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Incoherent Waves in Fluid-
Saturated Sintered Granular
Systems: Scattering Phenomena
The incoherent transport of ultrasound waves in water-saturated sintered glass bead
packings is experimentally investigated. The spectral energy density of scattered high-
frequency waves is explained by a diffusion wave equation. Immersion broadband trans-
ducers with central frequencies of 1 MHz are positioned at a distance of 73mm to the
porous sample. The diffusion coefficient and quality factor are predicted from a diffusion
approximation of the time-dependent intensity curve to the ensemble-averaged measure-
ment data. From the diffusion coefficient, we deduce a mean-free path for scattering
events at l� ¼ 0:876 0:03 mm close to the range of particle diameters of the samples
(1:0 < dp < 1:2 mm). Results are in good agreement with observations from Jia (2004,
“Codalike Multiple Scattering of Elastic Waves in Dense Granular Media,” Phys. Rev.
Lett., 93(15), p. 154303) observed for nonsintered and consolidated bead packings
(0:6 < dp < 0:8 mm). The low-quality factor Q ¼ 1906 10 indicates a high amount of
intrinsic damping of the scattered waves although water was used as saturating and cou-
pling fluid. [DOI: 10.1115/1.4037701]

1 Introduction

Porous and granular media are present in many industrial appli-
cations as well as in our daily life, for instance, in pharmaceutics
or food-processing like tablets or nuts. Fluid-filled porous media
are ubiquitous in natural and engineered systems. Examples are
the water storage in soil and the flow of fluids like oil, gas, and
water through porous petroleum reservoirs or through organic
materials such as porous bone structures filled with bone marrow.

Ultrasound as a noninvasive and effective testing method is
commonly used for characterization of such materials, cf. Refs.
[1–6]. It enables us to determine essential micro- and macrostruc-
tural parameters of the medium, which can finally be used in
numerical simulations to model the acoustical response. There-
fore, understanding of the propagation of acoustic waves in porous
and granular media is of relevance for various applications in geo-
sciences and engineering.

In classical seismics, i.e., low-frequency applications, elastic or
visco-elastic models describe well the inherent wave propagation
processes for consolidated granular media. For fluid-saturated
porous materials, Biot [7,8] proposed dynamic poroelastic equa-
tions which are extending the elastic Lam�e–Navier equations and
predict the existence of a second compressional wave (Biot’s slow
wave). Even in the high-frequency extension of Ref. [8], where a
deviation of the parabolic or Poiseuille-type fluid velocity distri-
bution in pore channels is taken into account, Biot’s model is
based on a continuum approach, i.e., the microstructure of the
porous skeleton is significantly smaller than the wavelength of the
incident wave. If the wavelength of the acoustic wave approaches
the order of the characteristic microstructures of the granular
medium (e.g., k � d50), such continuum models must fail and fur-
ther physical processes like wave scattering occur, cf. Refs.
[9,10]. Determining the amount of effective attenuation caused by
scattering by experimental investigations is necessary to develop
more advanced models allowing to predict these effects.

Sintered glass bead packings are interesting synthetic porous
systems for studying wave propagation as the characteristic length
scales of the microstructure (particle diameter dp) can be fixed
before the sinter process and adapted to the wavelength under
investigation. Still, such particles are far from being ideally mono-
disperse. After sintering, the packings are even more heterogene-
ous due to temperature variations and inhomogeneities in the
production process. The heterogeneities due to the random distri-
bution of polydisperse glass beads in the solid matrix can lead to
strong scattering of ultrasound waves at wavelengths in the order
of the characteristic diameter of the glass beads (k � dp). Scatter-
ing of ultrasonic waves is further enhanced through microcracks
resulting from rapid cooling processes during sintering. Therefore,
the use of relatively high-frequency ultrasound waves (in the meg-
ahertz range) can provide useful information about the microstruc-
ture of strongly disordered inhomogeneous materials similar to
mechanisms in various geological materials.

Previous investigations showed that in addition to a classical
wave propagation process of a coherent pulse, a diffusion approxi-
mation of the scattered part of the wave signal can be successfully
applied under the conditions of strong multiple scattering in ran-
domly distributed dry and wet glass bead packings, cf. Ref. [11].
Griffiths et al. [12] used diffusive ultrasound to investigate non-
consolidated granular materials in vacuum or saturated with dif-
ferent kinds of gases and determined the frequency-dependent
diffusion parameters. However, in their investigations, the scatter-
ing medium was directly excited using shear-mode activating
bender elements.

In this study, diffusive ultrasound experiments are extended
toward fully fluid-saturated sintered glass bead systems, where
water is used as coupling medium and pore fluid. The applicability
of the diffusion model, in which wave interference is completely
ignored, is tested on the incoherent wave part of the received
ultrasound signal. Using the diffusion extension of the classical
wave equation, we are able to determine the diffusion coefficient
and a relatively low-quality factor in the disordered sample.

In Sec. 2, the experimental procedure and setup for the per-
formed ultrasound experiments is briefly described. In Sec. 3, the
diffusive wave transport of ultrasound is briefly introduced and
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approximated to the results obtained from the measurement of a
water-saturated sample with glass bead sizes around 1.1mm. The
observations and results are finally discussed and concluded in
Sec. 4.

2 Experiments

The experimental setup is a classical configuration to carry out
immersion ultrasound measurements according to the transmission
technique, cf. Fig. 1. The ultrasound experiments are performed in
an in-house developed measuring cell made of PMMA. A detailed
description of the cell is given in Ref. [13]. The electrical low-
voltage input signal is generated by an arbitrary function generator
(Tektronix AFG 3101) and amplified to 6400V by a linear power
amplifier (Ciprian US-TXP-3). The received low-voltage time sig-
nal is pre-amplified (Panametrics 5077PR), displayed, and digitized
with a high-resolution digitizer (ZTec 4441, 300MHz bandwidth,
sample rate 800 MSamples/s, vertical resolution 14 bit).

Two immersion broadband transducers with central frequencies
of 1 MHz (Olympus-Panametrics NDT, V303-SU) are placed in the
water reservoir at the front and back of the porous sample. The
immersion broadband transducers are not in direct contact with the
investigated sample, see Fig. 2. The distance between the trans-
ducers and the porous sample is fixed at 7360:4 mm, cf. Fig. 2.

Prior to the ultrasound investigations, the cell, including the
porous sample, is rinsed out with carbon dioxide and filled with
de-aired and de-ionized water, in order to achieve an optimal

saturation of the sample and to minimize the chance for remaining
of air bubbles. A ten-cycle-sinus burst excitation at a frequency of
0.9 MHz is applied to the piezoelectric P-wave source transducer.
The narrow band excitation corresponds to the product of the
acoustic wave number and glass bead diameter k dp ¼ x dp=cP1 �
2:2 with cP1 ¼ 2872:5 m/s as the bulk velocity and dp ¼ 1:1 mm
as the (average) glass bead diameter forming the solid skeleton.
Note that the wave velocity was determined from the time of flight
difference (DTOF) of the ultrasound signals with (TOF) and with-
out (TOFref) positioning a porous sample according to

cP1 ¼
1

1

cref
þ
DTOF

LS

(1)

where DTOF ¼ TOF� TOFref with TOF¼ 115.7 ls and
TOFref¼ 132ls. The reference velocity in water at 22 �C and the
sample length was determined at cref¼ 1485m/s and LS¼ 50mm.
The wave velocity of the coherent impulse corresponds to the
velocity of the fast P1-wave and results mainly from the inertial
coupling of both phases as result of the tortuosity of the pore
channels, cf. Ref. [8].

In these high-frequency ranges, a strong ultrasound scattering
of the investigated medium is expected, where the wavelength of
the ultrasound wave is only about k ¼ 3:2 mm and thus in the
order of the particle diameter dp, cf. Ref. [9]. Figure 3 shows a
typical received time signal of a water-saturated sintered glass
bead sample with bead diameters between 1.0 and 1.2mm.

The investigated cylindrical sample (with diameter and length
50mm) has an open pore structure and effective values of / ¼
31:87 % for the porosity and Ks

z ¼ 3:10� 10�10 m2 for the intrin-
sic permeability. The porosity was determined after sintering from
the bulk density of the porous sample and the specific density of the
beads. The intrinsic permeability was determined in stationary per-
meability experiments, cf. Refs. [13,14]. Figure 4 shows the proba-
bility distribution for the equivalent particle diameter (solid line)
with the corresponding cumulative curve (dashed line) determined
from X-ray computed tomography (XRCT) scans after sintering.
The data shown in Fig. 4 are obtained from a subset, which con-
tained approximately 14,000 particles, see Fig. 5. The equivalent

Fig. 1 Experimental setup according to the transmission method, where the square
wave pulser of Olympus (model 5077PR) is used as pre-amplifier

Fig. 2 Simplified sketch of the measuring cell with length
specifications used for ultrasound measurements
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particle diameters are determined from the segmented voxel-based
volumes Vp of the particles according to dp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6Vp=p
3
p

.
The time signal in Fig. 3 is basically composed of a coherent

pulse arriving at the leading edge and an incoherent part mainly
composed of specklelike multiple-scattered waves, where only the
latter are highly sensitive to the underlying microstructure of the
investigated sample.

For the diffusion approximation, only the incoherent wave part
is considered. The dominant energy component of the transmitted
wave is at a high frequency, which has a multiply scattered behav-
ior approaching a diffusive regime [9,11,15]. In the diffusive
regime, shear waves, which arise from persistent local wave mode
conversions of P-waves to S-waves within the porous sample, are
believed to dominate the scattered wave field [11,16].

Two distinct ultrasound scattering mechanisms may occur in
such fluid-saturated sintered granular systems. The first travels
through the solid phase (sintered glass beads) and the second
transmits along the fluid phase (water). The data shown in Fig. 3
correspond likely to the first kind as in Refs. [11], [12], [17], and
[18] and not to the second as in Refs. [19–21].

Weaver and Sachse [19], who have investigated the sound
transmission through glass bead slurries, anticipated that the
acoustic signals mainly travel through the fluid and scattered from
the bead surfaces. Thus, waves do not propagate to any significant
degree from bead to bead due to weak stiffness between the par-
ticles, different from this study. The existing strong sintering con-
tacts between the particles have resulted in a significant increase
of the stiffness between the particles. This is also confirmed by

the fact that the amplitude (energy) of coherent deterministic
pulse decreased in relation to the amplitude (energy) of scattered
waves with increasing particle diameter and sintering duration
(samples with lower porosity), which indicates that the scattered
ultrasound energy is transported mainly through the solid, cf.
Refs. [10,13]. The scattering process is additionally enhanced by
the existing local porosity and intrinsic permeability gradients
along the propagation direction, which were determined by XRCT
analysis and used in lattice Boltzmann simulations, cf. Refs.
[13,14].

Similar observations were also made by Jia et al. [17], who
have investigated dry and wet glass bead packings under external
loading and found that no ultrasound signal was detected at van-
ishing external load. Moreover, they could show that the intensity
as well as the amount of scattered waves decreased when the
beads were wetted with oil. These tests indicate that the scattered
ultrasound waves propagate from one grain to its neighbors only
through their mutual contacts and not via the saturating fluid.

Nonlinear multiple wave scattering effects, which result from
microscopic small rearrangements of the particles as result of
weak contact between the particles and influence the coda part of
the received ultrasound signals as described in unconsolidated
media in Refs. [22–24], are excluded in the performed ultrasound
experiments, since sintered granular systems with strong interpar-
ticle contacts are considered, in which it is impossible that par-
ticles slide or slip under the action of varying small amplitude
strain waves. The amplitudes are much smaller than necessary to
destroy or influence the packing structure.

Using temporal windows for the calculations of the power spec-
tra of the coherent and incoherent parts reveals that the frequency
content of the coherent wave part is considerably lower than that
of the incoherent part, cf. Fig. 6. The irregular high-frequency
spectrum of the incoherent part as well as the low-frequency spec-
trum of the coherent part was confirmed by Jia et al. [17].

However, from the comparison between the power spectra of
the total received signal and the coherent part, a clear visible dif-
ference becomes apparent, cf. Fig. 6. The spectrum of the coher-
ent pulse does not coincide with the low-frequency part of the
total power spectrum. The incoherent part contains also a

Fig. 4 Probability distribution of equivalent particle diameter
(solid line) and corresponding cumulative curve (dashed line)
determined from XRCT scans after sintering

Fig. 5 Investigated subset from XRCT scan with 14,053 par-
ticles (voxel resolution 16lm) used for the determination of the
equivalent particle diameter distribution shown in Fig. 4. The
bounding box indicates the entire scanned region. The cuboid-
shaped subset has the dimensions of 19403196532200 voxel3

(31:04331:44335:20 mm3).

Fig. 3 Received time signal in raw state
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low-frequency wave part, which, for instance, results from the
back reflection of the P1-wave from the sample or from the occur-
rence of the so-called slow P2-wave [7,8]. These waves com-
monly have the same frequency content as the coherent pulse
[25]. Therefore, for an optimal separation of the high-frequency
incoherent part from the remaining part of the received time sig-
nal, a high-pass filter is applied to the raw signal. Note that the
classical S-wave propagation according to Biot’s theory is
excluded in the performed experiments, since the P-wave trans-
mission normal to the surface area of the porous sample is consid-
ered. The P- and S-waves generated from local wave mode
conversions in the scattered wave field have much higher frequen-
cies and do not influence the low-frequency spectrum as shown in
Fig. 6. Reflections at the edges of the measuring cell are also
excluded for the considered time period due to the small opening
angle of the ultrasound cone starting from the transmitter.

Moreover, it can be seen in Fig. 6 that the dominant frequency
range of the coherent wave part lies approximately between 0.16
and 0.37MHz, which is certainly lower than the central frequency
of the broadband excitation signal (0.9MHz). This indicates the
well-known low-pass filter behavior of a porous and granular
medium and is consistent with results obtained from previous
studies, cf. Refs. [26–28].

As can be seen in Fig. 6, the power of the incoherent scattered
wave part is certainly higher than the power of the coherent part,
which indicates that the most energy is transported in the incoher-
ent diffusive wave part. The power ratio between the coherent and
incoherent wave part can change depending on the frequency of
the excitation signal, cf. Refs. [10,13].

Figure 7 shows the high-pass-filtered time signal, where the
cutoff frequency has been chosen at 0.7MHz at which the low-
frequency coherent pulse at the leading edge disappears. Note that
the typical scattered sound wave field presented in Fig. 7 could
only be observed in our experiments for a narrow frequency range
of 0.9–1.1MHz, where the wavelengths are in the order of the par-
ticle sizes and have a high signal-to-noise ratio. At very high fre-
quencies (>1.2 MHz), the received signals are attenuated more
strongly, which is strongly related to our setup. The corresponding
power spectrum of the high-pass-filtered signal is shown in Fig. 8,
i.e., the low-frequency part (f < 0.65 MHz) is mostly filtered out.

3 Diffusive Wave Propagation

From the time signal, depicted in Fig. 3, we can see that most
of the energy transport through the water-saturated sintered glass
bead sample is caused by scattered waves occurring in the inco-
herent part of the received time signals. Although it is challenging
to describe the multiple scattering of classical waves, significant
progress has been achieved through the use of the diffusive wave

approximation [19,29–34]. In the diffusive model of multiple-
scattered waves, the averaged wave intensity is treated as a
(isotropic) random walk process. The phase information is not
considered and the wave propagation is described by a single dif-
fusion coefficient as

D ¼
1

3
ce l

� (2)

where l� represents the transport mean-free path, which describes
the mean distance the ultrasound wave travels before its propaga-
tion direction is randomized by a scattering “event” [11]. ce is the
averaged ballistic velocity, at which the energy of the scattered
waves is transported through the porous sample-water system.

The diffusion method is based on the assumption that the spec-
tral energy density of the scattered ultrasonic wave field is well
described by a diffusion equation. The diffusive wave field is tem-
porally and spatially incoherent with the incident wave and the
field variables are assumed to be random, see Ref. [35]. According
to Deroo et al. [35] and Weaver et al. [36], the diffusion equation
that describes the time evolution of the spectral energy density �E :

¼ hEðz; t; f Þi of an ultrasonic wave field can be formulated as

@ �E

@t
� D divgrad �E ¼ P� r �E (3)

where Pðz; t; f Þ is the spectral energy density source term (forcing
condition) and rðf Þ is the dissipation rate. The diffusion

Fig. 6 Corresponding power spectra of the raw signal
Fig. 7 Received time signal after high-pass filtering. The cut-
off frequency is chosen at 0.7MHz.

Fig. 8 Corresponding power spectra of the high-pass-filtered
high-frequency incoherent part. The vertical dotted line indi-
cates the selected cutoff frequency at 0.7 MHz.
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coefficient D, which depends also on the frequency excitation sig-
nal, is very sensitive to the microstructure, but is assumed to be
isotropic, i.e., independent from direction.

Fast spatial variations in amplitude and phase, which are typical
for a diffusive wave field, converge to zero when they are
ensemble-averaged over various configurations [35,37,38]. This
property of waves is known as phase cancellation. It should be
noticed that the energy in the coherent wave part is transferred to
the incoherent wave part consisting of (multiple) scattered waves
with increasing frequency of the incident wave, c.f. Refs. [10,13].
No energy is lost in scattering and scattering has no contribution
to the dissipation rate r [35]. A higher diffusion coefficient D
results in faster diffusion of energy transported in the multiple-
scattered waves, whereas an increasing scattering probability is
associated with slowing down of the diffusive process and
decreasing the diffusion coefficient. As highlighted by Page et al.
[39], the energy density measured on the same axis as the source
at the distance z¼ LS can be approximated by a one-dimensional
plane wave solution at various frequencies in the scattering sam-
ple. Under the assumption that the dissipation rate cell walls are
perfectly reflecting at z¼ 0 and z¼ LS, Jia [11] has proposed a
simple solution for the time-dependent intensity profile I(t) based
on a Fourier-series approach [40]

I tð Þ ¼ �D
@E

@z

�

�

�

�

z¼LS

z¼0

¼
ceE0

2LS
e�t=sa

X

N

n¼0

�1ð Þn

dn
cos

np l�

LS

� �

e�D npð Þ2t=L2S (4)

where E0 is the energy of the transmitted scattered waves.
dn ¼ 2 for n¼ 0, otherwise dn ¼ 1. sa describes the effective

inelastic absorption time and can be expressed in terms of the
“coarse-grained” effective quality factor of the scattered waves as

sa ¼
Q

2 p f
(5)

Ultrasound experiments can be used to measure the diffusion
coefficient and the quality factor from the time evolution of the
transmitted high-frequency scattered waves. In this aspect, the
measured transmitted acoustic intensity is determined by
ensemble-averaging the square of the envelope of the scattered
sound field, which is represented in the incoherent wave part of
the received time signal [12,29,38,41], see Figs. 3 and 7.

Figure 9 shows a typical result of the evaluation of scattered
ultrasound waves in a water-saturated glass bead sample. For a
better display and comparison of the experimental and theoretical
curves, the vertical axis gives the normalized intensity values and
is logarithmic, which explains the negative sign of the values on
the vertical axis.

The measured intensity curve results from the averaging of ten
independent ultrasound experiments and is compared with the the-
oretical intensity curve, represented by the solid line and deter-
mined from the solution of the diffusion equation given in Eq. (4).
The ultrasound measurements are obtained from five different
samples with the same glass bead diameters and sintering treat-
ment. For each investigated sample, the transmitter and receiver
have been replaced. The averaged intensity curve of the scattered
waves from the ultrasound measurements is determined by squar-
ing the envelope of the filtered waveforms. To ensure a well-
defined ultrasonic frequency, a sinus-burst-signal with ten cycles
is used. The frequency of the generated quasi-monochromatic
wave has been chosen at 0.9MHz. The diffusion approximation,
which is normalized to the peak of the intensity, is calculated by
using the diffusion coefficient and quality factor as fit parameters.
For the water-saturated sintered sample with bead diameters
between 1.0 and 1.2mm, the best fit is obtained with the set of
parameters D ¼ 0:836 0:03 m2/s and Q ¼ 1906 10, where the

number of speckles is chosen at N¼ 150. The number of speckles
N does not influence the fit parameters, if it is selected large
enough (N> 8). Note that for the fit of Eq. (4), a new temporal
axis is defined with t ¼ TOF ¼ 0 as the beginning of the penetra-
tion of the ultrasound wave into the porous sample. In this way,
reference is made only to events, which have taken place within
the porous sintered sample, and the experimental configuration is
adapted to the used Eq. (4).

In accordance with Jia et al. [11,17], the energy transport veloc-
ity introduced in Eq. (2) is identified with the determined coherent
wave as ce ¼ cP1 ¼ 2872:5 m/s. Note that this assumption pro-
vides also an appropriate fit to the measurement data. The fact
that the (multiply) scattered waves arrive at certainly later times
than the coherent wave impulse is due to the fact that the (multi-
ply) scattered waves are generated at later times after the coherent
wave impulse propagated through the water-saturated porous sam-
ple. Further input parameters used to predict the time-dependent
intensity curve and important results are summarized in Table 1.

Jia [11] has determined the diffusion coefficient and quality fac-
tor for nonsintered, dry glass beads with dp ¼ 0:6� 0:8 mm at
0.136 0.01 m2/s and 2006 10, which is rather close to our
model-fit results from our experiments.

Differences in the results are caused by different particle sizes,
polydispersities, and especially, the fact that the investigated sam-
ples in this study were sintered and water was used as saturating
and coupling fluid.

Since the scattered sound waves mainly propagate through the
solid phase, the determined Q-value is highly affected by the

Fig. 9 Comparison of normalized intensities obtained from
ultrasound measurements and the related diffusion model. The
measured averaged intensity curve is determined from ten inde-
pendent experimental measurements. The piezoelectric acous-
tic transmitter is excited with a ten-cycle-sinus burst at 0.9MHz.
The diffusion coefficient and the effective quality factor are
determined fitting the diffusion model to the measured aver-
aged intensity profile at D5 0:8360:03 m2/s and Q5190610.

Table 1 Input parameters for the diffusion model and results
obtained from the fit of the theoretical time-dependent intensity
curve to measurement data

Parameter Unit

Sample length, LS (mm) 50
Energy transport velocity, ce (m/s) 2872.5
Frequency, f (MHz) 0.9
Number of speckles, N 150

Diffusion coefficient, D (m2/s) 0.836 0.03
Quality factor, Q 1906 10
Transport mean-free path, l� (mm) 0.876 0.03
Glass bead diameter, dp (mm) 1.0–1.2
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existing sinter contacts between the particles and the inhomogene-
ities along the propagation direction (due to sintering procedure).
But also dissipation mechanisms due to the presence of water in
the pore space, which mainly result from inertial than from vis-
cous dissipation, can influence the quality factor. Attenuation
effects from persistent local wave conversions (between S- and
P-waves) in the scattered wave field as well as internal friction
within the glass beads can also contribute to the determined
Q-value.

The transport mean-free path of the ultrasound wave is deter-
mined according to Eq. (2) at 0.876 0.03mm. This means that
the ultrasound wave changes its direction and is being randomized
approximately every 0.876 0.03mm in the porous sample, which
is close to the diameter of the particles.

Figure 10 demonstrates the sensitivity of the used diffusion
model toward different values of the diffusion coefficient and the
quality factor. It shows the time-dependent normalized intensity
profiles with deviations of 620% for the diffusion coefficient and
quality factor from the ideal intensity curve represented by the
solid line and used to approximate the ultrasound measurements,
cf. Fig. 9. It can be seen that the intensity curve increases with
increasing diffusion coefficient, whereas the intensity curve
decays slower for increasing quality factor due to the lower effec-
tive attenuation properties of the scattering medium.

The initial rise of the theoretical curves is determined by the
diffusion coefficient, while the declining of the curves at later
times (t> 180ls) of the curves is strongly influenced by the qual-
ity factor or inelastic absorption time, respectively. Note that
numerical instabilities can strongly influence the theoretical inten-
sity curves at earlier times (t � 21 ls). Therefore, they were not
considered for the diffusion approximation and are not shown in
Figs. 9 and 10. For the comparison between experiment and
theory, the diffusive time period 41 � t � 385 ls from the ultra-
sound measurements was considered as shown in Fig. 9.

4 Conclusion

In summary, the diffusive wave propagation model can be suc-
cessfully applied to the incoherent wave part of received time sig-
nals from ultrasound transmission measurements in water-
saturated sintered glass particle packings. A good agreement
between time-dependent experimental and theoretical intensity
curves could be observed for the (multiply) scattered, incoherent
part of the waves. For a sinusoidal input signal of ten cycles with
0.9MHz, the frequency-dependent diffusion coefficient was

determined at D ¼ 0:836 0:03 m2/s. The transport (diffusive)
mean-free path of the ultrasound wave was estimated from the dif-
fusion coefficient as l� ¼ 0:8760:03 mm, which corresponds
closely to the typical glass bead sizes of hdpi ¼ 1:1 mm (deter-
mined from XRCT data after sintering), which the porous sintered
sample is composed of. The effective quality factor, which
describes the time-dependent attenuation of the (multiple) scat-
tered wave part, was determined as Q ¼ 1906 10. Note that this
effective quality factor could be used, for instance, in coarse-
grained (viscoelastic) continuum models. Therefore, more infor-
mation about the frequency-dependency of Q would be important,
which is out of the scope of this study but necessary for technical
applications.

Future work should include the evaluation of the diffusion coef-
ficient and the quality factor of scattered waves for different fre-
quencies and pore fluids to better understand the relevance of the
diffusive wave model for acoustical wave propagation in porous
systems with k � dp, which includes also the extension of diffu-
sion models by taking into account the possible occurrence of
so-called ultrasound localizations, also known as Anderson local-
ization, as reported in Ref. [42].

We have shown that the diffusion coefficient allows to deduce a
mean-free path for scattering events that is very close to the parti-
cle size. It would be interesting to examine whether this observa-
tion is also valid for different packings with different particles
sizes and degrees of polydispersity, for which the mean particle
diameter cannot be the only relevant size. Furthermore, it has to
be clarified how different sintering treatments and durations affect
the scattering behavior of the porous samples and thus the diffu-
sion coefficient and quality factor.
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Nomenclature

A(f) ¼ complex-valued frequency-dependent amplitude
ce ¼ energy transport velocity
cP1 ¼ sound velocity of P1-wave (coherent wave)
D ¼ diffusion coefficient
dp ¼ glass bead diameter
E ¼ spectral energy density scattered wave field
E0 ¼ energy of the transmitted scattered waves
f ¼ frequency
k ¼ wave number

Ks
z ¼ effective intrinsic permeability in propagation direction z
l� ¼ transport mean-free path
LS ¼ sample length
LT ¼ distance between transducer and sample
N ¼ number of speckles
P ¼ spectral energy density of source term
Q ¼ quality factor
t ¼ time

U(t) ¼ voltage of time signal
Vp ¼ glass bead volume
z ¼ wave propagation direction
r ¼ dissipation rate
sa ¼ inelastic absorption time
/ ¼ effective porosity
x ¼ angular frequency

Fig. 10 Diffusion model for different parameters of the diffu-
sion coefficient and quality factor. The best fit for the normal-
ized intensity curve from the ultrasound measurement, shown
in Fig. 9, is represented by the solid line. The remaining inten-
sity curves refer to different D and Q values with deviations of
620% from the best-fit intensity curve.
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