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Abstract
The prediction of gas distributions in the subsurface is critical for many applications, including the
remediation of volatile contaminants in groundwater by in situ air sparging, or releases from
either shale gas development or geological carbon dioxide sequestration. These distributions are
strongly affected by porous media heterogeneities. It is important to know if our current
theoretical knowledge can predict gas flow in realistic two-dimensional systems.
This study’s objective was to investigate the breakthrough of gas through layered heterogeneities,
with a particular focus on pool dynamics and gas entrapment. Two controlled gas injection
experiments were performed for two heterogeneous transparent soil packs, which enabled
detailed gas visualization at the pore scale. Digital images were collected at high temporal and
spatial resolutions and converted to saturation images using a newly derived and validated
relationship.
A two-point logarithmic saturation – pixel intensity (S-I) relationship was evaluated, with the
comparison to the macroscopic endpoints being the most useful for validation, and influential in
satisfying the mass balance. The methodology to derive and validate this relationship may be
reduced to a single test, which is superior to the labour-intensive methods used previously in
studies that used light reflection techniques.
Using this new S-I relationship, transient pool behaviour, which included saturation profiles and
pool heights, was examined for three gas pools during numerous filling and emptying events: two
gas pools were beneath undulating capillary barriers (CBs) and one gas pool was beneath a simpler
one-peak CB. Gas migrated upwards and collected as highly gas-saturated pools, beneath a series
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of CBs. The pools broke through the CBs via narrow channels. As the pool released gas, the pool
height reduced until flow through the CB ceased.
The behaviour of the two pools beneath undulating CBs behaved differently than predicted.
Firstly, the pools disconnected laterally due to pinch-points trapping highly gas-saturated pockets.
Secondly, some pools completely emptied to near residual gas saturation with near-zero pool
heights. This may be explained by the high local air flow velocity through a single pore throat.
Complete emptying of gas pools must be considered in order to accurately predict gas storage in
heterogeneous systems.
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Chapter 1: Introduction

The prediction of gas distributions in the subsurface is critical for designing remediation
technologies based on gas injection such as air sparging. In situ air sparging is the injection of air
into the saturated subsurface, which removes volatile organic compounds (VOC) by partitioning
into the gas phase and capturing that gas phase using soil vapour extraction technology.
Additionally, gases may be migrating in the subsurface due to releases or leaks of shale gas, or
geologically sequestered carbon dioxide (CO2). The same mechanisms that govern the upward
migration of these gases in the subsurface, also govern other non-wetting phases such as the
upward migration of light non-aqueous phase liquids (LNAPLs) or the downward migration of
dense non-aqueous phase liquids (DNAPLs). For this wide spectrum of scenarios, the
understanding of non-wetting phase migration pathways, trapping behaviour and entrapment
volumes is particularly important.
These processes are complicated by the presence of heterogeneities (Figure 1-1). These low
permeability layers, or capillary barriers (CBs), complicate the migration of the non-wetting phase.
When gases migrate upwards and encounter a CB, the gas pools beneath that CB. These pools are
highly saturated, and the majority of the non-wetting phase is stored in these pools (Glass et al.,
2000).
It is important to understand and examine these storage and pool mechanisms. This is difficult to
do in the natural subsurface (i.e. field sites) which are essentially black-boxes with migration
pathways that are quite complex (Poulsen and Kueper, 1992; Tomlinson et al., 2003; Lundegard
and LaBrecque, 1998). As such, several authors have examined one-dimensional (1-D) pools
beneath CBs in a laboratory setting (e.g. Gerhard and Kueper, 2003), however this is not
1

necessarily representative of field conditions. Layers in field conditions may undulate or may not
be laterally extensive (Figure 1-1b). Observing non-wetting phase migration in these complex
systems would serve to better inform models of gas flow, and non-wetting phase flow, in the
subsurface.

Figure 1-1. Schematics of gas migration in heterogeneous subsurface for (a) idealized flat
capillary barriers and (b) undulating capillary barriers.
Several authors have used rectangular blocks as CBs to represent two-dimensional (2-D) soil
heterogeneities in laboratory settings (e.g. Kueper et al., 1989). More specifically in the multiphase flow literature, in which gas is the non-wetting phase, several authors have examined 2-D
capillary barriers and pooling behaviour. In these studies, however, the CBs are simple, in that
they are flat or merely have one-peak (Ji et al., 1993; Glass et al., 2000). These have provided

2

valuable insight, but do not represent field conditions that may have complex CBs that undulate
(i.e. multi-peak) as seen in Figure 1-1b.
To examine the pool mechanics at the microscopic and macroscopic scale requires a high spatial
and temporal resolution. Several authors have been successful in using index-matched systems
or transparent soils to examine multi-phase flow processes (e.g. Ng et al., 1978; Frette et al., 1992;
Lo et al., 2010; Tabe et al., 2011; Peters et al., 2011). Index-matched systems are rendered
transparent, since the refractive index (RI) of the soil is the same as the pore fluid, allowing for
light to pass through both the pore fluid and medium without refracting. Since the pore-space is
clearly visible, images can be captured simply and inexpensively with a digital camera, at a high
spatial and temporal resolution, for a range of applications. For example, Siemens et al. (2015)
derived a calibration relationship to relate pixel intensity to temperature to non-invasively and
inexpensively monitor the migration of a heat front. Transparent soils have also provided insight
into many other applications such as soil shearing during pull-out for geogrids (Ezzein and
Bathurst, 2014), ground displacements during pile placement and tunneling (Stanier et al., 2012;
Ahmed and Iskander, 2011), and colloid transport (Leis et al., 2005).
Many multi-phase flow studies using transparent soil have been limited to qualitatively examining
flow and few studies have quantified local fluid saturation (Peters et al., 2011). The quantification
of fluid saturation requires a relationship between degree of saturation and pixel intensity. This
is easiest when the wetting phase and non-wetting phase have differing optical properties, such
as RI or colour. There exists a relationship between saturation and pixel intensity (S-I) for several
imaging techniques using translucent media. For example, in light transmission, the relationship
of Niemet and Selker (2001) requires one image of the soil moisture profile. A S-I relationship may
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depend on lighting conditions, apparatus, gradation and imaging resolution. The imaging of
transparent soil is complex in that it is a mixture of reflection and transmission. A streamlined
methodology to simplify the development and validation of a S-I relationship, similar to that used
in light transmission, for transparent soil would be beneficial. Often light reflection relationships
to determine saturation are labour-intensive, including the previously derived S-I relationship for
transparent soil (Peters et al., 2011), which required more than 17 data points. Similarly,
Kechavarzi et al. (2000) calibrated a S-I relationship for an air-water system using 18 samples, for
a light reflection scenario.

1.1

Research Goals

This thesis aims to develop a S-I relationship for a fine and coarse gradation of transparent soil
previously examined by Peters et al. (2011), which can be confidently applied to heterogeneous
multi-phase systems. This relationship will improve upon the previously derived S-I relationship
for this soil (Peters et al., 2011) by implementing a smooth curve instead of a piece-wise linear fit.
Several evaluation methods will be trialed including traditional methods such as those used by
Niemet and Selker (2001) and non-traditional methods. The validated S-I relationship will be
examined to determine if the relationship is hysteretic and transferable between gradations.
More broadly, based on the detailed evaluation of this S-I relationship, a streamlined
methodology for developing and validating a S-I relationship will be developed, that can be
extended to other transparent soil or light reflection scenarios.
This S-I relationship will be applied to examine gas saturation at a high spatial and temporal
resolution. The transient behaviour of gas pools trapped below CBs will be examined during filling
and emptying, using two heterogeneous transparent soil packs containing multiple CBs, including
4

both one-peak and undulating CBs, with a focus on the gas entrapment mechanisms of undulating
CBs. Also, the transient pool behaviour including pool heights and saturation profiles for multiple
breakthrough events will be compared to theory-based predictions.

1.2

Organization

This thesis is written in manuscript form and includes a total of five chapters. Chapter 2 provides
a summary of relevant literature. Chapter 3 describes the development and validation of a S-I
relationship for transparent soil. Chapter 4 investigates capillary barrier breakthrough during air
injection in a 2-D transparent soil system. Chapter 5 includes a summary of conclusions and
results, along with recommendations for future work. Supporting information is included in the
appendices, which are organized at follows:


Appendix A contains supplementary figures and tables for PC-S experiments.



Appendix B contains supplementary figures and tables for oil-air PC-IN experiments.



Appendix C contains supplementary figures and tables for water-air PC-IN experiments.



Appendix D contains supplementary figures and tables for the 2-D air injection
experiments.



Appendix E contains images from a 1-D air injection experiment into a heterogeneous
fused quartz system which was water-saturated.



Appendix F contains numerous raw images of the transparent soil.
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2

Chapter 2: Literature

The literature review contains four main sections: (2.1) PC-S Relationship, (2.2) Gas Dynamics (e.g.
gas pools beneath CBs), (2.3) Visualization Techniques (e.g. light transmission) and (2.4)
Transparent Soil.

2.1
2.1.1

PC-S Relationship
General

Capillary pressure (PC) is the difference in pressure between the wetting (PW) and non-wetting
phase (PNW):
PC = PNW − PW

(2.1)

The relationship between capillary pressure and saturation (PC-S) is different for increasing and
decreasing wetting phase saturation, and is referred to as being hysteretic. Because the drainage
and imbibition of soil is hysteretic, a family of PC-S curves exists for each media-fluid pair such that
for each value of PC multiple saturation values are possible. Drainage refers to the displacement
of the wetting phase by the non-wetting phase, whereas imbibition refers to the displacement of
the non-wetting phase by the wetting phase. These curves are commonly referred to as retention
curves, soil-water characteristic curves or simply PC-S curves. For media that are initially saturated
with the wetting fluid, all possible PC-S pairs are bound between two curves: the primary drainage
and secondary imbibition curves. Hysteresis is due to pore geometry effects, contact angle
hysteresis, and interface jumps known as Haines jumps. The drainage and imbibition processes
are governed by pore throats and pore bodies, respectively.
A set of PC-S curves is shown schematically in Figure 2-1, which includes the three standard curves
that are most relevant to multi-phase flow, which are primary drainage, secondary imbibition and
9

secondary drainage. Irrelevant of direction, the curves produced by drainage and imbibition
processes have the same basic shape. From high to low wetting phase saturation (SW) the curves
exhibit positive curvature then a negative curvature (right to left on the PC-S curve shown in Figure
2-1).
During primary drainage the non-wetting phase invades and the SW decreases from 100% to
residual wetting phase saturation (SrD). As PC increases more pore throats are invaded and SW
decreases. The largest pore throats are invaded first since lower PC is necessary. A critical location
on the primary drainage curve is the entry pressure (PE) which occurs when the non-wetting phase
becomes connected over a representative elementary volume (REV). The SW when this occurs is
referred to as the emergence saturation (SWPE), and corresponds to the SW at which the nonwetting phase first becomes continuous across an REV and the non-wetting phase relative
permeability becomes greater than zero (Gerhard and Kueper, 2003). In the absence of relative
permeability data, PE is often estimated as the inflection point on the primary drainage curve
(White et al., 1972; Katz and Thompson, 1986). This is different from the displacement pressure
(PD), which is estimated by extrapolating the inflection point to the ordinate where SW=1 (Figure
2-1). At PC equal to or greater than PE there is macroscopic flow of the non-wetting phase,
however below PE there is only local flow, which does not span an REV (Corey, 1994).
During secondary imbibition the wetting phase invades, PC decreases and the SW increase from SrD
to the residual wetting phase saturation post-imbibition (SrI) (Figure 2-1). When the PC decreases
to terminal pressure (PT) the non-wetting phase relative permeability decreases to zero, the SW
increases to the extinction saturation (SWPT) (Figure 2-1), and flow of the non-wetting phase stops.
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At PC below the PT only local flow occurs. The PE on primary drainage is analogous to the PT on
secondary imbibition.
The third curve in this set is the secondary drainage curve which originates at SrI and decreases to
SrD, often overlapping the primary drainage curve (Figure 2-1). Macroscopic flow of the nonwetting phase occurs during secondary drainage at an entry pressure referred to as the secondary
PE. All the curves exhibit either an entry or terminal pressure. Additionally, scanning curves may
have an associated entry or terminal pressure. A scanning curve stems from a reversal point which
occurs when conditions switch from drainage to imbibition or vice versa (Figure 2-1). The reversal
point may occur at any PC-S point within the bounds of the primary drainage and secondary
imbibition curves.

Figure 2-1. Typical capillary pressure – saturation curves.
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The PD for primary and secondary drainage have been found to be similar by several authors
(Wardlaw and Taylor, 1976, Stonestrom and Rubin, 1989) however Chatzis and Dullien (1981)
found the PE on secondary drainage of three sandstones to be up to 14% lower than the PE on
primary drainage. Gerhard and Kueper (2003) determined for their sand the primary and
secondary PD values were equal (within measurement uncertainty) as were the PT values for
multiple breakthrough events. Additionally, they noted that at the interface the value of PC at
termination was significantly greater than zero but less than PD (Gerhard and Kueper, 2003).
2.1.2

Entry and Terminal Pressure

Both entry and terminal pressure are concepts that are expressed at both the macroscopic and
microscopic (pore bodies and pore throats) scale. At the pore scale, each pore can have an
associated entry and terminal pressure necessary to occupy the pore, during either drainage or
imbibition. The drainage and imbibition processes are governed by pore throats and pore bodies,
respectively. In the specialized case of ganglion mobilization, including gas bubble flow, the
leading edge of a ganglion is undergoing drainage and must satisfy the pore-scale PE and the
trailing edge is undergoing imbibition and must satisfy the pore-scale PT.
The ratio between entry and terminal pressure has been measured at the macroscopic scale
(Gerhard and Kueper, 2003) and at the microscopic (or pore) scale (Mumford et al., 2009).
Gerhard and Kueper (2003) determined the ratio of terminal to entry pressure (PT/PE) to be
approximately 0.57, independent of porous media and fluid properties. Similar PT/PE ratios at the
macroscopic scale (Gerhard and Kueper, 2003) have been reported based on PC-S curves (Mayer
and Miller, 1992; Illangasekare et al., 1995) and from direct observation of pools at equilibrium
(Miller, 1997; Hilpert et al., 2000).
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At the macroscopic scale, Gerhard and Kueper (2003) performed several bench-scale CB breach
experiments designed to measure entry and terminal pressures. Gerhard and Kueper (2003)
placed a DNAPL pool above a sand layer in a 1-D column. Since the DNAPL was not in a porous
media, the transient pool height could be closely monitored to provide a measure of the PC applied
to the sand surface. Thus allowing interpretation of PE, immediately before DNAPL flow into the
sand occurred, and PT, once DNAPL flow into the sand stopped.

2.1.3 Determining PC-S Curves
PC-S curves are often measured using a hanging column or Tempe cell set-up (ASTM D6836-02),
in which a thin layer of the soil overlays either a porous stone or finer material. Using a hanging
column set-up, fluid is drained and imbibed from the base of the cell by adjusting the water table
which is controlled by a reservoir attached to the base of the cell. The volumes of displaced fluid
in and out of the sample are used to calculate the change in fluid saturation of the sample once
the fluids have reached equilibrium. Each water level location is used to calculate one data point
on the PC-S curve.
The PC value for each PC-S data point is based on mid-height of the sample, but PC varies over the
sample height. The highest PC occurs at the top of the sample. As such, fluid saturation also varies
over the sample height, but it is common practise to use the displaced fluid volumes to calculate
the fluid saturation. However, if the gravity length scale is small, significant saturation gradients
can exist along the height of the sample (Sakaki and Illangasekare, 2007). This occurs for thick
sample heights, soils with low PE and large particle sizes, and fluid pairs with lower interfacial
tensions. For example, the accurate measurement of PC-S curves for gravel is difficult due to the
low PE and the requirement of a thick sample in order to get a sample that is multiple grains deep
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(Tokunaga et al, 2002). Using a height-averaged saturation results in PC-S curves that are artificially
smoothed, especially near the outer saturation extents, which results in the underestimate of PE
(Sakaki and Illangasekare, 2007). Sakaki and Illangasekare (2007) concluded that height-averaged
PC-S data should not be used if the ratio of PD divided by sample layer height is less than three.
PC-S curves have also been obtained using light transmission techniques by taking images of the
hydrostatic saturation profile. PC-S curves produced by means of light transmission have been
presented in literature by Glass et al. (2000) and Niemet et al. (2002). Norton (1995) presented
PC-S curves (for five gradation) produced by light transmission and from a hanging column
however did not directly compare them.
2.1.4

Fitting PC-S Curves

Several empirical expressions have been proposed to fit the PC-S relationship. Two of the most
widely used are that of Brooks-Corey (1964) and van Genuchten (1980) which are used to
calculate normalized wetting phase saturation or effective wetting phase saturation (Se).

Se =

SW − Sr D

(2.2)

SM − Sr D

where Se is the difference between the wetting phase saturation (Sw) and the residual wetting
phase saturation post-drainage (SrD) normalized by the difference between the maximum wetting
phase saturation (SM) which is unity when the sample starts fully saturated, and SrD.
The Brooks-Corey (1964) equation and van Genuchten (1980) equations are shown in Equation
2.3 and 2.4, respectively.
Pc −λ
Se = ( )
PD

,

Pc ≥ PD

(2.3)
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Se = [1 + (αPc )n ]−m
m=1−

,

(2.4)

Pc ≥ 0

1
n

(2.5)

For the Brooks-Corey expression PD is the displacement pressure for the soil, and λ is the poresize distribution index. For the van Genuchten expression α is a fitting parameter based on air
entry suction and both n and m are fitting parameters for which Equation 2.5 is a common
substitution. The van Genuchten fit can easily be used for the determination of the entry and
terminal pressure of the media based on the inflection point of the P C-S curves. This has been
algebraically derived and presented by Dexter and Bird (2001). Similarly the Brooks-Corey fit can
provide a pair of pressures as well: PD and a pressure analogous to PT (PDIMB). Typically, the pair of
pressures for Brooks-Corey will occur at higher SW and are associated with lower pressures than
the same data fit with van Genuchten.
2.1.5

Scaling PC-S Curves

The Leverett (1941) equation enables the scaling of PC-S curves for a given media-fluid pair to
another media-fluid pair:

PC2 = PC1

σ2 cosθ2 √k⁄ф

1

(2.6)

σ1 cosθ1 √k⁄ф
2

where φ is porosity, k is intrinsic permeability, θ is contact angle, σ is interfacial tension and the
1 and 2 subscripts denote the two media-fluid pairs. Note that if both pairs have the same media
then the expression beneath the square root need not be included.
Scaling PC-S curves using the Leverett (1941) equation has been validated for both drainage and
secondary imbibition curves, by Kueper and Frind (1991) and Mayer and Miller (1992),
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respectively. Developing a family of PC-S curves for one fluid pair and scaling to another may be
preferable as it may allow for the use of less volatile or dangerous fluids or provide a more
representative saturation within the test sample due to changes in the gravity length scale.

2.2
2.2.1

Gas Dynamics
Discontinuous and Continuous Flow

Gas flow pathways, including whether gas flow is discontinuous (bubble, slug or incoherent flow)
or continuous (channel or coherent flow), are controlled by multi-phase flow processes.
Continuous gas flow occurs as a collection of channels where gas moves because of a gas-phase
pressure gradient. Discontinuous gas flow is characterized by multiple, discrete clusters of gas
that may either be trapped or mobile depending on the capillary and buoyancy forces (Mumford
et al., 2009). The migration of bubbles is influenced by capillary, viscous and buoyancy forces.
Throughout a gas cluster there is approximately uniform gas pressure at low gas flow rates
(neglecting the decrease in the hydrostatic pressure with height due to the density of the gas);
the cluster has a high PC at the top and a low PC at the bottom. When the PC near the bottom of
the gas cluster decreases to a critical PC this allows for the reinvasion of wetting phase. These
reinvasions break up the cluster resulting in disconnected gas clusters that may either be trapped
or mobile.
In previous works grain-size and flow-rate dependent transition from continuous to discontinuous
flow has been observed in buoyancy driven systems including Brooks et al. (1999). Geistlinger et
al. (2006) examined the grain-size and flow-rate dependent transition from continuous to
discontinuous flow, and concluded that discontinuous gas flow can occur for all grain sizes as the
flow rate approaches zero. The critical flow rate (QCRIT) can be calculated using Equation 2.7.
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Q CRIT =

πΔρ · g
· R4C
8μg

(2.7)

where Δρ is density difference between the wetting and non-wetting phases, g is the acceleration
due to gravity, μg is the dynamic viscosity of the gas phase, and RC is the radius of a capillary.
2.2.2

Effect of Capillary Barriers on Gas Flow

Gas migration pathways in porous media are strongly affected by heterogeneities at both the local
and macroscopic scale. The migration of the gas in heterogeneous systems has been examined in
the air sparging (Ji et al., 1993; Tomlinson et al., 2003; Lundegard and LaBrecque, 1998) and the
carbon sequestration literature (Ott et al., 2015). However, additionally numerous contaminant
remediation studies have examined the migration of non-aqueous phase liquids (NAPL) in
heterogeneous systems (Poulsen and Kueper, 1992; Miller, 1997). The same forces govern the
migration of gas and NAPL in the subsurface.
For gas migration in the subsurface, the gas migrates upwards as a discontinuous flow and is
halted below lower-permeability layers also known as CBs as a collection of disconnected clusters
the proceeds to accumulate underneath until a connected pool is formed, as shown in Figure 2-2.
Once there is enough driving force to breakthrough the CB, the pool empties vertically releasing
gas through the CB. As the pool height increases the PC at the CB interface increases, due to the
difference between the water and gas pressures (see Equation 2.1). The driving force is provide
by the pool height (H) at entry (HE) which occurs once the PC at the barrier is equal to the entry
pressure of the CB, given by (Kueper et al., 1993):
PC′′ − PC′
H=
Δρg

(2.8)

17

where PC’’ and PC’ are the capillary pressures at the interface (top of the pool) and the bottom of
the pool, respectively, Δρ is the density differences between the wetting and non-wetting phases,
and g is the acceleration due to gravity.
At breakthrough conditions, PC’’ is the PE of the CB and PC’ can be taken to be either the PT of the
coarser medium or PC=0 (Miller, 1997; Kueper et al., 1993), with PC’=PT more accurately predicting
experimental pool heights (Miller, 1997).
The pool will then proceed to empty resulting in a reduction in pool height lower than HE, as such
the PC at the barrier and the gas saturation will decrease as pore-scale disconnections occur as
the wetting phase replaces the released non-wetting phase beneath the CB, as it is on an
imbibition pathway, resulting in disconnected gas clusters beneath the pool. The PC at the barrier
will then decrease until it reaches PT and flow through the barrier will stop (Gerhard and Kueper,
2003) at terminal pool height (HT); for the calculation of HT (Equation 2.8), PC’’≠0 (Gerhard and
Kueper, 2003). If there is still gas flow up towards the CB, the pool may start to fill once again, on
a new drainage pathway.
There is variation in PC throughout the pool with the greatest at the CB and decreases further
away from the CB, and this profile of PC will change in time, as the pool fills and empties, the
pressure profiles at entry is shown in Figure 2-2. Saturation is a function of saturation therefore
there is also an evolution of saturation profiles with time, as well, which is dictated by the host
medium. In terms of saturation, the pool has a high gas saturation whereas outside the connected
pool exists disconnected non-wetting phase at low gas saturations.
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The non-wetting phase may be gases, as in air sparging literature however it may also be NAPL.
The same forces govern the migration of gas and NAPL in the subsurface. In the case of DNAPL,
the pooling occurs above a CB and migrates deeper into the subsurface.
Specific aspects of the breakthrough of CBs have been investigated in 1-D and 2-D experiments.
Glass et al. (2000) examined the emptying and filling of pools, but did not quantify pool heights,
and both Gerhard and Kueper (2003) and Miller (1997) measured pool heights but did not
examine the emptying and filling of pools. None of these studies quantified the saturations within
the pools.
Gerhard and Kueper (2003) placed a non-wetting phase pool above a sand in a 1-D column. In
these experiments the non-wetting phase was a DNAPL. Their study did not include an
investigation of DNAPL within a coarser medium above the CB, or breakthrough into the 2-D CB.
Several authors have represented 2-D heterogeneous systems using idealized square layers or low
permeability layers that have fairly flat interfaces (Ji et al., 1993; Miller, 1997; Kueper et al., 1989).
These systems may have complex geometries however each CB within these 2-D tests can be
classified as either a simple CB or a complex CB. In which simple CB will describe a CB that is flat
or only one fluctuation (peak), such as those seen in the experiments by Glass et al. (2000). And
the term complex CB will describe a CB with more than one fluctuation or peak, which are often
seen in field geology (Poulsen and Kueper, 1992; Tomlinson et al., 2003; Lundegard and
LaBrecque, 1998).
Several authors have intentionally observed the migration of a range of non-wetting phase within
2-D heterogeneous systems. Glass et al. (2000) moved beyond introducing heterogeneities as
rectangular blocks by using a water saturated silica sand pack with multiple simple CB with peaks
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and looked at the migration of two non-wetting phases: CO2 and trichloroethylene (TCE). The
observations by Glass et al. (2000) agreed well with 1-D theory. Glass observed, using a light
transmission set-up, that the pool filled first nearest the barrier than grew in height and wetting
phase saturation increased further from the CB. Additionally, the pools were shown to fluctuant
(or pulse) over time, this would be due to the fluctuation in PC, which controlled flow through the
CBs. Glass also observed the formations of one or multiple channels or pathways through the CBs
as the mode of breakthrough. These fingers were noted to be 6 to 13 mm wide and the flow rate
through those channels was not measured.

Figure 2-2. Pressure distributions in a static air pool beneath a capillary barrier.

20

2.3
2.3.1

Visualization Techniques
Non-Intrusive Methods for Measuring Saturation

Two dimensional saturation fields can be obtained through intrusive and non-intrusive methods.
The resolution of intrusive methods (e.g. the collection of fluid or soil samples) is limited due to
the discrete nature of sampling and the requirements for the collection of many samples, which
is labour-intensive. In addition, soil and fluid sampling may not be at high enough resolution to
capture fast processes and may be disruptive.
Non-intrusive optical methods, such as photon-attenuation (e.g. dual-energy gamma radiation or
X-ray imaging), magnetic resonance imaging (MRI) and photographic methods (e.g. light
transmission), can be used to measure fluid saturations at higher spatial and temporal resolutions,
in a manner that does not interfere with the processes occurring in an experiment (Oostrom et
al., 2006; Werth et al., 2010). Photon-attenuation methods that use X-ray and gamma technology
require expensive, specialized equipment and may take several minutes between successive
images (Werth et al., 2010). However, photographic methods, such as light transmission (Tidwell
and Glass, 1994; Niemet and Selker, 2001) and light reflection (Kechavarzi et al., 2000; Persson,
2005; Montoro and Francisca, 2013), require only lighting equipment and a camera, which are
less expensive and capable of faster imaging frequency. Several of the imaging techniques
emplace constraints on the thickness of media and the type of media that may be used. Light
transmission and light reflection techniques are set up differently, but both aim to capture the
change in pixel intensity due a change in fluid saturation. This is easiest when the wetting phase
and non-wetting phase have differing optical properties, such as RI or colour. Typically, light
transmission or light reflection photographic methods use translucent soils such as silica sand,
crushed glass or glass beads.
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For translucent media, light intensity is lost when applying light transmission or light reflection
techniques. In light transmission, energy is absorbed by the solids, fluids and interfaces (Tidwell
and Glass, 1994). In addition, the refraction of light as it passes across interfaces reduces the
spatial resolution of the technique. In light reflection, some energy is transmitted into the material
and not all is reflected back to the camera (Kechavarzi et al., 2000). These energy losses in light
transmission and light reflection can occur in both water-saturated and partially-saturated media.
2.3.2

Light Transmission

Visible light transmission experiments require an apparatus with a thin soil thickness (typically 1
cm), which is backlit while images are taken from the opposing side of cell. This thickness is usually
enough to allow for a few grains (one REV) over the depth. Light from the light source travels
through the cell and is captured by the camera. Several studies have employed this imaging
technique, including Tidwell and Glass (1994), Norton (1995), Glass et al. (2000), Niemet and
Selker (2001), Niemet et al. (2002), Parker et al. (2006), Bob et al. (2008) and Wang et al. (2008).
For example, the unstable non-wetting phase invasion experiments by Glass et al. (2000) were
captured using X-ray and light transmission methods. There were several shortcomings of their
image processing; the saturation images were unable to account for the non-uniform saturation
through the thickness of the sand. In addition, the scattering of light due to the sharp transition
between non-wetting phase saturation and water-saturated areas yielded indistinct separation
boundaries between the different media gradations (Glass et al. 2000). Glass et al. (2000)
processed the digital images into saturation images based on S-I relationships modified form
Tidwell and Glass (1994). The energy transmissions for the CO2-water and TCE-water systems are
refraction-dominated and absorption-dominated, respectively (Glass et al., 2000). As such,
saturation was calculated differently for the two systems based on light transmission (Equation
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2.9) and X-ray transmission based on X-ray absorption theory (Equation 2.10 to 2.12),
respectively.

S=

ln(IGRAY ) − ln(IDRY )
ln(ISAT ) − ln(IDRY )

(2.9)

where S is saturation, IGRAY is the grayscale intensity of the captured image, ISAT is the grayscale
intensity of the SW=1 reference image and IDRY is the grayscale intensity of the SW=0 reference
image.

S=

ln[(1 − IN )((τSW⁄τSA )2K − 1) + 1]
2K · ln(τSW⁄τSA )

(2.10)

IN =

IGRAY − ISAT
IDRY − ISAT

(2.11)

τ=

4N
(N + 1)2

(2.12)

where IN is the normalized pixel intensity image of the captured image, K is the average number
of pores across the sample, and τSW and τSA are the light transmission factors for soil-water and
soil-air, respectively. τSW and τSA can be calculated as τ using Fresnel’s law (Equation 2.12) where
τ is the light transmission factor and N is the ratio of the refractive indices of the two phases.
Niemet and Selker (2001) proposed five models for predicting saturation based on light
transmission in 2-D laboratory experiments using four gradations of translucent silica sand. The
five models, named A through E, are based on different assumptions of pore geometry, wettability
and drainage characteristics (Niemet and Selker, 2001). Models B and D, are linear relationships
of scaled pixel intensity and saturation, and Models A, C and E are log-linear relationships of scaled
pixel intensity and saturation. Equation 2.9 is equivalent to their model A. Niemet and Selker
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(2001) validated their method and found that Model E performed the best. Model E is based on
an image of the hydrostatic saturation profile and an ISAT image, which can be obtained in the
same experiment (Niemet and Selker, 2001).
Several methods have been used to validate saturation – normalized pixel intensity (S-IN)
relationships for translucent media. To validate their S-I relationship, both Norton (1995) and
Tidwell and Glass (1994) compared their results to independently-measured residual saturation
values, SrI and SrD. These macroscopic parameters were obtained by sequentially draining and
imbibing a sand pack initially at SW = 1, and capturing digital images, as well as drained and imbibed
volumes, at the end of each stage. These two macroscopic soil parameters agreed well with
saturations determined using the S-IN relationship.
Several studies have imaged the soil moisture profile (Tidwell and Glass, 1994; Niemet and Selker,
2001). However, only Norton (1995) compared these images to independently-measured PC-S
data. However, in that study different apparatuses were used for the hanging column and imaging
tests. This is a unique validation method. The most traditional method of validation is using a
water mass balance, in which a sand pack is drained or imbibed and the measured water mass
throughout the experiment is compared to that calculated using the S-IN relationship. While
satisfying the water mass balance is important, if measurements are made using a soil column
whose height is many times greater than the height over which fluid saturations vary from SW=1
to SW=SrD, a mass balance may be satisfied if only the end points of the S-IN relationship are correct
despite local errors in the intermediately-saturated (i.e. SrD<SW<SrI) regions. The relationships
derived by Niemet and Selker (2001) and Tidwell and Glass (1994) performed well for stable
displacements.
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2.3.3

Light Reflection

Light reflection can be used in combination with translucent or opaque media. Using this
technique, images of the front-face of a soil-filled apparatus are captured and lighting is on the
same side of the apparatus as the camera. The thickness of the media in this cell may be greater
than the previous 1 cm used in light transmission because only the soil near the front face is being
captured by the images. As such, edge effect is a concern in this imaging technique.
Using light reflection methods to convert images to saturation distributions has been investigated
by Kechavarzi et al. (2000), Persson (2005), Peters et al. (2011) and Montoro and Francisca (2013).
The relationships developed for light reflection are non-standardized and are time and labourintensive. No streamlined method of calibration and validation has been put forth. Kechavarzi et
al. (2000) calibrated a S-I relationship for an air-water system and an air-NAPL system and
required 18 samples and 17 samples, respectively. Persson (2005) validated a relationship
between soil colour and saturation which required 18 samples to be prepared and the relationship
was correlated based on both red/green/blue colour space and hue/saturation/value space for
natural sands.

2.4
2.4.1

Transparent Soil
General

Transparent soil, also referred to as index-matched, systems can be simply and inexpensively
imaged with a digital camera at high spatial and temporal resolutions to gain insight into smallscale, transient processes. For example, Siemens et al. (2015) derived a calibration relationship to
relate pixel intensity to temperature in order to non-invasively and inexpensively monitor the
migration of a heat front. In order to render the system transparent, the RI of the soil must be the
same as the pore fluid, which allows for light to pass through both the pore fluid and media
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without refracting. Water has a RI of 1.33, whereas silica sands have a RI of approximately 1.45.
Because these refractive indices are different, a water-silica system is translucent instead of
transparent. Translucent media are such named because light scatters as it travels from the soil
grain into the pore fluid.
Many authors have substituted different pore fluids or solid material (media) to create a RImatched system. For example, a fused quartz has been matched to both a mineral oil (Ezzein and
Bathurst, 2011) and a sucrose-based aqueous solution (Guzman and Iskander, 2011; Guzman et
al., 2013) to render both systems transparent. These two matching fluids have also been used
together in a soil pack to investigate multi-phase flow (Kashuke et al., 2014). A variety of other
media have been RI-matched including Aquabeads (Lo et al., 2010; Tabe et al., 2011), plastics (Ng
et al., 1978), Plexiglas (Frette, 1992; Frette, 1994), Pyrex (Jacquin and Adler, 1985), silica gels or
powders (Manheimer and Oswald, 1993; Welker et al., 1999; Sadek et al., 2002; Ahmed and
Iskander, 2011; Stanier et al. 2012), and Teflon (Leis et al., 2005).
Ezzein and Bathurst (2011a) characterized a new transparent granular soil and demonstrated that
the mechanical properties and the hydraulic permeability are typical of those for granular soils
(with angular particles). The porous medium is a fused quartz that is available in both a fine (Figure
2-3b) and coarse gradation (Figure 2-3c). A silica gel has not been identified to model finer sands.
Additionally, fused quartz exhibits only a single porosity. This is superior to silica gels, which may
have both an internal and inter-aggregate porosity. The individual grains of dry transparent soil
(fused quartz) appear clear, and multiple grains together appear white. The grain size distributions
are shown in Figure 2-3a.
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Figure 2-3. (a) Grain size distribution (Peters et al., 2011), (b) dry fine gradation and (c) dry
coarse gradation.
The pore fluid used by Ezzein and Bathurst (2011) was a mixture of two clear mineral oils (RI =
1.459), Petro Canada Krystol40 (RI = 1.451) and Petro Canada Puretol7 (RI = 1.464) at 22˚C. The
two oils were mixed such that the RI matched that of the fused quartz (RI = 1.459). The mineral
oil pore fluid with the matching RI is colourless, odorless and stable with a neutral pH and low
volatility (Table 2-1). Also, the RI and transparency of the oil mixture is stable over time. This is
superior to several combinations of silica gel and pore fluid that result in the pore fluid
discolouring over time, which reduces the transparency of the media (Iskander, 2010). The same
media (fused quartz) has been RI-matched with a sucrose-solution which also has a high viscosity
(Guzman et al., 2013).
Transparent systems have provided insight for a wide-range of investigations such as soilstructure interaction during geogrid pull-out tests (Ezzein and Bathurst, 2014), ground
displacements during pile placement and tunneling (Stanier et al., 2012; Ahmed and Iskander,
2011), and colloid transport (Leis et al., 2005).

27

2.4.2

Transparent Soil: Multi-Phase Systems

Transparent soil has been used extensively to investigate multi-phase systems because the
invading phase, which is not matched to the medium’s RI, is easily observed (e.g. Ng et al., 1978;
Frette et al., 1992; Lo et al., 2010; Tabe et al., 2011; Peters et al., 2011; Kashuke et al., 2014). Most
of these studies were limited to qualitatively examining fluid distribution patterns. A few studies
used dyed contaminants to examine multi-phase flow by quantifying dye concentrations (Lo et
al., 2010; Tabe et al., 2011). Alternately, a few studies have introduced air to a transparent soil to
examine multi-phase flow (Jacquin and Adler, 1985; Peters et al., 2011) and quantified local fluid
saturation (Peters et al., 2011).
Lo et al. (2010) noted that the introduction of air into transparent media is unfavourable for
studying unsaturated conditions, because the system becomes opaque as pores fill with air.
However, Peters et al. (2011) developed a relationship between air saturation and pixel intensity
for a transparent soil by capitalizing on the degree of transparency which varied with air
saturation. The transparent soil used is the same as that developed by Ezzein and Bathurst (2011),
except Peters et al. (2011) used Life Brand™ Unscented Baby Oil (RI = 1.464) instead of Petro
Canada Puretol7 (Table 2-1).
Table 2-1. Water and mineral oil mixture properties.
Parameter

Units

Water

Mineral Oil Mixture*

Density

g/cm

1

0.845

Refractive Index

-

1.333

1.459

Dynamic Viscosity

cP

0.89

10.1

Surface Tension

dyne /cm

72.0

26.5

Contact Angle on Perspex

˚

53

10

* Petro Canada Krystol40 and Life Brand™ Unscented Baby Oil
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When the soil mass is oil saturated, the background behind the media is visible and the grains are
not. In contrast, when the soil is drained (i.e. air invasion) the soil becomes more opaque and less
of the background is visible (Figure 2-4). As more air is added the transparency of the system
decreases.

Figure 2-4. Partially saturated transparent soil, with a 45 mm thickness, in front of a black
background (a) raw image of the coarse gradation showing the trapped disconnected air phase
and (b) raw image of the fine gradation in which air is migrating from left to right due to finer
horizontal bedding.
Peters et al (2011) characterized the relationship between the degree of saturation and the pixel
intensity of digital images. In their procedure, digital images of the transparent soil experiment
are collected then converted to grayscale images resulting in pixel intensity values that range from
0 to 255, which corresponds to white and black, respectively. Because pixel intensity can vary due
to external lighting conditions, these grayscale images are then normalized between two intensity
extremes (Equation 2.11).
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Equation 2.11 has the same form as the IN equations used in light transmission studies (e.g. Selker
et al., 1989; Schroth et al., 1998) and is a measure of light transmittance. Peters et al. (2011) used
a relationship based on 1-IN, which is consistent with a relationship based on absorbance. During
imaging, a black background was placed behind the soil-filled apparatus, such that the ISAT and IDRY
images utilize the majority of the pixel intensity range between 0 and 255, with the ISAT and IDRY
images appearing nearly black and nearly white, respectively. The experimental images at
intermediate saturations will be between these normalizing extremes. The IN values are between
0 and 1, from 0% to 100% oil saturated.
Peters et al. (2011) developed a non-linear, piece-wise S-IN relationship to be used for both
gradations of their transparent soil, which relates IN to degree of saturation:
𝑆𝑊 = 1

,

0 > 1 − 𝐼𝑁 > 0.2

(2.13)

𝑆𝑊 = −0.4(1 − 𝐼𝑁 ) + 1.08

, 0.2 > 1 − 𝐼𝑁 > 0.7

(2.14)

𝑆𝑊 = −3.81(1 − 𝐼𝑁 ) + 3.47

, 0.7 > 1 − 𝐼𝑁 > 0.9

(2.15)

𝑆𝑊 = 0

, 0.9 > 1 − 𝐼𝑁 > 1

(2.16)

The relationship (Equations 2.13 to 2.16) is presented in Figure 2-5. As with light transmission, the
relationship between intensity and saturation is non-linear. Additionally, soil saturation
monotonically decreases with increasing IN. The relationship was developed using a series of
hanging column drainage tests, performed on a thin (< 20 mm) fine or coarse layer overlaying a
finer material. Photos and outflow volumes were taken while the layer was drained at multiple
overflow elevations. The average layer saturations were then paired with the corresponding
average IN. This methodology was labour-intensive and time-consuming, requiring more than 17
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data points to produce a S-IN relationship for transparent soil, and resulted in no measurements
of pixel intensity between SW=0.7 and SW=0.9. The derived S-IN relationship was then constrained
by evaluating transient outflow data in conjunction with the images for both drainage and
infiltration tests. This relationship was determined and validated for stable drainage and
infiltration (Peters et al., 2011). This S-IN relationship is valid for the specific thickness of the
transparent soil imaged (45.6 mm) and may differ based on soil thickness (Peters et al., 2011). It
was applied to analyse multi-phase flow experiments by Siemens et al. (2013, 2014) and Siemens
and Oldroyd (2014), but has not been evaluated for discontinuous gas flow. This S-IN relationship
developed by Peters et al. (2011) cannot be universally applied to other transparent media, and
other combinations of pore fluids and media would require the derivations of a S-IN relationship
using a similar labour-intensive methodology.

Figure 2-5. Saturation - Normalized pixel intensity (1-IN) relationship derived by Peters et al.
(2011).
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Chapter 3: Determination of the Saturation – Normalized Pixel
Intensity Relationship for Transparent Soil using Light Reflection

3.1

Introduction

New laboratory techniques have recently been developed, which allow for internal microscopic
and macroscopic mechanisms to be directly observed during experiments and recorded with
digital cameras. Transparent soil, in particular, has provided insight for a wide-range of
investigations such as soil shearing during pull-out for geogrids (Ezzein and Bathurst, 2014),
ground displacements during pile placement and tunneling (Stanier et al., 2012; Ahmed and
Iskander, 2011), and colloid transport (Leis et al., 2005). Transparent soil or index-matched
systems can be simply and inexpensively imaged with a digital camera at high spatial and temporal
resolutions to gain insight into small-scale, transient processes. Siemens et al. (2015) derived a
calibration relationship to relate pixel intensity to temperature to non-invasively and
inexpensively monitor the migration of a heat front. Transparent soil has been used extensively
to investigate multi-phase systems (e.g. Ng et al., 1978; Frette et al., 1992; Lo et al., 2010; Tabe et
al., 2011; Peters et al., 2011; Kashuke et al., 2014). However, few studies have quantified local
fluid saturations (Peters et al., 2011) and most are limited to an assessment of the macroscopic
fluid distribution patterns using dyed contaminants (Lo et al., 2010; Tabe et al., 2011).
Commonly the multi-phase transparent soil work does a great deal of qualitative estimations of
the moisture regime, however, quantification of fluid saturations would be valuable, and would
allow multi-phase flow behaviour to be examined at high spatial and temporal resolutions. This
requires the knowledge of how saturation is related to pixel intensity.
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The relationship between saturation and pixel intensity (S-I) has been examined for translucent
media for applications of light transmission techniques (Tidwell and Glass, 1994; Niemet and
Selker, 2001) and light reflection techniques (Persson, 2005; Kechavarzi et al., 2000). While it is
expected that pixel intensity will be affected by both transmitted and reflected light in images of
transparent soil, the types of S-I relationships established for light transmission or light reflection
have not been investigated for application to transparent soil. In addition, S-I relationships
developed for light reflection are non-standardized and are quite time and labour-intensive. No
streamlined method of calibration and validation has been put forth. Kechavarzi et al. (2000)
calibrated a S-I relationship for an air-water system and an air-NAPL (non-aqueous phase liquid)
system and required 18 samples and 17 samples, respectively. Persson (2005) validated a
relationship between soil colour and saturation, which required 18 samples to be prepared, and
Peters et al. (2011) required more than 17 data points to produce a S-I relationship.
This paper examines a simplified methodology for developing S-I relationships, based on light
transmission studies, for a fine and coarse gradation of transparent soil. The newly-developed
relationship was compared to the labour-intensive relationship derived by Peters et al. (2011) for
the same transparent soil. The relationship was also validated with both traditional methods such
as mass balance, in which the saturation of the system is predicted based on saturation images
(derived using a S-I relationship) and is compared to the mass of fluid drained and imbibed, and
non-traditional methods such as pairing pixel intensity profiles to profiles derived from a hanging
column. This paper aims to provide a method for deriving a S-I relationship for this transparent
soil that can be extended to other transparent soils. This paper also compares the S-I relationship
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developed under both drainage and imbibition conditions, to determine if the relationship is
transferable between gradations and if it is hysteretic.

3.2
3.2.1

Background
Transparent Soil

Transparent soil systems allow for light to pass through both the pore fluid and medium without
refracting. In order to render the system transparent the refractive index (RI) of the soil must be
the same as the pore fluid, thus limiting the scattering of light. A system containing water (RI =
1.33) and silica sand (RI ≈ 1.45) is translucent instead of transparent because the refractive indices
are not equal. Many authors have substituted different pore fluids or solid materials (media) to
create a RI-matched system including Ng et al. (1978), Frette (1992, 1994), Tabe et al. (2011) and
Guzman and Iskander (2013). For example Lo et al. (2010) examined non-wetting phase invasions
within a transparent soil in which water was pore fluid, and Aquabeads were the medium.
Transparent systems are used in multi-phase flow research because the invading phase, which is
not matched to the medium’s RI, is easily observable.
Lo et al (2010) noted that the introduction of air into transparent media is unfavourable for
studying unsaturated conditions, because the system becomes opaque as pores fill with air.
However, Peters et al. (2011) developed a relationship between air saturation and pixel intensity
for a transparent soil by capitalizing on the degree of transparency which varied with air
saturation. The medium they employed is a fused quartz (silica) whose RI is matched with mineral
oil as the pore fluid. The fused quartz is available in both a fine and coarse gradation (Figure 3-1)
and the oil-saturated transparent soil was developed by Ezzein and Bathurst (2011). The same
media has also been matched with a sucrose-solution (Guzman et al., 2013). The mineral oil pore
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fluid with the matching RI is colourless, odorless and stable with a neutral pH and low volatility.
Both the mineral oil and sucrose-solutions have high viscosity (0.0085 Pa·s and 0.2012 Pa·s,
respectively), approximately ten times that of water (0.0009 Pa·s). When the soil mass is oil
saturated, the background behind the media is visible and the grains are not, whereas as when
the soil is drained (i.e. air invasion) the soil becomes more opaque and less of the background is
visible (Figure 3-1). As more air is added the transparency of the system decreases.

Figure 3-1. Transparent soil (a) fine gradation on black SW=0, (b) coarse gradation on black SW=0,
and (c) disconnected gas bubbles in a coarse pack initially SW=1.
Peters et al. (2011) characterized the relationship between the degree of saturation and the pixel
intensity of digital images. In their procedure, digital images of the transparent soil experiments
are collected then converted to grayscale images resulting in pixel intensity values that range from
0 to 255, which corresponds to white and black, respectively. Because pixel intensity can vary due
to external lighting conditions, these grayscale images are then normalized between two
intensities extremes as:

IN =

IGRAY − ISAT
IDRY − ISAT

(3.1)
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where IN is the normalized pixel intensity image of the captured image, IGRAY is the grayscale
intensity of the captured image, ISAT is grayscale intensity of the black reference image (SW=1) and
IDRY is the grayscale intensity of the white reference image (SW=0).
Equation 3.1 has the same form as the IN used in light transmission studies (e.g. Selker et al., 1989;
Schroth et al., 1998) and is a measure of light transmittance. Peters et al. (2011) used a
relationship based on 1-IN, which is consistent with a relationship based on absorbance. During
imaging a black background is placed behind the soil filled apparatus, such that the ISAT and IDRY
images utilize the majority of the pixel intensity range between 0 and 255, with the ISAT and IDRY
images appearing nearly black and nearly white, respectively. The experimental images at
intermediate saturations will be between these normalizing extremes. The IN values are between
0 and 1, from 0% to 100% oil saturated.
Peters et al. (2011) developed a non-linear, piece-wise saturation – normalized pixel intensity (SIN) relationship to be used for both gradations of their transparent soil. The relationship was
developed using a series of hanging column drainage tests, performed on a thin (< 20 mm) fine or
coarse layer overlaying a finer material. Photos and outflow volumes were taken while the layer
was drained at multiple overflow elevations. The average layer saturations were then paired with
the corresponding average IN. This methodology was labour-intensive and time-consuming, and
resulted in no measurements of pixel intensity between 70% and 90% oil saturation. The derived
S-IN relationship was then constrained by evaluating transient outflow data in conjunction with
the images for both drainage and infiltration tests. This relationship was determined and validated
for stable flow drainage and infiltration (Peters et al., 2011). This S-IN relationship is valid for the
specific thickness of the transparent soil imaged (45.6 mm) and may differ based on soil thickness
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(Peters et al., 2011). This relationship was applied to multi-phase flow applications by Siemens et
al. (2013, 2014), but has not been evaluated for discontinuous gas flow. It is expected that the SIN relationship developed by Peters et al. (2011) cannot be universally applied to other media, and
that currently other combinations of pore fluids and media would require the derivations of a SIN relationship using a similar labour-intensive methodology.
3.2.2

Imaging Techniques

While the S-IN relationship developed by Peters et al. (2011) for transparent soil is empirical,
theoretical relationships have been developed for light transmission applications using
translucent soils such as silica sand, crushed glass or glass beads (Tidwell and Glass, 1994; Niemet
and Selker 2001). In light transmission, energy is absorbed by the solid, fluids and interfaces. In
addition, light refracts as it passes across interfaces which reduces the spatial resolution
associated with light transmission techniques. Energy loses also occurs during light reflection
applications, with some energy being transmitted into the material and not reflected back to the
camera (Persson, 2005; Kechavarzi et al., 2000). Pixel intensity measured in images captured
using transparent soil are based on both reflected and transmitted light. As such, theoretical
relationships developed for translucent soil applications may be applicable to transparent soil.
There is literature that suggests that there is a theoretical basis for using a logarithmic fit for a SIN relationship for translucent media for both light transmission (Tidwell and Glass, 1994; Niemet
and Selker 2001) and X-ray imaging (Tidwell and Glass, 1994).
Several methods have been used to validate S-IN relationships for translucent media, and can
potentially be applied to other media. To validate their S-IN relationship, both Norton (1995) and
Tidwell and Glass (1994) compared their results to independently-measured values of residual
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wetting phase saturation (SW) for post-drainage (SrD) and post-secondary imbibition (SrI). These
macroscopic parameters were obtained by sequentially draining and imbibing a sand pack initially
at SW = 1, and capturing digital images, as well as drained and imbibed volumes, at end of each
stage. These two macroscopic soil parameters agreed well with saturations determined using the
S-IN relationship.
Several studies have imaged the hydrostatic saturation profile (Tidwell and Glass, 1994; Niemet
and Selker, 2001). However, only Norton (1995) compared these hydrostatic saturation profile
images to independently-measured capillary pressure – saturation (PC-S) data. However, in that
study different apparatuses were used for the hanging column and imaging tests. This is a unique
validation method. The most traditional method of validation is using a water mass balance, in
which a sand pack is drained or imbibed and the measured water mass throughout the
experiment is compared to that calculated using the S-IN relationship. While satisfying the water
mass balance is important, if measurements are made using a tall apparatus compared to the
height over which fluid saturations vary from SW=1 to SW=SrD, a mass balance may be satisfied if
only the end points of the S-IN relationship are correct despite local errors in the intermediatelysaturated (i.e. SrD<SW<SrI) regions.
3.2.3

Capillary Pressure – Saturation (PC-S) Curves

Capillary pressure (PC) is the difference in pressure between the wetting (Pw) and non-wetting
phase (PNW):
PC = PNW − PW

(3.2)

The relationship between PC and saturation is known as PC-S curves or soil water characteristic
curves. A family (or set) of PC-S curves is shown schematically in Figure 3-2, which includes the
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three branches typically used to describe multi-phase flow. The PC-S relationship is hysteretic,
such for each value of PC, multiple saturation values are possible.

Figure 3-2. Typical capillary pressure – saturation curves.
The three curves depicted in Figure 3-2 are for primary drainage, secondary imbibition and
secondary drainage. For a medium that is initially saturated with the wetting phase, all possible
PC-S pairs are bound between the primary drainage and secondary imbibition curves. Drainage
refers to the displacement of the wetting phase by the non-wetting phase, whereas imbibition
refers to the displacement of the non-wetting phase by the wetting phase. Irrelevant of direction
(drainage or imbibition), the curves produced by drainage and imbibition processes have the same
basic shape. From high to low SW, PC-S curves typically exhibit positive curvature then a negative
curvature (right to left on the PC-S curve shown in Figure 3-2).
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During primary drainage, the non-wetting phase invades and the SW decreases from 1 to SrD. As
PC increases, more pores are invaded and SW decreases. A critical location on the primary drainage
curve is the entry pressure (PE), at which the non-wetting phase first becomes connected over a
representative elementary volume (REV) and the non-wetting phase relative permeability
becomes greater than zero (Gerhard and Kueper, 2003). In the absence of relative permeability
data, PE is often estimated as the inflection point on the primary drainage curve (White et al.,
1972; Katz and Thompson, 1986). This is different from the displacement pressure (PD), which is
estimated by extrapolating the inflection point to the ordinate where SW=1.
During secondary imbibition, the wetting phase invades, PC decreases and the SW increases from
SrD to the residual wetting phase saturation post-secondary imbibition (SrI) (Figure 3-2). The third
curve in this set is the secondary drainage curve, which originates at SrI and decreases to SrD, often
overlapping the primary drainage curve (Figure 3-2). This family of PC-S curves has three endpoints: start of primary drainage where SW=1, end of secondary imbibition (SrI) and the end of
both drainage curves (SrD).
PC-S curves can be produced for a particular media-fluid pair by using a hanging column set-up
(ASTM D6836-02), and the family of PC-S curves can be scaled using Leverett’s equation to another
fluid pair:

PC2 = PC1

σ2 cosθ2 √k⁄ф
1

(3.3)

σ1 cosθ1 √k⁄ф
2

where φ is porosity, k is intrinsic permeability, θ is contact angle, σ is interfacial tension and the
1 and 2 subscripts denote the two media-fluid pairs.
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Scaling PC-S curves using the Leverett (1941) equation has been validated for both drainage and
secondary imbibition curves (Kueper and Frind, 1991; Mayer and Miller, 1992). Developing a
family of PC-S curves for one fluid pair and scaling to another can reduce errors associated with
lower capillary forces and provide a more representative saturation within the test sample. For
example, Sakaki and Illangasekare (2007) concluded that height-averaged PC-S data should not be
used if the ratio of PD divided by sample layer height is less than three. Even if this condition is
met, using height-averaged saturation results may produce artificially smoothed PC-S curves,
especially near the outer saturation extents, which results in the underestimate of PE (Sakaki and
Illangasekare, 2007).

3.3
3.3.1

Materials and Experimental Techniques
Transparent Soil

The transparent soil used in this investigation is a fused quartz and the pore fluid is a mineral oil
which has a RI of 1.459. The pore fluid is a mixture of two clear mineral oils, Petro Canada
Krystol40 (RI = 1.451) and Life Brand™ Unscented Baby Oil (RI = 1.464) at 22˚C. RI was measured
using a digital hand-held refractometer (Atago Co. Ltd., Japan). The two oils were mixed such that
the RI matched that of the fused quartz. The pore fluid is an odourless, colourless, clear fluid that
is uniquely blended based on the temperature of the experiments. The mixture used by Peters et
al. (2011) was reported to have a density of 845 kg/m3, a dynamic viscosity of 10.1cP (25°C), a
surface tension of 26.5 dyne/cm (25°C) and a contact angle with air on Perspex® of 10°. The
mixture used in these experiments had a density of 830 kg/m3 (22°C), and a surface tension of
23.4 dyne/cm (22°C). The surface tension was measured using the pendant drop method on a
Drop Shape Analyzer (Kruss, DSA-100).
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Two gradations of fused quartz were used in this investigation (Ezzein and Bathurst, 2011; Peters
et al. 2011), and are referred to as the coarse and fine gradation. The coarse and fine gradations
are representative of poorly graded sands with 100% of soil particles passing a 4.75 mm and 2.0
mm sieve, respectively (Peters et al. 2011). The media has a particle density of 2300 kg/m3 (Ezzein
and Bathurst, 2011). A packing of either gradation typically has a porosity of 45-50% and a bulk
density of 1200 kg/m3. The grains themselves are highly angular and individually appear clear,
but appear white when grouped as a cluster of dry grains.
3.3.2

Column Apparatus

All experiments were carried out in one of two column apparatuses, referred to as the short and
tall column, with heights of 254 mm and 686 mm, respectively (Figure 3-3). The column material
was an extruded clear acrylic tube with a square cross-section with internal dimensions of 44.45
mm by 44.45 mm and a wall thickness of 3.175 mm.
Images were taken during the experiments using two digital cameras (Canon EOS Digital Rebel
XSi) located approximately 2 m from the apparatus. One camera was located to capture images
for the front face and one for the side face of the column. The remaining two faces (back and the
second side) were covered with black paper. The cameras were set to have a f-stop of 4.5,
exposure time of 1/20 seconds, ISO speed of 400, focal length of 35 mm and no flash. To aid in
image analysis, the columns were outfitted with reference dots (Figure 3-3) consisting of white
circles around black dots, which were used to align images and to track lighting changes.
Drainage and imbibition was conducted through a port in the base of the column. The base of the
column was connected to one of two reservoirs (Figure 3-3), which were used to control the water
table. The term water table is used here to designate the elevation at which PW=0 (atmospheric
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pressure). Fluid drained from the column following a lowering of the water table overflowed from
the reservoir onto a balance, which recorded fluid mass every 10 seconds. Fluid imbibed into the
column in response to the raising of the imbibition reservoir and was disconnected between water
table adjustments and weighed to determine the quantity of flow during a wetting increment.

Figure 3-3. Experimental column set-up for hanging column setup showing the imbibition
reservoir and the drainage reservoir with an overflow.
3.3.3

Packing Procedure

An initially saturated pack (SW=1) was created for all experiments using a specialized procedure
of submerged pluviation of a slurry of transparent soil. Prior to packing, the mineral oil and
medium (fine or coarse) were mixed in a large pan and the observable air bubbles removed. For
emplacement of the fine gradation, a clear cylindrical acrylic pipe with a detachable rubber
diaphragm at the base was filled with slurry. The column was partially filled with mineral oil (1 to
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5 cm), and the pipe was submerged just beneath the fluid level and the diaphragm was removed.
The cylinder was then slowly raised to allow for the material to exit. This process allowed for
controlled emplacement of a desired height of material. The coarse gradation was emplaced using
a funnel which extended to the fluid level. A slurry was transferred into the funnel and fell to the
bottom of the column. For both the coarse and fine packing, the fluid level in the column was kept
just above the soil pack to prevent grain-size based sorting. Both of these packing techniques
resulted in no observable gas within the packs.
3.3.4

Hanging Column Experiment Methodology to Measure PC-S

PC-S curves for both gradations of the transparent soil were measured using a hanging column
technique in the short column. The fine gradation was tested using oil-air as the fluid pair while
the coarse gradation was tested using water-air as the fluid pair, and was then scaled to oil-air
(Equations 3.3), due to the small gravity length scale. During the hanging column test,
measurements were made on a thin 18 to 20 mm layer of soil (sample layer) that overlaid a finer
material (Figure 3-3). For measurements of the coarse gradation, it overlaid the fine transparent
soil, and for measurements of the fine gradation, it overlaid a 5 to 10 μm filter paper at the base
of the column.
Each water table location was used to calculate one data point on the PC-S curve. The volumes of
displaced fluid in and out of the sample were measured to calculate the change in saturation of
the sample. For the water-air PC-S curves, care was taken to get accurate water volume changes
that were minimally affected by evaporation. Two sets of water-air PC-S curves were produced for
the coarse gradation for short (10 min) and long (20 min) interval times between water table
locations, to account for the impact of evaporation. These are referred to as the fast and slow
tests, respectively. In addition, the overflow and top of the column were vented with a long, small53

diameter tube during the water-air tests to reduce evaporation. In the oil-air tests, evaporation
of the mineral oil did not occur, and the top of the column was open and long (1200 min) intervals
times were used to produce one set of oil-air PC-S curves for the fine gradation.
Despite the PC varying over the sample height, the saturation does not vary substantially over the
sample for these gradations and fluid pairs. Therefore, the displaced fluid volumes were taken to
be representative of the fluid saturation of the sample at the PC based on the mid-height of the
sample and the height of the water table. The height of the water table relative to the mid-sample
was taken from the experimental images.
3.3.5

PC-IN Relationship Experiment Methodology and Digital Image Analysis

The short and tall column apparatuses were used to measure the relationship between PC and IN
for primary drainage, secondary imbibition and secondary drainage, for the coarse and fine
gradation. The set-up and packing configuration is similar to Figure 3-3 except the packing was
homogeneous (i.e. no finer material layer) and consisted of either the coarse or fine gradation.
Initially, the pack was oil saturated (SW=1). The water table was lowered incrementally in steps to
the base of the pack. Images captured during these steps were used to produce the primary
drainage capillary pressure – normalized pixel intensity (PC-IN) relationship, where PC was
determined at the pixel scale based on the vertical distance to the water table. Following
measurements of primary drainage, the imbibition reservoir was connected to the base and the
water table was incrementally raised to the top of the pack. Images captured during these steps
were used to produce the secondary imbibition PC-IN relationship. Following measurements of
secondary imbibition, the drainage system was re-connected to the base, and the primary
drainage procedure was repeated to capture images to produce the secondary drainage PC-IN
relationship. The water table was held at each elevation for a minimum of 90 and 1440 minutes
54

for coarse (steps of 10 to 80 mm) and fine (steps of 60 to 240 mm) gradations, respectively, in
order to establish equilibrium.
Images captured during drainage and imbibition were aligned using the reference dots and
cropped to include only the soil as shown in Figure 3-4 (a-c) using Matlab® R2011a (Version
7.12.0.635). Additionally, the reference dots were used to align images in the event of small
alignment shifts and to track lighting changes during the test.

Figure 3-4. Summary of the three stages of image processing for an image (above PC=0) taken
during secondary drainage after the coarse pack (SW=1) (a) grayscale, (b) normalized pixel
intensity, (c) saturation and (d) IN and SW profiles. The height of the cropped images (a), (b) and
(c) correspond to the PC axis on (d).
Included in Figure 3-4 is a grayscale image (Figure 3-4a) a normalized image (Figure 3-4b), a
saturation image (Figure 3-4c) and a plot of normalized pixel intensity and saturation versus
elevation (Figure 3-4d). To analyze the images and produce normalized pixel intensity (IN) images,
two reference images are needed: dry pack (SW=0) and the oil saturated experimental pack (SW=1).
The raw colour images were first converted to grayscale intensity images (IGRAY). These IGRAY images
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along with the IDRY and ISAT images were then reduced in size by a third, by averaging 3 × 3 pixel
patches in the image and assigning the average value to a single pixel in corresponding reduced
images. The IN were formed by applying Equation 3.1 to every pixel in the reduced IGRAY images.
The IN images were then converted to SW images based on a S-IN relationship. The three stages of
image processing (IGRAY, IN and SW) are shown in Figure 3-4 for a single image of the column during
secondary drainage.
For the coarse and fine gradation respectively, there were a total of 11 and 9 Pc-IN curves obtained.
For the coarse gradation for primary drainage, secondary imbibition and secondary drainage there
were 6, 2 and 3 curves produced, respectively and for the fine gradation there were 3 curves
produced for each branch.
Each branch in PC-S space is related to the analogous branch in PC-IN space. S-IN pairs for each of
the three branches were generated by pairing the PC-IN and PC-S data. For each measured PC on a
given PC-S branch there is single saturation value (S) taken from the PC-S data and two to six
corresponding IN values depending on the number of PC-IN curves for that given branch. The SW
for the measured PC is then paired with the multiple IN values. There will be an equivalent number
of IN points at each S, and that will correspond to the number of PC-IN curves for that branch.

3.4
3.4.1

Results and Discussion
PC-S Curves

The oil-air PC-S curves for the coarse and fine gradations measured using the hanging column setup are presented in Figure 3-5a and Figure 3-5c. The fine gradation was tested using oil-air as the
fluid pair while the coarse gradation was tested using water-air and scaled from water-air to oilair based on Leverett’s function (Equations 3.3). The fast and slow water-air hanging column tests
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in the coarse gradation yielded similar results despite packing variation and time interval length,
which may have altered the influence of evaporation. This relatively small variation between
these two packs is comparable to the variability seen at different heights in a single pack (Figure
3-5b) for the same gradation.
The PD values for the coarse and fine gradation are approximately 20 mm and 60 mm of oil,
respectively, based on extrapolating the primary drainage curves to SW=1. These values compare
well with the PD of 12 mm and 71 mm of oil, respectively, reported by Siemens et al. (2014). Both
the fine and coarse gradation have similar values of SrD at the end of primary and secondary
drainage with an SW of 0.04 and 0.09, respectively (Table 3-1). However, these gradations have
different values for SrI at the end of secondary imbibition with the coarse sand having a higher SW
of 0.87 and the fine sand having a higher gas entrapment with an SWI of 0.67 (Table 3-1).
3.4.2

PC-IN Curves

PC-IN curves for the coarse and fine gradations are plotted in Figure 3-5b and Figure 3-5d. Multiple
curves are presented for primary drainage, secondary imbibition, and secondary drainage
because images were captured after each change in the water table elevation. Qualitatively, the
PC-IN curves have a similar shape to the PC-S curves for the same gradation. Because each PC-IN
curve was measured at different locations along the tall column, some variation between the
curves is expected, which reflects local variation in the pack across the profile. For example, in
Figure 3-5b there are six primary drainage curves for the coarse gradation. The PC range for the
six curves is approximately 12 mm as denoted on the plot. At P C > 50 mm the primary drainage
curves of the coarse gradation converge and a vertical profile is observed at a post-drainage IN
(INrD) of 0.07 (Table 3-1). The secondary imbibition curves start at this INrD. They are qualitatively
similar to PC-S curves and reach a maximum post-imbibition IN (INrI) at the water table of 0.67
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(Table 3-1). Finally the secondary drainage curves start at this INrI and decrease IN with increasing
PC. The PC-IN secondary drainage curves again reflect the PC-S curve and end at an INrD of 0.07.
Similar observations can be made regarding the fine gradation PC-IN curves plotted in Figure 3-5d.
Both gradations have similar INrD, which occurs at PC > 150 mm for the fine gradation (Table 3-1).
However, the INrI values are different. For the fine gradation the INrI value is 0.34 compared with
0.66 in the coarse gradation (Table 3-1).
Table 3-1. End-point SW, IN pairs for coarse and fine gradation
SrD

INrD

SrI

INrI

Log Fit Parameter: A

Coarse

0.09

0.0702

0.875

0.6579

0.7888

Fine

0.04

0.0721

0.67

0.3397

0.8366
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Figure 3-5. PC-IN curves (photographic methods) and PC-S curves (hanging column). Top row and
bottom row are the coarse and fine gradation, respectively.
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3.4.3

Examination of S-IN Data Pairs

Two S-IN plots are generated for the coarse and fine gradation in Figure 3-6 and Figure 3-7,
respectively, by pairing the Pc-IN and PC-S data. An example of this pairing is shown in Figure 3-5c
and Figure 3-5d for the fine gradation for secondary imbibition. One data point collected for the
hanging column for the fine gradation during secondary imbibition is measured at a P C of 60 mm
of oil which relates to a single SW value of 0.2, which related to the two PC-IN secondary imbibition
curves for which a PC=60 mm results in a IN of 0.17 and 0.21.
Data presented in Figure 3-6 and Figure 3-7 show that, overall, SW increases with increasing IN.
They also show that there exists a range of IN values for each SW for all three branches: primary
drainage, secondary imbibition and secondary drainage. The greatest variation occurs in the
primary drainage data, which spans nearly the entire IN value.
These two S-IN plots have similarities but are also distinguishable based on gradation. The fine
gradation has a narrower IN range between SrD and SrI in comparison to the coarse gradation; as
such, the fine gradation secondary imbibition and secondary drainage data densely populates a
narrow range of IN values. The PC-S data for the coarse gradation has a wide range of fairly evenly
spaced SW values for all three branches, therefore the coarse S-IN data is well distributed.
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Figure 3-6. S- IN data set based on pairing PC-IN and PC-S curves for the coarse gradation.

Figure 3-7. S-IN data set based on pairing PC-IN and PC-S curves for the fine gradation.
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3.4.4

Development of S-IN Relationship

There is a theoretical basis for using a logarithmic fit for measures of transmittance in translucent
media (Tidwell and Glass, 1994). As such, a logarithmic fit based on two calibration points was
trialed for absorbance in this transparent media:
Sw = A log(IN ) + B

(3.4)

The coefficients A and B require calibration. There are three wetting phase saturation –
normalized intensity (SW-IN) pairs that are at the end-points of the primary drainage, secondary
imbibition and secondary drainage curves, at SW=SrD, SW=SrI and SW = 1. While IN can vary
substantially at a given PC value at different locations in the column (replicate curves in Figure
3-5b and Figure 3-5d), these end-points intensity values are quite repeatable. By definition
(Equation 3.1) IN = 1 at SW = 1. The value of IN at SW=SrD was determined from the image data (Table
3-1). Using these two calibration points, the coefficients in Equation 3.4 are:
A=

𝑆𝑟𝐷 −1
𝐷 )
log(𝐼𝑁𝑟

and

B=1

(3.5)

Data at SW=SrI and IN=INrI could also be used for calibration in conjunction with the SW=1 and IN=1,
however this pair would not cover the range of possible SW values from SW=1 to SW=SrD which is
required to measure saturation changes for an initially oil-saturated pack. This relationship may
be used to determine SW between SrD and 1, however cannot be applied to quantify saturation
between SW=0 and SrD. Values of A are consistent between gradations as the calibration end-point
(SrD, IND) is similar for both gradations (Table 3-1).
The fit obtained using Equations 3.4 and 3.5 and the A values listed in Table 3-1 are shown along
with all of the S-IN data along the length of the column for multiple water table positions in Figure
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3-5 and Figure 3-6. Also shown are the SW=SrD and SW = 1 calibration points used to determine the
A and B values. The S-IN relationship can vary across gradations for light transmission, as such the
S-IN relationship will first be examined for both gradations independently.
3.4.5

Validation of S-IN Relationship

S-IN relationship (Equations 3.4 and 3.5) were evaluated by four means: (1) comparing predicted
SW values to measured SW-IN pairs based on PC-IN and PC-S curves, (2) comparing predicted SrI
values to measured SrI values, (3) comparing the relationship to the relationship presented by
Peters et al. (2011) for this transparent soil and (4) traditional mass balance.
The S-IN data taken from pairing the PC-IN and PC-S data varies around the fit for both gradations
(Figure 3-6 and Figure 3-7). There is a particularly high data density at the low and high
saturations, which validates the repeatability of the chosen calibration points. This is as expected
based on the repeatability of PC-IN data curves for both gradations at low saturations. Each IN value
for one SW value corresponds to different locations in the pack, which produces considerable
variability at intermediate saturations. Interestingly, there is high data density over the low IN
range (IN < 0.4) for the fine gradation, this is also seen in the fine gradation S-IN data presented by
Peters et al. (2011).
The logarithmic relationship can also be evaluated using the remaining third end-point pair (SrI,
INrI) which was not used in the development of the S-IN relationship. Figure 3-8 presents these SrI,
INrI pairs for coarse and fine gradation along with the S-IN relationships for the fine and coarse
gradations shown in Figure 3-6 and Figure 3-7, respectively. The logarithmic S-IN relationship
agrees well with the end-points for both gradations. Figure 3-8 also shows that there is little
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difference between the coarse and fine S-IN relationships, and it could be reasonable to use the
same relationship for both gradations of this transparent soil.
The logarithmic S-IN relationship also agrees well with the relationship derived by Peters et al.
(2011), labelled as Peters in Figure 3-8. Both the log relationships and the piece-wise linear
relationship of Peters et al. (2011) can be directly compared, since they were determined for a
similar soil thickness of 44.45 mm and 45.6 mm, respectively. This agreements suggests that using
either relationship would produce similar results, but that a different relationship could be
required for a different soil thickness. However, the logarithmic S-IN relationship is advantageous,
as it is a smooth function and was constructed using only two calibration points, which is
straightforward and less time consuming than the extensive number of lengthy experiments used
by Peters et al. (2011).

Figure 3-8. S-IN relationship for both gradation. The maximum standard deviation in IN is 0.01
for the fine and coarse data points, (INrD, SrD) and (INrI, SrI), and the maximum error in SW for these
points is 0.05.
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Figure 3-9. Comparison of average SW for the pack between weigh scale data and image results
for each PC-IN curve for both gradation.
Lastly, the S-IN relationship can be validated using the traditional method of mass balance data
(Figure 3-9). Figure 3-9 presents a comparison of two average SW taken at equilibrium for each
water table step for the PC-IN experiments: (1) based on imbibed and drained fluid volumes (weigh
scale) and (2) based on saturation images. SW was averaged from the top of the pack to below
the active region (SW=1) of the pack, a height of 117 mm and 384 mm for the coarse and fine
gradations, respectively. The two average SW for coarse gradation agree and satisfy the mass
balance (Figure 3-9) for all three branches (±5%). The fine gradation satisfies the mass balance for
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primary drainage however when a significant portion of the pack is at SrI (end of secondary
imbibition and start of secondary drainage) the mass balance is not fully satisfied, as the images
(fine log fit) under-predicts SW which is consistent with Figure 3-8.

3.5

Summary and Conclusions

Capturing digital images of experiments that incorporate transparent soil allows for direct
observation of micro- and macro-mechanisms that are occurring within the soil profile.
Transparent soil has been used in multi-phase flow experiments with the saturation profile
calculated using an empirical S-IN relationship. The existing empirical S-IN relationship for
transparent soil is valid, however, it could be improved by: (1) implementing a smooth curve
rather than a piece-wise linear fit, (2) developing a theoretical basis for the new equation and (3)
developing a standard methodology for calibrating and validating a soil’s S-IN relationship. To this
end, the PC-S and PC-IN relationships were determined for both the fine gradation and coarse
gradation of transparent soil. The PC-S relationships were measured using a hanging column setup and the PC-IN relationship was collected by analyzing digital images of the hydrostatic
saturation profile. The SW and IN end-points of these curves were determined and used to produce
and validate a two-point logarithmic S-IN relationship calibrated with one data point (SrD and IND).
This relationship is similar to those relationships used for light transmission, but is instead applied
to the two gradations of transparent soil which is similar to light reflection.
The S-IN relationship was evaluated by comparing to: (1) SW-IN pairs taken from PC-IN and PC-S
curves, (2) the macroscopic residual imbibition end-point (SrI, INrI), (3) the existing S-IN relationship
for this transparent soil (Peters et al., 2011) and (4) mass balance calculations. The logarithmic SIN relationship agreed with the four methods, and the two gradations have nearly identical S-IN
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relationships. SW-IN pairs were shown to validate the end-points of the relationship however were
not useful in evaluating the fit at intermediary saturations. The SrI, INrI pair was the most useful to
the validation of the fit, and was shown to be crucial in satisfying the mass balance. Lastly this SIN relationship agrees well with that derived by Peters et al. (2011). Based on these evaluation
methods the S-IN relationship for this media was determined to be non-hysteretic.
The form of this relationship, and the calibration method, may be applied to other transparent
soils or more generally for other light reflection scenarios such as the imaging of opaque soils. The
methodology to derive and validate the S-IN relationship can be reduced to a single test in which
four images are taken of a pack that is (1) dry, (2) saturated, (3) post-drainage and (4) postimbibition which correspond to a SW of 0, 1, SrD and SrI, respectively. An initially fully saturated
pack (SW = 1) is fully drained and then imbibed and the SrI and SrD values are based on measured
drained and imbibed volumes. Images (1) to (3) allow for the normalization of images with image
(3) as the calibration point, then image (4) should be used to confirm that this two-point
logarithmic relationship is applicable to your soil system. For this transparent soil system the S-IN
relationship was independent of grain size however this should be performed for each gradation
of interest.
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4

Chapter 4: Investigation of Capillary Barrier Breakthrough during Air
Injection in Transparent Soil

4.1

Introduction

The prediction of gas distributions in the subsurface is critical for assessing leaks from shale gas
production or geologically sequestered carbon dioxide (CO2), or designing remediation
technologies based on gas injection, such as air sparging. In these applications, the understanding
of gas migration pathways, trapping behaviour and entrapment volumes is particularly important.
Migration pathways and trapping behaviour of gases is complicated by the presence of
heterogeneities in the subsurface, both at the local or macroscopic scale. In particular, the
presence of layers of finer material, also known as capillary barriers (CB), complicates the
distribution of gas in the subsurface, and makes quantifying the location and volume of entrapped
gas challenging. Two schematics of the subsurface are shown in Figure 4-1 depicting gas migration
in heterogeneous systems. From the source location at the right of the figure, the gas migrates
upwards under the influence of buoyancy, capillary and viscous forces and collects as highly gassaturated regions, known as pools, under fine layers. Once a pool has sufficient height, the gas
breaks through the fine layer migrating upwards. The migration of gas may occur as either
discontinuous flow (also known as bubbly flow), which is characterized by multiple, discrete
clusters of gas that may be trapped or mobile, or continuous flow, which is characterized by
advective flow through a collection of gas channels (Mumford et al., 2009).
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Figure 4-1. Schematics of gas migration in heterogeneous subsurface for (a) idealized flat
capillary barriers and (b) undulating capillary barriers.
Subsurface gas migration can be simulated using one-dimensional (1-D) models, with conditions
similar to those depicted in Figure 4-1a. This system is shown as a two-dimensional (2-D) system
but behaves in a 1-D manner due to the flat horizontal layers that produce a uniform pool
thickness. A more realistic depiction of a 2-D system is shown in Figure 4-1b, which contains CBs
that are undulating, not fully spanning, and that vary in thickness. Several authors have examined
the breakthrough of one-peak or flat CBs such as Glass et al (2000, 2001), Miller (1997) and
Gerhard and Kueper (2003). However, the non-idealized complex 2-D CBs which undulate (i.e.
multiple peaks) that result in complex pool geometries were not examined.
The understanding of gas migration in the subsurface can be improved by measuring the quantity
of gas and its distribution in laboratory experiments. Transparent soil has been previously used in
laboratory investigations to quantify the location and mobility of wetting and non-wetting fluids
73

within the subsurface at high temporal and spatial resolution. Peters et al. (2011) proposed a
methodology for quantifying the degree of saturation in transparent soil to millimeter resolution
using digital images. Later Siemens et al. (2013), Siemens et al. (2014) and Siemens and Oldroyd
(2014) presented infiltration experiments, which utilized transparent soil. In other applications
transparent soil has allowed insight for a wide-range of investigations such as soil shearing during
pull-out for geogrids (Ezzein and Bathurst, 2014), ground displacements during pile placement
and tunneling (Stanier et al., 2012, Ahmed and Iskander, 2011), and colloid transport (Leis et al.,
2005). Thus, the use of transparent soil in gas migration experiments may allow for new insights
to be gained on the mobility of gas through the subsurface.
Aspects of the breakthrough of CBs have been investigated in previous studies. For example,
Glass et al. (2000) examined the emptying and filling of the pools but did not quantify pool heights
or fluid saturations. Gerhard and Kueper (2003) and Miller (1997) did measure pool heights but
did not examine the emptying and filling of pools or fluid saturations. An investigation of all of
these aspects in one study would be advantageous to better understand the breakthrough of CB
in realistic subsurface environments. It is important to understand the extent to which the
breakthrough of gas through undulating CBs can be predicted using 1-D models, and the
associated impact on the predictions of distributions and volumes of entrapped gas in the
subsurface.
This objectives of this paper are to examine transient pool behaviour during filling and emptying,
including the comparison of pool heights and saturation profiles to theoretical pool heights and
saturation profiles for multiple breakthrough events. The transient pool behaviour will be
examined for two heterogeneous transparent soil packs that contained multiple CBs, including
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both one-peak and undulating CBs, with a focus on the gas entrapment mechanisms of undulating
CBs.

4.2
4.2.1

Background
PC-S Curves

Capillary pressure (PC) is the difference in pressure between the wetting (Pw) and non-wetting
phase (PNW):
PC = PNW − PW

(4.1)

The relationship between PC and saturation is known as capillary pressure – saturation (PC-S)
curves or soil water characteristic curves. A family (or set) of PC-S curves is shown schematically
in Figure 4-2a, which includes the three branches typically used to describe multi-phase flow. The
PC-S relationship is hysteretic, such that multiple saturation values are possible for each value of
P C.
The three curves depicted in Figure 4-2a are for primary drainage, secondary imbibition and
secondary drainage. For a medium that is initially saturated with the wetting phase, all possible
PC, S pairs are bound between the primary drainage and secondary imbibition curves. Drainage
refers to the displacement of the wetting phase by the non-wetting phase, whereas imbibition
refers to the displacement of the non-wetting phase by the wetting phase. Irrelevant of direction
(drainage or imbibition), the curves produced by drainage and imbibition processes have the same
basic shape. From high to low wetting phase saturation (SW), PC-S curves typically exhibit positive
curvature then a negative curvature (right to left on the PC-S curve shown in Figure 4-2a).
During primary drainage, PC increases, the non-wetting phase invades and the SW decreases from
100% to residual wetting phase saturation (SrD). A critical location on the primary drainage curve
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is the entry pressure (PE), at which the non-wetting phase first becomes connected over a
representative elementary volume (REV) and the non-wetting phase relative permeability
becomes greater than zero (Gerhard and Kueper, 2003). In the absence of relative permeability
data, PE is often estimated as the inflection point on the primary drainage curve (White et al.,
1972; Katz and Thompson, 1986).
During secondary imbibition, the wetting phase invades, PC decreases and the SW increases from
SrD to the residual wetting phase saturation post-secondary imbibition (SrI) (Figure 4-2a). When
the PC decreases to terminal pressure (PT) the non-wetting phase relative permeability decreases
to zero, and flow of the non-wetting phase stops. At PC below PT only local flow occurs. The PT on
secondary imbibition is analogous to PE on primary drainage, and can be estimated as the
inflection point on the secondary imbibition curves. The third curve in this set is the secondary
drainage curve, which originates at SrI and decreases to SrD, often overlapping the primary
drainage curve (Figure 4-2a).
Several empirical expressions have been proposed to fit the PC-S relationship. Two of the most
widely used are that of Brooks-Corey (1964) and van Genuchten (1980) which are used to
calculate normalized wetting phase saturation or effective wetting phase saturation (Se).

Se =

SW − Sr D

(4.2)

SM − Sr D

where Se is the difference between the wetting phase saturation (Sw) and the residual wetting
phase saturation post-drainage (SrD) normalized by the difference between the maximum wetting
phase saturation (SM) which is unity when the sample starts fully saturated, and SrD.
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The Brooks-Corey (1964) equation and van Genuchten (1980) equations are shown in Equation
4.3 and 4.4, respectively.
PC −λ
Se = ( )
PD

,

PC ≥ PD

(4.3)

Se = [1 + (αPC )n ]−m

,

PC ≥ 0

(4.4)

where PD is the displacement pressure for the soil, λ is the pore-size distribution index, α is a fitting
parameter based on air entry suction, and both n and m are fitting parameters.

Figure 4-2. Transparent soil: (a) PC-S profiles as van Genuchten fit (line) based on imaged profile
for the fine (open circles) and coarse (open squares) gradation, (b) saturation image of primary
drainage for coarse gradation and (c) saturation image of primary drainage for fine gradation.
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The van Genuchten fit can be used to estimate the entry and terminal pressure of a medium based
on the inflection point of its primary drainage and secondary imbibition PC-S curve, respectively
(Dexter and Bird, 2001). Similarly, the Brooks-Corey fit of the primary drainage and secondary
imbibition curves can be used to estimate the displacement pressure (PD) and a pressure
analogous to terminal pressure (PDIMB), respectively. Typically, the pair of pressures for BrooksCorey will occur at higher SW values and are associated with lower pressures than the same data
fit with van Genuchten.
4.2.2

Entry and Terminal Pressure

All PC-S curves can be characterized using either an entry or terminal pressure, including scanning
curves. A scanning curve stems from a reversal point which occurs when conditions switch from
drainage to imbibition or vice versa before reaching SrD or SrI. The reversal point may occur at any
PC-S point within the bounds of the primary drainage and secondary imbibition curves.
Several studies have found that the PD for primary and secondary drainage are similar (Wardlaw
and Taylor, 1976; Stonestrom and Rubin, 1989) however Chatzis and Dullien (1981) found the PE
on secondary drainage of three sandstones to be up to approximately 14% lower than the PE on
primary drainage. Gerhard and Kueper (2003) determined that the primary and secondary PD
values of the sands in their study were equal (within measurement uncertainty) as were the P T
values for multiple breakthrough events.
Both entry and terminal pressure are concepts that are expressed at both the macroscopic and
microscopic (pore) scale. At the pore scale, each pore can have an associated entry and terminal
pressure necessary to occupy the pore, during either drainage or imbibition. The drainage and
imbibition processes are governed by pore throats and pore bodies, respectively. In the
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specialized case of mobilizing a gas bubble, the leading edge of the bubble (which can exist as a
multi-pore ganglion) is undergoing drainage and must satisfy the pore-scale PE and the trailing
edge is undergoing imbibition and must satisfy the pore-scale PT.
The ratio between entry and terminal pressure has been measured at the macroscopic scale
(Gerhard and Kueper, 2003) and at the microscopic scale (Mumford et al., 2009). Gerhard and
Kueper (2003) determined the ratio of terminal to entry pressure (PT/PE) to be approximately 0.57,
independent of porous media and fluid properties. Similar PT/PE ratios at the macroscopic scale
(Gerhard and Kueper, 2003) have been reported based on PC-S curves (Mayer and Miller, 1992;
Illangasekare et al., 1995) and from direct observation of pools at equilibrium (Miller, 1997;
Hilpert et al., 2000).
4.2.3

Effect of Capillary Barrier on Gas Flow

Gas flow pathways are controlled by multi-phase flow processes. The gas flow may be
discontinuous (bubble, slug or incoherent flow) or continuous (channel or coherent flow).
Continuous gas flow occurs as a collection of channels where gas moves because of a gas-phase
pressure gradient and discontinuous gas flow is characterized by multiple, discrete clusters of gas
that may either be trapped or mobile depending on the local capillary and buoyancy forces
(Mumford et al., 2009).
Geistlinger et al. (2006) examined the grain-size and flow-rate dependent transition from
continuous to discontinuous flow, and concluded that discontinuous gas flow can occur for all
grain sizes as the flow rate approaches zero. The transition occurs at a critical flow rate (QCRIT):

Q CRIT =

πΔρ · g
· R4C
8μg

(4.10)
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where Δρ is density difference between the wetting and non-wetting phases, g is the acceleration
due to gravity, μg is the dynamic viscosity of the gas phase, and RC is the radius of a capillary.
Gas that migrates upwards as a discontinuous flow can be halted below CBs as a collection of
disconnected clusters accumulates underneath the barriers until a connected pool is formed
(Figure 4-3a). Several CBs are shown in Figure 4-1, of which Figure 4-1a can be collapsed into a 1D system with flat capillary barriers. When a gas pool first accumulates beneath a CB the medium
below the CB is undergoing primary drainage. As the pool height increases, the PC at the CB
interface increases due to the difference between the water and gas pressures (Equation 4.1).
Once there is enough driving force (produced by the pool height) to breakthrough the CB, the
pool empties vertically as gas is released through the CB. This pool height (H) is given by (Kueper
et al., 1993):

H=

PC′′ − PC′
Δρg

(4.6)

where PC’’ and PC’ are the capillary pressures at the CB interface (top of the pool) and the bottom
of the pool, respectively, Δρ is the density difference between the wetting and non-wetting
phases, and g is the acceleration due to gravity.
At breakthrough conditions the pool height corresponds to the breakthrough pool height (HE), PC’’
is the PE of the CB and PC’ can be taken to be either PT of the media or PC=0 (Miller, 1997; Kueper
et al., 1993), with PC’=PT more accurately predicting experimental pool heights (Miller, 1997).
The pool will then proceed to empty resulting in a reduction in pool height lower than HE. During
emptying, the PC and the gas saturation at the CB interface will decrease as pore-scale
disconnections occur as the wetting phase replaces the released non-wetting phase beneath the
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CB. The medium below the CB is undergoing imbibition, resulting in disconnected gas clusters
beneath the pool (Figure 4-3b). The PC at the CB interface decreases until it reaches PT, and flow
through the barrier stops (Gerhard and Kueper, 2003). When flow through the barrier stops, the
pool height (Equation 4.6) is at the terminal pool height (HT) when PC’’ equals the PT of the CB and
PC’≠0 (Gerhard and Kueper, 2003). If there is still gas flow up towards the CB, the pool may start
to fill once again, on a new drainage pathway.

Figure 4-3. Evolution of a gas pool during a breakthrough and termination event: (a) air pool
below fine layer just before breakthrough event when pressure at the fine-coarse interface is
at the PE of the fine layer, (b) air pool at the end of breakthrough event when pressure at the
fine-coarse interface is at the terminal pressure of the fine layer, (c) plot of PC profile below fine
layer just before breakthrough and (d) plot of PC profile after termination event.
There is variation in PC throughout the pool, with the largest PC occurring at the CB and values
decreases further away from the CB. This profile of PC will change in time, as the pool fills and
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empties. Examples of the final profile of PC at entry and termination are shown in Figure 4-3c and
Figure 4-3d respectively. Saturation is a function of PC therefore there is also an evolution of
saturation profiles with time as well which is dictated by the host medium. Gas saturations are
highest at the CB interface and decrease lower in the pool, being lowest in the disconnected gas
region below the pool.
Gerhard and Kueper (2003) performed several bench-scale 1-D CB breach experiments designed
to measure entry and terminal pressures. Their experiments were conducted using non-aqueous
phase liquid (NAPL) as the non-wetting phase rather than gas. However, their study is relevant to
gas the investigation of gas breakthrough because the same forces govern the migration of gas
and NAPL in the subsurface. In the case of dense non-aqueous phase liquids (DNAPL), the pooling
occurs above a CB and breakthrough occurs down through the barrier resulting in flow deeper
into the subsurface. Gerhard and Kueper (2003) placed a DNAPL above a sand in a 1-D column.
Because the DNAPL was not in a porous medium, the transient pool height could be closely
monitored to provide a measure of the PC applied to the sand surface. This allowed interpretation
of PE, immediately before DNAPL flow into the sand occurred, and PT, once DNAPL flow into the
sand stopped. Their study did not include an investigation of DNAPL within a coarser medium
above the CB, or breakthrough into a 2-D CB.
Several authors have represented 2-D heterogeneous systems using idealized square layers or low
permeability layers that had flat interfaces (Ji et al., 1993; Miller, 1997; Kueper et al., 1989). These
systems may have complex geometries; however, each CB within these 2-D tests can be classified
as either a one-peak CB or a multi-peak (or complex) CB. In which the term one-peak CB will
describe a CB that is flat or has only one-peak, such as those seen in the experiments by Glass et
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al. (2000). And the term multi-peak CB will describe a CB with more than one fluctuation or peak,
which are often seen in field geology (Poulsen and Kueper, 1992; Tomlinson et al., 2003;
Lundegard and LaBrecque, 1998).
Glass et al. (2000) investigated the migration of CO2 and trichloroethylene (TCE) DNAPL in a 2-D
heterogeneous system consisting of water-saturated silica sand with multiple simple, one-peak
CBs. The observations by Glass et al. (2000) agreed well with 1-D theory. Light transmission images
showed that the pool filled first nearest the barrier then grew in height, and non-wetting phase
saturation (CO2 or TCE) increased further from the CB. Additionally, the pools were shown to
fluctuant (or pulse) over time, due to the fluctuation in PC which controlled flow through the CBs.
Glass et al. (2000) also observed the formation of one or multiple channels through the CBs as the
mode of breakthrough. These channels (also referred to as fingers) were noted to be 6 to 13 mm
wide, but the flow rate through those channels was not measured.
4.2.4

Transparent Soil

Transparent soil systems allow for light to pass through both the pore fluid and medium without
refracting. In order to render the system transparent, the refractive index (RI) of the soil must be
the same as the pore fluid, thus limiting the scattering of light. A system containing water (RI =
1.33) and silica sand (RI ≈ 1.45) is translucent instead of transparent because the refractive indices
are not equal. Many authors have substituted different pore fluids or solid materials (media) to
create a RI-matched system (Ng et al., 1978; Frette, 1992, Frette, 1994; Tabe et al. (2011) and
Guzman and Iskander (2013). For example Lo et al. (2010) examined non-wetting phase invasions
within a transparent soil in which water was the pore fluid, and Aquabeads were the medium.
Transparent soil systems have been used in multi-phase flow research because the invading
phase, which is not matched to the medium’s RI, is easily observed.
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Ezzein and Bathurst (2011) developed a transparent soil, later characterized for unsaturated
applications by Peters et al. (2011) and used for multi-phase flow applications by Siemens et al.
(2013, 2014). Peters et al. (2011) developed a relationship between air saturation and normalized
pixel intensity (IN) for this transparent soil by capitalizing on the variation of the degree of
transparency with air saturation. The medium used by these authors, and used in this study, is a
fused quartz (silica) whose RI is matched using a mineral oil as the pore fluid. The mineral oil is
colourless, odorless and stable with a neutral pH and low volatility. When the soil mass is oil
saturated the background behind the media is visible and the grains are not. When the soil is
drained (air invasion) the transparency of the system decreases, the soil becomes more opaque
and less of the background is visible.
A new saturation – normalized pixel intensity (S-IN) relationship for this transparent soil was
developed in Chapter 2. In summary, to produce saturation images experimental grayscale images
(IGRAY) are normalized between the two intensity extremes, ISAT and IDRY (SW=1 and SW=0,
respectively) to produce IN images (Equation 4.7). Images of the apparatus packed at SW=0 and
SW=1 are used to provide the two reference images, IDRY and ISAT. During all imaging a black
background is placed behind the soil filled apparatus. These IN images are then converted into
saturation images in accordance with Equation 4.8.

IN =

IGRAY − ISAT
IDRY − ISAT

(4.7)

SW = 0.7888log(IN ) + 1

(4.8)

Example saturation images created using Equation 4.8 are shown in Figure 4-2b and Figure 4-2c,
which correspond to the water saturation profiles during primary drainage for the fine and coarse
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material, respectively, shown in Figure 4-2a. The curves in Figure 4-2a represent PC-S data from
Chapter 2 for the fine and coarse gradation of this transparent soil fit using the van Genuchten
(1980) relationship (Equation 4.4). Best-fit values using the van Genuchten (1980) and BrooksCorey (1964) (Equation 4.3) relationships are shown in Table 4-1.
Table 4-1. Entry, terminal and displacement pressures for the coarse and fine gradation.
van Genuchten (1980)

Brooks-Corey (1964)

Primary

Secondary

Drainage

Imbibition

Primary
Drainage

Secondary
Imbibition

PE
(mm*)

α

m

n

PT
(mm)

α

m

n

PD
(mm)

λ

PDIMB
(mm)

λ

Coarse

34.4

25.0

1.5

5

17.2

34

3.0

3

29.0

3.8

14.0

3.0

Fine

96.8

10.9

0.4

12

57.3

19

0.3

9

80.0

3.8

48.0

2.6

*mm of oil

4.3
4.3.1

Materials and Experimental Techniques
Transparent Soil

Two gradations of fused quartz were used in this investigation (Ezzein and Bathurst, 2011; Peters
et al. 2011), and are referred to as the coarse and fine gradation. The coarse and fine gradations
are representative of poorly graded sands with 100% of its soil particles passing a 4.75 mm and
2.0 mm sieve, respectively (Peters et al. 2011). The media have a particle density of 2300 kg/m 3
(Ezzein and Bathurst, 2011). A packing of either gradation typically has a porosity of 45-50% and
a bulk density of 1200 kg/m3. The grains themselves are highly angular and individually appear
clear, but appear white when grouped as a cluster of dry grains.
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The pore fluid is a mixture of two clear mineral oils, Petro Canada Krystol40 (RI = 1.451) and Life
Brand™ Unscented Baby Oil (RI = 1.464) at 22˚C. RI was measured using a digital hand-held
refractometer (Atago Co. Ltd., Japan). The two oils were mixed such that the RI matched that of
the fused quartz (RI=1.459) at the laboratory temperature during the experiments (22˚C during
the experiments reported in this chapter). The mixture used in these experiments has a density
of 830 kg/m3 (22°C), and surface tension of 23.4 dyne/cm (22°C). The surface tension was
measured using the pendant drop method on a Drop Shape Analyzer (Kruss, DSA-100).
4.3.2

Wall Apparatus

Gas injection experiments were performed in a wall apparatus constructed with Perspex walls.
The front face dimensions were 147.5 cm × 116.8 cm, with an internal rectangular cross-section
of 1168 mm × 45 mm. The total internal volume of the apparatus is approximately 78 500 cm3.
The front and back faces were 18 mm thick and the side and bottom faces were 25 mm thick. Two
vertical steel bars (25 mm × 25 mm cross-section) were fastened over the front face to limit
bowing. Black plywood was placed behind the apparatus. The wall apparatus had access ports
available along the sides and base. Ports located at the base were used to drain the pore fluid,
and one of the side ports was used as an air injection location.
Images were captured during experiments by a digital camera (Canon EOS 5D Mark III digital
camera with a Canon EF50f1.2L lens) located approximately 3 m from the front face of the wall
apparatus. The reflection on the front face of the apparatus was made constant by locating a black
fabric backdrop behind the camera and set parallel to the front face. This consistent reflection
was then automatically removed through the normalization procedure during post processing.
The camera was set to have a f-stop of 4.5, exposure time of 1/20 seconds, ISO speed of 400, focal
length of 50 mm and was set to compulsory no flash. To aid in image analysis, the wall apparatus
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was outfitted with two vertical rows of reference dots to the right and left of the apparatus (Figure
4-4). A set of four dots, two top dots (left and right) and two bottom dots (left and right), were
used to crop and align the images. The reference dots were white circles with black dots inside
and were used to track lighting changes along the length of the apparatus during the test.

Figure 4-4. Wall apparatus with pack depth of 45 mm for the breakthrough experiments: (a)
Experiment 1 and (b) Experiment 2. Capillary breaks CB1 CB2, CB3 and CB4 are highlighted.
4.3.3

Breakthrough Experiments

Air-injection experiments were performed in two heterogeneous packing configurations, which
both contained multiple undulating CBs. Air was injected at a constant rate from a point source
location in the lower right region of the apparatus and images were captured every 5 seconds.
The two experiments, Experiment 1 and Experiment 2 (Exp. 1 and Exp. 2), took place in the
heterogeneous packing configurations shown in Figure 4-4a and Figure 4-4b, respectively. The CBs
consisted of the fine gradation material surrounded by the coarse gradation material. A gravel
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layer was placed below each pack at the base of the wall apparatus to facilitate drainage of the
packs at the end of each experiment.
Each pack was initially saturated with oil (SW=1) by wet pluviation of a slurry of transparent soil.
Prior to packing, the mineral oil and media (fine or coarse) were mixed in large pails and the
observable air bubbles removed by mixing. The wall apparatus was filled with approximately 30
cm of mineral oil. A long funnel was set into the top opening of the wall apparatus and rested
there throughout packing. The slurry was transferred continuously from the pails evenly into the
funnel and fell to the top of the sand pack. During packing, the fluid level in the apparatus was
kept 30 cm above the top of the soil pack to ensure saturated placement and prevent grain-size
based sorting. This packing technique resulted in no observable trapped air within the packs.
During packing, the media being placed alternated between the fine and coarse gradation to
produce the CBs. The front face of the apparatus was gently tapped with a rubber mallet at the
end of packing to expedite compaction. Following placement, experiments did not start for at
least 12 hours.
Two undulating CBs were constructed in each of the two experiments, and are referred to as CB1,
CB2 (Exp. 1), CB3 and CB4 (Exp. 2) (Figure 4-4). CB1, CB2, and CB3 spanned the width of the
apparatus. CB1 had one peak and was located just above the injection location. CB2 had three
peaks and CB3 had two peaks. CB4 was a fine gradation wedge, emplaced to encourage gas
migration to the center of the apparatus. CB4 sloped upwards towards the center of the cell, and
was located above the injection location. This packing process was controlled such that CB1, CB2
and CB3 had layer thicknesses of approximately 2 cm in height. The elevation of the air injection
point was the same in both experiments, but the height of overburden above the top-most CB
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was different. Exp. 1 and Exp. 2 had an overburden measured from the top of CB2 and CB3 of 64
cm and 56 cm, respectively.
Air was injected into the pack through a rigid copper tube (1 mm inside diameter) using a digital
pressure/volume controller pump (GDS, ADVDPC Mark III) injecting at a constant rate of 0.4
mL/min and 30 mL/min for Exp. 1 and Exp. 2, respectively. The pump had a maximum volume of
1117.579 cm3. Therefore, periodically during the experiments, injection was paused to allow for
the pump to refill. The durations of Exp. 1 and Exp. 2 were 4648 min and 1560 min, respectively,
which included pump refilling time. The start of the experiment (t=0 min) was taken to be just
prior (< 5 seconds) to the first visualization of air within the pack and the end of the experiment
was taken to be the end of air injection.
Digital images were processed into saturation images using the methodology and relationship
developed in Chapter 3 (Equations 4.7 and 4.8), which required a dry reference image (IDRY) of a
dry homogeneous coarse pack (SW=0) and an oil saturated (SW=1) reference image (ISAT). The ISAT
image was taken to be the image just prior to t=0 min. A dry homogeneous coarse pack, prepared
separately from the Exp. 1 and Exp. 2 packs, was used to produce the IDRY image. For the dry pack,
the dry coarse gradation was emplaced in the wall apparatus with the funnel used for the wet
packing and the sand was poured continuously to reduce the presence of layers. During image
processing, no averaging of the pixel-scale intensities was used. The resolution of the experiment
images was 3.1 pixels / mm, compared to the approximate 2.0 pixels / mm resolution used in
Chapter 3 to develop the relationship.
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4.4

Results and Discussion

In Exp. 1 and Exp. 2, injected air migrated upwards from the injection point, underneath CB1 (Exp.
1) or CB4 (Exp. 2), and through the pack (Figure 4-5). Generally, for both experiments, the air
migrated upwards as disconnected gas clusters, and several of these clusters became trapped. Air
pooled beneath CB1, CB2 and CB3, and these pools are referred to as Pool A, B and C, respectively.
As injection continued Pools A, B, and C broke through their respective CBs and released gas
above. The released gas reduced the height of each pool until flow through the CB ceased. The
pools then refilled and emptied repeatedly. The gas migrated through the CBs in the form of gas
channels that were on the order of a few grains wide. Pool B had one breakthrough path form in
CB2, whereas Pool C broke through CB3 in two locations.
The evolution of three pools were examined during filling and emptying and compared with
theoretical calculations. Separate analyses were conducted for a simple pool (Pool A) (Section
4.4.1) and undulating pools (Pool B and C) (Section 4.4.2). In these analyses saturation images
were used to create saturation versus depth profiles for multiple locations within each pool by
calculating and average gas saturation over a width of 61 pixels (20 mm) centered on each peak
in the CBs. Peaks in pools A, B, and C are referred to as locations A1; B1, B2 and B3; and C1 and
C2, respectively (Figure 4-5). The pools heights at these locations were also examined. The pool
heights at breakthrough and termination during the experiments are termed HE’ and HT’,
respectively, and can be compared to the two theoretical values, HE and HT. The observed pool
height was based on the distance between the fine-coarse CB interface and the location at which
SW=0.875, which corresponds to SrD and PDIMB.
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Figure 4-5. Experimental saturation photo depicting the air migration path and pool locations
for (a) Exp. 1 and (b) Exp. 2.. Pool locations are highlighted within the dashed boxes and are
labeled Pool A, Pool B and Pool C. Several profiling locations are highlighted with vertical dashed
lines. The dashed boxes represent regions used for further analysis of CB breakthrough.
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4.4.1

One-Peak Capillary Barrier

Pool A was the most well-defined pool; it was supplied directly by the injection point and it had
just one peak and one breakthrough location. Figure 4-6 shows the evolution of gas saturation in
Pool A at key times during a typical event including filling (Figure 4-6a), just before breakthrough
(Figure 4-6b), emptying (Figure 4-6c) and at termination (Figure 4-6d). During Exp. 1, the gas built
up beneath CB1 (Figure 4-6a). This region then increased in gas saturation until the gas was a
connected pool. This pool increased in height until it reached the HE’ at t=424 min (Figure 4-6b),
then broke through CB1 and released disconnected gas clusters above CB1 (Figure 4-6c). The
height of Pool A then decreased as gas emptied until gas flow through CB1 ceased at t=1431 min
(Figure 4-6d), indicating that a terminal height (HT’) had been reached. As the pool emptied, the
base of the pool underwent imbibition, resulting in the formation of disconnected gas clusters.
Saturation profiles for Pool A during a filling and emptying cycle are plotted in Figure 4-7a and
Figure 4-7c alongside theoretical saturation profiles in Figure 4-7b and Figure 4-7d. The theoretical
profiles were calculated using the expected saturation in the coarse gradation based on van
Genuchten fit of image-derived PC-S curves shown in Figure 4-2a (Chapter 3). The primary
drainage and secondary imbibition relationship are used to predict filling and empting,
respectively. The breakthrough and termination conditions are governed by the PC-S relationship
for the fine gradation. During filling (t=0-424 min), the gas saturation increases with time and the
pool height increases (Figure 4-7a). As breakthrough occurs (t=424 min) gas begins to flow
upwards through the capillary break and slowly reduces the gas saturation within Pool A. The
emptying of the pool after breakthrough occurred prior to t=1431 min. No images were collected
between t=6672 min and t=1372 min, and no air was injected. At t=1431 min the breakthrough

92

event was complete and the saturation profile is representative of terminal conditions where the
pool height and saturation are at a minimum.

Figure 4-6. Saturation images of Pool A located under CB1 (Figure 4-5a) for (a) gas pool filling,
(b) just prior to breakthrough at HE’ of fine layer, (c) emptying, and (d) gas pool after termination
with pool at HT’.
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During filling, theory predicts that the peak pool saturation of SNW=0.90 is established first (early
time) then the pool height increases, which is not evident in the experiment (t=88 min; Figure
4-7a). The experimental profiles indicate that the maximum pool height and peak pool saturation
of SNW=0.75 increased together. Although the shape is similar, the theory predicts profiles that
have a sharp saturation transient zone at the base of the pool, which is not seen in the
experimental results.
During emptying, the shape of the experimental and theoretical profiles vary in the steepness of
the saturation transition zone, although less so than during filling. Both sets of profiles showed a
low gas saturation region at the base of the pool (e.g. between 38 and 50 mm at t=1431 in Figure
4-7c).
The pool heights at the end of this filling (HE’) and emptying (HT’) event at t=424 min and t=1431
min, were 49.5 mm and 35.3 mm, respectively. This agrees well with theoretical pool heights
(Equation 4.6) at breakthrough (HE) and termination (HT) of 51.1 mm and 34.0 mm, respectively.
PC’’ was taken to be PD =80.0 mm for HE and PDIMB =48.0 mm for HT based on the fine gradation
(Table 4-1). Similarly, PC’ was taken to be PD =29.0 mm for HE and PDIMB =14.0 mm for HT based on
the coarse gradation (Table 4-1).
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Figure 4-7. Saturation profiles for cross-section A1 (Experiment 1, Pool A) and theoretical
saturation profiles for pool filling and emptying: (a) saturation profiles during a filling event, (b)
theoretical saturation profiles for the coarse gradation during filling, (c) saturation profiles
during an emptying event and (d) theoretical saturation profiles for coarse gradation during
emptying. Profiles include those taken from saturation images in Figure 4-6. The profiles are
presented as depth below the peak location of the pool, where z=0 mm at the interface between
the coarse and fine gradation.
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Figure 4-8 shows Pool A height versus time for Exp. 1 (times when injection was stopped for pump
refilling are denoted on the plot). Pool A filled and emptied multiple times and measured heights
HE’ and HT’ after each event are similar (Figure 4-8). Theoretical pool heights HE and HT are shown
in Figure 4-8, and measured heights remained between these values. The extended constant pool
height between t=2052 min and t=2732 min is the result of paused air injection. Similar behaviour
is expected to have occurred during the first paused air injection (t=672-1372 min) after the pool
reached HT at t>672 min. Overall, the evolution of Pool A beneath the CB1 agrees well with
theoretical predictions, and the flow through CB1 is shown to be governed by the entry and
terminal pressure of the CB material, over multiple events.

Figure 4-8. Experiment 1: Pool height for cross-section A1 (data points) and air injection rate
(dotted line) versus time. The open dots relate to the images present in Figure 4-6. The solid
and dashed horizontal lines are HE and HT, respectively.
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4.4.2

Multi-Peak Capillary Barrier

Pools B and C were created beneath multi-peak undulating CBs. A summary of a typical filling and
empting event set is presented using saturation images in Figure 4-9 and Figure 4-10, for Pool B
and C, respectively. Both pools exhibit similar filling and emptying behaviour. Gas migrates
upwards and accumulates beneath the CB and then moves laterally beneath the valleys of the CB
(Figure 4-9a and Figure 4-10a). The pool height increases until HE’ is reached (Figure 4-9b and
Figure 4-10b) at t=3523 min and t=77 min, for Pool B (Exp. 1) and Pool C (Exp. 2), respectively.
During emptying, gas flows upward through the CB, and the pool heights decrease (Figure 4-9c
and Figure 4-10c). The gas saturations near the valleys of the CBs also decrease to near-residual
values. Each pool then continues to empty beneath the breakthrough location. Unlike the
emptying of Pool A, the heights of Pools B and C below their breakthrough locations (B2 and C2,
respectively) decreased below HT, until the gas saturations in those regions were equal to residual
gas (Figure 4-9d and Figure 4-10d). This is referred to here as complete emptying of the pool, and
is not predicted from the conventional theory based on PC-S curves. This complete emptying
behaviour occurred for two pools (Pool B and Pool C), for two different sand packs (Exp. 1 and
Exp. 2), and for two different air injection rates (0.4 mL/min and 30 mL/min).
Figures 4-9 and 4-10 show 8 locations, which correspond to valleys (PP1, PP2, and PP3; where PP
refers to a pinch-point) and peaks (B1, B2, B3, C1, and C2) in the CBs. The evolution of the pool
height at these locations is shown in Figure 4-11.
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Figure 4-9. Experiment 1, Pool B: saturation images during a) filling, b) just prior to
breakthrough, c) during emptying and (d) at termination. Cross-sections B1, B2 and B3 as well
as two pinch-point locations PP1 and PP2 are indicated with dashed vertical lines.

Figure 4-10. Experiment 2, Pool C: saturation images during a) filling, b) just prior to
breakthrough, c) during emptying and (d) at termination. Cross-sections C1 and C2 as well as
pinch-point location PP3 are indicated with dashed vertical lines.

98

Unlike the height of Pool A, the heights of Pool B and Pool C did not oscillate between HE and HT
during successive filling and emptying events. However, the HE’ values for first breakthrough of
CB2 and CB3 (Pools B and C, respectively) were 53.2 mm and 40.0 mm and occurred at t= 3523
and t=77 min, respectively. This agrees well with the heights reached for Pool A and also with the
theoretical 51.1 mm (HE). However unlike Pool A, Pools B and C did not re-established this height
for the later breakthrough events, including those at t=4602 min (Pool B), and t=152 min or t=168
min (Pool C) (Figure 4-11.). Additionally, there is a significant discrepancy between the observed
HT’ values for Pools B and C, and the theoretical HT value or measured HT value for Pool A, with
values for Pools B and C being near-zero. The bottom boundary condition (SW=0.875) used to
determine pool height was adjusted to SW=0.58 at cross-sections B2 and C2, since the region
beneath the pool at these locations was partially gas-saturated.
4.4.3

Lateral Disconnection within a Pool

In addition to the complete emptying of the Pools B and C at locations B2 and C2, these pools
became laterally disconnected at the pinch-points created by the undulating CB geometry during
emptying. The result was higher gas saturation beneath peaks where breakthrough did not occur
(B1, B3, and C1). This disconnection at the pinch-point locations prevents emptying of the entire
pool. As such, the height of these retained pool regions is determined by the elevation of the
pinch-point rather than by the terminal pressure of the CB. These lateral disconnections occur in
the coarse gradation and are, therefore, controlled by its terminal pressure. This is similar to the
initial lateral migration of the gas during filling, in which the entry pressure of the coarse gradation
at the pinch-points needed to be reached for the remaining peaks along the CB to be filled.

99

Figure 4-11. Transient pool heights corresponding to (a) the five profile locations along Pool C
and (b) the three profile locations along Pool B. The profile locations are located at the peaks
and valleys of the CBs and are shown as vertical dashed lines in Figure 4-9 and Figure 4-10,
respectively. The open dots relate to the images presented in Figure 4-9 and Figure 4-10. The
solid and dashed horizontal lines are HE and HT, respectively.
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Figure 4-12. Saturation profiles (Experiment 2, Pool C) during filling for cross-section (a) C1 and
(b) C2. Profiles include those taken from saturation images in Figure 4-10. The profiles are
presented as depth below the highest peak location of the pool, where z=0 mm at the interface
between the coarse and fine gradation.
Evidence of the lateral disconnection of Pools B and C is provided by a comparison of the
saturation versus depth profiles at multiple locations along the pool. Similar behaviour is seen
across the profiles of both the three peaks of Pool B (B1, B2, and B3) and the two peaks of Pool C
(C1 and C2). Figure 4-12 shows a typical result based on Pool C. The filling profiles for C1 and C2
(Figure 4-12a) are similar to the A1 profile (Figure 4-7a), and are similar to each other. The only
distinction is that the C2 profile is above the injection pathway, creating residual gas at the base
of the pool, which did not occur for C1 and A1. During emptying (Figure 4-13), the C1 and C2
profiles differ. The C1 profile shows higher gas saturations closer to the CB interface that decrease
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further from the interface, whereas the C2 profile at later time (t=215 min) shows that SNW
decreases to 0.2 throughout the profile, which is just above the residual value of SNW=0.15.
This complete emptying may be due to the gas flow rates through the CBs. Based on preliminary
analysis of the gases released during breakthrough, the gas flow rate through the CB channel was
much greater than QCRIT (Equation 4.10) of the fine gradation, and likely resulted in continuous
flow conditions. The QCRIT values for the fine and coarse gradation were calculated to be 7.7
mL/min and 5165.1 mL/min, respectively, assuming RC values equal to half of the D50 values
(Ezzein and Bathurst, 2011).

Figure 4-13. Saturation profiles (Experiment 2, Pool C) during the emptying event in Figure 4-12
for cross-section (a) C1 and (b) C2. Profiles include those taken from saturation images in Figure
4-10. The profiles are presented as depth below the highest peak location of the pool, where
z=0 mm at the interface between the coarse and fine gradation.
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4.5

Summary and Conclusions

Migration pathways and trapping behaviour of gases is complicated by the presence of
heterogeneities in the subsurface. It is important to know if the volume and distribution of pools
beneath these finer materials can be predicted for realistic 2-D CBs using our current theoretical
knowledge.
Controlled gas injection experiments were performed to investigate gas migration behaviour for
two heterogeneous transparent soil packs (147.5 cm × 116.8 cm × 4.5 cm) with a total of four CBs:
two undulating CBs, a simpler one-peak CB, and one layer that was not fully spanning. Gas
saturation was quantified during the experiments at a spatial resolution of 3.1 pixels / mm and a
temporal resolution of 5 seconds.
In each experiment, gas migrated upwards under the influence of buoyancy, capillary and viscous
forces and collected as highly gas-saturated pools under a series of CBs. Once a pool had sufficient
height, the pool broke through the CB and released gas above. The gas migrated through the CB
through either one or two breakthrough channels that were on the order of a few grains wide.
The released gas reduced the pool height until flow through the CB ceased. The pools then refilled
and emptied repeatedly.
The transient pool behaviour was examined for three gas pools, two beneath undulating CBs and
one beneath the simple CB, during numerous filling and emptying events. Saturation profiles and
measurements of pool height were compared to theoretical pool heights and saturation profiles
for multiple breakthrough events. The entry and terminal pool heights (HE and HT) based on the
PD and PDIMB of the CB agreed well with the one-peak pool, and the first entry height (HE) agreed
for pools with multiple peaks (due to the undulating CBs).
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The behaviour of two pools formed beneath the two undulating CBs in separate experiments were
different than predicted because: (1) the pools disconnected laterally due to pinch-points and (2)
the pools completely emptied as the saturation decreased to near residual gas values and the
pool height reduced well below HT. It is expected that failure to account for these differences
would result in inaccurate predictions of gas volumes stored in these types of systems.
Lateral disconnection was due to the CB geometry. The disconnection occurred due the valleys of
the CB and imbibition mechanism occurring at these pinch-points, which were controlled by the
PT of the surrounding (coarser) medium. The lateral disconnection stopped the pocketed gas from
laterally migration out and through the CB due to the scarcity of breakthrough channels (only 1
to 2). Therefore after disconnection, several highly gas-saturated pockets remained trapped,
increasing the stored gas volume in the system. The second irregularity, the complete emptying
of the pool, cannot be predicted by the PC-S characteristics of the CB. This complete emptying
reduces the stored gas volume in the system. This may be explained due to high local air flow
velocity associated with pool emptying through a single pore throat, however further
investigation is required.
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5

Chapter 5: Conclusions

The ability to quantify fluid saturation at high spatial and temporal resolutions is valuable for the
investigation of multi-phase flow dynamics. This high resolution can be obtained using a
transparent soil, however to quantify saturation using digital imaging a S-I relationship is required.
An empirical S-IN relationship has previously been developed for this transparent soil (Peters et
al., 2011). S-I relationships may vary with lighting conditions, apparatus, gradation and imaging
resolution. The previously derived relationship for this transparent soil is valid, however it was
improved upon by: (1) implementing a smooth curve rather than a piece-wise linear fit, (2)
developing a theoretical basis for the new equation and (3) developing a standard methodology
for calibrating and validating a soil’s S-IN relationship.
With the intent of evaluating and improving the existing relationship, both the PC-S and capillary
pressure – normalized pixel intensity (PC-IN) relationships were determined for both the fine and
coarse gradation. The PC-S relationships were determined using a hanging column set-up and the
PC-IN relationships were determined by analyzing images of the hydrostatic saturation profile.
Additionally, both the SW and IN endpoints of these curves were determined. The two endpoints
at SrD and SrI correspond to the IN post-drainage (INrD) and post-secondary imbibition (INrI),
respectively.
The newly derived S-IN relationship is a two-point logarithmic S-IN relationship using one
experiment-derived data point (SrD and INrD). This relationship was evaluated by comparing to: (1)
SW-IN pairs taken from PC-IN and PC-S curves, (2) the macroscopic residual imbibition endpoint (SrI,
INrI), (3) the existing S-IN relationship for this transparent soil (Peters et al., 2011) and (4) mass
balance calculations. The relationship agreed well with the four methods. The SW-IN pairs were
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used to validate the end-points of the S-IN relationship, but were not useful for evaluating the
intermediary saturations. The SrI, INrI pair was the most useful for the validation of the S-IN
relationship, and was influential in satisfying the mass balance. Lastly, the newly derived
relationship agreed well with that derived by Peters et al. (2011). Based on these evaluation
methods, the S-IN relationship was found to be non-hysteretic and determined to be the same for
both gradations.
It is recommended that the method used to derive and evaluate the S-I relationship for the
transparent soil in this study be used for other transparent soils as well as, generally, for other
light reflection scenarios. The method to derive and validate an S-IN relationship may be reduced
to a single test, which is superior to previous labour-intensive methods. In this test, four images
are taken of a soil pack that is (1) dry (SW=0), (2) saturated (SW=1), (3) post-drainage (SW=SrD), and
(4) post-imbibition (SW=SrI), which serve to develop and validate the S-IN relationship. In this
method, an initially saturated soil pack is fully drained and then imbibed, and the macroscopic SrI
and SrD values are determined based on measured drained and imbibed volumes. Images (1) to
(3) are used to normalize the images, with image (3) serving as the calibration point. Image (4)
should be used to confirm that this two-point logarithmic relationship is applicable to your soil
system, or if another smooth curve fit that agrees with the macroscopic SrI and SrD values should
be used. For the soil system in this study, the S-IN relationship was found to be independent of
grain size, however, this test should be performed for each gradation.
The newly validated S-IN relationship was applied for the analysis of multi-phase experiments in
2-D heterogeneous systems. The presence of heterogeneities greatly complicates the migration
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pathways and trapping behaviour of gases in the subsurface. In particular, it is important to know
if our current theoretical knowledge can predict the behaviour for realistic 2-D CBs.
To this end, controlled gas injection experiments were performed to investigate gas behaviour for
two heterogeneous transparent soil packs (147.5 cm x 116.8 cm x 4.5 cm). A total of four CBs were
included: two undulating CBs, a simpler one-peak CB, and one layer that was not fully spanning.
In each experiment gas migrated upwards under the influence of buoyancy, capillary and viscous
forces and collected as highly gas-saturated pools, beneath a series of CBs. The pools broke
through each CB, once there was sufficient pool height. The gas migrated through the CB,
releasing gas above, through breakthrough channels with widths that were on the order of a few
grains. As the pool released gas, the pool height reduced until flow through the CB ceased. The
pools then refilled and emptied repeatedly. During the experiments, gas saturations were
quantified, based on the S-I relationship, at a spatial resolution of 3.1 pixels / mm and a high
temporal resolution (5 seconds).
The transient pool behaviour was examined for three gas pools during numerous filling and
emptying events. Of these, two gas pools were beneath undulating CBs and one gas pool was
beneath a simpler one-peak capillary barrier. Saturation profiles and measurements of pool
heights were examined over multiple breakthrough events. For the one-peak pool, both the entry
and terminal pool heights during the experiment (HE’ and HT’) agreed with the predicted pool
heights (HE and HT). However, only the first entry height (HE’) of the multiple peak pool agreed
with predictions.
In both experiments, the behaviour of the pools beneath undulating CBs, one per experiment,
behaved differently than predicted. Firstly, the pools disconnected laterally due to pinch-points.
112

Secondly, the pools completely emptied, in that the saturation decreased to near residual gas
values (SrI) and the pool height reduced well below HT. The lateral disconnection occurred due to
the valleys of the CBs and imbibition occurring at these pinch-points, which were controlled by
the PT of the coarser medium, not the CB. This disconnection stopped the pocketed gas from
laterally migrating to the breakthrough channels, which were present at only one or two locations
along the CB, and through the CB via those channels. As a result, after disconnection, highly gassaturated pockets remained trapped, increasing the stored gas volume in the system. The second
difference, the complete emptying of the pool, cannot be predicted by the PC-S characteristics of
the CB. This complete emptying reduced the stored gas volume in the system. This may be
explained due to high local air flow velocity associated with pool emptying through a single pore
throat. It is expected that the failure to account for these differences would result in inaccurate
predictions of gas volumes stored in heterogeneous systems.
In order to accurately predict pool dynamics, lateral disconnection and emptying in
heterogeneous systems the PT of all layers, CB and coarser layers, must be considered. It is
recommended that the high air flow velocities through the CBs be further investigated. This
continuous channel flow through the CBs may be investigated using the 5 second images collected
for these 2 cm-thick CBs, or for thicker (>5 cm) CBs. High-speed imaging may be required to clearly
observe and quantify the gas flow velocities.
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Appendix A: PC-S Experiments
Table A-1. Fast PC-S data for the coarse gradation for primary drainage.

PC (mm of water)

SW (%)

PC (mm of oil)

Se (%)

Scaled PC
(mm of oil)

Scaled SW (%)
based on Se (%)

8

1.000

10.2

1.00

3.7

1.00

25

0.984

30.5

0.98

11.0

0.98

42

0.942

50.4

0.94

18.2

0.94

59

0.434

70.9

0.38

25.6

0.43

75

0.192

90.3

0.11

32.6

0.19

92

0.121

111.2

0.03

40.1

0.12

110

0.099

132.1

0.01

47.7

0.10

127

0.078

153.1

-0.01

55.3

0.08

144

0.054

173.1

-0.04

62.5

0.05

Table A-2. Fast PC-S data for the coarse gradation for secondary imbibition.

PC (mm of water)

SW (%)

PC (mm of oil)

Se (%)

Scaled PC
(mm of oil)

Scaled SW (%)
based on Se (%)

137

0.052

165.0

-0.04

59.6

0.05

119

0.055

143.8

-0.04

51.9

0.05

103

0.060

123.8

-0.03

44.7

0.06

85

0.073

102.9

-0.02

37.1

0.07

68

0.169

81.9

0.08

29.6

0.17

51

0.297

61.2

0.23

22.1

0.30

34

0.633

40.9

0.60

14.8

0.63

17

0.872

20.0

0.86

7.2

0.87

0

0.933

0.0

0.93

0.0

0.93

-7

0.949

-8.2

0.94

-3.0

0.95
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Table A-3. Fast PC-S data for the coarse gradation for secondary imbibition.

PC (mm of water)

SW (%)

PC (mm of oil)

Se (%)

Scaled PC
(mm of oil)

Scaled SW (%)
based on Se (%)

6

0.93

7.7

0.93

2.8

0.93

23

0.90

27.5

0.89

9.9

0.90

40

0.84

47.8

0.82

17.3

0.84

56

0.46

67.5

0.40

24.3

0.46

72

0.20

87.3

0.12

31.5

0.20

90

0.13

108.7

0.04

39.2

0.13

107

0.07

128.9

-0.02

46.5

0.07

124

0.06

149.6

-0.04

54.0

0.05

141

0.05

169.5

-0.05

61.2

0.04

Table A-4. Slow PC-S data for the coarse gradation for primary drainage.

PC (mm of water)

SW (%)

PC (mm of oil)

Se (%)

Scaled PC
(mm of oil)

Scaled SW (%)
based on Se (%)

7

0.99

8.3

0.99

3.0

0.99

21

0.98

25.0

0.98

9.0

0.98

37

0.97

44.0

0.97

15.9

0.97

46

0.95

55.3

0.94

20.0

0.95

52

0.91

62.6

0.91

22.6

0.91

57

0.86

69.0

0.85

24.9

0.86

64

0.75

76.9

0.73

27.7

0.75

70

0.59

84.1

0.55

30.4

0.59

76

0.42

91.4

0.36

33.0

0.42

82

0.34

99.1

0.28

35.8

0.34

91

0.27

109.7

0.20

39.6

0.27

107

0.22

129.2

0.14

46.6

0.22

123

0.17

148.0

0.09

53.4

0.17

138

0.14

166.1

0.06

60.0

0.14

148

0.129

178.3

0.04

64.4

0.13
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Table A-5. Slow PC-S data for coarse gradation for secondary drainage.

PC (mm of water)

SW (%)

PC (mm of oil)

Se (%)

Scaled PC
(mm of oil)

Scaled SW (%)
based on Se (%)

10

0.87

12.0

0.86

4.3

0.87

23

0.87

27.3

0.86

9.9

0.87

36

0.84

42.8

0.82

15.4

0.84

48

0.80

58.1

0.78

21.0

0.80

61

0.69

73.4

0.66

26.5

0.69

70

0.42

84.3

0.36

30.4

0.42

83

0.26

99.6

0.19

36.0

0.26

96

0.21

115.1

0.13

41.5

0.21

108

0.18

130.4

0.10

47.1

0.18

121

0.15

145.7

0.06

52.6

0.15

134

0.14

161.0

0.05

58.1

0.14

146

0.13

176.4

0.04

63.7

0.13

Table A-6. Parameters used for scaling the PC-S data.
Known Parameters
Contact Angle Air-Oil-Plexi

10 degrees

Contact Angle Air-Water-Plexi

15 degrees

Surface Tension Oil

26.5 dyne/cm

Surface Tension Water

72.0 dyne/cm

Density Oil

0.830 g/cm3
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Table A-7. PC -S data for fine gradation for primary drainage.
PC (mm of oil)

SW (%)

9

1.00

29

0.97

54

0.94

81

0.56

104

0.29

128

0.18

151

0.14

177

0.09

224

0.08

270

0.07

318

0.04

Table A-8. PC-S data for fine gradation for secondary imbibition.
PC (mm of oil)

SW (%)

316

0.03

267

0.02

216

0.01

167

0.01

118

0.03

91

0.10

65

0.22

46

0.45

24

0.61

7

0.67
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Figure A-1. Hanging column set-up for water-air for (a) drainage and (b) imbibition for the coarse
gradation. This short column is 25.4 cm high.
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Appendix B: PC-IN Oil-Air Experiments

Figure B-1. Set-up images for the coarse gradation PC-IN curves for (a) drainage and (b)
imbibition. This short column is 25.4 cm high.

Figure B-2. Set-up images for the coarse gradation for the PC-IN curves from the (a) left view
(side), and (b) front view. This short column is 25.4 cm high.
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Figure B-3. Images of the reference packs for the coarse gradation (a) white reference (S W=0)
and, (b) black reference (SW=1). This short column is 25.4 cm high.

Figure B-4. Summary of the three stages of image processing for a full length image taken during
secondary imbibition (a) grayscale, (b) normalized pixel intensity, and (c) saturation for the
coarse gradation. Cropped dimensions are approximately 21 cm by 4.4 cm.
120

Figure B-5. Summary of the three stages of image processing for a full length image taken during
(a-c) primary drainage and (d-f) secondary imbibition, for the fine gradation, where (a) and (d)
are grayscale images, (b) and (e) are normalized pixel intensity images, and (c) and (f) are
saturation images. Cropped dimensions are approximately 66 cm by 4.4 cm.
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Figure B-6. Series of normalized images used to produce PC-IN curves for the coarse gradation.
From left to right, four primary drainage images, two secondary imbibition images and then
four secondary drainage images. Cropped dimensions are approximately 21 cm by 4.4 cm.
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Appendix C: PC-IN Water-Air Experiments

Figure C-1. A set of sequential images during drainage (every 5 seconds) for a coarse pack which
overlaid a fine layer. The sets are presented as (a-c) grayscale images, and (d-f) normalized
intensity images. Cropped dimensions are approximately 20 cm by 4.4 cm.

Figure C-2. PC-IN profiles for water-air in the coarse gradation.
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Appendix D: Wall Apparatus Experiments

Figure D-1. Saturation profiles (Experiment 1, Pool B) for filling (a-c) and emptying (d-f) for crosssection B1 (a, d), B2 (b, e) and B3 (c, f). The profiles are presented as depth below the highest
peak location of the pool, where z=0 mm at the interface between the coarse and fine
gradation.
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Figure D-2. Raw image of the apparatus at the end of injection for (a) experiment 1, and (b)
experiment 2. Wall apparatus dimensions are 147.5 cm high, 116.8 cm wide and 4.5 cm deep.
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Figure D-3. Summary set of normalized intensity images (left to right, top to bottom) for
experiment 1, where SW=1 at IN=1. Cropped dimensions are approximately 90 cm by 116 cm.
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Figure D-4. Summary set of normalized intensity images (left to right, top to bottom) for
experiment 2, where SW=1 at IN=1. Cropped dimensions are approximately 80 cm by 116 cm.
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Table D-1. Pump injection rates and times for experiment 1.
Time (min)

Injection Rate (mL/min)

0.00

0

0.00

0.4

657.48

0.4

657.48

0

1449.23

0

1449.23

0.4

2052.13

0.4

2052.13

0

2731.50

0

2731.50

0.4

4647.92

0.4

4648.00

0

9991.35

0

9991.43

30

10036.65

30

10036.73

0

Table D-2. Pump injection rates and times for experiment 2.
Time (min)

Injection Rate (mL/min)

0.00

0

0.00

30

270.32

30

270.32

0

335.47

0

335.47

30

435.08

30

435.18

0
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Appendix E: Air Injection in Water-Saturated (Layered) Fused Quartz

Figure E-1. Set of (a-f) grayscale, and (g-l) normalized intensity images (every 5 seconds) for a 1D air injection experiment within a heterogeneous water-saturated fused quartz pack. Cropped
dimensions are approximately 19 cm by 4.4 cm.
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Appendix F: Raw Transparent Soil Images

Figure F-1. (a) Isometric view and (b) close up of the residual disconnected gas phase for a
partially saturated coarse pack (short column) post-primary drainage (SW=SrI). This short column
is 25.4 cm high.
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Figure F-2. Image of (a) partially saturated fine pack (long column) after water table adjustment
during drainage, and (b) a close-up of the fine fingers. The long column is 68.6 cm high (not
shown in full in (a) or (b)).
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Figure F-3. Close up raw image of experiment 1 depicting a half-full Pool A and Pool B. Pool B is
filling due to the clear disconnection above Pool B.
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Figure F-4. Image of Pool A, from below, during experiment 1.

Figure F-5. Image of Pool A, from the left, during experiment 1.
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Figure F-6. Image of Pool A, from the right, during experiment 1.

Figure F-7. Image of gas migration in a fine layer, due to finer layer within the layer.
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