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Abstract: This paper presents an investigation into 3Dim viscoelastic behaviour of bituminous
mixture. Complex modulus tests were performed at ENTPE laboratory on cylindrical samples, for
three different modes of sinusoidal loading: only tension, only compression and tension-
compression. Stress-controlled mode was used for cyclic tension tests and cyclic compression tests
whereas cyclic tension-compression tests were conducted in strain-controlled mode. For all
loading conditions, the strain amplitude of sinusoidal cyclic loadings is less than 60um/m.
Complex modulus E” and complex Poisson’s ratio v* were measured at five temperatures ranging
from 1°C to 30°C and at six frequencies ranging from 0.03 Hz to 10 Hz. The results indicated that
complex moduli are the same for the 3 modes of loading for average and low temperatures. Rather
small differences were obtained between complex modulus values obtained from the three types of
loading for higher temperatures. These differences could be explained by nonlinearity (modulus
value depending on strain level) and accumulated strain existing only for tension and compression
type tests. No noticeable differences in complex Poisson’s ratio could be obtained from the 3

modes of loading.

Keywords: bituminous mixture, modes of loading, complex modulus, complex

Poisson’s ratio, viscoelasticity

1 Introduction

The three dimension (3D) viscoelastic isotropic behaviour can be characterized by
complex modulus E” and complex Poisson’s ratio v*. In order to obtain these

parameters, complex modulus tests are usually conducted under sinusoidal cyclic
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loadings at different temperatures and frequencies. Some authors performed the
one dimension (1D) complex modulus tests on bituminous mixtures and compared
obtained results when using different types of test, specimen geometries or sizes
of specimen [1-3]. Kallas [4], Khanal and Mamlouk [5] indicated differences in
complex modulus E* (norm and phase angle) obtained from different loading
modes (quasi-static compressive, quasi-static tensile, cyclic tension, cyclic
compression, cyclic tension-compression). The effect of strain (stress) amplitude
was also studied and reported in references. When small strain amplitude (less
than 100 pm/m) is applied, the behaviour of bituminous mixtures can be
considered as linear viscoelastic (LVE) as a first approximation [6-8]. From
experimental results, Nguyen QT et al. [9] observed nonlinearity of bituminous
mixtures even at small strain amplitudes (< 125 um/m), which affects both norm
and phase angle of complex modulus. They also showed that that the viscoelastic
linearity limit (strain amplitude corresponding to a decrease of 5 % of the norm of
complex modulus) varies with equivalent temperature-frequency couples. Many
researches confirmed that Time Temperature Superposition Principle (TTSP) can
be applied with good approximation to bituminous materials, in the small strain
domain (strain amplitudes lower than 100 pum/m) [10-15] even considering wave
propagations [16-18] or in the nonlinear domain (strain up to some percent) [9,
19-23]. TTSP was showed to be also valid in 3 dimensions [24-27].

In this paper, complex modulus tests were performed in order to study 3D
viscoelastic behaviour of bituminous mixture under three different modes of
sinusoidal loading: tension, compression and tension-compression loading. This
research was mainly initiated to answer the often raised question of the existence
or not of different moduli (and more widely different behaviour) in tension and
compression for these materials.

Five temperatures (from 1°C to 30°C) and at six frequencies (from 0.03 Hz to 10
Hz) were used. The differences in complex modulus E* and complex Poisson’s
ratio v* (both norm and phase angle) obtained from the three loading paths are
discussed. It should be noted that cyclic tension-compression (TC) tests were
conducted in strain-controlled mode whereas cyclic tension (T) tests and cyclic
compression (C) tests were performed in stress-controlled mode having a nil
minimal (or maximal) stress value. Thus, although the applied strain amplitude of

sinusoidal cyclic loadings is rather small (less than 60 pm/m), accumulated axial
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and radial strains up to some 10 um/m could be reached in T and C types
loading. Validity of the TTSP for E”, v" is also analysed.

2  Experimental programme

2.1 Tested material and specimens

Bituminous mixture is a 0/14 mm aggregate grading dosed at 6% (aggregate
weight) with a 35/50 penetration grade bitumen. The cylindrical specimens have a
diameter of 74 mm and a height of 140 mm. The specimens were cored and sawn
from slabs made with a French (LPC) wheel compactor, according to the
European standard [28]. The air void of tested specimen presented in this paper is
2.5%.

2.2 Test equipment

The loading is applied on the cylindrical specimen along axial direction “1” using
a hydraulic press associated with a temperature-controlled chamber. Three
extensometers are used to measure the axial strain in the middle part of the
specimen (Fig. 1). These three extensometers having an initial length of 75 mm
are positioned at 120° around the sample. The average of three extensometers is
used for analysis of results. Four non-contact sensors are used to measure the
radial strains in two radial perpendicular directions (direction 2 and direction 3)
(Fig. 1). For each direction, two non-contact sensors aim at two targets which are
fixed oppositely on a sample diameter. Direction 1, 2 and 3 correspond to the
plate compactor wheel rolling direction, vertical direction and transverse
direction, respectively. A sensor PT100 fixed at the surface of the sample
measures the temperature during the test (Fig.1).

Cross section of
specimen

Extensometer
& 3 X Ext
Direction 1\?:_’, =

- ~
= LN

/ — e gt 4
Temperature E n Non-Contact Sensor Ext3
sensor 4x NCS
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Fig.1 Cylindrical specimen and devices used to measure axial strain and radial strains

2.3 Complex modulus tests

Complex modulus tests were performed at six frequencies f (0.03 Hz, 0.1 Hz, 0.3
Hz, 1 Hz, 3 Hz, 10 Hz) and five temperatures To (1.4°C, 11.1°C, 15.8°C, 20.4°C,
29.9°C). At each given temperature, three different modes of sinusoidal loading
(tension (T), compression (C) and tension-compression (T/C) loadings) were

applied on the same specimen following the procedure indicated in Fig.2.

TC test C test T test
0.03 HZE>O.1 Hz RP 0.03 Hzﬂo.l Hz RP 0.03 HZE>O.1 Hz
RPoionz |30e] .. BB oHz [soo]| .. BB 10mz
RP =300s RP =900 s RP =900 s

RP: Rest Period (o, = 0)

Fig.2 Procedure of test at a fixed temperature

Stress and strains measurements were collected with a minimum of 150 data
points for each cycle. Cyclic tension-compression (C/T) tests were conducted in
strain-controlled mode (equation 1) whereas cyclic tension (T) tests and cyclic
compression (C) tests were performed in stress-controlled mode (equation 6). A
rest period of 300 seconds (900 seconds) was considered between each loading
phase in strain-controlled mode (resp. in stress-controlled mode) between two
successive frequencies (Fig. 2). The number of performed cycles (N) at each
temperature and frequency couple, which is always less than 80, depends on
frequency, as indicated in Table 1. As a small number of cycles is applied,
heating, reversible phenomena and fatigue damage on the sample can be
considered as negligible [29-31]. The applied strain amplitude of sinusoidal cyclic
loadings is controlled to be about 50 pm/m. It is always smaller than 60 pm/m. To
avoid transient effects [32], the first 2-3 cycles were not considered in the

analysis.

Table 1 Number of applied cycles and considered cycles for analysis at each frequency
f (Hz) 0.03| 0.1 0.3 1 3 10

Number of applied cycles 10 20 | 20 | 30 | 40 | 80
Considered cycles for E"analysis | 3-4 | 3-6 | 3-6 | 3-8 | 3-10 | 5-12
Considered cycles for v"analysis | 3-10 | 3-20 | 3-20 | 3-30 | 3-40 | 5-80
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Fig. 3 shows an example of axial stress, axial strain and radial strains
measurements for TC test at To = 20.4 °C and f = 0.1 Hz. In strain-controlled
mode (tension/compression (TC) test), sinusoidal axial strain (1) (average of
three extensometers) is used for monitoring. Sinusoidal curves were fitted to the
experimental data (axial strain in €1, radial strains €, €3 and axial stress ¢1) and
used to calculate the norm and phase angle of complex modulus (E”) and complex
Poisson’s ratios (v2~ and v3") using equations 1 to 5. In these equations, o1, €02, €03
and oo are axial strain amplitude, radial strain amplitude in directions 2 and 3 and
axial stress amplitude, respectively. ¢e is the phase angle between axial strain and
axial stress, and ¢v2, ¢v3 are the phase angles between the axial strain and the
opposite of radial strains in directions 2 and 3. |E”|, |v2"| and |vs'| are the norms of

complex modulus and complex Poisson’s ratios. j is the complex number defined

by j=-1.
€1(t) = o18in(wt) (@)
o1(t) = cossin(ot + ¢g) 2
&i(t) = — eoisin(ot + ¢vi) (1=2, 3) 3)
Er=2u it — ‘E*‘e”’E 4)
€01
vi = Jel = |yiel (i=2,3) )
€0
60 - 0.10
(=, o
40
‘5 10.05
~ 20 —_
£ g
§ o 1000 2
'% -20 % /gg f;g
3 i g ! l005%
R/
-60 s -0.10
0 5 10 15 20
Time (s)

Fig.3 Example of stress and strains measurements (TC test in strain-controlled mode, 2 cycles at f
=0.1Hzand T =20.4 °C)

Fig. 4 shows an example of axial stress, axial strain and radial strains
measurements in Tension (T) test at To = 20.4 °C and f = 0.1 Hz. For stress-
controlled mode (Tension (T) tests and Compression (C) tests), haversine
compression (or tension) loading stress is applied on the specimen. Equations 6 to
5
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8 are used to fit measured stress and strain values. In these equations, t varies
from 0 to 2/f (two cycles). The parameters ooz, ai(N), €i(N), g0i(N), T are
presented in Fig. 4 and Fig. 5. As a convention, tension axial stress and extension
axial strain are chosen as positive. €Pi(N) and oi(N) (i = 1, 2 or 3) characterise the
accumulated strain and the strain rate at cycle N, respectively. As accumulated
deformation should not be considered, complex modulus E” and complex
Poisson’s ratios v2 and v3~ are obtained from the sinusoidal components of axial
stress, axial strain and radial strains (i.e., the 2" right term of equation 6 and the

3" right term of equations 7 and 8), using equations 4 and 5.

o1(t) = oo1 + coisin(ot + ¢g) (6)
1(t) = €1(N,1) = ar(N)t + €P1(N) + go1(N)sin(wr) )
&i(t) = €i(N,7) = ai(N)7 + €%i(N) — goi(N)sin(wt + ¢) (1=2,3)  (8)

with t=N/f + t and t varies from 0 to 2/f (two cycles)

410.3
410.2
E g
\E% 101 =
c a
[ £
a 10.0 &
1-0.1
0 5 10 15 20
Time 1 (S)

Fig.4 Example of stress and strains measurements (T test in stress-controlled mode, 2 cycles at f =
0.1 Hzand T =20.4 °C)
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o,(t) +  Cycle N and cycle N+1
20,

Si(t) 4 -
i=1,20r3 :

eP(N)

Fig.5 Evolution with time of the stress and strain in stress-controlled mode (schematic

representation): parameters used in the analysis
3  Analysis of the results

3.1 Complex modulus and complex Poisson’s ratios

Fig. 6 presents the results of |E| and |v2"| measurements with the number of
applied cycles, obtained at 20.4 °C, 3 Hz and from the 3 loading modes. The 2
first cycles (4 first cycles at 10 Hz) (Table 1), corresponding to an adaptation non
stationary phase [32], were not taken into account for the analysis. It can be seen
on this example (presented in Fig. 6) that the norm of complex modulus slightly
decreases in case of TC test and slightly increases in case of T test and C test. The
norms of complex modulus are “close” for the three loading modes. There is no
clear tendency observed in change of complex Poisson’s ratio [v2'| that remains
rather constant and very close for the 3 modes of loading. For the analysis
presented further, the complex modulus E” and the complex Poisson’s ratio v" is
considered as the average value from the few first cycles. The cycles taken into
account for calculation of E” and v* depend on frequency and are indicated in
Table 1 and in Fig. 6.
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Fig.6 |E"| and |v2"| values obtained at 20.4 °C and 3 Hz from the 3 loading modes

Fig. 7 presents the E” master curves (norm and phase angle) at the reference
temperature Trer = 11.1°C for the 3 loading modes. The same shift factor at was
used to plot these master curves. Figures 8 and 9 allow to analyse the difference
between the complex moduli obtained with the 3 modes of loading (E"rc, E"r and
E”c). Considering E rc as reference, Fig. 8 gives the relative difference between
the norm of the modulus and Fig. 9 indicates the phase angle difference for T and
C cases, as a function of reduced frequency. These figures show that above
reduced frequency at 11°C of about 10t Hz (low temperatures/high frequencies),
the three E” values can be considered as identical. Below this value of 10 Hz,
the difference among the 3 moduli becomes more and more important when
decreasing equivalent frequencies and reaches 40% for C test (20% for T test) in
norm and 7 degrees in phase angle. At high temperatures/low frequencies, the
norm of complex modulus (resp. phase angle) from TC test is higher (resp. lower)
than the one from T test and lower (resp. higher) than the one from C test. Nguyen
QT et al. [9] showed that the linearity limit (defined as a relative decrease of 5%
in norm) of bituminous mixtures, which respects time-temperature superposition
principle (TTSP), varies with temperature-frequency couples and becomes higher
at high frequency (or low temperature). The authors do think the difference
observed at high temperature/low frequency is only explained by the non-linearity
of the material (i.e. influence of strain amplitude on complex modulus) and
accumulated deformation (see section 3.2). If amplitude of applied cycles were

lower (which is experimentally not possible with our device) no difference in
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modulus would be obtained in tension and compression. This important result

indicates that there is no moduli discontinuity between tension and compression

as it is frequently postulated in the literature. The experimental results presented

in this paper confirm this result for frequency higher than 0.1 Hz at 11.1°C.

o d °®
= e 21,
e @ E"]
10000 [6—A- g @
° S &
_ e
© ° ﬁ a TC test
s € 4 o T test
iy 1000 ) & e Ciest
o B
o ﬁ ‘ i
A o
O _ o — 14
100 T o =|11.1°C e 18

65

55

1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3

Reduced frequency (Hz)

Fig.7 Master curves of [E"| and ¢g at Trer = 11.1°C

40
o = T|test

g 0 °l. e Cjtest
= 20 1. Same E" for TC,
Yo ° . T and C tests
*_(") 0 < AJL&% 1
-kLUI 10 u ™ L} = : ] " T
£ -
= . T = 10.1°C
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Fig.8 Comparison of |E"| values from 3 loading modes
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1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3

Reduced frequency (Hz)

Fig.9 Comparison of ¢e values from 3 loading modes

Some authors propose to calculate the strain amplitude from the max and min

values of the measured sinusoidal data, called “peak amplitude”. The peak
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amplitudes, determined in two cases can be considered as explained in Fig. 5: case
I (when i =1)and case Il (when i =2). Amplitude obtained from peak values are
given in equation 9 where max; (i = 1, 2) and min values, are indicated in Fig. 5.

peak amplitude = (maxi — min)/2 9

The relative difference of the norm of complex modulus obtained from T and C
tests in cases | and I, are plotted in Fig. 10. It can be clearly seen that when using
the peak amplitudes for analysing E”, a big difference in E” values can be obtained
following the considered case. Difference up to 150% is reached at low reduced
frequency. The observed difference is mainly explained by accumulated

deformation that should be eliminated from the analysis, as explained previously.

Using peak ampljtudes

a T test (case I1)

120 N a T test (case I)
[ ]

150 |-®

90

D tact (eaca 1)
eSSt CaSe+)

60 C test (case 1)

30 B
Py

° T “O‘jgg@ngﬁg’ ‘

o

o [e]

-30 Ly (=t
0 LA T =11.1°C
1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3
Reduced frequency (Hz)

(E"-HE +c/E el (%)
e ©
B

Fig.10 Comparison of |E*| values obtained using the peak amplitudes (Fig. 5), mistake introduced

by accumulated deformation are visible when comparing cases | and 1l.

The master curves of complex Poisson’s ratios are plotted in Fig. 11 (norm) and
Fig. 12 (phase angle) using the same shift factor at than the one considered for E”.
The values of ar at 1.4°C, 11.1°C, 15.8°C, 20.4°C and 29.9°C are 30, 1, 0.25,
0.075 and 0.006, respectively (Trf = 11.1°C). These results confirm the TTSP can
be applied in 3D for tested bituminous mixture, which validates results from other
studies on bitumen and mastic [10] or on asphalt mixtures [24-27]. The
differences in v" values when comparing TC test with T or C test are small,
especially for ¢v values. It can be observed in Fig. 11 that Poisson’s ratio values
are slightly different between direction II and III (v2” and vs”), which denotes a

slight anisotropy between the 2 directions.

10
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Fig.12 Master curves of ¢y at Trer = 11.1°C
3.2 Accumulated axial and radial strains

The evolution of the accumulated axial strains P1_gional (at fixed temperature) and
€P1 (at fixed temperature and fixed frequency) with number of applied cycles
when performing T, C and TC tests at 29.9°C is presented in Fig. 13 and Fig.14,
respectively. P1_giobal is the accumulated axial strain from the initial strain value
(original point) at a fixed temperature (Fig. 13). €P1 is the accumulated axial strain
from the strain values at the beginning of each loading for a fixed frequency (Fig.
14). The accumulated axial strain is obviously nil in TC tests, whereas it can reach
0.2% in T test and -0.12 % in C test (Fig.14). It is underlined that the axial stress
amplitudes ooz (See equation 6) applied at each temperature-frequency couple in T
and C tests are different and are controlled to obtain about 50 um/m of axial strain
amplitude eo1. Fig. 13 shows that even for the “small” number of applied cycles at
29.9 °C, the reached level of accumulated strain is quite higher (more than 200

times) than amplitude strain value. As modulus is probably sensitive to

11
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contraction or extension value, these high accumulated strain values is one of the
phenomena that could explain the observed difference in modulus at high
temperature/low frequency. The other phenomenon, which is probably of higher
influence, is the non-linearity (influence of strain amplitude) of the material as

explained previously (section 3.1).

3000

29.9°C T test
1500 /

TC test / 10H
. /744

(e et 0 03 HZ ﬂ{ ¢

N
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2 \\\ ’;o 03 H
% 2000 “1OHZ. .03 Hz

-4500
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0 200 0 200
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Fig.13 Evolution of the accumulated axial strain &Py _gionar in T, C and TC tests at 29.9 °C
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Fig.14 Evolution of the accumulated axial strain €P1 in T, C and TC tests at 29.9°C for each

frequency (same data as Fig. 13)

4 Conclusion

In this paper, complex modulus tests were performed considering three different
loading modes: tension (T), compression (C) and tension-compression (TC). The
accurate measurements of stress and strain values gave three dimensional
information on bituminous mixture behaviour. From the analysis of results, the

following conclusions can be drawn:

12
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. The complex modulus E” and the complex Poisson’s ratio v", respect the
TTSP with the same shift factor, as already stated by other studies.

. In case of T tests and C tests, the accumulated axial and radial strains,
which can be up to 0.2% in tension and 0.12% in compression at 29.9 °C, is much
higher than strain amplitude and cannot be neglected when analysing the data. In
particular, peak to peak analysis must not be used to obtain norm of modulus
values.

. E” values obtained from the 3 loading modes are similar for average and
low temperatures. At high temperature differences up to 40% in norm and 7° in
phase angle were obtained. This difference could be explained by important
accumulated deformation and nonlinearity. In case of using the peak amplitude to
calculate the norm of modulus, this difference can be up to 150%.

. Poisson ratio values were very close for the 3 loading modes. A small
anisotropy could be noticed from this parameter between directions 2 and 3.

From presented results, the developments considering different modulus values in
tension and compression, as sometimes proposed in the literature, does not seem

to correspond to material behaviour and should be revised.
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