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Abstract In routine testing of hot mix asphalt
(HMA) cyclic compression tests (CCT) are carried
out to assess the permanent deformation behavior.
However, CCTs can also be employed for determining
the material response within the linear viscoelastic
domain in terms of stiffness and phase lag, when a
frequency and temperature sweep is considered. In the
compressive domain two test setups are possible
regarding the connection between load plate and
specimen: The specimen is either firmly connected
(glued) to the load plates, which prevents transverse
strain at the end planes, or the specimen is placed
between the load plates without firm connection. In this
case friction-reducing additives (e.g. silicone grease)
applied to the end planes of the specimen help to create
a more homogeneous strain distribution over the height
of the specimens, since limited transverse strain are
also be activated at the end planes of the specimen. This
paper investigates whether these two test setups
produce comparable results in terms of viscoelastic
material reaction of HMA. Therefore, CCTs were run
on HMA-specimens with the two test setups. Data
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evaluation was carried out by means of regression
analysis with a standard sine and an advanced function
containing the first harmonic oscillation term. It is
shown that the parameters of the first harmonic term are
able to describe the magnitude and shape of a distorted
sine. Data from force and axial deformation signals are
analyzed as well as the derived viscoelastic material
reaction. From the findings of the study it can be
concluded that cyclic material tests in the compressive
domain are capable of describing the viscoelastic
material behavior of HMA regardless of the connection
between specimen and load plates and that they are
comparable to results of a well-established, standardized stiffness test, the 4-point-bending test. It is also
shown that the regression analysis with the advanced
function can be employed to analysis the quality of
response of the test machine. Thus, technical limits of
test machines and deformation sensors can be detected
by using the regression analysis with the advanced
approximation function.
Keywords Viscoelasticity  Hot mix asphalt 
Stiffness testing  Regression analysis  Cyclic
compression tests  Four-point-bending test

1 Introduction
A comprehensive pioneering work in the field of
triaxial cyclic compression tests (TCCT) on hot mix
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asphalt (HMA) started in the 1970s at the Belgian
Road Research Center (BRRC). Having the main
objective to develop a model to describe the permanent deformation behavior of HMA, TCCTs with
varying test conditions were carried out to study the
impact of different boundary conditions systematically. The derived BRRC-model by Francken [1] is
still used for a first approximation of the permanent
axial strain due to triaxial loading, and the test
program was one major source for the development
of the European standard for TCCT EN 12697-25 [2].
Jaeger [3] tested different HMAs at high temperatures
with a sinusoidal axial compressive loading and
constant radial confining pressure. It was shown that
the magnitude of axial loading has the most significant
impact on the permanent axial strain, followed by
temperature and frequency of loading. This research
was followed by Weiland [4]. Advanced technologies
opened the possibility to digitalize the data, store,
process and therefore evaluate and analyze test data in
more detail. Amplitudes of stress and strain could be
visualized and thus phase lags between those signals
could be looked at for the first time. The results in [4]
show that there is a difference between the phase angle
of axial loading and axial deformation versus axial
loading and radial deformation. They also indicate that
temperature has a dominant impact on the magnitude
of the phase lag. In the 1990s von der Decken [5]
presented an extensive study on TCCTs with cyclic
confining pressure on different HMAs and at different
temperatures. Interestingly enough, it was found that a
constant phase lag between axial loading and radial
deformation exists which is independent of mix design
and temperature. It was set to 36°.
A recent, comprehensive study on the TCCT was
carried out by Kappl [6]. The study contains an
extensive testing program where a number of asphalt
mixes with different aggregate and binder types were
tested in the TCCT according to [2]. An attempt was
made to link the results of TCCTs to various binder
parameters or results of simple test methods like the
Marshall test. The main findings are that there is a
strong correlation between the softening point ring and
ball and the cumulated, axial strain after 25,000 load
cycles at 50 °C. Also, the air void content could be
linked to the creep rate resulting from the standard
TCCT.
The TCCT was implemented into the series of
harmonized European Standards for testing of HMA in

2004 as EN 12697-25 [2] to assess the resistance to
permanent deformation at high temperatures. The
standard test procedure consists of a cyclic dynamic
axial loading to simulate a tire passing a pavement
structure and a radial confining pressure to consider
the confinement of the material within the pavement
structure. The permanent axial strain is analyzed
versus the number of load cycles to obtain a creep
curve.
However, cyclic compression tests (CCTs) can also
be employed for assessing the material response
(stiffness and phase lag) of HMA in the linear
viscoelastic domain. In this case the test is run with
frequency and temperature sweep [7]. Material
parameters are obtained from the applied loading
(action) and the reaction of the material (i.e. deformation) [8]. Different from tests with both tension and
compression, e.g. the direction tension and compression test according to EN 12697-26 [9] where the
specimens must be firmly connected to the load plates
since tension is applied, two test setups are possible for
CCTs: (a) Specimens can be glued and thus firmly
connected to the load plates. This setup prevents
transversal strain at and near the end planes of the
specimen. A more homogeneous strain distribution
can be achieved when (b) the specimen is placed in
between the load plates without a firm connection. In
this case friction-reducing additives (e.g. silicone
grease) support transversal strain also at the end
planes. This paper investigates whether the viscoelastic material response of HMA depends on the test
setup, i.e. whether the specimen is firmly connected to
the load plates or not. It also shows that an advanced
function including the 1st harmonic oscillation term
used for regression analysis of the test data can be
employed to study distortion of the sinusoidal signal
and thus reveal technical limits of the test machine and
incorporated sensors.

2 Materials and test program
2.1 Materials and specimen preparation
For the presented research, an asphalt concrete with a
maximum nominal aggregate size of 11 mm (AC 11)
was used. The mix was composed of porphyry as
the aggregate, powdered limestone as filler and
an SBS-modified binder PmB 25/55-65. The main
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Table 1 Characteristics of PmB 25/55-65
Parameter

Value

Penetration at 25 °C

46.0 °C

Softening point ring and ball

73.0 °C

Performance grade according to SHRP

[82-16

characteristics of the binder are listed in Table 1. The
binder content was set to 5.3 % (m/m) which is the
optimal binder content according to Marshall. Figure 1
shows the grading curve of the mix.
The mix was produced in a reverse-rotation compulsory mixer. The pre-heated aggregates and filler
were mixed for 1 min before the pre-heated bitumen
was added to the mix. Aggregates, filler and bitumen
were mixed for an additional 3 min. The material was
then compacted in a segment roller compactor to slabs
with a base area of 500 9 260 mm and a target height
of 130 mm. The slabs were produced in two layers,
since single layer compaction leads to a larger scatter
of density between upper and lower parts of the slab
[10]. As stated in [10] the fact that the specimens
incorporate an interface of two layers does not affect
the test results compared to results from specimens
taken from homogeneous slabs with single layer
compaction.
From each slab, four specimens were cored out with
a diameter of 100 mm. The obtained specimens were
cut to a height of 200 mm. Figure 2 shows a scheme of
an HMA slab and the specimens obtained from the
slab.
2.2 Test setup and program
To investigate the impact of the connection between
load plates and specimen on the viscoelastic material

Fig. 1 Grading curve of the AC 11

Fig. 2 Principle of specimen direction within HMA slab

response, two different test setups were employed in
the study. Figure 3 shows a scheme of the two setups.
The left setup (a) is a standard CCT without a firm
connection between load plate and specimen. Silicone
grease is applied to both end planes of the specimen to
reduce friction and activate transversal strain at and
near the end planes. In the right setup (b) the specimen
is glued to both load plates with a two-component
adhesive. Transversal strain is prevented in this test
setup at the end planes of the specimen.
For each setup four specimens were tested. Details
on the HMA specimens of the AC 11 mix are given in
Table 2. In a detailed analysis preceding this study [7],
CCTs were carried out on HMA specimens at different
temperatures (10, 30, 50 °C) and stress levels to
isolate test conditions which stress specimens within
the linear viscoelastic domain. According to Airey
et al. [11] a strain level of 10-4 or smaller ensures that
HMA specimens are tested within the linear viscoelastic range. The results of the preceding analysis
show that CCTs at 30 °C, a mean axial stress of
0.25 N/mm2 and a stress amplitude of 0.15 N/mm2
keep the strain level below 10-4 and thus within the
linear viscoelastic domain. A frequency sweep was
carried out with frequencies ranging from 0.1 to
10 Hz. Table 3 provides information on the number of
load cycles carried out for each frequency.
Axial deformation was recorded by two LVDTs on
top of the upper load plate. For data evaluation the
mean value of the signals from both LVDTs was used.
The radial deformation was obtained by strain gauges
that were attached directly to the surface of the
specimens. The strain gauges with an active length of
150 mm were located at half height along the
circumference of the specimen.
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Table 4 Specimen characteristics for 4PBB
Specimen code

Air void content
[% (v/v)]

E454A

4.3

E454B

4.6

E454D

3.9

E454F

4.0

3 Data evaluation
Signal data from force and deformation sensors were
investigated by means of regression analysis with two
different functions:

Fig. 3 Two test setups to compare results of unglued (a) and
glued (b) CTTs

Table 2 Specimen characteristics for CCTs
Specimen
code

Air void
content [% (v/v)]

Glued/
unglued

T404C

6.4

Unglued

T406E

5.5

T406G

5.0

T406H

7.0

T404A

3.8

T405C

3.5

T406A

5.2

T406B

3.5

Glued

Table 3 Number of load cycles for each frequency in the
CCTs
Frequency

0.1

0.5

1.0

3.0

5.0

10.0

No. of load cycles

20

50

100

100

200

200

To compare the material response from CCTs to a
well-established, standardized stiffness test, four
specimens of the same mix were tested in a 4-pointbending (4PBB) stiffness test according to [9]. The
tests were run at 30 °C with frequencies ranging from
0.1 to 10 Hz. The strain amplitude for the tests was set
to 35 lm/m. Details on the specimens can be found in
Table 4.

f ðtÞ ¼ a1 þ a2  sinð2p  f  t þ a3 Þ þ a4  t

ð1Þ

f ðtÞ ¼ a1 þ a2  sinð2p  f  t þ a3 Þ þ a4  t þ a5
 sinð4p  f  t þ a6 Þ

ð2Þ

where a1, offset of the fundamental oscillation; a2,
amplitude of the fundamental oscillation; a3, phase lag
of the fundamental oscillation; a4, gradient of the
linear term; a5, amplitude of the 1st harmonic
oscillation; a6, phase lag of the 1st harmonic oscillation; f, frequency of the oscillation; t, time.
The function according to Eq. (1) will be referred to
as F ? L for its two terms, the fundamental oscillation
(F) and the linear term (L). The function according to
Eq. (2) as F ? L ? 1H for the additional 1st harmonic
oscillation (1H). For data evaluation purposes the test
data was divided into blocks of three load cycles. These
blocks were used for the regression analysis. The
reason for choosing three cycles per evaluation block is
to achieve a stable regression analysis. The more
complex F ? L ? 1H regression was employed in this
study because the parameters of the 1st harmonic can
be used to analyze distortions of sinusoidal oscillation
data by mathematical means. As shown by Kappl [6]
CCTs result in axial deformation of the specimen that
cannot be described with a standard F ? L regression
according to Eq. (1). Figure 4 shows a graphic example
of the approximation of test data from a CCT with the
F ? L function. In the left diagram the test data of axial
stress (rax) and strain (eax) versus time is shown for two
oscillations. In addition the approximation function for
eax is depicted. At closer examination it is obvious that
for specimens from CCTs the reaction in terms of
deformation does not follow a simple sinusoidal
function with linear term. At the point of maximum
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loading the test data of deformation is broader and
flatter whereas on the point of minimum loading the
deformation appears narrower with a larger peak. The
diagram on the right shows the stress–strain relationship for the same oscillations. It reveals more clearly
that the test data differs from the F ? L regression or
rather that the function is not able to fit the test data with
satisfactory quality. Especially in the loading and
unloading phase, the shape of the test data shows a
distortion compared to the sine approximation. For
these reasons Kappl [7] introduced an advanced
approximation function for the regression of CCTs,
the F ? L ? 1H regression. A second sinusoidal term
was added representing the first harmonic of the
oscillation characterized by the double frequency of

the fundamental oscillation. Figure 5 presents the
same data as Fig. 4 but with the F ? L ? 1H approximation. By comparing the figures it becomes clear,
that the advanced approximation fits the deformation
data in a better way than the standard sine approach.
This is true for the extrema as well as the loading and
unloading phase. The F ? L ? 1H approach accounts
for distorted sinusoidal oscillations.
The advanced approximation function was used in
[7] to describe the magnitude and shape of a distorted
sine. The ratio of the amplitude of the 1st harmonic to
the fundamental oscillation as well as the shift factor
between the 1st harmonic and the fundamental influence affect the shape of the regressed function in terms
of incline between the extremal values and the shape

Fig. 4 Example of CCT test data with axial stress (rax) and strain (eax) and the analytical approximation F ? L—in time domain (left)
and as a stress–strain relationship (right)

Fig. 5 Example of CCT test data with axial stress (rax) and strain (eax) and the analytical approximation F ? L ? 1H—in time domain
(left) and as a stress–strain relationship (right)
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of the extrema respectively, as well as values of the
extrema. The amplitude ratio is referred to as
AR ¼

a5
a2

ð3Þ

where AR, ratio of amplitude of 1st harmonic to
fundamental oscillation [-] and the shift factor
between both sinusoidal terms
c ¼ a6  a 3

ð4Þ

where c, shift factor between 1st harmonic and
fundamental oscillation [°].
To systematically study the impact of the 1st
harmonic a theoretic example with the following input
parameters is given. The offset (a1), the phase lag of
the fundamental oscillation (a3) as well as the linear
term (a4) are set to 0. The amplitude of the
fundamental oscillation (a2) is 1, the amplitude of
the 1st harmonic (a5) is set to 0.2. Since a1 is 1, a5 is
equal to the amplitude ratio AR according to Eq. (3).
The phase lag of the 1st harmonic (a6) varies within a
range of -180° to 180° to show the impact of this
parameter. This particular range was chosen because
the test results are usually within this area. Since a3 is
0, a6 is equal to the shift factor between both
sinusoidal terms c according to Eq. (4). The frequency
f is set to 0.1 Hz. The parameter set is also shown in
Table 5.
Figure 6 shows nine diagrams with a systematical
variation of the shift factor c between fundamental and
1st harmonic. Starting from the top left at -180° c is
raised by ?45° in each diagram to ?180° at the bottom
right. The following statements regarding the change
of the function are made in comparison to the standard

Table 5 Input data used for analysis of the advanced
approximation function F ? L ? 1H
Parameter

Values

Details

a1

0

Offset

a2

1

Amplitude of fundamental
oscillation

a3

0

Phase lag of fundamental
oscillation

a4

0

Gradient of linear term

a5 = AR

0.2

Amplitude of 1st harmonic

a6 = c

-180° to 180°

Phase lag of 1st harmonic

f

0.1 Hz

Frequency

sinusoidal oscillation which is also shown in the
diagrams.
At a shift factor of -180° the 1st harmonic’s
influence is dominant in the loading and unloading
phase leaving the shape of the extrema unaffected.
From -180° to -90° the impact of the 1st harmonic
shifts to the other extreme. At -90° the shape around
the extrema are clearly deformed. In terms of shape of
the function the changing influence of the 1st
harmonic on the deformation of the sine continues
with a turning point every 90°.
What becomes clear is that the advanced function
can be used to check the shape of a sine quickly by
using AR and c. The value of AR reflects the magnitude
of the distortion (quantity of distortion), the shift
factor c describes in which way the sine is distorted
(quality of distortion).

4 Results and discussion
To investigate the impact of the connection between
load plate and specimen on the material response,
results from both test setups are compared in the
following. Regression analysis of the test data was
carried out with the F ? L and the F ? L ? 1H function. The diagrams in this section present the results as
follows: The solid lines represent data from the
unglued setup, the dashed line from the glued setup.
The bold lines show the median values. The median
values were derived from data of the four specimens
tested in each setup at each test frequency. The thin
lines around the median values represent the 95 %
confidence interval (95 % CI) of the results.
The investigation starts with an analysis of signal
data from the force sensor. Since the tests were carried
out in a force-controlled way, this part of the study
gives information about the quality of the control unit
of the test machine, i.e. how good the quality of the
sine produced by the test machine is. The next analysis
deals with data from the axial deformation sensor. It is
interesting to see to which extent the material response
resembles a sine when the loading is sinusoidal in the
compressive domain and whether there are differences
between glued and unglued setup. The investigation is
finalized by looking at the derived material response
(stiffness and phase lag) in the linear viscoelastic
domain from both setups and comparing the results of
the CCTs to those from 4PBB stiffness tests.
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Fig. 6 Variation of shift factor between 1st harmonic and fundamental from a6 = -180° (upper left) to ?180° (lower right)

4.1 Analysis of signal data from force sensor
This part of the study takes a detailed look on the data
derived from the force sensor for the unglued and

glued test setup. The left diagram in Fig. 7 provides a
comparison of the coefficients of determination for the
regression of the force sensor with the standard
F ? L function for both setups with respect to the

Fig. 7 Median value and 95 % CI of the coefficient of determination R2 for the force sensor for glued and unglued test setup;
F ? L approximation (left) and F ? L ? 1H approximation (right)
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test frequency. It is obvious that the fit quality is
practically identical for both setups, and that the
quality of the regression is at a very high level above
0.999. The coefficients of determination indicate that
the test machine works with high quality in the tested
range up to 10 Hz and there seems to be no difference
between the two test setups.
The right diagram in Fig. 7 gives the analogue
information for the advanced F ? L ? 1H approximation. Again both setups are shown in the diagram.
The situation is similar to the quality of fit for the
standard approximation. Again, both setups result in
similar and high fit qualities.
The amplitude ration AR between 1st harmonic and
fundamental oscillation of the approximation together
with the shift factor c is used to find out whether the
shape of the sinusoidal force changes at different
frequencies or between the two test setups. It gives
more information than the coefficient of determination, since the two parameters describe quantity and
quality of the distortion.
Figure 8 presents the results. By taking a look at the
amplitude ratio in the left diagram it becomes clear
that there is no distinguishable distortion since AR is
below 1 % for lower test frequencies. AR increases
with increasing frequency but still stays at very low
level. Even at 10 Hz the median AR is only around
5 %. Thus, the test machine provides sinusoidal
loading with hardly any distortion. But there is a
clear, increasing trend of AR with increasing frequency indicating that the ability of the control unit to
provide sinusoidal loading decreases. The 95 % CI of
AR shows that there is no significant difference
between both setups, although the median value of

AR of the unglued setup is 20 % higher than AR of the
glued setup.
Data of the shift factor are presented in the right
diagram. Again both setups produce the same c. The
scatter is rather large when testing at low frequencies.
Due to the small AR this has no impact on the shape of
the force approximation. The phase lag at 10 Hz is
around -100°. Still, AR is so small that this has no
noteworthy effect on the shape of the sinusoidal force.
This section proves that the test machine provides a
sinusoidal loading with good quality in terms of shape
of the oscillation. Also, the test setup, i.e. whether the
specimen is glued to the load plates or not, has no
relevant impact on the shape of the sinusoidal force
signal.
4.2 Analysis of signal data from deformation
sensor
Figure 9 presents the coefficient of determination for
the axial deformation sensor of both setups. The left
diagram gives information about the regression with
the standard approximation F ? L. Clearly, both
setups are fitted with a high quality (R2 [ 0.995) for
the complete range of test frequencies. Scatter for both
cases is similar.
The data show that the standard sine approximates
the deformation data better at higher frequency. From
3 Hz on, the coefficient of determination R2 is around
or above 0.998. At low frequencies when the viscous
part of the material behavior is still dominant, the
standard approximation function describes the material behavior only at a lower, although good quality
level.

Fig. 8 Median value and 95 % CI of AR (left) and c (right) for the force sensor for glued and unglued test setup at 30 °C
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Fig. 9 Median value and 95 % CI of the coefficient of determination R2 for the deformation sensor for glued and unglued test setup at
30 °C; F ? L approximation (left) and F ? L ? 1H approximation (right)

The right diagram in Fig. 9 shows the results for
the coefficient of determination R2 for both setups with
the advanced F ? L ? 1H approach. Compared to the
standard regression the quality of fit of both cases is
considerably higher. For the unglued specimens the
quality of fit R2 is above 0.999 for the complete range
of test frequencies with a low scattering. Especially at
low frequencies where the viscous part of the material
behavior is more dominant, the difference to the
standard approximation is clear.
Figure 10 presents the amplitude ratio AR and the
shift factor c for the axial deformation data. There is a
clear relation between AR and the test frequency. The
higher the frequency and thus the more dominant the
elastic part of the behavior gets, the lower becomes
the share of the 1st harmonic term. Data from tests
with both setups start around the same values at
0.1 Hz, the unglued setup at a range of 6.2–7.1 %, and
the glued setup ranges from 5.5 to 7 %. The ratio

decreases more quickly with increasing frequency for
the glued setup reaching 1.4–2.4 % at 10 Hz. The
unglued setup results in a ratio of 2.4–3.6 % at this
frequency. In terms of the median values the unglued
setup shows a 7 % higher amplitude ratio at 0.1 Hz,
increasing to a 42 % higher ratio at 10 Hz compared
to the glued setup. It can be stated that the impact of
the 1st harmonic declines with increasing test frequency. This goes along with the data presented in
Fig. 9 where the coefficient of determination was
shown for the standard approximation function. The
quality of fit of the standard function increases with
increasing frequency. This is a logic result as the share
of the 1st harmonic gets less dominant at these test
conditions. For the whole frequency range, the ratio is
smaller for the glued setup, showing that the deformation produced by the glued specimens is more
related to a sinusoidal shape than for the unglued
specimens.

Fig. 10 Median value and 95 % CI of AR (left) and c (right) for the deformation sensor for glued and unglued test setup, as well as for
4PBB tests at 30 °C

Materials and Structures

Fig. 11 Median value and 95 % CI of uax,ax (left) and |E*| (right) for glued and unglued test setup, as well as for 4PBB tests at 30 °C;
F ? L approximation

The right diagram in Fig. 10 presents results of the
shift factor c. This value starts at -17° for the unglued
and -19° for the glued setup (median values) at
0.1 Hz. This shows that there is a steeper incline of
the approximation function in the loading and a
flatter decline in the unloading phase. Up to 5 Hz, the
shift factor stays beyond -45°. Simultaneously, AR
decreases indicating that the difference in the gradient
between loading and unloading phase gets smaller.
When the test frequency is increased to 10 Hz, c
becomes even larger reaching -60° for the glued and
-50° for the unglued setup respectively. Together
with a still decreasing amplitude ratio, the distortion of
the deformation oscillation becomes less dominant.
It was shown in this section that the shape of the
deformation cannot be described as well with the
standard F ? L regression as with the advanced
F ? L ? 1H function. This is especially true for low
frequencies below 3 Hz. Glued specimens produce
slightly better qualities of the fit with the standard
approximation function. It is therefore assumed that
glued specimens react with a less distorted sine to
sinusoidal load in terms of deformation. This thesis is
confirmed by the amplitude ratio between 1st harmonic and fundamental. It is also higher for the glued
setup throughout the frequencies.
4.3 Analysis of material reaction in the linear
viscoelastic domain
So far the analysis was carried out for data from the
force and deformation sensor. An interesting question
is, if and how the test setup influences the derived

material parameters. It is also important to analyze
whether the derived material response from CCTs in
the linear viscoelastic domain is comparable to results
obtained from well-established stiffness test. Thus,
4PBB stiffness tests according to [9] were carried out
on four specimens produced from the same mix.
Results from 4PBB are shown in the diagrams of this
section as dash-dotted lines. Again bold lines represent
the median values from results of four specimens for
each frequency. The thin lines around the median
values represent the 95 % CI of the results.
In Fig. 11 the left diagram shows the axial phase lag
(uax,ax) between force and axial deformation when the
regression is carried out with the F ? L function for
the CCTs. In addition it shows the phase lag u derived
from the 4PBB. The difference between the two
analyzed CCT setups in terms of the axial phase lag is
not significant. The median values of the phase lag
show a difference below 1° for all frequencies. The
largest difference between CCTs and 4PBB in terms of
the phase lag can be found at 0.1 Hz, when the glued
setup is considered. The median values have a
difference of 2.2°. Still, the 95 % CI of both tests
overlap even at 0.1 Hz. Thus, the difference can be
seen as insignificant.
The right diagram in Fig. 11 shows results of the
norm of the complex modulus |E*| for both CCT
setups and the 4PBB. Before looking at the data, it
must be noted the volumetric characteristics of the
specimens differ considerably. When the data about
the air void content of the tested specimen is taken into
consideration (see Tables 2, 4) it can be seen that
mean value of the void content of the specimens tested
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in the unglued setup is 6.0 % (v/v), whereas it is 4.0 %
(v/v) for specimens tested in the glued setup. For
specimens tested in the 4PBB the mean value of the air
void content is 4.2 % (v/v) and is thus comparable to
the specimens used for glued tests. It was shown by
Hofko and Blab [12] that the air void content has a
significant impact on the material stiffness in terms of
norm of the complex modulus. This effect was found
to be 4 times more severe for high frequencies (10 Hz)
than for low frequencies (0.1 Hz). The same ratio can
be found for the norm of the complex modulus of the
CCTs presented in this paper. The difference between
unglued (higher void content) and glued (lower void
content) setup is 130 MPa at 0.1 Hz and 540 MPa at
10 Hz. Thus, it is concluded from the findings of this
research and the study [12] that the difference in
modulus between both setups is related to the different
volumetric characteristics of the specimens and not to
the difference in test setup. When data from the 4PBB
specimens are considered as well, it can be noted that
the difference between results from glued tests and
4PBB (comparable void content) is moderate with the
largest difference occurring at 1 Hz with 162 MPa or
10.4 %. When the 95 % CI is considered, the difference between both test types is not significant. It can
be concluded that the material response in terms of
stiffness and phase lag within the linear viscoelastic
domain obtained from CCTs is comparable to wellestablished and standardized stiffness tests like the
4PBB.

–

–

–

–

5 Conclusions
From the analysis of two different CCT setups with an
advanced F ? L ? 1H regression, and the comparison
of results with 4PBB tests, the following conclusions
can be drawn:
–

–

The advanced F ? L ? 1H approximation function is a proper tool to quickly check the shape of
sinusoidal functions. If the sine is distorted, the
amplitude ratio AR and the shift factor c are able to
describe the magnitude and shape of the distortion.
The F ? L ? 1H approach can give valuable
information about the shape of oscillating test data.
Problems with the test machine control as well as
shape and magnitude of the deformation oscillation
can be detected and described easily.

–

Regarding the data of the force sensor, no significant
distortion of the sinusoidal loading can be found.
Both setups result in a high quality of fit with the
standard and the advanced regression approach for
the complete frequency range. The amplitude ratio
AR is very low (\5 %) for frequencies up to 10 Hz.
Thus, there is no noteworthy distortion of the
sinusoidal force. Since the tests were carried out in a
force-controlled way, the results indicate that the
control unit of the test machine works with high
quality at least up to 10 Hz regardless of the
connection between specimen and load plate.
The analysis of data of the deformation sensor
revealed that the deformation cannot be approximated as well with the standard sinus as the force
data. The fit quality of the glued setup is better when
the F ? L function is used for regression analysis.
The advanced approach results in coefficients of
determination of 0.999 and higher for both setups. By
considering the amplitude ratio AR it was found that
especially at lower frequencies (with a more dominant viscous material behavior) the shape of the
deformation is distorted with a steeper incline of the
loading phase and a flatter decline in the unloading
phase. The effect is stronger for unglued specimens.
In terms of mechanical material parameters it was
found that there is no difference in phase lags between
both setups. There is also no significant difference
between phase lags from 4PBB tests and the CCTs.
When it comes to material stiffness in terms of norm
of complex modulus, unglued specimens reacted
less stiff than glued specimens. It could be shown
that this effect is connected to the different content
of air voids of the tested specimens and not to the
difference in test setup. Again, no significant
differences between results from 4PBB tests and
the CCTs occurred.
Thus, it can be concluded that tests in the compressive
domain are capable of describing the material
parameters of HMA in the linear viscoelastic domain
regardless of the connection between load plates and
specimen and that the results derived from CCTs are
comparable to those derived from 4PBB.
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