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Fundamental Comparison of Moduli Values in Asphalt Concrete Mixture
due to Various Sinusoidal Loadings
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Abstract

A laboratory investigation was performed to estimate the moduli values of asphalt concrete mixture due
to various sinusoidal loadings in compression and tension. Total five modes of loading were used under five
testing temperatures of 32, 50, 68, 86, and 104°F (0, 10, 20, 30, and 40°C); repeated compressive haversine
loading with rest period, repeated tensile haversine loading with rest period, cyclic compressive loading,
cyclic tensile loading, and alternate tensile-compressive loadings. The test results showed that, due to the
repeated haversine loading with rest period, asphalt concrete demonstrated similar moduli in tension and
compression at low temperatures,(0 and 10 °C) while those moduli were different at high temperatures (20,
30, and 40 °C). At high temperatures the compressive moduli were always higher than the tensile moduli.
The uniaxial tensile moduli were higher than indirect tensile moduli at low temperatures. However, those
moduli were similar at high temperatures. In uniaxial cyclic tension, compression, and alternate
tension—compression tests, compressive moduli were higher than tensile and alternate tensile-compressive
moduli throughout the temperatures. Generally, the moduli from the repeated haversine loading with rest
period were always lower than those from the cyclic sinusoidal loading. The difference in moduli from the
repeated haversine loading with rest period and cyclic sinusoidal loading becomes more significant as the
temperature decreases.

key words @ asphalt concrete mixture, resilient modulus, dynamic modulus, sinusoidal loading, rest
period
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1. Introduction

Material characterization is an important part
of the pavement design and analysis process
irrespective of the method of design or analysis
used. In particular, among the
flexible

concrete mixture is considered as the most

component

materials of a pavement, asphalt
important materials to be accurately character—
ized, not only because of its higher cost but also
contribution to pavement
1992). Material

characterization is the measurement and analysis

because of its
performance (Kim and Lee,

of the response of asphalt concrete mixtures to
load, deformation, and the environment at
various rates of loading and temperatures.
These

constitutive models of different design analyses

material properties are input to

to predict stresses, strains, and deflections
induced in a layered pavement structure under
moving wheel loads.

The use of a single modulus value for asphalt
concrete would be justified if the asphalt
concrete layer under the action of the traffic
loads would undergo either tensile stress only
or compressive stress only throughout the
thickness of the layer. This would also be
justified if the asphalt concrete has the same
modulus values in both tension and compression.
However, neither of these cases is true. The
asphalt concrete layer under the action of
vehicular loads is partly in tension and partly in
compression. Also, it has been reported as early
as 1960's that the material behaves differently
in tension and compression (Monismith and
Secor, 1962 ; Pister and Westman, 1962). It is,
different

therefore, more realistic to use
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modulus and phase angle values in tension and
compression for the asphalt concrete in the
analysis and design of pavements (Khanal and
Mamlouk, 1995).

The principal objective of this study is to
compare the wvarious moduli and the cor—
responding phase angles of asphalt concretes
different

The resilient moduli and the phase

under loading and temperature
conditions.
angles under repeated tensile and compressive
loadings with rest period, and the dynamic
moduli and the phase angles under sinusoidal
loading conditions without rest period were
determined in the laboratory. Also, the effect of
testing method on resilient modulus will be
investigated from the uniaxial direct tension test

and diametral tension test.

2. Materials and Specimen Preparation

The asphalt cement used in this research was
AC—20 asphalt, and the level of asphalt content
for the asphalt cement was determined by
Staley, North Carolina.

According to the construction record maintained

Blythe Industries, Inc.,

by the North Carolina Department of Trans—
portation (NCDOT), the optimum asphalt content
of the heavy duty surface (HDS) course was
determined using the U.S. Army Corps of
Engineers  (Marshall)  75—blow
(ASTM D 1559). The procedure required a
minimum 1,500 lbs (681 kgf) Marshall stability.
Selected optimum asphalt content of the asphalt

procedure

concrete was b5b.5 percent by weight of

aggregate,

The aggregates used in this research were
#78M, SCRG., and Sand. To get the HDS
these blended

mixture, aggregates  were

o
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properly in certain proportions. The aggregate

sources and blending percentages of each
aggregate are shown in Table 1. The selected
with North Carolina

limits of the mixture is also

aggregate  gradation
specification
presented in Table 2. More detailed information
on aggregate and asphalt binder can be found
elsewhere (Kim, N., 1994 ; Kim, N., 1999).

The sample preparation procedures for
heating of aggregate and asphalt, mixing, and
curing were conducted according to the "Asphalt
Concrete  Specimen  Preparation  Protocol”
(Harvey, J., 1990) prepared at the University of
California, Berkeley as a part of the SHRP
Project A—0OO03A.
record maintained by the NCDOT, the selected
mixing temperature for the HDS mixture was
285°F (140.6°C).

The mixture was placed in pans in a forced

Following the construction

air oven for a minimum of about 90 minutes to
reach uniform temperature. The mixture was
heated to a mixing temperature of 285°F
(140.6°C).
after being placed in the oven were discarded.

Mixtures not used within 3.5 hours

The heating of the mixture was continuous, and

was done only once. All molds and tools that

came in contact with the mixture during
compaction were maintained at the compaction
temperature as far as possible.

The mixture was compacted using Gyratory
Testing Machine (GTM) designed by the United
State Army Corps of Engineers (COE). One and
two degrees of gyratory angles were used to
Marshall (4"x2.6") and 4"x8"

specimens, respectively. One level of compaction

produce the

effort was imparted to the mixture in order to
produce specimens with 6% air void content
regardless of the specimen size. This target air
void content of the specimen was selected based
upon the air void content measurements from
The method used for
measurement of the air void data presented in

(WWP)
; Kim and Im,

the field core specimens.

was wet—with parafilm
1991

this paper
method (Harvey et al.,
1996).

3. Laboratory Testing

3.1 Resilient Modulus and Phase Angle

An MTS Model 643.01A Resilient Modulus
Fixture was used in this study. The fixture can

Table 1. Aggregate sources and bliending proportions for HDS mixture

Shipping Point Materials Amount (%)
E. Forsyth Quary #78M 45.0
E. Forsyth Quary SCRG. 35.0
Kelly Pit Sand 20.0

Table 2. Selected aggregate gradations

JMF Combined Percent passing (%)
sieve size NC Spec. Limits Selected gradation

3/4 (in) 100 100
1/2(in) 96-100 98

#4 55-80 67

#8 40-60 51

#40 11-38 25

#80 4-20 11
#200 2-8 4.1

CteFet Sinusoidal 318 & e OLAEERIRE SE29 Moduli 240h CHEH HlREHP 41



be installed in a load unit having either a
crosshead or a baseplate mounted actuator.
This resilient modulus fixture is small and

simple enough to be wused in a small

environmental chamber akin the one at North
State (NCSU). The

schematic presentations of the indirect tensile

Carolina University

resilient modulus fixture and the uniaxial
modulus fixture are shown in Figs. 1 and 2,
respectively. In this study, the resilient moduli
under three types of loadings with rest period
were measured. Those are uniaxial compression
(UCWR), uniaxial tension (UTWR), and indirect
tension (ITWR).

In addition, the phase angles uhder the
uniaxial compression (UCWR) and the uniaxial
(UTWR)

determined. The phase angle is defined as the

tension with rest period were
angle between the stress and strain wave
signals at a certain load repetition. The phase
angle between the stress and strain wave
signals stems from the intrinsic time dependent
asphalt mixture behavior. The phase angle is
zero for a purely elastic material and 90
degrees for a purely viscous body.

The elastic modulus based on the recoverable
strain (e,) under repeated loads is called the

resilient modulus, Mr, defined as

ENVIRONHENTAL CHANBER
UPPER EXTENSION RID
(Tewperature rating:-40°F to ~140'F)

ASPHALT SPECIMEN

™ Low FRICTION
ANTI-ROTATE FIXTURE

LATERAL DEFORMATION
EXTENSOMETER SYSTEM Y

SPECIMEN LOADING STRIPS
{Avaifable for 4inch and
Binch disxeter specimens)

EXTENSOMETER AND SPECIMEN
ALIGNMENT FIXTURE

EMYIRONMENTAL CHAMBER
LOVER EXTENSION ROD

Fig. 1. Schematic drawing of indirect
tensile resilient modulus fixture
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MI‘:O'd/Er (1)

in which ¢4 is the deviator stress, which is the
axial stress in an unconfined compression test
of the axial stress in excess of the confining
pressure in a triaxial compression test.
Because the applied load is usually small, the
resilient modulus test is a nondestructive test
and the same specimen can be used for many
tests under different loading and environmental

conditions.

3.2 Dynamic Modulus and Phase Angle

The complex modulus test may be used to
determine both the linear viscoelastic and elastic
properties of pavement materials. The complex
modulus, EY, is defined as a complex number
that relates stress to strain for a linear
viscoelastic material subjected to a sinusoidal
loading. The absolute wvalue of the complex
modulus, |E"|, is commonly referred to as the
dynamic modulus.

Dynamic moduli values of asphaltic materials
are normally conducted on unconfined specimens
using a uniaxially applied sinusoidal (haversine)
stress pattern. Through recording equipment,
continuously  monitored

axial strains are

throughout the test. In this study, the dynamic

Fig. 2. Uniaxial modulus fixture
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moduli under three types of loadings without
rest period were determined. Those are uniaxial
compression (UCNR),
tension (UTNR), and
compression (TCNR). In addition, the three
corresponding phase angles were measured.

cyclic uniaxial cyclic

alternate  tension—

The sinusoidal stress ¢ is:
6 = 6, sin(wt) (2)

where ¢, = Stress amplitude (psi),
w = Angular frequency
(radian per second), and

t = Time (second).
The resultant sinusoidal strain e is:
€ = e, sinlwt ~ ¢) 3

where €, = Recoverable strain and

¢ = Phase angle (degree).
By definition, the complex modulus E’ is:
EE=E +iE" (4)

where E'= Real portion of the complex
modulus and
E"= Imaginary portion of the complex

modulus.

Therefore, the dynamic modulus is defined as:

IE"] = V(E)!HE")? 6))

3.3 Experimental Design

The effect of five loading patterns on asphalt
concrete moduli at different temperatures were
investigated in this research: repeated uniaxial
compression (UCWR), repeated uniaxial tension
(UTWR), uniaxial cyclic compression (UCNR),
uniaxial cyclic tension (UTNR), and alternate
In addition, the
indirect tension test with rest period (ITWR)

tension—compression (TCNR).

was conducted to evaluate the effect of testing
method on moduli. Fig. 3 shows the five loading
patterns used in the [laboratory. The
experimental design is presented in Table 3.
Two specimens were used for each test
combination and the moduli tests were replicated
Therefore, a total of 12

specimens was used and 120 moduli tests were

for each specimen.

performed in this study. The tests were
conducted from low to high temperature to
minimize the possible specimen damage.

load with a 0.1

duration and a 0.9 second rest period was

Haversine second load
repeated for the repeated loading tests. The
frequency for the cyclic and alternate loadings
was 10Hz. The stress amplitude was kept
constant throughout testing, and the cor—
responding deformations were recorded at the
200th cycle. The load levels used in this
research were in the range of 5 to 30% of the
indirect tensile strength at 68°F (20°C). That is,
about 30% of the indirect tensile strength at
68°F (20°C) was used for the moduli tests at
the low temperature (32°F (0°C)) and about 5%
of the indirect tensile strength at 68°F (20°C)
was used for the moduli tests at the high
temperature (104°F (40°C)).

4. Test Results and Discussions

In uniaxial tension and compression tests due
to the repeated haversine loading with rest
period, asphalt concrete demonstrated similar
moduli and phase angles in tension (UTWR) and
compression (UCWR) at low temperatures (O
and 10°C (32 and 50°F)), but those moduli were
different at high temperatures (20, 30, and 40°C
(68, 86, and 104°F)). This can be attributed fo
the fact that at low temperatures, the asphalt
binder has a high stiffness, and hence the
modulus and phase angle, of the asphalt
aggregate mixture. Thus, at low temperatures,
asphalt concrete seems to behave similarly in
tension and compression with rest periods.

Figs. 4(a) and (b) present moduli comparisons
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Fig. 3. Loading patterns used in laboratory testings

Table 3. Experimental design for modulus and phase angle determination

Parameter
type Resilient modulus Dynamic modulus Phase angle
Loading

UCWR X X
UTWR X X
ITWR X

UCNR X X
UTNR X X
TCNR X X

in asphalt concrete mixture under various negligible. The difference between the tensile

sinusoidal loadings with and without rest period,
respectively. Figs. 5(a) and (b) demonstrate
phase angle comparisons with and without rest
period, respectively.

In particular, the compressive moduli at high
temperatures were always higher than the
tensile moduli. However, the phase angles were

vise versa though the

differences were

44

and compressive moduli and phase angles
became more significant as the temperature
increases. The reason for obtaining compressive
moduli values higher than the corresponding
tensile values at high temperatures can be
explained by the fact that the tensile stiffness
of the mixture is contributed mostly by the

tensile resistance of the asphalt binder, whereas

Of
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Fig. 5(a) Phase angle comparisons of
loading with rest period
aggregate particles contribute very little. Since

the stiffness of the asphalt is largely reduced at
high temperature, the tensile modulus is also
reduced. On the other hand, most of the load is
carried by the aggregate particles when the
mixture is subjected to compression, while the
time—dependent viscoelastic material, asphalt
binder, has little contribution. As a result, at
high temperatures the copmpressive modulus
was not largely reduced when compared to the
tensile modulus. The comparison between the
uniaxial tensile moduli and the indirect tensile
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Fig. 4(b) Dynamic modulus comparisons
of loadings without rest period
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Fig. 5(b) Phase angle comparisons of
loading without rest period

ones showed that the uniaxial tensile moduli are
higher than indirect low
temperatures (0, 10, and 20°C (32, 50, and
68°F)).

tensile moduli at

However, those moduli were similar at

high temperatures (30 and 40°C (86 and
104°F)).

In uniaxial cyclic tension (UTNR), com-—
pression (UCNR), and alternate tension—

compression (TCNR) tests without rest period,
compressive moduli were higher than tensile and
alternate tensile—compressive moduli throughout

the temperatures. The compressive moduli and
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alternate tensile—compressive moduli demon—

strated similar values throughout the

temperatures. However, general trend of the
phase angles due to uniaxial cyclic loadings
were vise versa with negligible differences.
The UTNR phase angles were always higher
than the UCNR phase angles. In addition, the
TCNR phase angles were highest among other
ones. It should be noted that the differences
between the TCNR, UTNR, and UCNR phase
angles become significant as the temperature
increases. General trend of the dynamic moduli
due to various uniaxial cyclic loadings can be
explained similar ways as those in Fig. 5. That
is, the tensile dynamic moduli of the mixture is
contributed mostly by the tensile resistance of
the asphalt binder, whereas aggregate particles

0.8

Resilient or Dynamic Modulus(psi) {Millions)
° -
> o

o
~

o
]

e
=Y

Temperawre{F}

play a major role in the compressive dynamic
moduli of the mixture.

In order to evaluate the effect of different
sinusoidal loadings on moduli of asphalt concrete
in more detail, the test data in Figs. 4 and 5
were replotted in Figs. 6 and 7, respectively.
Generally, the moduli from the repeated
haversine loadings with rest period were always
lower than those from the cyclic sinusoidal
loadings. The difference in moduli from the
repeated haversine loading with rest period and
cyclic  sinusoidal loading becomes  more
significant as the temperature decreases. It is
noted that the additional data on moduli and
phase angles except the temperature selected in
this research can be obtained through an

appropriate extrapolation method.

Fig. 6. Modulus comparisons of various sinusoidal loadings

Phase Angle (Degree)

0 O

Terperature(F)

86 104

Fig. 7. Phase angle comparisons of various sinusoidal loadings
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5. Conclusions

Based on the observations obtained from the
various laboratory measurements, the following

conclusions can be drawn:

(1) In uniaxial tension (UTWR) and com-—
(UCWR) tests due to the
loading with rest

pression
repeated haversine
period, asphalt concrete shows similar
moduli in tension and compression at low
temperatures, but those moduli were
different at high temperatures. At high
temperatures the compressive moduli
were always higher than the tensile
moduli. However, the phase angles were
vise versa though the differences were
negligible. The difference between the
tensile and compressive moduli became
more significant as the temperature

increases.

(2) The uniaxial tensile (UTWR) moduli were
(ITWR)

However,

higher than indirect tensile

moduli at low temperatures.

those moduli are similar at high
temperatures.

(3) In wuniaxial cyclic tension (UTNR),
compression (UCNR), and alternate

(TCNR) tests

without rest period, compressive moduli

tension—compression

were higher than tensile and alternate

tensile—compressive moduli throughout

the temperatures. The compressive
moduli and alternate tensile—compressive
similar  values

moduli  demonstrated

throughout the temperatures. However,
general trend of the phase angles due to
uniaxial cyclic loadings were vise versa

with noticeable differences.

(4) Generally, the moduli from the repeated
haversine loading with rest period were
always lower than those from the cyclic
sinusoidal loading without rest period.
The difference in moduli from the
repeated haversine loading with rest

period and cyclic sinusoidal loading

without rest period became more
significant when the temperature
decreases.
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