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Nonlinearity of bituminous materials for small amplitude cyclic

loadings

This paper focuses on the influence of the cyclic loading amplitudes on the
behaviour of bitumen and bituminous mixtures. The present work considers only
rather small strain amplitude (lower than 100 um/m for mixtures and 10% for
bitumen). Complex modulus tests on mixtures were conducted at four levels of
strain amplitude for a large range of temperatures and frequencies. Tension -
compression tests at the temperatures lower than 20°C and shear tests at
temperatures higher than 20°C were performed to measure the complex modulus
of bitumen which is used to produce the mixtures. Moreover, individual strain
tests, strain sweep tests and fatigue tests at 10°C, 30°C and 50°C were carried out
to study the influence of the strain amplitude and cyclic effects on the complex
modulus of bitumen. The obtained results indicated that the nonlinearity (effect
of strain amplitude) on both bitumen and bituminous mixtures respects the Time
Temperature Superposition Principle (TTSP). However, the temperature -
frequency has inverse effects on the nonlinear behaviour of bitumen and
bituminous mixtures. The cyclic effect was shown to be not negligible when

analysing the nonlinearity phenomenon.
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1. Introduction

It is widely observed that bituminous materials exhibit nonlinear behaviour which
means in this paper a modulus depending on strain (or stress) amplitude. The
viscoelastic linearity limits of bitumens and bituminous mixtures have been reported in
many studies (Airey, Rahimzadeh, & Collop, 2003; Airey & Rahimzadeh, 2004; Di
Benedetto, Olard, Sauzeat, & Delaporte, 2004; Nguyen, Di Benedetto, & Sauzéat,
2015a). These linearity limits are defined as the strain/stress amplitude corresponding to
a decrease of 5% in the complex modulus and varies from about 100 pm/m for
bituminous mixtures up to some per cent for bitumens (Airey & Rahimzadeh, 2004).

Within the viscoelastic linear (VLE) region, the Time Temperature Superposition



Principle (TTSP) was shown to be successfully applicable to bituminous materials:
bitumens (Mangiafico et al., 2013), mastic (Delaporte, Di Benedetto, Chaverot , &
Gauthier , 2009) and bituminous mixtures (Di Benedetto, Delaporte, & Sauzéat, 2007;
Nguyen, Di Benedetto, Sauzéat, & Tapsoba, 2013; Baaj, Ech, Tapsoba, Sauzéat, & Di
Benedetto, 2013; Pham et al., 2015a; Perraton et al., 2016; Di Benedetto , Sauzéat, &
Sohm, 2009). Some authors verified the TTSP in nonlinear domain (Chehab, Kim,
Schapery, Witczak, & Bonaquist, 2002; Schwartz, Gibson, & Schapery, 2002; Zhao &
Kim, 2003; Nguyen, Sauzéat, Di Benedetto, & Tapsoba, 2013; Nguyen, Di Benedetto,
Sauzéat, Nguyen, & Hoang, 2017).

The decrease in measured complex modulus of bituminous materials during
cyclic loadings can be the consequence of different mixed phenomena: nonlinearity,
heating, fatigue, thixotropy (Di Benedetto, Nguyen, & Sauzéat, 2011; Tapsoba, Sauzéat,
& Di Benedetto, 2013; Mangiafico et al. 2015; Babadopulos, Sauzéat, & Di Benedetto,
2017) that makes the analysis and qualification of phenomena quite complex. In this
paper, the nonlinearity phenomenon is defined as the change in complex modulus
observed when changing the value of applied loading amplitude (effect of loading
amplitude). The cyclic effects (that include self-heating, fatigue and thixotropy) are
characterised by the decrease in modulus with the number of applied cycles. This paper
focuses on the influence of the cyclic loading amplitudes (nonlinearity phenomenon) on
the behaviour of bitumen and bituminous mixtures. To fulfil the research objective,
complex modulus tests on bitumen and bituminous mixtures were conducted at different
levels of strain amplitude. The strain amplitudes applied in these tests were controlled to
be rather small, lower than 100 um/m for mixtures and lower than 10% for bitumen.
Some authors performed the stress/strain sweep tests to study the nonlinearity

phenomenon on bitumens (Airey & Rahimzadeh, 2004; Gauthier , Bodin , Chailleux &



Gallet, 2010; Underwood & Kim, 2015; Mangiafico, Babadopulos, Sauzéat, & Di
Benedetto, 2017; SHRP-A-370) where the effects of cyclic loading and stress/strain
amplitude are combined. In the present work, a test protocol on bitumen and bituminous
mixtures was proposed to eliminate cyclic effects. In addition, strain sweep tests and
fatigue tests on bitumen were carried out to analyse cyclic effects in comparison with
nonlinearity effect. Tests on bitumen and mixtures were conducted at different
temperatures and frequencies to show how these parameters affect the nonlinearity
phenomenon. From the obtained results, the nonlinear behaviour from bitumen to

bituminous mixtures was analysed.

2. Materials and test equipment

2.1. Materials

A 35/50 (penetration grade) pure bitumen was tested in this study. This bitumen was
used to produce two mixtures, named BM1 and BM2. Two mixtures were produced by
mixing the 0/14 mm aggregate with the same 4.5% bitumen content by total weight.

The aggregate grading of BM1 and BM2 is continuous and gap-graded, respectively.

2.2. Test equipment

Test equipment for bitumen

The Metravib’s DMA (Dynamic Mechanical Analyzer) press was used for the tests on
bitumen. The press is equipped with a 450 N load cell and a 500 um displacement
sensor. It allows a wide range of frequency between 0.01 Hz to 200 Hz. A thermal
regulator allows controlling the temperature inside the thermal chamber. Depending on
testing temperature, adapted equipment was used to test specimen either in shear or in

tension — compression modes. For temperatures higher than 20°C, shear tests were



performed on annular specimen with sheared height of 5 mm, internal diameter of 8 mm
and external diameter of 10 mm (Figure 1a). For temperatures lower or equal to 20°C,
tension — compression tests were performed on cylindrical specimen with height of 18
mm and diameter of 9 mm (Figure 1b). The tension — compression tests give directly
the complex modulus E” of bitumen. For the shear tests, complex modulus E” of
bitumen was calculated from measured shear complex modulus G (E” = 3G") by

applying a Poisson's ratio equal to 0.5.

[Figure 1 near here]
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Figure 1. Metravib equipment used for testing on bitumen: a) shear test and b) tension —

compression test

Test equipment for mixtures

The complex modulus tests on mixtures were performed on cylindrical specimens (75
mm in diameter and 140 mm high) using a hydraulic press. The set up developed at
University of Lyon/ENTPE laboratory allows measuring accurately the stress, the
strains (axial and radial strains in the middle part of the specimen) and the temperature.

The readers can find more details of this device in previous studies (Nguyen et al.,



2015a; Pham et al., 2015b).

3. Testing

3.1. Tests on bitumen

3.1.1. Complex modulus test

The complex modulus of bitumen was obtained by performing cyclic tests in small
strain amplitude (0.25% for shear tests, 0.014% for TC tests). Sinusoidal loading was
applied on specimens at 10 temperatures (from -20°C to 50°C) and 7 frequencies (from

1 Hz to 80 Hz).

3.1.2. Nonlinearity test

The nonlinearity tests were performed at 3 different temperatures (10°C, 30°C, 50°C)
and 4 different frequencies (5Hz, 10Hz, 25Hz, 50Hz). The program of nonlinearity tests
is presented in Table 1. At each given temperature, three kinds of nonlinearity tests were
applied on the same specimen: individual strain tests (IST), fatigue test (FT) and strain
sweep tests (SST). After each kind of nonlinearity test, a 30 minutes rest period
(controlled stress equal to 0 MPa) is maintained before performing the next kind of

nonlinearity test. Detail on each type of nonlinearity test is given in Figure 2.

[Table 1 near here]

Table 1. Program of nonlinearity tests on bitumen

T (°C) Type of Frequency (Hz)
test S Hz 10 Hz 25 Hz 50 Hz
59°C |Fs_'|1' v \; v v
(specimen 1) SST % 7 % %
30°C |FS_'|1' v :; v v
(specimen 2) SST - - ~ ~




L0°C IST v v v v
, FT v
(specimen 3) SST % %

The individual strain tests (IST) consist in measuring separately the complex

modulus at 4 different strain amplitudes (Figure 2a). These 4 strain amplitudes (called
“strain level 1” to “strain level 4”) varied with the tested temperature and are indicated
in Table 2. The strain amplitude applied in tension compression mode (at 10°C) is the
axial strain and strain in shear mode (30°C and 50°C) is the shear strain. It is underlined
that the values of strain amplitude in Table 2 are targeted values. The true strain
amplitude measured on the specimens during the tests can be slightly different from
these targeted values. A very small number of cycles (min = 10 cycles at 5 Hz up to
max = 75 cycles at 50 Hz) was applied at each strain amplitude in order to eliminate
cyclic effects (self-heating, thixotropy and fatigue) on the measurements of complex
modulus (Figure 2a). After each loading period, a stress equal to 0 MPa (rest period)
was applied on the specimen during 300s before the next loading period. Due to the
special calibration system, the Metravib’s DMA is able to control the strain amplitude
target as soon as the first cycles. Thus, the values of complex modulus measured during
each IST can be considered to be obtained from the 2nd or 3 cycle, when transient
effects become negligible (Gayte, Di Benedetto, Sauzéat, & Nguyen, 2016).
The fatigue tests (FT) consist in applied 10000 cycles on the sample at fixed strain
amplitude. At each temperature, FT was performed with continuous cyclic loading at
only one constant strain amplitude (strain level 3) and a fixed frequency of 10 Hz (see
Table 1, Table 2, Figure 2b).

During the strain sweep tests (SST), a sweep of strain amplitude was applied on

the specimen of bitumen (Figure 2c¢). The strain amplitude during SST increases from a



small value up to strain amplitude level 4. As can be seen in Figure 2c, cyclic loading
was applied continuously on the specimen. A loading period of IST lasts 1-2 seconds
while the SST at 10 Hz took about 25 minutes. Hence, the cyclic effects during SST are

not negligible.

[Figure 2 near here]
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Figure 2. Testing procedure of individual strain test (IST), fatigue test (FT) and strain
sweep test (SST).
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Table 2. Strain amplitudes applied for each kind of nonlinearity test on bitumen

o Applied strain level
T (°C) Type of test 1 2 3 4
IST 2.5% 5% 7.5% 10%
50°C FT 7.5%
SST From small strain amplitude to strain level 4 (10%)
IST 1.25% 2.5% 3.75% 5%
30°C FT 3.75%
SST From small strain amplitude to strain level 4 (5%)
IST 0.075% 0.15% 0.225% 0.3%
10°C FT 0.225%
SST From small strain amplitude to strain level 4 (0.3%)

3.2. Tests on bituminous mixtures

The complex modulus of bituminous mixtures BM1 and BM2 was obtained by
performing cyclic tension - compression tests. Sinusoidal loading was applied on
cylindrical specimens at: 9 temperatures (from -25°C to 40°C), 6 frequencies (from 0.03
Hz to 10 Hz) and 4 different axial strain amplitudes (< 100 um/m). A test protocol was
performed to measure accurately the complex modulus. At each combination of
temperature, frequency and axial strain amplitude, a small number of cycles (min = 10
cycles at 0.03 Hz up to max = 100 cycles at 10 Hz) was applied on the specimen, that is
called “a loading period”. As a small number of cycles was applied, the effect of self-
heating and/or cyclic effect (thixotropy, fatigue) on the change of complex modulus
were negligible (Di Benedetto et al., 2011; Nguyen, Di Benedetto, & Sauzéat, 2012;
Nguyen, Di Benedetto, & Sauzéat, 2015b). After each loading period, a stress equal to 0
MPa (rest period) was applied on the specimen during 300 s before the next loading
period. Then, the self-heating and other effects of reversible phenomena, which could

be considered as very small during each loading period, are not accumulated over the



loading periods. In total, 216 values of complex modulus E* were obtained at different

temperatures, frequencies and strain amplitudes.

4. Analysis of the results

4.1. Tests on bitumen

Complex modulus test on bitumen

The master curves of norm (|E”[) and phase angle (¢g) of complex modulus of bitumen
are presented in Figure 3. The complex modulus data are collected from measurements
at 9 different temperatures (T) and 7 different frequencies (f). Both master curves of
norm and phase angle are plotted at the reference temperature Tref = 30°C using the
same shift factor ar. As can be seen in Figure 3, the Time Temperature Superposition
Principle (TTSP) is shown to be successfully applicable to the tested bitumen. The shift
factor ar and the fitting curve using the WLF law (Ferry, 1980) are presented in Figure
4,

[Figure 3 near here]

1E+10 : 90
..’ 1= Bitumen
Q
1E+09 ".?,a v\“:ﬂ*¢ 75
1E+08 it Kl 60
+
—~ T ..=30°C —~
$ 1E+07 ref 45 ‘JJ
W 1£+06 & ®. 0
- Af ﬁ..’.
1E+05 A B 15
A o F'
1E+04 L2 0

1E-03 1E-01 1E+01 1E+03 1E+05 1E+07
Reduced frequency f (Hz)

Figure 3. Master curves of norm (|E”|) and phase angle (¢g) of bitumen at Trer = 30°C
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Figure 4. Shift factor ar for bitumen and fitting curve using the WLF law

Nonlinearity test on bitumen

Figure 5 and Figure 6 present the results of IST, FT, SST at 50°C and 10 Hz. It should
be reminded that for the temperatures higher than 20°C, the tests were conducted in
shear strain controlled mode. The norm of complex modulus (Figure 5) and the phase
angle (Figure 6) are plotted as a function of the strain amplitude. As can be seen in
Figure 5, the norm of complex modulus |E”| obtained from IST decreases when the
applied strain amplitude increases. This change in [E’| is only due to the effect of
loading amplitude (nonlinearity effect) as explained previously (section 3.1.2).
Meanwhile, the decrease of |E”| during FT is also caused by cyclic effects and the one in
SST can be explained by the combination of both nonlinearity and cyclic effects. The
test results show a considerable difference in |E”| obtained from IST and SST. For
example, at about 7.5% of strain amplitude, the norm of complex modulus |E”|
measured in SST is 6% lower than the one obtained in IST that corresponds a decrease

due to 1200 cycles at the same strain amplitude in FT (see Figure 5). The difference in



|E”| between IST and SST becomes more significant with the increase of strain
amplitude. This difference is explained by the cyclic effects (that are mainly reversible)
that accumulates with the number of applied cycles in SST, while it is not the case in
IST.

In case of IST, the measured |E”| is observed to be linear with the strain
amplitude within tested range. The relationship between |E”| and the strain amplitude is
fitted by a linear regression, called “nonlinearity line” (see Figure 5). Two parameters
(me and |E"o[) are obtained from the nonlinearity line. me is the slope and |[E"| is the
norm of complex modulus at infinitively small amplitude (i.e., strain amplitude tends
toward 0). |[Eo| is considered as undamaged and “true” complex modulus of the material
at a given couple of temperature and frequency. For each kind of test (IST or SST), the
linear viscoelastic limit eLve imit i defined as the strain amplitude corresponding to a
decrease in |E"o| of 5% (see Figure 5). In case of IST, eLve iimit is determined by
interpolation or extrapolation of the measured experimental data using the nonlinearity

line.

[Figure 5 near here]
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Figure 5. IST, FT, SST at 50°C and 10 Hz: |E"| vs. strain amplitude
As expected, the result in Figure 6 indicates that the phase angle ¢e in IST and

SST increased with the increase of the strain amplitude. The difference in ¢e between
IST and SST was clearly observed. This difference was explained previously when
analysing the difference in |E”|. The results of IST show a linear increase of ¢e as a
function of the strain amplitude within the tested range. Hence, a nonlinearity line of ¢e
could be plotted (like in the case of |E”[) that allowed determining two parameters: the
slope of the line my and the phase angle at 0% of strain amplitude ¢eo. The de_LvE limit
values of IST and STT are also indicated in Figure 6. They correspond to the values

obtained at strain amplitude eLve iimit as defined in Figure 5.

[Figure 6 near here]



74.5

Or Lvetimit|, | 10000 _<sz7
UST) |'sooc &toHz &, 2200 1,

o IST g i

oFT A N
e, 740 [ ASST . i
05 LvE limit | A Cycle 1 (FT):
< (SST) a4 , |
g . Nonlinearity line i
/H/ | yE0.0458x+ 73584 |
Ogo 24 ' R?=0.999 !
73.5 - —

LVE limit LVE limit

0 (SST% 81 (IST) 20
Strain amplitude (%)

Figure 6. IST, FT, SST at 50°C and 10Hz: ¢e vs. strain amplitude
The results indicated that at 50°C and 30°C, the nonlinearity lines which

characterise the effect of strain amplitude on the complex modulus could be drawn for
all frequencies and temperatures (Figure 7). This nonlinearity phenomenon is frequency
and temperature dependant. Figure 8 presents the results of IST, FT and SST at 10 °C. It
should be reminded that tests at 10°C are traction-compression tests and ones at 30 °C
and 50 °C are shear tests. The decrease of complex modulus was observed for both SST
at 10Hz and 50Hz. However, due to the small amplitude applied on the specimen (max
= 0.3%), the linear variation of complex modulus as a function of the strain amplitude
was not observed for IST at 10°C. We tried to do some IST where the higher strain

amplitudes were applied however, that breaks the specimen quickly.

[Figure 7 near here]



3.5E+7

2.9E+7

2.3E+7

1.7E+7

1.1E+7

|E*| (Pa) —IST at 30°C

5.0E+6

[Figure 8 near here]

4.0E+08

3.5E+08

3.0E+08

*

[E" (Pa)

2.5E+08

2.0E+08

1.5E+08

+—30°C

----Nonlinearity line 50°C —

T 2.2E+6
B e ,50°C, 50Hz
PSS B B X O
"~ 30°C, 50Hz 1.8E+6 ol
30°9 25Hz LB
P — 14E+6 ©
SRR S x - 207C, 25Hz <2
SOOC' 10Hz 10E+6 /L
M S - &
50°C, 10Hz =
0°C_ & R ———k 6.0E+5 i
SHz = | Gi%1iieg L. g 90°C, 5Hz
2.0E+5
0 2 4 6 8 10
Strain amplitude (%)
Figure 7. IST at 30°C and 50°C: |E"| vs. strain amplitude
¢ ¢ %N\O__——O——_O At 10°C
MR +1ST 5Hz
- y ®s . <IST 10Hz
+|ST 25Hz
< |ST 50Hz
XX X KX R XX X o oo - x SST 10Hz
KA Wxx x x
I x| ¢ SST 50Hz
: , | *FT 10Hz
0 0.1 0.2 0.3

Strain amplitude (%)

Figure 8. IST, SST and FT at 10°C: |E’| vs. strain amplitude



Figure 9 presents the values of me/|E”o| and my as a function of reduced
frequency. The shift factor a used for these master curves was determined from the
complex modulus test on bitumen (Figure 4). meg/|E”o| and my, the relative decrease of
modulus and the absolute increase of phase angle when the strain amplitude increases
by 1% m/m respectively, characterise the nonlinearity effect on the complex modulus
(norm and phase angle) of the bitumen. The results show that the nonlinearity effect on
bitumen becomes more important at low temperature and/or high frequency and

respects the TTSP.

[Figure 9 near here]
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Figure 9. me/|E”o| and my as a function of reduced frequency (bitumen 35/50)

The linear viscoelastic limits of bitumen eLve iimit Were plotted as a function of
reduced frequency in Figure 10. It is indicated that the €_ve iimit values vary with the

temperature/frequency couple and become higher at high temperature and/or low

frequency. At 50°C and 5Hz, the linear viscoelastic limit of tested bitumen is up to



100% m/m in IST. The eLve iimit Obtained from IST is clearly observed to be higher than

one from SST. The difference in eLve imit between IST and SST is due to the

accumulated cyclic effect in SST that enhances the chute of modulus during the tests.

This difference can be up to more than 10 times at high temperature/low frequency. It

should be underlined that the traditional linear viscoelastic limit prescribed in references

(Airey & Rahimzadeh, 2004; SHRP-A-370) were determined using SST.

[Figure 10 near here]
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Figure 11 presents the change in phase angle, (de_Lve limit - dro0), When the strain

amplitude varies from 0 to the linear viscoelastic limit eLve iimit. The obtain results

indicated that this increase of phase angle ranged between 0 and 2 degrees for all tested

temperatures and frequencies.

[Figure 11 near here]
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4.2. Tests on bituminous mixtures

Nguyen et al. (2015a) have been performed the complex modulus tests at different
levels of strain amplitude on a bituminous mixture using PG64-22 binder and analysed
carefully the 3 dimensional (3D) nonlinear viscoelastic behaviour of the mixture. In this
section, only main results that allow observing how the nonlinear behaviour changes
from binder to mixes, are presented. For detailed analysis of nonlinearity phenomenon
on mixtures such as : nonlinearity of complex Poisson’s ratio, nonlinearity effects in
Black space and modelling, readers are invited to consult paper by Nguyen et al.
(2015a).

The evolution of E* (both norm and phase angle) as a function of strain
amplitude was illustrated in Figure 12 and Figure 13. The plotted data was collected
from measurements at 16.2 °C and at 6 different frequencies. When increasing the strain
amplitude, the decrease of modulus and the increase of phase angle were observed. The
change in complex modulus was indicated to be linear with the strain amplitude. This

observation is valid for all other tested temperatures. In the same way as bitumen



(Figure 5), the nonlinearity lines can be drawn and the parameters (|E”o|, Mg, €LVE limit,

deo and my) can be determined for bituminous mixtures BM1 and BM2.
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The master curves of the “true” complex modulus E*o (norm |E”| and phase
angle ¢eo obtained when strain amplitude teds toward 0) of BM1 and BM2 are presented
in Figure 14. A small difference in complex modulus between BM1 and BM2 was
observed at very high and very low reduced frequencies. The obtained results indicate
that the bituminous mixtures respect the TTSP. The values of shift factor at used to plot
the master curves of mixtures and bitumen are plotted in Figure 15. The identical shift
factors obtained for mixtures and bitumen indicated that this parameter is fixed by the
bitumen and that the aggregate grading has negligible influence on this parameter. This
noticeable result was also verified by some other researches (Di Benedetto et al., 2004;
Olard, Di Benedetto, Dony, & Vaniscote, 2005; Nguyen, Di Benedetto, & Sauzéat,

2013).

[Figure 14 near here]



80000 60
¢4

o3 T, = 30°C xt‘“l
‘ oy ' ‘ ‘g
° .fk‘o. “‘
| |
8000 #-!?‘ HEX - BM2 40
S —~
o E*| - BM1 D
S : o% ! _| 3
= y | "7‘ = Phi E - BM1 gy
w800 } r\‘ oPhiE=BM?2 20
o4
3 h,
A “
go Lo” BT LY
1E-03 1E+01 1E+05 1E+09
Reduced frequency (Hz)

Figure 14. E"o master curves of bituminous mixtures BM1 and BM2
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Figure 15. Shift factors ar for mixtures and bitumen

The two parameters me/|E"o| and my, which are considered to characterise the
nonlinearity effect on the complex modulus of the bituminous mixture, were plotted in

Figure 16. The shift factors ar obtained in the linear domain (Figure 15) were used to



plot the master curves of me/|E”o| and my. It can be seen on Figure 16 that these
nonlinearity parameters respect the TTSP and then, depend on temperature-frequency
couples. When comparing with the nonlinearity phenomenon on bitumen (Figure 9), it
is interesting and surprising to notice that the evolution of the 2 parameters with

reduced frequency is opposite between mixtures and bitumen. The nonlinearity effect on
bituminous mixtures becomes more significant at high temperatures and/or low
frequencies. At very high temperature (low frequency), the value mg/|E”o| of mixture is
about -0.005 (1/ustrain) that can be compared with the one of unbound materials (Di

Benedetto, Tatsuoka, Geoffroy, & Lo Presti, 2015)
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Figure 16. me/|E”o| and my as a function of reduced frequency (bituminous mixtures
BM1 and BM2) at reference temperature of 30°C

The values of eLve iimit and the change in phase angle (¢e_Lve limit - ¢ro) Of

mixtures were plotted as a function of reduced frequency in Figure 17. The &Lve limit Of



mixtures varied from 10 pstrain (0.001%) at very low frequency to 1200 pstrain
(0.12%) at very high frequency. It is reminded that 100 pstrain is considered as the
traditional linear viscoelastic limit of mixtures in literature. The increase in eLve jimit Of
mixtures with the increase of reduced frequency is in opposite direction when
comparing with the one of bitumen (Figure 10). At low frequency and/or high
temperature, the difference in eLve iimit between bitumen and mixture can be up to 100
000 times. The change in phase angle (de_vLve limit - ¢ro) Of mixtures is rather constant

and small (about 2° in average value) as it is the case of bitumen.

[Figure 17 near here]

4000 18
T, =30°C
= BM1
- A BM2 €L VE limit o
C j —
.5400 “BMI . , ) ‘A: 12_£LJ>
D LVE limit"PE0 g " .
‘ji x BM2 Ba z
E 4 ) :
5 40 Y 6 2
@ VN b X
m -A at y‘%*§ X X x®
. 3 A
4 * X %(&% M . 9| - X X 0

1E-03 1E+00 1E+03 1E+06 1E+09
Reduced frequency (Hz)
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The my values were plotted as a function of me/|E”o| values in Figure 18 for the
considered bitumen and two mixtures. For the visibility, me/|E"o| and my values of
mixtures in Figure 18 were scaled to be 10 times greater than one presented in Figure
16. The results indicated a linear relationship between me/|E”o| and me values for both
bitumen and mixtures. The linear fitting lines for the bitumen and the two mixtures
BM1, BM2 were nearly identical. The angle A (Figure 18) represents the direction of
complex modulus decrease in the Back and Cole-Cole diagram (Nguyen et al., 2015a).
The same angle A obtained for bitumen and mixtures implied that when the strain
amplitude increases, the complex modulus of bitumen and mixtures move in the same
direction in the Back and Cole-Cole diagram. This remark should be taken into account

when modelling the nonlinearity phenomenon from binder to mixtures.
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5. Conclusions

This paper investigates on the nonlinear behaviour of bitumen and mixtures. Only rather
small strain amplitudes (lower than 100 pm/m for mixtures and 10% for bitumen) were

considered. From analysis of obtained results, the following conclusions can be drawn:

- The nonlinearity effect (effect of loading amplitude) on both bitumen and bituminous
mixtures depend on temperature-frequency couple and respect the TTSP.

- The same shift factors can be considered to plot the master curves of me/|E”| and my
(two parameters characterising the nonlinearity phenomenon) of both bitumen and
mixtures. These shift factors are also used to plot the master curves of E” that
characterise the viscoelastic behaviour of bituminous materials.

- A change in temperature — frequency couple value has inverse effects on the nonlinear
behaviour of bitumen and bituminous mixtures. The nonlinear effect becomes more
significant at low temperature/high frequency for bitumen while it is at high
temperature/low frequency for mixtures. The eLve limit Of bituminous mixtures can attain
1200 um/m at low temperature/high frequency, which is about 10 times greater than the
classically considered linear viscoelastic limit (100 um/m).

- The cyclic effect on bitumen was shown to be not negligible when comparing the
results of IST and SST. The difference in eLve iimit between IST and the classical
nonlinear test SST can be up to more than 10 times at 50°C and 5 Hz.

- The change in phase angle (¢e_Lve iimit - ¢ro0) (When the strain amplitude varies from 0O
to the linear viscoelastic limit Lve 1imit) Of bitumen and mixtures is small (average value
of 2° for mixtures and lower than 2° for bitumen) and rather constant in the whole tested

temperature and frequency.



- The decrease of complex modulus on bitumen and mixtures moves on the same
directions in Black and Cole-Cole diagram. This result could help to model the

nonlinearity phenomenon from binder to mixtures.
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