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)is research was conducted to elucidate better understanding of the performance of crumb rubber asphalt modified with
silicone-based warm mix additives. Two different silicone-based warm mix asphalt (WMA) additives (herein Tego XP and
Addibit) were used to prepare crumb rubber modified (CRM) warm mix asphalt binders. )e viscosity of these CRM binders was
measured at different temperatures and shearing rates. Furthermore, softening point and penetration tests, Multiple Stress Creep
Recovery (MSCR), Time Sweep (TS), Atomic Force Microscopy (AFM), Frequency sweep (FS), and Fourier Transform Infrared
(FTIR) tests were also conducted on prepared samples. Based on these robust and rigorous laboratory experiments, it was
established that viscosity of CRM binders was reduced by addition of Tego XP and Addibit WMA additives. However, WMA
additives had different influence on rheological properties of the binder. CRM binder with Tego XP improved resistance to rutting
of the binders but would degrade the fatigue performance. On the contrary, viscoelastic continuum damage (VECD)model results
and those of phase angle approach revealed that the binder with Addibit improved resistance to fatigue cracking of the binders but
had no adverse effects on high temperature rutting performance. FTIR test results established a presence of polydimethylsiloxane
(PDMS) in CRM binders with Tego XP and Addibit. PDMS is a well-known hydrophobic organic and inorganic polymer that is
water repellent; therefore, binders containing these silicone-based warm mix additives could be beneficial in resisting moisture
damage in asphalt binders and mixtures. Morphology of CRM binders with and without WMA revealed good distribution of the
rubber particles in asphalt binder matrix. Further addition of WMA increased surface roughness of the binder, which can be
correlated to changes in microstructure properties of the binder. )erefore, the study concluded that addition of Tego XP and
Addibit reduces viscosity and improves mechanical properties of the asphalt binder.

1. Introduction

1.1. Background. In light of the growing concern for global
warming and increase in environmental emissions, the as-
phalt industry has been making frantic efforts to reduce its
greenhouse emissions from asphalt without significantly
affecting its mechanical properties [1, 2].

Crumb rubber (CR), a waste material manufactured by
grinding waste vehicular tires, is one of the modifier of
asphalt. )is material has been widely used in asphalt
mixture production due to immense benefits which include
reducing the need for the disposal of waste tires and saving
on raw materials and cost [3]. Rubberized asphalt concrete

generally improve durability, reduce aging and oxidation,
and enhance resistance to fatigue cracking, rutting, and
reflective cracking. Furthermore, CRM asphalt binders
lower costs of maintenance, noise generation, and improve
skid resistance [4–10]. Despite these benefits, there are
concerns in the application of CR in asphalt. )ese concerns
include poor mixability, pumpability, workability and also
the need formore heat energy when preparing suchmixtures
[11]. )e production of rubberized asphalt concrete re-
quires temperature of atleast 180°C [12–16] to obtain the
required binder workability. )e high temperature in-
creases greenhouse gas emissions and the production of
fumes, odor, and volatile organic compounds (VOCs)
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such as benzene, toluene, ethylbenzene, xylenes, and
sulfur compounds [17].

In view of the emission concerns of rubberized asphalt
mixes, warm mix asphalt (WMA) technologies can effec-
tively lower the energy consumption and emissions from
asphalt concrete [18]. In the recent past, researchers have
investigated the application of WMA as a way to lower the
production and lay down paving temperatures of asphalt
concrete mixes. WMA is manufactured at temperatures of
between 100°C and 140°C compared to hot-mix asphalt
mixes which are produced at temperatures of about 150°C
[19–22].)ere are three methods or approaches for reducing
the production and lay down paving temperatures ofWMA .
)ese approaches include the foaming approach, use of
water-bearing agents, and the application of special additives
for asphalt. For the foaming approach, small steam bubbles
are produced in the binder. )ese bubbles increase the
volume of the asphalt binder, thereby giving rise to im-
proved binder wettability and reduced viscosity [23]. When
water-bearing agents are used, chemically bound water is
released from the agents into the asphalt during production.
)e released water results in the formation of steam which is
finely dispersed in the asphalt mixture. )ese fine steam
bubbles induce the formation of micropores that improve
the volumetric properties and lay down compaction of
binders [24]. Lastly, the addition of special additives which
has paraffinic hydrocarbons as the main constituents results
in in the reduction of viscosity of the binder . )e paraffin
component is typically soluble in asphalt when temperatures
are between 80°C and 120°C. However, the reduction of the
binder viscosity is achieved when these paraffinic hydro-
carbons dissolve in asphalt [25].

)e application of warm-mix technology to CRM as-
phalt binders produce mixes with good engineering prop-
erties that could lower cost and environmental emissions. In
spite of numerous previous studies on warm-mix asphalt,
only a handful of researchers investigated rubberized asphalt
in relation to warmmixes [26–28] and virtually no published
literature exists on characterization of silicone-based WMA
additives on properties of CRM asphalt binders. )erefore,
this paper presents a study on performance variation of
CRM asphalt binders due to addition of two silicone-based
warm mix additives (namely, Tego XP and Tego Addibit)
into asphalt.

Tego Addibit herein referred to as Addibit is a bitumen
warm mix additive based on organo-modified siloxanes. It
is utilized in foamed and nonfoamed bitumen production.
Evonik Specialty Chemicals (Shanghai) Co. Ltd. manu-
factures Tego Addibit, and this additive possess anti-
stripping and viscosity reduction component. )e
additives’ main component is organic siloxane surfactant.
)e surface tension of the surfactant is lower than hy-
drocarbon surfactants and has excellent compatibility,
strong thermal stability, and wettability among others.
Unlike other commercial warm mix additives, silicone-
based warm mix additives can also work without intro-
ducing water in asphalt mix. )erefore, water stability and
reduced warm asphalt production can best be realized by
using Addibit additive [29–31].

Tego XP is a new product based on organic-modified
siloxane foam asphalt warm mix agent, manufactured by
Evonik Specialty Chemicals (Shanghai) Co. Ltd, as an
antistripping agent and suitable for stabilizing foam in the
production process of foamed asphalt. Tego XP can also be
used in the production nonfoaming asphalt. )e silicone
content of products is not more than 2%. Tego XP additive
can lower the production temperature of asphalt concrete
mixes by 20°C–40°C and so reduce energy consumption
and emission reduction in road paving. Tego XP has ex-
cellent thermal stability, which helps improve paving ef-
ficiency in areas with poor ventilation such as highway
tunnels. One of the advantages of Tego XP is its application
in heavy-duty asphalt such as Stone Mastic Asphalt (SMA)
and Rubberized Asphalt (RA) pavements. Tego XP also
possesses excellent foam stability effect. By reducing, the
discharge temperature of asphalt mixture, Tego XP, reduces
gas emissions in asphalt plants thereby improving the
environmental friendliness of asphalt production and road
paving [32].

1.2.ResearchObjectives andScope. )is study was conducted
to elucidate better understanding of the variation in per-
formance of CRM asphalt binders due to addition of two
silicone-based WMA additives (namely, Tego XP and Tego
Addibit). In particular, fatigue cracking, chemical functional
groups, morphology, and rutting properties of rubberized
WMA binders were investigated. To achieve the research
purpose, the following specific objectives were formulated:

(i) To evaluate the effect of silicone-based WMA on
conventional properties and viscosity of CRM
binders

(ii) To evaluate the influence of WMA on high tem-
perature rutting resistance and intermediate tem-
perature fatigue cracking resistance of CRM asphalt
binders employing MSCR and TS tests, respectively

(iii) To identify the chemical functional groups of CRM
binders with and without WMA additives based on
FTIR tests

(iv) To investigate the morphological changes and mi-
crostructure properties of CRM binders due to the
addition of WMA additives employing AFM tests

2. Experimental Methodologies

2.1.AsphaltBinderandAdditives. )e asphalt binder utilized
herein was PEN grade 60–80 asphalt (also known as 70# base
asphalt in China) which was sourced from local suppliers.
)e physical properties of the binder are given in Table 1.
Basic properties of the crumb rubber modifier are given in
Table 2. Pictorial images and properties of Tego Addibit and
Tego XP WMA additives are shown in Figure 1 and Table 3,
respectively. )e crumb rubber modifier utilized herein was
from one batch to ensure uniformity and quality control of
samples. )e modifiers and subsequent labels used herein
are shown in Table 4.
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2.2. Production of Rubberized Warm Mix Asphalt Binders.
Typically, CRM warm mix asphalt is prepared by mixing
asphalt binder with crumb rubber at high temperature for
a specified time. An asphalt sample of 750 g was heated at
140°C in a high shear mixer. Tego XP (0.6% weight of
asphalt) was added to base asphalt and sheared with high
shear mixer at 4000 rpm for 15 minutes. Exactly 18% of
CRM was added to base asphalt at 170°C–176°C and
shearing at 900 rpm for 15 minutes. Finally, the tem-
perature was increased to 180°C–185°C and shearing at
4000 rpm for 30 minutes. )is process is illustrated in
Figure 2. )e experiment was repeated for Tego Addibit
additive (2% weight of asphalt). For the preparation of
CRM control asphalt binder the procedure was the same
as the preparation technique of warm mix asphalt except
no WMA additive was added to base asphalt. Herein base
asphalt was heated to 160°C before adding crumb rubber
modifier. )ereafter the procedure was as described
above.

As shown in Figure 2, the interaction stages of bitumen-
rubber and warm mix asphalt have been presented in three
steps as follows:

Stage 0 (asphalt/WMA blending): warm mix asphalt is
blended with asphalt.
Stage I (CR modification and swelling phase): CR is
added to prepared warm mix asphalt binder. )en,
rubber particles begin to swell by absorbing the
lighter components of asphalt and a gel-like layer is
formed at the interface between rubber and
asphalt.

Stage II (CR modification and shear grinding): at this
phase rubber particles continue to swell and degra-
dation begins. )e polymer chains and network of
crosslinks begin to break up under the action of shear
grinding splitting the swollen rubber into small
particles.
Stage III: development herein refers to degradation
and completion of dissolution. )e rubber particle
degradation progresses until it fully dissolves in asphalt
to obtain a homogenous binder.

It is important to note that rubber network degradation
could enhance the absorption of lighter fractions from as-
phalt binder, when the rubber swells. )e development of
CRM binder properties is mainly controlled by the rubber-
asphalt interaction and has a significant effect on asphalt
binder’s storage stability. During the asphalt-rubber inter-
action, two phases occur: rubber particle swelling and rubber
degradation [33–35].

2.2.1. Rubber Swelling. Due to absorption of solvents, the
network in polymers experience volume expansion also
called rubber swelling (Figure 3). Polymers that are not
crosslinked easily swell in solvents such as asphalt binder
and dissolves in a process called polymer dissolution. )is
dissolution of uncrosslinked polymers into the solvent
(asphalt) generally involves two phenomena namely: dis-
entanglement of the chain and solvent diffusion-induced
swelling [37]. For polymer that have been crosslinked, the
links between segments are established due to the limitations
of the polymer network, whereas the network might swell by
absorbing solvents but the dissolution would not occur.
Polymers with network structures have limited swelling [38].
It is worth noting that waste tire rubber has the largest
proportion of crosslinked/vulcanized polymer and a rela-
tively small proportion of uncrosslinked polymer.)erefore,
partial dissolution process is recorded due to limited
polymer swelling of waste rubber particles in organic sol-
vents [39, 40]. )e extent of swelling and rubber dissolution
rate varies depending on compatibility levels between rubber
and solvents. When rubber ixes with asphalt at elevated
temperatures, the lighter components of asphalt diffuse into
the network of rubber particles and induce swelling. )e
changes in volume of rubber particles and the subsequent
formation of gel-like layer on the interface between asphalt
and rubber decreases the distance between particles and
consequently changes the fraction of the asphalt remaining,
thereby making it stiff.

2.2.2. Chemical Degradation. Under long mixing times and
elevated temperatures, chemical degradation of rubber
network occurs. )e network structure of the polymer
formed by crosslinking prevents dissolution of the rubber
network, and high shear and thermal energy induced in the
mixing process destroys the rubber network crosslinks [41].
)is process of degradation is also called depolymerisation

Table 1: Basic properties of penetration grade 70# base asphalt
used herein.

Test parameters Specification Test results
Penetration (25°C, 100 g, 5 s) (0.1mm) 60–80 68.9
Ductility (5 cm/min, 15°C) ≥40 67
Softening point (°C) ≥46 46.3
Flash point (°C) ≥230 262
Density (g/cm3) — 1.03
Solubility in trichloroethylene (%) ≥99.5 99.8
RTFOT mass change (%) ≤0.8 0.3
Retained penetration (%) ≥58 78
Ductility (15°C) (cm) ≥15 44

Table 2: Basic properties of crumb rubber modifier used herein
[31].

Properties Requirements Test results
Density (g/cm3) 1.10–1.30 1.18
Ash content (%) ≤8 4.2
Moisture content (%) ≤1 0.4
Metal content (%) <0.05 0.03
Content of rubber hydrocarbon (%) ≥42 48.0
Content of carbon black (%) ≥28 30
Acetone extracts (%) ≤22 8
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Table 4: Asphalt binder labels utilized herein.

Asphalt binder Modifier/additive Label of samples
Rubberized control binder Crumb rubber (CR) Control
Rubberized binder with Tego XP CR+Tego XP Tego XP
Rubberized binder with Tego Addibit CR+Tego Addibit Tego Addibit

Asphalt/WMA blending
Stage 0

Development
Stage III

CR modification
Stage I Stage II

Asphalt WMA CR

Blending Swelling Grinding shear Development

135°C–140°C
4000 rpm 15 min.

170°C–176°C
900 rpm 15 min.

180°C–185°C
4000 rpm 15 min.

175°C–180°C
900 rpm 60 min.

Figure 2: CRM warm mix asphalt modification procedure utilized herein.

Table 3: Basic properties of silicone warm mix additives.

Properties of Tego Addibit Values Properties of Tego XP Values
Appearance Clear, yellow Appearance Amber clear, liquid
Active content (%) 40 Acid value (mg KOH/g) 10–25
Density (g/cm3) 0.9 Water content (%) ≤2
Viscosity at 25°C (mPa.s) 130 Density (g/ml) 0.85–0.95
Flash point (°C) >100 1%PH value 8.6–9.6

Viscosity mPa.s (25°C) 50–250

(a) (b)

Figure 1: Silicone warm mix additives (a) Tego Addibit and (b) Tego XP.
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or devulcanisation [33]. )e degradation of rubber network
removes the limitations of the polymer chains. )e free
chains of rubber polymer finally dissolve into the asphalt
binder. )e mixing energy imposed by the high shear mixer
during rubber-asphalt interaction increase the rubber par-
ticles swelling process and improve the effects of size re-
duction. )e rubber network degradation has a negative
effect on development of mechanical properties of the
binders [42, 43]. However, it may be beneficial to improving
the binder’s storage stability [44].

2.3. Asphalt Binder Testing and Parametric Measurements.
In this research, several laboratory experiments were per-
formed on prepared CRM control asphalt binders and those
modified with Tego XP and Tego Addibit warm mix addi-
tives, respectively. Figure 4 shows flowchart of experimental
design procedures utilized in this research.

2.3.1. Viscosity Test. Viscosity of asphalt is a measure of
resistance to flow of binders and/or mixes at mixing or
laydown temperature. In this research, the Anton Paar Dy-
namic Shear Rheometer (DSR) MC-302 was utilized. )e
measuring technique is described elsewhere [45]. In the
laboratory mixers or in plant mixing process, the asphalt
binders exhibit a tendency for turbulent shear mixing at
elevated shearing rates [46]. )e version 1.17 of Rheo-
Compass software was utilized to calculate results based on
shear rate of 5 to 1000 (1/s), and hence viscosity was recorded.

2.3.2. Conventional Binder Tests

(1) Penetration Tests. Penetration is an index for consistency
of binder at intermediate temperature.)is test was conducted
in conformity with ASTM D5. )is test utilizes a needle of
known dimensions to penetrate asphalt binder samples under a
100 g constant load at 25°C for 5 seconds. Penetration value is
taken to be the distance the needle sinks (0.1mm).

(2) Softening Point. )e temperature where a 3.5 g weight of
steel ball can no longer be supported bitumen or asphalt
binder is known as the softening point. Prepared asphalt
binder was poured into brass rings, and tested according to
ASTM D36. Blends prepared with high softening point

asphalt binders increased resistance to rutting.)e softening
point of rubberized control binders and those containing
Tego XP and Tego Addibit were tested to understand the
effects of the WMA additives on binder’s softening
characteristics.

2.3.3. Frequency Sweep Test. )e DSR laboratory test was
carried out using DHR-2 Rheometer TA instruments
sourced fromNewCastle, Delaware, USA. High temperature
from 50°C to 75°C and 0.1Hz to 50Hz frequency was used
with a 25mm diameter plate and a 1mm hole setting out.
Under conditions of controlled stress, the viscoelastic pa-
rameters of phase angle (δ) and complex modulus (G∗) were
obtained. )e desired 10 rad/sec oscillation rate could
simulate the shear motion similar to a vehicular speed of 56
miles per hour (90 km/h).

2.3.4. MSCR Test. )e resistance to rutting of rubberized
binders was evaluated based on the MSCR test. In this
experimental test, binder samples were subjected to the
repeated loading for a duration of 1 second followed by 9
seconds of recovery period. )is loading and unloading
pattern simulates the moving traffic condition of the actual
pavement. )e test is generally performed at 3.2 kPa and
0.1 kPa levels of stress and each contains 10 cycles according
to the specification requirement of ASTM D7405. )e
rutting resistance performance is believed to be governed by
Jnr value, i.e., nonrecoverable creep compliance at 3.2 kPa.
MSCR test was conducted using DSR at optimal temperature
of 64°C on TFOTaged samples, in which a TAmanufactured
Instruments DHR-2 Rheometer fromNewCastle (Delaware,
USA) was employed.

2.3.5. Time Sweep Test. Time sweep test was conducted
using DHR-2 Rheometer fromNew Castle (Delaware, USA).
)e 8mm diameter parallel plate spindle and a 2mm gap
were used at a frequency of 20Hz and a temperature of 20°C.
)e samples were conditioned for 10 minutes to attain the
required thermal equilibrium for the test. Prior to 90%
decrease of the complex shear modulus from initial values,
the binder is believed to be in the linear viscoelastic state.)e
stress level of 100 kPa was applied to obtain the fatigue
damage curve. Two replicates were used to verify the re-
peatability and a third one would have conducted, had the
difference in results of the replicates exceeded 10%.)e time
sweep test was not terminated until the complex modulus
decreased to less than 100 kPa to ensure as much data as
possible was captured.

2.3.6. Fourier Transform Infrared-FTIR. )e intensity of
FTIR spectra from absorption peaks was utilized to identify
the chemical functional groups of polymer additives in
asphalt. In this research, the polymer additive was a com-
posite blend of crumb rubber and silicone-based warm mix
additives in asphalt. )is was achieved by the utilization of
the )ermo Scientific Nicolet iS 50 instrument, manufac-
tured by )ermo Fisher Scientific in Massachusetts, USA.

At low
temp

At low
temp

Natural rubber

Synthetic rubber

Oil

Fillers and carbon black

(a) (b) (c)

Figure 3: CR swelling and degradation in asphalt [36]. (a) Crumb
rubber (CR). (b) Swollen CR, discharging oil and fillers to asphalt.
(c) Breaking of CR.
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)e preparation of samples involved heating to 150 °C to
make a better flow, and thereafter placing them on the slide
moulds surface.)e test procedure was conducted under the
wavenumbers from 4000 cm−1 to 500 cm−1 with the scan
frequency of 32 times/min.

2.3.7. Atomic Force Microscopy (AFM). )e morphological
analysis of CRM asphalt binders with and without Tego
Addibit and Tego XP were further conducted to obtain the
surface roughness based on AFM test. )e heat-casting
method was used in the preparation of asphalt samples. In
this method, asphalt binders were heated to flow at 150 °C
and then poured onto the microscope glass slide moulds to
form thin layer films. Herein, Dimension Fast Scan from
Bruker (Bruker Corporation, Billerica, Massachusetts, USA)
was utilized, whose user guide was also followed to conduct
AFM analysis.

3. Analysis of Results and Discussion

3.1. Conventional Properties. )e penetration test at 25°C
generally gives the consistency of asphalt binders near av-
erage yearly service temperature; thus, it has some influence
on the overall performance of asphalt pavements. )e
penetration test results for all three binders are shown in
Figure 5(a). For CRM binders with Tego XP additive, the
penetration value decreased by 7% which means asphalt
binder hardened. However, for CRM with Addibit additive,
the penetration values increased compared to CRM control
binders by 6%, which means asphalt binder softened.

Softening point is an important indicator used in
characterizing performance of asphalt binders at high
temperature. It is basically the temperature at which asphalt
binders change to viscous flow. High softening point cor-
responds to improved high temperature performance [46].
From Figure 5(a), it can be seen that addition of Tego XP and

Addibit to CRM binders increased the softening point by 6%
and 2%, respectively, as compared to CRM control binders.

)e change in temperature susceptibility of the binders
was investigated by calculating the penetration index (PI).
Using the penetration values at 25°C and softening point
results and an assumption that penetration of an asphalt
binder at its softening point is 800, PI was calculated
according to the following equation [46]:

PI �
(20 − 500A)

(1 + 50A)
, (1)

A �
log 800 − logP25( 

TSP − 25( 
, (2)

Where A is temperaturesusceptibility of bitumen and PI
is penetration index, P25 is penetration index at 25°C and
Tsp is the softening point of bitumen. Results in Figure 5(b)
show that PI values for CRM control asphalt binders, Tego
XP, and Addibit samples were 0.91, 1.48, and 1.21, re-
spectively. )e higher the PI value of the asphalt binder, the
lower is its temperature susceptibility. )erefore, this result
suggests that CRM binders with Tego XP have lower tem-
perature susceptibility.

3.2. Analysis of Viscosity Test Results. )e viscosity is used to
determine the flow characteristics of the binder which de-
termine the ability of the binder to be mixed and compacted
and is also known as workability. Higher mixing and
compaction temperatures are required for higher viscosity
value results, which may increase energy consumption. Diab
[47] demonstrated that the viscosity of polymer-modified
asphalt binders is dependent on the shearing rate and the
dosage of the additive.)e shape of the viscosity curve of any
fluid can be revealed by testing the sample at a wide range of
shearing rates [47]. Anton Paar Rotational Rheometer was
used to measure the experimental values of the viscosities at

CRM control
binder

Base asphalt + Tego XP
+ CRM

Base asphalt + Tego
Addibit + CRM

Rubberized binder testing

Viscosity Penetration
and so�ening

Frequency
sweep (FS)

MSCR
(TFOT)

Time sweep
(TFOT) FTIR AFM

Figure 4: Experimental design flowchart of procedures utilized herein.
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shear rates ranging from 5 to 1000 (1/s) and temperature
ranging from 135°C to 185°C.

Figures 6(a)–6(c) present the viscosity-shear rate plots
for the CRM asphalt binders (with and without WMA).
)ese results clearly demonstrated that viscosity is depen-
dent on the shear rate. Viscosity decreased with increase in
the shear rate. Binder viscosity was reduced by addition of
Tego XP and Addibit additives. For the CRM binders with
Tego XP, the viscosity rate of reduction was 8%, whereas for
binders with Addibit additives, the viscosity reduction was
16%,)is result demonstrated that Addibit additive is able to
reduce the viscosity of the CRM binder. Relatively, lower
gain in shear susceptibility with corresponding increase in
viscosity has been reported to be associated with better
pavement performance. Clearly, the increase in the tem-
perature results in an obvious decrease in the viscosity.
Figure 6(b) presents viscosity-temperature results. All the
three binders met the Superpave viscosity specification limits
of less than 3.0 Pa.s at 135°C.

3.3. High Temperature Performance of Asphalt Binders

3.3.1. Analysis of Complex Modulus and Phase Angle Results.
)e complex shear modulus (G∗) can be considered the
sample’s total resistance to deformation when repeatedly
sheared, while the phase angle (δ) is the lag between the
applied shear stress and the resulting shear strain. )e larger
the phase angle (δ), the more viscous the material. Asphalt
binders are viscoelastic materials that exhibit both elastic
solid and viscous liquid behavior. Elastic solids have de-
formation caused by loading which is recoverable after load
removal. However, viscous liquid indicates that deformation
caused by loading is not recoverable even after load removal
[48]. )is is because, for viscous liquid, as long as stress is
applied, the strains linearly increase without bound. Nev-
ertheless, after load removal, no stress remains available to
move the piston back through fluid; hence, the strains are
permanent. )e Christensen Anderson Marasteanu (CAM)

model as well as the Williams–Landel–Ferry (WLF) shift
factors represented by equations (3) and (4) were utilized to
develop master curves [31]:

G
∗

� G
∗
e +

G
∗
g − G

∗
e

1 + fc/f′( 
k

 
mc/k

, (3)

log αT � −
C1 T − Tref( 

C2 + T − Tref( 
, (4)

where G∗ is complex modulus at reduced frequency f′,
while G∗e is equilibrium complex modulus when frequency
is infinitely close to zero, often assumed 0 for asphalt
binders. G∗g is complex modulus at glass transition when
frequency is close to infinity. k and mc are shape parameters.
αT are shift factors which can be obtained by fitting Wil-
liam–Landrel–Ferry (WLF) function. Tref is standard ref-
erence temperature, and C1 and C2 are the model
parameters.

Before the master curves were constructed, the appli-
cability of dataset from frequency sweep for shifting using
the time temperature superposition principle (TTSP) was
performed through constructing black diagrams. Figure 7(a)
shows the black diagram for CRM asphalt binders with and
without warm mix additives. It can be seen from the black
diagrams that the binders tested resembled a single curve,
which confirms the suitability of applying TTS principle for
the range of temperature in question.

To be able to resist rutting, the asphalt binder ought to
be stiff (so as not to deform extensively after load ap-
plication) and ought to be elastic as well (so as to be able to
return to the original shape after load application). In
other words, the complex shear modulus elastic compo-
nent (G∗/Sin (δ)) should be relatively large [48]. Further
lower phase angle (δ) values correspond to the increased
elastic component of G∗ [8, 48], which increase resistance
to rutting.
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Figure 5: Conventional tests: (a) penetration at 25°C and softening point test and (b) penetration index (PI) of rubberized binders.
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Figures 7(b) and 7(c) present master curve and phase
angle, respectively, for CRM binders with and without warm
mix additives at high temperature ranges of 50°C, 64°C, and
75°C. It was found addition of warm mix additives shifted
the master curve to a lower G∗ value in both high and low
temperature regions. By comparing all the three binders,
complex modulus (G∗) for the CRM control binders were
higher than WMA binders in general but binders with Tego
XP had overall better elastic component G∗/Sin (δ) and
lower phase angle (δ) which was an indication of improved
resistance to permanent deformation, as shown in
Figures 7(c) and 7(d). In this paper, all binders were tested at
the high-performance temperatures of 50°C to 75°C and thus
could exhibit viscoelastic properties.

3.3.2. Permanent Deformation Based on MSCR Test. In an
MSCR test, the nonrecoverable creep compliance (Jnr) is

determined to predict the permanent deformation potential
of the binder. While percentage recovery can be used to
predict the binder’s ability to recovery from creep loading in
a predetermined period of time and subsequent stress re-
moval. In this research, equations (5)–(9) given by Behnood
et al [49] were used to determine the Jnr and percentage (%)
recovery as follows:

Jnr0.1
�


20
N�11 Jnr(0.1, N) 

10
, (5)

Jnr3.2
�


10
N�1 Jnr(3.2, N) 

10
, (6)

Jnrdiff
�

Jnr3.2
− Jnr0.1

 

Jnr0.1

, (7)

1

10

100

V
isc

os
ity

 (P
a.s

)

η ≤ 3.0 Pa.s

10 100 1000
Shear rate (1/s)

Control
0.6% Tego
2% Addibit

(a)

0.1

1

10

100

V
isc

os
ity

 (P
a.s

)

10 100 1000
Shear rate (1/s)

Control
0.6% Tego
2% Addibit

(b)

10 100 1000
0.1

1

10

V
isc

os
ity

 (P
a.s

)

Shear rate (1/s)

Control
0.6% Tego
2% Addibit

(c)

V
isc

os
ity

, η
 (P

a.s
)

29
95

11
90

70
1

27
62

11
47

68
0

25
22

10
12

55
5

135 165 185
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

Temperature (°C)

Control
0.6% Tego XP
2% Addibit

(d)

Figure 6: Viscosity and shear rate of CRM asphalt with and withoutWMA additives at (a) 135°C, (b) 165°C, and (c) 185°C and (d) viscosity-
temperature at 1000 shearing rate (1/s).
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where ∈r(3.2, N) and ∈r(0.1, N) are the % recovery at
3.2 kPa and at 0.1 kPa number of cycles N, respectively, and
N is the number of cycle at each level of stress.

Results shown in Figure 8 revealed that rubberized
binders containing Tego XP showed a greater resistance to
permanent deformation irrespective of the stress level
applied. From these results, it can be said that Tego XP
warm mix additive is better in resisting the permanent

deformation at service temperatures compared to control
rubberized binders. )e difference in creep compliance
(Diff-Jnr) between 0.1 kPa and 3.2 kPa levels of stress for
Control, Tego Addibit, and Addibit binders samples were
57.8%, 68.8%, and 112%, respectively. Diff-Jnr for binders
with Addibit was above the 75% specification limit.
However, rubberized binders prepared with Tego XP and
control binders were within the specification limits, as
shown in Table 5. Overall, binders with Tego XP could
support extremely heavy traffic compared to control
binders, which could support very heavy traffic only.
Furthermore, percentage recovery, although not included
in specification limits, gave an indication of the binder’s
ability to recover after application and removal of loads.
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Figure 7: (a) Master curve, (b) phase Angle, (c) black diagram, and (d) Shenoy rutting parameter (0.1Hz frequency) of CRM binders with
and without WMA additives at high temperatures 50°C, 64°C, and 75°C.
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As Jnr values decrease, the stiffer the asphalt becomes
hence more rut resistant.

3.4. Fatigue Cracking Resistance of Asphalt Binders

3.4.1. Fatigue Modeling Based on Simplified Viscoelastic
Continuum Damage (S-VECD) $eory. In order to inves-
tigate the fatigue cracking performance of asphalt binders,
the time sweep test was conducted on thin film oven test
(TFOT) aged asphalt binders. )e S-VECD model was used
to analyse time sweep (TS) test data. Details about the
S-VECDmodel and the corresponding application of TS test
data to characterize fatigue cracking of asphalt binder was
performed according to Wang et al. [50]. Key aspects of this
modeling approach are summarized as follows.

Damage evolution is based on Schapery’s work potential
theory [51]. In the work potential theory, the rate-dependent
damage evolution rate is expressed as follows:

dS

dt
�

zWR

zS
 

α

, (10)

where S is the internal state variable representing damage;
WR is the work performed; α is the undamaged material-
dependent constant; and t is time. In this study, α= 1/m,

where m is the fitting slope parameter of the linear visco-
elastic dynamic shear modulus (|G∗|LVE) master curve. WR

is quantified using PSE density:

W
R

�
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2

C(S) c
R

 
2
, (11)

where C (S) is pseudostiffness and can be determined as
follows:

C(S) �
τP

c
R
p × DMR

, (12)

where τP is the effective (measured) peak shear stress in a
given cycle. DMR=dynamic modulus ratio = |G∗|finger-
print/|G∗|LVE. cR

p is the peak pseudostrain for that given
cycle, defined as follows:

c
R
p �

1
GR

cpi × G
∗
LVE, (13)

where cpi is the peak shear strain in the given cycle, |G∗|LVE
is the dynamic shear modulus for linear viscoelastic at a
given loading frequency and temperature, and GR is the
arbitrary reference modulus, assumed to be 1. For DSR cyclic
loading with zero mean displacement, equation (13) can be
reduced to the following for cycle i:

c
R
pi � cpi × G

∗
LVE. (14)

Equations (10)–(14) can be combined, and equation (10)
is numerically integrated to solve for damage, S, as a function
of time:
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N
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Figure 8: (a) Nonrecoverable creep compliance (Jnr). (b) Percent recoverable silicone warm mix asphalt.

Table 5: Definition of traffic level on the MSCR parameters [20].

Grade Max. Jnr 3.2 (k/Pa) Max. Jnr diff (%) Traffic level
S <4 75 Standard
H <2 75 Heavy
V <1 75 Very heavy
E <0.5 75 Extremely heavy
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where j is the time steps. )e data from the fatigue test was
used to calculate C (S) and S, and the model was then fitted
as follows:

C � 1 − C1(S)
C2 , (16)

where the model parameters that best fit the data are C1 and
C2. Combining equations (10), (11), (14), and (16) allows for
model derivation between strain amplitude, cp, and loading
cycles:

N �
f.2α.S

1− αC2+α

1 − αC2 + α(  C1C2( 
α

G
∗
LVE.cp 

2α , (17)

where t is the loading time and f is the loading frequency
used in fatigue testing. If S is set to S at failure (Sf), fatigue
life can be determined using equation (17) in terms of the
numbers of cycle to failure (Nf) at any strain amplitude.

Figure 9 shows the TS test results at two applied
strains (2.5% and 5%). Higher cycles to fatigue (Nf ) refer

to better resistance of fatigue cracking. According to
Figure 9, the Nf values of CRM binders with Addibit was
higher than control binder by 42%, whereas Nf values for
CRM binders with Tego XP was lower than the control
binder by 46%. )e enhanced fatigue resistance of
Addibit binders was attributed to the decrease in complex
modulus of binders containing Addibit as can be seen in
Figure 10.

3.4.2. Time Sweep (TS) Test Failure Definition. )e number
of loading cycles to failure has been defined as fatigue life,
more especially in the strain-controlled mode. Several
researchers used the peak in the phase angle approach to
evaluate the fatigue life of asphalt binders, mastics, and
mixtures [52, 53]. According to this approach, a point
showing the maximum phase angle is a reasonable fa-
tigue failure point, since the phase angle versus time
curve shows a rapid loss of the phase angle when asphalt
no longer accumulates distress.

1.1

1.0

0.9

M
at

er
ia

l i
nt

eg
rit

y 
(C

)

0.8

0.7

0.6

0.5

0.4

0 30 60 90
Material damage (S)

120

Control
0.6% Tego XP
2% Addibit

150 180
0.3

(a)
80

60

40

20

0

–20

Fa
tig

ue
 li

fe
, N

f (
×1

00
0)

2 4 6 8 10 12 14 160
Applied strain (%)

Control
0.6% Tego XP 
2% Addibit

2.5% 5%

(b)

Figure 9: (a) VECD damage curve and (b) fatigue life (Nf) of CRM binders with and without WMA additives.
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Figure 10 presents complex modulus and phase angle
results from time sweep test. Using the peak in the phase
angle approach to define the fatigue failure point, number of
cycles before failure for Addibit binders was 9200 for 100 kPa
stress level applied, whereas control and binders with Tego
were 3372 and 2196, respectively. )e CRM binder con-
taining Addibit was more resistant to fatigue cracking due to
the softening of Addibit modified binders. )is finding was
in agreement with previous studies by Pouranian et al. [8],
where WMA enhanced the rutting performance of CRM
asphalt binders and had a slightly negative effect on fatigue
cracking performance of CRM asphalt binders. Conversely,
the reduced resistance of CRM binders containing Tego XP
was attributed to increased binder stiffness or complex
modulus as can be seen in Figure 10.

3.5. Chemical and Morphological Analysis

3.5.1. Analysis of FTIR Test Results. FTIR test was used to
identify the functional groups of CRM asphalt with and

without warmmix additives. )e results shown in Figure 11 of
an infrared (IR) spectrum revealed for CRM binders with and
without TegoXP andAddibit. Absorption peaks 2921 cm−1 and
2850 cm−1 correspond to CH2 and −CH3 Stretching (Alkanes)
of asphalt binder. Absorption peaks 1600 cm−1 represent C=C
stretching (Aromatics) and absorption peaks around 1460 cm-
1 represent absorption peaksaround 1460 cm-1represent CH2
bending (aliphatic group) and those around 1000–1100 cm−1

represent Si-O-Si bond vibrations and correspond to poly-
dimethylsiloxane-PDMS [54]. )e absorption peaks 722 cm−1

and 810 cm−1, in the infrared spectra, correspond to a benzene
ring substitution area, as shown in Table 6. Peaks fromTego XP
and Addibit disappeared in CRMbinders, which indicated that
the reaction was physical rather than chemical.

3.5.2. Homogeneity Based on AFM. )e AFM test is capable
of evaluating topography and phase image contrasts of
polymer-modified binders [57]. Studies have shown that
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Figure 10: Complex modulus and phase angle results rubberized binders from time sweep test. (a) Control. (b) Tego XP. (c) Tego Addibit.
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there exists a relationship between surface roughness and
adhesion properties for bee-like structures. For the asphalt
without bee-like structures, the adhesion properties of the
material are dependent on the surface energies, which in-
dicates the performance of the physical bond [58]. A

reduction in surface roughness and surface energy of asphalt
weakens the adhesion bonding between asphalt and rubber
particles. )e roughness index was determined from the
NanoScope Analysis 1.9 software utilizing equation (18)
given below:
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Figure 11: Infrared spectrum. (a) Tego XP additive. (b) Addibit additive. (c) CRM+0.6% Tego XP. (d) CRM+2% Addibit. (e) CRM control
binders.

Table 6: FT-IR spectral data of CRM binders with and without WMA additives.

Wavenumber cm−1 Functional group Literature value Reference
2921, 2850 −CH2 and −CH3 stretching (Alkanes) 2850–2960 [29], [55, 56]
1600 −C�C stretching (Aromatics) 1600 [31], [55, 56]
1460 CH2 bending (aliphatic) 1460 [56]
1375 CH3 bending (aliphatic) 1375 [56]
1100 −Si–O–Si Asymmetric stretching 1000–1100 [31, 55]
1030 −S�O sulfoxide 1030 [56]
810, 722 −C-H benzene ring 810, 722 [29]
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As shown in Figure 12, the contrast in topography and
phase images of binders indicate that a change in the mi-
crostructure of the asphalt samples occurred after incorpo-
ration of siliconeWMA additives. Furthermore, the roughness

of asphalt binder’s microsurface increased with addition of
WMA additives indicating that a change in microstructure
resulted in roughening of asphalt’s microsurface. Due to en-
hanced adhesion properties, the study established that CRM
binders with Tego XP and Addibit additives could potentially
improve resistance to moisture damage than CRM control
binders due to increased surface roughness, which is an in-
dicator of improved adhesion properties.
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Figure 12: AFM images of asphalt binders of rubber asphalt binders. (A) Topographical image. (B) Phase image. (a) Rubberized Control
binders, Ra� 2.60 nm. (A) Topographical image. (B) Phase image. (b) Rubberized binders with Tego Addibit, Ra� 5.62 nm. (A) Topo-
graphical image. (B) Phase image. (c) Rubberized binders with Tego XP, Ra� 20.4 nm.
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4. Conclusions

)is study investigated the influence of silicone-based warm
mix additives on properties of CRM asphalt binders. In
particular, morphology, rutting, and fatigue properties of
CRM asphalt was studied from which the following con-
clusions were deduced:

(i) )e addition of Tego XP andAddibit to CRMbinder
reduces its viscosity, which leads to a reduction in
mixing, and laydown compaction of asphalt mixes.
Furthermore, the viscosity reduction was more
pronounced for binders with Addibit additive.

(ii) )e addition of Tego XP to CRM binders increased
the elasticity of the binder (as attested by G∗/Sin (δ)
and phase angle (δ)) thereby reducing the non-
recoverable compliance(Jnr) (as attested by MSCR
test results). For these reasons, resistance to per-
manent deformation of CRM binders increased for
binders containing Tego XP compared to control
binders and those with Addibit additives.

(iii) CRM binders with Addibit exhibited improved
fatigue resistance as compared to control binders
and those with Tego XP additives. )is result could
be attributed to the softening effect of Addibit on
CRM binders.

(iv) )e IR absorption peaks for CRM binders con-
taining both Tego XP and Tego Addibit showed
characteristic absorption peaks of poly-
dimethylsiloxane (PDMS). )is was an indication
that the WMA had silicone content, which is a well-
known hydrophobic or water repellent material that
can improve resistance of binders to moisture
damage.

(v) Incorporation of Tego XP and Tego Addibit in
CRM binders increases surface roughness of
rubber asphalt which can be correlated to im-
provement in bonding of rubber particles in as-
phalt matrix.

(vi) )e conventional test results revealed that CRM
binders with Tego XP had lower penetration values
and higher softening point values, whereas binders
with Addibit had lower softening point but high
penetration values. In general, binders with Tego XP
had lower temperature susceptibility as attested by
the penetration index (PI) and hence could enhance
rutting resistance.

)e scope of this paper was limited to analysis of con-
ventional tests, viscosity, rheology, rutting and fatigue
cracking tests, chemical functional groups, and surface
morphology. Future studies can explore low temperature
performance of silicone-based WMA additives.
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Jiménez, “Towards storage-stable high-content recycled tyre
rubber modified bitumen,” Construction and Building Ma-
terials, vol. 172, pp. 106–111, 2018.

[45] G. Baumgardner and J. D’Angelo, “Transportation research,”
Record: Journal of the Transportation Research Board,
vol. 2293, pp. 73–79, 2012.

[46] J. P. Pfeiffer and P. M. Van Doormaal, “)e rheological
properties of asphaltic bitumens,” Journal of the Institution of
Petroleum Technologists, vol. 22, pp. 414–440, 1936.

[47] A. Diab, Z. You, X. Li, J. C. Pais, X. Yang, and S. Chen,
“Rheological models for non-Newtonian viscosity of modified
asphalt binders and mastics,” Egyptian Journal of Petroleum,
vol. 29, no. 2, p. 105, 2020.

[48] Anonymous. https://pavementinteractive.org/reference-desk/
testing/binder-tests/dynamic-shear-rheometer/.

[49] A. Behnood, A. Shah, R. S. McDaniel, and J. Olek, “Analysis of
the multiple stress creep recovery asphalt binder test and
specifications for use in indiana,” FHWA/IN/JTRP-2016/07,

16 Advances in Civil Engineering

http://www.eurovia.com/en/produit/135.aspx
http://www.eurovia.com/en/produit/135.aspx
http://www.sasolwax.com/Sasobit_Technology.html
http://www.sasolwax.com/Sasobit_Technology.html
http://www.evonik.com/
https://pavementinteractive.org/reference-desk/testing/binder-tests/dynamic-shear-rheometer/
https://pavementinteractive.org/reference-desk/testing/binder-tests/dynamic-shear-rheometer/


Indiana Department of Transportation, West Lafayette,
Indiana, 2016.

[50] C. Wang, C. Castorena, J. Zhang, and Y. Richard Kim,
“Unified failure criterion for asphalt binder under cyclic fa-
tigue loading,” Road Materials and Pavement Design, vol. 16,
no. 2, pp. 125–148, 2015.

[51] R. A. Schapery, “Correspondence principles and a general-
izedJ integral for large deformation and fracture analysis of
viscoelastic media,” International Journal of Fracture, vol. 25,
no. 3, pp. 195–223, 1984.

[52] H. Wang, X. Liu, P. Apostolidis, S. Erkens, and A. Skarpas,
“Experimental investigation of rubber swelling in bitumen,”
Transportation Research Record: Journal of the Transportation
Research Board, vol. 2674, no. 2, p. 203, 2020.

[53] L. D. Presti and G. Airey, “Tyre rubber-modified bitumens
development: the effect of varying processing conditions,”
Road Materials and Pavement Design, vol. 14, no. 4,
pp. 888–900, 2013.

[54] M. Ragab, M. Abdelrahman, and A. Ghavibazoo, “Perfor-
mance enhancement of crumb rubber-modified asphalts
through control of the developed internal network structure,”
Transportation Research Record: Journal of the Transportation
Research Board, vol. 2371, no. 1, pp. 96–104, 2013.

[55] J. Lin, M. Chen, and S. Wu, “Utilization of silicone main-
tenance materials to improve the moisture sensitivity of as-
phalt mixtures,” Construction and Building Materials, vol. 33,
pp. 1–6, 2012.

[56] National Academies of Sciences and Engineering, and
Medicine, Relationship between Chemical Makeup of Binders
and Engineering Performance, )e National Academies Press,
Washington, DC, USA, 2017.

[57] Y. Junyan, X. Pang, D. Yao, X. Meng, and D. Feng, “Char-
acterization of surface roughness and adhesive mechanism of
asphalt and mineral aggregate based on atomic force mi-
croscopy method,” Acta Metallurgica Composites Sinica,
vol. 34, no. 5, pp. 1111–1121, 2017.

[58] Z. Wang, L. Wang, C. Li, and M. Ren, “Microstructure and
mechanical properties of polyphosphoric acid modified as-
phalt,” IOP Conference Series: Earth and Environmental Sci-
ence, vol. 304, no. 5, Article ID 052031, 2019.

Advances in Civil Engineering 17


