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Abstract
Investigations of biphasic monodisperse soft (rubber) and stiff (glass) particle
mixtures under hydrostatic conditions show an interesting behavior with regard
to the effective stiffness. P-wave modulus measured by acoustic wave propa-
gation at ultrasonic frequencies showed a significant decline while more soft
particles are added, that is, higher rubber volume fractions, due to a change
in the microstructure of the granular medium. However, for small volume
fractions of soft particles, it could be observed that the P-wave modulus is
increasing. This result cannot be explained by classical mixture rules or effec-
tive medium theories. For the understanding of those effects, a detailed insight
into the microstructure of the granular medium is necessary. To gain this
information and link it later back to the measured effective mechanical prop-
erties, high-resolution micro X-ray computed tomography (μXRCT) imaging is
a well-established tool. With μXRCT imaging, the granular microstructure can
be visualized in 3D and characterized subsequently. Combining classical effec-
tive characterization methods with μXRCT imaging can help to solve a variety
of multi-scale problems. Performing the characterization step in situ, meaning
inside the laboratory-based μXRCT scanner, has the advantage that exactly the
same samples are mechanically characterized and visualized. To address the
mentioned observation above, we designed a low X-ray absorbing oedometer cell
with integrated broadband piezoelectric P-wave transducers which enables this
kind of investigation inside a laboratory-based μXRCT scanner. The focus of this
contribution is on the general experimental methodology which can be trans-
ferred to other multi-scale problems. It starts with a description of the image
acquisition and ends with the post-processing of the in situ acquired image data.
To demonstrate this, cylindrical samples consisting of the same monodisperse
rubber and glass particle mixtures that were studied before under hydrostatic
stress conditions are considered. Selected results are presented to explain the
single steps.
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1 INTRODUCTION

Granular mixtures are of interest for a large number of fields, materials, and applications, including mineral processing,
environmental engineering, geomechanics, and geophysics, and have received a lot of attention in the last decades. A
specific example in geotechnical engineering is the increasing incorporation of recycled materials (e.g., shredded or gran-
ulated rubber, crushed glass) often used into conventional designs and soil improvement projects [4,12,25]. Moreover,
sophisticated mixtures of asphalt and concrete are widely used to construct roads [14,15,48,61,63].

Probing a granular media with (ultra) sound waves gives useful information on the state, the structure and the mechan-
ical properties of the bulk media as there is a one-to-one relation between a wave speed and small-strain stiffness of
packings. Estimation of stiffness has traditionally been made in a triaxial apparatus using precise displacement trans-
ducers or resonant column devices [1,42]. However, these methods have a disadvantage of destructing samples, whereas
ultrasonic measurements (by propagation of an elastic wave) are widely accepted for their rapid, nondestructive, and
low-cost evaluation methods. Earlier studies using a wave propagation technique have shown that the dissipative, elastic
and lightweight properties of materials (like soils, asphalt, etc.) can be enhanced by deliberately adding dissipative, soft,
light inclusions of various types and compositions. Therefore, such a tailored system with improved material properties
leads to new application designs.

To study this systematically, the simplest synthetic granular medium is a biphasic mixture of monodisperse soft and
stiff particles. In [55], such mixtures under different hydrostatic stresses as well as for different volume fractions were
investigated. Measured P-wave moduli showed a significant decline while more soft particles are added, that is, higher
rubber volume fractions, due to a change in the microstructure of the granular medium. However, for small volume
fractions of soft particles, it could be observed that the P-wave modulus is increasing which is unexpected and not covered
by conventional mixture rules. Based on classical mechanical characterization methods such phenomena can be well
observed and allow speculations about the physical explanation. However, these remain pure hypotheses. To understand
such effects, it is required to have an insight into the microstructure on the particle scale.

There is a diverse array of experimental imaging techniques which can be exploited in order to investigate particulate
systems. One of them is attenuation-based micro X-ray Computed Tomography (μXRCT) [6,7,19,41,51]. μXRCT imaging
is in general a nondestructive imaging technique that offers the possibility to visualize the internal structure of objects. In
contrast to other microscopy imaging methods like optical microscopy, it provides a 3-dimensional (3D) representation
of the investigated sample. The method is based on the physical effect of X-ray attenuation which depends among other
things on the atomic number and consequently on the chemical composition in each material point. The final, so called
reconstructed 3D volume resulting from an μXRCT scan is typically represented as a stack of 2-dimensional (2D) gray
value images. Through subsequent post-processing of the 3D raw image data, different material phases can be identified
and subsequently segmented [16,40,44,57]. Based on the segmented 3D volume, quantifications on different length scales
can be performed. One example to be mentioned on the macroscopic level is the determination of the volume fractions of
the individual phases as well as their distribution. But it is also possible to obtain detailed quantities such as the coordi-
nation number of individual particles in the case of granular materials. Consequently, experimental results and observed
phenomena obtained by classical characterization methods can be better and more comprehensively understood by help
of μXRCT.

If μXRCT imaging is combined with classical mechanical characterization methods and performed at the same loca-
tion we talk about in situ μXRCT imaging [5]. In situ imaging in contrast to running the experiments ex situ in sequential
order allows that exactly the same sample is mechanically characterized and visualized. In particular, for granular media,
this makes sense since each packing is more or less unique. Motivated by the example mentioned above, within this con-
tribution the general methodology is described how such experiments can be performed in a laboratory μXRCT system.
A comparable experiment was recently performed by [62]. However, the focus was on a mixture consisting of monodis-
perse sapphire spheres with radii between 94 and 103 μm subjected to uniaxial compression, and the experiment was
performed in a synchrotron radiation facility instead of a laboratory-based setup used in the present investigation.

In the following, we start with a short overview of image-based characterization using XRCT. The combination (in
situ) of this method with the traditional ultrasonic through-transmission measurement technique is the focus of Section 3.
We apply this to investigate the identical monodisperse particulate systems as in [56] consisting of weak (rubber) and stiff
(glass) particles of different volume fractions. We show a possible realization including the required hardware as well as
the overall workflow. Based on this, some selected results of the investigation are provided in Section 4 to give a motivation
of what is in general possible. The acquired experimental data for one selected mixture is open access published for
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demonstrative purposes. The proposed in situ workflow is discussed in Section 5. A summary of the presented work is
given in Section 6.

2 IMAGE-BASED CHARACTERIZATION USING XRCT

The capability which μXRCT as a nondestructive imaging technique offers are meanwhile well known in many research
domains and it is becoming more and more a routine microscopy technique [8,11,23,24,29,31,45,51,52]. The method is
based on the revolutionary discovery of X-ray radiation by Wilhelm Röntgen in 1895 [41]. X-rays are high-energy electro-
magnetic waves with a wavelength in the range of 0.01–10 nm. They have a long absorption length and interact with matter
through different mechanisms (photoelectric effect, Compton scattering, Rayleigh/Thomson scattering, and pair produc-
tion) [7]. Depending on the material penetrated, X-rays are attenuated to different degrees. Assuming a monochromatic
X-ray beam, the Beer–Lambert law formulates mathematically the transmitted intensity I of an X-ray beam penetrating
an object along the straight ray path from 0 to s̃ by

I(s̃) = I0e−∫
s̃

0 𝜇(s)ds
, (1)

where I0 is the initial intensity of the X-ray beam and 𝜇(s) are the unknown local linear attenuation coefficients along
the ray path [6,7,51]. If an object is irradiated from one side and the attenuated X-ray beam is measured on the opposite
side by an X-ray detector, a so-called radiogram or projection image results. The distribution of the X-ray intensity I
is typically represented as a gray value image as displayed in Figure 1A showing one projection image of a cylindrical
sample containing monodisperse soft (rubber) and stiff (glass) particles. According to Equation (1), each pixel of such an
image represents the intensity I of all attenuated X-ray photons which are captured by the specific sensor pixel during the
adjusted exposure time. The darker the gray value the less the intensity I and vice versa in the radiogram. Since each pixel
contains just the integral information for one specific X-ray path, it is not possible to back-calculate the unknown linear
attenuation values in the material points from one radiogram. However, if a sufficiently large set of projections is taken
from different directions, compare Figure 1B, enough information is available to calculate the attenuation coefficient for
each material point, compare Figure 1C. The 3D distribution of the calculated attenuation coefficient then represents the
inner structure of the investigated object. It is to mention, due to different reasons, that the absolute values of the 3D
images are mostly only correlating with the theoretical attenuation coefficients and are not identical.

The general method for the determination of the 3D structure based on numerous projection images is called recon-
struction [6,19]. To capture projections from different directions, in μXRCT imaging typically the sample is rotated,
compare Figure 1A,B. The number n of required equidistant projection angles 𝜑i over one turn of the sample correlates
with the number of detector pixel columns. The size/discretization of the 3D volume is given by the resolution of the
detector. The base area (x- and y-direction) corresponds with the number of detector pixels in the horizontal direction
and the maximum height (z-direction) with the number of vertical detector pixels, compare Figure 1C. Corresponding to
the term pixel in 2D, in 3D the term voxel is used [40]. Assuming an identical voxel edge length, the edge length of one
voxel is given by the ratio of the detector pixel size and the applied geometric magnification Mgeo.. The adjustment of the
magnification in a cone beam system is performed by geometric magnification. If we assume the source-detector-distance
(SDD) is fixed, the geometric magnification Mgeo. is adjusted by varying the source-object-distance (SOD) and is given
by the ratio Mgeo. = SDD∕SOD. The maximum theoretically achievable spatial resolution correlates with the underlying
focal spot size of the used X-ray source for the adjusted power setting [51]. A micro-focus X-ray source typically has a
focal spot size in the micrometer range and results in a theoretical system resolution which is also in the micrometer
range.

For the reconstruction itself, it is distinguished between two groups of reconstruction techniques. On the one side,
there are analytical reconstruction techniques and on the other side algebraic ones, for example, [6,19]. While the first
group of methods tries to solve the inverse problem analytically, the second group treats it as an optimization problem.
Both have their respective advantages and disadvantages. The shape of the X-ray beam has a significant influence on
the reconstruction, in particular for the analytical techniques. The ideal case of a parallel X-ray beam is only present in
beamlines of synchrotron radiation facilities [37] and not given in laboratory μXRCT systems. To account for the con-
ical beam shape in laboratory μXRCT systems, the so-called FDK algorithm is mostly applied. The FDK approach is a
practical analytical cone-beam algorithm which goes back to Feldkamp, Davis, and Kress [10]. Independent of the used
reconstruction techniques, the final raw data set consists of a stack of slices called tomograms, compare Figure 1C. The
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(A)

(B)

(D)

(C)

F I G U R E 1 Illustration of the principle of attenuation-based X-ray computed tomography (XRCT) imaging based on the scan of a
cylindrical sample of monodisperse stiff (glass) and soft (rubber) particles. (A) Cone beam μXRCT, (B) 2D projection images from n
equidisant angles 𝜑i, (C) 3D raw volume, and (D) 3D segmented volume after post-processing

voxel values, typically represented as gray values, represent their influence on X-ray attenuation. The brighter they are
the higher their influence on the X-ray attenuation corresponding with the material density. The bright gray voxels in
Figure 1C correspond to the stiff (glass) particles and the dark gray ones to the (soft) rubber particles and the nearly black
voxels reproduce the air phase. The reconstructed data set contains a certain amount of noise due to the procedure as
well as potentially other hardly avoidable artifacts [7,41,51].

By subsequent image processing, based on the 3D raw volume, different kinds of information can be extracted from
the data set. For this purpose, a so-called segmentation of the different phases is usually carried out. Segmentation is
the partitioning of a gray-scale image into disjoint regions that are homogeneous with respect to some characteristics
[16,41,44,57].

In the simplest case, this can be achieved by defining a threshold value, since the individual phases differ in terms
of the average gray value. To determine the related threshold values, a histogram of the underlying gray value distri-
bution of the raw data set is usually employed. The most well-known approach based on this scheme is the “Otsu
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method” [36]. However, due to the intrinsic present noise in the raw data set, incorrect assignment of different individual
voxels occurs. To account for this, various filtering techniques are used [16,44,57]. It is worth mentioning that in recent
years, more and more image segmentation techniques using machine learning have been proposed as new approaches
due to their well-known benefits [20,22]. Which phases have to be separated depends on the scientific question. Exem-
plary, in Figure 1D, the separation of the soft (rubber) and stiff (glass) particles, as well as the pore space (transparent),
is shown.

By repeating the scanning process as well as the image processing, the evolution of physical processes (e.g., deforma-
tion, crack initiation, and growth) over time can be observed. The final result is one stack of tomograms (3D image) for
each time step. What kind of processes can be observed depends on the required acquisition time for one complete scan.
While acquisition times of less than one second for one complete scan are achievable in beamlines of synchrotron radi-
ation facilities [5,13,28,37], the acquisition time in a standard lab-based μXRCT system is between some minutes up to
several hours, correlating with the required scan quality. This is one limitation of physical processes which can be studied.
However, processes which can be stopped in an equilibrium state are also open for investigation in a laboratory system.
For time-resolved scans, the term 4-dimensional (4D) scanning (space + time) is frequently used.

3 IN SITU EXPERIMENTAL TESTING

The combination of μXRCT imaging with classical mechanical characterization methods is an excellent technique to bet-
ter understand the behavior of materials as well as physical processes in general, compare [5,49]. In this context often the
term “in situ X-ray computed tomography” is used. “In situ” is a Latin phrase and translates literally to “on-site” or “on
place” and is the antonym of “ex situ.” In the experimental mechanics’ context, it describes the way the measurement is
taken, highlighting that the measurements are acquired in the same place the phenomenon is occurring without remov-
ing/installing the sample each time. Thus, in situ μXRCT means that the mechanical characterization is performed inside
the scanner. It offers the possibility to enrich the information on the macroscopic level, for example, resulting from acous-
tic measurements as demonstrated within this contribution, with information on the microscopic level resulting from 3D
imaging. In the following, we provide an overview of the applied workflow and used hardware to investigate particulate
systems with acoustic wave measurements combined with in situ μXRCT imaging.

3.1 Stiffness determination based on wave propagation measurement

Mechanical (sound) waves are disturbances that propagate through space and time in a medium in which deformation
leads to elastic restoring forces. This produces a transfer of momentum and energy from one material point to another,
usually involving little or no associated mass transport if the amplitude is small enough. The P-wave, or primary wave, is
the fastest and the first wave detected by seismographs. They are able to move through both, solid rock as well as through
liquids. P-waves are compressional or longitudinal waves that oscillate the ground back and forth along the direction
of wave travel, in much the same way that sound waves (which are also compressional) move air back and forth as the
waves travel from the sound source to a sound receiver. In a longitudinal wave, the particle displacement is parallel to the
direction of wave propagation [30,32,33,47,53].

Quantitative ultrasonic measurement has been widely-used by different disciplines ((geo-)physics, soil and geome-
chanics, materials sciences, mechanical and civil engineering) to describe the small strain stiffness behavior of a
particulate system, as can be found in literature [17,18,50,58]. Velocity testing by through transmission ultrasound meth-
ods has gained popularity due to its relative ease of obtaining the modulus of a sample. Figure 2 shows a schematic
view of the used low-frequency ultrasound setup integrated into an oedometer cell including its electrical pieces,
compare Figures 3 and 4. For our highly attenuating particulate system, it consists of a pair of 100 kHz P-wave broad-
band piezoelectric transducers (Olympus-Panametrics Videoscan V1011), an ultrasonic square wave pulser/receiver unit
(Olympus-Panametrics 5077PR), and a digital oscilloscope (PicoScope 5444B). Piezoelectric transducers are used to deter-
mine the small-strain compression stiffness, M, of the granular system by determining the velocity of mechanical waves
(“speed of sound”) through the tested samples. The transducers are generally used in pairs when one transducer oper-
ates as a transmitter and the other as a receiver. The transmitting transducer is generally embedded at one end of the
particulate sample and the receiving is, aligned with the transmitter, embedded at the other end. This allows to probe
the stiffness of the soil or particulate sample along a given stress path. The transmitting transducer transforms the input

 15222608, 2022, 3-4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gam

m
.202200011 by U

niversity O
f T

w
ente Finance D

epartm
ent, W

iley O
nline L

ibrary on [21/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 17 RUF et al.

F I G U R E 2 Schematic view of wave propagation measurement setup [55]

electric signal to an acoustic wave and sends it through the medium. The receiving transducer receives the propagated
mechanical sound wave and transforms it back to an electronical signal which can be acquired by the digitizer, compare
[27,43] for technical details on the transducers. Transducers are often incorporated in geomechanical and geophysical
laboratory testing equipment such as in triaxial or oedometers cells.

The P-wave velocity (VP) can be calculated from the travel time (tP), given the height (H) of the sample in the actual
configuration, VP = H∕tP. Knowing the elastic wave velocity (VP) and knowing the total bulk density (𝜌B) of the particulate
system, the longitudinal P-wave stiffness of the sample (M) is determined, M = 𝜌BV 2

P . In our investigations, the sample
consists of monodisperse rubber and glass particles leading to a bulk density 𝜌B = 𝜈𝜌r + (1 − 𝜈)𝜌g, where 𝜌r and 𝜌g are the
bulk densities for 100% of rubber and glass particles, respectively. The volume fraction of the rubber particles is denoted
with 𝜈.

3.2 𝛍XRCT system and oedometer cell

The experimental study was performed in an open, modular, and flexible lab-based μXRCT system with an intrinsic large
space allowing for the installation of a mechanical testing device required for in situ investigations. A detailed description
of the system can be found in [38]. The system presented in [38] was extended by the integration of a load frame for
mechanical in situ μXRCT investigations, compare Figure 3A. For this, a Zwick 1445 10 kN Universal Testing Machine
(UTM), refurbished from Doli Elektronik GmbH, Germany, and equipped with a modern EDC 222V controlling system,
is employed. In the UTM, two rotatory tables with high loading capacities (XHuber 1-Circle Goniometer 411-X3W2) are
integrated. The rotatory tables are prestressed with the controlled force Fstat. applied to the sample during the image
acquisition process. The X-ray source of the system is an open micro-focus tube with tungsten transmission target (FineTec
FORE 180.01C TT) from FineTec FineFocus Technology GmbH, Germany. For the image acquisition, a Dexela detector
1512NDT with GOS-based DRZ Standard scintillator option from PerkinElmer, Inc., Waltham, MA, USA is applied. To
perform ultrasonic through transmission measurements in situ, a low X-ray absorbing oedometer cell was designed and
manufactured in-house. Compared to a triaxial cell, only the vertical stress in the axial direction is controlled. In Figure 3,
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F I G U R E 3 Experimental in situ setup: (1) X-ray source, (2) X-ray flat panel detector, (3) universal testing machine with synchronized
rotary tables, (4) oedometer cell with integrated P-wave transducers containing monodisperse glass and rubber particles, and (5) square
wave/pulser receiver unit and PC oscilloscope for ultrasonic measurements

the oedometer cell installed in the μXRCT-system and loaded by the employed universal testing device is presented.
Further, the electrical devices for the ultrasonic testing corresponding to the schematic Figure 2 can be seen. A detailed
view of the oedometer cell design is provided in Figure 4. The oedometer cell consists of three components. The top (1)
and bottom (3) parts, both with integrated P-wave transducers, transfer the applied axial compression force Fstat. to the
sample and results in the axial stresses denoted as pressure pstat.. As transducers, a pair of 100 kHz P-wave broadband
piezoelectric transducers (Olympus-Panametrics Videoscan V1011) is employed, compare Section 3.1. For the coupling
of the transducers to the poly(methyl methacrylate) (PMMA) holders of the oedometer cell, an adequate couplant fluid
is used. On both sides, the wave travels through a 10 mm long PMMA distance, before and after the wave enters and
leaves the sample. The contact pressure pcont. in between the transducers and the PMMA holders can be adjusted by an
adjusting wheel. The sample is held in a rigid confining ring (2) made out of PMMA which prevents lateral displacement
of the investigated mixture. Between the PMMA ring and the top and bottom part is a small gap in the radial direction to
ensure that the emitted waves propagate through the sample. PMMA is used for the confining ring, as it has a very low
attenuation coefficient. The inner diameter D of the PMMA ring is 80 mm. The sample height H can be varied from 70 to
80 mm.

To capture the whole cell content (diameter 80 mm; height 80 mm), a geometric magnification Mgeo. = 1.36 was set
for all particulate systems. This leads to a field of view of 106.92 mm × 84.48 mm. Since we are not interested in small
features (bead diameter 4 mm) all projection images were acquired in 2 × 2 detector binning mode. This means, that the
detector’s full resolution of 1944× 1536 pixels with 74.8 μm pixel pitch and 14-bit pixel depth is reduced to 972× 768 pixels
with a pixel size of 149.6 μm. On one side, this significantly improves the signal-to-noise ratio (SNR), and on the other
side, the final tomogram data set size is reduced by factor 8. Both simplify the subsequent image processing significantly
without the loss of information required for the presented study. For all scans, an acceleration voltage of 110 kV with an
acceleration flux of 110 μA for the X-ray source were set. For all scans, 1440 equidistant projection angles were used in
combination with a detector exposure time of 1000 ms. Further, a detector bad pixel compensation as described in [38]
was employed using two different projection positions for each projection angle. The final tomogram stacks have a size of
972 × 972 × 768 voxels with the uniform voxel edge length of 110 μm. The 3D reconstruction of all scans was performed
with the software Octopus Reconstruction (Version 8.9.4-64 bit) [60] using the filtered back projection (FBP) method [19]

 15222608, 2022, 3-4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gam

m
.202200011 by U

niversity O
f T

w
ente Finance D

epartm
ent, W

iley O
nline L

ibrary on [21/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 17 RUF et al.

F I G U R E 4 Three-quarter section view of the low X-ray absorbing oedometer cell with integrated ultrasonic transducers for in situ
measurements

in combination with the FDK reconstruction algorithm [10]. To account for common artifacts in μXRCT imaging (ring
artifacts and beam hardening), different types of filters were used. Based on the tomograms, segmentation is performed
to distinguish between the rubber and glass beads and the remaining pore space. The segmentation workflow is described
in detail in Section 3.3.

3.3 Image analysis

Here, we present steps taken using the Dragonfly software version 2020.2 for Windows from Object Research Systems
(ORS, Montreal, QC, Canada) [34], for the segmentation and the subsequent quantification of mixture samples. An impor-
tant step before interpreting the data is to identify individual particles. To increase the quality of images and reduce
unwanted noise, one can apply different image filtering techniques before segmenting the phases, that is, separating dif-
ferent objects in an image. Here, a 3D-median smoothing function with a kernel size of seven was applied on image stacks.
Next, voxels of images were manually divided into three different regions of interest (air, rubber, and glass) which are used
as boundaries of objects. After segmenting samples into three separate regions (air, rubber, and glass), watershed trans-
form technique is employed on defined markers of individual particles to label every particle in the separated regimes
of rubber and glass. The watershed is a classical region-based algorithm that has its origins in mathematical morphol-
ogy [3,9,46,59] used for segmentation. Starting from user-defined markers, the watershed algorithm treats pixels values
as a local topography (elevation). The algorithm floods basins from the markers until basins attributed to different mark-
ers meet on watershed lines. In many cases, markers are chosen as local minima of the image, from which basins are
flooded.

Figure 5 shows a z-direction view of a layer of particles prepared at two rubber fractions, 𝜈 = 0.1 (left) and 0.5 (right),
under 800 N load in the oedometer cell. Light and dark gray pixels represent glass and rubber particles respectively in
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the first row. Second row shows the segmented pixels in the regions of interests (rubber (blue) and glass (red)) for which
deep learning was employed. Thanks to the watershed transform technique, particles of segmented regions are labeled
individually (third row).

3.4 Investigated particulate samples and measurement workflow

All investigated samples are made of monodisperse glass and rubber beads with 4 mm diameter. Further information on
the material characteristics for both, glass and rubber beads, can be found in [55]. Particles are poured carefully into the
oedometer cell described in Section 3.2. Samples are prepared at different rubber volume fractions, 𝜈 = vr∕vc, from 𝜈 = 0
to 1 in 0.1 increments, where vr is the volume possessed by the rubber particles and vc is the total volume of particles in the
oedometer cell. All mixtures are tested in the custom-made oedometer cell with the sample height (unloaded) and diame-
ter equal to 80 mm, compare Figures 3 and 4 ex situ without imaging. The prepared samples are uniaxially compressed in
the axial direction via the top piston of the oedometer cell in subsequent force increments from F = 200 to 1000 N. At each
instant step, the system was relaxed for some time at the defined force to overcome the creep behavior of soft particles.
Then, at each intermediate load step, a high voltage burst signal (P-wave) is excited from the top cap (the sound source)

F I G U R E 5 A top view of a xy-layer of particles for samples prepared with 𝜈 = 0.1 (left column) and 0.5 (right column). Top to bottom
shows the steps taken from a reconstructed raw image (first row) to segmented (second row), and labeled (third row). The 3D raw dataset for
𝜈 = 0.5, here presented with a single slice (“slice_xy_0322.tif”), can be found in [39]
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F I G U R E 6 In situ workflow summary

transducer and the bottom transducer collects the signal. To remove the influence of network configurations and user
errors on outputs, each experiment was repeated at least 3 times by mounting and dismounting particles into the cell. For
the calculation of the system stiffness besides the wave propagation time tP, the exact height H of the compressed pack-
ing is required. This is determined based on the loading protocol of the UTM. Since about 2 h are needed for one μXRCT
scan, only a subset of the possible combinations of the parameter space (rubber volume fraction 𝜈 and preload Fstat.) were
scanned in situ. μXRCT imaging was performed for a preload Fstat. = 400 N and Fstat. = 800 N in combination with rub-
ber volume fractions 𝜈 = {0.1, 0.2, 0.3, 0.4, 0.5, 0.6}. Otherwise, the procedure is identical to the previously performed ex
situ measurements. During the image acquisition, it is switched from force-control to displacement-control to avoid slight
movements of the particles due to relaxation processes. The selection is based on previous knowledge from comparable
experiments in a triaxial cell without μXRCT imaging [55] as well as the before performed ex situ measurements in the
oedometer cell. A summary of the applied in situ workflow is given in Figure 6.

4 RESULTS—INSIGHT INTO GRANULAR MEDIA

Measurement of ultrasound velocity VP provides complementary information about material properties, and combined
use of velocity and topological structure in seismic analysis provides greater insight into the granular packings. Here, we
first report the results on the bulk stiffness of granular mixtures with diverse rubber content obtained by the experimental
tests. Particular attention is devoted to the dependence of sound velocity on the applied load and soft-stiff composition of
samples, since this is an important controllable experimental parameter [21,26,55]. After that, X-ray images taken during
wave propagation are analysed to obtain micro-insights of packings.

4.1 Material characterization by ultrasonic measurements

Figure 7 shows the compressional modulus M determined for samples prepared with rubber fractions from 𝜈 = 0.1 to 0.6
at five different load steps acquired in situ. The underlying data of the mixture with 𝜈 = 0.5 (ultrasonic measurement data
as well as measured force and displacement data of the UTM) together with the recorded μXRCT dataset (reconstructed
data set, projection data set, and metadata) is for illustrative purposes available in [39]. M modulus shows high stiffness
for rubber content up to 𝜈 = 0.3 where the bulk behavior of samples is highly controlled by the stiff phase. Previous
experimental studies under triaxial stress conditions showed already that a small amount of soft particles enhances the
effective stiffness of the medium [55]. Thus, the effective stiffness of biphasic monodisperse granular mixtures consisting
of stiff and soft particles does not follow a simple mixture rule. The highest modulus is observed at 𝜈 ≈ 0.2. Thus, granular
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F I G U R E 7 (A) In situ measured P-wave modulus M against rubber fraction 𝜈. (B) P-wave modulus against uniaxial applied load from
F = 200 to 1000 N. The underlying measurement data for 𝜈 = 0.5 is provided in [39]. For the full range of mixtures (measurements performed
without imaging in a triaxial cell), see [56]

mixtures can be manipulated to obtain aggregates with even higher stiffness, but lighter and more dissipative thanks
to rubber, when appropriate external conditions are matched (in this case the pressure) [21]. Increasing the amount of
rubber particles, here 0.3 < 𝜈 < 0.6, reduces the effective stiffness where a phase transition from stiff to soft phase occurs.

4.2 Image characterization

Progress in the application of μXRCT imaging in the field of geomechanics allows all the individual particles of packings
in a test sample to be seen and identified uniquely in 3D. Combining such imaging capabilities with experiments carried
out “in situ” within an imaging setup (shown in Figure 3) has led to the possibility of directly observing the topology of
packings.
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Granular matter has a heterogeneous nature, this is expressed as force chains through the medium. These force
chains spread the forces through the contact with another particle [53,54]. This causes that neighboring particles could
have forces of different magnitudes and nonisotropic distributions of stress throughout the medium [2]. This hetero-
geneity is manifest of the fact that granular matter exhibits a strong configuration and history dependence. One of the
interesting outcomes of μXRCT imaging of particulate systems is its potential to depict contact networks which provide
micro-structural information.

A 3D view of labeled particles is shown in Figure 8A for a sample prepared with 𝜈 = 0.5; and the contact network of
the sample is illustrated in Figure 8B. Center of particles, marked with different colors, are connected with black lines.
The color code of the number of contacts follows as black (zero), magenta (one), blue (two), red (three), green (four),
yellow (five), orange (six), and white (above six). Next, to enhance micro-structural investigation, glass and rubber par-
ticles are separated as a result of labelling every particles for samples with volume fraction of 𝜈 = 0.1 (Figure 9) and 0.5
(Figure 10). Looking at glass (Figure 9A) and rubber (Figure 9B) networks of 𝜈 = 0.1, it is not surprising to see the scatter

F I G U R E 8 (A) 3D view of labeled particles for a sample prepared with 𝜈 = 0.5. (B) The network of contacts of the sample in which
different particles colors represent a number of contact each particle carries. Particles carrying zero, one, two, three, four, five, six, and above
six number of contacts are colored by black, magenta, blue, red, green, yellow, orange, and white, respectively.

F I G U R E 9 3D view of (A) glass and (B) rubber particles network for a sample prepared with rubber fraction 𝜈 = 0.1, respectively.
Particles center are marked with different colors based on their number of contacts and connected with black lines. Particles carrying zero,
one, two, three, four, five, six, and above six number of contacts to the same particle phase are colored by black, magenta, blue, red, green,
yellow, orange, and white, respectively.
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F I G U R E 10 3D view of (A) glass and (B) rubber particles network for a sample prepared with rubber fraction 𝜈 = 0.5, respectively.
Particles center are marked with different colors based on their number of contacts and connected with black lines. Particles carrying zero,
one, two, three, four, five, six, and above six number of contacts to the same particle phase are colored by black, magenta, blue, red, green,
yellow, orange, and white, respectively.

of rubbers among glass beads. These rubbers which do not carry number of contacts above three are called rattlers. Rat-
tlers do not transfer force between each other as their number of contact are not sufficient to form a chain of particles;
whereas, moving to a sample with higher rubber fraction 𝜈 = 0.5 (Figure 10), we do not see rattles neither in the glass
and nor in the rubber networks. This observation explains why M modulus remains fairly constant for samples with low
rubber volume fraction (𝜈 ≤ 0.3) in Figure 7 since their bulk behavior is controlled by stiff particles. But in case of inter-
mediate regime, 𝜈 between 0.4 and 0.6, forces are distributed among glass and rubber chains which leads to a smaller M
modulus.

5 DISCUSSION

As is almost always the case, no experimental investigation is perfect. The problems that arise must be critically questioned
with regard to their influence on the scientific question. The motivation for the presented study was given by investigations
of the same kinds of mixtures in a conventional triaxial cell with well-defined boundary conditions [55]. Since it is quite
more complicated to design and build such a cell that can be used in an μXRCT device, we went for an oedometer cell. As
the results in Figure 7 show, we can observe the same phenomenon. As a consequence, it is an admissible simplification
for the problem under investigation.

One common significant uncertainty and difficulty is associated with determining the exact wave propagation time
by ultrasonic measurements required to calculate the sample stiffness. Suggested criteria and recommendations vary
depending on the installation, application, and input signal. The most common methodology is to interpret the received
signal in the time domain. It is typical to consider the first peak at the receiver transducer as arrival time and the required
time difference minus the needed time in the other parts as the travel time of the signal within the packings [35] which
was consistently done within this study. However, in particular, for high rubber packings, choosing a peak is not easy since
the wave contains high-frequency tones raised from the cluster of rubber particles. Thus, a low-pass filter was applied to
remove unwanted noises. For high rubber volume fractions, this is nevertheless a difficult undertaking and not completely
objective. Although the same experimental protocol and measurement were applied, a user error is inevitable. To account
for this, ex situ measurements were repeated three times in the past and are consistent with the in situ acquired data
shown in Figure 7.

During the image acquisition period which takes up to 2 h, the piston control of the uniaxial machine was switched
from force-control to displacement-control. This was done to avoid slight movements of the particles due to creeping
processes caused by the (viscoelastic) rubber particles. As a result, a corresponding relaxation can be observed in the mea-
sured force. For instance, for a mixture ratio of 𝜈 = 0.5, the measured force (stress) decreased from 400 to 340 N (80 to 68
kPa) and from 800 to 696 N (159 to 138 kPa) which means a reduction of about 15% and 13%. However, this is only slightly
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critical with respect to particle movements at least in the range of resolution used. This can be confirmed by the final
quality of the 3D images as well as by comparing the in situ ultrasonic measurement results with the before performed
ex situ measurements. Consequently, the relatively long μXRCT scan time has no significant influence on the imaging.
In the shown concept, the static preload Fstat. is applied using a load frame, here a modified traditional universal testing
machine. Consequently, two rotary tables must be used to rotate the prestressed sample. While this concept generally
offers extremely great flexibility (uniaxial tension/compression and torsion) compared to specially designed load cells
with integrated actuators, compare [5,49] and the literature cited therein, it also presents some difficulties. The major
problem is the accurate alignment of the two rotatory tables in the micrometer range. Each eccentricity error leads either
to an undefined stress state and/or to bad image quality due to potential movement errors in soft samples since the error
is multiplied with the set geometric magnification (Mgeo.). However, because an extremely low geometric magnification
is applied here (Mgeo. = 1.36) and, in addition, the individual particles are comparatively large with a diameter of 4 mm,
this influence is to be classified as minor on the underlying scientific question. Although it is slightly present in the sam-
ples with a very low rubber fraction. To get completely rid of this error source the alignment of the rotary tables should be
further improved which is technically challenging or alternatively, a load cell with integrated actuator could be employed.
However, the latter leads to a significantly more complicated and expensive cell design. Therefore, this approach was
intentionally not chosen. Common artifacts in μXRCT imaging (e.g., noise, ring artifacts, system alignment errors, and
beam hardening) could be reduced to a minimum by the combined usage of hardware precautions and software-based
corrections. In general, it is advantageous to use relatively large particles as in our approach, as this significantly reduces
many potential sources of error.

Segmentation of μXRCT data is certainly the most critical step before quantitative analyses. Due to the good quality
of the raw datasets (justifying the scanning time of 2 h), and the fact that only three high-contrast phases (air, glass, and
rubber) had to be segmented, this could be accomplished with a straight forward traditional workflow. Since the exact
composition of each mixture is known (total particle volume and number of particles), the segmentation and subsequent
separation of the single particles could be validated quite easily on a global level. The exact deformation of the individual
particles is not of interest for the presented study. Consequently, the image processing and the quantification can be
judged as very reliable.

In the result part, just some selected 3D visualization of two datasets were shown. Further analysis of the 3D data
has to be performed to get more information out of it and to finally link back to the observable effects on the macroscale.
Since the general methodology of the experiments was the focus of this work, this was deliberately not presented
here.

It can be concluded that the presented in situ setup in combination with the applied workflow is adequate to get
a more comprehensive understanding of particulate systems as presented in this contribution. Further, it demonstrates
that an investigation of such kinds of questions are accessible with a laboratory-based μXRCT system if some boundary
conditions are fulfilled, for example, an intrinsic large space within the system.

6 SUMMARY

Understanding the response of granular-based systems in applications requires a detailed grasp of the connection between
the basic ingredients (particles) and the macroscale properties of the systems considered. These are complex systems and
an understanding of the overall behavior cannot be gained by studying individual particles. While significant progress has
been made during the last decades on understanding relevant physical mechanisms, there are still many open questions,
starting from the physics of particle interactions to general features of multiscale models that will bridge the different spa-
tial and temporal scales of interest. The purpose of this contribution was to describe an in situ characterization approach
for the combination of traditional experimental techniques with 3D imaging in order to explore a micro-macro relation
of granular assemblies.

The given work started initially with a short overview about attenuation-based μXRCT imaging in Section 2. Based on
this, a detailed explanation of how μXRCT and wave propagation measuring technique are combined was demonstrated
in Section 3. For this, a low X-ray absorbing oedometer cell with integrated P-wave transducers was designed and built.
The cell was integrated into a modular μXRCT-system which was extended by a load frame using a refurbished universal
testing machine. This approach enables applying in a flexible manner different kinds of load cases needed for advanced
mechanical in situ investigations. A typical approach to segment different material phases of the 3D tomograms was
explained step-by-step. The sample material chosen for the study is a composition of monodisperse granular particles,
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glass, and rubber beads; not only because of the ubiquity of granular materials but also because it is a paradigm for complex
disordered media and the unique characteristics exhibited by various physical phenomena associated with mechanical
waves in it (dispersion, scattering attenuation, intrinsic attenuation, diffusion, weak localization, energy transfer across
different frequencies, etc.).

In Section 4, the effect of rubber volume content variation of the studied glass-rubber mixtures on the compressive
elastic modulus (P-wave modulus) by means of wave propagation at different uniaxial preload levels was shown. It was
demonstrated that the modulus of the mixtures can be increased by adding low portions of soft particles since it is domi-
nated by stiff particles. Adding more soft particles into assemblies led to a transition from stiff to soft dominated regime
where bulk behavior of samples is mainly controlled by soft phase. The macro behavior of such granular samples can
hardly be described without micro information. To gain more insights, μXRCT imaging was performed in situ for two
of the five examined preloads. Analyzing images helped to understand the transition mechanism from stiff to soft con-
trolled regime by separating glass and rubber networks. It was found that due to the isolation of rubber particles, rattlers,
the samples were dominated by glass grains. Whereas, a sample with 50% of rubber and glass has distributed number of
contacts, fairly, among themselves.

The combination of experimental material characterization and image characterization techniques is a complex pro-
cedure that was explained carefully in this article. However, it could be demonstrated what incredible potential it has. In
particular, since many problems from the field of mechanics are accessible in laboratory-based μXRCT systems.
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