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ABSTRACT: Low-density polyethylene (LDPE) modified
asphalts with improved high-temperature storage stability
are prepared by incorporating silica into the LDPE com-
pounds. The effect of silica on the high-temperature storage
stabilities, dynamic rheological and mechanical properties,
and morphologies of the modified asphalts are studied. It is
found that the LDPE/silica ratio in the compound has a
great effect on the high-temperature storage stability. The
modified asphalts are stable when the ratio of LDPE/silica is
around 100/60 (w/w). The silica content in the modified
asphalts is less than 3.2%, and it has a slight influence on the

mechanical properties of the modified asphalts. Silica can
improve the rheological properties of the modified asphalt
to some extent. The high-temperature storage stability can
be increased by a decreasing density difference between the
LDPE/silica compound and the asphalt or in terms of equal-
izing the polarity differences between asphalt and LDPE by
silica. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 101: 472–479,
2006
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INTRODUCTION

Asphalt is an aggregate binder that is widely used in
road pavement. Unfortunately, high-temperature rut-
ting and low-temperature cracking of asphalt cement
or coating layers due to severe temperature suscepti-
bility limits its further application.1 Therefore, it is
necessary to modify asphalt. Polyethylene (PE) has
been found to be one of the most effective polymer
additives for the modification of paving asphalt, be-
cause it minimizes low-temperature cracking and re-
duces rutting at elevated seasonal temperatures under
heavy loads.2–4 Unfortunately, PE separates from the
asphalt when stored at high temperature, which is the
major obstacle to the application of PE modified as-
phalts in paving.5 Many measures have been used to
resolve the problem, such as reactive blending and
steric stabilizers.6–9 In previous work, styrene–buta-
diene–styrene (SBS) modified asphalts with high-tem-
perature storage stability were successfully prepared
by the equal-density method (premixing SBS and filler
to prepare modified asphalt).10–12

It is well known that the performance of rubber
compounds with respect to such properties as tensile
strength and tear and abrasion resistance can be im-

proved by incorporating carbon black and silica into
rubbers. Silica is a useful additive to tire treads not
only to reduce resistance but also to reduce heat build-
up.13–16 When silica is added to asphalt, it can improve
the high-temperature, aging, and wear resistances of
asphalt roads.17

In the present work, low-density PE (LDPE) modi-
fied asphalts with good high-temperature storage sta-
bility were prepared by incorporating silica into LDPE
and mixing this into asphalt. Asphalts modified by
directly adding LDPE and silica were also prepared
for comparison. The effects of silica on high-tempera-
ture properties, high-temperature storage stability,
and mechanical and rheological properties were ana-
lyzed.

EXPERIMENTAL

Materials

Asphalt (AH-90 paving asphalt) was obtained from
the Zhenhai Petroleum Asphalt Factory. The physical
properties of the asphalt were 90-dmm penetration
(25°C, ASTM D5), a softening point of 46.5°C (ASTM
D 36), and a viscosity of 0.35 Pa s (135°C, ASTM D
4402). The chemical characteristics of the asphalt are
provided in Table I. The generic fractions were deter-
mined using thin-layer chromatography with flame
ionization detection.

High dispersion silica (7000 GR, Degussa) was sup-
plied by Red Avenue Chemical Co., Ltd. LDPE (N220)
was provided by Shanghai Petroleum and Chemical
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Products Co. Ltd. The melting index is 2.0 g/10 min
(190°C, 2.16 kg).

Ethylene–propylene–diene rubber (EPDM, ethyl-
diene norborene type, 4770R) was supplied by DuPont
Co. with an ethylene content of 70%.

Preparation of LDPE/silica compounds

LDPE and silica were mixed to form LDPE/silica com-
pounds in a HAAKE rheometer at 150°C with a rota-
tion speed of 50 rpm. The shearing time was 5 min.

Preparation of modified asphalts

All modified asphalts were prepared using a high
shear mixer (Weiyu Machine Co., Ltd.) at 180°C with
a rotation speed of 4000 rpm and a shearing time of 40
min. Asphalt (600 g) was first heated to become a fluid
in an iron container. Then, upon reaching about 180°C,
silica, LDPE, or LDPE/silica compounds were added
to the asphalts.

High-temperature storage stability test

After mixing, some of the modified asphalt was trans-
ferred into an aluminum toothpaste tube (32-mm di-
ameter, 160-mm height). The tube was sealed and
stored vertically in an oven at 163°C for 48 h. Then, it
was taken out, cooled to room temperature, and cut
horizontally into three equal sections. The samples
taken from the top and bottom sections were used to
evaluate the storage stability of the LDPE modified
asphalts by measuring their softening points and vis-
cosities at 135°C. If the difference between the soften-
ing points of the top and bottom sections was less than
2.5°C while the viscosities for the top and bottom
sections were nearly the same, the samples were con-
sidered to have good high-temperature storage stabil-
ity. If the softening points differed by more than 2.5°C
or the ratio of the two viscosities was above 1.1 or
below 0.9, the LDPE modified asphalt was considered
unstable.

Rheological characterization

A strain-controlled rheometer (Advanced Rheology
Expanded System, Rheometric Scientific) with parallel

plate geometry (25-mm diameter) was used to deter-
mine the rheological behavior of the asphalts before
and after modification. Temperature sweeps from 30
to 90°C with 2°C increments were applied at a fixed
frequency of 10 rad/s and variable strain. In each test
about 1.0 g of sample was placed on the bottom plate,
which covered the entire surface; the plate was then
mounted in the rheometer. After the sample was
heated to become a melt, the top plate was brought
into contact with the sample and the sample was
trimmed. The final gap was adjusted to 1 mm. The
actual strain and torque were measured to calculate
the various viscoelastic parameters such as the com-
plex modulus (G*) and phase angle (�). Temperature
sweep tests were performed within the linear vis-
coelastic range of the materials.

Swelling measurement

About a 1-g sample of LDPE/silica (100/60) com-
pound was suspended in an aluminum toothpaste
tube in which preheated fresh asphalt had been
poured. After the tube was stored in an oven at 160°C
for a given time, the sample was taken out for density
and weight tests. The ratio of swelling (S) is calculated
according to the following equation:

S � m1/m0 (1)

where m0 and m1 are the weights of LDPE/silica com-
pound before and after swelling, respectively.

Density test

Swelled LDPE was taken out of the asphalt for the
density test (ASTM C1166, test method for vulcanized
rubber) after getting rid of the asphalt adhesive to the
LDPE.

Gel content analysis

About 1 g of EPDM/silica (100/60) compound was
wrapped in filter paper, and the outside was covered
with copper mesh in case of leakage. Three identical
wrapped samples were immersed in n-heptane sol-
vent for 4 days. Then, they were taken out and dried
in a vacuum oven at 80°C to constant weight. The gel
content is calculated according to the following equa-
tion:

gel % � 100�G1 � G2�/�G0 � G2� (2)

where G0 is the sample weight before extraction, G1 is
the sample weight after extraction, and G2 is the
weight of silica in the sample.

TABLE I
Chemical Composition of AH-90 Asphalt

Component Content (wt %)

Asphaltenes 6.30
Resins 32.75
Saturates 6.29
Aromatics 54.67

LDPE/SILICA MODIFIED ASPHALTS 473



Morphological analysis

A small drop of the asphalt was placed between two
heated microscope glass slides and squeezed to form a
thin film. The morphology of the asphalt was ob-
served under an optical microscope (Leica Co.) with a
magnification of 400�.

RESULTS AND DISCUSSION

Silica modified asphalts

The silica modified asphalt was first studied in order
to learn more about the LDPE/silica compound mod-
ified asphalt. The effects of silica on the properties of
asphalt are given in Table II. It is shown that a small
amount of silica has only a small effect on the soften-
ing point and high-temperature storage stability of
asphalts. The silica used here is a precipitated type
and belongs to a nanofiller with very fine particles.
Although the modification of the microscope used
here is only 400�, the particles of the silica are too fine
to see. The morphology of asphalt shows little change,
regardless of whether silica was added, as shown in
Figure 1.

LDPE/silica compound modified asphalts

High-temperature storage stability and morphology

Minimum compatibility between the polymer and as-
phalt is necessary to avoid separation during storing,

pumping, and applying the asphalt and to achieve the
expected properties in the pavement.18 Stability tests
can determine whether the polymers during mixing
are strong enough to resist separation of the polymer
in the condition in which it is stored. Two approaches
have been accepted to ascertain if phase separation
occurred during the high-temperature storage stabil-
ity test: softening point variation and phase compati-
bility. The softening points between the top and bot-
tom of the samples after the high-temperature storage
stability test should not be higher 2.5°C in order to
show that there is no substantial phase separation
(storage stability).

The high-temperature storage stability of LDPE/
silica compound modified asphalts are presented in
Table III. Obviously, for asphalts modified by LDPE in
the absence of silica, the differences in the softening
points and viscosities are large, which implies that the
phase separation of the LDPE/asphalt mixture is se-
rious. The LDPE modified asphalt was unstable even
when the LDPE content was decreased to 3%. With
increasing LDPE content, the modified asphalt was
becoming increasingly unstable. When the LDPE con-
tent was increased to 5%, LDPE seriously separated
from the asphalt.

The asphalt modified with 4% LDPE was still un-
stable when the LDPE/silica ratio was 100/20 or 100/
40. When the ratio was 100/60, the storage stability of
LDPE/silica compound modified asphalt was im-
proved significantly. For the asphalt modified by di-
rectly adding LDPE and silica, it was still unstable
even when the ratio of LDPE/silica was 100/60. Thus,
it can be concluded that the LDPE/silica compound is
critical to obtain high-temperature storage stability of
LDPE modified asphalt. When the ratio of LDPE/
silica was 100/80, the softening point or viscosity of
the bottom was higher than that of the top, indicating
that the asphalt modified by the 100/80 LDPE/silica
compound was still unstable when stored at high
temperature. When the LDPE content increased to 5%
or decreased to 3%, a modified asphalt with high-
temperature storage stability was obtained by incor-

TABLE II
Effect of Silica Content on Properties

of Original Asphalt

Silica
content

(%)

Softening
point

°C

Viscosity
at 135°C

(Pas)

Top
softening

pointa

(°C)

Bottom
softening

pointa

(°C)

0 47.5 0.30 47.5 47.5
1 47.5 0.30 48.0 48.2
2 48.0 0.31 49.0 48.8

a Stored in an oven at 163°C for 48 h.

Figure 1 Micrographs of (a) original asphalt and (b) 2% silica modified asphalt.
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porating 100/60 LDPE/silica compound into the as-
phalt, as shown in Table III.

The morphologies of the top and bottom sections of
LDPE/silica compound modified asphalts after high-
temperature storage are shown in Figure 2. In the top
section LDPE aggregated to form coarse particles
whereas in the bottom section the LDPE particles were
small [Fig. 2(a)], which demonstrated that LDPE mod-
ified asphalts were unstable during high-temperature
storage in the absence of silica. When adding silica
into the asphalt (100/40 LDPE/silica ratio), there was
an obvious difference in the morphologies between
the top and bottom sections of the modified asphalts,
which implied that the modified asphalts were still
unstable after high-temperature storage [Fig. 2(b)].
Nevertheless, when a large amount of silica was
added, there were no obvious differences in the mor-
phologies between the top and bottom sections of the
modified asphalts, indicating that the modified as-
phalt was stable after high-temperature storage [Fig.
2(c)]. When the ratio of LDPE/silica was 100/80 [Fig.
2(d)], the LDPE in the bottom section aggregated to

form coarse particles whereas in the top section the
LDPE particles were small, consistent with the change
of the softening point between the top and bottom
section with increasing silica content.

Therefore, the silica content in the LDPE/silica com-
pound is critical to obtain asphalt with high-tempera-
ture storage stability. If the silica content in the LDPE/
silica compound was too high or too low, the high-
temperature storage stability of the modified asphalt
was lost.

Viscosity, softening point, and needle penetration

The effects of silica on the viscosity, softening point,
and needle penetration of the modified asphalt are
provided in Table IV. With increasing LDPE content,
the softening point and viscosity of the asphalt be-
come higher and higher but the needle penetration
decreased. The influence of silica on the softening
point, viscosity, and needle penetration of the LDPE
modified asphalts was independent of the LDPE con-
tent. With increasing silica content, the softening point

TABLE III
Effect of Silica Content on High-Temperature Storage Stabilities of Asphalts Modified by LDPE/Silica Compounds

Formulation
Viscosity at 135°C (Pas)

�t/�b

St
(°C)

Sb
(°C)

St � Sb
(°C)

LDPE
(wt %)

LDPE/silica
(w/w) Top Bottom

3 100/0 1.422 0.522 2.724 76.5 48.2 28.3
100/60 0.572 0.592 0.966 50.0 50.8 �0.8

4 100/0 1.658 0.788 2.104 80.5 50.5 30
100/20 1.702 0.751 2.266 83.5 50.8 32.7
100/40 1.546 0.800 1.933 75.0 52.0 23.0
100/60 0.808 0.825 0.979 55.5 54.0 1.5
100/60a 1.652 0.808 2.045 81.0 52.0 29.0
100/80 0.792 1.692 0.468 51.0 80.0 �29.0

5 100/0 2.082 0.908 2.293 �90 54.0 �36
100/60 0.905 0.892 1.015 59.0 60.5 �1.5

�t, top viscosity; �b, bottom viscosity; St, top softening point; Sb, bottom softening point.
a Asphalt, LDPE, and silica were added directly.

TABLE IV
Typical Properties of LDPE/Silica Compound Modified Asphalts

LDPE content
(wt %)

LDPE/silica
compound (w/w)

Softening
point (°C)

Viscosity at 135
°C (Pas)

Needle penetration
at 25 °C (dmm)

3 100/0 49 0.550 67
100/60 49 0.560 66

4 100/0 50 0.800 53
100/20 50 0.800 52
100/40 50.5 0.802 53
100/60 51 0.808 52
100/60a 51 0.808 52
100/80 51 0.810 50

5 100/0 53.5 0.872 46
100/60 54 0.875 45

a Asphalt, LDPE, and silica were added directly.
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Figure 2 Micrographs of the 4% LDPE/silica compound modified asphalts after high-temperature storage for (a) 100/0, (b)
100/40, (c) 100/60, and (d) 100/80 (w/w) LDPE/silica modified asphalts.



and viscosity of the asphalt increased a little whereas
the needle penetration decreased to some extent.
There was no significant difference of properties re-
gardless of whether silica was added directly or indi-
rectly (incorporating LDPE/silica compound into the
asphalt).

Rheological properties

The most significant effect of polymers on asphalt is
the improvement of elasticity. There is a strong corre-
lation between rutting resistance at high temperature
and elastic modulus. Increasing elastic modulus is to
be expected because it reflects a promising rutting
resistance at high temperature.

Isochronal plots of the complex modulus (G*) ver-
sus temperature at 10 rad/s for LDPE modified as-
phalts are shown in Figure 3. For original LDPE mod-
ified asphalt, the isochronal plots show a difference
between the base asphalt and the LDPE modified as-
phalt over the entire temperature range, indicating
that LDPE can improve the rheological properties of
the asphalt. After the introduction of silica, the isoch-
ronal plots show a difference between the LDPE and
LDPE/silica modified asphalt, particularly at the up-
per and lower ends of the temperature range, indicat-
ing the silica can improve the rheological properties of
the asphalt to some extent. Although there are only
minor increases in the G* at low temperatures with the
introduction of silica, there is considerable evidence of
an increase in the G* at high temperatures (above
70°C).

Phase angle isochrones at 10 rad/s for the LDPE
modified asphalts are presented in Figure 4. Measure-
ments of tan � are generally considered to be more

sensitive to the physical structure and therefore the
modification of asphalts than the complex modulus.
The phase angle isochrones clearly illustrate the im-
proved elastic response (reduced phase angles) of the
modified asphalts compared to the base asphalt.
Whereas the phase angles of the base asphalt ap-
proach 90° and therefore there is predominantly vis-
cous behavior with increasing temperature, the LDPE
polymer can significantly improve the elastic response
at high temperature. This can be attributed to the
viscosity of the base asphalt being low enough to
allow the elastic response of the polymer to influence
the mechanical properties of the modified asphalt. The
plateau region and decreased phase angles at interme-
diate and high temperatures is synonymous with the
plateau region defined for polymers and demonstrates
the ability of the polymer to improve the rheological
properties of asphalt. The isochronal plots of G* and
tan � indicate the degree of LDPE modification at high
temperatures (above 50°C).

Compared to original LDPE modified asphalts, the
LDPE/silica compound modified asphalts show a
similar tendency of the isochronal plots with increas-
ing silica content, as shown in Figure 4. Introduction
of silica has little influence on the rheological proper-
ties of LDPE modified asphalt, except for a little elastic
modification at high temperatures, as compared with
original LDPE modified asphalt.

Mechanism of storage stability

Asphalt is traditionally considered as a dynamic col-
loid system consisting of a suspension of high molec-
ular weight asphaltene micelles dispersed in a lower
molecular weight oily medium (maltenes).19 The poly-

Figure 4 Isochronal plots of tan � versus temperature at 10
rad/s for asphalts modified by different contents of LDPE/
silica compound. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 3 Isochronal plots of the complex modulus (G*)
versus temperature at 10 rad/s for asphalts modified by
different contents of LDPE/silica compound. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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mer modified asphalts may have a tendency to sepa-
rate into two phases, a polymer-rich phase and a
asphalt-rich phase, because the introduction of any
polymer will disturb the dynamic equilibrium and
reduce the homogeneity of the asphalt system. The
case is of the utmost seriousness under quiescent con-
ditions at high temperature.6

LDPE modified asphalt can be considered as a sus-
pended system. For a suspended system, the particles
in the liquid with the buoyancy force and gravitational
force and the falling velocity of the particles in the
system follow Stoke’s law20:

V � 2��0 � �1�gr2/9� (3)

where �0 is the density of asphalt, �1 is the density of
LDPE, g is the gravitational force constant, r is the
average radius of the LDPE particles, and � is the
viscosity of the modified asphalt.

To prevent the phase separation of LDPE from as-
phalt, a critical way is to reduce the falling velocity of
the particles. As shown in eq. (1), there are two meth-
ods to reduce the falling velocity: one is to reduce the
particle size and the other is to decrease the density
difference.

Because silica has many active functional groups on
its surface, chemical or physical interactions with
LDPE can form during processing. In previous work,
gelling occurred during the processing of SBS/kaolin-
ite clay or natural rubber/silica, which is evidence for
the interaction between the polymer and the filler.10 In
the present work, there is some difficulty to directly
quantify the gel content of LDPE/silica because the
interaction between LDPE and silica might be de-
stroyed at high temperature and the LDPE/silica com-
pound cannot be dissolved at room temperature by a
solvent after application of the gel content test at room
temperature. Thus, EPDM containing 70% ethylene
was selected to simulate the interaction between LDPE
and silica. The gel content of EPDM/silica (100/60)
was 21.5%, which is evidence for the interaction of
EPDM and silica, indicating that there might be a
rather strong interaction between LDPE and silica.

The density of the LDPE was 0.91 g/cm3 and the
density of asphalt here was 1.02 g/cm3 at room tem-
perature. The density of silica is around 1.87 g/cm3 at
room temperature. When the silica attached to LDPE,
the density difference decreased and the force for
driving separation became zero at a certain content of
silica, so the high-temperature storage stability was
improved. The results of the LDPE/silica compound
swelling measurements are shown in Figure 5. The
density of the compound was 1.27 g/cm3 at the be-
ginning stage of swelling. As the swelling proceeded,
the density of the compound was slowly decreased.
According to the trend of the curve, the density of the
compound had a tendency to reach the density of the

asphalt, which implied that the density difference be-
tween the LDPE/silica compound and asphalt was
minimized. Thus, the system reached a stable condi-
tion.

There might be another explanation. When LDPE is
compounded with silica, some silica particles can at-
tach to the LDPE and change the polarity of the com-
pound because the silica is strongly polar and LDPE is
apolar. The storage stability of LDPE modified asphalt
is obtained by equalizing the polarity differences be-
tween asphalt and LDPE by silica.

CONCLUSIONS

LDPE modified asphalts with improved high-tempera-
ture storage stability were prepared by incorporating
silica into the LDPE compounds. The effects of silica on
the high-temperature storage, dynamic rheological and
mechanical properties, and morphologies of the modi-
fied asphalts were studied. We found that the LDPE/
silica ratio in the compound had a great effect on the
high-temperature storage behavior. When the LDPE/
silica ratio was too high or too low, the modified asphalt
was unstable when stored at high temperature. The
modified asphalts were stable when the ratio of LDPE/
silica was around 100/60 (w/w). The silica content in the
modified asphalts was lower than 3.2%, so the silica
content had only a slight influence on the mechanical
properties of the modified asphalts. The silica improved
the rheological properties of the modified asphalt to
some extent. The high-temperature storage property was
obtained by decreasing the density difference between
LDPE and asphalt or in terms of equalizing the polarity
differences between asphalt and LDPE by silica.

The authors acknowledge the financial support provided by
the National High Technology Research and Development
Program of China.

Figure 5 The density of LDPE/silica compound swelling
in asphalt as it varies with time.
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