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The initial fabric of undisturbed and reconstituted fluvial sand

V. SANTIAGO QUINTEROS* and J. ANTONIO H. CARRAROY

High-quality undisturbed samples of fluvial sand were obtained from the field using the ground freezing
technique. In the laboratory, the in situ void ratio of these high-quality undisturbed frozen samples was
replicated using four different reconstitution methods: dry deposition, moist tamping, water
sedimentation (by spooning) and slurry deposition. The initial fabric of the specimens was evaluated
using X-ray micro-computed tomography and advanced image analysis. Initial fabric features were
assessed in terms of the particle orientation, anisotropy, void ratio distribution and particle sizes within
the specimens. Fabric analysis results suggest that none of the laboratory reconstitution techniques used
captures the true three-dimensional initial fabric of undisturbed fluvial sand. However, the slurry
deposition method managed to reproduce the inherent particle orientation, anisotropy and the
variations of void ratio and particle sizes of the undisturbed fluvial sand. This observation explains why
previous rigorous studies on the macro-mechanical behaviour of sands deposited under water have
systematically demonstrated that slurry deposition is the most suitable method to reconstitute in the
laboratory natural sands deposited under water. This has major implications for geotechnical testing
and analyses of liquefaction of sands deposited under water such as fluvial, offshore and tailings sands.
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INTRODUCTION

Granular soils are complex assemblies of discrete particles
with a certain fabric. Fabric can be defined as the particle
sizes, shapes and their distribution, along with the arrange-
ment of grains and their contacts in a given soil (Mitchell &
Soga, 2005). Initial fabric controls key features of a soil’s
mechanical response such as its small-strain stiffness,
undrained instability, phase transformation and peak
strength, as well as the soil’s undrained cyclic strength
(Wanatowski & Chu, 2008; Shi et al., 2020). Sands are very
difficult to sample in an undisturbed state so that their initial
fabric remains intact. State-of-the-practice sand sampling
techniques induce sample disturbance. As a result, sands are
commonly reconstituted in the laboratory to target void
ratios empirically derived from in situ tests, such as the cone
penetration test (CPT). However, as has been known for
about 50 years, every reconstitution technique imposes a
different initial fabric and, consequently, a different stress—
strain behaviour on reconstituted sands (Oda, 1972;
Ladd, 1974; Arthur & Phillips, 1975; Ladd et al, 1977,
Mulilis et al., 1977; Silver et al., 1980; Miura & Toki, 1982;
Kuo & Frost, 1996; Vaid & Sivathayalan, 2000; Yamamuro &
Wood, 2004; Madhusudhan & Baudet, 2014). It has been
claimed that high-quality undisturbed samples of sands can
be obtained either by improving sampling techniques or by
stabilising a portion of the soil in situ. Allegedly improved
sampling techniques include block sampling (on cemented
locked sands with fines), the Bishop sampler (Bishop, 1948)
and the Gel-Push sampler (Mori & Sakai, 2016). However,
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these sampling methods may cause either densification or
loosening of sand samples, depending on the sand’s initial
fabric. Moreover, disturbances during sample transportation,
handling, extrusion and specimen preparation may change
the initial sand fabric before a specimen is tested in the
laboratory. To avoid disturbances, stabilisation methods such
as soil impregnation or freezing have been proposed. Soil
impregnation using agar, agarose and Elmer’s glue has been
used in research studies (e.g. Frost, 1989; Schneider et al.,
1989; Sutterer et al., 1996; Yang, 2002; Evans, 2005), but in
situ impregnation still has not found its way into practice.
Nonetheless, any substance introduced into the soil voids
must also be somehow removed prior to testing, which
requires special procedures and care. Ground freezing is
considered to be the most suitable technique to obtain
undisturbed samples of non-frost-susceptible sands, although
the costs are restrictively high. Sand sampling by ground
freezing has been successfully used in Japan, Canada, the
United States of America and Italy (Yoshimi er al., 1977,
1984; Sego et al., 1994; Robertson et al., 2000; Ghionna
etal.,2001). Liquid nitrogen, brine, or ethanol mixed with ice
are feasible options for freezing the ground (Stoss & Valk,
1979; Andersland & Ladanyi, 1994).

Very few studies have compared the macroscopic stress—
strain behaviour of high-quality undisturbed fluvial sands
with the behaviour of their reconstituted counterparts using
more than one specimen reconstitution method. Vaid et al.
(1999) compared the stress—strain behaviour of frozen and
thawed loose sand specimens against specimens reconstituted
by moist tamping (MT) (without undercompaction), water
pluviation (WP) and air pluviation. Based on undrained
simple shear, triaxial compression and extension tests of
frozen and reconstituted sand at effective confining stresses
between 50 and 500 kPa, Vaid ef al. (1999) argued that the
WP technique seems to ‘closely duplicate’ the fabric of
natural fluvial sand and hydraulic fill. This statement was
made without a comprehensive micro-computed tomography
(nCT) image-based analysis of the initial fabric of the
materials tested, as uCT technology was not available at
the time, to the required extent. Huang & Huang (2007)
obtained dense to very dense samples of alluvial sands and
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*MT, moist tamping; WP, water pluviation; AP, air pluviation.

silts (fines contents ranging from 18 to 89%) using the
Laval sampler (La Rochelle et al., 1981) and frozen above
the ground following recommendations by Konrad e al.
(1995). They conducted isotropically consolidated, undrained
monotonic triaxial tests with p’ =100 kPa and concluded that
none of the reconstitution techniques they used (MT without
undercompaction and WP) replicates the macroscopic stress—
strain behaviour of undisturbed alluvial sands with fines. Vaid
et al. (1999) observed contractive behaviour of loose MT
specimens under undrained triaxial compression, while
Huang & Huang (2007) did not observe any definitive trend
for denser MT soil, arguing that fines content and mineralogy
may also play a role.

A more recent research study (Fonseca et al., 2013)
analysed and compared the microscopic initial fabric of
block samples of a marine-deposited overconsolidated
‘locked’ sand from Reigate, UK, against that of reconstituted
specimens using dry pouring and tamping. To preserve the
initial fabric, epoxy resin (EPO-TEK 301 by Epoxy
Technology Inc., Billerica, USA) was injected both into the
block and reconstituted specimens. Void ratio changes due to
epoxy impregnation were measured using local displacement
transducers and reported as negligible (on average,
Ae=0-001), although axial and radial strain values were
not reported. pnCT images were then obtained for the
impregnated block and reconstituted specimens and direc-
tional fabric descriptors from image analysis were used to
compare the fabric of the different specimens. The voids and
contacts between particles of the block samples were quite
different from those obtained for the reconstituted specimens.
A different macroscopic behaviour was also observed when
the specimens were tested in drained triaxial compression
with p’ mainly at 300 kPa.

Based on this limited set of available studies, it may be
argued that WP replicates the macro stress—strain behaviour
of a natural fluvial sand (Vaid et al., 1999). Dry deposition
mimics the microscopic particle orientation (but not the
contacts) of a locked sand but does not replicate its macro
response (Fonseca et al., 2013). Moist tamping does not
replicate the macro response of fluvial and alluvial sands
(Vaid et al., 1999; Huang & Huang, 2007). A summary of
these studies is provided in Table 1. No previous compre-
hensive studies on undisturbed specimens of fluvial sands
and their reconstituted counterparts appear to have been
carried out to date, particularly when the initial fabric of the
sand has been systematically quantified and compared.

The present study helps to elucidate, for the first time,
which laboratory reconstitution method is best suited to
replicate the initial fabric of natural fluvial sand. The study’s
novelty relies on the combined use of state-of-the-art
undisturbed soil sampling by way of ground freezing along
with X-ray pCT and image analysis of the pCT data to
quantify soil fabric descriptors. The initial fabric of undis-
turbed sand is then compared to the initial fabric of
specimens reconstituted in the laboratory using four
methods: MT, dry deposition (DD), water sedimentation
by spooning (WS) and slurry deposition (SD). This allowed
direct comparison among various methods and the determi-
nation of the laboratory reconstitution method that best
replicates the initial fabric, quantified in terms of particle
orientation, anisotropy and the variations of void ratio and
particle sizes, of the undisturbed fluvial sand tested.

RESEARCH METHODOLOGY
Geology and description of the research site

The undisturbed sand tested was obtained from a
post-glacial fluvial deposit named Qysand, located about
15 km southwest of Trondheim, Norway. Soil deposits at the
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site consist of fluvial layers of sand, silt and gravel deposited
by the meandering Gaula River. These fluvial layers are
underlain by young and slightly overconsolidated deltaic and
marine sediments (Reite, 1994; Reite ez al., 1999). Results
from a comprehensive geotechnical and geophysical charac-
terisation campaign for this site are summarised in Quinteros
et al. (2019).

Soil tested

The sand used in this study was sampled from borehole
OYSB22 at a depth of 145 m. A particle size distribution
(PSD) curve obtained following ISO (2016) is shown in
Fig. 1. Particle sizes at 10% and 50% passing levels are equal
to Dyo=120 pum and D5y =600 pm, respectively. The coeffi-
cients of uniformity and curvature are C, =67 and C.=1-2,
respectively. Qysand is a well-graded sand (SW) according to
ASTM D2487-11. The unit weight of solid particles is
75 =2655 kN/m? following ISO (2015). Maximum and
minimum void ratios obtained using the Norwegian
Geotechnical Institute (NGI) in-house method (Lunne
et al., 2019) are e =0-723 and ey, = 0-384, respectively.
Detailed inspection of 500 particles shows that about two
thirds of the particles are subangular to angular (25%
angular, 40% subangular, 23% subrounded, 11% rounded
and 1% well rounded). These values were determined by
comparing particle shapes seen through a microscope against
the classification chart by Pettijohn (1975). Main minerals
within the sand fraction are quartz and feldspars, whereas the
fines particles (defined here as smaller than 63 pm) are made
of illite and chlorite. Based on the inherent characteristics
of @ysand soil, a challenging image processing from
uCT-scanning was expected. In general, large particles can
be scanned with more accuracy than smaller particles. As a
result, the shape of smaller particles may not be as well
defined as the shape of their larger counterparts. In addition,
uCT scanning of saturated soil is challenging because water
absorbs about two-thirds of the X-rays. Metallic particles are

USCS (ASTM, 2017)

3

also more difficult to penetrate with X-rays, which may
induce image artefacts such as contrast loss in areas with
different densities. Given the typical current technical
limitations of X-ray uCT, ideal soil samples for uCT scanning
are poorly graded coarse sands with uniform mineralogy and
no fines, such as Hostun HN31 or Reigate sands. These are
also plotted in Fig. 1 for comparative purposes.

Field sampling

Ground freezing of clean sand deposits. Experimental
evidence shows that heave expansion of saturated clean
sands decreases with increasing vertical effective stress (ov)
(Yoshimi et al., 1978). Three poorly graded clean sands
(Toyoura, Niigata and Tonegawa) subjected to different levels
of o/, prior to freezing showed a logarithmic decrease in frost
heave expansion with increasing o), (Fig. 2(a)) in a
one-dimensional freezing cell (Yoshimi et al., 1978).
Depending on the sand tested, heave-expansion due to
freezing was subdued for o levels ranging between 7 and
< 40 kPa. No measurable heave was observed for &, values
larger than 40 kPa. This suggests that heave-expansion
during ground freezing may take place only at shallow
depths.

Oysand frost-heave susceptibility assessment. The sand
tested in this study contains about 6-7% non-plastic silt,
depending on the soil classification system used (Fig. 1). Silt
increases the frost-heave susceptibility of a soil (Yoshimi
et al., 1978). Therefore, a comprehensive laboratory study on
the frost-heave susceptibility of @ysand soil was needed. For
this analysis, the sand was dry deposited to a conservative
value of relative density (D, ~ 80%) compared to its in situ
value (D,~56%) and tested inside a one-dimensional
freezing cell (Fig. 2(b)) under a range of oy, values.
Frost-heave results for the @ysand soil tested (Fig. 2(a))
agreed with the observations of Yoshimi et a/. (1978) in that
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Fig. 1. Particle size distribution of the undisturbed Qysand soil sampled as per ISO (2016) compared to other sands used in pCT analyses
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Fig. 2. Frost-heave susceptibility: (a) frost-heave expansion plotted
against increasing vertical effective stress for Qysand and other sands
(after Yoshimi et al., 1978); (b) experimental apparatus used in this
study

the higher the o, applied, the smaller the frost-heave
expansion observed. The threshold o) at which the frost-
heave expansion of the @ysand soil stopped was around
100 kPa. This is lower than the in situ o (~114 kPa) of the
looser undisturbed Yysand soil samples tested in this study.
This finding informed and validated the use of ground
freezing to obtain high-quality Qysand samples from the
field. Further details on this frost-heave susceptibility
analysis are outside the scope of this paper and are described
elsewhere.

Ground freezing for undisturbed field sampling of Oysand
soil. Ground freezing was achieved by circulating cold
brine (calcium chloride (CaCl)) at —32°C through pre-
installed freezing pipes. The brine never came into contact
with the in situ soil while soil heat was continuously extracted
for 1 month. A thermistor string installed near the freezing
pipes recorded the decrease of ground temperature over time.
Sampling started once the soil temperature reached —17°C.
This temperature was deemed cold enough to ensure that the

ground was frozen (Yoshimi er al., 1978). Sampling was
conducted using a special triple-tube coring system (similar
to the Geobor-S system) that allowed flushing of cold air at
—20°C through the drill string down to the drill bit to avoid
thawing during coring. After sampling, cored undisturbed
frozen samples were immediately marked, wrapped in bubble
plastic and stored in a freezer at the site. Freezer and samples
were then promptly transported to the NGI headquarters in
Oslo, Norway. The temperature of frozen samples was
continuously monitored using thermometers with data
loggers during sampling, field storage, transportation and
after laboratory storage. The field installations needed for
ground freezing and sampling along with a frozen sample are
shown in Fig. 3. Sampling campaign details, including field
data information and related costs, are outside the scope of
this publication and are discussed elsewhere.

Specimen preparation and reconstitution
Undisturbed frozen specimens. The void ratio (e) of frozen
undisturbed specimens was determined following Vaid &
Sivathayalan (1996) through

o= <4M MS) 25 (1)

M Pi

where M and M, are the initial wet mass and the solids mass
of the specimens, respectively; p; is the solids density and p; is
the ice density (0-917 g/em?®). The D, of an undisturbed
frozen sample retrieved from a depth of 14-5 m was about
56%. However, note that D, values vary significantly
depending on the methods used for ey, and ey, determi-
nation (Lade er al., 1998; Cubrinovski & Ishihara, 2002;
Lunne et al., 2019). The frozen sample diameter (D) was
103 mm. If such samples were pCT scanned in the apparatus
available for this study, the image voxel size would be
~80 um, yielding a Dsg/voxel size ratio of 7-5, which
means that a Dsy particle will be represented by only 7-5
voxels, thus not sufficient for a detailed fabric analysis (other
studies have achieved Dsg/voxel size ratios of 20 or even 67 on
different sands, see PSDs in Fig. 1). To obtain a smaller voxel
size, frozen specimens with D =253 mm and height
(H)=31 mm were sub-cored using a diamond drill bit
mounted inside a temperature-controlled room at —9°C to
avoid thawing. As particle motion during uCT scanning is
detrimental to image quality and can alter the initial soil
fabric, the scan duration was limited to 25 min to avoid
thawing. In addition, the specimen was surrounded by two
polyethylene isolation layers and passive cooling elements
(hard plastic ice-filled packs), as shown in Fig. 4. The
recorded temperature variations for different configurations
used to prevent thawing are shown in Fig. 4(f). The final
set-up with two isolation layers, cooling elements and a
starting temperature of —15°C effectively delayed thawing for
32 min and was adopted as part of the scanning protocol.

Reconstituted specimens. The DD reconstitution method
used involved funnelling dry sand into a mould at constant
fall height (Ishihara, 1996). The MT technique involved
placing soil with a water content of 4% and adopted an
undercompaction factor (U;) of 5%, which is suitable for the
target D, (Ladd, 1978). The MT specimen was tamped in two
layers using a tamper with diameter equal to 0-98 of the
internal mould diameter. The first (bottom) layer had a lower
mass (based on U;) than the second (upper) layer. The WS
method used involved spooning dry soil into a mould
partially filled with water (e.g. Wanatowski & Chu, 2008).
For the SD method, dry soil was initially placed into the
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Fig. 3. Ground freezing technique used for field sampling: (a) overview of the installations needed at the site; (b) frozen Qysand sample obtained
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Fig. 4. Experimental set-up used to delay thawing: (a) soil specimen with temperature sensors on top and bottom; (b) membrane installation;
(c) first isolation layer; (d) second isolation layer (final configuration; cooling elements not shown); (e) schematic diagram; (f) variation of

temperature plotted against time for various configurations

mould, which was already coupled with an extended collar
and prefilled with de-aired water. Then, the slurry was
thoroughly mixed, de-aired and the collar was removed
(Carraro & Prezzi, 2008). The collar length used in this SD
technique was equal to the mould height, and the soil dry
mass (mgq) ratio after deposition was 14 coliar/Md.mouid = 0-1.
Schematic representations of the reconstitution methods used
are shown in Fig. 5. The mould used was made of highly

X-ray-transparent carbon fibre and had an internal diameter
of 22:3 mm. The target height of the specimens was 35 mm,
leading to an H/D ratio of ~1-6. Although this was slightly
higher than the H/D ratio of the frozen specimens, it allowed
for a better voxel size (23 pm) than that obtained in the
frozen specimen (26 pm). For comparison, the maximum
particle size recommended by ASTM D4767 for triaxial
specimens shall be smaller than 1/6 of the specimen diameter.
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Fig. 5. Schematic representation of the reconstitution methods used: (a) dry deposition (DD); (b) moist tamping (MT); (c) water sedimentation

(WS) by spooning; and (d) slurry deposition (SD)

In the case of the Uysand soil tested, particles > 3-7 mm
(corresponding to less than about 7% of the sample mass)
would have been sieved out in the case of triaxial tests. In the
present image analysis study, such a recommendation was
not followed. Instead, boundary effects issues were accounted
for by digitally excluding all particles in direct contact with
the mould during the image analyses. The dry mass of the
reconstituted specimens was 24-22 g. The potential error to
achieve a given D, increases significantly when dealing with
such small amounts of soil (Vaid & Sivathayalan, 1996). To
achieve comparable values of D, for the reconstituted
specimens, a high-precision micrometre frame was used to
control the initial specimen height. Gentle tapping on the
base pedestal was used for densification to the target D, for
DD, WP and SD specimens. Several trials were needed to
achieve D, values as close as possible to the D, of the frozen
soil; see Table 2 for a summary of the final D, values.

Micro-computed tomography and image analysis procedures

Micro-computed tomography. X-ray methods have been
used for over 60 years to study soils. For instance, Roscoe
et al. (1963) used two-dimensional (2D) X-ray radiography
scans to observe strain fields in sand. Over recent decades,
technological advances in X-ray scanning have allowed
image voxel size to decrease from millimetres to a few
micrometres. X-ray pCT scanning has helped to obtain
invaluable information about soil structure such as inter-
particle contacts, grain morphology, shear bands, particle
breakage and cementation (Viggiani & Tengattini, 2019).
Details about pCT of geomaterials are found in Desrues e? al.
(2006). The puCT scanner used in this research is a Nikon
Metrology XT H-225LC device, located at NGI in Oslo,
Norway. The scanner has a high-power cone-beam source, a
high-resolution detector panel and a precision rotating table.
In this study, uCT scans were performed using a voltage of
80 kV and a current of 60 mA. During scanning, total
specimen rotation was 360°, while the exposure time per
projection was 1 s. The magnification, voxel size, number of
projections and frame average of all scans are summarised in

Table 2. Relative density, micro-computed tomography scanning
parameters and anisotropy of specimens tested

Parameter/specimen Frozen | DD MT | WS SD
Relative density: % 56 57 56 56 56
Magnification 7-7 87 87 87 87
Voxel size: pym 26 23 23 23 23
Number of 1500 2319 | 2319 | 1500 | 2319
projections

Frame average 32 64 64 32 64
Scalar anisotropy 0-64 077 1049 |[098 |05

Table 2. Thousands of radiograms obtained during a single
pCT scan were reconstructed using the filtered back
projection technique to a three-dimensional (3D) volume
using the software VG-Studio Max (Volume Graphics, 2014).
The minimum voxel size of the scanner is 3 um (spot size).
This means that most silt particles could theoretically be
observed at maximum magnification. However, given the
@ysand soil’s non-trivial PSD and mineralogy, as discussed
earlier, and the dimensions of the scanned specimens, the
voxel size achieved allowed a representation of a Dy particle
with ~5 voxels along its equivalent diameter, whereas a D5
particle could be represented by ~23 voxels. The voxel size
needed for a fabric analysis depends on the soil character-
istics, the particles of interest and the purpose of the study.
Previous studies have achieved greater or similar voxel sizes
but for different purposes and using different soils such as
poorly graded uniform sands with simpler mineralogy. For
example, Dso values of Reigate and HN31 sands were
represented by ~55 voxels (Fonseca et al., 2013) and 23
voxels (Ando et al., 2012), respectively, the latter being
similar to the voxel size achieved in the present study.
Conversely to previous studies, @ysand particles have
different grey values that reflect their complex mineralogy,
and three out of the five samples tested were not dry (frozen,
WS and SD), as shown in Fig. 6 for typical cross-sections
along the 3D puCT volumes. All uCT images were post-
processed and analysed to obtain quantitative descriptors of
the initial fabric of the sand, as described next.

Image analysis to obtain fabric descriptors. Image analysis
of uCT-scans was performed to obtain soil fabric infor-
mation in terms of particle orientation and directional
anisotropy. Void ratio and PSD variations along the
specimen height were also determined from the 3D pCT
volumes to assess specimen uniformity, which is a funda-
mental requirement of rigorous element testing protocols
(Kuerbis & Vaid, 1988; Frost & Park, 2003; Carraro & Prezzi,
2008). Soil fabric from pCT images can be quantified using
tensors of (a) particles’ orientation, (b) voids’ orientation, or
(¢) contacts between particles (Oda, 1972; Kanatani, 1984;
Oda et al., 1985). A thorough study on the metrology of
contacts determination from uCT images by Wiebicke et al.
(2017) showed that contacts are systematically over-detected
using standard thresholding and automatic segmentation
methods, leading to the rise of non-existent contacts (i.e.
particles that are close to each other but that do not touch
can be artificially detected as ‘in contact’). Given the
complex PSD and mineralogy of the Oysand soil tested,
the presence of water in some specimens, and the voxel size
obtained using the specimen size and scanner available, this
study focused on the assessment of the initial fabric in terms
of particle orientations, not contacts. The scalar anisotropy
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THE INITIAL FABRIC OF UNDISTURBED AND RECONSTITUTED FLUVIAL SAND 7

Fig. 6. Typical horizontal (top) and vertical (bottom) cross-sections from the 3D volumes obtained using pCT: (a) frozen; (b) dry deposition (DD);
(c) moist tamping (MT); (d) water sedimentation (WS) by spooning; and (e) slurry deposition (SD) specimens

factor was calculated for this purpose, as explained below, in
detail. The image-processing steps included preparation,
filtering, enhancing, binarisation, segmentation and labelling
of particles for data analysis. Beam hardening corrections
were applied on the specimens containing ice and water.
Beam hardening artefacts arise when scanning saturated soil.
The main issue experienced was that the grey scales of the
fines content and water were similar. In spite of this, however,
the sand grains still showed more contrast than water. Details
about image-processing steps for granular materials can be
found elsewhere (e.g. Fonseca, 2011; Ando, 2013). The
open-source Python-based software Spam (the software for
the practical analysis of materials) developed by Ando et al.
(2017) and Stamati er al. (2020) at 3SR Laboratory in
Grenoble, France was used for this task. Other algorithms
used were based on the scikit-image package developed by
van der Walt et al. (2014), the ndimage package from scipy

(scipy.org), and the porespy package (Gostick et al., 2019),
which were implemented in scripts using version 3.6 of
the open-source software Python (Van Rossum & Drake,
2009). Image preparation required masking images to a
certain region of interest. For example, the orientation
of particles close to the boundary may not be entirely
representative of a reconstitution method due to the
interaction between the mould and particles nearby. The
same is applicable to cut boundary particles of the frozen
specimen. Hence, particles touching boundaries were dis-
regarded from the analyses (see Fig. 7(b)). The uCT images
were filtered using 3D median and Gaussian filters. Then,
morphological opening and closing filters were used on the
grey images to enhance particle shapes prior to binarisation.
Binarisation was done either using the automatic image
thresholding algorithm developed by Otsu (1979) or manu-
ally, depending on the binary results achieved. Small erosion

Fig. 7. Typical segmentation/labelling/analysis process steps used: (a) filtered and enhanced image; (b) binary image; (c) individually labelled

particles
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and large opening binary algorithms were used to correct for
errors related to the shape of the binarised particles when
needed. Details about filtering, enhancing and thresholding
for binarisation are described in Gonzalez & Woods (1992).
Particle segmentation was carried out automatically using
the ITK-watershed algorithm implemented in Spam; label-
ling and post-processing was also done using Spam.
Synthetic images, created by drawing well-defined 3D
objects using the ITK-snap software (Yushkevich er al.,
2006), were used to validate all scripts. An example of the
binarisation and segmentation steps is illustrated in Fig. 7.

The statistical description of initial fabric orientations was
then assessed on the segmented and labelled particles using
the second-order tensor after Kanatani (1984)

1 < o o
N:E;o ® o (2)

where C is the total number of vectors in the system and o is
an individual orientation vector in the representative volume;
the ® operation is the dynamic product of the two vectors
and the o” are the projections or components of the ath unit
vector o with respect to the x; Cartesian coordinate. The
deviatoric part of the fabric tensor D is calculated using

15 1
D=—(N-=

> (v-38) 3

where 6 is the identity tensor. Specimen anisotropy can be

quantified by the anisotropy factor a, which is a scalar value
calculated from D as proposed by Gu et al. (2017)

3
=4/=D:D 4
a=1/3 )
The higher the value of a, the higher the anisotropy of a
specimen is. This approach was also presented and used by
Wiebicke ez al. (2019) to measure fabric evolution in shear
bands.

ANALYSIS OF RESULTS

Particle orientation analysis

3D particle orientations. The 3D particles’ longest axes
orientations of the labelled particles, which are obtained
from the moment of inertia (or second moment of area)
eigenvectors of the particles using Spam, can be presented as
binned Lambert azimuthal equal area (Fig. 8). A vector in
space representing the particle major axis orientation

N /_ 90°
135°

270°
(a) (b)

Completely horizontal

(Fig. 8(a)) can be illustrated as a point in the Lambert
projection (Fig. 8(b)) (Wiebicke et al., 2019). In this context,
0 describes the particle major axis alignment with respect to
the vertical direction, whereas 8 defines the projection of the
particle major axis orientation on the horizontal plane. For
example, the vector shown in Fig. 8(a) lies in space with
£ =315° and polar angle 6 of about 44° (Fig. 8(b)). A point at
the centre of the circle of the Lambert azimuthal plot would
represent a particle whose major axis is oriented along the
z-direction (i.e. complete verticality of its major axis).
Conversely, a point lying on the edge of the plot (6=90°)
would represent a particle whose major axis is completely
horizontal. Binned projections help to represent all vectors
(particles) falling within a certain range (or bin), as shown in
Fig. 8(c). The 3D particle orientation analysis of all
specimens is shown in Fig. 9. These 3D polar plots provide
a general overview of particle major axis orientations. For the
frozen specimen (Fig. 9(a)), the predominant horizontal
orientations of the major axis particles are clustered at the
edge of the polar plot with £ values equal to about 90° and
270° and with 6 angles between 75° and 90°. Particles’ major
axis orientations become more dispersed with decreasing 6,
meaning that there are fewer particles oriented vertically. The
preferred concentrations of particle orientation with respect
to f may be the result of the fluvial sand’s deltaic depositional
history as the Gaula River meanders in the Qysand valley in
Trondheim, Norway. Thus, it may be argued that particles
might be deposited mainly horizontally and with a particular
horizontal bias on the horizontal plane controlled by the past
river flow direction (e.g. Bertin & Friedrich, 2016). However,
the 3D particle orientations plots for the reconstituted
specimens suggest that none of the reconstitution methods
replicates this B horizontal orientation bias observed for the
undisturbed fluvial sand specimen. This is understandable
given that all reconstitution methods used simply impart
vertical particle deposition through air/water or moist
placement. Nevertheless, for all reconstitution methods,
particles are mostly aligned with the horizontal directions.
An exception to this general trend is the apparent small bias
observed for the WS method whose particles tend to
concentrate horizontally around 180° << 270°. This may
be an artefact of the spooning process given that, while the
mould was kept in its original place, the spoon was not
systematically rotated around the vertical axis of the mould
during each spooning step. Particles deposited using the MT
and SD methods (Figs 9(c) and 9(¢)) show a more random
tendency than their DD (Fig. 9(b)) and WS (Fig. 9(d))
counterparts to align along the horizontal direction
(60° <9< 90°) with no preferred f horizontal orientation.

90°

180°

Completely
vertical

270°
(©

Fig. 8. Visualisation of the plotting of individual particle major axis orientations and binned projection used to simplify plotting of many
orientations (taken from Wiebicke et al. (2019)): (a) vectorial presentation; (b) Lambert azimuthal projection; (c) binned projection
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Fig. 9. Polar plots of 3D particle major axis orientations for all specimens tested: (a) frozen; (b) dry deposition (DD); (c) moist tamping (MT);
(d) water sedimentation (WS); (e) slurry deposition (SD) (note: coloured vertical scale represents the number of particles per bin)

PFarticle orientations and anisotropy of different particle size
ranges of the frozen soil. An additional analysis of the long
axis orientations of particles of different sizes was conducted
for the frozen specimen to assess whether distinct ranges of
particle sizes may display preferred orientations. The particle
orientation and anisotropy factor was calculated for particles
of the frozen soil for three different particle size ranges: Dgo—
DSO, D50*D30 and D30*D10 (Flg 10) Note that due to the
voxel size achieved in this study, the long axis particle
orientations can be calculated more accurately for larger
particles than for smaller ones. Therefore, the particle size
range below Do was not plotted in this analysis to limit the
influence of the smallest particles in the sample tested. The
orientations of most of the D;oy—Ds particles (354 in total)
are clustered at the edge of the polar plot with f values equal
to about 150° and 270° and with 6 angles between 75° and
90° (Fig. 10(a)), in general accordance with Fig. 9(a). Dso—
D3 particles (293 in total) also show a stronger tendency
to align along the horizontal direction (Fig. 10(b)), mainly
between £=90° to 135° and #=60° to 90°. Conversely,
particles between D3q and Dy, (412 in total) show a much less
pronounced alignment towards the horizontal (Fig. 10(c)),
with no clear preferred concentration. The anisotropy factors
of these three particle size ranges are ap,,,—py, = 122, ap,,—p,,
=0-98 and ap,,—p,, =0-67. This analysis shows that, within
the frozen undisturbed soil specimen, larger particles
are much more oriented along the horizontal direction
than smaller particles. Therefore, the fabric information
obtained from the particle major axis orientations of
predominantly larger particles may be a useful proxy of the
initial fabric of the whole Qysand sample tested (Fig. 9(a)).
But while the particle major axis orientation is useful to
systematically compare this feature of the fabric of recon-
stituted specimens against those obtained for the frozen soil,
the anisotropy factor @, void ratio variations and particle
segregation over height must also be evaluated before any
conclusions are made regarding the suitability of any

reconstitution method to replicate the initial state of the
frozen Bysand soil.

Fabric anisotropy and uniformity

Anisotropy factor of particle orientation. The anisotropy
factor a obtained for the entire 3D volume defining each
sample tested is summarised in Table 2 and Fig. 11. These
findings suggest that the anisotropy of the particles of the
undisturbed fluvial sand is best reproduced in the laboratory
using the SD reconstitution method. Among all methods
used, the MT and WS methods are the least capable of
properly replicating the initial fabric anisotropy of the
undisturbed fluvial sand. These data on the undisturbed
fabric of fluvial sand obtained through high-quality ground
freezing sampling and pCT scanning are very rare. However,
but perhaps more importantly, they finally help to explain
why the mechanical response of slurry-deposited (or water-
pluviated) sand specimens reconstituted in the laboratory has
been repeatedly shown to best match the mechanical
response of truly undisturbed sand specimens, as reported
in past systematic studies (e.g. Vaid et al., 1999).

Specimen uniformity in terms of void ratio variations.
According to Ando (2013) the void ratio of sands can be
estimated from pCT images by three different techniques,
namely: (a) ‘continuum’ measurements using binary images;
(b) grain-based void ratio using triangulations (Delaunay or
Set Voronoi); or (¢) by measuring the volume of the specimen
from binary images by dilation, filling holes and erosion
algorithms. The technique chosen in this study is the first one
using (Fonseca, 2011)

Ny — N

¥ 5)

ecr =
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Fig. 10. Polar plots of 3D particle major axis orientations of frozen
sample, for particle size ranges between: (a) D;oo and D5, anisotropy
a=1-22; (b) Dsy and D3, anisotropy a=098; (c) D3y and Dy,
anisotropy a = 0-67 (same scale for all polar plots)

where ecr is the void ratio measured using uCT; N, is the
total number of voxels; and N, is the number of voxels of the
solid particles on a 3D volume. The void ratio of each
specimen was calculated using equation (5) for binary
cross-sections (on volumes of 35 voxels) along the specimen
height to obtain continuous 3D profiles. The borders of
binary images were slightly masked by a few voxels to avoid
introducing empty space around the images in the calcu-
lations. Results are plotted in Fig. 12, with ect values plotted
against the elevation of each cross-section (H;) normalised by
the specimen height. The ect values of the frozen specimen
(Fig. 12(a)) vary across the specimen height from about 0-49
to 0-56 averaging around its global e (see Table 3). For the
DD specimen, extreme ect values ranged between 0-44 and
0-60 and ect varied more over the specimen height (see
Fig. 12(b) and coefficient of variation in Table 3). DD creates
a much less uniform fabric and void ratio profile than those
observed for the frozen specimen. The MT specimen displays

[ 8

0-8 |
© 8
=
Q.
g
3 8
-% 06| 8
ks
S 8
)

04 -

02 1 1 1 1 1

Fz SD WS DD MT

Specimen type

Fig. 11. Fabric anisotropy: average values of scalar anisotropy for the
frozen (FZ), and reconstituted (DD, MT, WS and SD) specimens

the largest ectr variation among all specimens tested
(Fig. 12(c) and Table 3) with extreme values between 0-40
and 0-61. Even though under-compaction was employed
during reconstitution, the MT specimen still showed a clear
distinctive interface between the upper and lower layer.
The bottom half of the specimen is in general looser than the
upper half. The large variation of the void ratio, within
the MT specimen, is in agreement with previous studies of
poorly graded sands (see Frost & Park, 2003; Shi et al., 2019;
Vaid & Negussey, 1988). This issue of large variation is rarely
checked or addressed in industry practice. The ectof the WS
specimen (Fig. 12(d)) varies in a very distinctive manner over
the specimen height (limit values between 0-44 and 0-59): the
specimen is denser in the bottom and looser in the top.
Finally, ect variations for the SD specimen are the smallest
among all of the specimens tested (see Fig. 12(e) and Table 3)
with limit values between 0-45 and 0-60. The SD average ect
value is also the closest to the average value of the frozen
specimen, although a larger variation across the height is
observed than that noted for the undisturbed specimen. This
finding is consistent with other rigorous, systematic studies
on SD reconstitution (Kuerbis & Vaid, 1988; Carraro &
Prezzi, 2008; Dominguez-Quintans et al., 2019). SD tends to
create more homogeneous specimens across the height than
other reconstitution methods, particularly for well-graded
sands such as the Qysand sample tested in the present study.
The summary of void ratio statistics (Table 3) confirms that
SD and MT methods produce the most and least uniform
@ysand sand specimens, respectively, among all specimens
tested in this study.

Specimen uniformity in terms of particle size variations.

Uniformity analyses accounting for PSD variations along the
specimen height were obtained from the segmented and
labelled 3D pCT scans. Particle sizes were calculated using
the label-based measurements implemented in Spam by
fitting each labelled particle with an ellipse and obtaining the
length of the largest principal axis from the moment of
inertia tensor. Note that any measurement of particle size
based on segmentation procedures (i.e. quantifying the
largest or smallest principal axis, or fitting an ellipse to a
labelled volume) is only an approximation of the actual
particle size. Moreover, the quality of the segmentation
procedure used will influence the resulting sizes of the
particles analysed (i.e. over- or under-segmentation may
create larger or smaller fictive particles). To overcome
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Fig. 12. Variation of void ratio along the normalised specimen height for: (a) frozen (FZ); (b) DD; (c) MT; (d) WS; and (e) SD specimens

Table 3. Void ratio of undisturbed and reconstituted specimens (shown

in Fig. 12)
Specimen | Global e Local ect
Average | Coefficient of variation: %

Frozen 0-53 0-53 4
DD 0-53 0-54 8
MT 0-53 0-54 9
WS 0-53 0-52 8
SD 0-53 0-53 6

over-segmentation issues, a voxel-based threshold to the
contacts was applied, as in the approach developed by
Wiebicke (2020). To investigate particle segregation across
the specimen height, labelled volumes were divided into three
regions (top, centre and bottom) across the height. Splitting
specimen volumes into three distinct regions is a process that
will invariably introduce errors because boundary particles
along regional interfaces may be split, which can affect PSD
calculations; therefore, boundary particles were removed
from these analyses. The PSDs of the three regions of the
frozen specimen, which are compared to the PSDs of all
reconstituted specimens tested in Fig. 13, show a very small
yet inherent segregation of the undisturbed specimen — that
is, coarser particles tend to concentrate slightly more within

the top and centre of the specimen, whereas slightly finer
particles locate in the bottom. In general, the DD specimen
(Fig. 13(a)) shows a similar type of segregation across the
specimen height, with slightly coarser particles mostly
located within the top and centre layers. In contrast, the
MT and WS specimens (Figs 13(b) and 13(c)) are the least
uniform and show the largest amount of segregation among
all of the reconstituted specimens tested. Segregation
imparted by MT and WS was also higher than that observed
for the natural, undisturbed fluvial sand. The segregation
observed for the WS specimen may possibly be the result of
the inconsistent spooning process, as discussed earlier in the
section entitled ‘3D particle orientations’. The SD method
(Fig. 13(d)) shows the least amount of segregation across the
specimen height among all reconstitution methods used. SD
also replicates the inherent segregation of the natural fluvial
sand (i.e. slight increase in fines in the specimen bottom).
As has been well established by other rigorous systematic
studies (Kuerbis & Vaid, 1988; Carraro & Prezzi, 2008;
Dominguez-Quintans et al., 2019), SD produces extremely
uniform and homogeneous specimens of sands deposited
under water or in a slurry environment (note that water
pluviation can only be used for very uniform clean sands).
The present study confirms this previous finding as SD yields
the highest quality specimens of fluvial @ysand soil,
compared to all of the other reconstitution methods tried.
Table 4 summarises and compares the various factors
described in this study and highlights the capabilities of

Downloaded by [ NORGES GEOTEKNISKE INSTITUTT] on [26/11/21]. Published with permission by the ICE under the CC-BY license



12 QUINTEROS AND CARRARO

100
80
=®
E’
[
Q.
(0]
(o2
©
:S;:; 40 — FZ top
g e FZ centre
e s FZ bottom
20 = = = DD top
= == = DD centre
we e = DD bottom
O 1 1 1 1
(a)
100
80
3
?
@
Q.
(0]
(o2}
8
S 40 FZ top
5 FZ centre
o s FZ bottom
20 === /S top
= == = WS centre
== == = \NVS bottom
e 1 i 1
0 01 1 10

(100 um)
Grain size: mm

(c)

— 7 top
m— FZ centre
s FZ bottom
=== MTtop
= == = MT centre
we e = MT bottom

— 7 top
m—— [Z centre
» FZ bottom
= = = SD top
= == = SD centre
== == = SD bottom

o -, 1 I 1
0-1 1 10
(100 pm)

Grain size: mm

(d)

Fig. 13. Variation of particle size distributions obtained from image processing along specimen height for the frozen (FZ) as well as (a) DD,

(b) MT, (c) WS and (d) SD specimens

Table 4. Summary of the 3D fabric analyses conducted for all specimens tested

Specimen Particle orientation Anisotropy Void ratio uniformity PSD uniformity
DD X v X v
MT X X X X
WS X X X X
SD X v v v

v': acceptable; X: not acceptable.

each reconstitution method used in an attempt to replicate
the initial sate of the undisturbed frozen @ysand soil sample.

CONCLUSIONS

This research clarifies a long pending issue in soil
mechanics and geotechnical engineering: which method
should be used to reconstitute fluvial sand specimens in the
laboratory? The initial fabric of undisturbed fluvial sand is
characterised using high-quality samples obtained by ground
freezing and uCT analysis. The initial fabric of undisturbed
fluvial Qysand soil and its counterparts reconstituted by dry
deposition, water sedimentation, moist tamping and slurry
deposition was systematically evaluated in terms of particle
orientation and its anisotropy. Uniformity analyses were also

carried out in terms of void ratio variations and particle
segregation within the specimens. The following conclusions
are derived from the study.

(a) For the undisturbed @ysand specimen, longer/larger
particles are mostly oriented along the horizontal
direction and their anisotropy (assessed by the
anisotropy factor a) is particle size dependent.

The undisturbed Yysand sand has a distinctive 3D
particle orientation that was not replicated by any of
the laboratory reconstitution methods used. This
preferred concentration of orientations may be the
result of past fluvial depositional/flow processes at
the site. This aspect deserves further investigation in
future studies.
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(b) All reconstitution methods used impart particle
orientation mostly along the horizontal direction.

(¢) The anisotropy factor a of the undisturbed fluvial sand
tested was best replicated by the slurry deposition
method. All other reconstituted methods are unable to
replicate the initial anisotropy of the undisturbed fluvial
Qysand soil.

(d) Local void ratio variations along the height of the
undisturbed and slurry deposition specimens of Jysand
are relatively small. Excessive, unacceptable local void
ratio variations were observed for the other
reconstitution methods used, with the largest variations
imparted by moist tamping.

(e) Some inherent particle segregation is observed in the
undisturbed fluvial sand, which was replicated, to some
extent, by the slurry deposition method. Dry deposition
induced more particle segregation, but the greatest
amount of segregation was imparted by water
sedimentation and moist tamping.

Slurry deposition seems to be the most suitable reconstitution
method to replicate the inherent particle orientation and its
anisotropy, void ratio distribution and uniformity of the
Qysand fluvial sand. This finally explains why past systema-
tic research studies have consistently demonstrated that slurry
deposition is the most suitable laboratory reconstitution
method to reproduce the macro stress—strain response of sand
deposits formed under water such as fluvial sands (Kuerbis &
Vaid, 1988; Vaid et al., 1999). These findings have a major
impact for testing and analyses of the mechanical behaviour
and liquefaction of fluvial, offshore and tailings sands.
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NOTATION
a anisotropy factor
C total number of vectors in a system
C. coefficient of curvature
C, coefficient of uniformity
D specimen diameter
D deviatoric part of the fabric tensor (after Gu et al., 2017)
Dy grain diameter at 10% passing
Ds3o grain diameter at 30% passing
D5y grain diameter at 50% passing
Dyoy grain diameter at 100% passing
D, relative density
e void ratio
ect void ratio measured from micro-computed tomography
images
€max Maximum void ratio
€min Minimum void ratio
G specific gravity of solid particles
H specimen height
H; elevation of the centre of image cross-section
M  initial wet mass of soil
Mg mass of solids
N second-order tensor (after Kanatani, 1984)
Ns number of pixels (or voxels) of the solid particles
N; total number of pixels (or voxels)

U, undercompaction factor (after Ladd, 1978)

S particle major axis orientation on the horizontal plane

ys unit weight of solid particles

6 polar angle in Lambert azimuthal projection

o individual orientation vector in the representative volume
pi  density of ice
a,. vertical effective stress at consolidation
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