethylene glycol (PEG) which is a 
latent heat storage PCM with a low melting point were used as asphalt 
binder modifiers to improve the binder performance under a large range 
of temperatures. In the previous study, gilsonite was found to be able to 
improve the binder rutting resistance while compromising the low- 
temperature cracking resistance [1]. The objective of this study is to 
identify the proper dosages of gilsonite and PCM that increase the high- 
temperature rutting resistance without compromising the binder low- 
temperature performance. A series of rheological tests were conducted 
to evaluate the behaviors of the gilsonite-PEG-modified binder at high, 
low, and intermediate temperatures. Thermal tests were performed to 
assess the impact of the additives on the thermal properties of the 
binders. 

2. Materials and specimen preparation 

2.1. Materials 

An Alaskan PG 52–28 binder was used as the base binder in this 
study. A U.S. manufactured gilsonite was selected as the binder modifier 
to enhance the high-temperature performance. The gilsonite was in 
powder form before mixed with the base binder. A PEG with an average 
molar mass of 400 g⋅mol− 1 (PEG 400) and a low melting point of 4 ◦C 
was added to ensure the binder’s low-temperature performance. The 
testing results from the preliminary study suggested that when over 5% 
of PEG was mixed with binder, segregation between PEG and binder 
started to occur. Therefore, the dosage of PEG 400 was limited to 5%. 

Table 1 presents the physical and thermal properties of PEG 400, and the 
properties of gilsonite are presented in Table 2. 

2.2. Preparation of PEG and gilsonite-modified asphalt binders 

The mixing temperature to blend the base binder and the additives 
was determined to be 185 ◦C based on the softening point of gilsonite. 
The neat binder was first heated to the target temperature in a heating 
mantle. The gilsonite powder was added gradually to the binder to 
ensure a uniform dispersion. The mixture was stirred for 30 min using a 
high shear mixer at 2000 rpm. PEG 400 was added afterwards and mixed 
for another 30 min at 4000 rpm. To limit the evaporation and decom-
position of PEG, the heating temperature was decreased to 150 ◦C before 
the addition of PEG. Different dosages of gilsonite were used in this 
study, and the samples were designated based on the percentages of the 
modifiers. For example, P5G6 indicated the binder contained 5% PEG 
and 6% gilsonite by weight. Table 3 presents the designations of the 
modified binders, types of modifiers, and the percentages used in this 
research. 

3. Research methods 

In this study, the performance of the modified asphalt binders was 
evaluated through rheological tests at different temperatures targeting 
different types of distresses. The tests included dynamic shear modulus 
test, the bending beam rheometer (BBR) test, the multiple stress creep 
recovery (MSCR) test, and the linear amplitude sweep (LAS) test. The 
binders with different dosages of modifiers were graded based on the 
Superpave performance grading system, and the testing results were 
analyzed by the performance models and parameters such as ΔTc, the 
Glover-Rowe (G-R) parameter, and the ViscoElastic Continuum Damage 

Table 1 
Basic Characteristics of Polyethylene Glycol.  

Physical properties Values or characteristics 

Molecular weight (g.mol− 1) 400 
Physical state Liquid 
Flash point (◦C) 235 
Specific gravity 1.128 
Viscosity (mPa⋅s at 20 ◦C) 110–125 
Solubility Soluble in water 
Melting Point (◦C) 4.0  

Table 2 
Gilsonite Specification and Properties.  

Physical properties Measured values 

Penetration 0 
Softening point (◦C) 160–185 
Flash point (◦C) 316 
Specific gravity 1.06 
Ash ≤1.0% 
Decomposition temperature (◦C) 287.8  

Table 3 
Modified Binders with Different Dosages of Gilsonite and PEG.  

Designation Polyethylene glycol (%) Gilsonite (%) 

Neat binder 0 0 
G3 0 3 
G6 0 6 
G9 0 9 
G12 0 12 
P5G3 5 3 
P5G6 5 6 
P5G9 5 9 
P5G12 5 12  

Table 4 
Summary of Binder Tests.  

Test Purpose Parameter Specification 

Rotational viscometer test Mixing and 
compaction 
temperature 

η AASHTO T 
316 

Bending beam rheometer Low temperature 
performance 

S, m-value, 
ΔTc 

AASHTO T 
313 

Dynamic shear rheometer 
(DSR) test 

High temperature 
performance grade 

G*/sinδ AASHTO M 
320 

Multiple Stress Creep 
Recovery (MSCR) test 

High temperature 
performance 

Jnr and R AASHTO T 
350 

Glover-Rowe (G-R) 
parameter analysis 

Cracking potential G-R Not 
Applicable 

Linear amplitude sweep 
(LAS) test 

Fatigue resistance C-S curve, 
Nf 

AASHTO T 
391 

Thermal conductivity and 
heat capacity test 

Thermal 
conductivity and 
heat capacity test 

k, c Not 
Applicable 

Thermogravimetric 
Analysis (TGA) 

Degradation 
temperature 

T Not 
Applicable 

Differential Scanning 
Calorimetry (DSC) Test 

Glass transition 
temperature 

Tg Not 
Applicable  
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(VECD) model. Thermal tests and analyses were conducted following the 
rheological tests to evaluate the impact of the PCM on asphalt binder 
thermal behaviors. The thermal conductivity, heat capacity, and glass 
transition temperatures of the modified binders were measured, the 
decomposition temperature was evaluated using thermogravimetric 
analysis (TGA) methods. The testing methods and the corresponding 
evaluation parameters in this study are summarized in Table 4. 

3.1. Tests for binder viscosity and workability 

The viscosity of the binders was measured using the rotational 
viscometer (RV) at 125, 135, 145, and 155 ◦C. The RV test was con-
ducted to evaluate the pumpability, mixability, and workability of the 
binder. The test was also used to determine the mixing and compaction 
temperatures for different binders. 

3.2. Low-Temperature tests for cracking susceptibility evaluation 

The BBR test was used to determine the low-temperature perfor-
mance grades (PGs) of the binders. The tests were conducted at − 12, 
− 18, and − 24 ◦C after the Rolling Thin-Film Oven (RTFO) and Pressure 
Aging Vessel (PAV) aging conditioning. In addition to using the low 
performance grade, the cracking resistance of the modified binders at 
low temperatures were also evaluated using the ΔTc parameter. The 
parameter was obtained by calculating the difference between the crit-
ical temperatures for creep stiffness (Tc,S) and relaxation rate (Tc,m). The 
critical temperatures were determined using Eqs. (1) and (2). 

Tc,S = T1 +(
(T1 − T2) × (log300 − logS1)

logS1 − logS2
) − 10 (1)  

Tc,m = T1 +(
(T1 − T2) × (0.300 − m1)

m1 − m2
) − 10 (2)  

where, S1 is the creep stiffness at T1 in MPa, S2 is the creep stiffness at T2 
in MPa, m1 is the creep rate at T1, T1 is the temperature (◦C) at which S 
and m pass the criteria (S ≤ 300 MPa and m ≥ 0.300), and T2 is the 
temperature (◦C) at which S and m no longer meet the criteria (S˃300 
MPa or m<0.300). The ΔTc value was then calculated using Eq. (3). 

ΔTc = Tc,S − Tc.m (3)  

3.3. High-Temperature tests for rutting resistance evaluation 

In terms of rutting resistance, the binders were evaluated using the 
Superpave rutting factor (G*/sinδ) and the MSCR test. Both tests were 
conducted on a dynamic shear rheometer (DSR). The rutting factor, G*/ 
sinδ, was obtained from the dynamic shear modulus tests at 10 rad/s 
conducted in the linear viscoelastic range on binder specimens at 
different aging levels, i.e., unaged, aging conditioned using the RTFO, 
and aging conditioned using the PAV after the RTFO conditioning. For 
the unaged and RTFO-aged specimens, the temperature sweep shear 
modulus test started at 40 ◦C and 46 ◦C, respectively, and the testing 
temperature increased with a 6 ◦C increment according to AASHTO M 
320. Two replicates were tested at each aging condition. 

The MSCR test was conducted on the specimens after the RTFO aging 
conditioning as per AASHTO T 350. The test was performed by applying 
creep stresses with two magnitudes, i.e., 0.1 and 3.2 kPa at 52 and 58 ◦C. 
Two parameters were obtained from the MSCR test, i.e., the non- 
recoverable creep compliance, Jnr, and the percent recovery, R. The 
recovery percent at creep stress levels of 0.1 and 3.2 kPa (R0.1 and R3.2) 
were calculated using Equations (4) and (5), respectively. 

R0.1 =

∑20
N=11[∈r(0.1,N)]

10
(4)  

R3.2 =

∑10
N=1[∈r(3.2,N)]

10
(5)  

where N is the cycle number at each stress level and ∈r is the percent 
recovery at 0.1 kPa and 3.2 kPa. The non-recoverable compliance was 
calculated by the Eqs. (6) and (7), and the percent difference in non- 
recoverable creep compliance could then be expressed as Eq. (8). 

Jnr0.1 =

∑20
N=11[Jnr(0.1,N)]

10
(6)  

Jnr3.2 =

∑10
N=1[Jnr(3.2,N)]

10
(7)  

Jnrdiff =
[Jnr3.2 − Jnr0.1 ] × 100

Jnr0.1

(8)  

3.4. Intermediate-Temperature tests for cracking resistance evaluation 

In this study, the cracking potentials of the asphalt binders were 
assessed using the Glover-Rowe parameter and the fatigue performance 
predicted using the LAS tests and the ViscoElastic Continuum Damage 
(VECD) model. 

The G-R parameter was calculated using the dynamic shear modulus 
data at 0.005 rad/s and 15 ◦C. The parameter was developed as a 
rheological index to evaluate the fatigue cracking resistance of asphalt 
binders at low temperatures [19,20]. The parameter was defined as 
presented in Eq. (9): 

G − R =
G*cos2δ

sinδ
(9)  

where G* is the complex shear modulus and δ is the phase angle at the 
corresponding temperature and loading frequency. The thresholds for 
the damage onset and the significant cracking were 180 kPa and 450 
kPa, respectively. 

The LAS test was conducted to evaluate the binder fatigue resistance 
and predict its fatigue life under repeated loads as per AASHTO T 391. 
The test was performed using the DSR with 8 mm-diameter plates at 
16 ◦C on specimens after the RTFO and PAV aging conditioning. Prior to 
the LAS test, a frequency sweep test at frequencies from 0.2 to 30 Hz 
with constant strain level of 0.1% was performed to obtain the un-
damaged material properties within the linear viscoelastic range. The 
LAS test was then conducted at a frequency of 10 Hz with increasing 
shear strain from zero to 30% over 3100 cycles of loading. The VECD 
model was used to analyze the testing results. According to the LAS 
testing protocol, the definition of failure was 35% reduction in modulus, 
or, in other words, when the material integrity, C, defined by Equation 
(10), decreased from the value of 1 to 0.65. 

C(t) =
|G*|(t)
|G*|initial

(10)  

where |G*|(t) is the complex modulus at time t, and |G*|initial is the 
undamaged and initial value of |G*|. The number of cycles to failure can 
be calculated by Eq. (11). 

Nf = A(γmax)
B (11)  

where Nf is fatigue life, γmax is the maximum shear strain for the pave-
ment structure, and A and B are the model coefficients. 

3.5. Thermal behavior evaluation 

In addition to enhancing the binder low-temperature performance, 
another merit of using PCM is to improve materials’ thermal behavior. 
PCM can absorb extensive amount of heat at temperatures close to their 
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melting point and, thus, mitigate the temperature changes within the 
asphalt mixtures. In this study, two important thermal properties of the 
asphalt binders, i.e., the thermal conductivity and volumetric heat ca-
pacity were first measured using the Thermal Constants Analyzer (TPS 
500S, Hot Disk, Sweden). The specimens were prepared as pellets and 
tested at room temperature of 21 ± 1 ◦C. 

In addition, the thermogravimetric analysis (TGA) was performed to 
evaluate the thermal stability of the binders. In this test, the decompo-
sition temperature was analyzed using the TGA and Differential Thermal 

Analysis (DTG) curves. During the test, binders with a mass of around 
10 mg were heated from room temperature to 800 ◦C under nitrogen 
atmosphere flow. The heating rate was set at 10 ◦C/min. 

To complete a full evaluation of the thermal properties of the 
modified binder, the researchers also used a Differential Scanning 
Calorimetry (DSC) to measure the glass transition temperature. The 
glass transition was defined as a reversible change of material from the 
viscoelastic state to the glassy or brittle state [21], and during the 
transition, the molecular motions were immobilized. Below the glass 

Fig. 1. Low-temperature performance of neat and modified binders, (a) creep stiffness value, and (b) m-value.  

Table 5 
Binder Codes, Composition, and Low-temperature Performance Grade of Binders.  

Binder Critical temperature by creep stiffness 
(◦C) 

Critical temperature by m-value 
(◦C) 

S or m-value 
controlled 

Critical Temperature (◦C) by S and m- 
value 

Low 
PG 

ΔTc 

Neat 
binder 

− 21  − 18.5 m-value controlled − 18.5 − 28 − 2.5 

G3 − 20  − 18.3 m-value controlled − 18.3 − 28 − 1.7 
G6 − 18.7  − 16.5 m-value controlled − 16.5 –22 − 2.2 
G9 − 14.6  − 12.6 m-value controlled − 12.6 –22 − 2 
G12 − 14.6  − 12.1 m-value controlled − 12.1 –22 − 2.5 
P5G3 − 21.5  − 21.0 m-value controlled − 21 − 28 − 0.5 
P5G6 − 19.9  − 18.3 m-value controlled − 18.3 − 28 − 1.6 
P5G9 − 19.0  − 15.7 m-value controlled − 15.7 –22 − 3.3 
P5G12 − 17.8  − 14.2 m-value controlled − 14.2 –22 − 3.6  
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transition temperature, asphalt binder exhibited glassy and brittle be-
haviors, and at temperatures above the glass transition temperature, 
viscoelasticity dominated the material behaviors [22]. In this study, the 
DSC scan was conducted from − 60 ◦C to 100 ◦C at a heating rate of 2 ◦C/ 
min under nitrogen atmosphere flow. 

4. Testing results 

4.1. Binder performance evaluations 

4.1.1. Low-temperature performance of the Gilsonite-PCM-modified 
binders 

While the dosage of PEG was fixed at 5% to prevent segregation, the 
low-temperature performance of the binders with different gilsonite 
contents were evaluated using the BBR creep stiffness tests. Fig. 1 il-
lustrates the creep stiffness and the m-values for the neat and modified 
binders. The critical temperatures for creep stiffness, S, and creep rate, 
m, were determined at threshold values at 300 MPa, and 0.3, respec-
tively, as indicated by the red lines. Table 5 summarizes the critical 
temperatures and the low performance grades of the binders with 
different concentration levels of modifiers. As the gilsonite content 
increased, the critical temperature increased, which indicates the 
adverse effects of gilsonite on the low-temperature performance of 
asphalt binders. At the same gilsonite concentration level, the critical 
temperature decreased by 2.4 ◦C in average with the addition of 5% 
PEG. As a result, the low PG of the G6 binder with PEG (P5G6) was 
restored from –22 to − 28. Based on BBR testing results, the maximum 
gilsonite level was determined to be 6%, and in the remaining investi-
gation, the binders with up to 6% gilsonite were tested. 

The low temperature cracking resistance was further evaluated using 
the ΔTc parameter. The parameter indicates the difference between the 
critical temperatures of creep stiffness and relaxation rate obtained from 
the BBR tests. If ΔTc > 0, the binder is stiffness-controlled or S- 
controlled; if ΔTc < 0, the binder is m value-controlled. An S-controlled 
binder or binder with higher ΔTc values is usually more desirable. 
Table 5 presents the ΔTc values of binders with different PEG and 
gilsonite contents. It can be observed that, for the P5G3 and P5G6 
binders, the binders with PEG exhibited higher ΔTc values than the ones 
with the same gilsonite concentration levels. The results showed that the 
addition of PEG improves the low temperature cracking resistance. For 
the P5G9 and P5G12 binders, the measured ΔTc values were lower than 
the ones of the binders without PEG. Because of their high value of low 

PG (i.e., –22) and low ΔTc, those two binders were not further evaluated 
in the study. 

4.1.2. Evaluation of binder workability 
After the performance evaluation, the workability of the modified 

binders was assessed using the rotational viscometer. Fig. 2 presents the 
dynamic shear viscosity curves at different temperatures for different 
binders. The testing results indicate that the gilsonite increased the 
viscosity of the binder and the addition of the PEG had moderated the 
viscosity of the binder at all temperatures. The binder viscosities are 
related to their workability. A low viscosity at the mixing and 
compaction temperature ranges can provide sufficient workability and 
potentially decrease the mixing and compaction temperature, which can 
lower the energy consumption and limit the greenhouse gas emissions 
[23]. The viscosity at the reference temperature of 135 ◦C was used as an 
index of the binder workability. Fig. 3 presents the viscosities of the 
binders at 135 ◦C. It can be observed that the binder with the gilsonite 
(G3 and G6) had high viscosity at 135 ◦C, and adding PEG to the 
gilsonite-modified binders decreased the binder viscosity and improved 
the workability. According to ASTM D6373, all the binders including G6 
exhibited sufficient workability since their viscosities at 135 ◦C were 
lower than 3 Pa⋅s. Fig. 4 present the binder mixing and compaction 
temperatures based on the RV test results. The results indicate that the 
addition of 6% gilsonite increased the mixing and compaction temper-
atures by 10 ◦C compared with the neat binder; however, the mixing and 
compaction temperatures of the modified binders remained in the 
acceptable range. 

Fig. 2. Dynamic shear viscosity at different temperatures.  

Fig. 3. The viscosity of samples at 135 ◦C.  

F. Saberi K. et al.                                                                                                                                                                                                                               



Construction and Building Materials 399 (2023) 132557

6

Fig. 4. (a) Average mixing temperature, (b) Average compaction temperature.  

Fig. 5. Complex shear modulus of binders at different temperatures.  
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4.1.3. High-temperature performance of the binders 
The high PG of the modified binders were tested through the dy-

namic shear modulus tests using a DSR. Fig. 5 presents the complex 
shear modulus curves of specimens at various temperatures tested at 10 
Hz. It can be observed that as the concentration level of gilsonite 
increased, the shear modulus increased, and the addition of PEG also 
decreased the shear modulus at each temperature. 

According to the Superpave PG grading specification AASHTO M 
320, the rutting factor (G*/sinδ) reflects the rutting resistance of the 
asphalt binder. A higher G*/sinδ value indicates greater rutting resis-
tance. In Fig. 6, the G3 and G6 binders exhibited higher G*/sinδ values 

than the neat binder. The addition of PEG decreased the G*/sinδ values 
at each gilsonite concentration level. According to Superpave specifi-
cation, the rutting factor should be at least 1.00 kPa before RTFO aging 
and 2.2 kPa after RTFO short-term aging conditioning. The critical 
temperatures to pass the rutting criteria and the high PGs of the binders 
are presented in Table 6. The testing results indicated that the addition 
of 6% gilsonite (G6) increased the high PG by two levels from PG 52 to 
64. The addition of the 5% PEG balanced the performance at the high 
and low temperatures and lowered the high PG by one grade at each 
gilsonite concentration level. Moreover, though the G6 binder is one 
level higher than that of the P5G6 binder, the critical temperatures for 

Fig. 6. Rutting factor of binders at different temperatures, (a) Unaged binder, (b) RTFO-aged binder.  

Table 6 
Critical Temperatures at Different Aging Conditions and Superpave Performance Grade (PG).  

Binder Critical temperature (◦C) Superpave performance grade (PG) 

Unaged binder (G*/sinδ) RTFO aged binder (G*/sinδ) RTFO + PAV aged binder (G*⋅sinδ) 

Neat binder  54.9  54.6  15.8 52–28 
G3  58.8  57.9  18.2 52–28 
G6  65.1  64.4  21.0 64–22 
P5G3  57.8  56.6  16.0 52–28 
P5G6  63.1  62.0  19.0 58–28  
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the unaged and the RTFO aged binder are only 2 ◦C and 2.4 ◦C lower 
than those of the G6 binder, respectively, and they are higher than those 
of the neat binder by 8.2 ◦C and 7.4 ◦C, respectively. With the addition of 
PEG and gilsonite, the P5G6 binder is almost qualified to be PG 64–28. 
The intermediate critical temperatures determined by the cracking 
factor G*⋅sinδ are also presented in Table 6 for the purpose of perfor-
mance grading. 

4.1.4. Multiple stress creep recovery (MSCR) test 
In addition to the Superpave rutting factor, the rutting performance 

of the binders were evaluated beyond the linear viscoelastic range using 
the MSCR test on a DSR. The test was performed at 52 and 58 ◦C on 
specimens after RTFO aging conditioning. Table 7 and Fig. 7 present the 
average non-recoverable creep compliance (Jnr) at the stress levels of 0.1 
and 3.2 kPa at 52 and 58 ◦C. Gilsonite-modified binders exhibited lower 
Jnr values, which indicated a good performance of gilsonite against 
rutting. This trend could be observed from tests at both stress levels and 
both temperatures. Introducing PEG to gilsonite modified binder slightly 
increased the Jnr values. Comparing the testing results from binders with 
different gilsonite concentration levels, it can be observed that the Jnr 
values were dominated by the content of gilsonite. The modified binder 
P5G6 exhibited lower Jnr at different temperatures than the G3 binder 
and the neat binder. 

Recovery values (R) is another indicator of the rutting resistance of 
the binders. A higher R value indicates more elastic recovery after 
loading. According to Table 7, while the elastic recovery of the neat 
binder at 3.2 kPa was found as zero, after adding 6% gilsonite, the R 
value was increased to 6.34%. Table 7 and Fig. 8 also indicate that the R 
values of the P5G6 and G6 binder were significantly higher than binders 
with other gilsonite concentration level. Unlike the trend in Jnr, the 
addition of 5% PEG slightly increased the R value at each gilsonite 
concentration level. The MSCR testing standard requires the difference 

Table 7 
R, Jnr, and Jnr,diff of the Neat Binder and Modified Binders.  

Binder 
specimen 

Temperature 
(◦C) 

Jnr (kPa− 1) Recovery (%) Jnr,diff 

(%) 
0.1 
kPa 

3.2 
kPa 

0.1 
kPa 

3.2 
kPa 

Neat binder 52  2.72  3.09  2.96 0  13.59 
58  6.54  7.34  0.33 0  12.24 

G3 52  1.68  1.86  4.42 0.49  10.70 
58  4.16  4.53  0.90 0  8.73 

G6 52  0.57  0.63  11.57 5.43  10.88 
58  1.51  1.71  6.12 0.86  13.23 

P5G3 52  1.95  2.43  4.81 1.02  24.21 
58  4.79  5.95  1.52 0  24.20 

P5G6 52  0.78  0.94  13.52 6.34  21.50 
58  2.04  2.64  7.64 0.72  29.15  

Fig. 7. Non-recoverable creep compliance at (a) 52 ◦C, (b) 58 ◦C.  
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between the creep compliance at 3.2 kPa and 0.1 kPa to 75% and no 
binder exceeded the 75% limit. 

In summary, both the rutting factor G*/sinδ and the MSCR test re-
sults indicated that the binders with 6% gilsonite (i.e., G6 and P5G6) 
exhibited superior rutting resistance and the addition of PEG has a minor 
impact of the rutting susceptibility at each gilsonite concentration level. 

4.1.5. Glover-Rowe parameter 
The Glover-Rowe (G-R) parameter was obtained from binder speci-

mens after PAV aging conditioning to evaluate the binders’ cracking 
resistance at intermediate temperatures. Fig. 9 presents the values of the 
G-R parameters of different binders in a Black diagram. 

The results presented in Fig. 9 indicates that all the binders can pass 
the limit of cracking resistance based on the G-R parameters. However, 
the binders with 6% gilsonite had higher cracking potential than the 
ones with 3% or lower percentage of gilsonite. The G-R parameter also 
showed the addition of PEG to gilsonite-modified binders can decrease 
the risk of damage for 3% and 6% of gilsonite. 

Fig. 8. Percent recovery at (a) 52 ◦C, (b) 58 ◦C.  

Fig. 9. Average values of the G-R parameter for the neat binder and modi-
fied binders. 
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Fig. 10. Frequency sweep test of binders at 16 ◦C.  

Fig. 11. Integrity parameter vs. damage intensity of binders.  

Fig. 12. Fatigue prediction model from the VECD model.  
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4.1.6. Linear amplitude sweep (LAS) test 
In addition to using the G-R parameters obtained from tests within 

the linear viscoelastic range, the LAS tests were performed to further 
assess the fatigue cracking resistance of the binders at intermediate 
temperatures. A frequency sweep “fingerprint” test was first conducted 
before each LAS test to quantify the linear viscoelastic properties of the 
binders. The results are presented in Fig. 10. Similar to complex modulus 
showed in Fig. 5, the testing results indicates that the binders with 
higher gilsonite content exhibited higher modulus and the addition of 
PEG can soften the binders at each gilsonite concentration level. 
Following the fingerprint test, the LAS test was performed. The damage 
characteristic curve obtained from the LAS test analyzed is one impor-
tant component of the VECD model. The curve describes the relationship 
between material integrity (C) and the increase of the damage intensity 
(S). A higher C-S curve represents a lower deterioration rate and in-
dicates a potential superior cracking resistance of the asphalt binders. In 
some recent studies, the ranking of the C-S curves has been reported to 
have high correlations with the ranking of the material stiffness [2425]. 
However, in this study, the testing results in Fig. 11 show that even 
though the G6 binder had the highest modulus, it had the lowest C-S 
curve or the highest integrity deterioration rate. The addition of PEG 
yielded higher C-S curve at each gilsonite concentration level, and the 
P5G3 binder had the highest C-S curve in this case. 

Fig. 12 and Table 8 present the predicted numbers of cycles to failure 
for different binders at different strain levels. It can be observed that the 
binders with 6% gilsonite yielded Nf vs. strain amplitude curves with 
high slopes, which means the fatigue lives of the G6 and P5G6 binders 
were greater than others at low strain amplitude levels and lower at high 
strain amplitudes. The addition of PEG increased the fatigue lives of the 
binders at each gilsonite concentration levels. The trend can also be 
observed from Table 8. At high strain levels, the fatigue lives of binders 
with 3% gilsonite were significantly higher than the binders with 6% 
gilsonite. However, the ranges of strains and stresses on asphalt binders 
may vary because of the local strain concentration. While the LAS tests 

predicted the fatigue lives of the binders at different strain levels, a fa-
tigue evaluation on the mixture level in the future study would provide 
more information about the cracking resistance of those binders. 

4.2. Thermal analysis 

4.2.1. Thermal conductivity and volumetric heat capacity 
In addition to testing the rheological behaviors, the thermal con-

ductivity and the volumetric heat capacity of the modified binders were 
measured in this study. The thermal conductivity and the volumetric 
heat capacity of the modified binders were measured in this study. A 
higher thermal conductivity leads to a quicker heat transfer through the 
asphalt pavement, which improves the thermoregulation of asphalt 
pavement and avoid the concentration of extreme temperature in the 
asphalt mixture [26]. Fig. 13 presents the measured thermal conduc-
tivity of the neat binder and modified binders. A descending trend in 
thermal conductivity was observed with the increase of gilsonite con-
tent, and the lowest thermal conductivity was observed in the sample 
P5G6. It also indicates that the addition of the PEG slightly decreases the 
thermal conductivity of gilsonite-modified binders. The lowest thermal 
conductivity was observed in the sample P5G6. 

Another related thermal characteristic of asphalt mixture is volu-
metric heat capacity. A high volumetric heat capacity means the mate-
rial can observe more energy while changing temperatures. For paving 
materials, greater values of volumetric heat capacity can mitigate the 
pavement temperature swing in pavements caused by the ambient 
temperature changes. Fig. 14 presents the volumetric heat capacity of 
the neat and modified binders. The testing results indicate the volu-
metric heat capacity was raised after the addition of gilsonite. Unlike the 
thermal conductivity results, the four gilsonite-modified binders had 
similar values of the volumetric heat capacity. The P5G6 binder had the 
highest volumetric heat among all the tested binders, 19.1% higher than 
the neat binder. 

4.2.2. Thermo-gravimetric analysis (TGA) 
TGA is an effective test to monitor the mass loss with temperature 

changes to determine the thermal stability of binders by increasing 
temperature. Fig. 15 presents the weight losses of the samples as func-
tions of temperature changes during the TGA tests. It can be observed 
that all the binders remained thermally stable before 250 ◦C. The neat 
binder first started to decompose as the temperature increased. At the 
same temperature, the neat binder had the most weight loss. The 
observation can be confirmed by the DTG curves presented in Fig. 16 
which were obtained by calculating the first derivative of the weight loss 
over temperature. Furthermore, the single peak from the PEG-gilsonite- 
modified binders suggested that relatively strong molecular bonds 
existed among the PEG, gilsonite, and the neat binder, which led to the 
superior thermal stabilities of the modified binders. 

4.2.3. Differential scanning calorimetry (DSC) analysis 
The heat flows of binders are presented in Fig. 17. It can be observed 

Table 8 
Fatigue Parameters (A and B) and Fatigue Life at Different Strain Levels (1%, 
2.5%, and 5.0%).  

Binder 
specimen 

A B Nf 

Strain level 
(1.0%) 

Strain level 
(2.5%) 

Strain level 
(5.0%) 

Neat binder 1.513E 
+ 05  

− 3.520 151,340 6,017 525 

G3 1.161E 
+ 05  

− 3.556 116,054 4,464 380 

G6 2.582E 
+ 05  

− 4.466 98,071 4,313 195 

P5G3 9.807E 
+ 04  

− 3.500 258,192 3,970 351 

P5G6 1.133E 
+ 05  

− 3.932 113,257 3,086 202  

Fig. 13. Thermal conductivity of the neat binder and modified binders.  

Fig. 14. Volumetric heat capacity of the neat binder and modified binders.  
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that as the temperatures changed from low to high, the heat flows 
increased and reached to peak values around − 30 ◦C for all binders. The 
temperatures corresponding to the peaks of heat flows were the glass 
transition temperatures. The values of the glass transition temperatures 
for different binders are presented in Fig. 18. The testing results indicate 
that the addition of PEG was able to lower the binder glass transition 
temperature and allowed the binder to remain viscoelastic and less 
brittle in a wider temperature range. As the dosage of gilsonite 
increased, the glass transition temperatures increased. The introduction 
of PEG mitigated the impact of gilsonite on the process of glass transi-
tions. For example, with 6% gilsonite, the transition temperature was 
raised from − 28.7 ◦C, the temperature of neat binder, to − 24.9 ◦C. With 
5% PEG, the glass transition temperature was improved to − 26.2 ◦C. 
Based on molecular theory, there are two main factors affecting the glass 
transition temperatures, i.e., the force between the polymer molecules 
and the flexibility of molecule chains. It was believed that the addition of 
PEG increased the flexibility of the molecular chains; thus, lowered the 

glass transition temperatures and expanded the temperature range for 
the material to remain viscoelastic. 

5. Conclusions and future work 

The objective of the study was to evaluate the impact of PCM on the 
rheological and thermal behaviors of the gilsonite-modified binder and 
identify the proper dosages of PCM and gilsonite so that the binder high- 
temperature performance can be improved without sacrificing the low- 
temperature performance. The performance test and thermal analysis 
results indicated that the G3 and P5G6 binders managed to increase the 
high PG of the original binder by one grade without increasing the low 
PG. The MSCR test results showed that even though the G3 and P5G6 
binders had the same high PG, P5G6 had much lower non-recovery 
creep compliance and higher percentage recovery under the same 
loading scenarios; thus, having superior rutting resistance at high 
temperatures. 

Fig. 15. TGA curves of the neat binder and modified binders.  

Fig. 16. DTG curves of the neat binder and modified binders.  
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Other major findings are highlighted and presented in the following:  

• Gilsonite improves the high-temperature performance of asphalt 
binders and has adverse effects on their performance at low tem-
peratures. With 5% PEG incorporated, binder with Gilsonite up to 
6% was able to remain the same low PG as the neat binder. As for the 
continuous PG, the high PG of the P5G6 binder reached 63, nearly 
two levels higher than the original binder.  

• In addition to the Superpave performance grading tests, the MSCR 
and the LAS tests were conducted to assess the modified binders’ 
rutting and cracking resistance, respectively. The MSCR tests verified 
the findings in the Superpave rutting tests and clearly showed that 
the P5G6 binder had superior rutting resistance. On the other hand, 
the LAS fatigue test and the VECD analysis results indicated that the 
binders with 6% Gilsonite without PEG were stiffer and could yield 
longer fatigue life at low loading amplitudes and fewer numbers of 
cycles to failure with high loading amplitudes. Asphalt mixture tests 
were recommended for further fatigue cracking resistance 
evaluation.  

• Thermal analysis suggested that the volumetric heat capacity of the 
gilsonite-modified and the PEG-gilsonite-modified binders were 
significantly higher than the virgin binder, which can improve the 
thermoregulation of asphalt binder. 

For future studies, it is recommended that base binders with different 
PGs and sources be tested with the recommend dosages of PEG and 
Gilsonite to verify the findings from this study. The cost-benefit analysis 
will be conducted. Furthermore, performance tests and thermal 
behavior analyses can be performed on the corresponding asphalt mix-
tures in the future. 
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