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Abstract. The water retention curve (WRC) represents a key function
in unsaturated soil mechanics as it can be applied for the modeling of
the hydro-mechanical behaviour of unsaturated soils. The macroscopic
WRC is characterised by different phenomena, such as hysteresis upon
cyclic drainage and imbibition. With the help of modern X-ray com-
puted tomography and hydraulic experiments that can be performed in
a CT scanning environment, so-called in situ CT experiments, we im-
age cyclic drainage and imbibition in a sand on the pore scale in or-
der to quantitatively measure and study the change of microstructure
and capillary state variables, characterising capillary effects in unsatu-
rated granular soils. The measured pore scale data can then be related
to the macroscopic WRC. To our knowledge, for the first time very differ-
ent capillary state variables, such as interfacial areas, contact lines and
contact angles, could be extensively measured in high detail for various
hydraulic cycles in our experiment. Besides the experimental procedure,
the wealth of measured data will be comprehensively presented and dis-
cussed and finally shared with the research community.

Keywords. Unsaturated granular soils, Water retention behaviour, Tran-
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1. Introduction

1.1. Water retention behaviour of granular
media

Fundamentals of capillarity

Granular soils, such as sands, characterise a large part of
the Earth’s surface in most countries. Therefore, they rep-
resent an important natural building ground and material
in geotechnical engineering. Due to the availability of water
in the porous system of surface-near soils, originating from
ground water or precipitation, a large portion of natural soils
is generally unsaturated, i. e., neither fully dry nor water sat-
urated, and thus influenced by capillary effects.

In a natural capillary system, on which we focus in this
contribution, water forms the so-called wetting phase, while
air represents the nonwetting phase. The wetting properties
of a fluid or gas depend on their contact angle 6 with regard
to a contacting surface or other medium. If the contact angle
is less than 90 degrees, a fluid is called wetting. If the contact
angle is larger or equal, the fluid is nonwetting, with the fluid
surface being repelled by the contacting surface.

Starting from the water saturated state of a soil in which
the soil grains are completely immersed in water, a gradual
decrease of water content leads to the formation of capil-
lary menisci at the interface of air and water in a specific
contact angle. With further decreasing water content, the
wetting phase becomes disconnected until water clusters
and isolated capillary bridges build up, connecting single
grains and transferring capillary forces on the microscopic
level. These forces originate from the interfacial tension v,
also known as surface tension for thermodynamic equilib-
rium and chemically pure fluids [Blunt, 2017], inside the
air-water interfacial area of the menisci and represent a
contribution to effective stress in the unsaturated state. For
water y = 0.07275 N/m at 20°C.

On a macroscopic level, the capillary forces acting inside
the interfaces of two immiscible fluids in a porous medium
lead to capillary rise of pore water above the ground wa-
ter table. In this hydraulic domain, pore water pressure is
negative and equal to the capillary pressure that can be de-
rived from the capillaryrise. This capillary pressure p. is also
called soil suction, or more concrete, matric suction s if only
the portion caused by capillarity within the porous soil ma-
trix is considered [Fredlund and Rahardjo, 1993]. Matric suc-
tion is then given as the difference of the pore air pressure u,
and pore water pressure u,, inside the soil according to Eq. 1.

§ = Ua — Uw, (1

If the pore air pressure is equal to atmospheric pressure
which is set to zero as a reference pressure, matric suction is
equal to negative pore water pressure.

The link between macroscopic pore water and pore air
pressure or capillary pressure and microscopic interfacial
tension and capillary forces inside a single capillary of ra-
dius r is derived from the Young-Laplace law, given by
Eq. 2.

_ 2ycosf

Pc = Ua — Uw (2)
r

The equation results from vertical force equilibrium of
the water meniscus in a capillary tube. 0 is the contact angle
between wetting fluid and solid surface. The capillary pres-
sure p. represents the pressure difference of pore air pres-
sure u, and pore water pressure u,, on both sides of the cap-
illary membrane.

With the help of the definition of the radius of curvature
of the meniscus R inside a thin tube as well as the relation-
ship r = Rcos#6, Eq. 2 can be transformed to the more gen-
eral Eq. 3 allowing to calculate capillary pressure p; or ma-
tric suction s from interfacial tension y and a capillary cur-

1
vature R
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"R

In a more general three-dimensional case where the cap-
illary meniscus is not spherical, mean curvature H = R% + Riz,
with R; and R, being the radii of mean curvature, is applied
to calculate capillary pressure according to Eq. 4.

3)

Pc = Ua — Uy
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Microscopic origins of the macroscopic WRC

Due to the characteristic pore size distribution which is
itself influenced by density, grain shapes, and grain size dis-
tribution, a soil volume encounters a multitude of different
capillary pressures on the microscale, resulting in a macro-
scopic capillary pressure as the averaged effect for the whole
considered soil volume. On this macroscopic level, the mi-
croscopic capillary effect leads to a measurable water reten-
tion curve when degree of saturation is plotted vs. capillary
pressure or matric suction. An exemplary water retention
curve of a sand is shown in Fig. 1. Its features will be ex-
plained in detail in the following.
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Figure 1. Water retention curve of a medium coarse
to coarse grained sand with different consecutive hy-
draulic paths measured with the method proposed in

Milatz [2020].
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The characteristic S-shaped water retention curve is be-
lieved to reflect the drainage and imbibition phenomena
happening on the microscale. The entire saturation range
is typically divided into three different regimes depending
on the availability and local distribution of pore water. In
the capillary regime where the pores are still filled with
water, however, with occluded air bubbles under natural
conditions, an increase in matric suction leads to air en-
try upon primary drainage. When the macroscopic matric
suction overcomes the capillary resistance for air entry, the
so-called air entry value (AEV) is reached, and the pores be-
gin to empty, with air entering from the top of the soil. When
drainage continues, connected pore channels begin to fur-
ther fill with air, creating a network of pore air volumes and
vice-versa disconnected water clusters, which is called the
funicular regime. At very low saturations, capillary bridges
of isolated pore water in between single grains are formed,
which is called the pendular regime. As these water menisci
can be hardly driven out of the grain skeleton by a further
increase in suction, a theoretical residual saturation S;eg is
frequently observed for water retention curves at very high
matric suction. However, this saturation can be expelled by
a full drying of the soil, e. g, in an oven.

The mechanisms of drainage, as described above, occur
on the so-called primary drainage path of a soil, starting
from full water saturation. When a consecutive imbibition
process takes place, a different macroscopic hydraulic path
in the s-S; space is measured, leading to the hysteresis
effect of the macroscopic water retention curve that was
described for the first time by Haines [1930]. Hysteresis
leads to a hydraulic path-dependence in unsaturated soils,
with hydraulic history developing between a bounding pri-
mary drainage and a bounding primary imbibition path as
shown in Fig. 1. Upon reversal of the flow direction, a mul-
titude of so-called drainage and imbibition scanning paths
can be observed, with the hydraulic state in the s-S; space
asymptotically approaching the bounding primary drain-
age or primary imbibition paths. Closed scanning cycles of
drainage and imbibition take the shape of ellipses as shown
in Fig. 1. Owing to the hysteresis effect, the hydraulic history
of a soil must be known in order to accurately describe its
current hydraulic state as different suction levels exist for
the same degree of saturation on the different hydraulic
paths.

Due to air entrapment on the microscopic level, the full
water saturation is usually not reached again when matric
suction becomes zero upon imbibition, leaving a gap AS;
which is illustrated in Fig. 1. Different theoretical micro-
scopic mechanisms of air entrapment are described in Bear
[1979] and Lins [2009]. Essentially, air can get entrapped by
the effect of bypassing when water flows around air clusters,
leaving them locked inside smaller voids or in dead ends.
The effect of entrapped air is believed to be one microscopic
reason for the existence of hysteresis [Bear, 1979]. After air
entrapment, a further drainage event leads to the so-called
main drainage curve that runs asymptotically into the
bounding primary drainage curve. A further known source
of hysteresis is the non-uniform pore size distribution in

many soils. With the help of a pore space model that resem-
bles to an ink-bottle, idealising a non-uniform pore space
with small pore necks and larger pore bodies, different de-
grees of saturation for drainage and imbibition at the same
matric suction can be explained. Due to the higher suction
required to empty a water filled pore by air entering through
a small pore neck compared to the lower suction required
to fill a pore through its larger pore body, higher degrees of
saturation are encountered on drainage paths compared to
imbibition paths. This source of hysteresis in porous media
due to the individual contributions of different pore sizes is
usually referred to as the “ink-bottle effect” [Haines, 1930].

Another theoretical explanation for hysteresis, leading to
different capillary pressure or matric suction for the same
degree of saturation at drainage and imbibition, can be
seen in different contact angles between pore water and
solid grains, which is known as contact angle-hysteresis.
Experiments on single droplets moving on an inclined plane
indicate differences between the contact angles of an ad-
vancing and a receding fluid droplet 0,4y and Oy, with
Orec < Baqv [de Gennes et al., 2004]. In accordance with Eq. 2,
this observation leads to a higher capillary pressure or ma-
tric suction for a receding water meniscus upon drainage
compared to an advancing meniscus upon imbibition inside
the same capillary. As a consequence, the radii of meniscus
curvature are different, with smaller radii of curvature for
drainage and larger radii for imbibition processes.

Based on thermodynamics considerations, Hassanizadeh
and Gray [1990] and Hassanizadeh and Gray [1993] argue
that the hysteresis effect might be due to only considering
the WRC as a functional relationship between degree of sat-
uration and capillary pressure without taking a dependence
on interfaces into account. By considering the air-water
interfacial area as an additional state variable, it was shown
based on experimental data and simulations that represen-
tative state surfaces can be obtained in the space, see Porter
et al. [2009]. This would confirm the theoretical thermody-
namical considerations about the hysteresis of the WRC,
but it is still not clear how a unique functional relationship
for the WRC based on the named and maybe even other
variables can be established.

In agreement with Eq. 2, soil compaction leads to a de-
crease in void space and a reduction of average capillary
radius which results in generally higher capillary pressures.
Therefore, the water retention curve shows a density- or
void ratio-dependence, with higher capillary pressures and
higher AEVs measured for lower void ratios.

Traditionally, water retention curves are measured and
modelled for static flow conditions. Accordingly, the afore-
mentioned contact angles 6 represent static contact angles.
Due to viscous and dynamic effects, the static contact angle
of a wetting fluid on a surface might be changed for fast flow
events. Therefore, also so-called dynamic contact angles
are measured in material sciences. The difference of dy-
namic and static contact angles represents an explanation
for transient flow effects leading to transient or dynamic
water retention curves [Diamantopoulos and Durner, 2012,
Hassanizadeh et al., 2002]. These water retention curves
can be measured for non-equilibrium flow conditions and

Open Geomechanics, 2022, article no. 5

Marius Milatz, Edward Ando, Gioacchino Viggiani & Serge Mora, In situ X-ray CT imaging of transient water retention experiments

with cyclic drainage and imbibition

3



generally deviate from static soil water retention curves. If
the flow rate is low enough, transient water retention curves
and static water retention curves become the same.

1.2. Experimental investigation of the WRC

Many different laboratory experiments have been devel-
oped for the measurement of the WRC. Due to varying suc-
tion ranges in coarse and fine grained soils, different meth-
ods for the application of matric suction and measurement
of water content or degree of saturation have been devel-
oped. An overview of different frequently used lab methods
is given by Vanapalli et al. [2008].

Focusing on granular soils, such as sands, with a typi-
cal low suction range below 100 kPa or one atmosphere of
negative pore water pressure that can occur under natural
conditions, methods to control negative pore water pres-
sures are frequently applied for suction control. In order to
measure the equilibrium water retention curve, the hanging
water column method [ASTMDG6836-16, 2016] is frequently
applied. According to this method, matric suction in the
form of a negative water head is applied to a specimen
through a porous filter plate with a defined AEV in differ-
ent suction steps. For every suction step, the pore water
outflow until equilibrium is measured in order to calculate
the specimen degree of saturation. The reconstruction of
the WRC by equilibrium s-S;-data is labour-intensive and
time-consuming because the unsaturated flow requires
more equilibrium time with decreasing specimen degree of
saturation. Especially for the investigation of higher-order
scanning paths, an experiment may have to run for several
weeks.

Another approach for the measurement of the WRC is
given by the vice-versa procedure of changing the speci-
men water content or degree of saturation by application
of forced pore water flow and measuring the correspond-
ing response of specimen matric suction with the help of
an embedded tensiometer sensor. With the help of such
flow cell-based methods, transient quasi-static or dynamic
water retention curves can be measured, depending on
the applied flow rate [Milatz, 2015, 2020, Milatz et al.,
2018a,b, Mirzaei and Das, 2013, Zhuang, 2017]. The first
author’s work on this field has led to the development
of a miniaturised flow cell apparatus for the automated
continuous measurement of transient WRCs of granular
media, discussed in Milatz [2020], which is used for the CT
experiments to be presented in this contribution.

Several authors have already applied X-ray computed
tomography for the investigation of the WRC from a mi-
croscopic point of view [Higo et al., 2015, Khaddour, 2015,
Khaddour et al., 2018, Kido et al., 2020, Manahiloh and
Meehan, 2017, Thakur et al., 2020]. In many experiments,
the hanging water column method was used to apply dif-
ferent levels of matric suction and degree of saturation to
the investigated specimens. After equilibration of degree of
saturation, CT images have been taken to analyse the mi-
croscopic phase distribution for different hydraulic states.
Furthermore, microscopic interfacial properties, as given by
the interfacial areas or curvature of menisci, have already

been measured using X-ray CT by Wang et al. [2019] or
synchrotron-based CT by Armstrong et al. [2012], Culligan
et al. [2004], Schliiter et al. [2016]. Contact angles were mea-
sured manually by Andrew et al. [2014] and by Manahiloh
and Meehan [2017]. An automatic approach to contact
angle measurement based on algorithmic processing of
multiphase image data was presented by AlRatrout et al.
[2017].

In order to achieve good contrast in images of multiphase
materials, different techniques can be applied. In addition
to image processing methods used after image acquisition,
such as de-noising and filtering, the image contrast can
already be enhanced during imaging by special experimen-
tal and imaging techniques. For a better contrast of water,
dopants such as iodine, can be added, increasing its den-
sity and therefore contrast in X-ray images [Wildenschild
et al., 2005, 2002]. Furthermore, the X-ray energy can be
set in a way to cause the maximum absorption which is
characteristic of the applied dopant. Especially when using
synchrotron-based imaging, propagation-based phase con-
trast in conjunction with phase retrieval algorithms can be
considered to enhance the contrast at phase boundaries for
media with different refraction indices. Finally, neutron ra-
diation can be applied on a stand-alone basis or combined
with X-rays [Kim et al., 2013]. In contrast to X-rays, neu-
trons are mainly attenuated by atomic nuclei and allow to
achieve strong contrast for hydrogen-containing materials
which is very useful for the imaging of water in geomaterials
[Tengattini et al., 2021].

1.3. Motivation and open research questions

In this contribution, in situ flow experiments are con-
ducted in an X-ray CT scanner in order to obtain insights
into the unsaturated flow behaviour on the pore scale.
The CT data in between different hydraulic drainage and
imbibition steps of the WRC that is also measured on a
macroscopic level allows to track the fluid phases air and
water and to evaluate different microscopic properties in or-
der to shed light onto the different theoretical microscopic
phenomena leading to the macroscopic realisation of the
WRC. Furthermore, a better understanding of the WRC on
the pore scale is also believed to improve our understanding
of effective stress in a capillary system. Principal questions
of research that guide us during the design of experimental
procedures and analysis of CT data are the following:

1) Can the theories of microscopic origin of hysteresis
be confirmed?

2) Which phase distributions and fluid structures de-
velop during cyclic drainage and imbibition?

3) How do microscopic capillary state variables, such
as the interfacial areas, the length of the contact line
or contact angles as potential ingredients of effec-
tive stress, develop upon different hydraulic paths?

2. Material and methods
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2.1. Tested material

Based on previous CT-based studies, a medium coarse to
coarse grained natural sand referred to as “Hamburg Sand”
and used as a model sand at Hamburg University of Tech-
nology is investigated here. The sand has been washed to
remove particles smaller than 0.063 mm. Furthermore, ion-
oare containing particles that could lead to metal artifacts
in CT images have been removed as good as possible using
a strong magnet. A selection of different soil parameters is
given in Tab. 1. The grain size distribution curve is shown in
Fig. 2.

Table 1. Selected soil parameters of Hamburg Sand.

Ps €min  €max dio dso Amax
lg/em3]  [] []  [mm] [mm] [mm]
264 052 0805 045 0.68 2.0

ps: grain density, emin: min. void ratio
emax. Max. void ratio

djo: grain diameter at 10% passing
dso: grain diameter at 50% passing
dmax: Max. grain diameter
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Figure 2. Grain size distribution curve of the tested
Hamburg Sand and photograph of dry granular mate-
rial.

As shown in a previous study [Milatz, 2020], the investi-
gated sand exhibits low capillarity with an air entry value in
the order of magnitude of 1 kPa, but with pronounced hys-
teresis and air entrapment which can also be noted by the
WRC illustrated in Fig. 1.

2.2. Experimental set-up

For the in situ experiments in the CT system at Labora-
toire 3SR, Université Grenoble Alpes (UGA) [Viggiani et al.,
2015], the set-up for hydraulic experiments presented in Mi-
latz [2020] was adapted to be placed on the rotation stage in
between X-ray tube and detector screen as shown in Fig. 3.

Detector screen

| ——3

Rotation stage

Figure 3. Experimental set-up inside the CT cham-
ber at Laboratoire 3SR, Université Grenoble Alpes.

The experimental set-up, described in detail in Milatz
[2020], consists of a miniature syringe pump with a clamped
1 ml-syringe for drainage and imbibition of the specimen as
well as a system of two pore water pressure sensors for the
measurement of matric suction in the drainage system un-
derneath a filter plate supporting the sand specimen inside
its flow cell. The whole experiment is controlled by a Rasp-
berry Pi single-board computer, named the UNSAT-Pi 2,
which runs a Python script for test- and CT scan-control.
Different functions control the macroscopic change of de-
gree of saturation inside the specimen by the syringe pump
and the logging of suction data from the pore water pressure
sensor. A schematic drawing of the experimental set-up and
its most important technical components is shown in Fig. 4.

Cap with vent
hole T

Soil specimen it Pore water pressure
Membrane 3 S| Frow cen sensor system for
filter ‘ .ﬁo.“.‘Q suction measure-
<24 ment
Porous stone {
Syringe pump
1 ml syringe E E Stepper
motor

Figure 4. Schematic drawing of the experimental set-
up to be placed in the CT scanning environment at
Laboratoire 3SR.

For the application in a CT scanning environment, the
original experimental set-up, presented in Milatz [2020],
had to be modified by substituting all cable connections
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between the Raspberry Pi and the control units for syringe
pump and pore water pressure sensor by a curling 25-pin
D-Sub cable. This cable connects the single-board com-
puter, placed on the floor of the leaden X-ray cabin, to the
experimental set-up on the rotation stage, allowing for a
flexible data transfer and a minimisation of measurement
disturbance by rotational movement.

2.3. Specimen preparation

Initially water saturated sand specimens are created by
pluviating the selected dry mass of sand into the already
water-filled cylindrical container with an inner diameter of
12 mm. The sand is carefully poured in with a small spoon
using a small funnel, taking care that no single sand grain
is lost. The specimen holder is filled in layers, each a few
millimetres thick, that are carefully compacted and after-
wards roughened with the tip of a screw driver to avoid the
formation of segregated layers. This procedure is followed
until the desired initial macroscopic specimen height of
ho = 12 mm is reached. In order to also minimise air entrap-
ment, the water level inside the specimen holder is always
kept above the top of each sand layer. During specimen
preparation, the pore water pressure is already logged to
make sure that the measurement is working fine.

Prior to the first CT scan, the excess water on top of the
sand specimen is slowly pumped out with the help of the
syringe pump until the water level is located on top of the
uppermost sand grains. Before the start of the CT scan, a
topcap with a central aeration bore hole as shown in Fig. 4
is carefully pushed down on top of the specimen to fix it
against grain movements and to minimise the effect of evap-
oration during the CT experiments.

The sand specimen was prepared in such a way to reach
the initial macroscopic specimen properties presented
in Tab. 2, corresponding to the state of other specimens
investigated in previous research.

Table 2. Initial macroscopic specimen properties.

mglgl Volem®l epl-] wol-]  Swol-]
2.1711 1.3572 0.650 0.2462 1.0

myq: dry mass, Vp: initial specimen volume
eo: initial void ratio, wy: initial gravimetric water content
Sro: initial degree of saturation

2.4. Testing procedure during CT imaging

The Python code for controlling the hydraulic experi-
ment presented in Milatz [2020] was enhanced by a feedback
function for communication with the X-ray tomograph. This
procedure allowed to automatically start a CT scan after the
termination of each hydraulic step by having the Raspberry
Pi check the presence of a status file via network connection.
After the end of each CT scan, the Python program would
continue with the next hydraulic step. With this approach,
the step-wise hydraulic experiment with intermediate CT
scans could be fully automated.

The selected experiment on a specimen of Hamburg
Sand, presented in this contribution, consists of 19 hy-
draulic steps and 20 CT scans of different hydraulic states,
including the initial water saturated specimen. Due to the
automated testing procedure, all experimental stages could
be performed in the same time steps.

Starting from the water-saturated initial state, 5 hydraulic
steps on the primary drainage path were applied. They were
followed by 4 steps on a 1st scanning imbibition path, 3
steps on a main imbibition or 1st drainage scanning path
(after air entrapment), 2 steps on a 2nd imbibition scan-
ning path, 2 steps on a 2nd drainage scanning path, 2 steps
on a 3rd imbibition scanning path, and one last step on a
3rd drainage imbibition path. With every change in flow
direction, the amplitude of total macroscopic saturation
change AS; was reduced in order to obtain always differ-
ent scanning paths, leading to a whirl-shaped WRC. Fig. 5
shows the applied change in pore water volume AS; during
tomography steps and hydraulic steps during the whole
experiment. The different macroscopic steps of pore water
volume change have been selected in that way as to ob-
tain the same saturation levels on different hydraulic paths
to compare the microscopic capillary states at the same
macroscopic saturation, but on different hydraulic paths.
Thus, we focus especially on the microscopic capillary ef-
fects on higher-order scanning paths, which has not been
done so far to our knowledge.

—
g o
s
q o—a
o -100F 1
%0 o-a o8 (<]
=S sof .
o
Q
g 200 1
% o—a o—a o—-a
> 250 i
'
Q
S 3000 1
B o-a o—a
(o]
5 -350F 1
o,
S -400 ‘ ‘ ‘ ‘ ‘ ‘
S 0 200 400 600 800 1000 1200 1400
[_4

Time [min]

Figure 5. Macroscopic change of pore water volume,
applied by the syringe pump, vs. time during the hy-
draulic CT experiment on Hamburg Sand.

In all hydraulic steps, the same flow rate, also chosen in
previous experiments [Milatz, 2020], of %Ltw = 0.0597 me3,
corresponding to % =~ 0.000112 %, has been applied by the
syringe pump. This flow rate was shown to be small enough
to lead to transient WRCs very close to WRCs measured un-
der equilibrium conditions [Milatz, 2020].

According to the macroscopic assumption of an initially
water saturated specimen, the macroscopic degree of sat-
uration is directly calculated from the pore water volume
change in the specimen applied by the syringe pump. With
the suction response, measured by the integrated pore
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water pressure sensor underneath a filter plate system in
the bottom of the sand specimen, transient WRCs can be
reconstructed by combination of applied saturation and
measured matric suction. In order to capture the hydraulic
behaviour during tomography steps in which no water
inflow or outflow could take place, matric suction was
measured with a reduced sample rate.

Every CT scan was performed with the same scan-
settings, summarised in Tab. 3. In order not to disturb
the specimen, the rotational acceleration and deceleration
of the rotation stage upon the start and ending of a CT
scan was damped using the X-Act software that controls the
scanning procedure.

Table 3. Settings of the CT scans at Laboratoire 3SR

X-ray tube voltage 120 kv
X-ray tube current 83 uA
Projections/360° revolution 1120
Isotropic voxel size 10 pm
Binning 1
Averaging 4
Acquisition time per scan ~ 40 min
Acquisition mode Continuous rotation

2.5. Evaluation of CT data

Preprocessing

After reconstruction of the CT data, using the filtered
backprojection algorithm, built in the X-Act software that
also controls the CT scanner at UGA, a stack of 16 bit
greyscale tiff-images is obtained. These images include the
whole cylindrical sand specimen, including the walls of
the acrylic flow cell as well as parts of the topcap and filter
stone below the sand specimen. In a first step, the images
are cropped by a central circular mask, only selecting the
soil volume by blackening the exterior regions using the
open-source software FiJi (Image]J) [FiJi, 2022].

In the further image processing workflow, these images
are first filtered using a median filter and a GPU-accelerated
non-local means filter based on Gastal and Oliveira [2012],
both available in the commercial software Avizo [Avizo
2019.3, 2019]. The combination of these filters allows to re-
duce noise and to enhance contrast of the different phases
sand, water, and air for the following segmentation without
a blurring of phase boundaries such as grain edges.

Segmentation

In order to segment or trinarise the image data into
the three phases sand, water, and air, a step-wise semi-
automatic approach implemented in Avizo is adopted. The
2D-Histogram Segmentation module, following in its imple-
mentation the work by Jones et al. [2007], allows to segment
different phases with the help of a marker-based water shed
algorithm. Individual phases are in a first step detected and
pre-labelled (seeded) by means of a 2D histogram plot of
their greyscale gradient magnitude vs. intensity. Individual

regions are selected based on domains with the highest
greyscale gradient magnitude in the 2D histogram by the
user. Starting from the pre-labelled regions, a watershed
algorithm is applied until all image regions are assigned to
an individual material phase. This segmentation procedure
helps to reduce the so-called partial volume effect, occur-
ring for standard threshold-based segmentation, that would
lead to ill-segmented pixels at phase boundaries, e. g, to the
wrong appearance of thin water layers around soil particles.
The image processing procedure is illustrated in Fig. 6.

Figure 6. Image processing procedure including fil-
tering and segmentation: (a) Raw greyscale image, (b)
after median filtering, (c) after non-local means filter-
ing, (d) different phases after segmentation.

Analysis of multiphase data and capillary state
variables

Different subvolumes are extracted from the whole re-
constructed cylindrical specimen volume for the further
multiphase analysis of microscopic capillary effects: For
the analysis of microscopic phase distribution vs. specimen
height a central subvolume of 800 px x 800 px x 1145 px
(8 mm x 8 mm x 11.45 mm) and for the calculation of
averaged unsaturated soil state variables and interfacial
properties as well as discontinuous air and water clus-
ter analysis, a cubic subvolume of 800 px x 800 px x 800 px
(8 mm x 8 mm x 8 mm) has been selected. Both subvolumes
are illustrated in Fig. 7.

With the help of the subvolumes, the evolution of local
microscopic averaged properties, such as degree of water
and air saturation S; and S,, water content w, and void ratio
e, can be calculated from the segmented voxel data per slice,
i. e, vs. specimen height, or within a subvolume. This allows
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Figure 7. Embedded subvolumes for further analysis
of CT data shown within the sand grain skeleton. Left:
Subvolume of 800 px x 800 px x 1145 px. Right: Sub-
volume of 800 px x 800 px x 800 px.

to investigate the evolution of these properties in compar-
ison to their macroscopic values during different hydraulic
steps. Fig. 8 shows the location of the discussed subvolumes
inside a segmented central vertical slice together with the
voxel count of the different phases vs. specimen height.
From the phase distribution boundary effects can be no-
ticed especially for the air and water phase at the specimen
bottom and top. The central cubic subvolume of 800 px
x 800 px x 800 px has been selected in a location free of
boundary effects representing the bulk of the specimen also
excluding the lateral boundaries close to the walls of the
flow cell.

The slice-wise microscopic data of void ratio e and wa-
ter degree of saturation S; are calculated according to equa-
tions 5 and 6. The air degree of saturation can be calculated
by Sa=1-S5;.

_ TMvoxels,a  Mvoxels,w

e= )

Nyoxels,s

S, = Nyoxels,w ’ ©6)
Nyoxels,a T Pvoxels,w
where nyoxels represents the voxel count per subvolume of
the different phases a = air, w = water, and s = solid.

With the help of labelling, the air and water clusters in-
side the experimental data (the central cubic subvolume of
800 x 800 x 800 px is evaluated) can be separated in order to
analyse their behaviour with regard to macroscopic degree
of saturation and suction during different hydraulic steps.
The labelling is computed in Avizo based on connectivity. An
individual cluster is defined as the assembly of connected
voxels sharing at least one common vertex (voxel corner
node) with their neighbouring voxels. We apply a simple
counting of individual air and water clusters, an analysis
based on cluster volume distribution as well as shape dis-
tribution. For the latter, we focus on air clusters which are
characterised by Wadell’s sphericity ¥ [Wadell, 1935] cal-
culated for their volume V and surface area A according
to Eq. 7. Wadell’s sphericity represents the relationship of
the surface area of a sphere with the same volume as the
considered particle to its true surface area, yielding v =1
if the considered particle is a perfect sphere itself and val-
ues which are the lower the more the considered particle

deviates from a sphere.

A -
V=T

As transient hydraulic drainage and imbibition paths
are followed during the experiment, also the evolution of
the nonwetting-wetting fluid interfacial area (air-water in-
terfacial area) a™ and the solid-wetting fluid interfacial
area (solid-water interfacial area) a®" per unit volume are
calculated for every hydraulic step. For this purpose, the
interfaces of different phases are detected and approx-
imated by a triangulated surface mesh using the Avizo
software. In Avizo, the selected settings for the control of
the surface meshes include (1) an option to optimise or
compact (Avizo-terminology: “compactify”) the extracted
meshes in a post-processing approach, (2) the option to
adjust coordinates to lie exactly on the nearest boundary
face of the bounding box including the surface, and (3) a
constrained smoothing procedure, ensuring thin regions
not to vanish at the lowest possible smoothing extent. The
presented interfacial areas have been computed with these
optimal settings yielding the highest possible accuracy. As
compared to a surface generation with the default settings
without “compactifying” the mesh and with a medium
constrained smoothing extent, the selected settings at the
highest possible accuracy of surface approximation resulted
in an average increase of ca. 25 % of the air-water interfacial
area and of ca. 9 % of the solid-water interfacial area, which
probably accounts for fine surface structures being missed
or smoothed out when the default meshing settings are
used. It should be the task of future studies to further assess
the accuracy and also the effect of different input voxel sizes
on the accuracy of interfacial area measurements based on
this methodology.

The solid- and air-water interfacial areas have been mea-
sured based on the available phase segmentation relying on
the image resolution at a voxel size of 10 ym. It must be
noted that potential thin liquid layers on the solid grain sur-
faces as a basis for film flow as discussed in some studies,
e. g, Tuller et al. [1999] and Tuller and Or [2001], can’t be re-
solved at this resolution and therefore are not considered in
the determination of the interfacial areas.

A further geometric measure of capillary action is the
contact line representing the location shared by all present
phases where interfacial tension is transferred to the solid
grains. It is measured in the central cubic subvolume as a
3D path, consisting of nodes and line segments, the length
of which can be measured to calculate the specific length
of the contact line per unit volume. For the determination
of contact line, the 3D intersections of all phase surfaces
are detected in Avizo using the “Create Surface Geodesic
Path” module applied to a surface mesh of all materials
inside a subvolume. The surface contours, representing the
common 3D line of all phases, including background, are
imported, split at intersections to create many nodes, linked
by segments, transformed into a spatial graph, and finally
filtered by bounding box contact to remove the segments
touching the exterior material, i. e., the bounding box. This
procedure yields the 3D contact line, touching all phases as
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illustrated in Fig. 9 for the experimental step with the lowest
degree of saturation after primary drainage. More detailed
visualisations of the contact line are given in Fig. 29 in the
Appendix section.

As a further analysis of microscopic properties, the shape
of different selected menisci in the pore space can be char-
acterised by their contact angles 6 to adjacent grains as
well as their radius of curvature in order to investigate the
phenomenon of contact angle-hysteresis as well as capillary
pressure on the grain scale. By tracing the interface between
air and water, different menisci are identified in various 2D
slices in x-, y- and z-direction of the 4D data set, allowing to
manually measure contact angles and radii of curvature for
all hydraulic steps. Contact angles are measured using the
contact angle tool in the open-source software Fiji (Image]J).
The same software is used to measure radii of curvature by
fitting a circle to the curvature of the considered meniscus
if possible. This proposed method is limited by the avail-
able image resolution (in this case 0.01 mm/px) and by
image noise. For an improvement of the quality of measure-
ments, the evaluation is based on greyscale images, filtered
greyscale images and Sobel filtered greyscale images, the
last of which enhance the edges of grains and menisci. The
procedure is illustrated in Fig. 30 in the Appendix.

In order to obtain reliable results, a multitude of mea-
surements is taken on selected menisci in all space direc-
tions, resulting in a point cloud of ideally two contact angles
and one radius of curvature for each considered meniscus.
For further analysis, the measured radius of curvature R; al-
lows to calculate mean curvature H and capillary pressure
pc according to Eq. 4 under the assumption that the second
radius of curvature R is infinity under 2D conditions. The
contribution of the second (perpendicular) radius of curva-
ture to mean curvature is neglected. The calculated capillary

pressure is then compared to the measured matric suction
to link the microscopic and macroscopic scale.

Analysis of grain kinematics and pore-saturation

The discrete digitial image correlation (DDIC) algorithm,
implemented in the open-source software spam [Stamati
et al., 2020], has been used to track grain displacements in
3D data sets from the first six time steps, including the ini-
tial water-saturated specimen state and the consecutive five
incremental hydraulic steps during primary drainage. The
DDIC analysis works on labelled images, only containing the
solid, i.e., the sand phase. The result of a total correlation
analysis yields the discrete 3D particle positions over time
to investigate grain displacements which are coupled to the
drainage process. Furthermore, a pore-based analysis of
emptying events has been run based on a radical Delaunay
triangulation, linking grain centres to form a mesh of tetra-
hedral volume elements. The triangulation is calculated
for every time step. The voxel count of segmented images
on which the triangulation is mapped is used to calculate
pore-based statistics, e. g, of a pore-saturation, during the
drainage process. In this approach, a pore is defined as
the volume of a tetrahedron minus the volume of the solid
phase contained in the tetrahedron. Pore-saturation can
thus be calculated as the water volume per pore volume for
every pore inside one of the many tetrahedra. Note that the
characterisation of pores by tetrahedral elements linking
the grain centres represents a discrete approximation which
might capture a “regular pore’, i. e., a pore in between only
four neighbouring grains, better than a pore enclosed by a
multitude of neighbouring grains. In the latter case, the pore
will be represented by more than one tetrahedral element,
i. e., it will be discretised. Further future studies should eval-
uate and quantify the accuracy of the approach for different
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Figure 9. Visualisation of the 3D contact line in a cu-
bic subvolume containing Hamburg Sand and water at
the lowest degree of saturation after primary drainage
with the contact lines highlighted in red colour (top)
and extracted 3D contact line (bottom).

granular materials, e. g, ideal sphere packings compared to
arbitrarily shaped grains.

3. Experimental results

3.1. Macroscopic water retention behaviour

The time-histories of applied change in macroscopic
degree of saturation and the measured suction response are
shown in Fig. 10. Test stages, such as tomography steps, in
which data was logged without a change in macroscopic
specimen water content, are indicated in black colour. Each
of the 19 hydraulic test stages is plotted in a different colour.

A clear response of matric suction upon change of degree
of saturation can be noticed from the data time-histories.
Especially upon primary drainage, heavy oscillations and
jumps of matric suction upon air entry into the specimen
are measured. During the first CT scan, an increase in ma-
tric suction can be noticed which might be due to the effect
of the specimen topcap having been pushed on top of the
specimen directly prior to the scan. The oscillations on the
primary drainage path typically occur when air enters the

T T
o Start of CT scan
O End of CT scan |

ot g
o o
T T

Saturation Sr [-]

Matric suction s [kPa]

202 I I I I I I
0 200 400 600 800 1000 1200 1400
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Figure 10. Macroscopic change of degree of sat-
uration calculated from the pore water volume
change (top) and measured suction response (bottom)
vs. time during the hydraulic CT experiment on Ham-
burg Sand.

specimen top and breaks through onto the filter system
at the base of the specimen. This behaviour could be well
observed through the acrylic cell during experiments un-
der lab conditions presented in Milatz [2020]. The analysis
of phase distribution by means of X-ray CT will make it
possible to further elevate these simple observations from
the specimen’s exterior into the 3D void space inside the
specimen.

During image acquisition, when no macroscopic flow of
pore water into or out of the specimen is applied, a charac-
teristic drift or relaxation of matric suction can be observed
which mightindicate a transient redistribution of pore water
inside the specimen after the pore water flow is stopped. An-
other explanation could be a slight impedance of pore wa-
ter flow caused by the applied membrane and porous stone
filter. After the termination of a drainage step, matric suc-
tion always slightly decreases before stabilising on a plateau,
while matric suction always increases after the end of an im-
bibition step. This relaxation of matric suction can be ob-
served to be within a limiting magnitude of ca. ¥0.06 kPa in
nearly all cases.

The macroscopic WRC, obtained by combination of the
data presented in Fig. 10, is shown in Fig. 11. The tran-
sient water retention data is also compared to the primary
drainage path measured with the HYPROP evaporation test
[Peters and Durner, 2008, UMS, 2018] on the same sand at
the same initial macroscopic void ratio. The slopes of the
primary paths measured in the transient experiment and the
HYPROP test are in good agreement. However, deviations
due to the effect of suction oscillations at air entry occur
on the primary drainage path. The measured step-wise
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drainage and imbibition scanning paths can be assembled
to a WRC with the typical ellipsoid hydraulic loops with
the scanning paths approaching the primary drainage and
main imbibition paths asymptotically. The aforementioned
relaxation effects are also visible in the s-S;-space.
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Figure 11. Macroscopic transient water retention
curve with intermediate tomography steps measured
during the hydraulic CT experiment on Hamburg
Sand.

The transient WRC measured here is very similar to the
WRCs measured for the same material at the same macro-
scopic initial void ratio under lab conditions presented in
Milatz [2020]. In contrast to the WRCs measured continu-
ously without intermediate tomography steps, the suction
range between highest and lowest suction of the hysteresis
loops is narrower which might be due to the inward relax-
ation of matric suction occurring in the transient CT experi-
ment.

3.2. Multiphase analysis of microscopic
properties

Evolution of subvolume-based specimen
properties

Fig. 12 shows the changing distribution of pore water in a
reconstructed subvolume of 800 px x 800 px x 1145 px con-
sisting of the solid sand phase and water phase for the initial
specimen state and the successive 19 hydraulic steps in the
hydraulic experiment on Hamburg Sand. The same experi-
mental steps are shown for the air phase only in Fig. 13. Es-
pecially in the five initial images, a developing vertical and
then branching air channel, reaching from specimen top to
the bottom, can be noticed. A time series of the water phase
only is illustrated in Fig. 31 in the Appendix.

The local distributions of void ratio e, water degree of sat-
uration Sy, and air degree of saturation S, inside the cen-
tral subvolume of 800 px x 800 px x 800 px edge length are
shown in Fig. 14 vs. specimen height for all hydraulic steps.
The hydraulic steps after which the CT data have been ob-
tained are indicated by a heat map with cold blue colours

representing the initial steps and dark red colours indicat-
ing the final steps of the hydraulic experiment. This visual-
isation allows to evaluate the phase homogeneity as well as
boundary effects especially at the specimen top where the
air enters the specimen and at the bottom where the water
flow boundary condition is applied.

It can be seen that the void ratio is limited by the mini-
mum and maximum values enin and emax as given in Tab. 1.
The mean void ratio, calculated from the slice-wise voxel-
based data, is lower than the macroscopic void ratio of ey =
0.65 aimed for in specimen preparation. From the void ra-
tio distribution a higher densification of the specimen at the
top of the considered subvolume can be noticed. During the
hydraulic cycles, a very small change in void ratio seems to
occur, with the void ratio slightly increasing at the specimen
bottom and decreasing at the specimen top if the experi-
mental steps 0 and 19 are compared. This observation might
be an evidence for microscopic hydro-mechanical coupling
effects due to which grain movements develop during cyclic
pumping of pore water or reordering of capillary bridges and
water clusters.

The distributions of S; and S, indicate a nearly full water
saturation with an average of S; = 0.988 in the considered
subvolume at the beginning of the experiment (step 0).
Accordingly, the amount of entrapped air initially equals an
average of S; = 0.012. In the first two hydraulic steps, a re-
duction of degree of saturation or an increase in air degree of
saturation starting from the specimen top, but also strongly
propagating close to the bottom of the considered subvol-
ume can be noticed. Focusing on the air distribution, this
behaviour corresponds well to the sudden break through of
an air channel from specimen top to bottom that further
branches laterally to the sides in the lower zone of the pore
volume during primary drainage, which has already been
observed in the reconstructed image sequences shown in
Fig. 12 and Fig. 13 for the step in between S; = 0.86 and
Sy = 0.76. As larger voids are emptied before smaller voids
at the same capillary pressure, a vertical air channel could
rapidly break through the specimen at primary drainage
and reach out horizontally around the bottom regions of the
specimen. This sudden air distribution also represents an
explanation for the suction drop measured macroscopically
around air entry shortly before the third CT scan after the
second hydraulic drainage step as shown in Fig. 11. The
air clusters close to the filter system below the specimen
shortly cut off the hydraulic contact to the pore pressure
sensor in the drainage system. Therefore, temporarily no
good suction response is measured until hydraulic contact
is reestablished on further drainage or imbibition with water
redistribution.

After the third hydraulic step, also the middle parts of the
subvolume are filled with pore air, leading to a more homo-
geneous distribution of S; and S, vs. specimen height. How-
ever, a gradient within the air and water distributions devel-
ops during all consecutive drainage and imbibition steps,
with more air being entrapped in lower parts closer to the
specimen bottom. Accordingly, more pore water remains in
the upper part of the specimen. This finding correlates well
with the smaller void ratio in this region of the specimen,
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Figure 12. Cyclic drainage and imbibition on a subvolume of 800 px x 800 px x 1145 px (8 mm x 8 mm X 11.45 mm).
Reconstructed sand (yellow) and water volumes (blue). Air volumes are not shown. Step 0 indicates the water-saturated
initial specimen state. Hydraulic steps and macroscopic degree of saturation according to Fig. 10.

where a higher capillary pressure retains the pore water with
more strength compared to regions with higher void ratio
according to the rules of capillarity.

By means of averaging of phase-specific voxel data over a
subvolume, local soil state variables, such as void ratio and

degree of saturation, can be calculated directly from the im-
age data and compared to the macroscopic variables as pre-
scribed in the experiment. The evolution of S; and e, calcu-
lated for the central cubic subvolume of 800 px x 800 px x
800 px, vs. experimental steps is shown in Fig. 15.
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Figure 13. Cyclic drainage and imbibition on a subvolume of 800 px x 800 px x 1145 px (8 mm x 8 mm X 11.45 mm).
Reconstructed air volumes (blue). Step 0 indicates the water-saturated initial specimen state, where occluded air bub-
bles and larger air clusters at the specimen top can be found. Hydraulic steps and macroscopic degree of saturation

according to Fig. 10.

The comparison of macroscopic and local (subvolume-
based) degree of saturation generally shows a good agree-
ment. Especially for the end of primary drainage, for the fol-
lowing main imbibition and for the first scanning drainage
path, a good agreement of macroscopic and local data de-
rived from the voxel distribution inside the subvolume can
be noticed. During primary drainage and in the last three

scanning paths starting with step 14, higher deviations oc-
cur. These deviations might be due to local inhomogeneities
in the pore water distribution as well as boundary effects at
the specimen top and bottom or at the cylindrical side walls
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Figure 15. Evolution of prescribed macroscopic de-
gree of saturation and calculated subvolume-based
(averaged) local degree of saturation (top) as well as
change of calculated subvolume-based (averaged) lo-
cal void ratio (bottom) for all hydraulic steps in the CT
experiment on Hamburg Sand.

of the specimen container which are not affecting the se-
lected cubic subvolume. Furthermore, the macroscopic de-
gree of saturation is calculated based on the initial macro-
scopic specimen volume and according to pore water vol-
ume change applied by the syringe pump, without taking
microscopic air entrapment, evaporation as well as phase
inhomogeneities into account.

The evolution of void ratio in Fig. 15 reveals a cyclic
“breathing” of the pore volume, closely coupled to the
change in degree of saturation, which might represent di-
rect evidence for the hydro-mechanical coupling and the
volumetric impact of changes in suction stress in granular
media. If the sudden increase of void ratio due to the first
hydraulic step is neglected, a clear reduction of void ratio
upon drainage and an increase upon imbibition can be
derived from the data. Furthermore, the magnitude of void
ratio change seems to be directly coupled to the magni-
tude of change of degree of saturation. This characteristic
behaviour is also underlined when the void ratio is plotted
vs. degree of saturation or matric suction as in Fig. 16. Void
ratio data are shown vs. matric suction before and after a
CT scan. An increase in matric suction corresponds to a
volumetric contraction of the grain skeleton and pore vol-
ume, whereas a decreasing suction leads to relaxation and
dilation.

Water and air cluster analysis

The evolution of the air and water cluster count vs. de-
gree of saturation and matric suction of all hydraulic steps is
shown in Fig. 17.

Interestingly, both air and water cluster counts show
hysteresis when plotted vs. matric suction and degree of sat-
uration. However, the hysteresis is more pronounced when
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Figure 16. Evolution of subvolume-based (averaged)
local void ratio vs. subvolume-based local degree of
saturation (top) as well as vs. measured macroscopic
matric suction before and after a tomography step
(bottom) for all hydraulic steps in the CT experiment.

the cluster counts are shown vs. matric suction (compare
right to left column of Fig. 17). Especially the air cluster
count seems to show some drift when shown vs. degree of
saturation, which might be a consequence of air entrapment
during different hydraulic cycles. The maximum number of
air clusters contained in the considered subvolume is higher
than the number of water clusters, which can be explained
by water, being the wetting phase, rather forming connected
clusters than isolated volumes which is a characteristic of
air as the nonwetting phase.

Further 3D histograms showing the evolution of wa-
ter and air clusters in 10 different volume domains for all
hydraulic steps are shown in Fig. 32 and Fig. 33 in the Ap-
pendix. Especially for air clusters, but also for water clusters,
very small volumes dominate all present clusters, which
might also be due to image noise. During the hydraulic
cycles and individual steps, clusters of different volumes ap-
pear and disappear at different times. The effect of changing
water drainage and imbibition steps is especially visible in
the histogram for the water clusters, with the number of
clusters increasing and decreasing in different volume do-
mains, whereas especially smaller air clusters don’t seem to
be much influenced by changing water flow directions. This
might be evidence for the entrapment of especially smaller
air volumes in the pores.

In the air bubble shape analysis, labelled air volumes
are classified by their sphericity . We firstly analyse the

evolution of the number of air clusters for ten sphericity do-
mains as shown in Fig. 18. A visualisation of the considered
sphericity ranges is shown in Fig. 34 in the Appendix. The
closer v is to one, the closer the corresponding air cluster is
to a spherical volume, i. e., a bubble. The lower v, the more
the corresponding air cluster resembles a volume with com-
plex shape, such as air ganglia. From Fig. 18 it can be seen
that air clusters with ¢ > 0.50 dominate the air volumes
present in the considered subvolume. While rather less
spherical ganglia with 0.70 < ¥ < 0.80 represent the max-
imum number of air clusters present during all hydraulic
steps, the initially very present spherical bubble-like air vol-
umes of the shape group 0.90 < ¥ < 1.00 are much reduced
during primary drainage and consecutive drainage steps,
without being much renewed during imbibition steps. How-
ever, also close to spherical air bubbles of the shape group
0.80 < ¥ < 0.90 seem to stabilise in the pores. By analysing
the relationship between air cluster volume and air cluster
sphericity (not shown here), it can be shown that increasing
sphericity relates well to smaller volumes.

The data presented in Fig. 19 show the trends of the min-
imum, mean, and maximum value of sphericity y for all air
clusters present after all hydraulic steps. As already could be
inferred from the data in Fig. 18, the decrease in maximum
and mean sphericity with increasing number of hydraulic
cycles indicates that the air clusters more and more take the
forms of complex ganglia, whereas smaller rather spherical
clusters are reduced. These results illustrate that hydraulic
hysteresis is, amongst other physical phenomena, such as
contact angle hysteresis, obviously related to air and water
phase distribution and shape (morphology) which both
change during different drainage and imbibition cycles.

Evolution of interfacial areas

As recent mathematical approaches for the evaluation
of effective stress in unsaturated soils include the effect of
the microscopic interfaces, e. g, Gray et al. [2009], Lu et al.
[2010], Nikooee et al. [2013], and Wang et al. [2019], and
also macroscopic hysteresis of the WRC is believed to be
linked to them, e. g., Hassanizadeh and Gray [1990], the evo-
lution of the interfacial areas a™ and a®" is of interest. Both
soil properties have been extracted as subvolume-averaged
data from the selected central cubic subvolume of 800 px x
800 px x 800 px for all hydraulic steps of the experiment.

When the interfacial areas are plotted vs. the local degree
of saturation inside the subvolume as well as macroscopic
matric suction, characteristic curves of a™ and a%V are ob-
tained in Fig. 20.

While especially the solid-water interfacial area nearly
shows no hysteresis, but rather a monotonic curve when
plotted vs. corresponding degree of saturation, and the air-
water interfacial area shows some slight hysteresis or shift
(compare left column subplots of Fig. 20 a) and b)), both
interfacial area properties are highly hysteretic when plotted
vs. macroscopic matric suction, reproducing elliptical loops
as known from the WRC (compare right column subplots of
Fig. 20 ¢) and d)). Especially the solid-water interfacial area
seems to be directly linked to degree of saturation due to the
monotonic slope, when shown vs. saturation and due to the
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for all hydraulic steps. Imbibition steps are highlighted
by a grey background.

resemblance of the a%V-s-curve to the WRC. The monotonic
a®"'-S;-curve appears to be limited by a®¥ = 0 for S; = 0 and
a®" = a° for S; = 1, with a°® being the solid surface area per
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Figure 19. Evolution of maximum, mean, and mini-
mum sphericity of all air clusters contained in the cu-
bic subvolume for all hydraulic steps. Imbibition steps
are highlighted by a grey background.

total volume, also known as the specific surface area of the
granular material. For S; =1, the solid-water interfacial area
approaches a value of @*V ~ 6.2 mm?/mm? which is very
close to the value of a® = 6.28 mm?/mm? as measured from
CT data of grain surface contained in the considered subvol-
ume. This being said, " becomes a concrete measure of
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the wetted solid surface, with its magnitude and character-
istic possibly depending on the grain size and grain shape
distribution. This needs further investigations, especially
for other granular materials.

The air-water interfacial area has to be zero for S, = 0
and S; = 1 with a peak value in between. From Fig. 20 a)
the peak value can be located around S; = 0.4. Generally,
a™ seems to be higher on imbibition paths compared to
drainage paths for the same degree of saturation and suction
levels as shown in Fig. 20 a) and c). This could be a conse-
quence of contact angle hysteresis. However, the solid-water
interfacial area is always higher on drainage paths compared
to imbibition paths when shown vs. matric suction in Fig. 20
d).

Evolution of specific contact line

The measured specific contact line, representing the ref-
erence line for the action of interfacial tension per unit vol-
ume, is also studied as a function of degree of saturation and
matric suction based on Fig. 21.

Similar to the air-water interfacial area, the specific
length of contact line is increasing with decreasing de-
gree of saturation, probably reaching a maximum for some
lower degree of saturation and reaching zero in the fully dry
state. When plotted vs. matric suction, the specific length
of contact line also shows pronounced hysteresis, whereas
it rather drifts when shown vs. degree of saturation. At its
maximum measured here, one cubic millimetre of sand

contains nearly 60 mm of curled contact lines oriented in
all directions of space. If the contact line is imagined as the
measure of length along which interfacial tension acts onto
the grains, it can be seen as another quantitative measure
for hydro-mechanical coupling in the unsaturated state.
Similar to the interfacial areas, also the specific length of
contact line together with contact angles could therefore be
characteristic of the tested material and act as an ingredi-
ent for effective stress or for the construction of a unique
relationship for the WRC based on capillary state variables,
which is addressed in the following, but which should be
further tested in the future.

Meaning of interfacial capillary state variables
regarding a unique WRC

If we plot the degree of saturation and air-water interfa-
cial area derived from the extracted subvolume of CT data
together with matric suction measured after each CT scan,
we can establish a unique relationship in the form of a 3D
surface, expressing a™ as a function of S; and s as shown in
Fig. 35 in the Appendix. The function a™ = f(S;, s), fitted to
the 3D data points, is a quartic polynomial surface function,
intended only to proof that the data can be fitted well by a
3D surface. On the way to a unique relationship for the WRC
based on capillary state variables, this represents evidence
for the theoretical considerations of Hassanizadeh and Gray
[1990] and Hassanizadeh and Gray [1993], suggesting that
our view of the WRC as a functional relationship between S;

Open Geomechanics, 2022, article no. 5

Marius Milatz, Edward Ando, Gioacchino Viggiani & Serge Mora, In situ X-ray CT imaging of transient water retention experiments

with cyclic drainage and imbibition

17



60 ‘
B
oA
© N
= 50 F oA ]
= S BN
< =B
+~ L b i
g . 40 ERR
N
S E N
5 £ .
SEY ="\ ‘
2 E a’\ A
k3] ° o \m/ \
o T 20 ¥ Yo
E \
Q \
8- \
) 101 b
\ o Subvolume-averaged data\

0 0.2 0.4 0.6 0.8 1
Degree of saturation Sr [-]

60 w
pE~————"= el
= )
Q -/
£ 50) ga - PSR
= A _-9-o )7
= 057 = 7
Q Gz %
[} or: agd /
E — 40’ ‘7 7
SR gr W
C: g /,
7

o ~
= =) 30 e e 7
@ B on _Ba 7
§ =, o m\\m,
— P
o ™ 20t c o--_." ]
= P e
= _- P
1) - -
0 .- -
o 10e - o .

© Suction before scans
o Suction after scans

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Matric suction s [-]

Figure 21. Evolution of specific length of contact line
vs. degree of saturation (top) and vs. matric suction
(bottom) for all hydraulic steps.

and s is incomplete. It also confirms the findings by Porter
et al. [2009] who also discovered a similar state surface for a
glass bead packing.

Although not shown here, similar dependencies and sur-
face approximations can also be found for the solid-water
interfacial area and for the specific contact line. This high-
lights that the capillary state variables are deeply connected
to degree of saturation and capillary pressure with the hys-
teresis phenomenon occurring in a kind of “state surface”.

Evolution of individual capillary menisci

The contact angles measured on individual menisci are
plotted vs. all hydraulic steps in Fig. 22. Due to the time re-
quired for CT imaging after a hydraulic step, the contact an-
gles are assumed to be equilibrium contact angles if a po-
tential effect of specimen rotation, evaporation, and viscous
effects causing relaxation of the air-water interfaces is ne-
glected.

The development of the mean of the contact angles
shows clear evidence for contact angle-hysteresis, with
lower mean contact angle on drainage paths compared
to imbibition paths. However, the mean contact angle is
gradually increasing and decreasing, which underlines that
the change in the shape of menisci is a gradual process
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Figure 22. Evolution of measured contact angles for
all drainage and imbibition steps.

upon flow reversal. Some of the drainage contact angles are
higher compared to imbibition contact angles, which can be
explained by pinning of menisci, observed in some images,
when menisci adhere to rough grain surfaces or sharp edges
in pore throats. The pinning prevents the free movement
of the menisci so that their curvature and also the contact
angle is forced to change. In rare cases, also convex menisci
with a negative radius of curvature could be observed.

A histogram of contact angles on drainage and imbibi-
tion paths is presented in Fig. 23. Here, a similar distribution
of contact angles on drainage and imbibition paths can be
noticed. However, for imbibition, the probability of larger
contact angles is higher compared to drainage. Out of 182
drainage contact angles and 141 imbibition contact an-
gles measured, the mean drainage contact angle is 46.478°,
whereas the mean imbibition contact angle is calculated as
50.307°, also showing the effect of contact angle-hysteresis.
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Figure 23. Probability distribution of contact angles
measured on drainage and imbibition paths.
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Besides the contact angles, the radius of curvature is also
closely associated with geometry of a capillary meniscus and
will change upon drainage and imbibition if no pinning ef-
fects occur. The radius of curvature is especially interesting
because it allows to calculate capillary pressure. The evolu-
tion of the 2D radii of curvature measured for many menisci
during all hydraulic steps is shown in Fig. 24. Similar to the
contact angle, the mean of radius of curvature shows hys-
teresis. Smaller radii of curvature are measured on drainage
paths compared to imbibition paths, although there is also a
gradual formation of radii of curvature as drainage or im-
bibition proceed. This underlines the kinematics of single
menisci during continuing drainage or imbibition. The hys-
teresis of matric suction therefore seems to be correlated to
different radii of curvature and contact angles on drainage
and imbibition paths.
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Figure 24. Evolution of measured radii of curvature
R; for all drainage and imbibition steps.

The relationship between contact angles and radius of
curvature is reflected by the point clouds and regression re-
sults presented in Fig. 25. Although the presented data show
a lot of spread with regard to the measured radii of curva-
ture and related contact angles, a certain trend between
both measures can be found: with increasing contact angle,
also the radius of curvature increases both for drainage and
imbibition which is a plausible relationship if, for instance,
one thinks of the geometric relationship of an ideal menis-
cus inside a capillary tube with varying contact angles and
related radii of curvature.

Finally, also the capillary pressure can be calculated from
interfacial tension and measured mean curvature (derived
from the 2D radius of curvature) according to Eq. 4. This cal-
culated capillary pressure is compared to the macroscopic
matric suction before and after the CT scans in Fig. 26. A
surprisingly close match of macroscopic matric suction and
capillary pressure from measured radii of curvature can
be noticed, leading to the assumption that macroscopic
matric suction represents the averaged effect of the multi-
tude of microscopic capillary menisci and their curvatures.
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Figure 25. Measured radii of curvature R; plotted
vs. the contact angles 6 of the same meniscus with
linear regression curves for drainage and imbibition
steps.

However, the macroscopic matric suction is slightly higher
especially regarding its peaks. Note that the measurement
of the smallest radii of curvature is limited by the voxel size
of 0.01 mm/px. Therefore, very small radii, being associated
with the highest capillary pressure, cannot be measured
well, probably leading to the difference in the mean capil-
lary pressure and macroscopic suction. Furthermore, the
difference can be explained by the assumption of 2D con-
ditions in our evaluation, neglecting the contribution of
a second radius of curvature to mean curvature in 3D. Al-
though maybe not applicable here, Jiang et al. [2017] explain
differences between a “measured suction” and an “intrinsic
suction” inside the soil based on theoretical thermodynamic
considerations. According to their results, the intrinsic suc-
tion deviates from the measured suction and can be much
higher than the measured suction. Interestingly, this is not
the case based on our measurements where the suction cal-
culated from interfacial curvatures is lower than the suction
measured macroscopically.

Although capillary pressure is related to the radii of cur-
vature, it can also be linked to the contact angles which
themselves could be shown to be geometrically coupled to
the radius of curvature. Linear regressions in Fig. 27 show
an increase in capillary pressure with decreasing contact
angle for both drainage and imbibition, which is intuitive.
Please note that the data show multiple capillary pressures
with the same magnitude for different contact angles. This
is due to the fact that capillary pressure is calculated from
radius of curvature discretised by voxel size and fitted into
a meniscus which may also be represented by two different
contact angles as shown in Fig. 30 in the Appendix.
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Figure 26. Evolution of capillary pressure, calcu-
lated from interfacial tension v and 2D mean cur-
vature 1/R; (lone grey circles and blue squares and
corresponding mean value indicated by black squares
linked by a black line), compared to matric suction
before and after a CT scan measured on a macro-
scopic level (indicated by circles and squares linked by
dashed lines) for all drainage and imbibition steps.
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Figure 27. Calculated capillary pressure p. plotted
vs. the contact angles 6 of the same meniscus with
linear regression curves for drainage and imbibition
steps.

3.3. Discrete analysis of grain displacements
and pore-based drainage

Based on the DDIC analysis, interesting insights into
hydro-mechanical coupling during prescribed drainage can
be obtained. Fig. 36 and Fig. 37 in the Appendix juxtapose
trinarised images and calculated grain displacements for
two vertical slices through the full sand specimen for the

primary drainage path. A pronounced settlement of grains
at the bottom of the specimen becomes visible already after
the initial drainage step. Generally, the whole specimen
seems to encounter very slight settlements rather homoge-
neously distributed over the specimen volume. For some
grains, pronounced upward movements become visible as
the surrounding pores are emptied. This shows that capil-
lary action, going along with emerging water clusters and
liquid bridges, can lift individual grains against gravity and
thus is doing work, changing the overall energy balance
inside the specimen.

A grain count of sand grains moving either downward or
upward together with the number of contracting and dilat-
ing pores based on volumetric strain is shown in Fig. 38 in
the Appendix for all hydraulic steps on the primary drainage
path. Most grains are encountering settlement already early
in the experiment, while a small portion of grains is lifted up-
ward. The pronounced initial settlement of the sand grains
is mainly due to a contraction of the filter paper at the spec-
imen bottom during the first drainage step. On a volumet-
ric basis, most pores show contractancy (positive volumetric
strain based on the soil mechanics sign convention), while
some pores are strained due to dilatancy, which is in accor-
dance with the observed reduction of macroscopic void ra-
tio during primary drainage.

With the help of pores defined based on the triangula-
tion, linking the grain centres, pore scale hydraulic events
have been statistically analysed and related to measured vol-
umetric strain. Characterising each pore by its pore volume
and degree of saturation, allows to investigate the drainage
process on the pore scale as given in Fig. 28. In this subplot,
the pore size distribution is plotted together with the me-
dian of pore-based degree of saturation in pores classified by
their pore volume as well as the median of volumetric strain
measured for each pore-containing tetrahedron for the hy-
draulic steps on the primary drainage path.

The pore size distribution in Fig. 28 (a) based on 25 bins
is skewed to the left, indicating that small to medium-sized
pores prevail. During the drainage steps, the number of
smaller pores is slightly increasing, while apparently also
very few larger pores are created. In the drainage process,
shown in Fig. 28 (b), clear evidence is found for a drainage
sequence, with larger pores being emptied first, which can
be explained by their lower air entry capillary pressure.
Starting with experimental step 1, slight reductions of me-
dian saturation are noticed. After drainage step 2, pores with
a volume larger than 0.0045 mm? have been emptied irreg-
ularly, leaving pores with smaller pore volume still filled.
The irregular emptying of larger pores is in accordance with
the air fingering phenomenon observed for the first steps of
primary drainage. For the consecutive hydraulic steps 3 to 5,
a more steady relationship between median pore saturation
and pore volume is found, indicating higher degrees of sat-
uration only for the smallest pores where a higher capillary
pressure retains the pore water.

Based on the evolution of median volumetric strain plot-
ted vs. the middle of each pore volume bin in Fig. 28 (c),
hydro-mechanical coupling effects on the pore level can be
interpreted. The results reveal an increasing contractancy
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Figure 28. (a) Evolution of pore size distribution, (b)
median of pore saturation and (c) volumetric strain in
pores classified by pore size for primary drainage.

of the many smaller pores, while the much fewer larger
pores tend to dilatant volumetric behaviour upon primary
drainage. On both ends of pore sizes and degrees of satura-
tion, the constraining impact of pore scale capillary effects
is highlighted, with increasing suction and suction stress in
the many saturated or close to saturated small pores lead-
ing to contractant behaviour. On the other hand, the fewer
emptied larger pores show a dilatant behaviour, possibly
due to the loss of constraining suction, i.e., relaxation of
suction stress, and due to the formation of liquid bridges.

4. Conclusion and outlook on further
research

The transient in situ CT flow experiments presented in this
contribution allow for interesting insights into processes in
unsaturated granular media on the grain or pore scale. To
our knowledge, for the first time a series of 3D CT images
could be captured and analysed during a multitude of dif-
ferent consecutive drainage and imbibition cycles in a quasi
automated imaging experiment with continuous measure-
ment of the macroscopic WRC. Regarding the guiding ques-
tions of research, many results and answers could be derived
from the experimental data which are summarised and dis-
cussed in the following.

1) Can the theories of microscopic origin of hysteresis be
confirmed? Focusing on the microscopic origin of hystere-
sis, the measured CT data opens the door to the analysis
of flow processes on the pore scale (although limited by
coarse temporal resolution). Typical processes known from
literature could be observed, e. g, the effect of air fingering
at air entry (see Fig. 13), leading to water first emptying
larger pores in a drainage sequence, or the effect of air
entrapment. Furthermore, an analysis of contact angles as
well as radii of curvature measured for individual menisci
has revealed contact angle hysteresis which also comes with
hysteresis of radii of curvature. With matric suction being a
function of the mean curvature, its hysteresis is also due to
the hysteresis of shape of the menisci during drainage and
imbibition. The macroscopic matric suction response could
be shown to be closely related to the mean of the suction
derived from interfacial tension and mean curvature. Fur-
thermore, it could be shown that contact angle-hysteresis
is a developing process. It takes some time upon a change
of flow direction for the menisci to change shape. Very fre-
quently, contact angles cannot develop freely because grain
roughness or grain edges cause a pinning of the contact line.
2) Which phase distributions and fluid structures develop
during cyclic drainage and imbibition? The cyclic drainage
and imbibition as applied by forced flow in the presented
experiments leads to a change of air and water clusters with
an anticyclical pattern. After specimen preparation by plu-
viation of dry sand into water, many spherical air bubbles
could be shown to be already present in the pores. During
primary drainage, preferential paths of air fingers (larger
pores are filled with air from the top of the specimen) and
the cycling of degree of saturation lead to entrapped larger
air clusters of irregular shape. The air cluster shape analy-
sis indicates that further scanning paths obviously lead to
more and more complex air ganglia inside the specimen.
Both for air and water, very small separated cluster volumes
dominate the cluster size distributions besides fewer larger
connected clusters. A trend towards more air ganglia with
complex shapes (characterised by low sphericity) and a
reduction of the number of spherical air bubbles could be
shown with increasing number of hydraulic cycles.

The phase distributions evaluated vs. specimen height
in Fig. 14 indicate the influence of the applied boundary
conditions as well as the formation of preferential air paths
upon drainage, leading to more air at the bottom part of the
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specimen where water is drained and imbibibed through
a porous filter. The macroscopic suction response with all
its oscillations upon drainage could be shown to reflect the
local microscopic air entry events which lead to a reduction
of hydraulic contact of the water phase inside the specimen
and the water underneath the filter where macroscopic
suction is measured by a pore pressure sensor.

3) How do microscopic capillary state variables, such as the
interfacial areas, the length of the contact line or contact
angles as potential ingredients of effective stress, develop
upon different hydraulic paths? Characteristic relationships
of capillary state variables, such as the air-water interfacial
and solid-water interfacial areas as well as the length of
contact line, vs. local degree of saturation and macroscopic
matric suction could be measured for many different hy-
draulic paths of the WRC. These “Soil Water Air Interface
Characteristic Curves” show pronounced hysteresis when
the interfacial areas or specific lengths of contact line are
plotted vs. matric suction because matric suction itself is
hysteretic vs. degree of saturation due to changing radii of
curvature and contact angles upon drainage and imbibition.
When shown vs. degree of saturation, the interfacial areas
and specific lengths of contact line only show light hystere-
sis. As different authors have proposed the formulation of
effective stress in unsaturated soils based on some of these
interfaces e. g, Gray et al. [2009], Nikooee et al. [2013], and
Wang et al. [2019], the presented data could be applied to
extend formulations for suction stress. This also holds true
for the specific length of contact line along which interfacial
tension is acting on the solid phase.

Including the measured capillary state variables in hydro-
mechanical considerations, could also improve our under-
standing of the functional dependencies behind the WRC.
As proposed by Hassanizadeh and Gray [1990, 1993], the in-
terfacial properties could also be relevant to the hysteresis
in the WRC. Based on the data presented in this study, it
could be shown that the air-water interfacial area evolves in
a 3D surface, when plotted vs. degree of saturation and ma-
tric suction. Although not presented in this contribution, the
same holds true for the solid-water interfacial area and the
specific length of contact line.

As potential experimental evidence for a changing suc-
tion stress during drainage and imbibition which is typically
hard to measure directly, a “breathing” of the grain skele-
ton leading to a small reversible and cyclic change in void
ratio could be observed showing a decrease in void ratio
upon drainage and suction build up and an increase of void
ratio upon imbibition and suction reduction. The DDIC
analysis has confirmed that primary drainage is indeed
accompanied by positive volumetric strain, i. e., contractant
behaviour, especially of the smaller pores. Furthermore,
upward “grain jumps” due to capillary action could be
quantitatively measured, representing another interesting
aspect of hydro-mechanical coupling which requires further
investigation. Although also slight local settlements at the
specimen bottom have been measured, the local volumetric
and pore-based observations might represent the direct
effect of changing effective stress as influenced by changing
interfaces and suction stress on the pore level.

In extension to existing effective stress formulations
which include interfacial areas, e. g, according to Gray et al.
[2009], Lu et al. [2010], Nikooee et al. [2013], and Wang
et al. [2019], we propose to derive effective stress from a
combination of the solid-water interfacial area as well as
the air-water interfacial area. While the solid-water interfa-
cial area represents the wetted surface area where capillary
pressure or suction acts on the grain surfaces, the air-water
interfacial areas represent the surface areas of the menisci
or capillary bridges in the cross section of which the in-
terfacial tension leads to an additional force in between
grains. The contribution of both effects, capillary pressure
and interfacial tension, is already included in established
capillary force models and could also be considered for
future suction stress formulations.

To conclude, the presented data, that we will make
available for further research, represents a single experi-
mental data set of one material. Although, the data could
be exploited in many ways, leading to interesting insights
regarding the macroscopic WRC, more experiments on
different granular materials are needed in the future. This
would allow to further quantify the effects of grain shape as
well as porosity on the measured interfacial area character-
istics and other capillary state variables. Further questions
to be answered refer to the influence of flow rate on the WRC
which becomes transient or dynamic at higher flow rates
and to the relaxation processes happening in the unsatu-
rated specimens upon a stop of flow. Here, a faster image
acquisition, as is already possible in synchrotron-based
tomography, is needed. Furthermore, more experiments
focusing on the influence of specimen size and boundary
effects would be of interest.

Research data

The research data related to this article is published
via the repository TUHH Open Research (TORE) in Mi-
latz et al. [2022] and can be found via the following url:
https://doi.org/10.15480/336.4291.
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5. Appendix

Measurement of the 3D contact line

Figure 29. Visualisation of the 3D contact line in a cubic subvolume containing Hamburg Sand and water at the
lowest degree of saturation after primary drainage with the contact lines highlighted in red colour. Zoom onto one
corner of the subvolume (left) and into a pore (right). Note that contact line segments touching the bounding box to

exterior of the subvolume are not counted.

Measurement of contact angles and radii of curvature

Figure 30. Procedure of manual measurement of contact angles and radii of curvature of selected capillary menisci
in Hamburg Sand from 2D images with 120 x 120 px. (a) Identification of two menisci (labelled 1 and 2) in greyscale
image, (b) measurement using inscribed circles and an angle tool in a filtered image and (c) Sobel filtered image for

edge detection as a further help.
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Visualisation of the water phase during cyclic drainage and imbibition

Step 2,5 =0.76 Step3, 5 =0.58 Stepd, S =039

Step 5, Sr =0.30 Step 6, Sr =0.39 Step 9, Sr =0.86

Step 10, Sr =0.76 Step 11, Sr =0.58 Step 12, Sr =0.39 Step 14, Sr =0.76

Step 15, Sr =0.58 Step 16, Sr =0.49 Step 17, Sr =0.58 Step 18, Sr =0.67 Step 19, Sr =0.58

Figure 31. Cyclic drainage and imbibition on a subvolume of 800 px x 800 px x 1145 px (8 mm x 8 mm X 11.45 mm).
Reconstructed water volumes (blue). Step 0 indicates the water-saturated initial specimen state. Hydraulic steps and
macroscopic degree of saturation according to Fig. 10.
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3D histograms of the water and air cluster analysis
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Figure 32. Histograms showing the evolution of water cluster count in different volume groups. The maximum water
cluster volume included is the second largest cluster of the initial configuration with a volume of 0.000616 mm3.

Open Geomechanics, 2022, article no. 5

Marius Milatz, Edward Ando, Gioacchino Viggiani & Serge Mora, In situ X-ray CT imaging of transient water retention experiments
with cyclic drainage and imbibition 27



—_
L
= 8000 —
=
2
S 6000 -
5]
£ 4000 —
=
)
o 2000 — ' S
e ) 0.0, a = Y001 mm,3
< o 00050 S <0005 3
0 0- 2<vy <000 mm
003 <y, 2 B -U03 mp,3
.004 < v 260»004 mm3
0. a = U.005 3
0.006 f\j Ya < 0.006 ;5
) 07<V ig 0,007mm3
a B 0-008 mm3
; -009 mp,3
— Drainage ”
o 0
—— Imbibition .
Experimental steps [-] Volume groups
B , .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

800 —

N o
= o
o o
/ /

Air cluster count [-]

[

Experimental steps [-] Volume groups

0 100 200 300 400 500 600 700

Figure 33. Histograms showing the evolution of air cluster count in different volume groups. The maximum air clus-
ter volume included is 0.01 mm?3.
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Figure 34. 3D visualisations of labelled air cluster volumes classified by their sphericity ) in a central subvolume of
800 px x 800 px x 800 px from CT data after primary drainage. Air clusters with a volume larger than 0.0005 mm? are
shown. Empty groups classified by ¥ are omitted.
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Relationship between air-water interfacial area, degree of saturation, and matric suction

Regarding the discussion on a unique water retention curve and its dependence on other capillary state variables, the 3D
plot in Fig. 35 has been obtained, exemplarily including the measured air-water interfacial area.
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Figure 35. 3D plot of air-water interfacial area vs. degree of saturation and matric suction (suction measurements
after each scan) based on data from the in situ CT experiments, including the projections of all inter-relationships
(grey) and a 3D surface fitted to the data points to highlight the position of the data in a plane with good approximation.

The 3D surface area in Fig. 35 has been fitted based on a quartic polynomial surface function according to Eq. 8.
a™ = aS;+bS? +cS>+dSt +es+ fs® +gsd+ hst+ 1, (8)
with the fitting parameters summarised in table 4.

Table 4. Fitting parameters for the surface fitted to the data presented in Fig. 35.

a b c d e f g h i
8.197e+00 -2.265e+01 2.514e+01 -1.067e+01 -1.690e-02 4.039e-04 3.640e-04 -2.789e-05 3.392e-02
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Results of grain kinematics and pore drainage analysis
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Figure 36. Evolution of phase distribution in the trinarised images (top) and corresponding vertical grain displace-
ments (bottom) for the initial state (Scan 00) and five hydraulic steps (Scans 01-05) during primary drainage (view in
x-direction).
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Figure 37. Evolution of phase distribution in the trinarised images (top) and corresponding vertical grain displace-
ments (bottom) for the initial state (Scan 00) and five hydraulic steps (Scans 01-05) during primary drainage (view in
y-direction).
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Figure 38. Number of sand grains moving downward or upward (top) and number of contractant or dilatant pores
(bottom) during primary drainage.
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