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Fabric Investigation of Natural Sensitive Clay
from 3D Nano- and Microtomography Data

Georgios Birmpilis, Ph.D."; Amir Saeid Mohammadi, Ph.D.2; Julie Villanova, Ph.D.3,;
Elodie Boller*; Edward Ando, Ph.D.%; and Jelke Dijkstra®

Abstract: The three-dimensional (3D) fabric in natural sensitive clay is quantified from a combination of high resolution nano and micro-
tomographies, scanning electron microscopy, and dynamic light scattering. Although the speckle arising from clay particles and the pores they
enclose is discerned in the nanotomography data and compare well with scanning electron microscopy (SEM) images on the same clay, the
individual platelet-shaped clay particles cannot be segmented for subsequent quantitative analysis. Regardless, a very wide range of particle
sizes—0.1-300 pm—was detected using the current state-of-the-art in imaging and postprocessing. The measured aspect ratios range was
2.5 £ 1; hence, the particles identified were not clay platelets but, rather, mechanically weathered particles embedded in the clay matrix.
Furthermore, the smaller particle sizes <80 pum presented a consistent 22-23° deviation in orientation from the horizontal plane, whereas
the larger fractions had a horizontal orientation. The latter finding agrees well with prior findings on the inclination of the clay minerals
using small angle X-ray scattering. Finally, the measured mean particle size of 450 nm determined from the nano data is corroborated by
an independent determination of particle sizes using dynamic light scattering. DOI: 10.1061/(ASCE)EM.1943-7889.0002044. This work is
made available under the terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.

Author keywords: X-ray computed tomography; Natural sensitive clay; Fabric; Image processing.

Introduction

The emerging hydromechanical response of natural clays at an en-
gineering scale (macro) is governed at the materials science scale
(micro); that is, the microstructural effects arising from the particle
assembly and interparticle interactions within the clay lead to a
complex hydromechanical response observed at the engineering
scale. Burland (1990) denoted the microstructural effects that are
observed in a wide range of soils as the structure of soils: a combi-
nation of fabric and the (apparent) bonding between the particles
(Leroueil and Vaughan 1990). In the following, the bonding is
interpreted as the nonfrictional interparticle forces in the clay
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(Santamarina 2003), whereas the fabric describes the distribution
of the directional data, e.g., orientation of clay particles, void space,
and/or contacts (Ken-Ichi 1984). Methods from materials science,
such as scanning and transmission electron microscopy (SEM/TEM),
mercury intrusion porosimetry (MIP), and wide or small angle
X-ray or neutron scattering (W/SAXS, SANS) (e.g., Glatter and
Kratky 1982; Toer and Reimer 1998; Giesche 2006) have been in-
troduced in geomechanics to further probe clays at microscale de-
spite their inherent limitations for use in fine-grained materials (Yao
and Liu 2012; Deirieh et al. 2018). The ultimate aim is to link the
micro and macro response (e.g., Pusch 1970; Delage and Lefebvre
1984; Djéran-Maigre et al. 1998; Hicher et al. 2000; Ringdal et al.
2010; Delage 2010; Hattab and Fleureau 2011; Hattab et al. 2013;
Suuronen et al. 2014; Wensrich et al. 2018; Birmpilis et al. 2019;
Cotecchia et al. 2019; Delage and Tessier 2021; Abed and Sotowski
2020; Schuck et al. 2020; Dor et al. 2020; Zhao et al. 2020).
Regardless of the experimental method, either a bulk response
of the complete sample volume (MIP, W/SAXS, SANS), a two-
dimensional (2D) map of the integrated response along the trans-
mitted X-ray/electron beam (scanning W/SAXS and TEM), or a 2D
surface profile (with a certain depth of view) is obtained (SEM).
Therefore, none of the methods are truly three-dimensional (3D),
which hampers the characterization of the complex spatially organ-
ized dense systems of polydisperse particles that are present in
natural clays.

X-ray computed tomography (XCT) overcomes the aforemen-
tioned limitations because it obtains 3D image data of the sample
under test and is already used for characterization and process mon-
itoring of fine-grained geomaterials, such as clay and clayrock
(e.g., Viggiani et al. 2004; Hemes et al. 2015; Wang et al. 2017;
Stavropoulou et al. 2020). In these studies, spatial heterogeneities
from features that are substantially larger than the particle size of
individual clay platelets were investigated, such as the character-
istics of macro pores, crack formation, or continuum scale defor-
mations devised from an evolving (natural) speckle pattern during a
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mechanical test. Submicron spatial resolution is required for the
study of fine-grained soils, such as natural clays for which the larg-
est dimension is on the order of O(um) (Mitchell and Soga 2005).
Recently, synchrotron-based imaging instruments, including at the
beam lines ID16 and ID19 of the European Synchrotron (ESRF)
(Martinez-Criado et al. 2016; Boller et al. 2017) used in this study,
have started to attain the required submicron spatial resolutions.
Furthermore, the favorable attributes of a synchrotron X-ray source
allow the exploitation of phase contrast mechanisms (i.e., Cloetens
et al. 1999; Paganin et al. 2002), which is essential for imaging natural
clays that generally have poor absorption contrast (Birmpilis 2020).

The importance of the fabric on the emerging mechanical re-
sponse of geomaterials is undisputed. Experimental quantification
of fabric started with 2D plane stress experiments on photoelastic
discs (Oda and Konishi 1974) and have since progressed to the
study of more complex assemblies of (natural) granular materials
using laboratory- or synchrotron-based XCT (Imseeh et al. 2018;
Rorato et al. 2020; Wiebicke et al. 2020; Zhao et al. 2021). For the
latter, directional measurements of fabric are based on geometrical
features extracted from the 2D and/or 3D image data. Alternatively,
the output from discrete element modeling has been used in the
absence of experimental data (e.g., Yimsiri and Soga 2010; Zhao
and Guo 2013; Kuhn et al. 2015). In coarse grained materials, the
orientation of contact normal vectors, void vectors, and branch vec-
tors or simply the orientation of the primary axis of the particle
(e.g., Bathurst and Rothenburg 1990; Fonseca et al. 2013; Kuhn
et al. 2015) are all used as input for the fabric tensor in contem-
porary continuum models for coarse grained materials (Wang
et al. 2020). In contrast, for clay samples, the particle orientations
are most often extracted as a measure for fabric from microscopy
data (e.g., Cotecchia et al. 2019; Zhao et al. 2020), W/SAXS
(Birmpilis et al. 2019), or SANS (Wensrich et al. 2018). However,
the continuum models starting from the fabric measured experi-
mentally at the particle scale are still in their infancy.

In this work, the 3D fabric, that is, the particle directions for
different size fractions, is quantified experimentally from unprec-
edented high resolution nano- and microtomography data on undis-
turbed samples of a natural sensitive clay from Sweden.

Measurement Methods

ISP Method

The integral suspension pressure (ISP) method (Durner et al. 2017)
was utilized to obtain the distribution of the mass fractions of the
natural clay tested. ISP is a column sedimentation method in which
Stokes’ law is applied to determine particle sizes related to the mea-
sured temporal change of the suspension pressure that results from
the reduction of the particle concentration during sedimentation at a
specific depth. The sample was prepared for the determination of
the particle size distribution by wet sieving and the sedimentation
method according to SS-ISO 11277:2020. Amendments in the
procedure were made based on the recommendations for the use
of the PARIO soil particle analyzer (METER Group, Pullman,
Washington) (Gee and Or 2002). In particular, all particles <2 mm
were removed prior to the treatment of the sample by sieving. After
the organic content was measured to be 4% [loss on ignition:
SS-EN 15935:2012 (SIS 2012)], the sample was treated for or-
ganic matter destruction [SS-ISO 11277:2020 (SIS 2020)]. Soluble
salts were removed through washing by centrifuge drainage for
15 min at a relative centrifugal force (RCF) of 400 g [SS-ISO
11277:2020 (SIS 2020)] until the measured electrical conductivity
was 2.1 mSm~! (far below the limit of 40 mSm~"). For chemical
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dispersion, sodium hexametaphospate was used following Gee
and Or (2002), and physical dispersion was achieved by using
an horizontal orbital shaking table at 125 min~' overnight. The
sedimentation measurement lasted 12 h, and the suspension was
subsequently sieved using the wet sieving method to obtain the data
for the larger fractions in the range of 63 um < dypicte < 2 mm,
directly after the measurement [SS-ISO 11277:2020 (SIS 2020)].

Dynamic Light Scattering

Dynamic light scattering (DLS) [ISO 22412:2017 (ISO 2017)] is
commonly applied for the particle size analysis of nanoparticles. DLS
is based on characterizing the Brownian motion of dispersed particles
in a solvent. The magnitude of the motion is linked to the particle size,
for which large particles move less than smaller particles. A mono-
chromatic laser source incident on the sample is scattered by the par-
ticles in suspension, and the light intensity emergent from the sample
at a specific angle is recorded over time. Subsequently, the intensity
fluctuations of the signal, which resulted from the Brownian motion
of the suspended particles, are used to correlate the size distribution
from this periodic signal. An analytic overview of the method and its
applications is presented in Stetefeld et al. (2016). The measurements
were conducted using an Anton Paar Litesizer 500 (Anton Paar
GmbH, Graz, Austria) particle size analyzer.

The samples were obtained from the supernatant of the sedimen-
tation process. One sample was diluted to 0.01% w/v (g of soil per
ml of the solution), and another sample was filtered first using a
2.5-pum filter. Both samples were sonicated for 15 min prior to the
measurement to prevent aggregation of the particles.

Scanning Electron Microscopy

SEM is a well-established method for imaging the microstructure in
(natural) clays. The morphological topography of a sample is quan-
tified by scanning the surface with a focused electron beam. The
SEM images were obtained using a FEI Quanta 200 FEG SEM at
the Chalmers Materials Analysis Laboratory (CMAL). Thin slices
of the clay sample (I mm) were obtained by wire cutting and sub-
sequently freeze-dried prior to the measurement. The samples were
frozen at —20°C for 48 h. Thereafter, they were gradually dried
under vacuum at room temperature for 12 h. Doing so preserves
the structure of the clay sample when mounted in the vacuum cham-
ber of the SEM instrument. After freeze drying, additional fractures
were made to reveal the internal surfaces parallel to the consolidation
direction of the clay deposit (vertical), that were unaffected from the
wire cutting of the test specimen. These opened fractures were se-
lected for subsequent SEM scanning. The measurements were ac-
quired in high vacuum mode to achieve the highest resolution.
For imaging with the back-scatter detector, a 15-kV beam was used.

Microtomography

X-ray computed tomography (XCT) is a noninvasive 3D imaging
technique based on the acquisition and reconstruction of a series of
2D radiographic projections taken of a sample at different rotation
angles. Measurements were made at the ID19 microtomography
beamline at ESRF (Boller et al. 2017). High resolution scans re-
quired a smaller and high intensity beam of 93 keV. The camera
carousel equipped with two PCO edge scientific CMOS cameras,
and multiple objectives allowed selection among different optical
magnifications (1X, 5X, and 20X), resulting in the following pixel
sizes: 6.5, 1.3, and 0.3 pm. The scans at the lowest magnification
used a 68-keV beam, and 2,000 projections were collected for each
scan. In contrast, for the highest magnification, a 93-keV beam
and 2,000 projections were used. To be noted is that for all
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Fig. 1. Schematic overview of analysis of image data.

magnifications, the field of view (FoV) was smaller than the actual
sample size, hence only covering a central subvolume within the
clay sample.

The 10-mm diameter and 20-mm tall cylindrical sample was
cored from a larger STII sample tube retrieved from the Utby test
site in Sweden. The sample was mounted in the XCLAY miniature
triaxial apparatus (Birmpilis 2020) to control the stresses, avoid
loss of water, and monitor the porewater pressures during the scan.
In all cases, the 3D data are reconstructed from the projections
using parallel filtered back-projection with Paganin phase retrieval
with a ¢/ ratio of 500 (Paganin et al. 2002) using the ESRF
reconstruction software PyHST2 (Mirone et al. 2014). This
reconstruction technique retrieves phase contrast from the data us-
ing a fixed sample-detector position at the expense of a small loss in
image sharpness.

Nanotomography

Although the ID19 microtomography beamline offers already
impressive imaging capabilities, higher spatial resolutions are re-
quired to capture the smallest features in the clay. Therefore, the
nanoscale imaging instrument at the ID16B beam line (Martinez-
Criado et al. 2016) of ESRF was used to capture the nano features
in the natural clay sample. This instrument requires miniature sam-
ples; hence, the natural clay was sampled into glass capillaries with
300-pm diameter and 10-pm wall thickness that were sealed at both
ends with grease paste. In such a way, the clay sample maintained
constant water content during the scan. The magnified phase con-
trast imaging technique used at ID16B is in-line holotomography
(Cloetens et al. 1999), through which each nanotomographic scan
consists of four tomographies taken at different sample-detector
distances. The measurements were performed using a beam with
an energy of 29.6 keV. For each scan, 3,009 projections with a pixel
size of 25 nm and a FoV of 64 x 54 um were recorded over 360°
using a PCO edge 5.5 scientific CMOS camera with an acquisition
time of 400 ms per projection. The 3D volumes were obtained after
a two-step data processing procedure. First, the phase retrieval cal-
culation was done using an in-house developed Octave script
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(Cloetens et al. 1999) with an iterative calculation based on a
Paganin-like approach (Paganin et al. 2002) and 6/ of 190, where
6 = refractive-index increment and § = absorption index. In the
second step, the reconstruction was performed using a filtered back
projection with the ESRF reconstruction software PyHST2 (Mirone
et al. 2014).

Analyses of Image Data

The product of the acquisition and reconstruction from the nano
and microtomographies, as described in the previous subsections,
are 3D images (stacks of 2D images) representing a scalar “CT-
value” as a rescaled greyscale quantity, approximately proportional
to the local X-ray attenuation. The software used to process the data
was the open-source code Fiji (ImageJ) (Schindelin et al. 2012) and
Python-based scripts for further image analysis, as elaborated in the
following subsections. A specific processing workflow outlined in
Fig. 1 was followed to statistically quantify the structural compo-
nents that could be distinguished in the 3D tomographies. First, the
greyscale images were numerically rescaled and converted into
8-bit 3D arrays. Although the original image size is presented for
qualitative interpretation, a subset of the original data with dimen-
sions 1,000 x 1,000 x 1,000 pixels was cropped from each image
for the quantitative analysis to reduce the computational expense
when producing statistically meaningful results.

Image Preprocessing

After cropping the image volume, the initial preprocessing com-
prised of filtering greyscale images to reduce the noise levels
and mitigate, to some extent, the artifacts from reconstruction.
Two image filters were selected interactively depending on their
effectiveness with noise reduction for each data set; that is, either
a Gaussian Blur filter or a bilateral filter was used. The selection
was assessed visually. The Gaussian blur filter is a convolution fil-
ter for smoothing and has the significant advantage that the filter
template is weighted toward the center of the filtered volume.
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(@)

Fig. 2. Effective noise reduction filtering in image (b), in comparison to the original image (a).

An example of the effectiveness of the Gaussian blur filter is in-
dicated in Fig. 2. The bilateral filter is another nonlinear filter for
which the intensity magnitude of a pixel is based on the weighted
average of the intensities in the neighboring pixels. The bilateral
filter yields smooth image data for further processing and preserves
the edges of the particles.

However, to be noted is that filtering was not sufficiently effec-
tive to improve the signal-to-noise ratio and remove beam harden-
ing artifacts in the microtomography scan at a 20X magnification
with a 0.3-um pixel size. Therefore, the 20X data are only consid-
ered in the qualitative analysis.

Segmentation

Image segmentation was used to identify groups of objects and ob-
tain their geometrical properties. The first step in the segmentation
procedure is the binarization—the transformation of the greyscale
image to a black and white binary image—for which intensity lev-
els lower and higher than a certain threshold value are respectively
set to black (0) or white (1) (Fig. 3). In the present research, the
threshold value is manually picked for each data set when inspect-
ing the resulting binarized image stack.

The watershed algorithm is a classical method for image seg-
mentation and the creation of unique labels for each individual
grain. Consequently, geometrical properties, such as volume,
shape, and particle size, as well as the definition of the particle
orientation (linked to a reference system) can be quantified for
further statistical analyses. In this workflow, the SimpleITK
library (Beare et al. 2018) called from the Software for the Prac-
tical Analysis of Material -spam- toolkit version 0.5 (Stamati
et al. 2020) was used for the image segmentation and subsequent
labeling. Furthermore, before further analyses, the labeled im-
ages were corrected for oversegmentation to prevent the overesti-
mation of local maxima in a single grain that typically leads to
multiple labels in very large grains. This oversegmentation algo-
rithm detects overly long contacts and merges the labels that
share those contacts. In addition, the labels that crossed the boun-
daries of the image were removed because of their complete
geometry and, hence, the associated statistics are unknown.
Finally, in the last step, a screening filter removed all labels with
(particle) volume <200 pixels because those small particles are
sensitive to segmentation artifacts that skew the subsequent
analyses. The final result after all image processing steps is
presented in Fig. 4 for a slice from the nanotomography.

Fig. 3. Binary image (b) after thresholding the original greyscale image (a).
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Fig. 4. Labelled image (b) of the original greyscale image (a). All labels crossing boundaries of the image falling below 200 pixels volume were

removed.

Fabric Extraction

The metrics used to characterize the fabric from the labeled data
were as follows: (1) particle size, (2) particle shape, and (3) par-
ticle orientation. An approximate indication of the particle size is
given by computing the “equivalent radius,” that is, the radius of
the sphere with the same volume as the identified particle. Fur-
thermore, the half-axes (a, b, ¢) of the equivalent ellipsoid corre-
sponding to the particle’s moment of inertia were calculated.
Although the equivalent radius was used to plot the particle size
distribution of the segmented particles, the elliptical geometry
was used to determine the aspect ratio of the particles, defined

Points
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1,0 o* 15
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[o,q,

1807 0°180

(0,0, 1]

[ ]
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15°
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@0

as the ratio of the major and the minor half-axes. The first eigen-
vector of the moment of inertia is the vector perpendicular to the
plane of the maximum moment of inertia and was chosen as the
measure for the distribution of the particle orientations. The plot-
ting of 3D orientations uses the Lambert azimuthal equal area pro-
jection (Fig. 5) for which an isotropic distribution of angles is
projected as equally filling the projected space. This is presented
both by plotting the individual points and the binned orientations
in a contour plot, as observed in Fig. 5. The advantages of the
Lambert projection for particle orientation were presented by
Wiebicke et al. (2020).

1.0

270°

0.0

Fig. 5. Elaboration of Lambert projection. Unit vectors are plotted as points or bins, respectively.
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with a 2.5-pm filter. The results are indicated in Figs. 7(a and b).
Three traces are presented—intensity, volume, and number
weighted—that each represents a different frequency distribution
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é correlated from the scattering data.

2 Clearly, a large number of nano particles with a peak at 170 nm

% 05 silt sand was detected [Fig. 7(a)]. The larger particles that are prominently

204 revealed in the volume and intensity weighted results of the unfil-

Lé 03 tered sample indicate that only a few large particles skew the cor-

3 02 relation. After filtering with the 2.5-um filter, the results indicate a
0.1 consistent interpretation with all three correlations leading to a peak
0.0 that agrees well, resulting in a hydrodynamic diameter of 450 nm

20 63 200 2000 [Fig. 7(b)].

Particle diameter (um)

Fig. 6. Particle size distribution of Utby clay (6-m depth) from ISP
method. The grey band corresponds to uncertainties of method at small
particle sizes.

Results

Basic Characterization Using ISP Method and DLS

The particle size distribution of the natural sensitive clay sampled
from a 6-m depth at the Utby test site in Sweden, determined using
the ISP method, is indicated in Fig. 6. The mass percentage of clay-
sized particles, defined as particles with a size smaller than 2 pm is
nearly 60%, with an additional 35% of the particle sizes falling
within the silt fraction and a remaining 5% of larger sand grains.
This initial characterization by size is in line with the classification
based on the plasticity index (w, = 18%—-42%) and liquid limit
(w, = 52%—63%) found for samples from this test site in the same
depth range (Karlsson et al. 2016). In these sensitive clays, the
natural water content is also higher than the liquid limit at
wy = 69%-81%, leading to a clay classification that falls close
to the A-line in the plasticity chart. Thus, depending on the amount
of silt in the particular sample, the material is either classified as
high plasticity clay CH or high plasticity silt MH following BS
5930:2015.

The clay fraction that did not fully sediment in the ISP test—the
supernatant—is studied further using DLS. As described in the
methods section, two samples were tested—a direct measurement
after diluting the sample and the supernatant that is first filtered

25

Intensity weighted

Volume weighted
20 A

Number weighted

154

10 A

Relative frequency (%)

0

1072 10°1 100 10!

(a) Particle size (um)

Qualitative Interpretation of the Image Data

Representative slices from the reconstructed nano- and microto-
mography scans on the clay in its natural saturated state are indi-
cated in Fig. 8 (micro) and Fig. 9 (nano), respectively. Fig. 8
indicates the middle slice at three different magnifications for the
same sample, that is, leading to a scale of 6.5, 1.3, and 0.3 pm per
pixel in each image. The nanoscan in Fig. 9 presents the data for a
different sample (from the same site and depth) at 25 nm per pixel.
All slices correspond to the horizontal cross section with the out-of-
plane direction of the vertical axis (gravity vector) in which the
samples are originally deposited and consolidated.

What stands out in all slices of Fig. 8 is the natural speckle aris-
ing from the high number of larger, more angular particles em-
bedded in the clay matrix (high image intensities) regardless of
magnification. Given that those particles appear at all magnifica-
tions, and the natural clay geologically is postglacial, the size range
of these particles appears to be large. The fact that these particles
are easily discerned in the tomography data leads to the interpre-
tation that these are solid silt grains, sometimes denoted as “rock
flour” when the diameter falls to less than 2 ym (e.g., Brand and
Brenner 1981), and not agglomerations of clay platelets that have
intra and interparticle water (Mitchell and Soga 2005). Substan-
tially more particles are discerned in the nanotomography data in-
dicated in Fig. 9(a), and still further quantification is required to
determine whether these particles fall in the 450 nm size range,
as determined from DLS. Furthermore, the close-up presented
in Fig. 9(b) indicates an underlying clay structure connecting the
particles on the threshold of detection.

121 Intensity weighted
Volume weighted
3 101 Number weighted
T 8-
C
()
>
g o
o
S 4
©
Ko}
4
2 -
0
1072 1071 100 10!
(b) Particle size (um)

Fig. 7. Results from dynamic light scattering on supernatant from sedimentation test on Utby clay from 6-m depth. Results from unfiltered and

filtered (2.5-um filter) diluted supernatant samples are presented.
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Fig. 8. Reconstructed horizontal cross section from microtomography scan at three different magnifications on single sample of Utby clay. The
superimposed circle denotes location of subsequent scan at higher magnification. The high-resolution scan has local contrast enhancing filter applied.

Fig. 9. Reconstructed horizontal cross section from nanotomography scan on Utby clay with original size and image contrast and zoom of
10 x 10 pm area with enhanced local contrast to showcase structure arising from clay particles.

The pore space visible in Fig. 8 by the black spots with low
intensity is most probably linked to the macropore structure of
natural sensitive clays (e.g., Delage 2010). Only the nanoscale
data appears to indicate a (clay) particle assembly comprised
of small and larger particles that form the pore space. Although
the speckle representing the clay platelets can be discerned in the
data, individual clay platelets are not identified. The average
intensity in these speckled grey clay areas found throughout
the image is higher than that of the pore space, thus indicating
that smaller particles are in the system that are only partially
resolved.

SEM imaging was utilized to verify the information on the par-
ticle shapes and dimensions as well as the expected emerging fab-
ric. Fig. 10 presents the SEM images at three magnifications of
Utby clay (from the same site and depth as the other samples).
Larger angular particles are dispersed in a matrix of smaller
fine-grained particles that range from submillimeter to submicron
in size. Generally, the tomography data presents a 3D view of the
microstructure discerned in the 2D SEM data (Fig. 10), although in
saturated undisturbed conditions, enabling the monitoring of
changes in microstructure.

© ASCE
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Quantitative Interpretation of Tomography Data

The spatial resolution of the imaging instrument is not equal to the
resolution of the detector used because it also depends on the other
components in the acquisition (e.g., scintillator, optics) and the im-
age processing chain. Hence, in the following, the highest spatial
resolution achieved in this series of experiments is empirically de-
termined to be around 200 nm because that is the smallest particle
size that could be reliably identified from the nanotomography data
using the image processing techniques discussed herein. First, the
results are presented for each magnification level for which the im-
age processing workflow led to reliably labeled images—low and
mid resolution microtomography data and the nanotomography
data—that are respectively presented in Figs. 11-13. Each figure
presents the cumulative frequency distribution of the number of
particles of a certain size; therefore, it is not directly comparable
with a typical PSD determined by mass. Furthermore, this relative
measure is bounded by the number and size of the particles detected
in the subvolume. The particles not detected at a low magnification
might be picked up at the next magnification level. The second plot
in each figure provides the Lambert projection of the orientation of
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(b)

Fig. 10. SEM images of freeze-dried Utby clay (6-m depth) at three magnifications: (a) 422X: low magnification; (b) 1463X: mid magnification; and

(c) 9025X: high magnification.
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Fig. 11. Frequency distribution and 3D orientation map as determined from segmented and labeled low resolution image data (6.5 pm pixel size,

smallest segmented particle has equivalent diameter of ca. 50 pm).

the first eigenvector of each labeled particle and a binned version,
as elaborated in Fig. 5.

Starting with the low resolution microtomography data in
Fig. 11, the particles with a size range in the silt fraction are uni-
formly distributed [Fig. 11(a)] with a primarily vertically aligned
eigenvector that represents horizontal particle orientations for all
particles [Fig. 11(b)]. These larger particles are dispersed in the
clay matrix with an orientation commensurate with a horizontally
layered deposition and a subsequent vertical consolidation history.

The trend observed in the low resolution data is largely repeated
for the processed data from the microtomography at the middle res-
olution with 1.3 pm per pixel. The particle sizes labeled within this
data ranges between 10 and 80 pm, that is, almost the complete
span for the silt range [Fig. 12(a)]. A closer look at the particle
orientations plotted in Fig. 12(b) reveals that, although mainly hori-
zontally aligned compared with the larger grains in Fig. 11(b), a
distinct number of grains are orientated at an angle from the
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horizontal plane. A visual inspection of the raw data suggests that
a local patch of neighboring particles is equally aligned. The origin
of this alignment is unclear because it could be both of geological
origin or induced by the stress history from (sub)sampling in the
testing procedure.

The nanotomography data offer a substantial improvement on
the other image data in terms of spatial resolution. Fig. 13(a) in-
dicates that particles as small as 200 nm are detected. The upper
band of the size range quantified is 3 gm. Thus, in a traditional size-
based characterization, all particles in the labeled set fall within the
clay fraction. Furthermore, the mean size at 50% particles passing
in Fig. 13(a) coincides with the DLS data at 450 nm. This finding
confirms the accuracy of the segmentation and imaging method and
questions the ability of the DLS method to pick up on the size of clay
platelets with a high aspect ratio. In contrast, the particle orientations
have more bias in a single direction around 20° [Fig. 13(b)], which
was also observed in the mid resolution data in Fig. 12(b). The small
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Fig. 12. Frequency distribution and 3D orientation map as determined from segmented and labeled middle resolution image data (1.3 pm pixel size,
smallest segmented particle has equivalent diameter of ca. 10 pum).
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Fig. 13. Frequency distribution and 3D orientation map as determined from segmented and labeled nano image data (25 nm pixel size, smallest
segmented particle has equivalent diameter of ca. 200 nm).

particle sizes appear to be much less affected by the consolidation particles, and clay platelets. The estimated particle fraction by
process that otherwise leads to horizontally particle alignments in the volume of the segmented particles (calculated by dividing the
larger size fractions. sum of the volume of the segmented particles by the total volume

of the segmented image) is 1.42% for the low resolution microto-
mography and 3.94% for the mid resolution. In the best case—the
nano data—only 8% of the volume is characterized, which demon-

Discussion

Across magnification levels, image segmentation loses a substantial strates the challenge of imaging clays in their natural saturated state
number of unidentifiable particles: partial particles, smaller silt for subsequent quantification.
© ASCE 04021151-9 J. Eng. Mech.
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Fig. 14. Detected particle sizes per measurement volume and particle aspect ratio as function of equivalent particle size. For the latter, error bars
correspond to standard deviation, and upper bin size is used for plotting on horizontal axis.

Fig. 14(a) presents a more detailed view of the fraction of de-
tected particles per um?. A log-log trend of the number of particles
as a function of particle size is observed throughout the scales for
this natural clay. Furthermore, the consistency in the method for the
microtomography data at different magnifications on the same sam-
ple is also demonstrated by the close correspondence between the
results when they overlap.

30
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25
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Fig. 15. Mean angle of principal particle orientation for three labeled
volumes. Angle represents deviation from horizontal direction. Values
for clay particle orientations from SAXS are included for reference.
(Data from Birmpilis et al. 2019.)
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The type of particles identified across all scales is investigated
further by plotting the aspect ratio of the 3D particle shapes as a
function of the equivalent particle diameter in Fig. 14(b). In this
figure, the mean and standard deviation of the aspect ratio is calcu-
lated for three equally sized bins of each data set [based on the
frequency distribution reported in Figs. 11(a), 12(a), and 13(a)].
The bin ranges were selected such that three bins of near equal
number of particles are created: 47-50, 50-54, and 54-300 pm for
low resolution microtomography; 5-12, 12-16, and 16-75 um
for mid resolution microtomography; and 0-1, 1-2, and 2-52 pm
for nanotomography.

The results of the aspect ratio summarized in Fig. 14(b) indicate
that the aspect ratio is 2.5 % 1 for the size ranges considered in the
statistics, that is, 1-300 pm bins. Therefore, the particles identified
are not clay platelets, illite or otherwise, that were reported to have
aspect ratios larger than 20 (Mitchell and Soga 2005; Weber et al.
2014). Rather, inert particles that are only mechanically weathered
and that have a uniform aspect ratio are identified across all length
scales.

The particle orientations identified are largely horizontal, with a
distinct alignment direction in higher resolution data. The mean
principal particle orientations with reference to the horizontal plane
are calculated for each data set to compare this finding with that of
prior studies on particle orientations determined using SAXS in
natural clay samples from the same test site and depth (Birmpilis
et al. 2019). The results, plotted in Fig. 15, indicate that the orien-
tations determined from the image data for small particle sizes, that
is, <80 pm, fall near the upper band found for the clay fractions in
Utby clay. The illite mineral indicated systematically larger devia-
tions from the horizontal plane than montmorillonite.

Conclusions

Given the current state-of-the-art in imaging and postprocessing,
the ability to extract the mean and 3D orientations, size distribution,
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and aspect ratios of the mechanically weathered grains across a
very wide range of particle sizes, that is, 0.2-300 pm, was dem-
onstrated for a Swedish sensitive clay in its natural saturated state.
The measured aspect ratios fall in the range of 2.5 £ 1; hence, the
particles identified are not clay platelets, illite or otherwise. Although
larger size fractions <80 pm align horizontally—perpendicular to
the direction of deposition—the smaller particles are inclined. The
persistent 22°-23° deviation in orientation from the horizontal
plane for the smaller particle sizes <80 um agrees well with the
inclination found for the clay minerals using SAXS. Furthermore,
the measured mean particle size in the nano data of 450 nm cor-
responds well with the independent determination of particle sizes
from dynamic light scattering (DLS). Finally, although the speckle
arising from clay particles can be qualitatively discerned in the
nanotomography data, the individual platelet-shaped clay particles
cannot be segmented for subsequent labeling based on the process-
ing of the fabric properties.
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