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Abstract. In the context of bituminized radioactive waste storage and disposal, nucleation monitoring at
room temperature and radiolysis bubbles migration at elevated temperature is crucial particularly in fire
scenarios where bubble may impact thermal properties. Traditional methods are limited by the opacity of
bitumen. To gain a deeper insight into bitumen rheology and ultrasonic wave propagation, we conducted
a pilot study using ultrasonic testing cells spanning temperatures from 10◦C to 60◦C. Ultrasonic velocities
and attenuations were measured at around 500 kHz in a 70/100 grade bitumen. Rheological information
was deduced with the Time-Temperature Superposition principle and a behaviour model was proposed to
describe bitumen across a wide frequency range. Notably, our study reveals a transition point around 50◦C
to 60◦C, where bitumen’s liquid behaviour becomes dominant. The shear-thinning characteristics gradually
give way to a more Newtonian response. Using the proposed model, ultrasonic attenuation and viscosity
were estimated at 110◦C. Acceptable ultrasonic frequencies for monitoring the nucleation and migration
of radiolysis bubbles are discussed for future investigations. These findings have significant implications
for safety measures and a deeper understanding of bitumen response within the realm of radioactive waste
management.

1 Introduction

In the nuclear industry, the bituminization of radioactive
waste is a conditioning process used to immobilize and
contain radioactive waste into a bitumen matrix. This
process has been widely used throughout the world and
was implemented as early as the 1950s [1–3]. In France,
70/100 distilled bitumen is commonly used, and the repos-
itory of such waste encompasses over than 70 000 waste
packages [4] classified as long-lived low- and intermediate-
level waste. Hardness and viscoelasticity stand as
important rheological characteristics of Bituminized
Radioactive Waste (BWRs) governing their handling,
transport, and storage [1]. Nonetheless, the influence
of ionizing radiation-induced radiolysis leads to notable
alterations in these material properties [4,5]. Notably, the
radiolysis-induced changes bear significant implications
for the assessment of fire and explosion risks associated
with BRWs, a principal concern in both the storage and
operational disposal of these packages [6,7].

Radiolysis of bitumen also results in the generation
of hydrogen, light hydrocarbons, and other gases (NO,
NO2, CH3NH2, etc.) [8,9], often manifested in the form
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of gas bubbles, which can significantly elevate the fire
and explosion risk when released. Although the quantities
of radiolysis gases generated are typically modest, they
remain a monitored parameter, holding substantial influ-
ence over nuclear safety, particularly concerning fire risks
[6,7]. Given this context, it becomes imperative to com-
prehensively investigate the repercussions of radiolysis on
the bitumen matrix to effectively model its behaviour in
fire scenarios [6].

Extensive research has been conducted on bitumen vis-
coelastic properties, bubbles growth and rising in bitumen
drums, and on the effect of γ irradiation on the bitumen
rheology [10–15]. In the context of assessing opaque mate-
rials, ultrasonic approaches emerge as particularly rele-
vant. The detection of ultrasonic bubbles has been widely
discussed in the scientific literature [16–21], catering to
the needs of diverse industries. These methods are used
particularly in high-speed fluidics (cavitation problems),
in agronomy for pasta development [16] or emulsion con-
trol [17], as well as in the polymer industry (foams in the
broadest sense). The problem of bubbles nucleating on
impurities, rising in a liquid, and affecting acoustic waves
is often referred to as the “Hot Chocolate Effect”, in refer-
ence to a 1982 experiment [18–20]. In the nuclear industry,
ultrasonic propagation in opaque liquids has been used to
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study sodium [21]. In the case of bitumen, ultrasonic stud-
ies [22–24] have been carried out to determine the com-
plex elastic moduli to establish behaviour laws or viscosity
dependence versus temperature or shear rate. For exam-
ple, a comprehensive study [22] was carried out on 35/50
bitumen.

Surprisingly, the literature review has failed to reveal
any ultrasonic studies dedicated to the monitoring of a
bubble population within a bitumen matrix subjected
to both irradiation and heating up to several hundred
degrees. This glaring gap underscores the innovative
nature of this investigation. In fact, ultrasonic studies
on bitumen have mainly focused on a temperature range
not exceeding 40◦C [22]. Nevertheless, it is noteworthy
that more recent literature has introduced a transmis-
sion method for “extra-heavy oil” reaching temperatures
as high as 140◦C [24].

With these considerations in mind, this study aims
to explore the potential of acoustic methods for monitor-
ing these phenomena at different temperatures, from room
temperature up to 110◦C. Additionally, measurements of
ultrasonic velocities and attenuation over a temperature
range from 10 to 60◦C were used to establish master
curves for ultrasonic attenuation and longitudinal viscos-
ity, thanks to the application of the Time-Temperature
Superposition principle (TTS). Ultimately, the overarch-
ing goal of this research is to evaluate the capabilities of
acoustic methods in monitoring the formation and migra-
tion of radiolysis bubbles in the context of radioactive
waste storage and disposal. This entails the application of
500 kHz ultrasonic waves to 70/100 bitumen, encompass-
ing temperatures ranging from ambient level to 110◦C.

In the first part of this paper the experimental proto-
col using a transmission approach will be described for
bitumen study in experimental cells and for a PMMA
calibration sample. Then, results obtained in terms of
attenuation and velocity versus temperature (in the range
10−60◦C and versus frequency will be presented and dis-
cussed regarding data for 35/50 bitumen presented in
[22]. These measurements will be used for the rheolog-
ical behaviour of bitumen estimation and extrapolation
to temperatures in the range 70−110◦C. This extrapola-
tion will be discussed and compared to bibliographic data
reported for other bitumen grades. At last, regarding all
these elements, acceptable ultrasonic frequencies for mon-
itoring the nucleation and migration of radiolysis bubbles
will be discussed for future investigations.

2 Material and methods

2.1 PMMA sample

In order to validate our experimental contact methods
(see part 2.3.2), tests were performed on PMMA samples
with a 50 mm diameter and lengths of 7.84, 16.31, 24.70
and 49.85 mm. These samples were cut in a 2 m bar pur-
chased from Novaplest (90400 Danjoutin, France). This
PMMA had been previously investigated in reference [25]
using a non-contact immersion ultrasonic method and its
ultrasonic velocity and attenuation dependence versus fre-

Table 1. Bitumen thickness for the 3 cells.
Cell No. Bitumen thickness (mm) (±0.05)
1 15.85
2 25.78
3 35.91

quency and temperature are perfectly known. At room
temperature (20◦C), the ultrasonic velocity is 2750 m.s−1

and attenuation can be calculated using the following rela-
tionship:

αPMMA(Np.m−1) = 60
(
f

f0

)0.738

, (1)

where f0 = 5 MHz and f is expressed in MHz.

The previous relationship is in very good agreement with
literature data and for instance with Carlson et al. works
[26]. For a temperature of 20◦C and a frequency of
5 MHz they found 60.84 Np.m−1. Relationship (1) gives
60 Np.m−1. As explained in [25], in the literature sev-
eral authors have proposed a linear law between atten-
uation and frequency. Generally, these laws are given over
a few MHz. Relationship (1) was established from 20 kHz
to 12 MHz but over a few MHz its global trend is not
far from linearity. In [25] the non-linearity observed for
low frequencies was interpreted thanks to the possible
existence of a γ relaxation regarding activation energy
calculated.

2.2 3D printing of bitumen cells

Test cells with three different thicknesses (see Tab. 1)
were designed using 3D printing as illustrated in Figure 1.
Cell No.3 features dimensions suitable for future studies
focused on bubble generation using γ irradiation. It was
estimated that this cell had a sufficient volume to inves-
tigate bubble clouds with diameters ranging from a few
micrometres to a few millimetres. For subsequent irradia-
tion experiments, a metal version of this cell will be made.

The 3D printing of cells for bitumen research was car-
ried out using Fused Deposition Modelling (FDM) tech-
nology with a single extruder system. The available print
volume was 210 × 210 × 250 mm, and a 1.75 mm diame-
ter thermoplastic filament, specifically PLA (a polyester-
type polymer known for its suitability in FDM printing),
was used. The filament for Cell No. 1 and 2 was yellow,
while for Cell No. 3, it was white. The printing process
featured a precision of 50µm for all axes. The printing
process involved a 0.4 mm diameter nozzle at a temper-
ature of 245◦C. A glass print bed was used with Print-
aFix adhesive for material adhesion. The printing envi-
ronment, although uncontrolled, maintained an ambient
temperature of 40◦C to 60◦C. The print speed was set at
4200 mm.min−1 with a layer height of 250µm. The small-
est cell required approximately 4 h for the printing pro-
cess. Annealing is then carried out in the sand for more
than 24 h at 80◦C. Subsequently, following 3D printing,
1 mm thick glass windows were incorporated.
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Fig. 1. Bitumen cells with 3 different thickness designed with 3D printing.

2.3 Ultrasonic longitudinal spectroscopy

2.3.1 General method and working equations

When only one sample is available, the general principle
is to compare the ultrasonic signal transmitted through a
well-known standard material (usually water) with those
transmitted through the analysed sample. However, when
various thicknesses of the same sample can be obtained,
the ultrasonic signals transmitted in the samples can be
studied versus thickness in order to deduce the ultrasonic
velocity and attenuation. Let dG and dB be the thicknesses
of the glass plates (used for experimental cell conception)
and bitumen respectively. So, if vB and vG represent the
ultrasonic velocities in bitumen and glass, then, the prop-
agation time tprop of an ultrasonic signal through a given
sample is written:

tprop =
2dG
vG

+
dB
vB
. (2)

As the bitumen cells were all made with the same glass
plates, it is not necessary to know vG. If the arrival time
of the ultrasonic signal is plotted as a function of bitumen
or cell thickness, then the curve obtained is a straight line
with slope equal to 1

vB
. So, the ultrasonic velocity vB is

deduced. Furthermore, during its propagation, the ultra-
sonic waves are attenuated in glass and bitumen. Conse-
quently, the amplitude A of an ultrasonic signal can be
written as:

A = Φ.e−α.dB

BW . (3)

This expression αBW represents the mean value of
bitumen spectral attenuation αB (f) (defined by relation-
ship (4)) calculated on the sensor’s bandwidth, typically

here from 250 kHz to 650 kHz. Φ is a constant which rep-
resents both ultrasonic attenuation in glass and insertion
losses caused by acoustical impedance changes between
ultrasonic transducers (See Sect. 2.3.2), glass and bitu-
men. So, if ln(A) is plotted versus dB , the graph obtained
is a straight line with a slope equal to −αBW . So, αBW is
straightforwardly deduced. For viscous materials such as
bitumen, even if αBW is a first global interesting param-
eter, the attenuation versus frequency αB (f) is more
relevant because it can be linked to rheological param-
eters such as viscosity. By analogy with (3), the mod-
ulus |S (f)| of the Fourier’s transform of the ultrasonic
signal attenuated during its propagation can be written
as:

|S(f)| = Φ(f).e−αB(f).dB . (4)

So, for a chosen frequency f , the plot of |S(f)| versus
dB leads to αB (f). The repetition of the procedure for
various frequencies leads to αB (f) estimation of the sen-
sor’s bandwidth. With the knowledge of spectral attenua-
tion αB (f) in Np.m−1 ultrasonic velocity in bitumen vB
in m.s−1 and mass density ρB in kg.m−3, it is possible to
define the longitudinal viscosity ηL in Pa.s as follows [27],
where f is the frequency expressed in Hz:

ηL (f) =
2αB(f)ρBv3

B

(2πf)2
. (5)

Remark:
In order to interpret this specific viscosity, it can be
recalled [25] that for longitudinal waves, their propagation
is linked to the complex longitudinal modulus L∗, which
is a combination of the complex shear G∗ and bulk modu-
lus K∗: L∗ = K∗ + 4

3G
∗. In terms of imaginary parts, the

previous relation can be written as: L′′ = K ′′ + 4
3G
′′. By
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Fig. 2. Experimental bench (cell + transducers) in the thermoregulated chamber.

analogy with the definition of shear viscosity ηs, namely
G′′ = ωηs = 2fπηs, the longitudinal viscosity is then
expressed as a combination of shear and compressional
(bulk) viscosity ηB as follows : ηL = ηB + 4

3ηs. This sub-
ject has been widely investigated in literature for simple
liquids [27–29]. For heavy oils and bitumen one can refer
to Rabbani’s work [24]. For Newtonian liquids it can be
simply addressed because ηL is proportional to ηs (Trou-
ton’s law) This point will be evocated further at the end
of this communication

2.3.2 Experimental bench and signal processing

For signal emission and reception, we mainly used a couple
of 30 mm diameter (Olympus – V101 RM VISIOSCAN)
transducers with a wide bandwidth ranging from 250 kHz
to 650 kHz. These transducers were chosen because they
are similar to those used in reference [22], in order to com-
pare experimental results. With these commercial trans-
ducers, it was not possible to heat over 60◦C, following
manufacturer recommendations. Measurements at room
temperature were also performed with a couple of 1 MHz
Sonaxis transducers (CMP107 – Diameter: 1 cm) and with
a couple of 2.25 MHz transducers (Olympus – V323 SM
– Diameter: 0.6 cm). For the PMMA calibration sam-
ple, a couple of 5 MHz Olympus transducers (V310 SU
– Diameter: 0.6 cm) were chosen to be sure that a pure
longitudinal wave (and not an elongational one) is gen-
erated in the PMMA rod. Lower frequencies and sen-
sors with higher diameters do not guarantee this condi-
tion. For each experiment, one transducer acted as an
ultrasound emitter, the other as receiver. Liquid honey
was used as a coupling agent to ensure good transmis-
sion of the ultrasonic waves between transducers and the
cell’s glass plates. Cells and sensors were mounted on an
adjustable bench with two clamping screws to maximize
(sensor/cell) contact and avoid signal losses. A thermome-
ter was placed close to this adjustable bench to mon-
itor temperature during measurements. The bench was
placed in a BINDER thermoregulated chamber ranging
from −10◦C to 100◦C. A photograph of this experimen-
tal bench is displayed in Figure 2. These sensors were
connected to a JSR Ultrasonics DPR300 pulser/receiver
generator and the acoustic signals were then visualized

using a LeCroy WaveJet 334 oscilloscope. The acquisi-
tion of the acoustic signal was carried out with in-house
LabView software. The ultrasonic signal was acquired
from the oscilloscope to the computer using a National
Instruments (USB/GPIB HS+) transfer cable. After sig-
nal acquisition, the envelope of the signal was calculated
with the help of a Hilbert transform. Its maximum value
and temporal position were plotted versus cell thickness in
order to calculate αBW and vB . We also calculated S (f)
with a Fast Fourier’s transform algorithm and deduced
α (f) over the sensor bandwidth. All signal processing was
made with in-house Python software written in the Spyder
interface.

Remark:
In order to consider diffraction effects due to the finite
size of the transducers, the procedure described in [30]
was used. The calculation, involving Bessel functions is
not detailed in this communication. Results showed that
these diffraction losses decrease with increasing frequency.
For instance, they can reach 4 Np.m−1 at 250 kHz and are
reduced to 1 Np.m−1 for an operating frequency of 1 MHz.
One has to bear in mind that analytical relationships used
and presented in [30] constitute a first-order approxima-
tion and so it is very important to check that diffrac-
tion losses are inferior to attenuations measured. Regard-
ing values measured in paragraph 3.2.1 this condition is
totally respected. Calculations also showed that diffrac-
tion phenomena have a negligible effect on the velocities
measured. So, for velocities estimation they were not taken
into account.

2.3.3 Temperature control and stabilisation time

In order to estimate the time taken to heat or cool the
cells, we used both a 1D model (oriented on x axis) con-
sidering a bitumen layer of thickness e and the propaga-
tion time of the ultrasonic signals through the cell. To is
the initial temperature of bitumen and for t = 0 a tem-
perature T1 is imposed in positions x = 0 and x = e. It
is possible to calculate the temperature for x = e

2 versus
time [31]. If this temperature does not evolve at all, this
means that the equilibrium has been reached. It can be
shown that equilibrium is reached for a time tEQ after
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Fig. 3. Mean cell No.3 temperature as estimated with ultra-
sounds.

heating or cooling given by [31]:

tEQ(s) ∼ e2ρ.Cp
λ

=
e2

κ
. (6)

In relationship (6), λ is the thermal conductivity in
W.kg−1.K−1, ρ is the mass density in kg.m−3, Cp the
heat capacity in J.K−1.kg−1 and κ the thermal diffusivity
expressed in m2.s−1. In can also be considered that for a
time tSTAB ∼ 0.4 tEQ, the temperature reaches more than
99% of T1 [31]. Consequently tSTAB can be considered to
be the time when a quasiperfect equilibrium is reached. In
order to compare this estimation to experimental results
we used ultrasonic signal as follows. As ultrasonic velocity
is a function of temperature (See Sect. 3.2.1) the arrival
time of the ultrasonic signal transmitted through the sam-
ple is influenced by temperature. Furthermore, as the
ultrasonic velocity is a linear function of temperature (See
Sect. 3.2.1), straightforward calculations demonstrate that
the arrival time can be considered as proportional to tem-
perature. The temporal position tenvelope, of the ultrasonic
signal envelope maximum was measured versus time dur-
ing the heating of bitumen from T0 to T1.

In practice the cell (temperature T0) was put in the
BINDER thermoregulated chamber in which the temper-
ature was already stabilized at T1. The curve (tenvelope

versus time) was then normalized between T0 and T1. An
example is presented in Figure 3 for cell No.3, T0 = 21◦C
and T1 = 26◦C.

Regarding this figure the stabilisation of temperature
through bitumen was reached at around 5000–6000 s. This
range is in good agreement with thermal values classi-
cally found in the literature [22]: Cp ∼ 2000 J.K−1.kg−1,
ρ ∼ 1030 kg.m−3, λ ∼ 0.20 W.kg−1.K−1 which led to
tSTAB∼ 5300 s. For this cell we choose a stabilisation
time of 5400 s = 1.5 h in order to use multiple hours. The
same work performed on the other bitumen cells led to
tSTAB = 1800 s and tSTAB = 3600 s for cells No. 1 and
No. 2 respectively.

Remark: instead of the calculation proposed in [31] it
would also have been possible to adjust the evolution of

temperature versus time with the following relationship:

T (t) = T0 + (T1 − T0)(1− e−t/τ ). (7)

This relationship is a very first approximation of heat-
ing or cooling phenomena assuming that no gradient exists
in the material. It is sometimes called the Newton cool-
ing. In this expression, τ is the time constant of the
phenomenon and is related to heat transfers on bound-
aries, material mass, contact surface, and heat capacity.
It can be admitted that the equilibrium is quite reached
for a time between 3τ and 4τ . The adjustment is pre-
sented in Figure 3 and led to τ ∼ 1600 s, 3τ = 4800 s
and 4τ = 6400 s. These values are in agreement with the
more complex evaluation from reference [31] previously
presented.

2.4 Time-Temperature Superposition applied to
ultrasonic data and viscosity

Time-Temperature Superposition (TTS), widely applied
in shear rheology, is based on the principle that measure-
ments at a high temperature correspond to measurements
at a low frequency and vice versa [32,33]. In our previous
study dedicated to PMMA [25] investigation, the applica-
tion of TTS directly on ultrasonic data has been discussed:
attenuation was first measured for various temperatures
and for various frequencies within the ultrasonic trans-
ducers’ bandwidth. Then, a reference temperature TREF

was chosen, and a shifting factor aT was found so that
(α.aT )at a temperature T overlaps for the frequency range
(aT .f) with the attenuation measured at the chosen refer-
ence temperature. Mathematically, TTS applied to ultra-
sonic attenuation is written as [25]:

α (f, TRef) = aT .α(f.aT , T ). (8)

After the TTS application, the attenuation was
obtained for the temperature TREF on an enlarger band-
width. For instance, on PMMA in reference [25], mea-
surements performed between 2 and 8 MHz and for tem-
peratures ranging from 6 to 45◦C led to results between
600 kHz and 10 MHz for a reference temperature of 20◦C.
With attenuation and relationship (5), longitudinal viscos-
ity can be also deduced on a large bandwidth for a chosen
reference temperature. But it is also possible to directly
work on viscosity [13]. In this case, TTS is applied as fol-
lows:

ηL (f, TRef) =
ηL(f.aT , T )

aT
. (9)

At last, the values of aT can be adjusted with an
Arrhenius law (10) in which R = 8.314 J.mol−1.K−1 is
the constant of perfect gases, in order to calculate the
activation energy Ea in J.mol−1 [32]:

aT = e
Ea
R

(
1
T −

1
TRef

)

. (10)
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Table 2. Attenuation values measured and calculated on PMMA calibration sample.

Frequency (MHz) αPMMA(f)(measured) ± 5 Np.m−1 αPMMA(f)(calculated)
3 45 41.1
4 49 50.8
5 57 59.9
6 67 68.5
7 77 76.8

3 Results

3.1 Validation of PMMA sample

Repeatability tests showed that the accuracy, with two
standard deviations, was ±5 Np.m−1 for attenuation
and ±30 m.s−1 for velocity. For the latter, we found
2749 m.s−1. Such a value is perfectly in line with those
reported in [25]. In Table 2, the values of αPMMA(f)
actually measured and calculated with relationship (1)
clearly validate the contact method with 3 thicknesses
and demonstrate that sensors repositioning to perform the
measurements on different bitumen cells will not consti-
tute a problem.

3.2 70/100 bitumen

3.2.1 Ultrasonic attenuation and velocity

For 70/100 bitumen, the results in terms of attenua-
tion αBW and velocity vB on the sensors bandwidth
are displayed in Figures 4a and 4b. We also reported
values given in [22], extracted with the free software
“graphreader (http://www.graphreader.com)”. Ultra-
sonic velocity decreases from 2000 m.s−1 at 10◦C to
1480 m.s−1 at 60◦C. The following relationship (reported
in Fig. 4a) can be proposed :

vB(70/100)(m.s−1) = −10.57T (◦C) + 2099 m.s−1. (11)

For a given temperature, the velocity measured in our
70/100 bitume is smaller than those obtained by Larcher
[22] for his 35/50 bitume. Such an element is not surpris-
ing: our bitume is softer (more liquid).

For attenuation, our results are in line with the results
given in litterature for the 35/50 bitumen up to 40◦C.
A decrease is observed above 40◦C. Rabbani [24] also
observed this attenuation peak which is attributed to
microstructural changes and in particular to asphaltens
mobility increase with temperature [10,13]. These first
results on sensor bandwidth showed that working with
500 kHz transducers is totally possible even for the 3.5 cm
cell. With such a frequency the wavelength is around
3.6 mm at 20◦C, 3 mm for 60◦C and should reach 2 mm
at 100◦C using relationship (11). In order to work with
smaller wavelengths to increase the special resolution for
better bubble detection in the framework of future stud-
ies, the question of frequency increase must be addressed.
So, TTS was applied for TRef = 20◦C using attenuation

Fig. 4. (a) Ultrasonic properties of bitumen 70/100 compared
to 35/50 bitumen data (a) velocity vB (b) attenuation αBW .

measurements versus frequency between 250 and 650 kHz
and temperatures ranging from 10 to 60◦C, using the
procedure described in Sections 2.3 and 2.4. The result
is displayed in Figure 5 in the enlarged frequency range
10 kHz to 10 MHz. In this figure we also reported the value
of attenuation estimated with the 1 MHz and 2.25 MHz
transducers. Error bars for 2 MHz measurements are large
because the signal was attenuated a lot rendering the
experiment quite tricky. Experimentally, it can be consid-
ered that, when attenuation reaches ∼150 Np.m−1 mea-
surements are difficult. Indeed, for a typical cell thickness
of around 3.5 cm, the initial signal is divided by a fac-
tor 200. Working with a so small signal becomes difficult.
Regarding these results, at room temperature, frequency
should have been inferior to 2 MHz. This limitation will
be discussed at the end of this communication.

http://www.graphreader.com
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Fig. 5. Ultrasonic attenuation in 70/100 bitumen for
T = 20◦C, after TTS application on data measured with
500 kHz transducers and comparison with direct estimations,
using 1 MHz and 2.25 MHz sensors.

Fig. 6. ln(aT ) versus (1/T − 1/TRef) for TRef = 20◦C and
linear adjustment for activation energy determination.

These measurements are totally in line with TTS
results and constitute a proof of TTS validity. In Figure 6,
ln(aT ) versus (1/T −1/TRef) is presented. It was not pos-
sible to obtain a correct linear adjustment on the whole
temperature range. The linear behaviour was only estab-
lished between 10◦C and 50◦C. As previously explained,
this is certainly due to the behaviour evolution around
50◦C, attributed to asphaltens mobility increase. So, we
have reduced the range to 10−50◦C. The linear adjust-
ment (R2 = 0.997) leads to Ea∼ 140 ± 15 kJ.mol−1. In
reference [13], Mouazen et al. found higher values between
161 kJ.mol−1 and 175 kJ.mol−1, using classical rheology,
and in literature [34], values between 117 kJ.mol−1 and
145 kJ.mol−1 are also reported for bitumen with various
grades. Such a result is particularly interesting because
we found the same order of magnitude of Ea with ultra-
sounds and with very different experimental methods on
very different bandwidths.

3.2.2 Viscosity

To further investigate the rheological behaviour of bitu-
men and to deduce a behaviour law for extrapolation
in the range 50−110◦C, we first estimated the longitudi-
nal viscosity as a function of temperature and frequency
(See Fig. 7). As temperature increases, the shear thinning
behaviour is less important and it would appear to show
that bitumen slowly tends to a Newtonian behaviour. Up

Fig. 7. Longitudinal viscosity versus temperature and fre-
quency.

to 55◦C, the data could be adjusted with a power law
ηL ∼ f−1. In other words, considering relationship (5)
this means that attenuation follows a linear trend ver-
sus frequency. Such an element was already mentioned by
Larcher in [22].

In a second step, TTS was applied and longitudinal
viscosity was plotted as a function of frequency and tem-
perature on an enlarger frequency range. The results are
shown in Figure 8 for TREF = 10, 30, 50◦C. Curves were
then adjusted with a Carreau-Yasuda law [13], where f is
the frequency in Hz:

ηL (f) = aT .ηo [1 + (λ.aT .f)a]−1/a (12)

with:
aT = e

Ea
R ( 1

T −
1

283.15 ) where Ea = 140 kJ.mol−1 and
T < 50◦C

ηo = 2.5e6 Pa.s, λ = 0.08 s and a = 0.70.

Remark: in a classical Carreau-Yasuda law, the exponent
is not −1/a but (n− 1/a), where n is an adjustment coef-
ficient. We found n = 0.

Above 50◦C, Mouazen et al. [13] measured a lower
activation energy between 110 kJ.mol−1 and 120 kJ.mol−1

resulting from asphaltens mobility increase. An extrap-
olation at 110◦C is reported in Figure 8 with
Ea = 115 kJ.mol−1. For such a temperature, bitumen
seems to be Newtonian up to a few MHz. For New-
tonian liquids it is admitted that, in a first approx-
imation, the shear viscosity (generally measured with
rheometers) can be linked to longitudinal viscosity with
the simple relationship ηS ∼ ηL/3 (Trouton’s law) and
we have demonstrated that it was verified for Newto-
nian liquids such as Glycerin, Honey, Fruit Juices, and
sugar solutions [27,28]. For bitumen studied at 110◦C
longitudinal viscosity of the first Newtonian plateau
is estimated to ∼7 ± 4 Pa.s and this would lead to
ηS ∼ 2.5 ± 1.5 Pa.s.

Up to now, it is just a rough estimation which would
have to be checked. For this purpose, high-temperature
dedicated ultrasonic transducers will be needed. Never-
theless, such a value is in quite good agreement with val-
ues given in [35]. In this communication a value between
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Fig. 8. Longitudinal viscosity master curve and extrapolation
to 110◦C.

6−7 Pa.s is reported for T = 100◦C Furthermore, an
extrapolation of Newtonian viscosity given in [13] in the
range 50−90◦C to 110◦C leads to 1.5 Pa.s which is in
very good agreement with our ultrasonic estimation. In
order not to overpass 150 Np.m−1 the corresponding fre-
quency range is ∼1−2 MHz. Such a result could be surpris-
ing. Indeed, compared to lower temperatures viscosity is
smaller but the maximum acceptable frequency for exper-
imental cell No.3 remains around 1−2 MHz. In fact for
lower temperatures we saw that the attenuation was lin-
early correlated to frequency because viscosity decreased
as f−1 in the MHz frequency range. When temperature
increases, the viscosity remains constant versus frequency
and consequently, regarding relationship (5) the attenu-
ation should evolve as ∼f2. Consequently, the viscosity
decrease is compensated by the modification of the rela-
tionship between attenuation and frequency. So, the max-
imum acceptable frequency for experimental cell No. 3
should remain unchanged

4 Discussion

First of all, although our study primarily examined 70/100
bitumen, it is crucial to recognize that actual bituminized
waste, like the STE3 sludge generated at La Hague, con-
tains various salts such as BaSO4, NaNO3, PPFeNi, etc
[4,6,7,11] with different granulometry, density which could
modify the conclusions obtained on pure 70/100 bitu-
men and perhaps perturb the ultrasonic method presented
in this manuscript. A particular attention will have to
be drawn to the inhomogeneous salt dispersion in bitu-
men. Further investigations will be needed to completely
address this problem. In a first approximation, to facili-
tate experimentation and better simulate these complex
mixtures, we prepared laboratory samples. Although our
current research on these samples is not presented in
this paper, specific samples comprise 60% bitumen, 27%
BaSO4, and 13% NaNO3 representative of the dominant
salts in STE3 sludge. These samples are similar to those
produced by Mouazen et al. [11]. Preliminary tests con-
ducted on this composite material, though not elaborated
in this communication, suggest that ultrasonic parame-

ters remain relatively consistent compared to pure 70/100
bitumen. Notably, these tests revealed heightened ampli-
tudes in the ultrasonic signals transmitted through the
cell. This increase in signal strength can be attributed
to the notably high mass density of the sample’s compo-
nents, especially 4500 kg.m−3 for BaSO4 and 2260 kg.m−3

for NaNO3. Since the mass density of this composite
material surpasses that of pure bitumen, the difference in
acoustical impedances (mass density × ultrasonic veloc-
ity) between the glass plates and the bi-salt/bitumen mix-
ture is smaller than the difference for the glass plates
and pure bitumen. Consequently, this results in a higher
transmission coefficient of ultrasonic waves within the bi-
salt/bitumen system, corroborating our initial findings.
Importantly, to date, no direct comparisons have been
drawn between the behaviour of bitumen and bi-salt bitu-
minized products. Significantly, viscosity measurements
of bi-salt asphalt performed by Mouazen [11–14] at low
shear rates indicate a noticeable increase in viscosity. Fur-
thermore, there are hints of heightened viscosity under
irradiation conditions in Mouazen’s work [11]. These
observations, primarily obtained at very low frequencies,
necessitate assessment across a broader spectrum. Specif-
ically, we must extend our analysis into the MHz fre-
quency range at room temperature, encompassing γ
irradiation, and account for temperature variations to
understand bubble migration dynamics up to 110◦C. Of
particular concern are structural modifications within the
bitumen matrix, which could exert a considerable influ-
ence on ultrasonic parameters. Consequently, comprehen-
sive further experiments are imperative to address these
intricate issues definitively.

Secondly, our study pointed out that only frequencies
in the range 1−2 MHz seem to be suitable for bitumen
study. Indeed, we demonstrated that for higher frequen-
cies, attenuation would be too high to correctly investigate
3.5 cm thickness cells. Working with smaller cells would
not be adapted because we estimate that a representative
volume for bubble nucleation investigation would not be
reached. Regarding these values, millimetric wavelengths
will have to be used for bubble detection. For millimetre-
sized bubbles, the simple occultation of the ultrasonic
beam should lead to the detection and the monitoring
of bubble cloud rising. For instance, with the use of sev-
eral in-lab designed, small-sized transducers settled on the
cell, it would be possible to obtain the very first x–y map-
pings of bubble clouds. Better still, working with a sys-
tem using an airborne coupling between sensors and cells
would enable a rapid x–y scan to produce an x–y image of
the system as a function of time. For smaller bubbles gen-
erated at lower irradiation rates, it is clearly established
that they can have a significant effect on ultrasonic veloc-
ity and attenuation. So, using theoretical models [21,36] it
could be possible to deduce a distribution of bubble size
in real time.

5 Conclusion

In this study, we investigated bitumen 70/100, com-
monly used in radioactive waste conditioning, using
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500 kHz ultrasonic waves to assess the potential of acoustic
approaches for monitoring radiolysis bubbles nucleation at
room temperature and their migration up to 110◦C. Mea-
surements of ultrasonic velocities and attenuation around
500 kHz in the range 10−60◦C led to ultrasonic attenua-
tion and longitudinal viscosity (linked to shear viscosity)
master curves establishment on a wide bandwidth thanks
to the TTS application. A general behaviour law was
established and showed that when temperature increases
the first Newtonian plateau widens and that bitumen
tends to a Newtonian behaviour up to a few MHz. With
this behaviour law, acceptable ultrasonic frequencies have
been estimated in the range 1−2 MHz. Such frequencies
are well adapted to detect small bubble clouds with mod-
els correlating ultrasonic velocity or attenuation to void
fractions or to directly follow bubbles with higher diame-
ters of approximately a few millimetres.

Our ongoing work involves the investigation of bitu-
minized samples containing bi-salts, which are more rep-
resentative of bituminized radioactive waste. Furthermore,
we are exploring the potential for direct monitoring under
gamma irradiation, capitalizing on the operability of ultra-
sonic transducers in such conditions. These findings con-
tribute to our understanding of how acoustic methods
can be applied in the field of nuclear waste management,
specifically in the monitoring and assessment of radioly-
sis processes. By using ultrasonic waves, we open doors
to enhanced safety measures and a deeper comprehension
of the behaviour of bituminized radioactive waste, which
is invaluable for its long-term storage and disposal. Our
research not only addresses current gaps in knowledge but
also paves the way for further advancements in this critical
field.
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mesures : au cœur des défis du nucléaire.”
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rhéologique de bitume 70/100 utilisé comme matrice de
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de l’Université de Limoges (2014)

23. A. Rabbani, D.R. Schmitt, Ultrasonic shear wave reflec-
tometry applied to the determination of the shear mod-
uli and viscosity of a viscoelastic bitumen, Fuel 232, 506
(2018)

24. A. Rabbani, D.R. Schmitt, The longitudinal modulus
of bitumen: Pressure and temperature dependencies.
Geophysics 84, 139 (2019)

25. D. Laux, G. Chabanol, G. Sapey, J-Y. Ferrandis, E.
Rosenkrantz, Shear and Longitudinal attenuations and
quality factors of poly(methyl metacrylate) (PMMA) from
20 kHz to 12 MHz investigation with ultrasonic spec-
troscopy, Ultrasonics 134, 107104 (2023)

26. J.E. Carlson, J. Van Deventer, A. Scolan, C. Carlander,
Frequency and temperature dependence of acoustic prop-
erties of polymers used in pulse-echo systems, IEEE Symp.
Ultrason. 1, 885 (2003)

27. D. Laux, M. Valente, J-Y. Ferrandis, N. Talha,

O. Gibert, A. Prades, Shear viscosity investigation on
mango juice with high frequency longitudinal ultrasonic
waves and rotational viscosimetry, Food Biophys., 8, 233
(2013)

28. M.A. Mograne, J-Y. Ferrandis, D. Laux, Instrumented test
tube for rapid rheological behaviour of liquids estimation,
J. Food Eng. 247, 126 (2019)

29. A.S. Dukhin, P.J. Goetz, Bulk viscosity and compress-
ibility measurement using acoustic spectroscopy, J. Chem.
Phys. 130, 124519 (2009)
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