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Abstract

Many consolidated sediments experience in situ gas generation from

methanogenesis, corrosion or radiolysis reactions, while the strength

of the sediment matrix can immobilise bubbles for long periods. Par-

ticular research interest is motivated by the need to mitigate against

periodic acute release of flammable hydrogen from nuclear legacy waste

sludge at Sellafield, UK and Hanford, USA to ensure safe decommis-

sioning of ageing facilities. Gas retention within nuclear legacy waste

silos is mimicked at laboratory scale by decomposing hydrogen per-

oxide within Mg(OH)2 sediments, using clinical x-ray computed to-

mography to capture the bubbles’ size, shape and mobility. Tomogra-

phy revealed that modest yield stresses of 7 Pa were sufficient for sedi-

ments to inhibit buoyant migration of relatively large 6-9 mm diameter

bubbles during 8 h of imaging, causing the bed to swell to significant

voidages in the order of 30 %. Sediments up to 800 Pa yield stress ex-

hibited sufficient gas holdup to reduce the bulk sediment density to

below that of an aqueous supernatant, raising the potential for acute

gas release through Rayleigh-Taylor instabilities. In the absence of

buoyant migration or deep drainage channels, chronic gas release from

low-intermediate strength (7-1112 Pa) sediments appears to be gov-

erned by diffusion along extensive networks of partially coalesced sub-

millimetre microvoids, observed here for the first time. Lattice Boltz-

mann and Monte Carlo simulations reveal these networks to be highly

gas-pervious, with permeabilities in the 10.1-151.6 × 10−12 m2 range and

effective hydrogen diffusivities of 3.7-12.5 × 10−5 m2 s−1. Bubbles within

kiloPascal strength sediments were observed to grow by the induction of

high aspect ratio lateral fractures, promoting low-tortuosity pathways

for efficient gas migration and reduced holdup. Conversely, a 30 Pa sed-

iment with an additional coarse (100−800µm) particle fraction and con-

stricted pore throats supported large 1-8 mm bubbles of high sphericity,

forming short range ganglia of < 42 bubbles which spanned < 25 mm in

range, thereby truncating the avenues for chronic hydrogen release.
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Chapter 1

Introduction

Many natural water systems, including shallow marine beds (Johnson et al., 2002;

Wheeler, 1988a), lakes (Keller & Stallard, 1994; van Kessel & van Kesteren, 2002),

rivers (Sills & Gonzalez, 2001), and wetlands (Algar et al., 2011a), experience in situ

methane, nitrogen and carbon dioxide production, retention and release as a result

of biogenic decomposition of organic matter. This has received significant research

interest due to the significant contribution towards global greenhouse gas emissions

(Katsman et al., 2013; Keller & Stallard, 1994), while the impact of retained gas

pockets on the bulk strength (Wheeler, 1988b) and elasticity (Wheeler & Gardner,

1989) of marine sediments is also likely to have significant implications for offshore

construction. Alternatively, methanogenesis can be effectively exploited for com-

mercial biogas production from the anaerobic digestion of wastewater sludges in

order to offset the economic and carbon cost of the treatment (Chan et al., 2009).

A further example of in situ gas retention within aqueous soft sediments, which

forms the basis of this research, is encountered within historic nuclear waste de-

posits, where highly consolidated sediments of fuel and cladding corrosion products,

contaminated with depleted fuel, leached actinides and fission products (Fairhall

& Palmer, 1992), trap bubbles of hydrogen (Kam et al., 2001b). The hydrogen

is formed by a combination of corrosion reactions and radiolysis, triggered by the

radioactive decay of water soluble fission products such as caesium and strontium

(Gregson et al., 2011; Terrones & Gauglitz, 2003).

Substantial inventories of radioactive sludge wastes have accumulated at Sell-

afield, UK (Hastings et al., 2007) and Hanford, USA (Kam et al., 2001a; Sherwood

& Eduardo Sáez, 2014; Terrones & Gauglitz, 2003) from legacy civil and defence

reactors which employed metallic uranium fuel and either aluminium or Magnox

alloy cladding, all of which are vulnerable to corrosion during long term underwater

storage (Delegard et al., 2014; Parry et al., 2011). Further consolidated particulate

wastes have been accrued within vast underground storage tanks at Hanford from

historic reprocessing and decontamination activities (Watson & Ellwood, 2003).
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Much of the hydrogen within these wastes is released at a chronic rate and safely

ventilated, however, trapped hydrogen still presents a number of potential hazards

which must be considered ahead of decommissioning legacy waste silos and storage

ponds:

1. Sediments prone to significant gas holdup stored beneath a convective aque-

ous supernatant pose a perpetual risk of acute hydrogen release from Rayleigh-

Taylor instabilities, which may occur if bed swell reduces the bulk waste

density below that of the supernatant (Allemann, 1992; Kam et al., 2001b).

Large acute gas releases have the potential to raise the hydrogen concentra-

tion in the ullage above the lower flammability limit, which could result in

breach of containment on ignition.

2. Exposure of dried regions of uranium metal within the waste to hydrogen

can result in uranium hydride formation, a pyrophoric compound which has

caused a number of fires and radioactive releases (Orr et al., 2017; Solbrig

et al., 1994).

3. Evacuation of legacy waste silos into 3 m3 modular containers for transport

and interim storage presents additional challenges. Mechanical perturbations

during transport may induce acute hydrogen releases. Overfilling these boxes

raises the potential to blind the gas ventilation filters and cause the container

to pressurise with hydrogen, while underfilling incurs substantial expense and

delays in evacuating the legacy buildings, which have already reached the end

of their designed operating lifetime (Hastings et al., 2007).

Two significant obstacles complicate the study of gas bubbles within these

wastes. First, monitoring Magnox Swarf Storage Silos at Sellafield is greatly inhib-

ited by local radioactivity levels. In some areas, doses in the order of 200 REM h−1

correspond to a permissible daily working time of less than a second (Smith, 2006).

Second, the optical opacity of consolidated particulate sludge wastes renders the

bubble population invisible (Hunter et al., 2011). To overcome this issue, x-ray

computed tomography (CT) has been employed to observe detailed bubble growth

within marine sediments (Abegg & Anderson, 1997; Best et al., 2006; Boudreau

et al., 2005; Sills & Gonzalez, 2001), revealing various void geometries including

cornflake or disk-shaped fractures (Best et al., 2006; Gardiner et al., 2003), oblate

spheroid (Boudreau et al., 2005) and inverted teardrop bubbles Algar et al. (2011a);

Katsman (2015). Recent advances in this field provide further promise: commercial

microtomography can visualise features to spatial resolutions close to a micron for

small experimental scales and 20-30 min scan times (Selomulya et al., 2006), while

ultrafast benchtop tomography has enabled imaging of centimetre scale bubbles

within fluidised beds at frequencies of 10 000 Hz (Muddle, 2011). In recent years,
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synchrotron x-ray tomography has addressed the compromise between spatial and

temporal resolution to enable visualisation of transient behaviour at the micro-scale

(Dobson et al., 2016), including dynamic bubble connectivity within porous media

(Reynolds et al., 2017) and Haines jumps (Berg et al., 2013).

On the assumption that bubbles quickly grow to the scale of interstitial pores

within fine grained consolidated soft sediments (Boudreau, 2012), a bubble may (1)

create space for further growth by displacing the sediment skeleton and expand-

ing its host cavity (Terrones & Gauglitz, 2003), (2) the bubble may be deformed

by the sediment and intrude into adjacent pore-space by capillary invasion (Kam

et al., 2001b), or (3) the excess bubble pressure may induce tensile fracture (John-

son et al., 2002) resulting in high aspect ratio cracks. Dendritic bubbles resulting

from capillary invasion appear the least realistic within fine grained sediments

of metallic corrosion products as the capillary entry pressures scale with inverse

pore throat radius (Jain & Juanes, 2009). Near spherical bubbles resulting from

cavity expansion are anticipated within low strength sediments, which exert least

resistance to deformation at the bubble-sediment interface. Fracture toughness

scales with inverse yield stress (Broek, 1982), increasing the probability of fracture

within kilopascal yield stress sediments. Merging of fracture sites and pore-water

drainage channels can provide deep stable channels for continuous chronic gas re-

lease from highly consolidated sediments of high yield stress (van Kessel & van

Kesteren, 2002). Conversely, the ratio of buoyant stress to sediment yield stress

is most favourable to bubble release by ebullition within low yield stress materi-

als (Dubash & Frigaard, 2004). The mechanisms for chronic gas release are least

certain for intermediate strength sediments, making yield stress conditions in the

order of 50 < τ < 500 Pa potentially vulnerable to the large holdup conditions at

risk of acute flammable gas release.

At present, the waste silos at Sellafield represent somewhat of a black box. De-

signing a decommissioning safety case which mitigates against the hazards detailed

requires much greater clarity in (1) the realistic extent of gas holdup across a range

of sediment yield stress conditions, (2) the potential avenues for chronic gas release

and (3) the conditions most susceptible to acute quiescent gas release. In order to

address these uncertainties, this thesis presents a methodology to imitate in situ

bubble generation within consolidated nuclear soft sediments at laboratory scale

using the decomposition of hydrogen peroxide (Sherwood & Eduardo Sáez, 2014)

to form oxygen bubbles within non-active analogues for Magnox-era legacy waste

(Blackburn & Thompson, 2013). Clinical x-ray CT (Constantinescu & Mukher-

jee, 2009) will be employed to non-destructively observe the evolution of bubble

size and shape and to assess the mobility of retained bubbles. This experimental

approach addresses a limitation of tomography studies which have focused on in-

dividual bubbles formed at a submerged orifice (Best et al., 2006; Johnson et al.,
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2002), and hence fail to capture the diversity of a bubble population, interaction

between bubbles or macroscopic bubble features which may facilitate enhanced

rates of chronic gas release.

X-ray tomography will be coupled with Lattice Boltzmann and Monte Carlo

simulations (Abbasi & Evans, 1983; Quispe et al., 2005) to investigate possible

mechanisms for gas migration through the sediment. Sediment response to bubble

growth is considered to be governed by complex functions of the sediment deforma-

tion mechanics (Johnson et al., 2002; Terrones & Gauglitz, 2003), microstructure

(Kam et al., 2001b; Rossen & Gauglitz, 1990; Wheeler, 1988a) and three-phase

interfacial behaviour (Jain & Juanes, 2009; Kam & Rossen, 1999). These sediment

behaviours will be investigated using vane rheology (Nguyen & Boger, 1992), low

field nuclear magnetic resonance (Xiao et al., 2017) and Langmuir-Blodgett exper-

iments (Kundu et al., 2005) respectively, providing a framework to interpret the

various bubble geometries (Gardiner et al., 2003; Katsman, 2015) observed under

x-ray CT. First, Chapter 2, reviews the existing literature to consider (1) the chem-

ical and physical composition of nuclear legacy waste in the UK and USA, (2) the

evidence for periodic flammability hazards within nuclear storage tanks and silos

and (3) the various mechanisms for bubble growth and release proposed in relation

to biogenic methane bubbles within marine sediments (Boudreau, 2012).
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Chapter 2

Literature review

2.1 Nuclear legacy waste in the UK

The UK has a substantial legacy of radioactive waste from its first generation civil

reactors and early defence programmes, the majority of which is currently stored

at the Sellafield site in Cumbria (Horsley & Hallington, 2005). The earliest of the

UK’s first generation of nuclear reactors, such as the Windscale Piles and Calder

Hall, used metallic natural uranium for fuel, with the aforementioned two clad with

aluminium (Baldwin, 2003) and Magnox alloy (Watson & Ellwood, 2003) respec-

tively. Magnox cladding, an alloy of magnesium (>99 %) with aluminium (Fairhall

& Palmer, 1992; Morris et al., 2009), was adopted by the subsequent first genera-

tion civil nuclear fleet as its very low neutron capture cross-section (Burrows et al.,

2005; Jackson et al., 2014) provided exceptional compatability with non-enriched

fuel. However, the Magnox alloy, like aluminium and uranium, is particularly vul-

nerable to corrosion during long term underwater storage (Hastings et al., 2007;

Parry et al., 2011), with the predominantly brucite, Mg(OH)2, (Gregson et al.,

2011) corrosion product accumulating and consolidating into the current inventory

of intermediate level waste (ILW) corroded Magnox sludge (CMS).

2.1.1 First generation Magnox storage pond (FGMSP)

Following a period of at least 150 days of underwater storage within reactor ad-

jacent cooling ponds to remove decay heat from short lived radionuclides (Morris

et al., 2009), spent Magnox fuel cannisters were transported to the First Generation

Magnox Storage Pond (FGMSP) at Sellafield, pictured in Figure 2.1a (Hastings

et al., 2007). The exceptions to this strategy were the two Magnox reactors at

Wylfa where spent fuel rods have been stored in CO2-filled dry-storage cells prior

to reprocessing (Morris et al., 2009). Within the FGMSP, spent fuel rods undergo
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2.1 Nuclear legacy waste in the UK

(a) (b)

Figure 2.1: The two principal Magnox-era legacy buildings at Sellafield: (a) the
first generation Magnox storage pond (FGMSP, Hastings et al. (2007)) and (b) the
Magnox swarf storage silos (MSSS, Forepoint Ltd. (2016))

a further period of cooling before the shear removal, or decanning, of the outer

cladding in order to liberate the fuel for reprocessing (Jackson et al., 2014).

The FGMSP is an open air pond constructed in the 1950s, which received ir-

radiated Magnox fuel until 1992 (Jackson et al., 2014). Although alkaline pond

chemistry is carefully maintained with sodium hydroxide dosing in order to min-

imise Magnox corrosion (Burrows et al., 2005; Parry et al., 2011), a prolonged

shut-down period in the 1970s resulted in substantial corrosion, leading to escalat-

ing radiation levels and deteriorating water visibility (Jackson et al., 2014) to the

extent that radiation workers can currently spend less than an hour a day in the

vicinity (Reddy et al., 2012). Up to 2000 m3 (Parry et al., 2011) of CMS, including

corroded cladding, fuel fragments and pond furniture (Baldwin, 2003), wind-blown

debris and organic matter (Jackson et al., 2014), has accumulated in a layer, up to

a metre deep, at the base of the pond.

In 2011, £7 billion was committed to decommissioning the FGMSP (Jackson

et al., 2014; Reddy et al., 2012). The age and deteriorating condition of the FGMSP

have made waste retrieval and decommissioning priority activities and the settled

sludge is currently undergoing pumped transfer to a new sludge packaging plant

(SPP1), containing three 33× 3× 7 m stainless steel containers, for interim storage.

A 14 000 m3 volume of active effluent (Le Clere, 2011) must also be treated in

parallel with the evacuation of the FGMSP and dewatering of sludge within SPP1.

2.1.2 Magnox swarf storage silos (MSSS)

The decanning operations within the FGMSP generate a swarf waste of shards of

metallic cladding, which has subsequently been stored in the Magnox Swarf Storage

Silos (MSSS), shown in Figure 2.1b. Since decanning had to ensure that absolutely

no cladding material entered the reprocessing plant, swarf is routinely contaminated

with 1-3 % depleted fuel and fission products (Fairhall & Palmer, 1992; Morris et al.,
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2009). Since the MSSS were commissioned in 1964, the 22 compartments, each

with around 600 m3 capacity, have received between 9700 m3 (Baldwin, 2003) and

11 000 m3 (Le Clere, 2011) of solid waste, including Magnox swarf, fuel debris and

300 tonnes of irradiated equipment (Baldwin, 2003; McCracken & Eilbeck, 2005;

Smith, 2006).

The condition of waste within each container varies greatly. Corrosion was

actively promoted in the original 6 containers by the addition of sodium chloride,

while subsequent containers were dosed with sodium hydroxide in order to retard

corrosion (Baldwin, 2003) and so the extent of uncorroded swarf within the MSSS

is uncertain. At the time of writing, the proposal for evacuation of the MSSS is to

mechanically grab sludge waste from the containers for transfer to 1 m3 skips within

3 m3 boxes, which can be stacked in a suitable warehouse for interim storage. The

prefered ultimate waste form is to encapsulate CMS and any uncorroded swarf

within a cementitious grout of blast furnace slag (BFS) and ordinary Portland

cement (OPC) for long term storage in a geological disposal facility (GDF) (Cronin

& Collier, 2012; Fairhall & Palmer, 1992)

2.1.3 CMS characterisation

The substantial dose emitted by the FGMSP liquor makes sampling and charac-

terisation of CMS a far from trivial task. The most comprehensive published CMS

characterisation studies can be found in Gregson et al. (2011) and Parry et al.

(2011), where sludge samples from the FGMSP, aqueous pond effluents and a test

material of corroded, unirradiated Magnox cladding were assessed by:

• environmental scanning electron microscopy with energy dispersive x-ray

analysis (ESEM/EDX) of filtered particles from liquor and sludge samples

• micro-Raman spectroscopy of filtered particles from liquor and sludge samples

• Fourier transform infra-red spectroscopy (FT-IR) of sludge

The dominant phase observed under ESEM consisted of aggregates of hexagonal

platelets typical of brucite, Mg(OH)2, as demonstrated by Figures 2.2c and 2.2d

(Gregson et al., 2011). The aggregate in Figure 2.2c is 22 µm in length, while Fig-

ure 2.2d shows hexagonal platelets with facial dimensions of 1-2 µm and a thickness

of 20-40 nm. The formation of Mg(OH)2 at the surface of partially corroded Mag-

nox cladding and the consolidation of CMS into a dense sludge are also shown

by Figures 2.2a and 2.2b (Hastings et al., 2007). EDX analysis of CMS revealed

further magnesium rich phases including rod-shaped artinite, Mg2CO3(OH)2.3H2O

crystals, hydrotalcite, Mg6Al(CO3)(OH)16.4H2O (Gregson et al., 2011; Parry et al.,
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(a) (b)

(c) (d)

Figure 2.2: Images from the life-cycle of CMS including (a) partially corroded
Magnox cladding, (b) highly consolidated CMS (both Hastings et al. (2007)) and
environmental scanning electron micrographs (ESEM) of aggregates from corroded,
unirradiated Magnox(Gregson et al., 2011) at (c) 3750 and (d) 21000 times mag-
nification
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2011) and various magnesium hydroxy-carbonates, Mg5(CO3)4(OH)2.nH2O (Greg-

son et al., 2011).

The dark grey colour of CMS in Figure 2.2b (Hastings et al., 2007), despite

its major component being white Mg(OH)2, results from < 5µm aggregates of 30-

50 nm black particulates identified by EDX as rich in uranium and oxygen, believed

to be uranium oxide (Gregson et al., 2011). In addition to uranium, EDX, FT-

IR and raman spectroscopy revealed calcium, silicon, titanium and iron phases

within the CMS matrix (Gregson et al., 2011), however this barely begins to reflect

the chemical heterogeneity of the pond and silo sludge. Leached trivalent fission

products including samarium and europium are known to readily substitute for

aluminium in hydrotalcites, while pertechnate substitutes for its various anions

(Gregson et al., 2011). Plutonium, americium and other actinides associate with

brucite colloids within the settled sludge and suspended in the supernatant (Maher

et al., 2016; Parry et al., 2011). The open air FGMSP is further contaminated by

humic and fulvic acids from decayed organic matter, which also associate with

hydrotalcites (Amin & Jayson, 1996; Gregson et al., 2011).

2.2 Nuclear legacy waste in the USA

Characterisation of legacy waste in the USA represents an even more extensive task

than for UK waste and so this section is limited to a brief overview, sufficient to

contextualise the relevant research into gas retention undertaken by the American

National Laboratories and universities. The major inventories of American legacy

waste include the accumulated corrosion products in ponds, such as the K-basins

(Delegard et al., 2014; Phillips & Knollmeyer, 2006), adjacent to second world

war-era plutonium production reactors, and secondary waste streams from historic

reprocessing activities stored in large underground single and double-shell tanks

(Krupka et al., 2006; Singer et al., 2009).

The two K-basins received 2300 t (Knollmeyer, 2006) spent aluminium clad

uranium metal fuel from two historic reactors at the Hanford site, corroding to

leave a legacy of around 50 m3 sludge within cannisters and coating the floors,

walls and discarded equipment (Knollmeyer, 2006). The sludge is predominantly

comprised of uranium corrosion products (≈ 82 %), alongside uncorroded uranium

(≈ 6 %), iron corrosion products (≈ 1 %), and the remainder being aluminium, its

corrosion products, wind blown sand and spalled concrete (Schmidt & Zacher,

2007) contaminated with transuranics and fission products (Knollmeyer, 2006).

The abrasive qualities of uncorroded uranium complicate the transport of K-basin

sludge, confounding the ongoing hydrogen flammability risk (Delegard et al., 2014;

Gerber, 2008). The bulk of the sludge was cleaned out in 2007 (Gerber, 2008) and

9



2.3 Evidence of gas retention and periodic release from nuclear legacy
waste

is now awaiting treatment and packaging for disposal at a waste isolation pilot pant

(WIPP) in New Mexico (Witwer, 2011).

A vastly greater quantity of sludge waste and a similarly greater hydrogen

safety risk is associated with the underground storage tanks at Hanford. 200 000-

250 000 m3 (Gephart & Lundgren, 1998; Watson & Ellwood, 2003) is stored within

149 single and 28 double-shell tanks (Prugue, 2013). These underground concrete

tanks are many times larger than the MSSS containers, at up to 23 m in diameter

and 3800 m3 in capacity (Prugue, 2013). The waste exists as three main phases, a

sludge containing oxides, aluminates, silicates and the vast majority of the radionu-

clides which are insoluble within the alkaline storage environment, a supernatant

layer, dense with dissolved sodium nitrite and sodium hydroxide, and contaminated

with water soluble caesium, strontium and technetium, and a chromium, fluoride,

oxalate and sulfate rich saltcake (Lukens et al., 2004; Mashal et al., 2004; Watson

& Ellwood, 2003). Some tanks also exhibit a carbonate rich mineral crust (Bryan

et al., 1992) at the top of the waste layer including dawsonite, NaAlCO3(OH)2 and

cejkaite, Na4(UO2)(CO3)4, cemented together by trona, Na2CO3 ⋅NaHCO3 ⋅2 H2O

(Page et al., 2018).

There is great uncertainty in the concentration and composition of waste within

the underground tanks and the contents vary greatly between the four tank farms

(Mashal et al., 2004). The U-farm contains bismuth, sodium and nitrate rich

secondary reprocessing wastes from lanthanum fluoride decontamination (Rassat

et al., 2003). The S and SX-farms contain waste from early REDOX reprocessing

operations, with higher activity waste in the SX-farm tanks, while the BY-farms

contain metal and caesium scavenging wastes (Rassat et al., 2003). Much of the

pumpable waste has been transferred to larger double-shell tanks after discovering

that 67 of the single-shell tanks were leaking a highly alkaline leachate rich in

sodium, aluminium, hydroxides and nitrates (Chen et al., 2005; Deng et al., 2006).

The Hanford tank waste is as physically heterogeneous as it is chemically diverse,

with yield stresses measured as low as 30 Pa or as high as 6 kPa (Rassat et al.,

2003; Wells et al., 2010).

2.3 Evidence of gas retention and periodic re-

lease from nuclear legacy waste

The Pacific Northwest National Laboratory (PNNL) have published a wealth of

data from their underground storage tanks demonstrating a propensity for legacy

waste to generate, retain and periodically release flammable gases (Whitney et al.,

1996); selected findings are presented in Figure 2.3 (Allemann, 1992; Kam et al.,

2001b; Whitney et al., 1996). Figure 2.3a demonstrates the evolution in waste
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(a) (b)

(c) (d)

Figure 2.3: Evidence of gas retention and periodic gas releases from underground
waste storage tanks at Hanford, USA, including (a) evolution in waste level over
a 7 yr period (Allemann, 1992), (b) changes in waste level with ambient pressure
(Kam et al., 2001b), (c) periodic spikes in hydrogen concentration within a tank
ullage over a 2 yr period (Whitney et al., 1996) and (d) evolution in waste temper-
ature profile coinciding with spikes in hydrogen concentration (Allemann, 1992)

level within tank 241-SY-101 (Allemann, 1992), indicating fluctuations within a

0.6 m range over a 7 yr period. The high frequency changes in waste volume are

readily explained by a response in retained gas volume to ambient temperature

and pressure. This is reinforced by Figure 2.3b which demonstrates a hysteresis

profile of waste level response to barometric pressure during a storm (Kam et al.,

2001b). A 4 % decrease in ambient pressure manifested in a 4 cm rise in waste

level, before returning to the original waste height during the subsequent pressure

re-adjustment. This is only explicable by the presence of a significant, compressible

gas volume within the waste.

The waste level hysteresis exhibited in response to changes in ambient pressure

is also interesting as it implies irreversible changes in the retained bubble popula-

tion during a sudden expansion. This could result from snap-off Gauglitz et al.

(1988) as expanding bubbles intrude through water-filled pores in the consolidated

bed, breaking into multiple bubbles at pore throats, thereby irreversibly changing

the size distribution of the retained bubble population. Alternatively, the stress

imposed on the sediment by the expanding bubble may induce an irreversible plas-
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tic response from the sediment (Terrones & Gauglitz, 2003), a possibility which is

discussed in Section 2.7.

Lower frequency cyclical changes in waste level in Figure 2.3a, beyond the time-

scale of seasonal and daily changes in ambient conditions, are better explained by

chronic in situ gas generation, much of which is retained leading to waste swell,

punctuated by large periodic gas release events. The occurance of periodic gas re-

lease is supported by continuous monitoring of volatiles in tank ullages. Figure 2.3c

(Whitney et al., 1996) shows six 500-6000 ppm spikes in hydrogen concentration

within the ullage of Hanford tank AN-104 with a periodicity of 2-7 month, each

coinciding with sudden drops in waste level. One exceptional case was observed

in October 1995, where a gas release appears to have induced a second, lesser

release shortly afterward. The brevity of the spikes in hydrogen concentration

demonstrates that hydrogen is rapidly ventiliated from the ullage and so either a

continuous, or highly coincidental ignition source would be required for an explo-

sive event. Furthermore, the magnidude of the concentration spikes, < 6000 ppm,

indicates that the ullage never exceeds 15 % of the lower flammability limit for

hydrogen within this tank during the time period represented.

Finally, Figure 2.3d (Allemann, 1992) presents two temperature profiles along

the height of Hanford tank 241-SY-101 immediately before and after a release of the

kind demonstrated in Figure 2.3c. This inversion of the temperature profile with

height demonstrates a sudden upward transfer of thermal energy from the bottom

half of the tank to the top half. Inititally, the elevated temperatures in the lower

half of the tank are explained by the decay heat generated by fission products within

a settled and consolidated waste layer, while the overlying supernatant has a lower,

uniform temperature around 48 ○C. Retained gas trapped within the consolidated

waste layer causes the waste to swell and its bulk density to decrease over time. The

release event can be explained by bed swell causing the waste density to drop below

that of the supernatant, resulting in a large Rayleigh-Taylor instability, or rollover

event (Allemann, 1992), as this accounts for both the liberation of hydrogen and the

substantial upward transfer of decay heat. It is also noted that the temperature

profile after release implies a total waste height tens of centimetres lower than

before the event, confirming that a significant volume of gas has been transferred

from the waste to the ullage.

2.3.1 Ignition of temporary H2 −O2 −N2 atmospheres

Acute hydrogen releases result in a temporary H2 −O2 −N2 atmosphere within the

tank ullage which can potentially exceed the lower flammability limit (LFL) for hy-

drogen of 4 % (Gauglitz et al., 2015) for a period until the headspace is ventilated.

These mixtures require a coincidental ignition source for the flammability hazard to

12



2.4 Sources of gas generation in consolidated soft sediments

manifest. Ingram et al. (2014) considered the possibility of an electrostatic ignition

from the charge generated by a bursting bubble, but concluded the magnitude of

the charge was insufficient to provoke ignition. Alternatively, surface friction from

hydraulically powered apparatus used during decommissioning could present a me-

chanical stimulus for ignition (Averill et al., 2014, 2015). The possibility for spark

generation was found to be exacerbated for equipment surfaces contaminated with

either wet CMS containing magnesium fines or pyrophoric materials (discussed in

Section 2.3.2), indicating potential for ignition of 12 % hydrogen mixtures (Averill

et al., 2014, 2015).

2.3.2 Alternative hydrogen hazards

In addition to the flammability risk associated with acute release of hydrogen from

nuclear legacy wastes, retained hydrogen poses further risks on reaction with de-

wetted uranium to form uranium hydride according to eq. (2.1) (Orr et al., 2017;

Solbrig et al., 1994).

2 U + 3 H2 ÐÐ→ 2 UH3 (2.1)

As long as uranium is wetted by pore water within the soft-sediment, it will

preferentially react to form uranium oxide. However, hydride formation at dry spots

within the sediment pose an inherent flammability risk due to its pyrophoricity,

which has resulted in a number of fires and radioactive releases (Solbrig et al., 1994;

Totemeier, 2000). Uranium hydride reacts violently with both oxygen (Solbrig

et al., 1994) and anoxic water (Orr et al., 2017):

2 UH3 + 3.5 O2 ÐÐ→ 2 UO2 + 3 H2O

UH3 + 2 H2OÐÐ→ UO2 + 3.5H2

(2.2)

Stakebake (1981) notes that flammability hazards similarly pertain to pyrophoric

hydrides of plutonium and other actinides.

2.4 Sources of gas generation in consolidated soft

sediments

While in situ gas generation within consolidated Magnox legacy waste in the UK

forms the subject of this research, the bulk of published literature relates to issues

of retained gas within natural aquatic sediments and historic American nuclear

waste. Hence, in order to better understand the body of available research, it is
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useful to briefly outline the various sources of free gas in each of these environments.

Marine and other aquatic soft sediments experience in situ gas generation from the

bacterially mediated decomposition of organic matter, or methanogenesis (Algar &

Boudreau, 2010; Boudreau et al., 2001):

2 CH2OÐÐ→ CH4 +CO2 (2.3)

where CH2O represents stoichiometric organic matter.

Equally, all aqueous radioactive wastes of sufficient activty will exhibit some

degree of chronic gas generation due to radiolysis, whereby incident ionising radi-

ation causes water molecules to dissociate to highly oxidising free radicals, which

in turn react to form volatile species such as hydrogen and oxygen. However, in

situ hydrogen production is enhanced for historic nuclear wastes due to the nature

of materials used in first generation reactors. Uranium metal fuel and aluminium

and Magnox alloy cladding are vulnerable to much more extensive corrosion than

ceramic uranium dioxide pellets or stainless steel and zirconium alloy cladding used

in subsequent designs. Corrosion greatly enhances the problems surrounding in situ

gas generation in a number of ways, (1) the formation and consolidation of corro-

sion products gives rise to sludge wastes, as detailed in Section 2.1.3, which trap

flammable gas and inhibit its safe ventilation, (2) corrosion weakens and breaches

the cladding used to contain fission products and actinides greatly increasing the

potency of the radiation field and enhancing hydrogen production by radiolysis,

and (3) metal corrosion is itself a reactive source of hydrogen within consolidated

sediments. The mechanisms of Magnox corrosion and water radiolysis are discussed

in more detail below:

2.4.1 Magnox corrosion

Magnesium corrodes in aqueous environments at ambient temperatures by an elec-

trochemical reaction with water to produce magnesium hydroxide and gaseous

hydrogen according to eq. (2.4) (Bradford et al., 1976; Makar, 1990):

Mg + 2 H2OÐÐ→Mg(OH)2 +H2 (2.4)

This net reaction represents the result of two electrochemical half reactions,

the cathodic reduction of water to hydrogen and anodic dissolution of magnesium,

before the dissolved magnesium and hydroxide ions combine to precipitate brucite

14



2.4 Sources of gas generation in consolidated soft sediments

(a) (b)

Figure 2.4: (a) Image demonstrating propagation of a black corrosion filament
and hydrogen evolution from a Magnox substrate (Burrows et al., 2005) and (b)
hydrogen evolution rates during magnesium alloy corrosion at solution pH of (i) 2,
(ii) 4, (iii) 7, (iv) 10, (v) 12 and (vi) 13 (Williams et al., 2013)

(Makar, 1990; Williams et al., 2013):

Mg ÐÐ→Mg2+ + 2 e−

2 H2O + 2 e− ÐÐ→ H2 + 2 (OH)−

Mg2+ + 2 (OH)− ÐÐ→Mg(OH)2

(2.5)

Magnox cladding undergoes oxidation within the high temperature carbon diox-

ide environment of a gas cooled reactor, developing an oxide film containing some

carbon, carbonate and traces of carbide and fluoride (Bradford et al., 1976). This

oxide layer too hydrates to brucite during underwater storage and is expelled from

the surface, exposing magnesium metal:

MgO +H2OÐÐ→Mg(OH)2 (2.6)

Laboratory scale corrosion tests in Burrows et al. (2005) revealed three processes

occurring at the metal surface, the formation of a uniform, grey/white hydroxide

layer, formation of the black filaments shown in Figure 2.4a (Burrows et al., 2005)

of magnesium oxide with a hydroxide membrane and the formation of pits where

magnesium hydroxide is expelled from the surface. The Mg(OH)2 film formed at

the surface passivates at high pH (Makar, 1990), maintained in the FGMSP by

sodium hydroxide doping (Kirby, 1987), slowing, but not extinguishing, hydrogen

production as shown in Figure 2.4b; however the hydroxide film is much less stable

than passive films formed on other metals, such as iron, making magnesium alloys

particularly vulnerable to pitting (Bradford et al., 1976; Makar, 1990).
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Figure 2.5: Evolution in the molecular yield of radiolysis products for water exposed
to 1 h of 25 rad s−1 γ-radiation (Pastina & Laverne, 2001)

Magnox corrosion rates are also exacerbated by internal galvanic attack due to

ppm concentrations of iron impurities within even high purity magnesium (Makar,

1990) and external galvanic attack due to contact between Magnox cladding and

exposed steel from the abraded skips in the FGMSP (Kirby, 1987). The rate of

corrosion greatly accelerates with increased temperature and with local breach-

ing of the hydroxide film by aggressive anions such as chloride, sulphate and sil-

icate (Kirby, 1987). Conversely, the presence of fluoride ions has been observed

to stabilise the hydoxide film by substituting for hydroxide ions and thus inhibit

corrosion(Bradford et al., 1976; Burrows et al., 2005).

2.4.2 Radiolysis of water

Molecular dissociation of water by ionising radiation, or radiolysis, produces an

array of products including hydrogen atoms, molecular hydrogen, oxygen and

hydrogen peroxide. A time-dependent product distribution for water exposed

to 25 rad s−1 γ-radiation is presented in Figure 2.5 (Pastina & Laverne, 2001),

demonstrating that hydrogen is the main product for time-scales greater than

1 × 10−1 s. Radiolysis presents a number of reaction routes for hydrogen produc-

tion within aqueous radioactive environments. The spur diffusion model (Faraggi,

1973; Hamill, 1970; Hayon & Moreau, 1965; Schwartz, 1969) considers the following

reaction set to account for the bulk of the hydrogen yield:

e−(aq) + e−(aq) + 2 H2OÐÐ→ H2 + 2 OH−

e−(aq) +H +H2OÐÐ→ H2 +OH−

H +HÐÐ→ H2

(2.7)
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Product yields from radiolysis are typically presented using G-values, repre-

senting the number of molecules produced per 100 eV incident radiation. Both the

product distribution and the magnitude of the G-values differ for ionisation by α, β

or γ−radiation (Dzaugis et al., 2015), however γ−radiolysis has been the most com-

prehensively studied. Hydrogen G-values for pure water exposed to γ − radiation,

G(H2)γ, are typically reported at 0.44-0.45 (Draganic & Draganic, 1971; Hamill,

1970; Hayon & Moreau, 1965; Pastina & Laverne, 2001) and the hydrogen yields

for each form of incident radiation obey the following hierarchy (Dzaugis et al.,

2015; Kohan et al., 2013; Mustaree et al., 2014; Pastina & Laverne, 2001):

G(H2)α ≈
4

3
G(H2)β ≈

8

3
G(H2)γ (2.8)

Of the reactions in Equation (2.7), the first equation is said to account for over

75 % of the hydrogen yield in pure water (Hayon & Moreau, 1965), however this

reaction route can be inhibited by competition for electrons and atomic hydrogen

with a number of solutes, for instance NO −

2 , NO −

3 , H2O2, Cu2+, acrylamide and

Ce4+, causing G(H2)γ to tend to 0.1 at elevated concentrations of these solutes

(Hayon & Moreau, 1965). Mercury, lead, chromium, copper and cadmium ions

have also been shown to scavenge the atomic hydrogen and electron precursors

to molecular hydrogen production from solution and diminish the hydrogen yield

(Faraggi, 1973).

2.4.3 Observed gas generation rates

Methanogenic gas generation rates, SCH4 , within marine sediments vary greatly de-

pending on the availability of organic matter (Christensen et al., 2003), spanning

five orders of magnitude from 1 µmol m−3 d−1 to 100 mmol m−3 d−1Winterwerp & van

Kesteren (2004). Methane generation rates are sometimes reported as a flux per

unit surface area of sediment. The organic rich coastal sediments at Cape Look-

out Bright, USA (Boudreau et al., 2001; Crill & Martens, 1986) and Eckenforde,

Germany (Boudreau et al., 2001; Martens & Albert, 1995) are reported to gen-

erate methane at 1.40 ± 0.19 mM m−2 h−1 and 2.0 mM m−2 h−1 respectively. Given

the orders of magnitude, gas generation can be considered a chronic process; at

the fastest gas generation rates in the order of 100 mmol m−3 d−1 a cubic metre

of sediment would require 41 d to generate sufficient volatiles to occupy 0.1 m3 at

ambient temperature and pressure, but would occupy a substantially lower volume

still under realistic hydrostatic loads.

Sludge waste within underground tanks at Hanford generates hydrogen, methane

and nitrous oxide at rates near the middle of this range, in the order of 1 mmol m−3 d−1

(Sherwood & Eduardo Sáez, 2014). The 241-SY-101 tank has long been associated
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with the fasted gas generation rates, typically recorded around 4 m3 d−1 (Allemann,

1992). Based on its 23 m tank radius (Allemann, 1992) and an assumed sludge

height of 5 m based on the profile of trapped decay heat profile at rest in Figure 2.3d,

this would correspond to a hydrogen production rate of 8.02 × 10−5 m3 m−3 h−1.

Hydrogen generation rates within corroded magnox sludge at Sellafield are an-

ticipated to be higher due to the presence of uncorroded metallic cladding swarf.

Typical hydrogen generation rates in the MSSS have been measured in the range

of 0.004-0.334 m3 h−1, with the most recently filled compartments, 16-18, hav-

ing the highest generation rates (Diggle, 2012). The highest recorded hydrogen

generation rate during normal operating conditions was 2.5 m3 h−1, however, ele-

vated rates > 10 m3 h−1 were observed during temperature excursions in the 1980s

(Diggle, 2012). The MSSS containers are much smaller than the Hanford dou-

ble shell tanks. For a crude estimate of gas generation rate per unit volume of

sludge, it is assumed that each of the MSSS containers are half-occupied by CMS;

this would imply hydrogen production rates under standard operating conditions

of 5.63 ± 7.78 × 10−4 m3 m−3 h−1. For comparison with the methanogenic rates of

1 × 10−3-1 × 102 mmol m−3 d−1, 5.63 × 10−4 m3 m−3 h−1 corresponds to an average hy-

drogen generation rate on a molar basis of 552 mmol m−3 d−1, based on the occu-

pancy of a mole of gas at ambient temperature and pressure.

Hydrogen production in the presence of uncorroded metallic swarf is therefore

fast relative to methanogenesis and very fast relative to the Hanford underground

storage tanks. Given that the Hanford double-shell tanks contain highly active

waste by-product from reprocessing, with a potent radiation field to drive radiolysis,

this would imply that cladding corrosion supersedes radiolysis as the dominant

mechanism of hydrogen generation within the swarf containing wastes, a conclusion

which was similarly reached in Streatfield & Hebditch (2006).

2.5 Clarification on nomenclature for consolidated

sediments and sedimentary bubbles

In Sections 2.6 and 2.7, observations of bubbles within consolidated sediments and

the mechanisms underpinning the different modes of in situ bubble growth are

discussed. This review draws from both chemical engineering and environmental

science research and so, before proceeding, some clarifications are provided on the

chosen nomenclature given the disparities in certain key definitions between the

disciplines.

Sludge, soft sediment, and sediment are used interchangeably through this thesis

in reference to consolidated aqueous particulate beds. Hence, sediment refers to a

two-phase material rather than just the solid particulate component. The strength
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of these sediments is characterised by their shear yield stress; references to yield

stress or yield strength will always relate to the shear yield strength unless tensile

yield strength is expressly referred to in the text. The term pore is used to refer to

the water-filled interstitial gaps between particles within the two-phase sediment

and the porosity refers to the volume fraction of the sediment occupied pore water.

Since it is difficult to determine the content of water immobilised within aggregates

forming the sediment skeleton and the free inter-aggregate water occupying the

interstitial pores, the solids content will be characterised simply by the total weight

fraction of solids or solids concentration, ω, which may also be expressed as a

percentage. Assuming the mass of retained gas within the sediment to be negligible,

this solids concentration does not evolve during bed swell.

The term void is used interchangeably with bubble to refer to pockets of gas

within the sediment after the onset of in situ gas generation. The voidage or void

fraction, ν, represents the instantaneous retained free gas volume normalised by

the total instantaneous bed volume, ν = Vg(t)
V (t) . This contrasts with environmental

science studies where the terms void and pore are typically synonymous and thus

may be occupied by either gas or water.

2.6 Bubbles observed within consolidated soft sed-

iments

Quintessential to the study of bubble growth and release in consolidated sedi-

ment is the ability to observe their size, geometry and mobility, however the high

solids concentrations prevent the use of optical methods for visualising the bub-

bles. Acoustic profiling of marine sediments is effective in revealing the presence

and extent of retained gas (Anderson et al., 1998; Yuan et al., 1992) as bubbles are

effective in reflecting ultrasound, however this is not a realistic approach for gain-

ing detailed size and shape information for individual bubbles. Visual techniques

can be employed when clear viscoplastic and viscoelastoplastic gels such as gelatin

(Johnson et al., 2002) or Carbopol (Astarita & Apuzzo, 1965) are used as analo-

ges for consolidated sediments. Johnson et al. (2002) observed oblate spheroidal

bubble growth from a submerged orifice within gelatin solutions and determined

from the sawtooth evolution in internal bubble pressure that growth was dictated

by fracture propagation. Carbopol cross-linked polymer solutions have been useful

in studying the competition between yield stress and buoyant stress as well as the

subsequent bubble rise dynamics (Dubash & Frigaard, 2007; Tripathi et al., 2015).

However, adoption of these clear gels assumes the two-phase sediment microstruc-

ture plays a limited role in bubble growth dynamics. Deformation at the sediment
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grain-scale, density heterogeneity and anisotropy of the stress field at the bubble

interface are all sacrificed in order to achieve optical transparency.

X-ray computed tomography (CT) represents a non-destructive approach for

viewing bubbles within consolidated soft sediments in situ, exploiting the large

disparity in radiodensity between gas and bulk sediment. Figure 2.6 presents four

examples of gas observed within sediments under x-ray CT. The tomographs re-

veal a conflake shaped fracture in Figure 2.6a, spherical and oblate spheroidal

bubbles in Figure 2.6b, a bimodal size distribution of bubbles within Figure 2.6c

and departure from spherical geometries within increased shear yield stress and

with depth in Figure 2.6d. In addition to the clear influence of sediment strength

and depth within the sediment on bubble geometry, the banded regions of light

and dark sediment within Figure 2.6b, representing coarse grained sand and fine

grained clay respectively, demonstrate a clear influence of particle size on the as-

pect ratio of retained bubbles (Boudreau et al., 2005; Jain & Juanes, 2009). The

physical justification for these unusual bubble geometries will become clearer once

the established mechanisms for bubble growth are introduced in Section 2.7.

X-ray CT clearly represents a powerful technique for generating high resolution

images of individual bubbles, and for characterising diverse bubble populations,

however there is scope for much more extensive use of the technique for analysing

bubbles within soft sediments. X-ray CT enables comprehensive quantitative three-

dimensional analysis of the evolution of bubble size and shape with time, however

this detailed analysis has typically been applied to the case of the individual bubble

grown from a submerged orifice, as demonstrated in Figure 2.6a. This doesn’t

fully capture the diversity of bubble populations as demonstrated by Figures 2.6b

to 2.6d, however, the analysis of these larger scale tomography data has been two-

dimensional and largely qualitative.

Some recent progress has been made in more determining detailed size distri-

butions for in situ bubble populations in Liu et al. (2016) and Liu et al. (2018),

where x-ray tomography was used to observe and characterise methane bubbles

within natural clay, silt and sand sediments. The former study was limited by its

millimeter scale spatial resolution and 4 mm slice separation (or resolution in third

dimension), however, bubbles of roughly 2-18 mm were observed and assessed in

relation to their different particle size distributions and nuclear magnetic resonance

(NMR) derived pore size distributions. The largest bubbles, in excess of 10 mm,

were limited to the clay and slit samples with smaller grain-sizes and finer pore di-

mensions for reasons which will be discussed in Section 2.7. The CT configuration

in Liu et al. (2016) was also able to profile gas content with depth on a scale of

0.3 m, revealing a concentration of free gas in the shallow bed region, particularly

for the silt and sand samples. The configuration in Liu et al. (2018), achieving

greater imaging resolution and shorter imaging intervals, demonstrated that gas
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(a) (b)

(c) (d)

Figure 2.6: Examples of bubbles observed within various consolidated soft sedi-
ments using x-ray CT including (a) a cornflake or penny shaped crack within mud
from Cole Harbour, Nova Scotia, Canada (Best et al., 2006; Boudreau et al., 2005),
(b) spherical and oblate spheroid bubbles within layered carbonate sand (A) and
clay (B) layers respectively (Boudreau et al., 2005), and bubbles within (c) 38 and
(d) 680 Pa yield stress kaolin (Gauglitz et al., 2012)
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release in response to a reduction in hydrostatic head was governed the mobility of

the smallest bubbles along the largest macropore networks, rather than by buoyant

bubble rise.

Algar et al. (2011a) discusses how bubble growth by fracture can enable oth-

erwise stable bubbles to migrate upwards through the sediment by a burrowing

(Dorgan et al., 2005) mechanism, while (Boudreau et al., 2005) discusses the possi-

bility of small bubbles moving slowly through the connected void-spaces. Tomog-

raphy can achieve the spatial and temporal resolutions necessary to track bubble

migration by fracture mechanics, however the attachment forces at the nozzle of

the submerged orifice in Figure 2.6a mask the onset of bubble migration. Connec-

tivity within the void-space certainly appears plausible from Figures 2.6c and 2.6d

(Gauglitz et al., 2012) and from tomographs presented in Liu et al. (2016), however

limitations in resolution, and artefacts due to bubble growth during the scan in the

former instance, prevent a clear gas migration pathway from being established.

Recent advances in tomography are likely to overcome many of these issues.

Commercial microtomography can visualise features to spatial resolutions close

to a micron for small experimental scales and 20-30 min scan times (Selomulya

et al., 2006). Clinical CT is often much faster, with scan times in the order of

a second, than the cone-beam tomography employed by each example image in

Figure 2.6, while ultrafast benchtop tomography has enabled imaging of centimetre

scale bubbles within fluidised beds at frequencies of 10 000 Hz (Muddle, 2011). In

recent years, synchrotron x-ray tomography has overcome the compromise between

spatial and temporal resolution to enable visualisation of transient behaviour at the

micro-scale (Dobson et al., 2016), including dynamic bubble connectivity within

porous media (Reynolds et al., 2017) and Haines jumps (Berg et al., 2013).

2.7 Mechanisms of bubble growth and retention

in consolidated soft sediments

Immediately after nucleation, growth in equivalent spherical bubble radius, rb(t),
will be governed by diffusion to the bubble, and is characterised by a square root

dependence on time, t (Boudreau, 2012):

rb(t) ≈ 0.31(2(φ∞ − φ∗)Deff t

φg
)

1
2

(2.9)

where φ∞ is the gas concentration in the porewater far from the bubble, φ∗

is the porewater gas solubility, φg is the concentration in the bubble and Deff

is the effective diffusivity of volatiles through the porewater, corrected for the
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(a) (b)

Figure 2.7: Schematics of bubble growth by (a) capillary invasion and (b) elastic
cavity expansion(Kam et al., 2001b)

tortuosity of the sediment. This stage is likely to be brief as bubbles quickly grow

to the scale of fine pores or capillaries within soft sediments, at which point the

bubble encounters the sediment matrix and the mechanics of bubble growth will

depart from those in conventional clear Newtonian fluids (Boudreau, 2012). Soft

sediments, unlike Newtonian fluids, are able to support a stress and so the bubbles

internal pressure will rise as the sediment matrix resists bubble expansion (Algar &

Boudreau, 2010). The excess internal bubble pressure, ∆P , given by the difference

in internal bubble pressure, Pb, and surrounding sediment, P0, can be relieved by

bubble growth. Once the bubble occupies the body of its host pore, subsequent

growth requires that either the bubble must displace the sediment to create space,

or the sediment must deform the bubble for intrusion into adjacent pore space;

these two possibilities are represented schematically in Figure 2.7 (Kam et al.,

2001b).

Three mechanisms are discussed in relation to macroscopic, beyond the pore-

scale, bubble growth within soft sediments. These are capillary invasion, cavity

expansion, and tensile fracture. The relevant mechanism will be governed by the

mechanical properties, microstructure and wetting characteristics of the soft sedi-

ment (Boudreau, 2012).

Capillary invasion

Capillary invasion occurs when the growing bubble encounters the sediment matrix

and the sediment structure remains rigid, forcing the bubble to intrude into the

dendritic pore network, as demonstrated by Figure 2.7a. Resistance to capillary

invasion is governed by the Young-Laplace equation, eq. (2.10) (Kam & Rossen,

1999):

∆Pi = Pb − Ppw = 2γcos(θ)
rth

(2.10)
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where ∆Pi is the excess bubble pressure required to intrude through a capillary

throat, given by the difference between the bubble pressre, Pb, and the pore water

pressure, Ppw; θ is the three-phase contact angle, γ is the interfacial surface ten-

sion between porewater and gas, and rth is the radius of sedimentary pore throats.

Equation (2.10) implies that soft sediments with small grain sizes and correspond-

ingly small pore throat radii will resist capillary invasion due to the high pore entry

pressures. Likewise, if the sediment is well wetted by the porewater, with negligible

contact between solid and gas, capillary invasion will be energetically unfavourable

(Boudreau, 2012) as ∆Pi →maximum as cos(θ)→ 1.

Cavity expansion

Cavity expansion occurs when the bubble cannot invade adjacent pore space by

capillary invasion and so the bubble creates space for growth by expanding its host

cavity; this mechanism is characterised by more spherical bubble geometries as in-

dicated by Figure 2.7b (Kam et al., 2001b). Wheeler (1988a) proposed that, as the

bubble displaces sediment grains to create space, the combined sediment and pore

water within the soft sediment behave as one continuous phase. Cavity expansion

theory states that the greater the mechanical strength of the soft sediment, charac-

terized according to its shear yield stress, τ , and shear modulus, G, the greater the

resistance to expansion of the host pore (Katsman et al., 2013; van Kessel & van

Kesteren, 2002). An expression for the excess bubble pressure required to expand

the cavity, ∆Pe, given by the difference between the bubble pressure and the oppos-

ing mean total stress acting on the sediment, σ (Wheeler et al., 1989) is provided

in eq. (2.11) (van Kessel & van Kesteren, 2002), however, a more comprehensive

mathematical model for cavity expansion is detailed in Section 2.7.1.

∆Pe = Pb − σ = 4

3
τ (1 + ln ∣G

τ
∣) (2.11)

The relative contibutions of bubble growth by cavity expansion and capillary

invasion to total hold up can be determined experimentally as the former manifests

in bulk bed expansion whereas instances of capillary invasion manifest in water

displacement from the bed (Liu et al., 2016, 2018). These studies determined that

weak (< 15 Pa) clay with fine sedimentary pores exhibited over 80 % of its bubble

growth by cavity expansion, whereas high strength (< 5 kPa) consolidated sand

with much coarser sedimentary pores promoted over 80 % capillary invasion and

expanded to lower ultimate void fractions (Liu et al., 2016, 2018). This accords

well with eqs. (2.10) and (2.11) which state that cavity expansion and capillary

invasion scale with yield strength and pore throat radius respectively.
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Tensile fracture

Many natural marine sediments (Algar et al., 2011a; Boudreau et al., 2005) and

wastes in long-standing nuclear legacy facilities (Burrows et al., 2005; Gregson

et al., 2011; McCracken & Eilbeck, 2005) are characterised by fine grain sizes and

many have consolidated to high yield stresses (τ > 1 kPa) over several decades

(Hastings et al., 2007; van Kessel & van Kesteren, 2002) and thus present consid-

erable resistance to the above two mechanisms. However, while the resistance to

elastic cavity expansion scales with the yield stress, a material’s resistance to tensile

fracture typically diminishes with increased yield stress as high strength materials

are, in general, less prone to plastic deformation in the vicinity of pre-formed cracks

(Broek, 1982; Mughrabi, 1992).

Hence, for fine grained, high strength materials, the excess bubble pressure may

rise until it exceeds the combined compressive and tensile strengths of the sediment,

forming cracks along the direction of minimum compressive stress (Boudreau, 2012)

which may expand by a process of tensile fracture (Boudreau, 2012; Dorgan et al.,

2005; Johnson et al., 2002). A rock mechanics study by Potyondy & Cundall (2004)

proposed that the internal length scale of the fracture toughness is determined by

the grain size, leading Jain & Juanes (2009) to conclude that the excess bubble

pressure for fracture, ∆Pf = Pb −σ, scales with the inverse square root of the grain

size, implying that fracture will be energetically favourable in comparison to cap-

illary invasion in very fine grained sediments. In addition to very high strength

sediments exhibiting reduced fracture toughness, K1c, it is anticipated that signifi-

cant yield strength is required to support open fractures for long timescales under

substantial lithostatic and hydrostatic loads (van Kessel & van Kesteren, 2002).

A linear elastic fracture mechanics (LEFM) model has been used to describe the

stress distribution in the proximity of a crack (Broek, 1982; Johnson et al., 2002),

as detailed in Section 2.7.2.

2.7.1 The mathematics of deformation at the boundary of

a spherical bubble (cavity expansion)

Wheeler (1988a) presents a useful schematic of a large spherical bubble, much larger

than the particles or interstitial pores, consistent with bubble growth within soft

sediments by cavity expansion. The excess internal bubble pressure, ∆P , (above

that of the surrounding pore water, Ppw) can be determined from the radii of

curvature, rm, of the menisci bridging the grains at the bubble sediment interface

according to eq. (2.12) (Wheeler, 1988a):

∆P = Pb − Ppw = 2γ

rm
(2.12)
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(a) (b)

Figure 2.8: Schematics of (a) a large spherical bubble within a soft sediment con-
sistent with growth by cavity expansion (Terrones & Gauglitz, 2003) and (b) a unit
cell for an elastic-perfectly plastic cavity expansion model, treating the sediment
(solids and pore water) as a continuum (adapted from Wheeler et al. (1989))

However, a simpler model, presented by Wheeler et al. (1989), considers a

perfectly spherical bubble within a spherical unit cell of sediment treated as a

single continuous phase. If the sediment is treated as an elastic-perfectly plastic

material, and its response to the excess bubble pressure (above that of the mean

stress acting on the unit cell) is linearly elastic until it yields, the sediment will

first begin to yield at the bubble surface when the excess bubble pressure exceeds

the value determined by eq. (2.15) (Wheeler et al., 1989):

∆P = Pb − σ > 4

3
τ (r

3 − rb3
r3

) = 4

3
τ(1 − ν) (2.13)

This, condition can be achieved either by (1) a reduction in the mean stress

acting on the unit cell (Chadwick, 1959), possibly arising due to fluctuations in

hydrostatic head above the bed, or (2) an increasing internal bubble pressure due

to diffusive supply of volatiles to the bubble (Chadwick, 1959). Once this critical

excess bubble pressure for yielding is exceeded, a plastic region spreads from the

surface of the bubble as indicated by Figure 2.8b (Wheeler et al., 1989). As the

plastic region spreads, and assuming a perfectly plastic reponse on yielding, the

excess bubble pressure relates to the radius of the plastic region, rp, according to
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eq. (2.14) (Wheeler et al., 1989):

∆P = 4

3
τ (r

3 − rp3

r3
+ ln(rp

rb
))

= 4

3
τ (1 − νG

τ
+ ln(G

τ
))

(2.14)

When the plastic region extends to the boundary of the unit cell, analogous to

the overlapping of plastic regions between neighbouring bubbles, a collapse mech-

anism is instigated, at which point eq. (2.14) simplifies to (Wheeler et al., 1989):

∆P = 4

3
τ ln(1

ν
) (2.15)

This model represents a greatly simplified model of cavity expansion, relying

on the assumptions of an isotropic stress acting at the unit cell boundary and an

initial stress condition which is independent of the stress history experienced by the

sediment. Furthermore, the elastic-perfectly plastic continuum model does not cap-

ture the full complexity of a soft sediment’s response to stress. Terrones & Gauglitz

(2003) describes soft sediments more realistically as elastoviscoplastic solids with a

dominant elastic modulus at small finite strains, and as a non-Newtonian fluid at

elevated strains and strain-rates. The introduction of an elastoviscoplastic mechan-

ical model, along with anisotropic deformation through Poisson’s ratio, results in

a significantly more complex mathematical framework for cavity expansion in Ter-

rones & Gauglitz (2003). However, the introduction of surface tension dependency

is curious. Surface tension only becomes relevant if the internal bubble pressure is

expressed relative to the pore fluid pressure, which is a difficult property to charac-

terise and would not be relevant to a continuum based sediment deformation model

(Wheeler et al., 1989).

Each of these models of cavity expansion would benefit greatly from experimen-

tal validation of the evolution in internal bubble pressure during growth. These

measurements have been achieved in Johnson et al. (2002) by gas injection from

a submerged orifice with a highly responsive and accurate in-line pressure sensor,

but only for high strength sediments prone to growth by fracture. There is no

reason that the same methodology could not be applied to a sediment of reduced

yield strength and greater fracture toughness to validate the mathematics of cavity

expansion. For an initial investigation to generate concurrent strain measurements,

along with bubble pressure data, a clear elastoviscoplastic gel such as Carbopol or

gelatin could be used as an analogue as two phase consolidated sediments would

require spatial and temporal resolutions consistent with synchrotron x-rays to gen-

erate strain data with adequate frequency. Clear elastoviscoplastic gels would also

enable photoelastic stress analysis of the stress field surrounding the bubble as

outlined by Dorgan et al. (2005).
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(a) (b)

Figure 2.9: Schematic (a) of a crack of length 2a within an infinite plate under
an imposed tensile stress normal to the crack of magnitude σ, demonstrating the
coordinates, r and θ, used to describe the local stress field and (b) deviation of the
assumed stress field within the plastic region close to the crack tip (Broek, 1982);
here σys denotes the yield stress rather than τ and rp represents the size of the
plastic deformation region

2.7.2 The mathematics of crack propagation under linear

elastic fracture mechanics (LEFM)

LEFM was first employed in relation to soft sediments in Johnson et al. (2002)

to explain crack propagation within marine sediments after concluding that the

sawtooth evolution in bubble volume and internal bubble pressure observed during

bubble growth implied growth dictated by fracture. LEFM was originally devel-

oped for more brittle glass and ceramic materials, however the application was

deemed to be much broader after it was subsequently observed that low stress frac-

tures induced by small cracks in high strength materials were also brittle in nature

(Broek, 1982). LEFM has since been used in a number of environmental research

studies to rationalise complex bubble geometries, including penny or disk shaped

cracks, observed within softer test materials using x-ray computed tomography

(Abegg & Anderson, 1997; Algar et al., 2011a; Barry et al., 2010; Best et al., 2006;

Gardiner et al., 2003; Katsman, 2015).

The model considers the stress field, σij, around the tip of a crack within a

material subjected to a tensile stress, σ, normal to the orientation of the crack, as

demonstrated by the schematic in Figure 2.9a (Broek, 1982). For a crack of length

2a within an infinite plate, the stress field near the crack tip, at coordinates r and

θ, is governed by the stress intensity factor, K1, which itself is dictated by length

of the crack and the applied stress, according to eq. (2.16):
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σij(r, θ) =
K1

2πr
fij(θ)

KI = σ
√
πa

(2.16)

Hence, a crack of length 4a will demonstrate the same stress field under an

applied stress of σ as a crack of length a under a stress of 2σ. For a gas filled crack

within a consolidated soft sediment, the tensile stress is dictated by the crack’s

excess internal pressure, ∆P . For a penny shaped, or spheroidal, crack, the stress

intensity factor would be (Johnson et al., 2002):

KI =
2

π
∆P

√
πa (2.17)

The scaling of the stress field with inverse distance from the crack tip, as pre-

dicted by eq. (2.16) and demonstrated in Figure 2.9b (Broek, 1982), represents an

elastic response and breaks down within the plastic region close to the crack tip,

2a < r < 2a+ rp, where the stress is better approximated by the tensile yield stress,

σys (see Figure 2.9b for reference), which is anticipated to be in the order of double

the shear yield strength for such consolidated sediments (Gauglitz et al., 1995) prior

to the onset of gas generation. The capacity of a material to resist fracture can

be characterised by the fracture toughness, K1c, a material property determined

from the critical stress at the onset of fracture, σc, observed for a number of crack

sizes. This fracture toughness, defined for a penny shaped crack, or oblate spheroid,

in eq. (2.18), typically scales with inverse yield stress, as high strength materials

tend to exhibit less plastic deformation at the crack tip then low strength, ductile

materials (Mughrabi, 1992). However, following this logic, materials of very low

strength may exhibit plastic regions at fracture similar in scale to the crack length.

Under these conditions Figure 2.9b makes it clear that LEFM will no longer apply.

Boudreau (2012) discusses fracture toughness values in the 80-1300 Pa
√

m range in

relation to marine soft sediments, increasing substantially with depth (Boudreau,

2012).

K1c =
2

π
∆Pc

√
πa (2.18)

Normal to the crack’s longest axis, and parallel to the tensile stress, the width of

the crack is labelled the crack opening displacement, COD, which will be maximum,

CODmax, at the centre of the crack, x = 0. The COD can be estimated along the

crack length, 0 ≤ x ≤ ac as a function of the internal bubble pressure, crack length
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and the Young’s modulus of the material according to eq. (2.19):

COD = 4∆P

E

√
a2 − x2

CODmax =
4∆P

E

√
a2

(2.19)

This simplified model of the crack is that of an oblate spheroid of major axis a

and minor axis CODmax/2, and so the volume, V , is given by:

Vb =
4

3
πa2CODmax

2
= 8πa3∆P

3E
(2.20)

Hence, combining eq. (2.20) with eq. (2.18) enables the characterisation of the

critical excess bubble pressure, ∆Pc for crack propagation as a function of crack

volume, revealing a V −
1
5 dependency (Johnson et al., 2002):

∆Pc = ( 1

24
)

1
5

π
4
5 ( k

6
1c

VbE
)

1
5

≈ 1.32(K
6
Ic

VbE
)

1
5

(2.21)

Following eq. (2.19), LEFM also enables prediction of the aspect ratio, AR,

or its inverse, AR−1, of spheroidal cracks within the sediment from the fracture

toughness and Young’s modulus (Johnson et al., 2002) or alternatively the excess

bubble pressure and Poisson’s ratio, kν , (Barry et al., 2010; Sneddon, 1946) using

eq. (2.22):

AR−1 = CODmax

ac
= 2K1c

E

√
π

ac

AR−1 = 4(1 − k2
ν)∆P

πE

(2.22)

Thus, LEFM can predict a size and geometry of bubbles in the fracture regime

using relatively few material properties, only the fracture toughness, Young’s mod-

ulus and Poisson’s ratio. However, there is not a wealth of literature on Young’s

moduli for marine sediments (Johnson et al., 2002), and limited information for

nuclear sediments (Wells et al., 2010), and where values are available (Raju &

Ramana, 1986), they substantially under-predict the CODmax observed from x-ray

CT (Johnson et al., 2002). Similarly, linear regression of Equation (2.22) and Equa-

tion (2.21) results in unrealistically small predicted Young’s moduli, four orders of

magnitude less than those acoustically measured in Raju & Ramana (1986). Hence,

many soft sediments prone to fracturing may exhibit prohibitively large regions of

plastic deformation for adequate modelling of fracture propagation using LEFM,

despite its qualitative usefulness.
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2.8 Mechanisms of gas release

For the purpose of this study, gas release from consolidated soft sediments is char-

acterised as either chronic, representing slow continuous release from the bed, or

acute, typified by episodic releases of larger volumes of gas. Another useful dis-

tinction lies between quiescent (Sherwood & Eduardo Sáez, 2014) releases from

undisturbed sediments and releases induced by external perturbations. Induced re-

leases are likely to merit increased attention as waste is evacuated from the MSSS

due to the physical disturbances anticipated during transport and stacking of the

3 m3 storage containers, however this work will focus on chronic and acute releases

from macroscopically stagnant wastes, typical for nuclear legacy waste in its current

environment.

2.8.1 Chronic release mechanisms

Aqueous diffusion

Gaseous species can be released either as free gas (bubbles) or from the aqueous

phase as dissolved gas. Release from the aqueous phase requires that volatile

species diffuse through pore water to the bed periphery into a supernatant or, in the

absence of a supernatant, traverse an air-water interface at the top of the bed. The

relative contribution of diffusive and free gas release appears to vary significantly;

Katsman et al. (2013) reports that 98 % of methane release from shallow lakes

originates from free, rather than dissolved gas. Conversely, Gogo et al. (2011) used

laser spectroscopy to demonstrate that only 40.7-66.5 % of methane release from

peatlands results from the flux of bubbles, supported by bubbling emissions of

17.0-51.5 % of the total methane emissions from wetlands observed in Christensen

et al. (2003), implying that diffusion losses may be comparable in magnitude to

free gas release in some instances.

Buoyant bubble ebullition

Buoyant bubble ebullition (Katsman et al., 2013), also referred to as fluidisation

(Boudreau, 2012) or bubbling (Keller & Stallard, 1994), is analogous to bubble

release from conventional clear Newtonian fluids. However, consolidated soft sedi-

ments differ substantially from Newtonian fluids in that they are able to support a

stress, and just as they can resist an excess internal bubble pressure during growth,

they can also resist a finite buoyant stress before the bubble begins to rise. The

condition where a viscoplastic material is able to resist the buoyant stress and hold

a bubble static indefinitely is the stopping condition (Dubash & Frigaard, 2004). A

useful dimensionless term for characterising the stopping condition is the ratio of
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yield and buoyancy stresses, which defines the yield parameter, Yg(Atapattu et al.,

1995):

Yg =
τ

(ρl − ρg)grb
≈ τ

ρlgrb
(2.23)

Some studies (Dubash & Frigaard, 2007; Tsamopoulos et al., 2008) alternatively

label this ratio the Bingham number, Bn, which conventionally defines the ratio of

buoyancy and viscous stresses, τrbµ0ub
, however it is argued that the Bingham number

reduces to the yield parameter in the low velocity limit where the Froude number,

Fr = ub
√
grb

is much less than unity (Dubash & Frigaard, 2004). The stopping con-

dition requires that the yield parameter exceeds a critical value, Yg > Ygc (Dubash

& Frigaard, 2004, 2007). The buoyant stress scales with bubble radius and so the

yield parameter diminishes during bubble growth, implying that growth to a crit-

ical radius, rbc, which scales with the yield stress, is required for buoyant release.

Hence, characterisation of viscoplastic flow behaviour above the yield stress is ir-

relevant to the stopping condition. Until the bubble begins to rise, all it sees is

the yield stress; the consistency, power law index and type of yield stress fluid will

impact the subsequent bubble velocity but are inconsequential to whether a bubble

is retained or released (Dubash & Frigaard, 2004).

The simplicity of this stopping criteria and the possibility of formulating op-

tically transparent viscoplastic test materials from cross-linked polymer solutions,

such as Carbopol (Astarita & Apuzzo, 1965; Atapattu et al., 1995; Dubash &

Frigaard, 2007; Tsamopoulos et al., 2008), implies that the experimental deter-

mination of the critical yield parameter ought to be trivial. However, efforts to

experimentally determine critical yield parameters have encountered a number of

issues:

• Achieving a solitary static bubble within yield stress fluid is surprisingly dif-

ficult (Dubash & Frigaard, 2007). A bubble generated at a submerged orifice

will remain attached until the surface tension force at the orifice, Fγ = πdoσ,

(Pamperin & Rath, 1995) and the yield stress of the fluid are overcome,

where do is the orifice diameter. Hence, any bubble which detaches will have

significant excess buoyant force and will rise through the fluid, requiring ex-

trapolation back to the zero-velocity condition rather than direct observation

of static bubbles.

• Extrapolation back to a zero velocity condition requires repeatability which

is also difficult to achieve with laboratory viscoplastic fluids (Atapattu et al.,

1995). Creeping sphere motion in Carbopol has been shown to exhibit shear

history dependence for up to 72 h after a previous disturbance (Dubash &

Frigaard, 2007).
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• As bubbles grow and the yield parameter increases, the influence of surface

tension diminishes in relation to the yield stress, τ > γ
rb

(Dubash & Frigaard,

2004), resulting in diverse, complex, non-spherical bubble geometries and a

more ambiguous relationship between the critical yield parameter and the

bubble size at release.

There appears to be mild disagreement in the literature regarding appropriate

values for the yield parameter. Two theoretical models were developed in Dubash

& Frigaard (2004) to predict the critical yield parameter for particular bubble ge-

ometries; the two models (1) bound the velocity field using a minimum strain rate,

˙εmin, condition and (2) bound the stress field by minimising the stress within the

non-yielding region of the fluid respectively (Beris et al., 1985; Dubash & Frigaard,

2004). For a spherical bubble these models predict critical yield parameters in the

range of 1
√

3
< Ygc < 1

√

2
. However, experimental validation in Dubash & Frigaard

(2007) suggests these values are somewhat conservative, while finite element anal-

ysis in Beris et al. (1985) also determined a much smaller critical yield parameter

of 0.143.

This finds excellent agreement with the theoretical analsyis in Wheeler (1990)

where the elastic-perfectly plastic sediment model in Wheeler et al. (1989) is ex-

tended to predict expansion at the shallow surface and contraction at the tail.

The model anticipates buoyancy to yield stress ratios of 7.5-8 , corresponding to

yield parameters (the inverse of this ratio) of 0.125-0.133 (Wheeler, 1990). Slightly

smaller values, in the 0.023-0.061 range were found for falling bronze and stainless

steel spheres within Carbopol solutions in Atapattu et al. (1995). Assuming critical

yield parameters in the broad 0.023-0.143 range, CMS of 100 Pa yield stress and

1500 kg m−3 density would inhibit the rise of bubbles less than 0.048-0.295 m. Bub-

bles of around 3 mm diameter were found to be more typical following hydrogen

peroxide decomposition within 7 Pa yield stress sediments of kaolin and bentonite

(Sherwood & Eduardo Sáez, 2014), raising questions as to whether ebullition is

realistic under quiescent sediment conditions.

Keller & Stallard (1994) notes that gas flux by bubble ebullition in marine

soft sediments closely correlates with wind speed measurements, as shown by Fig-

ure 2.10 (Keller & Stallard, 1994), and diminishes with increased water depth above

the sediment, implying that most bubble ebullition is indeed induced by transient

rather than quiescent ambient conditions. Furthermore, Wheeler (1990) argues

that under cyclic loading the critical yield parameter, and therefore the critical

bubble diameter for ebullient release, can be significantly diminished in compari-

son to purely quiescent conditions, enabling the bubble to ratchet upward through

the sediment by incrementally expanding at the shallow surface and contracting at

the shallow surface. Ultimately, it would appear that conditions are unfavourable
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Figure 2.10: Correlation between gas flux from marine soft sediments by bubble
ebullition (bars) and wind velocity (lines) (Keller & Stallard, 1994)

for buoyant bubble release under stagnant conditions for all but very low strength

sediments, atypical within the MSSS containers.

Bubble rise by viscoelastic fracture

Algar et al. (2011a) and Algar et al. (2011b) present an alternative mechanism for

rise of individual bubbles which may be applicable within sediments strong enough

to inhibit quiescent ebullition. When a vertically oriented crack within a pressure

field which increases linearly with depth grows to sufficient dimensions, the pressure

difference across the height of the bubble becomes significant causing stratification

of gas within the bubble (Algar et al., 2011a). Fracture propagation into the plastic

region at the shallow surface of the bubble, or crack tip, will induce a compressive

stress at the crack tail forcing it to close, resulting in a characteristic teardrop

shaped bubble. Repeated fracturing at the advancing crack tip and annealing at

the crack tail causes the bubble to rise by tunneling through the sediment (Dorgan

et al., 2005).

The stress intensity factor at the crack tip, K<+a>
1 is given by eq. (2.24) (Algar

et al., 2011a):

K<+a>
1 = 10

3π
ρsga

√
πa + 2

π
P <−a>

√
πa (2.24)

where P <−a> is the pressure at the crack tail. Rise by fracture propagation
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will occur when this stress intensity factor exceeds the fracture toughness. This

criterion is used to define a critical crack length above which the bubble will rise,

2acr (Algar et al., 2011a):

acr = (3K1c

√
π

10ρsg
)

2/3

(2.25)

Following eq. (2.22), the corresponding crack volume at release is given by

eq. (2.26):

Vcr =
16(1 − kν)2ρsga4

3E
(2.26)

In the aftermath of bubble release the partially annealed sediment will have a

lower fracture toughness than the undisturbed material prior to release, thereby

enabling the subsequent release of smaller cracks in the locality (Algar et al., 2011a).

Channel formation

Merging of cracks formed by tensile fracture as described in Section 2.7 with near

surface drainage channels, typically only a few tens of centimetres deep, can result

in much larger channels sometimes several metres in depth (van Kessel & van

Kesteren, 2002). Soft sediments can support stable channels up to a maximum

depth of lmax (van Kessel & van Kesteren, 2002):

lmax =
τ(1 + e)

K0(ρs − ρl)g
(1 + ln(

r2
ch − d2

p

dp
) + ln( E

2τ(1 + kν)
)) (2.27)

where rch is the channel radius, dp is the apparent particle size, whether in-

dividual grains or flocs, K0 is the ratio of horizontal to vertical effective stress

(equivalent to kν
1−kν

) and e is the void ratio given by:

e = ρs − ρl
ρl − ρg

> 1 (2.28)

These channels can transport both gas and water from the bed, with deep

channels enabling significant bubble rise velocities sufficient to erode the channel

walls over time (van Kessel & van Kesteren, 2002). Following eq. (2.27), highly

consolidated, high yield stress sediments can support stable open drainage channels

to much greater depths. van Kessel & van Kesteren (2002) discusses sediments with

yield stresses in the order of 10 kPa required for the formation of stable channels on

a scale of several metres at low deformation, indicating a chronic release mechanism

unique to very highly consolidated waste deposits.
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Figure 2.11: Schematic demonstrating a cascade of bubbles liberated by the motion
of a local buoyant bubble (Gauglitz et al., 2015)

2.8.2 Acute release mechanisms

Bubble cascades

Bubble cascades refer to the liberation of a pulse of retained bubbles following a me-

chanical perturbation (Sherwood & Eduardo Sáez, 2014), or in the path, or indeed

wake (Vidal et al., 2011), of a buoyant rising bubble, as illustrated by Figure 2.11

(Gauglitz et al., 2015). When a bubble begins to rise within a viscoplastic fluid,

local fluid will yield due to the flow field of the bubble. Fast and deformed bubbles,

consistent with high Bond numbers (buoyancy dominates surface tension) and low

Bingham numbers (viscous stress dominates the yield stress), induce a broader re-

gion of fluid to yield and are hence likely to capture a greater number of bubbles

within a cascade (Tripathi et al., 2015; Tsamopoulos et al., 2008). Furthermore,

as the bubble rises and the pressure field of the sediment decreases the bubble

expands and accelerates, generating an expanding flow-field and liberating more

bubbles, each of which will then induce their own flow field and yield additional

sediment. Enlargement in bubble volume with decreasing depth, h, due to depres-

surisation, P0 − ρgh, and coalescence with bubbles in its path can be estimated

using Equation (2.29) (Sherwood & Eduardo Sáez, 2014):

dVb
dh

= ρgVb
P0 − ρgh

+ πν
4

(2(6Vb
π

)
1/3

+ dbi)
2

(2.29)

where ν is the void fraction and dbi is the initial bubble diameter immediately

before ebullition. Thus an ebullient bubble 3 mm in diameter, 0.4 m below the

surface within a 1200 kg m−3 sediment of 20 % voidage would expand to 176 mm at

the surface (Sherwood & Eduardo Sáez, 2014), an increase of nearly two orders of

magnitude and thus shearing a vastly greater surface of sediment than the original

bubble size distribution might suggest.
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Gauglitz et al. (2015) observed bubble cascades within bentonite and kaolin

suspensions of up to 90 Pa yield stress, indicating that bubble cascades represent

a phenomenon particular to low strength slurries. The percentage of the bubble

population released by a bubble cascade varied greatly with the vessel geometry,

cascades enabled release of between 14 and 99 % of bubbles within a time-scale

of 20 s of a single buoyant bubble release within columns of 0.58-1.78 m diameter

(Gauglitz et al., 2015). Hence, bubble cascades have been characterised as an acute

release mechanism even though they can be triggered by the quiescent release of a

single, relatively small ebullient bubble.

Rollover events

Rayleigh-Taylor instabilities, buoyant displacement releases, or rollover events are

used interchangeably in the literature to describe acute releases driven by the bulk

buoyancy of a consolidated soft sediment beneath a convective supernatant; evi-

dence for such acute releases was summarised in Section 2.3. Full rollover considers

the case where the consolidated sediment swells to sufficient void fraction that its

bulk density is reduced below that of the overlying supernatant (Ali et al., 2000),

characterised by the void fraction, ν, exceeding that required for neutral buoyancy,

νNB, where the bulk sediment, ρs, and supernatant densities, ρl, reach equilibrium.

Total inversion of the consolidated sediment and supernatant through a complete

rollover event would redress the instability in the waste configuration and explain

the sudden large upward transfer of decay heat within Hanford tanks as shown in

Figure 2.3d. However, Allemann (1992) argues that gas release is better explained

by a theory of partial rollover.

Partial rollover occurs when a buoyant region of the consolidated sediment, or

gob (Allemann, 1992), breaks free of the cohesive bonds of the bulk sediment matrix

and rises to the surface. The rising gob expands due to to the reducing hydrostatic

head and accelerates towards the surface. The stress imparted by surface tension or

collision with a floating crust (Bryan et al., 1992) causes the gob to fully or partially

disintegrate (Stewart et al., 1996). Some gas is released immediately, resulting in

the significant drop in waste level that is characteristic of buoyant displacements,

while some small bubbles may fizz out of the gob at a slower rate (Allemann,

1992). Eventually, when the gas fraction of the gob has sufficiently decreased, the

gob descends back to the consolidated waste level and its retained gas fraction is

compressed by the increasing hydrostatic load.

Acute gas release by partial rollover requires that sufficient buoyant potential

energy, Ebp, is converted to kinetic energy to overcome the energy required to yield

the gob, Eτ , on collision at the top of the waste layer and liberate the retained
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gas. An expression for the ratio of potential energy to yielding energy, or excess

buoyant potential energy, is given in eq. (4.10) (Stewart et al., 1996):

Ebp
Eτ

= νPakh
(1 − ν)εττ

((1 + 1

kh
) ln(1 + kh) − kby) > 2.6

kh =
ρlgL

Pa

kby =
νnb(1 − ν)
ν(1 − νnb)

(2.30)

where kh and kby define the hydrostatic head and excess buoyancy respectively,

L is the depth of the supernatant, Pa is the ambient pressure and ετ is the strain

at thixotropic transition, typically around 1 (Stewart et al., 1996). Acute gas re-

leases therefore become more realistic with added supernatant depth, increased

void fraction and diminishing yield stress. The buoyant potential energy ratio also

also demonstrates that partial rollover can be triggered by a drop in ambient pres-

sure as well as by chronic bed swell, and that acute gas release by partial rollover

does not necessarily require that the sediment achieves bulk buoyancy (ν > νNB),

however the potential for gas release enhances significantly with increased voidage

above the point of neutral buoyancy.

It has been deemed that the single-shell tanks at Hanford lack a supernatant

layer deep enough to achieve sufficient excess buoyant potential energy for gas

release under quiescent conditions, however the waste configuration of the double-

shell tanks is more vulnerable to gas release by partial rollover (Stewart et al.,

1996). One particular double-shell tank, SY-101, discussed in Section 2.3, has

exhibited violent buoyant releases sufficiently large in scale to release over 50 %

of the gas within the consolidated bed (Stewart et al., 1996). Analysis of large

buoyant gas releases from SY-101 implied that a buoyant potential energy ratio in

the order of 5-10 would be required, however scaled experiments indicated a more

conservative ratio of 2.6 for acute gas release (Stewart et al., 1996).

2.9 Conclusions

The 22 compartments of the MSSS at Sellafield contain 100s m3 of consolidated

Magnox corrosion products with an uncertain voidage of hydrogen, while an un-

known inventory of uncorroded metallic swarf continues to generate flammable gas

at an ambiguous rate. These uncertainties are numerous given the urgency with

which the MSSS must be safely evacuated of waste and decommissioned (Le Clere,

2011). While acute hydrogen release hazards from CMS waste are acknowledged

in the literature (Averill et al., 2015; Hastings et al., 2007), there is no published
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research into the extent of gas retention, or holdup within Magnox waste. Observa-

tions of hydrogen holdup within American nuclear legacy waste in underground silos

provide evidence for large acute gas releases by partial rollover (Allemann, 1992)

and bubble cascades (Sherwood & Eduardo Sáez, 2014), punctuating the chronic

gas release by bubble ebullition (Keller & Stallard, 1994), vertical fracture propa-

gation (Algar et al., 2011a) and transport along open drainage channels (van Kessel

& van Kesteren, 2002). However, no adequate mechanism has been presented to

account for chronic, quiescent gas release from intermediate strength sediments,

sufficiently strong to overcome the buoyancy of individual, centimetre-scale bub-

bles, but lacking the strength to support stable drainage channels of appreciable

depth.

A body of research on methane retention within marine sediments presents

some useful mechanisms for bubble growth which qualitatively explain the inverted

teardrop (Boudreau, 2012; Tripathi et al., 2015) and penny-shaped crack (Algar

& Boudreau, 2010; Gardiner et al., 2003; Johnson et al., 2002) bubble geometries

observed under x-ray CT (Barry et al., 2010). However, the optically opaque

nature of soft sediments (Hunter et al., 2011) and their complex elastoviscoplastic

(Terrones & Gauglitz, 2003) response to stresses imposed by a growing bubble,

make the provision of a comprehensive mathematical framework for these growth

mechanisms far from trivial. The LEFM model used to describe crack propagation

by tensile fracture may well be limited by a prohibitively large region of plastic

deformation around the crack (Broek, 1982), while elastic-plastic cavity expansion

models appear limited to perfectly spherical bubbles (Terrones & Gauglitz, 2003),

which may only be realistic for small immature bubbles where surface tension

dominates the yield stress.

Consequently, there appears to be considerable scope for further research into

gas retention within consolidated soft sediments, complementing the interest from

diverse industries, including marine science (Boudreau, 2012), nuclear science (Kam

et al., 2001b) and wastewater treatment (van Kessel & van Kesteren, 2002). Par-

ticular consideration might be afforded to the following unanswered questions:

• What extent of gas holdup is realistic within CMS and what is the impact of

sediment consolidation, or increased yield stress, on the potential for acute

gas release?

• How does the nature of the retained bubble population evolve, in terms of

size distribution and shape, with the mechanical properties of the sediment?

• How is gas released from intermediate strength sediments in the absence of

external mechanical perturbations?
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• Does brucite support stable three-phase contact at the bubble interface and

how does this impact gas migration and bubble coalescence?

• How does the sedimentary pore structure evolve with sediment consolidation

and how does the sediment microstructure influence bubble growth and rise

dynamics in contrast to single-phase elastoviscoplastic materials considered

elsewhere in the literature (Fraggedakis et al., 2016; Johnson et al., 2002;

Sherwood & Eduardo Sáez, 2014)?
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Chapter 3

Characterisation of Magnox

legacy waste test materials

3.1 Introduction

Prior to investigating the gas retention behaviour of Magnox legacy waste at lab-

oratory scale, suitable test materials must be selected and characterised in order

to understand the sediment response to bubble growth. The stopping condition

Atapattu et al. (1995); Dubash & Frigaard (2004), which dictates whether a bub-

ble can be held static within a soft sediment, is governed by the shear yield stress,

while the relationship between a bubble’s internal pressure and its growth dynam-

ics is dictated by the stress-strain behaviour of the sediment (Terrones & Gauglitz,

2003). The particle size is crucial in determining the geometry of retained bubbles,

with bubbles more likely to deform and intrude between coarse particles (Kam

& Rossen, 1999) and fine-grained sediments more likely to expand elastically or

fracture (Jain & Juanes, 2009; Katsman et al., 2013) during bubble growth. The

stability of particles at the bubble-porewater interface can determine the capacity

for growth by Ostwald ripening or coalescence (Pitois et al., 2015). This chapter

presents the results of vane rheology, energy dispersive x-ray spectroscopy, x-ray

diffraction, micro-tomography, light scattering and dynamic foaming tests, amongst

other techniques, in order to characterise some of these critical sediment behaviours

for two CMS test materials used throughout this study.
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3.2 Materials and methods

3.2.1 Materials

The radioactivity within Magnox-era legacy buildings inhibits direct sampling of

CMS for remote experimental work, necessitating the selection of suitable test

materials for use as analogues. Since none of the microstructural, mechanical or

interfacial properties of soft sediments are anticipated to be influenced by their

radioactivity, the considerable health and safety complications accompanying ex-

perimental work with active samples were not justified. Extensive consideration has

been given to the provision of suitable non-active test materials for Magnox legacy

waste trials (Blackburn & Thompson, 2013) and two of the approved test mate-

rials, routinely used by Sellafield Ltd for research and development, are employed

throughout this study. The first is Versamag (Martin Marietta Magnesia Special-

ties LLC, USA) (Martin Marietta Magnesia Specialities, 2014), a dry commercial

Mg(OH)2 powder of high purity, containing only trace amounts of magnesium and

calcium oxides as impurities (Martin Marietta Magnesia Specialities, 2014). Soft

sediments of this white precipitated powder are prepared by the addition of mains

water and agitation for 30 min using an overhead stirrer with an axial flow impeller.

Thus, the solids concentration can be chosen to achieve particular density and yield

stress conditions encountered at different stages of CMS consolidation.

The second was a bespoke manufactured test material named corroded magne-

sium sludge (CMgS) produced by Sellafield Ltd and the National Nuclear Labora-

tory (NNL) using a synthesis route closer to conditions within the Magnox Swarf

Storage Silos. Large quantities of commercial magnesium metal raspings (Magne-

sium Electron Ltd) were heated in water baths doped with sodium chloride in order

to achieve accelerated corrosion, mimicking the strategy used to enhance corrosion

within the early MSSS containers (Baldwin, 2003). The raspings were periodically

raked to expose fresh metallic surface and enhance the corrosion rate. Uncorroded

metal was then separated from the corrosion products using a 200µm sieve before

the Mg(OH)2 product was thickened to approximately 10-15 % w/w in a settling

tank and then to 40 % w/w by centrifugation. The product was then mixed with

crushed Hydromag G Mg(OH)2 (Celtic Chemicals, UK) to manipulate the particle

size distribution towards that of CMS and enhance the sludge yield stress at low

concentrations. The resulting CMgS product has been used previously for vari-

ous research and development trials at Sellafield before recovery and centrifugation

back to 40 % w/w for use in this study.

As a wet sludge of around 40 % w/w solids content, specific density and yield

stress conditions were less simple to precisely specify than for the commercial
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Mg(OH)2 powder. Instead, each time a sample was taken the solids concentra-

tion of a 50 ml sub-sample was estimated from the mass loss following 12 h of dry-

ing in an oven at 100 ○C, before the sample was diluted to the desired condition.

Difficulties were experienced when consolidating the CMgS to higher solids con-

centrations than the 40 % w/w bulk concentration provided and so work with the

CMgS focused on the poorly consolidated conditions more typical of legacy pond

sludge than highly consolidated silo wastes. Analysis of the particle size distri-

bution, chemical and morphological composition, rheology and wetting behaviour

was undertaken as detailed in Section 3.2.2.

3.2.2 Particle characterisation techniques

Zeta potential and pH characterisation

Zeta potential, ζ, and pH were measured using a ZetaProbe (Colloidal Dynamics,

USA) (HidalgoAlvarez et al., 1996) to characterise the stability of magnesium hy-

droxide in aqueous environments, which influences the size and shape of Mg(OH)2

aggregates in suspension. The ZetaProbe uses the electrokinetic sonic amplitude

(ESA) technique, whereby a high frequency, 0.2-20 MHz, electric field is generated

between two electrodes submerged within a particulate suspension. The electric

field causes suspended particles close to the probes to oscillate generating an ul-

trasound wave. The potential difference between the applied field at the electrode

and the ultrasound wave, in addition to the phase lag, can be used to characterise

zeta potential. The ZetaProbe was calibrated using a solution of potassium silico

tungstate (KSiW) ions, recommended by Colloidal Dynamics for its stable ESA sig-

nal. The ZetaProbe electrodes were placed in Mg(OH)2 samples of 150 ml volume

and five zeta potential readings were logged at 1 min intervals.

The suspension pH was measured with an Oakton Acorn pH 6 Meter, calibrated

using voltage-pH correlations and standard solutions of pH 4, 7 and 10. The pH

probe was installed beside the ZetaProbe electrodes to determine the iso-electric

point (IEP), representing the pH at which the net electrical charge of particles in

suspension is zero and the inter-particle interactions become exclusively attractive.

Particle sizing

A Mastersizer 2000E (Malvern Instruments, UK) laser diffraction particle size anal-

yser was used to measure particle size distributions (PSD) of the two test materials.

Laser diffraction is a very widely employed particle sizing technique based on the

observation that small spheres scatter incident light with greater angular variation

than large particles; the intensity distribution of scattered light is thus used to

estimate a volume weighted size distribution. The Mastersizer is a particularly
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ubiquitous instrument used to deploy the technique across many disciplines (Adi

et al., 2006; Biggs & Lant, 2000; Goossens, 2008; Sperazza et al., 2004). Dilute

suspensions were sonicated for 10 min prior to transfer to the Mastersizer disper-

sion unit. An axial flow impeller at 2500 rpm is used to disperse particles and

induce flow from the dispersion unit to the measurement domain. It is assumed

that the combined shear of the sonication and Mastersizer impeller was sufficient to

break down large aggregates in the suspension to their shear resistant constituent

particles.

Particle imaging techniques

High resolution scanning electron micrographs (SEM) were captured of the two

test materials using an EVO MA15 microscope (Carl Zeiss, Germany) at the Leeds

Electron Microscopy and Spectroscopy Centre. Samples were sputter coated with a

10 nm film of either gold of iridium prior to imaging in order to improve the signal to

noise ratio (Song et al., 2011). Images were also captured of Mg(OH)2 aggregates

in suspension using a flow particle image analyzer (Sysmex FPIA-2100, Malvern

Instruments, UK) (Komabayashi & Sp̊angberg, 2008) and a particle vision and

measurement (PVM) instrument (Barrett & Glennon, 2002; Greaves et al., 2008)

(Mettler Toledo, US).

X-ray microtomography (µCT)

X-ray microtomography (µCT) (Moreno-Atanasio et al., 2010; Yao et al., 2010)

was employed to generate a three-dimensional radiodensity map through dried

and wet sludge samples of the two test materials for the identification of high

density physical heterogeneities too large for the Mastersizer to detect. The wet

soft sediment samples were sampled using 3 mm cellophane tubes while fragments

of the dried test materials, dried for 24 h at 100 ○C, were scanned on a sample stub.

A Skyscan 1172 (Bruker Corporation, Germany) provided an x-ray source of 80 kV

voltage and 124 µA current while the sample was rotated in 0.2° intervals through

360° over 4-11 h. The 1801 projections were then reconstructed into 4000 × 4000

pixel tomographs of 1.28-3.44 µm resolution. Bruker’s CT-Vox software was used

to render the stack of x-ray tomographs into a three-dimensional volume. The

opacity of the bulk material was then reduced to reveal any high radiodensity

physical heterogeneities within either sample.

Energy dispersive x-ray spectroscopy (EDX)

Elemental analysis was undertaken by energy dispersive x-ray spectroscopy (EDX)

to identify chemical contaminants within the test materials. An 80 mm2 X-Max
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silicon drift detector (Oxford Instruments, UK) associated with the EVO MA15

(Carl Zeiss, Germany) SEM was used to detect x-ray radiation up to 6 keV emitted

by atoms within the sample following excitation by an incident electron beam.

AZtecEnergy software (Oxford Instruments, UK) was used to identify the atomic

abundance of various elements from their characteristic emission peaks within the

EDX energy spectra.

X-ray diffraction (XRD)

An X’Pert (PANalytical, Netherlands) powder x-ray diffractometer was used to

compare the crystal structure of a dried sample of CMgS with commercial Mg(OH)2

by x-ray diffraction (XRD). The X’Pert’s copper anode generates Cu −Kα (zhong

Li et al., 2009) x-rays of 1.54�A wavelength, which were focused into a beam through

anti-scatter slits onto the sample, sweeping through incident angles of 5 < 2θ < 65°.
Characteristic intensity peaks of constructive interference were cross-referenced

with XRD patterns of various known crystalline phases to identify the structures

within each sample.

3.2.3 Soft sediment mechanical and rheological behaviour

The mechanical strength of soft sediments was characterized according to their

shear yield stress, which was determined using two alternative vane method ap-

proaches (Dzuy & Boger, 1985). First, a Brookfield DV-11+ Pro viscometer

(Brookfield AMETEK, USA) was used to rotate four blade vanes of either 6.3 or

10.8 mm diameter at 0.5 rpm within the sediment to observe the measured torque,

T , response over time. The vanes were submerged such that the top of the vane

aligned with the surface of the sample and so the sheared surface area contained

only the bottom face and the vertical wall of an effective cylinder. Torque-time

correlations were obtained for samples of 30-52 % w/w solids concentration for the

commercial Mg(OH)2 and 30.7-38.8 % w/w for the CMgS. The shear yield stress

was determined from the maximum torque response and the vane dimensions ac-

cording to eq. (3.1) (Dzuy & Boger, 1985):

Tmax =
πD3

2
(H
D
+ 1

6
) τ (3.1)

where H and D are the height and diameter of the vane respectively. These

results were validated using a Bohlin Gemini rheometer (Malvern Instruments Ltd.,

UK), which benefits from greater measurement sensitivity and coolant flow around

the sample cup for temperature regulation. A four blade vane of 24 mm diameter

was inserted into the sample, with a 5 mm clearance, for 60 s of pre-shear before
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allowing a further 60 s for the bed to recover. The shear stress was then ramped

at logarithmic intervals to observe the stress at which the instantaneous viscosity

exhibits a sharp decrease, coinciding with a rapid increase in strain, thus indicating

the yield stress of the sample (Barnes, 1999).

A series of creep tests were also conducted using the Bohlin Gemini vane-cup

geometry to investigate any viscoelastic response to prolonged stress (Goñi et al.,

2015; Uhlherr et al., 2005). Following 60 s of pre-shear above the yield stress and

120 s of recovery time, in order to remove hysteresis effects from transferring the

sample and submerging the vane, samples of 37.5 % w/w Mg(OH)2 soft sediment

and 38.9 % w/w CMgS were subjected to a series of incrementally increased creep

stress for 1000 s until the samples flowed freely. Deformation of the samples was

observed through the increase in strain, γ(t), over time, obtained from the product

of the instantaneous compliance, J(t), and the applied stress, τcreep (Jeldres et al.,

2014).

γ(t) = J(t)τcreep (3.2)

3.2.4 Characterisation of the three phase interface

Particles which demonstrate hydrophobic behaviour are able to adsorb to the sur-

face of bubbles to form a monolayer (Ali et al., 2000). The monolayers around

these armoured bubbles can inhibit coalescence and coarsening by Ostwald ripen-

ing and thus stabilise foams (Pitois et al., 2015). Stable particle-gas contact also

allows bubbles to de-wet pore walls within soft sediments and thereby reduce resis-

tance to bubble invasion into adjacent pore-space according to the Young-Laplace

relationship in eq. (2.10) (Boudreau, 2012), which has a significant impact on the

geometry of retained bubbles (Kam et al., 2001b; Wheeler, 1988a) and the potential

avenues for volatile transport through consolidated sediments (van Kessel & van

Kesteren, 2002). On the basis that conventional microscopy methods for charac-

terising three phase contact angles are inherently unsuitable for non-ideal mineral

surfaces (Chau, 2009), two alternative techniques are described below to (1) in-

vestigate the stability of Mg(OH)2 monolayers at an air-water interface through

a series of Langmuir-Blodgett experiments (Derkach et al., 2009; Hunter et al.,

2009; Kundu et al., 2005; Ybert et al., 2002) and (2) investigate the capacity of

Mg(OH)2 to stabilise dynamic foams, or dynamic foaming potential, using Biker-

man foam tests (Fryer et al., 2011; Pugh, 2007; Tan et al., 2005).

Langmuir-Blodgett experiments

Mg(OH)2 monolayers were prepared at the surface of an 80 cm2 Langmuir-Blodgett

trough, shown in Figure 3.1. The trough was first cleaned with methanol, millipore
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Figure 3.1: Image of the 80 cm2 Langmuir-Blodgett trough used to prepare and
compress Mg(OH)2 monolayers while monitoring changes in surface pressure

water, aspirated dry, filled with water and the surface aspirated clean; this cleaning

process was repeated until a surface pressure increase of less than 0.3 mN m−1 was

observed on closing the barriers to 20 cm2.

A 3.9 % w/w dispersion of magnesium hydroxide in isopropanol, considered to

be a suitable dispersant and water-immiscible solvent, was prepared and sonicated

for 10 min. The monolayer was then prepared by transferring a 1 ml volume of the

suspension to the trough interface by dabbing droplets from the bevelled tip of a

500µl micro-syringe across the air-water interface. A 10 min period was allowed for

isopropanol to evaporate from the monolayer prior to experimentation. Tests were

then conducted using a compression-expansion cycle where the barriers converged

from 80 to 20 cm2 over 13 min, remained still for 5 min and then diverged back to

80 cm2 over 13 min. Surface pressure measurements were determined from a force

balance on a 1 cm wide Wilhelmy plate attached to a microbalance (Derkach et al.,

2009).

Bikerman foam tests

Bikerman foam tests were conducted by bubbling air into aqueous Mg(OH)2 sus-

pensions of 2, 4 and 8 % v/v, or 4.6, 9.0 and 17.1 % w/w, through a 46-60µm pore

fritted glass disk at the base of a 34 mm diameter glass Bikerman column, as

demonstrated by the schematic in Figure 3.2 (Fryer et al., 2011). Prior to ex-

perimentation, the column was thoroughly cleaned with ethanol and then water

in order to remove any traces of surfactants or dust particles which enhance and

diminish foamability respectively. The height of the top of the foam was recorded

at 10 s intervals against the millimetre calibrations at the column wall until the

rate of bubble formation at the fritted disk achieved a dynamic equilibrium with

the rate of bubble collapse at the top of the foam and a constant, maximum foam
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Figure 3.2: Schematic of a Bikerman column with an in-line rotameter for dynamic
foam height analysis, modified from Fryer et al. (2011)

height, Hmax, was observed. A range of air flow rates, V̇ , up to 134.7 ml min−1

were investigated using an in-line rotameter (Supelco Analytical, USA), in order

to investigate maximum foam height as a function of gas velocity, ug. Bikerman

(1973); Pugh (2007); Tan et al. (2005) all observed linear proportionality between

gas velocity and maximum foam height, with their ratio providing a dynamic foam

stability factor (Aktas et al., 2008; Barbian et al., 2005; Bikerman, 1973), Σ, in

seconds.

Σ = Vf ,max
V̇

= HmaxA

V̇
= Hmax

ug
(3.3)

where VF,max is the maximum foam volume and A is the cross-sectional area of

the column. A second useful characteristic time-scale is the average bubble lifetime,

T , (Barbian et al., 2003) which dictates the rate of foam rise according to eq. (3.4)

(Barbian et al., 2005; Bikerman, 1973):

H(t) =Hmax (1 − exp(− tT )) (3.4)
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3.3 Results and discussion

3.3.1 Particle size, structure and composition

Laser scattering particle size distributions (PSD) of the commercial Mg(OH)2 and

CMgS test materials are presented in Figure 3.3. The Versamag demonstrated the

narrower size distribution, with particles of 0.6-100 µm and a median particle size

of 4.4 µm. The CMgS shares the same primary mode, and a similar median diam-

eter of 4.8 µm, however the CMgS exhibited an additional coarser mode centred

around 200 µm with some particles detected right up to the 1000µm limit of the

Mastersizer, possibly indicating the presence of some very large millimetre scale

particles.
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Figure 3.3: Laser scattering particle size distributions for commercial Mg(OH)2

(Versamag) and corroded magnesium sludge (CMgS) test materials acquired using
a Malvern Mastersizer 2000

Aqueous suspensions of Mg(OH)2 are reported to exhibit low electrophoretic

mobility (Schott, 1981) and hence a strong tendency for rapid aggregation (Brakalov,

1985). Characterisation of the ζ − potential of Versamag suspensions within the

self-buffering pH range of 10.03 ± 0.13 yielded very low magnitude potentials in the

range of 0.5-3.2 mV. Thus, Mg(OH)2 self buffered to an alkaline pH close to the

isoelectric point (IEP), which is consistent with IEP measurements in the 10.8-11

range in Biggs et al. (2007) and Schott (1981). Consequently, the size and struc-

ture of Mg(OH)2 in aqueous suspension will be governed by its aggregation kinetics

(Brakalov, 1985; zhong Li et al., 2009), which may be highly sensitive to the shear

environment of a particular particle sizing technique.

Evidence of this aggregation behaviour is provided in Figure 3.4, where Mg(OH)2

aggregates are observed at three imaging scales. A scanning electron micrograph

of dry Versamag powder in Figure 3.4a shows a 3µm cluster of hexagonal platelets,
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with facial dimensions up to 400 nm and thicknesses of less than 50 nm. These

constituent platelets are consistent with brucite crystallites observed in Gregson

et al. (2011) and zhong Li et al. (2009). The cluster or primary agglomerate it-

self is similar in scale to the primary modes of the Versamag and CMgS PSDs

in Figure 3.3, suggesting that these small agglomerates are more resistant to the

high shear conditions of the Mastersizer than larger aggregates. A larger, 22 µm

diameter, aggregate in Figure 3.4b, captured using the Sysmex FPIA, shows the

outline of the primary agglomerates within a larger aggregate. Figure 3.4c reveals

the presence of very large macro-aggregates, the largest of 157 µm diameter, within

a dilute suspension and under low shear agitation.

(a) (b) (c)

Figure 3.4: Images of Mg(OH)2 acquired (with decreasing magnification from left
to right) using (a) scanning electron microscopy (SEM), (b) Sysmex flow particle
image analysis (FPIA) and (c) particle vision and measurement (PVM)

These large, loosely bound macro-aggregates are likely to be significant in gov-

erning the sedimentation dynamics of Magnox corrosion products transferred from

the base of the FGMSP to the SPP1 tanks (Biggs et al., 2007), however the mi-

crostructure of consolidated Mg(OH)2 soft sediments, having undergone significant

compressional dewatering, is likely dictated by the shear resistant primary agglom-

erates and crystallites shown in Figure 3.4a. For the CMgS, the Mastersizer PSD

revealed a range of robust, shear resistant particles greater than 100µm diameter,

while coarser particles still, too large for the laser scattering measurement technique

to detect, are clearly visible when handling the test material. X-ray microtomogra-

phy (µCT) was employed to investigate whether this coarse particle fraction could

be distinguished from the bulk material by its radiodensity; µCT reconstructions

of Mg(OH)2 and CMgS soft sediments, both dried for 8 h at 100 ○C, acquired using

a Bruker Skyscan, are shown in Figure 3.5.

Away from the large voids and thermal fractures, artefacts of drying the sam-

ples, the dried Versamag µCT reconstruction in Figure 3.5a appears largely ho-

mogeneous in density. Conversely, the CMgS sample in Figure 3.5c demonstrates

several high radiodensity hotspots. This disparity is more apparent in Figures 3.5b
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(a) (b)

(c) (d)

Figure 3.5: Three dimensional x-ray micro-tomography reconstructions of (a, b)
dried Mg(OH)2 soft sediments and (c, d) dired CMgS. The opacity of the bulk
material has been minimised in (b) and (d) to observe high radiodensity hetero-
geneities within each test material.
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and 3.5d where the opacity of the uniform bulk sediment and low radiodensity

voids has been significantly reduced to isolate the high density heterogeneities. A

number of hotspots are similar in scale to the millimetre calibrations indicated on

the bounding box and are so much denser than the surrounding bulk material that

they are unlikely to be Mg(OH)2 aggregates. Some of these hotspots could rep-

resent (1) uncorroded magnesium metal raspings, which were not captured by the

200µm sieve or removed by sedimentation, (2) magnesium oxide from the added

crushed Hydromag which has not hydrated, or (3) foreign species which contami-

nated the test material during previous large-scale trials before it was recycled for

this research.

Typically, gas bubbles retained by consolidated soft sediments are many times

larger than the grains of the surrounding sediment (Wheeler, 1988a), as excessive

Laplace pressures prevent stable sub-micron, pore scale bubbles. During bubble

growth by elastic-plastic cavity expansion(Terrones & Gauglitz, 2003), solids and

pore-water are understood to flow away from the larger bubbles together, behaving

as one continuous phase (Boudreau, 2012; Wheeler, 1988a). However, coarse, dense

particles embedded within the bulk Mg(OH)2 matrix may resist displacement and

instead deform the bubble. Equally, particles two orders of magnitude larger than

the median particle size act as obstacles in the pore structure which may inhibit

gas invasion through the pore-space or disrupt the typical linear elastic stress field

around the tip of a crack, as shown in Figure 2.9b, and thereby curtail fracture

propagation. Efforts were undertaken to characterise the elemental composition of

the two test materials by EDX analysis in the hope of identifying this coarse, dense

particle fraction observed under µCT.

Four EDX spectra, shown in Figure 3.7 and quantified in Table 3.1, were gen-

erated for regions indicated within each of the four scanning electron micrographs

in Figure 3.6. Spectra 1 and 2 correspond to typical regions of the bulk phases

of Versamag and CMgS respectively, consistent with the agglomerates of hexago-

nal platelets in Figure 3.4a. The predominantly oxygen and magnesium contents,

present in a 2:1 atomic ratio, are anticipated for brucite-rich (Gregson et al., 2011)

sediments. The trace amounts of silicon, sulphur, chlorine and calcium are common

oxides found in commercial Mg(OH)2 powders synthesised by hydration and pre-

cipitation of calcined dolomitic lime, CaO ⋅MgO (Blackburn & Thompson, 2013;

Martin Marietta Magnesia Specialities, 2014). A sample of CMgS was then diluted

to allow the large, heavy particles to sediment out for collection before they were

washed, dried and transferred to an SEM stub. One particularly coarse particle,

2.4 mm across its longest axis, isolated by this approach is shown in Figure 3.6d.

Despite its significant physical dissimilarity from the brucite micrographs in Fig-

ures 3.6a and 3.6b the EDX spectrum is indistinguishable, implying either (1)

brucite deposition at the surface of a large dense foreign particle or (2) substantial
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(a) (b)

(c) (d)

Figure 3.6: Four scanning electron micrographs of the bulk phase of (a) Versamag
and (b) CMgS, (c) a large crystal impurity within the CMgS and (d) a very large,
dense millimetre scale particle within CMgS; the black box regions were analysed
for their atomic composition using energy-dispersive x-ray specroscopy (EDX), pre-
sented in Figure 3.7 and table 3.1
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Figure 3.7: Four EDX spectra corresponding to the micrographs in Figure 3.6
indicating the elements which best account for each EDX peak
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corrosion at the surface of some metallic magnesium to at least the 1-2 µm depth

the EDX is able to probe. The brucite structure at the surface of Figure 3.6d

appears similar to the globular aggregate morphology observed in Henrist et al.

(2003) following synthesis at elevated temperatures. Comparison of this macro-

scopic particle with the 500µm scale bar, 2.5 times larger than the sieve mesh used

to segregate corrosion products from uncorroded metal, reinforces the µCT obser-

vation that the CMgS has obtained a coarser particle fraction since its original

synthesis.

Table 3.1: A summary of the relative atomic abundance of each element identified
from the four EDX spectra in Figure 3.7

Element Atomic abundance (%)
Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

O 63.54 66.43 65.57 64.99
Mg 35.69 33.02 6.64 33.80
Si 0.31 0.12 17.37 0.29
S 0.04 0.20
Cl 0.19
Ca 0.27 0.38 0.73
Al 1.31
Na 6.93
K 0.89
Ba 0.17

Further SEM examination of the CMgS revealed the large flat crystal in Fig-

ure 3.6c, distinguishable from the brucite crystallites in both its scale and its

non-hexagonal morphology. In addition to the magnesium and oxygen present

in every sample, the EDX analysis revealed silicon, sodium, aluminium and potas-

sium in order of decreasing atomic abundance. This atomic spectrum is consis-

tent with the quartz, SiO2, muscovite, (KF)2(Al2O3)3(SiO2)6(H2O), and illite,

(AlMgFe)2(SiAl)4O10[(OH)2H2O], minerals found in slate (Knipe, 1981). Discus-

sion with Sellafield Ltd. revealed that crushed slate had been added to the test

material in order to represent the large, dense component of CMS, consisting of

uncorroded metal fragments and wind blown sand within the open-air ponds.

X-ray diffraction (XRD) tests were performed on the two test materials for

more detailed assessment of the crystal structure of the bulk phase. A sweep of

incident x-ray angles in the range of 5 < 2θ < 65° generated the XRD spectra

presented in Figure 3.8. The two diffraction patterns are consistent with Brucite

XRD fingerprints from various studies (Henrist et al., 2003; Ramesh & Sreenivasa,

2015; Song et al., 2011; zhong Li et al., 2009), revealing the five major peaks listed

in Table 3.2. These five intensity peaks were identified as distinct families of brucite

lattice planes based on the XRD analysis in Henrist et al. (2003).
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Figure 3.8: X-ray diffraction (XRD) patterns for commercial Mg(OH)2 (Versamag)
and corroded magnesium sludge (CMgS) [XRD measurements undertaken with Wei
Ding and Johannes Botha, University of Leeds]

zhong Li et al. (2009) and Henrist et al. (2003) found that the ratio of the 001

and 101 lattice plane intensity peaks, I001/I101, was sensitive to various prepara-

tion conditions, including background ion concentrations, pH, temperature and the

presence of surfactants during synthesis, and that this ratio has a profound impact

on particle size, morphology and dispersion properties, however this ratio, at 0.45-

0.48 , did not greatly differ between the two test materials. In fact the ratios of

each of the five common dominant peaks in Table 3.2 as well as the minor intensity

peaks at 29.4 and 32.9° imply similar crystal structure for the bulk phase of the

two materials. The small peak at 42.8° unique to the commercial Mg(OH)2 and

the broad amorphous hump observed in the 43.5-47.0° range of the CMgS spectrum

represent the only points of departure between the XRD spectra, and the magni-

tude of the amorphous hump is too close in scale to the underlying noise to justify

quantitative analysis.

3.3.2 Mechanical deformation behaviour of magnesium hy-

droxide soft sediments

Vane rheology was employed to investigate whether the coarse particle fraction

within the CMgS test material significantly altered the bulk mechanical behaviour,

observed across a range of solids concentrations, from that of the commercial

Mg(OH)2. An example torque-time relationship, obtained using the Brookfield
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Table 3.2: Summary of the major intensity peaks identified from the XRD spectra
in Figure 3.8; the respective brucite crystal planes are identified from Henrist et al.
(2003)

2θ (°) Ii/I101 Brucite plane
Mg(OH)2 CMgS Mg(OH)2 CMgS

18.47 18.63 0.48 0.45 001
37.90 38.02 1.00 1.00 101
50.77 50.92 0.41 0.31 102
58.54 58.64 0.40 0.35 110
61.96 62.07 0.18 0.20 111
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Figure 3.9: Example torque-time profile from the 0.5 rpm rotation of a four blade
vane within % w/w Mg(OH)2 soft sediment demonstrating the maximum torque
and maximum torque gradient
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Figure 3.10: Stress controlled flow curves passing through an observed yield stress
for (a) Versamag Mg(OH)2 soft sediments and (b) CMgS
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Figure 3.11: Comparative yield stress determination from (1) the imposed stress
immediately prior to a decrease in viscosity by several orders of magnitude or (2)
extrapolation to the point of near-zero strain rate

DV-11+ Pro viscometer, is demonstrated for a 45 % w/w Mg(OH)2 soft sediment

in Figure 3.9. The 2.05 mN m maximum torque, obtained with the smaller, 6.3 mm

diameter, vane, corresponds to a yield stress of 320 Pa according to eq. (3.1) (Dzuy

& Boger, 1985). Three repeat tests at the same solids concentration demonstrated

reasonable agreement, with yield stresses measured of 315 ± 7 Pa. The convenience

of this approach is that the small vane geometries available and negligible wall

effects between the sheared surface and the much larger sample container enabled

the characterisation of yield stresses up to 830 Pa, which will be summarised in

Figure 3.12. The drawback is that this approach is relatively crude in comparison

to isothermal, stress-contolled viscometry and so a Bohlin Gemini rheometer was

used to validate the results.

Stress controlled flow curves for Mg(OH)2 soft sediments at three solids con-
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Figure 3.12: Commercial Mg(OH)2 (Versamag) and CMgS soft sediment shear
yield stresses within the 28-52 % w/w concentration range, acquired using a Brook-
field DV-II Pro viscometer and Bohlin Gemini rheometer shown on (a) linear and
(b) semilog axes in order to highlight the disparity between the test materials in
the low concentration regime. The Brookfield yield stress data was acquired using
two vanes (72 and 73) of 10.8 and 6.3 mm diameter respectively, with the smaller
vane employed for sediment concentrations above 40 % w/w

centrations are presented in Figure 3.10a. The nine flow curves demonstrate the

same characteristic behaviour, with a high viscosity plateau at low shear stresses,

a yield stress, indicated by the six orders of magnitude decrease in viscosity over

a very narrow stress range, and a secondary low viscosity plateau above the yield

point. The rapid fall in viscosity at the yield point is accompanied by an equally

rapid increase in strain, as the vane readily deforms the sediment on transition to

more fluid-like behavior above the yield stress (Nguyen & Boger, 1992). Figure 3.11

demonstrates that there is little disparity in the apparent yield stress whether it

is defined by the stress determined by extrapolation to a near zero strain rate of

1 × 10−6 s−1 or by the stress which immediately preceeds the several orders of mag-

nitude decrease in viscosity or increase in strain. The transition from Newtonian

plateau to continuous flow occurs over such a small stress increment that the dis-

parity between these definitions of the yield stress differs less than the variance

between repeat flow curves. Hence, the transition stress which marks the end of

the Newtonian plateau is used to define the yield stress (Barnes, 1999).

The yield stress at each solids concentration demonstrates good repeatabil-

ity between samples and increases with solids concentration. This behaviour is

mirrored by the CMgS flow curves in Figure 3.10b, however significantly greater

stresses are required for equivalent concentration samples to yield. This is more

apparent in Figure 3.12, which aggregates all the yield stress-concentration data,

acquired with both instruments for both test materials.

For the commercial Mg(OH)2 sediments, the smaller Brookfield vane (vane
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73) was required for samples above 40 % w/w concentration to operate within the

maximum torque limits of the viscometer, but resulted in slightly greater scatter

in the measured yield stress. This is influenced by a number of factors: (1) the

uncertainty in the yield stress measurements increases as the area of the sheared

surface is reduced, (2) samples with higher solids content are more difficult to

homogeneously mix, and (3) these increased uncertainties coincide with a region

of sharp yield stress increase with solids concentration. Nonetheless, the collated

data for the commercial Mg(OH)2 from both instruments generated a power law fit

with concentration, shown in eq. (3.5), with a robust coefficient of determination,

R2, of 0.96.

τ = 2.156 × 105ω8.55 (3.5)

where the solids concentration is expressed as a weight fraction (0 < ω < 1) to

provide a shear yield stress in pascals. The Brookfield and Bohlin data demon-

strated particularly good agreement for the CMgS samples, however yield stress

analysis was limited to samples of up to 40 % w/w. The corresponding power law

relationship with concentration is given in eq. (3.6).

τ = 6.267 × 104ω6.97 (3.6)

Presentation of the shear yield stress on a logarithmic scale in Figure 3.12b

better demonstrates the disparity between the test materials. CMgS sediments in

the 30-40 % w/w concentration range were observed to yield at roughly double the

shear stress of the commercial Mg(OH)2 sediments. Investigations of gas holdup

within Hanford sediments has used primarily kaolin and bentontite clay sediments

as non-active analogues (Gauglitz et al., 2015; Sherwood & Eduardo Sáez, 2014).

Kaolin suspensions exhibit much lower yield stresses than Mg(OH)2 sediments

of equivalent solids content, while the reverse is true for Bentonite clay which

rapidly increases in shear yield stress with added solids concentration (Gauglitz

et al., 2015). Best agreement in concentration-shear yield stress conditions between

the two Mg(OH)2 test materials in this study and research and development test

materials used by PNNL were observed for kaolin-bentonite mixtures in ratios of

90 ∶ 10 to 80 ∶ 20 (Gauglitz et al., 2015).

The apparently elastic or solid-like response at low stress and viscous, fluid-like,

response above the yield stress, demosntrated in Figure 3.10 typifies viscoplastic

behaviour (Bird et al., 1983; Liddell & Boger, 1996). However, the four creep

profiles for 37.5 % w/w Mg(OH)2 in Figure 3.13a, performed using an imposed

stress below the yield stress, 20 ≤ τcreep ≤ 33 Pa, suggest this interpretation does

not fully capture the complex sediment rheology. While the series of creep profiles

in Figure 3.13a demonstrate a dominantly elastic response up to the yield stress, the
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Figure 3.13: Creep profiles at a series of constant stress conditions for (a)
36.0 % w/w Mg(OH)2 soft sediment and (b) 38.9 % w/w CMgS

continued linear rise in strain after 400 s, once the contribution of the instantaneous

and delayed elastic compliances have diminished, demonstrates a viscous response

to protracted creep below the yield point, similar to observations for kaolin in

Uhlherr et al. (2005). This could indicate that bubbles with sufficient excess bubble

pressures, retained within soft sediments for long periods, may exhibit chronic

viscous deformation at the bubble boundary and become more spherical over time.

The departure from this type of creep behaviour in the 34 Pa test, with much more

extensive deformation of the sample during the first 100 s, indicates the transition

to more fluid-like behaviour (Jeldres et al., 2014; Liddell & Boger, 1996; Uhlherr

et al., 2005), indicating a yield stress in the 33-34 Pa range, which is consistent

with the 37.5 % w/w flow curves in Figure 3.10a.

Six creep profiles are presented for 38.9 % w/w CMgS in Figure 3.13b. The

profiles at applied stresses of 50-84 Pa demonstrate similar behaviour to the com-

mercial Mg(OH)2. The dominant response is characterised by a delayed elastic

compliance, with an exponential decay in the increase in strain towards a plateau,

however, a truly flat plateau is never achieved due to a continued linear rise in

strain, thereby demonstrating the viscous compliance. Conversely, the creep curve

at 86 Pa, the highest stress before the sample is observed to yield, demonstrates a

classically elastic response for the duration of the test. The inset to Figure 3.13b,

representing strain on a logarithmic scale, shows a 6 order of magnitude increase

in strain at an applied stress of 88 Pa indicating a yield stress in the 86-88 Pa

range. The creep tests, combined with the stress-strain flow behaviour justifies the

characterisation of consolidated soft sediments in Terrones & Gauglitz (2003) as

elastoviscoplastic materials (Fraggedakis et al., 2016; Saramito, 2009).

The creep tests reinforce the observation from the flow curves in Figure 3.10

and yield stress summary in Figure 3.12, that CMgS is able to withstand greater
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stresses than an equally consolidated Mg(OH)2 soft sediment before yielding. The

broader particle size distribution and presence of very large, dense contaminants

within the CMgS also implies a greater tendency for the CMgS to consolidate

under gravity. It has proved difficult to replicate the very high yield stress con-

ditions believed to exist within certain MSSS containers at laboratory scale, since

CMS has consolidated under large hydrostatic loads over many decades. Further-

more, the standard commercial rheometers available for this work limited shear

yield stress characterisation to sediments of less than 830 Pa, although sediments

of up to 54 % w/w solids content have been achieved, which correspond to yield

stress conditions of up to 1112 Pa on extrapolation of eq. (3.5). There is consid-

erable uncertainty regarding the precise condition of waste within the MSSS and

decommissioning activities currently being undertaken at Sellafield make young

low-intermediate yield stress sludge much more realistic. CMS from the floor of

the FGMSP undergoes considerable dilution and shearing during mobilisation and

transport to SPP1. Crane extraction of consolidated waste from the MSSS and

transfer to 3 m3 containers resembles a slump test (Gauglitz et al., 2015; Sofrá &

Boger, 2002) sometimes used to characterise yield stress in the minerals industry.

CMS released from the crane grab will slump under its own weight, breaking many

of the slowly formed inter-aggregate bonds. Hence, there remains a considerable

interest in low and intermediate yield stress sediments in addition to the kilopas-

cal yield stress conditions typically associated with the MSSS containers (Hunter

et al., 2011).

In addition to the shear yield stress, the shear modulus, G, is identified in

eq. (2.11) as critical to whether a spherical bubble can expand its host cavity (van

Kessel & van Kesteren, 2002). Sherwood & Meeten (1991) and Alderman et al.

(1991) state that the same vane rheometry data in Figure 3.9 used to determine the

shear yield stress can be used to estimate the shear modulus from the maximum

gradient of the torque-time profile according to eq. (3.7):

G = 1

4πuθH
(dT
dt

)
max

( 1

R2
− 1

R2
c

) (3.7)

where uθ is the angular velocity of the vane, H is the vane length, and R and

Rc are the radii of the vane and container respectively. Applying this correlation

generates the shear modulus values summarised in Figure 3.14. The technique ap-

pears to be sensitive to the vane geometry, demonstrating poor continuity between

the large vane data for solids concentrations less than 40 % w/w and the small vane

data at elevated concentrations. While these shear modulus data should be consid-

ered with caution, the data appears similar in magnitude to the shear yield stress

data within this 30-50 % w/w sediment concentration range. Hence, the inverse

yield strain, γ−1
s = G

τ , lies within the range of 0.7-1.4 and so a crude estimate of
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Figure 3.14: The shear modulus of magnesium hydroxide soft sediments obtained
using the vane method

the excess bubble pressure for cavity expansion can be written as ∆Pe = 4
3τ ± 40 %,

indicating that the excess bubble pressure for cavity expansion exhibits a similar

magnitude to the yield stress.

3.3.3 Behaviour at the three phase interface

Three compression-expansion Langmuir-Blodgett isotherms are presented in Fig-

ure 3.15. Each isotherm demonstrates a significant, 34-46 mN m−1, increase in

surface pressure as the monolayer undergoes compression, indicating that a large

number of Mg(OH)2 particles are supported at the three phase interface. Isotherms

2 and 3 are most comparable in shape. Compression of the monolayer through the

condensed phase (Ybert et al., 2002) sees a rapid increase in surface pressure until

the monolayers occupy 34 and 41 cm2 of the trough surface respectively, at which

point the monolayers appear to yield to form a more stable three-dimensional phase

(Kundu et al., 2005). Thereafter, each isotherm demonstrates significant hysteresis

during the expansion cycle, indicative of a relatively inelastic monolayer (Hunter

et al., 2009). Isotherm 1 does not exhibit such a clear yielding of the monolayer,

however the significant increase in surface pressure and expansion cycle hysteresis

are consistent in each instance.

The dashed vertical line at an area of 50.7 cm2 in Figure 3.15 represents the

surface area that would be occupied by the added mass of Mg(OH)2 in a uni-

form monolayer of 4.4 µm spheres arranged with perfect hexagonal packing (Hunter

et al., 2009). Following Figure 3.4a, the primary agglomerates do not appear to
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Figure 3.15: Three Langmuir-Blodgett isotherms observed during compression
(solid) and expansion (dashed) of a Mg(OH)2 monolayer at an air-water interface

be perfectly spherical, while the laser scattering particle sizing in Figure 3.3 does

not reveal a monodisperse distribution; however, the surface area value of 50.7 cm2

indicates a conservative estimate of the surface area of the monolayer at collapse if

all particles were supported at the interface. In reality, the surface areas occupied

by the monolayers at collapse for isotherms 2 and 3 were 20 and 33 % below that of

the ideal monolayer, implying that between a fifth and a third of solids are perfectly

wetted by water and fall into the sub-sphase, thereby exhibiting no finite contact

angle. By the same measure, and given adequate time to stabilise, the majority of

Mg(OH)2 particles are indeed supported at the air-water interface.

Bubbling air through aqueous Mg(OH)2 suspensions of 2-8 %v/v in a Bikerman

column demonstrated poor capacity for the brucite particles to stabilise a dynamic

foam. This is demonstrated by the image in Figure 3.16 where no stable foam is

observed even at this relatively high air flow rate of 122.1 ml min−1. This does not

necessarily contradict the observation of a stable monolayer during the Langmuir-

Blodgett experiments as particles were stabilised at the air-water interface over

long contact times, > 10 min, during the slow evaporation of the isopropanol spring

solvent. These dynamic foaming tests are characterised by particle-bubble contact

times in the order of seconds or even less, which appear to be inadequate for

particles to stabilise at the interface (Aktas et al., 2008). While any finite contact

angle will enable monolayer formation on a Langmuir trough, contact angles of at

least 40° are reportedly required to form a stable foam (Hunter et al., 2009), while

contact angles of 70 and 85° are reported to best stabilise dynamic mono- and
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Figure 3.16: Image from a dynamic foam test within a Bikerman column taken
while bubbling air through a 2 % v/v Mg(OH)2 suspensions at 122.1 ml min−1

bi-layer foam films respectively (Kaptay, 2006). Furthermore, even for dynamic

foaming tests employing stabilising agents with optimum wetting characteristics,

a relatively small, < 10 %, percentage of particles in the dispersion interact at the

interface (Hunter et al., 2009).

Gas generation governed by the corrosion of Magnox cladding and by radiolysis

is a chronic process, with bubble growth proceeding on a time scale of weeks and

months. Given the surface activity observed during the Langmuir-Blodgett experi-

ments, these time-scales would appear to be adequate for some particles to stabilise

at the bubble interface (Ali et al., 2000) and form armoured bubbles (Pitois et al.,

2015). Consequently, Mg(OH)2 at bubble interfaces could enable a chronic foam

formation and inhibit bubble coalescence with soft sediments, however realistic

contact angles in the order of 40° are unlikely to favourably influence the energet-

ics of capillary invasion. Since the excess bubble pressure required to intrude into

adjacent pore-space scales with the inverse pore throat radius and the cosine of

the contact angle (Kam & Rossen, 1999), a three-phase contact angle of 40° only

diminishes that excess pressure by 23 % against a perfectly pore-wetting continu-

ous phase, and so capillary invasion will almost exclusively be dictated by the scale

of sedimentary pores. However, floatation of particles within the Hanford tanks,

leading to the formation of a floating crust (Page et al., 2018), is considered to be

driven by organic constituents within the waste matrix (Bryan et al., 1992), which

were carefully avoided during these experiments. Real CMS contains humic and

fulvic acids generated by decayed organics within the open air FGMSP (Gregson
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et al., 2011) which become surface-sorbed to hydrotalcites in the sludge matrix

(Amin & Jayson, 1996; Gregson et al., 2011) and could greatly enhance particle

stability at the three-phase interface.

3.4 Conclusions

Two test materials, commonly used for research and development by Sellafield Ltd.

as non-active analogues for CMS, have been characterised in terms of their chemi-

cal composition, particle size distributions, shear deformation behaviour and three

phase wetting characteristics ahead of an investigation into their gas retention be-

haviour at laboratory scale. Following EDX and XRD analysis, the commercial

magnesium hydroxide and corroded magnesium sludge (CMgS) test materials were

found to consist predominantly of brucite, Mg(OH)2, although the CMgS also con-

tained additional coarse crystals, ≈ 20µm, rich in silicon, sodium and aluminium

understood to be crushed slate. Under SEM, the brucite component of both test

materials exists as primary agglomerates of hexagonal platelet crystallites, consis-

tent with observations in Gregson et al. (2011) and zhong Li et al. (2009). The com-

mercial Mg(OH)2 and CMgS have similar laser scattering derived median particle

diameters of 4.4 and 4.8 µm respectively, however the CMgS contains a secondary

mode of particles centred around 200 µm, while µCT revealed a significant num-

ber of millimetre-scale particles, much denser than the bulk sediment and outside

the detection range of the laser scattering measurement technique. EDX revealed

no elemental disparity between the ≈ 4µm primary agglomerates and the > 1 mm,

with magnesium and oxygen present in a 1:2 atomic ratio, indicating a second, high

density brucite morphology.

Vane rheology demonstrated a complex elastoviscoplastic sediment response to

shear deformation (Fraggedakis et al., 2016; Saramito, 2009), with a distinct yield

stress which increases rapidly with solids concentration, τ ∝ ω6.97−8.55, and a dom-

inantly elastic response to creep below the yield stress but also a notable viscous

compliance. The CMgS exhibited yield stresses roughly double those of the com-

mercial Mg(OH)2 at equivalent solids concentrations within the 30-40 % w/w range

and thus an equivalent yield stress will coincide with a more porous microstructure

for CMgS. Both test materials demonstrate greater yield strength than equivalent

concentrations of kaolin, used extensively to simulate Hanford tank waste during

gas retention studies (Sherwood & Eduardo Sáez, 2014). Langmuir-Blodgett exper-

iments revealed that a majority of brucite particles added to the trough were sup-

ported at the air-water interface, arranged in a monolayer with a relatively inelastic

response to compression and expansion (Hunter et al., 2009; Ybert et al., 2002),

raising the possibility for armoured bubbles (Pitois et al., 2015) within consolidated
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soft sediments, which could inhibit coalescence and promote foam formation. How-

ever, Mg(OH)2 demonstrated a poor capacity to stabilise dynamic foams within

a Bikerman column (Barbian et al., 2005), indicating that long contact times are

required for particles to stabilise at the interface, which may be more realistic for

chronic hydrogen generation by corrosion within the MSSS.
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Chapter 4

The evolution of bubble

populations retained by

magnesium hydroxide soft

sediments experiencing in situ

gas generation

4.1 Introduction

The condition of waste within the MSSS containers, the extent of gas holdup within,

and the size and shape of the retained bubble populations are all subject to signif-

icant uncertainty, with monitoring greatly inhibited by dose levels in some areas

of up to 200 REM h−1, equivalent to a permissible daily working time of less than

a second (Smith, 2006). Characterising bubble populations within non-active sed-

iments is not trivial due to the optically opaque nature of sludge. X-ray computed

tomography (CT) has been employed to visualise bubbles in opaque environments

with a degree of success, but much of this work has focused on individual bubbles

injected from a submerged orifice (Barry et al., 2010; Best et al., 2006). Estimating

the size and shape distribution for a diverse bubble population, nucleated in situ

from volatile solutes within sedimentary pore water, would represent substantial

progress, particularly for bubbles within Mg(OH)2 sediments for which no research

attention has yet been afforded in the publicly available literature.

This chapter presents a series of laboratory scale gas retention tests, using

hydrogen peroxide decomposition for in situ oxygen generation within consolidated
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Mg(OH)2 soft sediments, with the aim of establishing the yield stress conditions

which give rise to the most credible acute hydrogen release hazards. This scaled

down and accelerated perspective of gas retention within the MSSS containers

will also be further investigated using large-scale clinical CT in order to infer the

likely mechanisms for bubble growth from the bubble geometries and reveal any

macroscopic features which might promote chronic gas transport from the bed.

4.2 Materials and methods

The commercial Mg(OH)2 (Versamag) test material, characterised in terms of its

particle size, mechanical and interfacial properties in Chapter 3, was used for all of

the experimental work in this chapter. Consolidated soft sediments were prepared

by the addition of tap water and agitation for 30 min using an overhead stirrer with

an axial flow impeller. In situ gas generation was achieved by addition of 35 % w/w
hydrogen peroxide (Merck Chemicals, Germany) which decomposes within the bed

to form oxygen bubbles according to eq. (5.4):

H2O2 ÐÐ→ H2O + 1

2
O2 (4.1)

It is generally accepted that the composition of the gas plays a limited role in the

bubbles’ buoyancy and the physics governing gas retention and release (Boudreau,

2012), and so it was assumed that oxygen bubbles provide an acceptable ana-

logue for hydrogen, while also benefiting from more controllable reaction kinetics

than hydrogen production from metal corrosion. However, the marginally greater

solubility of oxygen in water may facilitate more rapid bubble coarsening due to

Ostwald ripening. A 4.4 ml volume of hydrogen peroxide was added for each litre

of sediment, decomposing to a gas volume corresponding to 60 % of the initial bed

volume, consistent with the methodologies outlined by Gauglitz et al. (2015) and

Sherwood & Eduardo Sáez (2014).

4.2.1 Laboratory scale gas retention tests

A series of laboratory scale tests were conducted to investigate the capacity for gas

retention and release under different bed yield stress conditions. A 1 l volume of

soft sediment was prepared and pumped to a 118 mm diameter acrylic test cylinder

using a peristaltic pump. Hydrogen peroxide was injected into the soft sediment

either at the mixing stage (stage 1) or by slow continuous injection during the 2 min

transfer period (stage 2) as demonstrated in Figure 4.1. Optical images of the test

vessel were captured at 8 min intervals while the hydrogen peroxide decomposed
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(1) (2)

118mm

∆H1(t)
∆H2(t)

VR(t)

VG(t)

Figure 4.1: Schematic of the laboratory scale gas retention tests identifying two
alternative hydrogen peroxide injection points, 1 and 2; the dashed line represents
the surface of the soft sediment at time t

to form oxygen bubbles causing the bed to expand. The generated gas volume,

VG(t), was monitored over time by measuring the volume of water displaced from

an adjacent upturned measuring cylinder in a water bath. The retained gas volume,

VR(t), was determined from the net increase in bed volume during gas generation.

The sediment height, both at the cylinder wall and at the centre of the test vessel,

was measured to millimetre precision from the images of the bed, referencing the

measuring scale on the test cylinder wall for calibration. The instantaneous bed

volume was estimated by representing the bed as a cylinder with a spherical cap

according to eq. (4.2):

VR(t) = πR2∆H1(t) +
1

3
π∆H2(t)2 (3R −∆H2(t)) (4.2)

where R is the test cylinder radius, ∆H1(t) is the increase in bed height at the

wall and ∆H2(t) is the difference in height between the domed sediment peak and

the bed height at the wall (see Figure 4.1). The bed void fraction, ν(t), can be

calculated at any instant using eq. (4.3):

ν(t) = VR(t)
V (t) (4.3)

where V (t) is the instantaneous total bed volume. The capacity of each soft

sediment to retain gas is characterized according to the maximum void fraction,

νmax, or gas holdup (Frank et al., 2012; Gauglitz et al., 2015), observed during

the experiments. Since the gas generation profiles were designed for consistency

between tests, bed expansion is governed by the rate of gas release. The instanta-

neous volume of gas which has escaped the bed, VE(t), is implied from the difference
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between the generated and retained volumes:

VG(t) = VR(t) + VE(t) (4.4)

The density, ρ, of a magnesium hydroxide soft sediment of known solids weight

fraction, ω, and void fraction, ν, can be determined using eq. (4.5):

ρ(ω, ν) = (1 − ν)ρs =
1 − ν

( ω
ρp
+ 1−ω

ρl
)

(4.5)

where ρs is the gas free bulk soft sediment density, ρp and ρl are the sedimentary

particle and fluid densities. Hence, it is possible to determine the void fraction

at which the soft sediment bulk density would become buoyant with respect to

an aqueous supernatant, ρ(ω, ν) < ρl (or neutral buoyancy condition νNB) and

complete rollover becomes feasible.

In addition to establishing the conditions at which rollover events are possible

from their maximum void fractions, the occurrence of Rayleigh-Taylor instabilities

is observable if these tests are performed with an aqueous supernatant above the

consolidated sediment layer. A 0.5 l volume of water was dyed yellow using a

Fluorescein (Sigma Aldrich, Germany) staining agent with the chemical formula

C20H5O5, in order to improve the colour contrast between bed and supernatant, and

pumped to the test cylinder after the soft sediment had fully transferred. Optical

images of the test vessel were captured at 4 min intervals in order to determine

the frequency of rollover events as well as the change in total waste immediately

after such release events. These tests were performed for beds of 30, 35, 40 and

45 % w/w solids concentration.

4.2.2 X-ray computed tomography

The laboratory scale gas retention tests provide a good indication of bulk bed swell

under different sediment conditions but reveal little about the bubble population

retained within the optically opaque bed. A Brivo CT385 medical x-ray computed

tomography (CT) scanner (GE Healthcare, UK) was employed to provide insight

into the size, shape and number density of the retained bubble population within

soft sediments of 30, 40, 45 and 54 % w/w solids concentration, reflecting the broad

range of density and yield stress conditions anticipated within Magnox waste tanks

(Hunter et al., 2011). The test vessel geometry was replaced with a sideways

mounted clear acrylic cylinder of 30 cm diameter and 15 cm length in order to

ensure that x-ray attenuation through the sample was as axisymmetric as possible,

thereby minimizing artefacts. Sediment preparation was scaled up from 1 l to
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(1)

(2)

Figure 4.2: Schematic of the modified gas retention tests for optimised CT imaging,
identifying two alternative hydrogen peroxide injection points, 1 and 2, and two
alternative imaging fields of view in red

6.5 l to utilize the greater test vessel capacity. The effect of non-homogeneous

gas generation through the test material was investigated by injecting hydrogen

peroxide into the soft sediment during transfer to the test vessel (stage 2), as

represented in Figure 4.2.

Figure 4.2 also demonstrates the two imaging fields of view (FOV) investi-

gated. The small FOV captures a volume 49 times smaller than the large FOV,

but achieves almost double the pixel resolution and half the axial slice separation,

as detailed in Table 4.1. The small FOV was captured more frequently and so was

primarily used to examine transient changes in the bubble population. The large

FOV was used to ensure a representative sample size and observe the larger macro-

features propagating through the bed. The pixel resolution of the large FOV is two

orders of magnitude larger than the median sediment grain size, so only mature

bubbles significantly larger than the scale of capillaries within the sediment are

observed.

Table 4.1: X-ray CT imaging parameters for two imaging fields of view

Large FOV Small FOV
X-ray voltage (kVp) 120 120
X-ray tube current (mA) 40 79
FOV diameter (mm) 250 96
Pixel resolution (µm) 488 250
Slice separation (µm) 1250 625
Number of axial slices 112 32
Axial FOV depth (mm) 138.8 19.4
Total FOV volume (mm3) 6.81 × 106 1.40 × 105
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X-ray CT image analysis

The statistics of the retained bubble population were determined by three dimen-

sional analysis using FIJI-ImageJ software (Schindelin et al., 2012). A stack of

CT images was first thresholded to create binary images of black bubbles against

white soft sediment. Discrete bubbles were then identified by inter-connecting the

black voxels which were face, edge or corner adjacent using the 3D object counter

algorithm provided by Bolte & Cordelières (2006). The volume, V , surface area,

A, and co-ordinates of each individual bubble were then recorded for further anal-

ysis using Matlab (Mathworks, v. R2013b). The bubble size is represented using

the equivalent spherical diameter, db = 3

√
6V
π , while the bubble shape was analyzed

using a digital sphericity, Ψdig, defined in eq. (4.6). Traditional sphericity calcula-

tions performed on bubbles comprised of regular cuboid voxels will be artificially

low as the angular voxels exaggerate the surface area of the bubble. Since the

sphericity of even a perfect digital sphere cannot exceed the sphericity of a cube

(Ψcube = (π
6
)

1
3 ≈ 0.806), the digital sphericity normalizes the conventional sphericity

against that of a cube to provide ceiling values closer to unity.

Ψdig =
π

1
3 (6V )2/3

A
( 6

π
)

1
3

= 6

A
V

2
3 (4.6)

Since thresholding represents the critical stage of image post-processing, sen-

sitivity analysis was undertaken to investigate the impact of the chosen threshold

value on the ultimate bubble statistics. Using the example of the 40 % w/w soft

sediment, the Renyi entropy algorithm (Kapur et al., 1985) was applied to calcu-

late a threshold radiodensity of −315 HU, and a range of ±38 HU around this value

was investigated, as shown in Figure 4.3. The range of threshold values had a

negligible impact on the resulting bubble diameter histogram, with standard de-

viations of 2.5 % and 4.2 % observed in the 50th, db,50, and 90th, db,90, percentiles

of the equivalent spherical bubble size distributions respectively. However, while

the bubble size distribution within this observable size range was not particularly

sensitive to thresholding, the number of mature bubbles consisting of more than

5 voxels within the FOV varied significantly between 961 and 1731 (shown in the

legend of Figure 4.3). This discrepancy reflects the large number of small bubbles

close to the pixel resolution, and the fact that small bubbles are predominantly

comprised of surface voxels with intermediate radiodensities between those of the

bulk sediment and oxygen. Nonetheless, the influence of the thresholding value on

the exact measurement of the bubble number density was not considered signifi-

cant as the study’s focus was on the transient trends in the number, size and shape

of mature bubbles within the population, which were less sensitive to the given

threshold value.
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Figure 4.3: Sensitivity of bubble population statistics to the threshold radiodensity
value used during image post-processing; the statistics relate to bubbles within the
large FOV of a 40 % w/w sediment after 6 h of gas generation

Transient changes in the bubble population were examined using a process of

hyperstacking. Collating multiple stacks of two-dimensional tomographs at known

time intervals into a hyperstack enables panning along the depth of the FOV and

through time. By flattening the hyperstack, different time frames can be repre-

sented using a colour progression, enabling visualization of changes in the number,

size, shape and position of bubbles within the FOV.

4.3 Results

4.3.1 Laboratory scale gas retention tests

Injecting hydrogen peroxide into 28-45 % w/w magnesium hydroxide soft sediments

at stage 2 in Figure 4.1 resulted in the gas generation profiles shown in Fig-

ure 4.4a. Increasing solids concentration in the bed demonstrated no enhanced

catalytic effect on the rate of hydrogen peroxide decomposition. Good repeata-

bility was achieved between the four gas generation profiles in Figure 4.4a and

complete conversion of 4 ml hydrogen peroxide generated 548 ± 62 ml oxygen in 14-

18 h. The total volume of oxygen generated was in line with expectations as 4 ml of

35 % w/w hydrogen peroxide solution contains 4.65 × 10−2 mol H2O2, decomposing

to 2.33 × 10−2 mol O2, which would occupy a 568 ml volume in the gas phase at

25 ○C and 1 atm. The rate of gas generation exponentially decays as the hydro-

gen peroxide is consumed, observed as a pseudo first order reaction in the form of

eq. (4.7):
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Figure 4.4: Laboratory scale gas retention test profiles achieved by injecting hydro-
gen peroxide at point 2 in Figure 4.2, including (a) example gas generation profiles
within 28-40 % w/w (4-85 Pa) soft sediments and (b) gas generation, retention and
release profiles within 35 % w/w (27 Pa) soft sediment

VG(t) = VG,f(1 − exp(−kt)) (4.7)

where VG,f is the final volume of gas generated and k is a first order reac-

tion kinetic constant in the order of 0.17-0.3 h−1 for these laboratory scale tests.

Two dashed line profiles in Figure 4.4a represent example fits in accordance with

eq. (4.7). The rate of oxygen production was sensitive to local temperature condi-

tions and so subsequent tests conducted within a CT scanner exhibited accelerated

hydrogen peroxide decomposition, approaching completion within 8 h due to the

heat generated by operating the scanner, corresponding to kinetic constants closer

to 0.4 h−1. The variation in total generated gas volume can be attributed to fluctu-

ations in ambient temperature and the precision of the syringe used to inject the

hydrogen peroxide; since 1 ml 35 % w/w hydrogen peroxide decomposed to around

137 ml oxygen, the total gas volume was sensitive to the precise volume of gas gen-

erating reagent introduced. Nonetheless, these gas generation profiles demonstrate

sufficient repeatability across the relevant bed concentration range.

Figure 4.4b demonstrates gas generation, retention and implied release profiles

observed during 15 h of in situ gas generation in a 35 % w/w magnesium hydroxide

soft sediment of 27 Pa shear yield stress. During the first 4 h around two thirds of

the gas generated is retained by the bed, after which the rate of bed expansion de-

creased, with the bed attaining a maximum void fraction of 0.27. At 27 % voidage,

the bulk density of the bed is reduced to 10 % below that of water, indicating a sig-

nificant possibility of rollover events in the presence of a supernatant. The absence

of a supernatant for these tests precluded large episodic releases due to Rayleigh-

Taylor instabilities, and gas appeared to be continuously released from the bed at
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Figure 4.5: The maximum void fractions observed under different shear yield stress
conditions and alternative gas generation methods: (1) injection at the sample
homogenisation stage and (2) continuous injection into the flow during transfer
to the test vessel (see Figure 4.2); the density countour map demonstrates the
feasibility of periodic rollover events

a near constant rate of 21 ml h−1 (red line, Figure 4.4b), with just over half of the

total gas generated escaping the bed over the course of the 15 h experiment. This

methodology was repeated for bed concentrations of 28-54 % w/w, corresponding to

varied yield stress conditions in the range of 4-1112 Pa. The gas retention and re-

lease profiles obeyed similar trends across the yield stress range, but the maximum

void fractions varied between each soft sediment and are presented in Figure 4.5.

Injection of hydrogen peroxide at stage 2 (see Figure 4.1) generated a parabolic

trend in the gas holdup across the 4-234 Pa yield stress range, implying enhanced

rates of continuous gas release below 7 Pa and above 27 Pa shear yield stress. Below

7 Pa yield stress, the buoyant force of even relatively small bubbles should be

sufficient to fluidize the weakly consolidated, milky sediment (Dubash & Frigaard,

2007; van Kessel & van Kesteren, 2002). The reduction in holdup above 27 Pa yield

stress appears to relate to a more complicated phenomenon. The rate of gas release

by fluidisation, or ebullition, should progressively decrease with increased bed yield

stress (Atapattu et al., 1995; van Kessel & van Kesteren, 2002), while gas release

along stable open channels is more typically associated with significantly more

consolidated beds with yield stresses greater than 1 kPa (van Kessel & van Kesteren,

2002). Thus, neither mechanism adequately explains the significantly increased

rate of gas release from beds of 84-234 Pa yield stress. It was felt that a potential

cause may be related to mixing inhomogeneity, with continuous peroxide injection
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into the feedline resulting in a non-uniform distribution of volatiles, leading to

the creation of localized release pathways. Consequently an alternative approach

was investigated by introducing hydrogen peroxide at the sample homogenization

stage (indicated by stage 1 in Figure 4.1), ensuring more thorough mixing of gas

generating reagents through the soft sediment.

Homogenisation of hydrogen peroxide through the sediment resulted in consis-

tently high void fractions of 0.3-0.33 across a broad range of yield stress conditions

up to 600 Pa, while gas holdup only receded in the 600-1200 Pa range. The reduced

holdup in the 600-1200 Pa range coincides with bed conditions that have previ-

ously been associated with the continuous release of gas along stable open channels

(van Kessel & van Kesteren, 2002). The reason for this disparity in bed expansion

between the two approaches to peroxide introduction was uncertain, and so both

experimental approaches were explored using x-ray CT imaging to identify whether

differences between the retained bubble populations reveal alternative mechanisms

for gas release.

Cross-referencing the experimental maximum void fractions with the density

contour lines, calculated using eq. (4.5), in Figure 4.5 reveals critical yield stress

conditions where bed swell reduces the bulk sediment density to below that of

water, invoking the potential for rollover events and acute gas release. The green

contour line demonstrates the neutral buoyancy condition as a function of gas free

yield strength and void fraction. Under the more homogeneous gas generation con-

ditions assumed with injection method 1, the capacity for rollover events remains

feasible for highly consolidated bed conditions of up to 800 Pa yield stress. CMS

legacy waste in the MSSS at Sellafield has consolidated over several decades under

large lithostatic loads to achieve yield stress conditions believed to be in excess

of 1 kPa (Hastings et al., 2007; Hunter et al., 2011; McCracken & Eilbeck, 2005).

These highly consolidated, highly heterogeneous bed conditions appear to facili-

tate sufficient continuous gas release to mitigate the risk of large periodic releases;

however, evacuating aging facilities of these legacy wastes requires their mobiliza-

tion, dilution and homogenization for transportation and storage in new modular

containers. Consequently, these processing steps would appear to make the condi-

tions conducive to rollover events more credible, based on the observations at this

reduced experimental scale.

Acute gas releases in the presence of a supernatant

Repeat gas retention tests were performed in the presence of a Fluorescein dyed

supernatant; time-lapse image sequences for 30 and 45 % w/w sediments are pre-

sented in Figure 4.6. The 30 % w/w bed, of 7 Pa yield stress, swells to a voidage of

7 % during the first 24 min of gas generation before becoming unstable. The image
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(a)

(b)

Figure 4.6: Image sequences recoded to demonstrate bed swell and release events
exhibited by (a) 30 %w/w (7 Pa) and (b) 45 %w/w (238 Pa) Mg(OH)2 soft sediments
subject to in situ gas generation by hydrogen peroxide decomposition
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at 24 min is captured during the first acute release event and expelled Mg(OH)2

is seen to accumulate at the surface as a floating foam or crust layer, consistent

with observations at the Hanford underground storage tanks where solid crusts up

to 1.3 m thick have been recorded (Allemann, 1992; Bryan et al., 1992; Page et al.,

2018). Given that the bulk density of the sediment at 7 % voidage remains 12 %

greater than the supernatant, gas release is best explained by partial rollover, which

does not require that the bulk sediment exceeds the neutral buoyancy condition. A

second release event at 48 min, similar in magnitude, sees the crust roughly double

in thickness. The sheer white bed colour throughout the experiment appears to

exclude the possibility of significant mass transfer between the lower regions of the

bed and the fluorescent yellow supernatant, which might be anticipated on full

rollover.

The 45 % w/w sediment exhibits similar phenomena, with the bed swelling to

27 % voidage before liberating a portion of solids from the bed to the top of the

supernatant after 115 min, and then again at 295 min. In this instance, the high

sediment void fraction at release exceeds the neutral buoyancy condition, achieving

a bulk sediment density 4 % less than that of water. While some mass exchange is

observed between the supernatant and the top third of the bed, there is negligible

evidence of a catastrophic rollover liberating gas from the lower portion of the bed.

The instability event is not accompanied by a drop in the total height of the bed and

supernatant, which would signify gas release to the ullage. The theory of partial

rollover, discussed in Section 2.8.2, establishes that gas will only be transfered to

the ullage if sufficient buoyant potential energy is converted to kinetic energy that

the buoyant gob breaks apart on collision with the supernatant-ullage interface.

The ratio of buoyant potential energy to the energy required to yield the gob is

repeated in eq. (4.8)(Stewart et al., 1996):

Wbp

Wτ

= νPakh
(1 − ν)εττ

((1 + 1

kh
) ln(1 + kh) − kby) > 2.6

kh =
ρlgL

Pa

kby =
νnb(1 − ν)
ν(1 − νnb)

(4.8)

This excess buoyant potential energy increases with the dimensionless lithostatic

head, kh, which scales with the supernatant depth, L. Hence, scaling down the

experiment from a 600 m3 silo container to a litre-scale test with a supernatant

only centimetres deep greatly reduces the stress on the gob and so the gas liberated

from the bed remains trapped within the floating foam layer. Following, eq. (4.5),

the neutrally buoyant void fraction can be expressed in terms of the mass fraction
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Observed rollover

Figure 4.7: Summary of the void fractions at which four sediments of 7-238 Pa yield
stress exhibited their first partial rollover event, aggregated with the gas retention
tests in the absence of a supernatant from Figure 4.5

of solids in the soft sediment, the fluid and solids densities:

1 − νNB
( ω
ρp
+ 1−ω

ρl
)
= ρl

∴ νNB = ω (1 − ρl
ρp

)
(4.9)

Substituting for the neutrally buoyant void fraction allows eq. (4.8) to be ex-

pressed as:

Wbp

Wτ

= νρlgL

(1 − ν)εττ
⎛
⎜
⎝
(1 + Pa

ρlgL
) ln ∣1 + ρlgL

Pa
∣ −

ω (1 − ρl
ρp
) (1 − ν)

ν (1 − ω (1 − ρl
ρp
))

⎞
⎟
⎠
> 2.6 (4.10)

The void fractions at which acute release was observed were added to Figure 4.5

and presented in Figure 4.7. Soft sediments of 35-45 % w/w, or 30-234 Pa yield

stress, became unstable once the bulk sediment density fell to 3-5 % less than that

of water. The exceptional case was the 30 % w/w, or 7 Pa yield stress, sediment,

which quickly became unstable and exhibited partial rollover at a relatively low

voidage. From the void fractions at which each sediment became unstable, it

is possible to predict whether acute gas release is likely at increased scale using

eq. (4.10). Table 4.2 summarises the buoyant potential energy ratios which would

be observed for supernatants of 0.1, 1 and 5 m depth.
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Table 4.2: Estimation of buoyant potential energy ratios for gobs of liberated sedi-
ment following partial rollover at various supernatant depths according to eq. (4.10)
(Stewart et al., 1996); the conditions most likely to result in acute gas release are
shown in bold

ω τ (Pa) ν νNB kby
Ebp
Eτ

(L = 0.1 m) Ebp
Eτ

(L = 1 m) Ebp
Eτ

(L = 5 m)
0.30 7 0.08 0.17 2.57 -17.1 -166.7 -744.5
0.35 30 0.22 0.20 0.88 1.3 17.2 170.2
0.40 86 0.27 0.23 0.82 0.8 9.4 80.9
0.45 234 0.29 0.26 0.88 0.2 2.9 27.9

From Table 4.2, the conditions at which partial rollover was observed within

the 7 Pa yield stress sediment are not likely to manifest in acute gas release, no

matter how deep the overlying supernatant. Since partial rollover occurred at a

very low gas fraction, the gob is buoyant with respect to the bulk sediment, but

not with respect to the supernatant and so the gob will decelerate from the top

of the bed through the supernatant and never achieve a realistic kinetic energy to

overcome its modest yield stress. A greater concern for such low strength sediments

would be acute release from a bubble cascade (Sherwood & Eduardo Sáez, 2014),

since a mild perturbation could potentially induce ebullient bubble release. At

supernatant depths of only 0.1 m, similar to the experimental scale in Figure 4.6,

there appears to be insufficient buoyant potential energy to break apart any of the

buoyant gobs and liberate the enclosed gas. Scale up to 1 m deep supernatants

increases the buoyant potential energy by an order of magnitude, making acute gas

release probable for the 27-86 Pa sediments, while the higher yield stress, 234 Pa,

sediment represents a borderline case. Further scale up to a supernatant depth

of 5 m appears to virtually guarantee violent acute gas release when intermediate

yield stress, 30-234 Pa sediments exhibit partial rollover.

To summarise, sediments of > 500 Pa yield stress are unlikely to experience

partial rollover if a supernatant to bed density ratio, ρl
ρs

, of 1.05 is required to

achieve instability, and a supernatant several metres deep would be required for

sufficient buoyant potential energy to yield the liberated gob and release the gas

within. However, intermediate yield stress conditions of 30-234 Pa demonstrate

sufficient gas holdup to exceed neutral buoyancy and will readily break apart on

rising through supernatants of modest depths of around 1 m, thereby presenting

a genuine acute release hazard at process scale. A number of measures could

mitigate against flammability hazards, including (1) the provision of a sufficiently

large ullage capacity that the lower flammability limit can never be approached

on acute release, (2) by dewatering CMS to high yield stress conditions which

facilitate higher levels of continuous gas release and diminish the possibility for

acute gas release on partial rollover, (3) by limiting the depth of the supernatant

layer thereby reducing the buoyant potential energy of a liberated gob, or (4) use
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of a denser supernatant fluid, thereby making partial rollover events more likely

and more frequent, but much milder and less likely to manifest in acute gas release.

For a better understanding of the conditions which give rise to significant gas

holdup and high potential for acute gas release it is necessary to appreciate the

size, shape and mobility of retained bubbles, rather than just the bulk sediment

behaviour, which were investigated through a series of x-ray CT scans.

4.3.2 X-ray computed tomography

The four soft sediments of 30, 40, 45 and 54 % w/w solids concentration imaged

using x-ray CT correspond to yield stresses of 7, 86, 234 and 1112 Pa. In order to

enable visualisation and quantitative analysis of the retained bubble population,

the raw radiodensity distribution through the sample was converted to a stack of

8-bit grey-scale images, bi-level thresholded to reveal black bubbles and white bulk

sediment and then black voxels were interconnected in three-dimensional space to

identify and label discrete objects using the Bolte & Cordelières (2006) algorithm.

Each of these post-processing steps are demonstrated in Figure 4.8. Truncated

bubbles in contact with the edge of the field of view were excluded from subsequent

quantitative analysis as their size and shape could not be adequately represented.

Evolution in the bubble size and shape

Using the example of the 1112 Pa sediment, six side-on scout profiles of the bed,

presented in Figure 4.9a, demonstrate expansion of the bed during the first 4 h of

gas generation, similar to the gas retention profile in Figure 4.4b, with negligible

bed swell thereafter. The bulk bed expansion is contrasted with the evolution of

the bubble population of an observable scale (db ≥ 0.72 mm) within the small FOV,

presented in Figure 4.9b. The db,50 and db,90 bubble diameters appear to achieve

steady state sizes within the first hour of gas generation. Expansion of the bulk

sediment in Figure 4.9a appears to be mirrored by the increase in the number

density, nb, of bubbles at this observable scale, presented on the right hand axis of

Figure 4.9b. The number density of bubbles greater than 0.72 mm equivalent spher-

ical diameter increases rapidly within the first two hours of gas generation, slowing

significantly from 2-6 h and remaining relatively stable thereafter. Thus, the data

reveal that the population of mature, macroscopic bubbles increases during the pe-

riod of greatest bed expansion, and slows as the bulk bed volume plateaus. While

this evolution in the bubble population appears to imply higher rates of bubble

nucleation within the early stages of gas generation, this cannot be monitored di-

rectly, as microbubbles are not recognized at this imaging resolution. Indeed, if

growth of sub-resolution bubbles to the observable scale proceeds by coalescence or
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(a) (b)

(c)

Figure 4.8: Imaging post-processing steps prior to quantitative bubble population
analysis demonstrating (a) a typical x-ray CT slice in 8-bit grey-scale, (b) the bi-
level thresholded slice revealing black voids against white bulk sediment and (c)
identification and labelling of discrete objects in three-dimensional space using the
Bolte & Cordelières (2006) algorithm (excluding those in contact with the edge
of the field of view); the images relate to 54 % w/w sediment after 6 h in situ gas
generation
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Figure 4.9: The evolution of retained bubble populations within 1112 Pa yield stress
soft sediment including (a) side-on x-ray scout images of half the bed showing bulk
waste swell during 0-8 h gas generation and (b) the evolution of bubble size and
number density with time within the small FOV

by Ostwald ripening, it is possible that the number density of small bubbles could

diminish as the population of mature bubbles increases. Conversely, the largest,

most mature bubbles exhibit either negligible growth within this time frame, or

the gas release mechanism imposes a ceiling in the maximum bubble dimension

that the bed is able to support. In either instance, the observable mature bubble

population can be considered to reach an equilibrium size distribution and num-

ber density, representative of the bed at maximum voidage, after 6 h of hydrogen

peroxide decomposition.

This observation of a steady state bubble population within the 1112 Pa yield

stress sediment after 6 h of gas generation holds equally true for sediments of 7, 86

and 234 Pa yield stress. Tomographs within the large FOV of all these magnesium

hydroxide soft sediments after 6 h gas generation are presented in Figure 4.10,

while corresponding size and shape analysis of each of the bubble populations at

2 and 6 h are presented in Figure 4.11. The 7, 86 and 234 Pa tomographs in Fig-

ure 4.10 are all characterized by relatively small, regular shaped, dispersed bubbles,

the largest of which range from 6.5-9 mm equivalent spherical diameter. Laplace

pressures, which promote spherical curvature, scale with inverse bubble diameter,

and so small bubbles are anticipated to be highly spherical in nature. The largely

spherical nature of mature bubbles within these 7-234 Pa sediments is consistent

with a fluid-like response of the sediment to the stress of the growing bubble.

However, after excluding the smaller bubbles comprised of fewer than 80 voxels

(db ≤ 3.56 mm), Figure 4.9b shows a small but distinct decrease in sphericity with

increased yield stress within this range. This is explained by the fact that sediments

of increased strength or greater depth typically demonstrate greater anisotropy in
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(a) (b)

(c) (d)

Figure 4.10: X-ray tomographs of bubbles within the large FOV of (a) 7 (b) 86
(c) 234 and (d) 1112 Pa yield stress magnesium hydroxide soft sediments after 6 h
gas generation; the values in the top left corner of each image represent the axial
distance from the centre of the test vessel
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Figure 4.11: Histograms of (a) bubble diameter (volume weighted, bubbles < 5
voxels excluded) and (b) bubble sphericity (count weighted, bubbles < 80 voxels
excluded) within 7-1112 Pa soft sediments after 2 and 6 h gas generation

their stress tensors (Boudreau, 2012), often reported through reductions in Pois-

son’s ratio (Terrones & Gauglitz, 2003; van Kessel & van Kesteren, 2002), thereby

promoting less axisymmetric bubble growth. Similarly, Algar & Boudreau (2010)

use LEFM modelling to predict an increase in bubble aspect ratios for growth

within sediments of increased Young’s modulus.

Figure 4.11a demonstrates no significant evolution in the observable bubble

size distribution within any of the soft sediments between 2 and 6 h, consistent

with the observations from Figure 4.9b. The similarity in bubble size distribution

within 30-45 % w/w beds, despite a 33-fold increase in the shear yield stress of the

surrounding sediment, seems to conflict with our current understanding of bubble

retention in low and intermediate strength beds (Gauglitz et al., 2015; van Kessel

& van Kesteren, 2002). Bubble ebullition, possibly inducing bubble cascades, has

been considered the main mechanism by which dispersed bubbles are released from

these relatively low strength beds (van Kessel & van Kesteren, 2002). As discussed

in Section 2.8.1, the ratio of a bubbles’ buoyant stress to the sediment yield stress

defines a characteristic bubble size for ebullient release (Atapattu et al., 1995;

Dubash & Frigaard, 2007; van Kessel & van Kesteren, 2002):

db,crit = Y
τ

(ρs − ρg)g
(4.11)

where Y is a material dependant dimensionless yield parameter reported in the

range of 0.023-0.061 following experimental work in Atapattu et al. (1995) and

closer to 0.143 according to finite element analysis in Beris et al. (1985). The

relationship in eq. (4.11) implies that the size of bubble which a bed is able to

support increases in proportion to the ratio of a bed’s yield stress to its bulk density.
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Increasing the solids concentration of the bed from 30 to 45 % w/w sees this ratio

increase by a factor of 28, however, this does not manifest in any observable increase

in the size distributions of the mature bubble populations within these 7-234 Pa

yield stress sediments.

Two theories could explain why the population appears to achieve a steady

state size distribution, long before gas production is exhausted, that is seemingly

independent of sediment strength within the 7-234 Pa yield stress range. First, the

high sphericity of bubbles within these sediments implies a fluid-like response to the

stress of the growing bubble. As such, the rate of bubble growth may be limited by

diffusion rather than by the elastic resistance of the sediment during bubble growth.

Under these circumstances Boudreau et al. (2001) model the instantaneous bubble

diameter using the expression in eq. (4.12):

d2
b(t) =

4ΦDeff

φg
(S(t)R1

2

3Deff

+ φ1 −
φg
Kh

) t + d2
b,0 (4.12)

where, in this instance, the rate of oxygen generation within the pore water,

S(t), or source term, is time dependent, as evidenced by the gas generation profiles

in Figure 4.4a. The remaining terms include the sediment porosity, Φ, the effective

diffusion coefficient for oxygen through the sediment, Deff , which should account

for the tortuosity of the diffusion path through the sediment pores, the oxygen

concentrations within the bubble, cg, and within the pore water, c1, at a radius of

R1, the dimensionless Henry’s law coefficient, Kh and the initial bubble diameter,

db,0. Given the oxygen generation profiles in Figure 4.4a, it is clear that the source

term exponentially diminishes with time, S(t) = S0 exp(−kt), where S0 is the ini-

tial source strength. This implies that the bubbles which are nucleated later in the

experiment will grow to a smaller ultimate diameter, which could partially explain

the plateau in bubble diameter. However, the impact of the exponentially dimin-

ishing oxygen source becomes clearer when differentiating eq. (4.12) to generate

the expression for bubble growth rate in eq. (4.13):

d

dt
d2
b(t) =

4ΦDeff

φg
( R1

2

3Deff

(S(t) + dS(t)
dt

t) + φ1 −
φg
Kh

)

= 4ΦDeff

φg
(R1

2S0

3Deff

(1 − kt)exp(−kt) + φ1 −
φg
Kh

)
(4.13)

This expression includes a source strength term, (S(t) + dS(t)
dt t) and a concen-

tration gradient term which drives diffusion towards the bubble, (φ1 − cg
Kh

). The

source strength term will rapidly diminish with time due to the exponential com-

ponent, becoming negative at t > k−1 and reaching a minimum at t = 2k−1. Thus,

for a kinetic constant of 0.4 h−1, as observed during the CT experiments, eq. (4.13)

predicts that mature bubbles could cease to grow at some time between 2.5 and 5 h,
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depending on the magnitude of the concentration gradient within the pore water,

despite continued oxygen production for 8 h of experimentation.

Under these circumstances the sediment’s capacity to resist stress is entirely

neglected, however Algar & Boudreau (2010) describe another mechanism whereby

elastic materials, which can support stress, may achieve a no growth condition, as

previously observed in Gardiner et al. (2003). Resistance to bubble growth due

to the mechanical strength of the sediment enables the internal pressure of the

bubble to rise above ambient pressure, in contrast to growth within conventional

viscous fluids which cannot support stress (Algar & Boudreau, 2010). This causes

the concentration of oxygen within the bubble to rise, thus causing the concen-

tration gradient which drives diffusion towards the bubble to diminish. For very

low source strength or weak supersaturation conditions, a relatively small increase

in concentration within the bubble could eliminate the concentration gradient and

starve the bubble of oxygen for continued growth. The initial source strength can

be characterized from the initial bulk concentration of hydrogen peroxide in the

pore water, φH2O2 , the stoichiometric ratio of oxygen, vO2 = 0.5, and the kinetic

constant as follows:

∫
∞

0
S0exp(−kt) =

S0

k
= vO2φH2O2 (4.14)

Using the example of the 86 Pa sediment in Figure 4.10b, which had an initial

hydrogen peroxide concentration of 5.9 × 10−2 M and an observed kinetic constant

in the order of 0.4 h−1, the initial source strength would be 3.29 × 10−6 M s−1. Hence,

the initial source strength is relatively strong (Algar & Boudreau, 2010), although it

will diminish by an order of magnitude every 6 h. The no growth condition is more

likely attained due to the weak supersaturation of oxygen within the porewater.

Every mole of oxygen generated by reaction would saturate the pore water in the

bed at a maximum concentration, φO2(aq), of 2.99 × 10−2 M. This concentration

is less than a quarter of the critical concentration for homogeneous oxygen nucle-

ation in pure water, φnuc, which is reported at 0.12 M (Bowers et al., 1995), implying

that free gas bubbles form by heterogeneous nucleation at a relatively weak super-

saturation. Consequently, the rapidly diminishing oxygen source strength which

limits diffusion controlled growth and the mild increase in internal bubble pressure

required to extinguish the oxygen concentration gradient under these apparently

weak supersaturation conditions are both likely to contribute to the cessation of

mature bubble growth long before oxygen production is fully exhausted.

The similar bubble size distributions within 7-234 Pa sediment in Figure 4.11a

contrast with the 1112 Pa yield stress bed, which retains much larger bubbles of

up to 20 mm equivalent spherical diameter. The largest voids exhibit two distinct

geometries in Figure 4.10d; some distorted ellipse and inverted teardrop geometries
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coexist alongside lateral cracks which are more prevalent within deeper regions of

the bed and within brighter regions of sediment (indicative of an elevated solids

concentration). This heterogeneity in grey-scale within the bulk sediment, away

from the bubbles, in Figure 4.10d demonstrates the difficulties experienced when

homogenizing magnesium hydroxide soft sediments with solids concentrations in

excess of 50 % w/w. The two distinct void geometries are captured by the bimodal

sphericity histogram for bubbles within the 1112 Pa sediment in Figure 4.11b, and

are consistent with the cavity expansion and tensile fracture mechanisms for bubble

growth. The lowest digital sphericities in Figure 4.11b correspond to fracture sites

with the largest aspect ratios. These cracks propagate laterally as the compressive

bed stress is lowest normal to the direction of the lithostatic load. Many of the

fracture sites imaged within the large FOV of the 1112 Pa material extended to the

walls of the test vessel, and so gas diffusion towards these cracks presents a route

for continuous gas release from the sediment. The inverted teardrop shapes are

consistent with bubbles observed by Katsman (2015), Algar et al. (2011a), Takada

(1990) and Weertman (1971), who investigated bubbles in a range of viscoelastic

materials including marine sediment, gelatin and magma, and are explained by the

surrounding pressure field in the soft sediment increasing linearly with depth. As

the bubble grows, the pressure difference across the height of the bubble increases,

the pressure at the bubble tail diminishes and the teardrop geometry emerges as

the tail pressure falls to near zero (Algar et al., 2011a). The increase in pressure

field with depth also promotes faster growth at the shallow surface of the bubble

(Algar et al., 2011a).

Bubble mobility, residence times and release

Figure 4.4b revealed that gas is continuously released from a 27 Pa sediment at

a near constant rate of around 21 ml h−1. The slowest gas release was observed

when hydrogen peroxide was introduced to sediments of 4-234 Pa at the sample

homogenization stage, corresponding to rates of around 17 ml h−1. This continuous

gas release must be reconciled with the observations that the size distribution of

the mature bubble population remains constant, and independent of yield stress

in the 7-234 Pa range, and that there are no major disturbances in the topography

or profile of the bed from either the tomographic images of the bed, as shown in

Figure 4.9a, or from continuous digital photography of the sediment. Transient

x-ray CT was employed to investigate whether the mobility of bubbles within the

sediment correlate to the observed rates of gas release.

Figure 4.12 presents tomography of the 7 and 1112 Pa beds across multiple time

frames using hyperstacking. Figure 4.12a shows bubbles at 15 min intervals within

a 7 Pa Mg(OH)2 soft sediment. A number of small bubbles visible at 0 or 15 min
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Figure 4.12: Hyperstacked x-ray tomographs of bubbles in 7 and 1112 Pa soft sed-
iments using a colour legend to represent bubbles across multiple time-frames,
showing (a) bubbles at 15 minute intervals within the small FOV of a 7 Pa soft
sediment and (b) bubbles at 0, 2 and 6 h within the large FOV of a 1112 Pa soft
sediment (as the sediment expands due to its increasing voidage the bulk sediment
changes from black to green to orange as shown in the legend)

appear only once within this slice through the sediment, indicating residence times

within this 96 mm diameter FOV of less than 15 min. Some of these small bubbles

could shrink and disappear due to Ostwalt ripening enabling neighbouring bubbles

in adjacent tomographs to grow; else, some of these bubbles could grow very quickly

to buoyant dimensions (db > db,crit) and escape the low strength sediment matrix

by fluidisation. In support of the second theory, the bubble labelled ‘γ’ is only

captured within the 30 min scan, suggesting that this bubble grew from sub-pixel

dimensions (db ≤ 250µm) to 2.2 mm diameter in less than 15 min, demonstrating

that rapid bubble growth is realistic. The two other labelled bubbles, ‘α’ and

‘β’, exhibit longer residence times in the order of 30-45 min and grow at much

slower rates of less than 5 × 10−3 mm min−1. While bubble α appears to shrink in

Figure 4.12a, it is in fact slowly growing while its centre of mass is moving deeper

into the FOV; consequently, this two dimensional tomograph captures a smaller

slice through a larger total bubble volume, thus highlighting the importance of

using three dimensional analysis to characterize the bubble population. In general,

the smaller bubbles are observed to grow most quickly, consistent with the square

root time dependency of diffusion controlled bubble growth in eq. (4.12)(Boudreau

et al., 2001). However, there is substantial variation in the growth rate of similar

sized bubbles at different locations in the sediment. A more thorough investigation

of bubble growth kinetics would require a modified CT configuration which enables

shorter time intervals between scans.
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The slow and decelerating rise of the bubbles labelled ’α’ and ‘β’ is considered

to be a result of their movement in conjunction with the bulk sediment due to bed

expansion, rather than their rise through the sediment by fluidisation, as the rise

rates correlate closely with bed expansion rates. The stability of bubble α within

the sediment over the initial 45 min period implies a critical bubble diameter greater

than 3.6 mm, corresponding to the d60 bubble diameter in Figure 4.12a. Conversely,

the absence of bubble β from the 60 min tomograph suggests that this 1.6 mm

bubble is able to fluidize the bed between the 45 and 60 min frames, thus implying

a smaller critical rise diameter.

Atapattu et al. (1995) have demonstrated a significant history dependence

of creeping sphere motion within non-Newtonian Herschel-Bulkley fluids, where

spheres were shown to exhibit elevated terminal velocities after a series of repeat

experiments, suggesting that the disturbed fluid behaves with a lower observed vis-

cosity than the undisturbed fluid. Dubash & Frigaard (2007) observed shear history

dependence lasting up to 72 h within low strength Carbopol solutions. This hys-

teresis effect, combined with some spatial heterogeneity in the sediment mechanics,

implies that the critical rise diameter exhibits both time and position dependence.

The same observation also means that the viscous resistance to bubble growth

is spatially and temporally dependent and so growth rates for bubbles of equiv-

alent size may vary greatly even if the material is uniformly supersaturated with

volatiles. However, despite the considerable spatial variation in bubble growth rate

and likely spatial variation in local yield stress, the fact that the largest bubbles

within the small FOV of the 7 Pa sediment, with the largest buoyant force, exhibit

the longest residence times in the bed implies that bubble ebullition, as represented

by eq. (4.11) (Atapattu et al., 1995; Dubash & Frigaard, 2004), is not the dominant

mechanism of gas release, even from this very low strength sediment.

Further evidence that bubble ebullition is unlikely to explain the rates of gas

release observed in Figure 4.4b lies in the fact that the mature, observable bubble

population represents a small percentage of the total voidage. The average voidage

of the bed can be estimated from the bed swell observed in profile scout tomo-

graphs of the whole bed, as presented in Figure 4.9a, and hence the total volume

of free gas within the large FOV tomographs can be attained. Table 4.3 compares

the total volume of free gas within the large FOV, VR, with the total volume of

the observable bubble population, VR,tom, obtained using three dimensional image

analysis of tomographs such as those presented in Figure 4.10. The volume of

the observable population captures the bubbles greater than 0.83 mm equivalent

spherical diameter but excludes any bubbles or fractures extending to the edge of

the FOV. The volume fraction of bubbles observable at the tomography resolution,

νtom = VR,tom
VR

, varies between 0.03-1.08 % for 7-234 Pa yield stress sediments, rising

to 7.5 % for the highest strength bed (1112 Pa).
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Table 4.3: Contribution of the observable (db > 0.83 mm) and sub-resolution bubble
populations to the total voidage

τ (Pa) ν VR (ml) VR,tom (ml) 100 × νtom (%)
7 0.32 2188 0.616 0.03
86 0.29 1829 16.9 0.92
234 0.34 2325 25.1 1.08
1112 0.24 1467 110 7.50

This very small contribution of millimetre scale bubbles to the total voidage,

especially within the low strength sediments, suggests that the dominant gas release

mechanism is unlikely to be buoyancy driven. Other possibilities for gas release

include gas diffusion through sub-resolution channels or dendritic bubble networks,

or direct mass transfer of dissolved oxygen through the surface of the bed to the

ullage. Katsman et al. (2013) contends that free gas release dominates that of

dissolved volatiles in marine environments by a factor of almost fifty. To test this

assertion, the rate at which aqueous oxygen is transferred through the liquid and

gas films at the bed boundary, V̇E,aq, can be estimated for these laboratory scale

experiments using two-film theory (Ibusuki & Aneja, 1984), by assuming both

phases are well mixed, combined with the ideal gas law:

V̇E,aq =
RT

P
JA = RT

P
KA

(cO2(aq) −
pO2

Hpc )
Hcc

(4.15)

where J is molar flux of oxygen through the surface of the bed, A is the surface

area of the bed, K is the overall mass transfer coefficient, and Hpc and Hcc are di-

mensional and dimensionless forms of the Henry’s law constant for oxygen in water

respectively. The liquid side mass transfer resistance is reported to be negligible

for the exchange of pollutants between air and water and so the overall coefficient

approximates that through the gas film, K ≈ kg (Ibusuki & Aneja, 1984). The

gas side mass transfer coefficient can be estimated from the Froessling equation

(Froessling, 1938), which states that the Sherwood number, Sh = lD
kg

, tends to 2 for

a stagnant ullage where Re→ 0.

Considering the gas retention test in Figure 4.4b, the diffusion coefficient of

1.76 × 10−5 m2 s−1 for oxygen in air and the characteristic length scale, l, equal to the

0.118 m test vessel diameter, provides a mass transfer coefficient of 2.98 × 10−4 m s−1.

Thus, assuming the pore water was saturated at the maximum possible oxygen

concentration of 2.99 × 10−2 M, oxygen transport to the ullage would be limited

to 0.27 ml h−1, representing only 1.3 % of the observed rate of gas release. Conse-

quently, it appears that gas release from these low strength soft sediments, in the

absence of a supernatant, is governed overwhelmingly by transport of free gas at a

sub-resolution length-scale, possibly along networks of sub-resolution bubbles. For

a smaller imaging field of view, clinical x-ray CT is available at greater resolution, of

91



4.3 Results

around 50µm (Constantinescu & Mukherjee, 2009; Disselhorst et al., 2010), while

synchroton x-rays can achieve tomographic resolutions of 1-3µm (Berg et al., 2013;

Mi et al., 2014) for experimentation at a significantly reduced scale. The following

chapter aims to investigate the smaller bubble population and possible avenues for

gas transport using smaller scale clinical CT of enhanced resolution.

The growth and motion of retained bubbles is more apparent in Figure 4.12b, as

bubbles reside over much longer periods within the high strength 1112 Pa sediment.

Large FOV tomographs at 0, 2 and 6 h demonstrate both the bulk expansion of the

bed (from black to green to orange) within the sideways mounted cylinder and the

growth and movement of bubbles during this period. The inverted teardrop bubble,

‘ζ’, of 8.9 mm equivalent spherical diameter, is visible within all three time frames,

moving in tandem with the local sediment due to bulk bed expansion. During the

6 h of gas generation, the maximum dimension of ζ increases from 12 to 19 mm

and the bubble tail narrows to a thin point, similar to phenomena described in

Algar et al. (2011a). The stability of the largest bubbles of 8-20 mm equivalent

spherical diameter on a timescale of hours confirms that ebullition does not play a

significant role in gas release from quiescent soft sediments in excess of 1 kPa yield

stress. Nonetheless, the rate of gas release from this bed exceeds that from each

of the lower strength sediments investigated. Gas transport from the bed is better

explained by diffusion along cracks such as those labelled ‘δ’, ‘ε’ and ’η’, especially in

the instance of bubble η, as this fracture visibly extends to the periphery of the bed.

These lateral cracks are more prevalent within the 2 and 6 h tomographs than at

0 h, indicating that only fairly mature bubbles acquire the excess bubble pressures

necessary for tensile fracture. This also accords with LEFM theory which states

that a critical crack length, ac, is required for a crack to propagate (Johnson et al.,

2002). Cracks δ and ε fall in their positions within the FOV between 2 and 6 h,

and hence these local regions of the bed undergo compression while other regions

continue to expand. The high radiodensity, high strength and deeper regions, often

associated with reduced Poisson ratios (Terrones & Gauglitz, 2003; van Kessel &

van Kesteren, 2002), in Figure 4.10d and Figure 4.12b, appear to be more prone to

consolidation and exhibit more growth by tensile fracture than viscoelastic cavity

expansion.

Gas release during heterogeneous gas generation

All x-ray CT presented and analysed in Figures 8-11 employed in situ gas genera-

tion by injecting hydrogen peroxide at the sample homogenization stage to achieve

a relatively uniform distribution of the gas generating reagent. Figure 4.5 how-

ever revealed a significant reduction in the bulk bed expansion using an alternative

methodology (where the peroxide was injected into the feed line at a constant rate)
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Figure 4.13: X-ray tomographs at two depths within the large FOV of 7 Pa sediment
after 6 h gas generation following hydrogen peroxide addition at injection point 2
(see Figure 4.6a)

which manifested in an assumed more heterogeneous distribution of hydrogen per-

oxide through the bed, evidenced from the lower and more varied total gas holdup.

The reason for this disparity is investigated in Figure 4.13, using x-ray CT of a

7 Pa sediment 6 h after hydrogen peroxide introduction at stage 2 in Figure 4.2.

The different approach to gas generation is marked by two features within the bed,

which are distinct from the otherwise identical bed of equivalent yield stress im-

aged in Figure 4.10a. First, the bed segregates into a bulk sediment and a foam

layer which covers the top 20-30 mm of the bed. The foam layer supports a much

greater void fraction than the bulk sediment and includes much larger, less spheri-

cal bubbles, often separated by very thin particle films. The formation of this foam

layer implies that a portion of solids in the bed have a three phase contact angle

greater than zero, consistent with observations from the Langmuir-Blodgett exper-

iments in Section 3.3.3 where a majority of Mg(OH)2 particles were supported at

the air-water interface. The foam layer also implies that chronic gas generation

and bubble growth is more conducive to the development of a stable foam than

the dynamic foamability tests outlined in Figure 3.2 (Fryer et al., 2011). The foam

layer supports much too great a gas fraction to remain stable in the presence of

an aqueous supernatant and would certainly give rise to a floating foam layer as

observed in Figure 4.6 and in certain underground waste tanks at Hanford (Bryan

et al., 1992; Kam & Rossen, 1999).

Second, a series of dark streaks propagating through the bulk sediment below

the foam layer in Figure 4.13 reveal low radiodensity regions, rich with microbubbles

close to the pixel resolution. The poor distribution of hydrogen peroxide through

the bed is believed to result in regions of above average oxygen supersaturation and

a greater bubble nucleation rate. Enhanced gas transport through these low density,
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low strength regions to the walls of the test cylinder and the foam layer could

explain the augmented rate of gas release from the bed in Figure 4.13, resulting in

the lower maximum voidage of just 6.8 % in comparison to that of 31.8 % observed in

Figure 4.10a. Hence, these gas transport pathways could represent an alternative

mechanism for gas release from heterogeneous soft sediments, distinct from the

stable open channels discussed in van Kessel & van Kesteren (2002), which are

visible at the bed surface and are characteristic of beds with much greater yield

stress.

Rassat et al. (1998) describes a similar mechanism for gas release from low-

intermediate strength sediments whereby ‘connected paths of distorted round bub-

bles provide a nearly continuous path for gas release to the surface’ following obser-

vations within a bentonite clay sediment of 67 Pa yield stress. The two tomographs

at different axial depths demonstrate these submerged pathways propagating at

multiple locations and along multiple directions through the bed. Significantly,

these gas transport pathways provide a localised route for gas release which does

not limit bed expansion in other regions of the bed, whereas bubble ebullition rep-

resents a global mechanism which can facilitate gas release from any part of the

bed. Enhanced gas transport along these pathways to the weakly consolidated top

region of the bed could facilitate formation of the stable foam layer, which is not

observed within the equivalent 7 Pa sediment in Figure 4.10a. It is noted that any

such gas transport pathways which are promoted by non-uniform gas generation

may indeed be relatively common in corroding nuclear wastes. Flammable gas

generation would be thought of as inherently inhomogeneous in these systems, as

it would be focused in localized areas with exposed corroding metallic fuel debris.

4.4 Conclusions

A series of laboratory scale gas retention tests revealed that Mg(OH)2 soft sed-

iments of up to 800 Pa yield stress exhibited gas holdup on a scale that would

achieve neutral buoyancy with an aqueous supernatant, raising the possibility for

Rayleigh-Taylor instabilities. Sediments of 30-234 Pa yield stress each experienced

episodic release events by partial rollover (Allemann, 1992) which would likely fa-

cilitate acute gas release in the presence of a 1 m deep supernatant. Reduced gas

holdup was observed when gas generating reagents were less homogeneously mixed

through the sediment. Under these conditions x-ray CT revealed low radiodensity

pathways to the surface thought to result from the nonhomogeneous distribution

of volatiles producing localized pockets of gas generation, thereby establishing low

density regions rich with microbubbles which present preferential pathways for gas

transport. The observation that non-uniform gas generation can enhance chronic
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gas release from regions of the bed and reduce the possibility for acute release is

reassuring as gas generation within the MSSS is considered inherently inhomoge-

neous, focused in the localized areas with exposed corroding metallic fuel debris.

Tomography further revealed that the size distribution of mature bubbles re-

mains constant after less than an hour of gas generation, long before the cessation

of bed expansion and the exhaustion of gas production. The lack of mature bub-

ble coarsening could be explained by the exponentially diminishing oxygen source

strength combined with a diminishing oxygen concentration gradient driven by the

increase in internal bubble pressure due to the sediments elastic resistance to bub-

ble growth (Algar & Boudreau, 2010). Sediments of 7-234 Pa yield stress retained

steady state bubble populations of high sphericity, consistent with growth by cavity

expansion (Terrones & Gauglitz, 2003), and very similar size distributions limited

to 6.5-9 mm equivalent spherical diameter. The similarity in size distribution de-

spite a 28-fold increase in the ratio of yield stress to bulk density suggests that the

size distribution is not governed by the critical dimensions for bubble ebullition.

This is reinforced by the observation that the largest bubbles, with greatest buoy-

ant force, correspond to a small fraction of the total voidage and remain static over

long residence times of several hours. However, this raises the question of what

mechanism enables the observed chronic gas release from low-intermediate strength

quiescent sediments which neither exhibit the macroscopic gas transport pathways

associated with more localised gas generation, nor sufficient bubble mobility for

global ebullient release.

The most consolidated sediment of 1112 Pa yield stress demonstrated a bimodal

sphericity distribution, with the modes corresponding to broadly spherical and in-

verted teardrop (Algar et al., 2011a) bubble geometries indicative of viscoelastic

sediment deformation, and cracks of low sphericity consistent with growth by ten-

sile fracture (Johnson et al., 2002; Katsman, 2015). The fracture sites were more

common in deeper and higher density regions and were typically oriented laterally,

favouring fracture propagation normal to the compressive load and parallel to the

minimum compressive stress. Some fracture sites extended to the container wall

and thus present a release route for volatile solutes which diffuse to the fracture.

The high strength sediment supported the largest bubbles of up to 20 mm equiva-

lent spherical diameter, which moved in conjunction with the bulk bed expansion

but remained macroscopically static for at least 6 h.

Despite shedding light on realistic levels of gas holdup, the upper bound of re-

tained bubble sizes, mature bubble mobility, bubble geometries observed across a

range of yield stress conditions, and conditions most conducive to acute release, sig-

nificant uncertainties remain concerning the > 92.5 % of retained bubbles too small

for this CT configuration to capture and the implications of this sub-millimetre pop-

ulation for gas release from low-intermediate strength quiescent sediments. How-
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ever, having established that the bubble population exhibits negligible evolution

after 4-6 h of hydrogen peroxide decomposition, a modified CT configuration, using

a smaller sample size and field of view together with longer scan times, can be used

to achieve greater imaging resolution and expose this hidden void fraction.
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Chapter 5

Enhanced gas migration through

permeable bubble networks

within consolidated soft sediments

5.1 Introduction

In Chapter 4, large scale clinical CT imaging was employed to demonstrate that

large bubbles remain macroscopically static within sediments of 7-1112 Pa yield

stress for long residence times. The observation that very low strength (τ = 7 Pa)

sediments supported relatively large (< 7 mm ESD) bubbles for at least 6 h, during

a period of appreciable chronic gas release, is seemingly at odds with the theory

that buoyant bubble ebullition represents the principal mechanism for gas release

at low yield stresses, where the ratio of buoyant stress to sediment strength is most

favourable to bubble rise (Dubash & Frigaard, 2007; van Kessel & van Kesteren,

2002). Sherwood & Eduardo Sáez (2014) suggested that bubble ebullition, possibly

liberating a buoyant flux, or cascade, of bubbles is most likely in the 3 < τ < 70 Pa

yield stress range. The transient CT imaging in Figure 4.12a indicates that the

ebullient yield stress regime may be narrower still, possibly limited to sediments of

< 7 Pa yield stress under quiescent conditions (Keller & Stallard, 1994).

This raises the question as to how gas is continuously released from low-intermediate

strength sediments (10 Pa ≲ τ ≳ 1 kPa) which are (1) too strong for buoyant bubble

ebullition, (2) too high in fracture toughness for burrowing (Dorgan et al., 2005;

Mughrabi, 1992), and (3) insufficiently strong to support deep vertical drainage

channels (van Kessel & van Kesteren, 2002). Furthermore, any such mechanism

must be reconciled with the absence of either vertical motion of large millimetre-

scale bubbles or disturbances in topography or profile of the bed, which would
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have been apparent in Figure 4.9a. Since > 92.5 % of bubbles were below the detec-

tion limit of the large scale clinical tomography in Section 4.3.2, it was postulated

that permeable networks of partially coalesced sub-millimetre bubbles or diffusion

pathways through fine fractures (van Kessel & van Kesteren, 2002) might present

a realistic explanation for gas migration and chronic release. Similarly, Wheeler

(1988a) highlighted the possibility that retained free gas within unsaturated soils

may be continuous at large void fractions where the saturation, given by the ratio

of the pore water volume to the combined volumes of pore water and retained gas,

falls below a value of around 0.85. However, x-ray CT has yet to be employed

to observe viable pathways for gas migration through these intermediate strength

sediments.

In this chapter, gas retention is investigated by the homogeneous in situ de-

composition of hydrogen peroxide within consolidated Mg(OH)2 soft sediments of

30-1112 Pa yield stress, using a Siemens Inveon PET/CT scanner (Constantinescu

& Mukherjee, 2009) to image the bubble population at 53.25 µm resolution. Previ-

ous research into sedimentary bubbles achieving such tomographic imaging resolu-

tion has focused on individual fracture sites propagated from a solitary submerged

orifice(Algar et al., 2011a; Best et al., 2006; Johnson et al., 2002), while larger scale

CT imaging of diverse bubble populations (see Figures 2.6c, 2.6d and 4.10) has been

limited by spatial resolution (Maurer et al., 2016), thus rendering communication

between multiple bubble sites and avenues for gas migration invisible. The sedi-

ment response to in situ bubble growth is interpreted in relation to the two-phase

sediment microstructure, which is characterised using low field nuclear magnetic

resonance (LFNMR) spectroscopy (D’Orazio et al., 1989; Yao et al., 2010) and

cryogenic focused ion beam (cryo-FIB) microscopy. X-ray computed tomography

(CT) is coupled to Lattice Boltzmann Method (LBM) and Monte Carlo based sim-

ulations, which are proposed for the investigation of gas migration through perme-

able, connected pathways through the sediment. These computational approaches

are highly suitable for characterising flow behaviour through real porous media

as they are computationally inexpensive compared with conventional continuum-

based computational fluid dynamics (CFD) methods for complex boundary geome-

tries, while the CT reconstructions provide a compatible cubic lattice on which to

perform the calculations (Selomulya et al., 2006).

5.2 Materials and methods

The same dry commercial Mg(OH)2 powder, Versamag (Martin Marietta Magnesia

Specialties LLC, USA), used throughout Chapter 4 was used once again as a non-

active analogue for the solid component of CMS. Consolidated soft sediments were
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prepared by the addition of tap water and agitation for 30 min using an overhead

stirrer with an axial flow impeller. 35, 45 and 54 % w/w sediments were prepared for

x-ray tomography imaging, corresponding to diverse shear yield stress conditions

of 30, 234 and 1112 Pa respectively, according to the relationship in eq. (3.5).

5.2.1 Soft sediment microstructure characterisation

The soft sediment microstructure was investigated using a combination of low field

nuclear magnetic resonance (LFNMR) spectroscopy, mercury intrusion porosimetry

(MIP) and cryogenic focused ion beam (cryo-FIB) imaging. LFNMR has proven

to be a powerful and non-destructive tool for characterising various porous media,

including tight gas sandstones (Xiao et al., 2016) different grades of coal (Yao et al.,

2010) and saturated soils (Liu et al., 2016). Following application of a very low

external magnetic field, transverse relaxation time (T2) measurements capture the

rate at which protons in the pore filling fluid, water in this instance, lose their

magnetic spin as a result of collision with the pore walls. Hence, LFNMR can

non-destructively probe the pore surface area to volume ratios, S/V , a measure

of inverse pore body radius, r−1
pb , within water saturated porous materials, such

as sludges, slurries and soft sediments. From the resulting transverse relaxation

time distribution, slower proton relaxation times correspond to fewer pore wall

interactions, consistent with larger pore bodies according to eq. (5.1) (D’Orazio

et al., 1989; Yao et al., 2010):

1

T2

= ρ2
S

V
(5.1)

Translating the relaxation time distribution into a pore size distribution there-

fore requires the determination of a material dependent proportionality constant,

ρ2, representing the surface relaxivity or transverse relaxation strength (Jaeger

et al., 2009). In order to calibrate the transverse relaxation strength a 20 ml sam-

ple of soft sediment was dried for 24 h at 100 ○C to form a 30 mm diameter disk

which was cut into two halves. One half was then re-saturated with water for 24 h

before LFNMR analysis, while the other half was analysed using MIP.

MIP uses an applied external pressure to force a non-wetting fluid, mercury, to

intrude into a porous sample. The Washburn equation, eq. (5.2), states that the

applied pressure, P , required for the non-wetting fluid to invade a pore, with an

assumed cylindrical geometry, is inversely proportional to the pore throat radius,

rth:

rth =
2γcos(θ)

P
≈ 0.62

P
(5.2)
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For any material which is poorly wetted by mercury the numerator of eq. (5.2)

will be equivalent. A mercury vapour-air surface tension, σ, of 485 mN m−1 and

a high three phase contact angle of 130° are typically used for such advancing

or intruding experiments (Anovitz & Cole, 2015). The percentage intrusion into

the dried sample during an incremental sweep of applied external pressures can

thereby be translated into a distribution of pore throat radii for comparison with

the LFNMR distribution for the dried and re-saturated sample. Comparison of

the distinctive LFNMR and MIP modes (Yao & Liu, 2012) enables conversion of

transverse relaxation times to a more relevant pore length-scale. The ratio of MIP

determined modal pore throat radius to LFNMR determined modal relaxation time

provides the product of the transverse relaxation strength and the pore throat to

body ratio, henceforth referred to as a corrected transverse relaxation strength,

ρ2,cor, according to eq. (5.3):

2γcos(θ)
P̄ T̄2

= ρ2r̄th
¯

(S
V

) = ρ2
r̄th
r̄pb

= ρ2,cor

rth = ρ2,corT2

(5.3)

The corrected transverse relaxation strength will be constant only if the pore

bodies and throats scale with a fixed ratio, however discrete element method anal-

ysis of compacted sands and soils indicates that this assumption is reasonable

(Mahmoodlu et al., 2016). Following eq. (5.3) the corrected transverse relaxation

strength translates the relaxation time distribution into a more useful pore throat

size distribution. Following determination of the corrected transverse relaxation

strength using the dried samples, LFNMR analysis was performed using 50 ml

samples of 35-54 % w/w magnesium hydroxide soft sediments.

The MIP tests were conducted using a 413 MPa Autopore IV porosimeter (Xiao

et al., 2016) (Micromeritics, USA) by increasing the applied pressure from 10 kPa

to the 413 MPa ceiling in 42 logarithmic stages and recording the mass of mer-

cury intrusion in milligrams at each interval. LFNMR was undertaken using a

MARAN Ultra benchtop NMR analyser (Seland et al., 2007) (Oxford Instruments,

UK) operated with 100 scans per sample, to ensure an adequate signal to noise

ratio, a magnetic field strength of 0.047 T and 2 MHz resonance frequency. Fur-

ther measurement specifications include an echo spacing of 100 µs, echo numbers of

4096 and an equilibrium time of 10 s between scans. The resulting echo data were

inverted to relaxation times in the 0.1-10 000 ms range with 100 logarithmically

spaced intervals.

To supplement the LFNMR and MIP data with an appreciation of the pore

geometry, a 40 % w/w Mg(OH)2 soft sediment sample was observed using cryo-FIB

imaging. The sample was rapidly frozen by quenching with slush nitrogen before

the temperature was increased to and maintained at −90 ○C for 8 min in order to
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sublime away the majority of the pore-water. The frozen and sublimed sample was

then fractured and sputter coated with platinum for the topography to be imaged

using a Helios G4 CX DualBeam microscope (FEI, USA) (Matsumoto et al., 2016;

Villinger et al., 2015). Images were acquired of the topography of the fractured

surface and the interior wall of a borehole etched from the sample by the FIB, or

FIB cross-section.

5.2.2 Imaging in situ bubbles within soft sediments with

high resolution x-ray computed tomography (CT)

Gas retention tests were conducted in accordance with the hydrogen peroxide de-

composition method outlined in Section 4.2.2 (see Figure 4.2), within a smaller

sideways mounted cylinder of 71 mm diameter and 138 mm length. In situ gas gen-

eration was achieved by the addition of 1.6 ml 35 % w/w hydrogen peroxide (Merck

Chemicals, Germany) to a 360 ml volume of soft sediment and agitation for 10 min

with an overhead stirrer before transfer to the test cylinder. Following 6 h of gas

generation, producing 220 ml O2 by eq. (5.4), the bed was deemed to have reached

a steady state voidage, or maximum gas holdup, and bubble size distribution.

H2O2 ÐÐ→ H2O + 1

2
O2 (5.4)

CT scans were undertaken for three commercial magnesium hydroxide soft sed-

iments of 35, 45 and 54 % w/w using an Inveon dual PET/CT scanner (Siemens,

Germany) configured with the scanning parameters outlined in Table 5.1. The

53.25 µm voxel resolution captured 4.7-9.1 times more detail in the cross-sectional

plane and 11.7-23.5 times more detail in the axial direction than the large clinical

CT tests conducted in Section 4.3.2.

Table 5.1: Summary of x-ray CT scanning parameters and comparison with the
scanning protocol used in Chapter 4

Siemens Inveon PET/CT GE Brivo CT385
X-ray voltage (kVp) 80 120
X-ray tube current (mA) 0.5 40-79
FOV diameter (mm) 81.8 96-250
Pixel resolution (µm) 53.25 250-488
Slice separation (µm) 53.25 625-1250
Number of axial slices 1024 32-112
Total FOV volume 2.86 × 105 1.40 × 105-6.81 × 106
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X-ray CT post processing

The reconstructed x-ray tomographs were post processed using FIJI ImageJ (Schin-

delin et al., 2012) in combination with DigiUtility (Structure Vision Ltd. UK)

(Menon et al., 2011). A 600 × 600 × 600 voxel cube was extracted from the centre

of the image stack, away from the test-cylinder walls, and then various techniques

including bandpass filtering, sharpening and despeckling were used to surpress ring-

artefacts (Bentz et al., 2000) and reduce speckling noise caused by beam hardening

(Boden et al., 2008). Bilevel thresholding was then used to isolate the retained

bubble population from the high radiodensity bulk sediment. From the thresh-

olded image stack, each object with face, edge and corner connected voxels was

extracted, labelled and its volume recorded using the algorithm outlined in Bolte

& Cordelières (2006). These objects include any discrete bubbles retained by the

sediment as well as any chains or networks of partially coalesced bubbles which

might propagate through the volume.

Characterising partially coalesced or networked bubbles

Where high rates of partial bubble coalescence or networks of bubbles are observed,

an additional approach is required to characterise the individual bubbles within the

network. Automated watershed segmentation is often used for isolating touching

objects within digital images; however, this approach is best applied for overlap-

ping objects of narrow size and shape distributions which are atypical based on the

images presented in Figure 4.10 and discussed in Algar & Boudreau (2010); Kats-

man (2015). Instead a mean empty space (MES) algorithm was used whereby 108

random points were selected within the thresholded void-space and the lengths of

three perpendicular chords (in the x, y and z directions) through each of these loci

to the nearest sediment boundaries were recorded, providing a comprehensive chord

length distribution (CLD) of the individual bubble population within the domain.

The discretised CLDs were then translated into bubble size distributions (BSD) by

solving the chord length transformation matrix from Li & Wilkinson (2005) using

the non-negative least squares (NNLS) algorithm from Lawson & Hanson (1974)

in Matlab v. R2013b (Mathworks, USA).

5.2.3 Simulating gas transport through permeable bubble

networks

Two alternative three-dimensional computational approaches were employed to

characterise gas transport behaviour through soft sediments using the bi-level

thresholded CT reconstructions; these are the Lattice Boltzmann Method (LBM)

and Monte Carlo gas diffusion (MCGD) models outlined below. For analysing

102



5.2 Materials and methods

MPF propagation
fi(x + eiδt, t + δt) = fi(x, t)

Fluid-solid collisions (no-slip)
f∗
−i(x, t + δt) = fi(x, t)

Fluid-fluid collisions (BGK model)
f∗i (x, t) = fi(x, t) − 1

τ (fi(x, t) − f eqi (x, t))

f eqi (x, t) = ωiρ′ [1 + 3eiû + 9
2(eiû)2 − 3

2 û
2]

where ωi = 1
3 ,

1
16 ,

1
36 for i = 0,1 − 6,7 − 18

Figure 5.1: Schematic of the D3Q19 lattice structure (left), reproduced from Guan
et al. (2017), and a summary of the governing propagation (Guan et al., 2017) and
collision (Quispe et al., 2005; Succi, 2001) models which redistribute the MPFs at
each computational time step

one-directional gas transport, a 400 × 400 × 400 voxel CT volume was encased in a

solid duct with walls at the boundaries normal to the direction of the pressure or

concentration gradient. All simulations were performed using a 3 GHz CPU Intel

i5 processor with 2 × 8 Gb RAM.

Lattice Boltzmann Method (LBM)

LBM represents an alternative numerical scheme to conventional continuum-based

CFD methods for simulating fluid flow. While conventional CFD explores numeri-

cal solutions to the Navier-Stokes equations at the continuum level, LBM represents

the fluid as discrete particles using microscopic collision models and kinetic equa-

tions ultimately recovering a continuum solution for macroscopic fluid properties,

such as the fluid density, ρ, and superficial fluid velocity, u. A number of stud-

ies (Lin et al., 2010; Moreno-Atanasio et al., 2010; Selomulya et al., 2006) have

married x-ray CT structures with LBM simulations to predict hydraulic properties

of porous media as LBM is computationally inexpensive in comparison to conven-

tional CFD approaches for systems with complex boundary geometries, while the

computational lattice nodes at which flow behaviour is resolved are easily mapped

onto the domain of cubic voxels generated during CT reconstruction (Selomulya

et al., 2006).

LBM simulations were performed using DigiFlow (Structure Vision Ltd. UK),

based on a D3Q19 cubic lattice structure (Guadarrama-lara et al., 2015; Guan

et al., 2017; Menon et al., 2011) demonstrated in Figure 5.7 (Guan et al., 2017),

whereby particles at the central node of a local 3 × 3 × 3 cubic lattice interact with

18 of their 26 nearest neighbours (excluding the 8 extreme corners of the lattice).

Each lattice node is thereby associated with 18 mass probability functions (MPF),
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f(x, t, ei), which represent the number of particles with a particular velocity vector,

ei, at a position, x, and time, t.

Particles collide and propagate through the domain, redistributing MPFs be-

tween lattice nodes according to the models summarised in Figure 5.7. Collisions

are governed by the Bhatnagar-Gross-Krook (BGK) model (Succi, 2001), where

a user defined relaxation constant, τ , dictates the rate at which the MPF decays

towards the equilibrium value. The relaxation constant relates to the kinematic

viscosity of the fluid, ν̂, according to eq. (5.5), where the circumflex accent denotes

the dimensionless form of the variable used within the LBM simulation:

τ = 2ν̂ − 1

6
(5.5)

Fluid particle interactions at the solid boundaries are governed by a no-slip

boundary condition whereby the MPF is returned to its pre-collision lattice node

with a velocity vector equal in magnitude and opposite in direction (Quispe et al.,

2005). The MPFs also propagate between neighbouring fluid lattice nodes accord-

ing to their velocity vectors (Guan et al., 2017). The macroscopic fluid density,

ρ̂, and velocity, û are derived from the MPFs and their associated velocity vectors

according to eq. (5.6):

ρ̂ =
1

∑
19

fi

û = 1

ρ̂

1

∑
19

eifi + τ
L̂

∆P̂

(5.6)

All LBM calculations are performed in dimensionless lattice units (LU), where

distance is reported in terms of lattice cell width, δx = 1, and time in terms of

computational time steps, δt = 1. Length scales are easily translated into phys-

ical units as the lattice cells have the dimensions of the CT voxel resolution

(∆x = 5.325 × 10−5 m). The computational time step can be derived in physical

units as the virtual and physical environments share a common Reynolds number,

enabling conversion between virtual and physical velocities using the lattice width,

relaxation constant and kinematic viscosity of the permeating fluid, as shown in

eq. (5.7).

(u∆x

ν
) = ( ûδx

ν̂
)

u

û
= ∆x

∆t
= νδx
ν̂∆x

∆t = ∆x2(2τ − 1)
6ν

(5.7)

For a relaxation constant of unity and a kinematic viscosity for oxygen of

2.04 × 10−5 m2 s−1, a computational iteration corresponds to 2.32 × 10−5 s in real
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time. A small pressure gradient, ∇P̂ = ∆P̂

L̂
, of 2.5 × 10−4 LU, equivalent to 1.65 Pa m−1,

was prescribed to induce flow in a desired direction and LBM simulations were

run until the superficial velocity of fluid through a cross-section of the domain,

including all fluid and solid sites, achieved steady state. The pressure gradient,

superficial velocity and fluid viscosity are then used to predict the permeability of

the void-space, κ, in m2 according to Darcy’s Law, in eq. (5.8) (Quispe et al., 2005;

Selomulya et al., 2006):

κ = ∆x2 ûν̂L̂ρ̂

∆P̂
(5.8)

where L̂ is the width of the domain in voxels

Monte Carlo gas diffusion

Monte Carlo gas diffusion (MCGD) simulations were performed using DigiDiffuse

software (Structure Vision Ltd. UK), based on a model originally developed for

aggregation and sedimentation research (Jia et al., 2000), following a number of

studies (Abbasi & Evans, 1983; Evans et al., 1980; Laudone et al., 2008; Zalc et al.,

2003) that have employed Monte Carlo style simulations to imitate the seemingly

random nature of molecular diffusion within complex porous structures. Here, the

simulation domain was constructed of source, porous medium and sink regions each

400 voxel or 21.3 mm wide. The source region, x = 0 − 400 voxel, is charged with a

fixed concentration, φs, of tracer gas molecules. Tracer molecules diffuse through

the porous medium, x = 400−800 voxel, where tracer molecule concentrations in the

void-space, φ(x, t), increase over time and decay with distance. Tracer molecules

which pass through the permeable void-space then accumulate in the enclosed sink

region, x = 800 − 1200 voxel. Tracer concentrations are taken to be the number of

molecules, #M , per unit volume of void-space, in order to provide a continuous con-

centration profile through every region of the domain in spite of sudden expansions

and constrictions. The concentration within the porous region should therefore be

multiplied by the void fraction in order to determine the concentration of oxygen

tracers within the entire cubic volume.

Since the macroscopic motion of molecules due to Brownian motion is appar-

ently random, tracer gas molecules are able to randomly move to any of the 26

immediately adjacent sites as long as that site is not occupied by another tracer

molecule or a solid boundary. Thus, in contrast to the LBM simulations, the prop-

agation of fluid particles exhibits no dependence on previous computational steps,

only the current location of tracer molecules. In the highly improbable instance

that every adjacent lattice site is occupied, the move is rejected for that iteration
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of the simulation, implying that the net effect of all collisions during that computa-

tional iteration return the molecule to its pre-collision lattice node. The rejection of

molecular transfer to occupied sites thereby promotes macroscopic diffusion along

the direction of the concentration gradient. The evolution in concentration with

time relates to the concentration gradient according to Fick’s second law of diffu-

sion, the linear form of which is given in eq. (5.9):

dφ

dt
=Dd

2φ

dx2
(5.9)

where D is the diffusivity, or effective diffusivity, Deff in the case of a porous

medium with tortuous diffusion paths. A common analytical solution to eq. (5.9) is

defined in eq. (5.10) (Crank, 1979; Laudone et al., 2008) for the boundary conditions

of (a) constant source concentration within a plane at x = 0, φ(0, t) = φ0, and (b)

zero concentration infinitely far from the source, φ(∞, t) = 0 :

φ(x, t) = φ0 erfc(
x

2
√
Dt

)

erfc( x

2
√
Dt

) = 1 − 2√
π
∫

x

2
√

Dt

0
exp (−ξ2)dξ

(5.10)

where erfc is the complement, 1 − erf , to the Gaussian error function (erf).

Alternatively, for a source region, 0 ≤ x ≤ h, maintained at a constant average

concentration, φs, by replenishing molecules at x = 0, and a solid wall at the end

of the finite volume, x = L, the concentration throughout the domain is better

represented using eq. (5.11) (Crank, 1979):

φ(x, t) = φsA
B

A = 1

2
(erfc( x − h

2
√
Dt

) − erfc( x + h
2
√
Dt

) + erfc(2L − h − x
2
√
Dt

))

B = 1

h ∫
h

0
Adx

(5.11)

where the integral ofA across the width of the source region in the denominator

ensures that the bulk concentration of tracer particles in the source region remains

constant, at φs. The third term in square brackets captures the reflection and

superposition of molecules colliding with the boundary at x = L. For an assumed

diffusivity, these two analytical solutions provide a mathematical basis to predict

the evolution in tracer concentration through time and space in line with the MCGD

simulations; the observed diffusivity for each porous medium is found where there

is best agreement between the simulated, φ̃(x, t), and analytical, φ(x, t), solutions,

quantified by the minimum total absolute error across the width of the porous
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Figure 5.2: (a) Mercury intrusion porosimetry (MIP) and (b) low-field nuclear
magnetic resonance (LFNMR) spectrograms for dried Mg(OH)2 soft sediments

region:

D =Deff when E→ min where:

E =
5 × 105

∑
t=1 × 103 step

800

∑
x=400 voxel

∣φ̃(x, t) − φ(x, t)∣
(5.12)

In the case of an open duct, with no geometric obstacles to diffusion, the

diffusivity will correspond to the self-diffusion coefficient, which is known to be

1.92 × 10−5 m2 s−1 and 1.60 × 10−4 m2 s−1 for oxygen (Winter, 1950) and hydrogen

(Reichenbacher et al., 1965) respectively. Thus, diffusion through an open duct

can be used to calibrate the duration of a computational time step, ∆t, in order to

translate the effective diffusivities into physical units.

5.3 Results and discussion

5.3.1 Soft sediment microstructure

Mercury intrusion into half a dried disk of Mg(OH)2 is presented in Figure 5.2a

beside a LFNMR transverse relaxation time distribution for the other half of the

dried disk, following re-saturation with water, in Figure 5.2b. 80 % of the pore-

space is intruded by mercury between applied pressures of 2.1-30.9 MPa; applying

the Washburn equation, with an advancing contact angle of 130° (Anovitz & Cole,

2015), the centre of this mode corresponds to a pore throat radius of 0.087µm.

Similarly, the transverse relaxation time distribution demonstrates a distinct

mode centred around T2 = 12.3 ms. The ratio of the MIP determined modal pore

throat radius and the modal relaxation time yields a corrected transverse relaxation
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Figure 5.3: Pore throat size distributions for Mg(OH)2 soft sediments of 35-
54 % w/w solids concentration obtained by low-field nuclear magnetic resonance
(LFNMR) spectroscopy with a mercury intrusion porosimetry (MIP) calibrated
corrected transverse relaxation strength

strength of 7 × 10−6 m s−1, which is hereafter used to translate relaxation time data

into pore throat size distributions for wet soft sediments.

MIP and LFNMR derived pore size distributions for the dried samples and

three Mg(OH)2 soft sediments are presented in Figure 5.3. The distributions are

normalised to probability density, p(rth), values, given by eq. (5.13), whereby the

area under each curve is unity and so narrower size distributions manifest with

taller peaks.

∫
∞

0
p(rth) dlog10(rth) = 1 (5.13)

From Figure 5.3, it is apparent that consolidating soft sediments results in con-

striction of the sedimentary pores, however consolidation enhances the shear yield

stress much more significantly than it constricts the pore throat radii. Increasing

the solids concentration from 35 to 54 % w/w sees the modal pore throat radius de-

crease from 0.335 to 0.148 µm, while the yield stress increases by nearly two orders

of magnitude, from 30 to 1112 Pa.

Each of the three Mg(OH)2 soft sediments exhibit very narrow pore size dis-

tributions, although the variance increases slightly with solids concentration. Over

92 % of pores within the 35 % w/w sample were measured within the 0.24-0.47 µm

range. The remaining 8 % of pores were found within small modes at 3.6-4.5 nm

and 9.8-12.3 µm, although it is noted LFNMR can occasionally underestimate the
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volume of meso-scale pores (< 50 nm) due to the large echo-spacing (Xiao et al.,

2016). Nonetheless, the soft sediment microstructure is dominated by macro-pores

(> 50 nm) (Anovitz & Cole, 2015; Xiao et al., 2016) with pore throats an order of

magnitude smaller than the median particle size of around 4 µm.

Table 5.2: Summary of modal pore throat radii, r̄th, and free water content within
Mg(OH)2 soft sediments estimated using LFNMR

Test material ω (kg/kg) Water content (kg/kg) r̄th (µm)
Total LFNMR

Mg(OH)2 (dried & saturated) 0.36 0.36 0.087
Mg(OH)2 0.54 0.46 0.40 0.148
Mg(OH)2 0.45 0.55 0.49 0.210
Mg(OH)2 0.35 0.65 0.60 0.335

The modal pore throat radii are summarised in Table 5.2, along with the

LFNMR estimated mass fraction of free water detected in each sample. For the

dried and re-saturated sample, the LFNMR estimated free water content corre-

sponds closely to the increase in mass following saturation. Conversely, for the

saturated soft sediment samples around 9-13 % of the total water content was not

detected by the LFNMR, which could indicate that some of the pore water is not

free but immobilised within Mg(OH)2 aggregates and meso-scale pores, or bound

to the pore walls.

In backscattering detection mode, the cryo-FIB images in Figures 5.4a and 5.4b

show a large volume of dark pores in the order of 1.5-2.3 µm wide and occasionally

up to 6 µm long. Interpolating between the LFNMR analysis at 35 and 45 % w/w in

Table 5.2, the modal pore throat radius is anticipated to be in the order of 0.3 µm.

Assuming these throats correspond to the 1.5-2.3 µm wide pores in Figure 5.4a,

this implies a pore body to throat ratio in the order of 5-8 . The FIB cross-section

in Figure 5.4c demonstrates the continuous nature of the water-filled pores more

clearly.

Three mechanisms of bubble growth within soft sediments are frequently dis-

cussed; excess bubble pressures required to: (1) invade adjacent pore-space, ∆Pi,

(Kam & Rossen, 1999) (2) elastically expand the host pore, ∆Pe, (Terrones &

Gauglitz, 2003; van Kessel & van Kesteren, 2002) and (3) propagate an existing

fracture, ∆Pf , (Johnson et al., 2002) are summarised in eq. (5.14):

∆Pi = Pb − Ppw = 2γcos(θ)
rth

∆Pe = Pb − σ = 4

3
τ (1 − ln ∣G

τ
∣)

∆Pf = Pb − σ ≈ 1.32(K
6
Ic

VcE
)

1
5

(5.14)
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(a) (b)

(c)

Figure 5.4: Focused ion beam (FIB) micrographs of (a-b) the topography of a frac-
tured surface and (c) a vertical FIB cross-section of cryogenically frozen Mg(OH)2

soft sediment

where γ is the surface tension, G is the shear modulus, KI,c is the fracture tough-

ness, Vc is a crack volume and E is the Young’s modulus of the sediment. The pore-

scales indicated by Table 5.2 and Figure 5.4 appear to preclude capillary invasion as

a realistic mode of bubble growth. A non-wetting gas (cos(θ)→ 1) intruding into a

200 nm diameter pore would entail capillary entry pressures of 1.46 MPa, over three

orders of magnitude larger than the shear yield stress of any sample in this study.

Bubble growth beyond the pore scale must therefore require some displacement of

the sediment matrix. Since the yield stress of the sediment matrix increases much

more rapidly than pore dimensions constrict with sediment consolidation, capillary

invasion thereby becomes more energetically favourable with sediment consolida-

tion, but remains unrealistic even for kiloPascal yield stress Mg(OH)2 sediments.

Furthermore, the fracture toughness of a soft sediment is reported to scale with the

inverse square root of the grain size, rg, (Jain & Juanes, 2009) implying that very

fine-grained sediments such as this are more likely to promote fracture than den-

dritic bubbles consistent with capillary invasion. However, since fracture toughness

typically increases with diminishing yield stress (Mughrabi, 1992), broadly spheri-

cal bubbles consistent with elastic cavity expansion are anticipated for fine-grained,
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low-intermediate yield stress sediments, although fracture propagation may be real-

istic for kiloPascal yield stress sediments containing sufficiently large initial cracks.

5.3.2 X-ray computed tomography

Figure 5.5 shows typical x-ray CT slices through Mg(OH)2 soft sediments of 30,

234 and 1112 Pa yield stress following 6 h in situ gas generation. In each instance,

a small number of relatively large (> 1 mm) macro-bubbles of high sphericity are

observed, consistent with those identified in Figure 4.10. The 1112 Pa sediment im-

aged in Figure 5.5c retains larger macro-bubbles than the two lower strength sed-

iments, up to 10 mm in diameter. In each sediment, the vast bulk of the voidage

consists of a honeycomb of smaller bubbles in the 0.07-0.7 mm diameter range,

henceforth referred to as microvoids, many of which appear to be connected. The

small bubble population within the high strength 1112 Pa sediment appears more

like micro-cracks, oriented laterally, or normal to the compressive load, with signif-

icantly greater aspect ratios than the highly spherical microvoids within the 30 Pa

sediment.

While 0.07-0.7 mm microvoids are indeed small relative to the macro-bubbles

several millimetres in diameter, they remain 2-3 orders of magnitude larger than the

undisturbed sedimentary pores observed in Figure 5.4. As such, the microvoids ap-

pear to straddle two classic classifications of sedimentary bubbles:(Anderson et al.,

1998) type III sediment displacing bubbles which expand the interstitial pores in

the sediment and type II reservoir bubbles which occupy multiple pores around

undisturbed sediment grains. Instead, the tomography appears to demonstrate

microvoids which expand their host cavity causing the pore throats to widen in

unison with the pore bodies. Eventually, the pore throats widen sufficiently for

gas to intrude, allowing neighbouring microvoids to coalesce and form extensive

networks. This also implies that the pore geometry and deformability of these

low-intermediate strength sediments is not conducive to snap off (Ransohoff et al.,

1987), whereby gas invading into adjacent pore-space divides at constricted throats

and forms separate smaller bubbles.

Microvoid coalescence is a familiar concept to metallurgists as it represents

a critical component of fracture propagation (Withers, 2015) and failure within

ductile metals (Burghard, 1974). Coalescence between microvoids within aqueous

soft sediments may play a similar role in diminishing the fracture toughness of the

bulk sediment, however another implication could be that extensive networking of

coalesced microvoids establishes pathways for enhanced gas migration and chronic

gas release. The connectivity amongst the microvoid population is clearest in

Figure 5.5d, where the region of interest outlined in white in Figure 5.5a has been

isolated, magnified and processed to diminish speckling and ring artefacts (shown
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(a) (b)

(c) (d)

Figure 5.5: Example x-ray tomographs through the cylindrical cross-section of
three Mg(OH)2 soft sediments of (a) 30 Pa, (b) 238 Pa and (c) 1112 Pa yield stress
following 6 h in-situ gas generation. The 600× 600 pixel region of interest outlined
in (a) has been processed and thresholded in (d) to show white bubbles against
black sediment
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Table 5.3: Characterisation of the voidage properties within 30-1112 Payield stress
Mg(OH)2 soft sediments following 6 h in situ gas generation

τ (Pa) ν
V ∗g
Vg

6Vg
Ag

(mm) Ag
As

ĀR
−1(L̄b < 0.5 mm) L̄50 (mm) L̄95 (mm)

30 0.31 0.998 0.34 324 0.69 0.47 1.33
238 0.28 0.981 0.34 293 0.53 0.42 1.31
1112 0.34 1.000 0.43 281 0.51 0.50 2.70

most clearly in Figure 5.5c), thresholded and inverted to present white bubbles

against a dark soft sediment background. A number of characteristics of the bubble

population are summarised in Table 5.3.

The thresholded void fractions of the 6003 voxel regions of interest lie within the

0.28-0.34 range, which aligns closely to the void fractions of 0.30-0.38 estimated

from the increase in bed volume. Thus, essentially the entire bubble population

appears to be observable at this 53.25 µm imaging resolution. A crude characteristic

dimension of the bubble population can be attained from the total retained gas

volume to surface area ratio,
6Vg
Ag

. This characteristic bubble length ranges from

0.34 to 0.43 mm for the three sediments, comfortably larger than than the CT

imaging resolution in this study, however it also indicates why only the very mature

bubbles are observable under large scale clinical CT with slice separations in the

order of 0.625-1.25 mm, as summarised in Table 5.1.

The total interconnected bubble volume was determined by counting the num-

ber of face, edge and corner connected bubble voxels using the Bolte & Cordelières

(2006) algorithm, revealing that the volume of the continuous gas networks, V ∗

g ,

account for at least 98.1 % of the total free gas volume, Vg, within the 31.95 mm

wide region of interest, as detailed in Table 5.3. The bubble network therefore pro-

vides a pathway for free gas to migrate through the region of interest by diffusion.

Competition between the maximum field of view and the imaging resolution neces-

sary to capture the entire bubble population makes it difficult to estimate the range

that the bubble network might span. The field of view could be representative of

the sediment on an infinite scale, making 98 % of the retained free gas continuous.

Alternatively, the gas could be retained within discontinuous ganglia which could

span length-scales as little as 0.1 m, barely larger than the 31.95 mm wide field of

view, similar to observations of two-phase N2 − brine flow through porous sand-

stone (Reynolds et al., 2017) and dense non-aqueous fluid contamination in soils

(Wu et al., 2017). In either instance, the extensive connectivity between neighbour-

ing bubbles is likely to have significant implications for gas migration and chronic

gas release.

Diffusion through permeable bubble networks would explain chronic gas release

from soft sediments much better than aqueous volatile diffusion as gas molecules

diffuse much more readily in the gas phase than through an aqueous phase. The
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Figure 5.6: Three-dimensional views of partially eroded bubble networks indicating
the size and shape of individual bubbles within (a) 30 (b) 234 and (c) 1112 Pa soft
sediments together with (d) bubble size distribution histograms from chord length
analysis

self-diffusion coefficient for oxygen, 1.92 × 10−5 m2 s−1 (Winter, 1950), is four orders

of magnitude greater than that of oxygen in water, 3.49 × 10−9 m2 s−1 (Krieger et al.,

1967). Furthermore, the ratio of free gas surface area within the bed to the surface

area of the interface between the bed and the test cylinder ullage,
Ag
As

, indicates

there is around 300 times more interfacial area for exchange of volatiles within the

bed than at the bed-ullage boundary, and this factor is likely to increase substan-

tially with experimental scale. Hence, conditions are many times more favourable

for the release of free gas than for direct release of dissolved oxygen from the aque-

ous phase, consistent with observations from marine sediments (Katsman et al.,

2013). Gas diffusion through permeable bubble networks also reconciles chronic

gas release with the observation that the large macro-bubbles which impart the

greatest buoyant stress on the sediment and are most likely to rise by ebullition

appear to remain static within the bed for several hours.

In order to better visualise the constituent bubbles of each network, a 2-3 voxel
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deep film was digitally eroded from the void-space to reduce the connectivity be-

tween adjacent bubbles and reveal discrete bubbles, generating the views in Fig-

ures 5.6a to 5.6c. These depictions thereby under-represent the volumetric contri-

bution of the microvoid population to the total voidage, but better demonstrate

the size and shape of retained bubbles under the different sediment conditions. The

microvoid population is more distorted within the higher concentration sediments,

with the average inverse aspect ratios, AR−1 = Lmin
Lmax

decreasing significantly, from

0.69 in the 30 Pa sediment to 0.51 at 1112 Pa yield stress. The longest axes of these

fine bubbles are typically oriented normal to the compressive load, particularly

within the 1112 Pa sediment, indicating that young bubbles grow by preferentially

displacing sediment in the direction of minimum compressive stress. The increas-

ing aspect ratio with sediment consolidation thereby accords with the observation

that the ratio of lateral to vertical compressive stress, K0 = σH
σV

, decreases with

increased sediment depth and with consolidation (Boudreau, 2012). Preferential

bubble deformation in the lateral direction also promotes coalescence in the radial

field, instigating a least tortuous diffusion path perpendicular to gravity.

Estimation of bubble aspect ratios as a function of bubble size enabled trans-

lation (Lawson & Hanson, 1974; Li & Wilkinson, 2005) of 3 × 108 random chord

length measurements of the void-space into the bubble size distributions presented

in Figure 5.6d. Bubbles of 0.07-10 mm characteristic length are observed in each

instance, with remarkably similar median sizes of 0.42-0.50 mm, summarised in

Table 5.3. These sub-millimetre median bubble diameters appear comparatively

small compared with previous observations of sedimentary bubbles. Sherwood &

Eduardo Sáez (2014) observed bubbles of 3 mm median diameter following hydro-

gen peroxide decomposition in low strength (τ = 7 Pa) bentonite clay, used as an

analogue for nuclear waste slurries stored at Hanford, although the lower limit of

detection in this study was unclear. As demonstrated by Figure 5.6c, the 1112 Pa

yield stress sample supports a larger fraction of macro-bubbles, with 10.9 % of

the voidage consisting of large mature bubbles of 1.5 < L̄ = Lmax
√
AR < 10 mm

dimensions, while less than 3 % of bubbles within the less consolidated samples

exceed 1.5 mm in length. Integration of this large bubble fraction within the much

larger void-network may account for their long residence times and why bubbles

cease to grow despite continued in situ gas generation, since volatiles which diffuse

towards networked bubbles may permeate or diffuse through the network rather

than promote further growth. LBM and Monte Carlo simulations are employed to

characterise gas migration through these sedimentary void-networks.
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Figure 7: LBM simulations of flow through sedimentary void-networks given a 1.65 Pa m−1 pressure gradient, including
(a) an example velocity field in the x-y plane through the bubble networks of a 30 Pa yield stress soft sediment, white
pixels represent regions of zero flow, including the bulk sediment (solids and porewater) sites and bubbles not connected
to the continuous void-network, velocities through the void network are represented using a blue-red colour map with
velocity increasing with the colour warmth, and (b) the evolution in superficial velocity at the mid-point of the porous
volume in the lateral (solid line) and vertical (dashed line) directions
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at which point the superficial velocity was observed to achieve steady state; an example two-dimensional417
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flow profile between the walls of the solid duct.421
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Figure 5.7: LBM simulations of flow through sedimentary void-networks given a
1.65 Pa m−1 lateral pressure gradient, including (a) an example velocity field in
the x-y plane through the bubble networks of a 30 Pa yield stress soft sediment,
white pixels represent regions of zero flow, including the bulk sediment (solids
and porewater) sites and bubbles not connected to the continuous void-network,
velocities through the void network are represented using a blue-red colour map
with velocity increasing with the colour warmth, and (b) the evolution in superficial
velocity at the mid-point of the porous volume in the lateral (solid line) and vertical
(dashed line) directions

5.3.3 Characterising the permeability of bubble networks

with LBM

Lateral gas flow through the coalesced bubble networks within the 30 Pa yield

stress soft sediment was investigated by running an LBM simulation for 70 000

computational iterations, equivalent to 1.62 s, at which point the superficial velocity

was observed to achieve steady state; an example two-dimensional velocity field,

in the x-y plane, at steady state is shown in Figure 5.7a. Positive velocities in the

x-direction, ux, were observed in 89.9 % of fluid sites, demonstrating continuous

flow of gas through the sampled volume. The high velocity regions, indicated by

warmer colours, demonstrate preferential flow pathways through the sediment.

The evolution in superficial velocity, or Darcy velocity, through a plane at the

mid-point of the volume (x = 200 voxel) is presented for flow through the three

soft sediments in Figure 5.7b until steady state conditions were observed. The six

profiles represent flow in the lateral, ux, (solid lines) and vertical, uy, (dashed lines)

directions through the 30, 234, and 1112 Pa yield stress sediments. The principal

flow direction for lateral and vertical simulations was specified by both the direction

of the imposed pressure gradient and the provision of a solid duct around the sample

with walls normal to the pressure gradient. From Darcy’s law, eq. (5.8), it is shown

that for a given pressure gradient, and fixed viscosity and density of fluid, in this
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Table 5.4: The gas permeabilities of bubble networks retained within Mg(OH)2

soft sediments of 30-1112 Pa yield stress

ω (% w/w) τ (Pa) ν κH (×10−12 m2) κV (×10−12 m2) κV /κH
35 30 0.31 50.2 30.9 0.61
45 234 0.28 18.6 10.1 0.54
54 1112 0.34 151.6 91.8 0.61

case oxygen, the permeability of the void-space depends only on the superficial

velocity, enabling calculation of the lateral, kH , and vertical, kV , permeabilities as

summarised in Table 5.4.

In each instance, the voidage is 39-46 % less permeable to vertical flow than to

horizontal, or lateral, flow (κH > κV ). Since the LBM simulations were performed

in a zero-gravity environment, the enhanced permeability to lateral flow must be

a consequence of the geometry of the void-network, specifically the tortuosity and

constrictivity of the pathways, as the three sediments exhibit similar gas holdup

with high bubble connectivity, encompassing > 98 % of the total void fraction.

Following Figure 5.6 it was noted that the microvoids are deformed by the sediment

with their longest axis oriented perpendicular to the compressive load, or parallel

to the minimum compressive stress. Since the deformed bubbles occupy more

space normal to gravity, bubbles are more likely to encounter, and coalesce with,

neighbouring bubbles in the radial field. This explains the propagation of a less

tortuous pathway normal to gravity promoting lateral gas migration.

The LBM simulated permeabilities exhibit the same hierarchy (κ(τ = 1112 Pa) >
κ(τ = 30 Pa) > κ(τ = 234 Pa)) as the void fractions summarised in Table 5.4, with

sediments of greatest gas holdup most pervious to gas migration. For geometrically

similar microstructures, Quispe et al. (2005) discusses a power law relationship be-

tween permeability and porosity, or void fraction in this instance, with a cubic

exponent. The subtle difference in gas holdup between samples does not therefore

account for the range of permeabilities observed, implying that geometric differ-

ences between the void-networks significantly influence the gas transport behaviour.

Following Figure 5.3, consolidation of the sediment to higher solids concentrations

and yield stresses has been shown to constrict the throats connecting pores within

the two-phase sediment microstructure. This may manifest in greater constrictiv-

ity between the partially coalesced microvoids as the yield stress is increased from

30 to 234 Pa, explaining the reduction in permeability. The reason this trend does

not continue to the 1112 Pa sediment is most likely due to the onset of fracture, as

observed in Figure 4.10d, particularly amongst the small bubble population, and

the merging of these lateral micro-cracks to establish low-tortuosity pathways

However, the hierarchy of the permeability coefficients may be less significant

than their magnitude, which lie in the order of 10.1-151.6 × 10−12 m2, as summarised
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in Table 5.4. Permeability coefficients of this magnitude are consistent with highly

pervious geological media (Bear, 1972); this is perhaps unsurprising given that the

0.07-10 mm bubbles comprising the void-network are much coarser than typical

geological pores. The high magnitude permeabilities imply that gas will readily

migrate through these sediments once a long range void-network is established.

The pressure field within soft sediments is said to increase linearly with depth

(Algar et al., 2011a), a phenomenon which sometimes causes large bubbles to ac-

quire an inverted teardrop shape as the change in pressure across the height of the

bubble can lead to a reduced load at the tail causing it to narrow. The increase in

pore water pressure with depth will be less than the increase in hydrostatic pressure,

∆P = ρgL, as the large compressible bubbles transfer a portion of the load to the

solid sediment matrix (Wheeler, 1988a). Sediments with substantial gas holdup or

even continuous gas may greatly dampen the hydrostatic load. Nonetheless, given

the large permeabilities to vertical flow in the order of 10-90 × 10−12 m2, a mild

increase in the ambient pressure field surrounding the bubble network with depth

may provide adequate driving force for volatiles to permeate upwards towards the

shallow surface of the bed according to Darcy’s law, eq. (5.15), a process we will

call stratification.

q = V̇
A

= κV
µg

∆P

L
(5.15)

However, since the vertical pressure gradient may be greatly dampened by the

large holdup of cavity expanding bubbles and the orientation of individual mi-

crovoids and cracks promotes gas migration normal to the compressive load, long

range gas migration may be controlled by lateral diffusion, driven by concentra-

tion gradients resulting from the continuous in situ generation of volitiles, enabling

chronic gas release at containment walls. Analysis of lateral diffusion of volatile

species through the void-network requires characterisation of the effective diffusiv-

ity, which is investigated by Monte Carlo simulation.

5.3.4 Characterising effective diffusivity through perme-

able bubble networks with Monte Carlo simulations

Figure 5.8 shows a slice through the thresholded 1112 Pa sediment between a source

region (left) populated with red tracer molecules and an empty sink region (right)

prior to commencement of diffusion. Tracer molecule concentration profiles during

a Monte Carlo diffusion simulation through an empty duct are presented at 1 × 105

step intervals in Figure 5.9a. The three regions demarcated by vertical dashed

lines represent the source, duct and sink regions from left to right. The blue

profile, after 1 × 103 computational steps closely resembles the square-step initial
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diffusivity, which is investigated by Monte Carlo simulation.

Characterising effective diffusivity through permeable bubble net-

works with Monte Carlo simulations

y

x

Figure 8: An example two-dimensional slice (normal to the z-direction) through the con-
structed domain for the Monte Carlo gas diffusion (MCGD) simulations at the initial con-
dition; the three regions from left to right represent the source, porous medium and sink
regions, where the porous medium is generated from a void-thresholded CT reconstruction
of the 54 % w/w sample

Figure 8 shows a slice through the thresholded 54 % w/w sediment between a source

region (left) and sink region (right) prior to commencement of diffusion, with tracer gas

molecules coloured red. Tracer molecule concentration profiles during a Monte Carlo diffusion

simulation through an empty duct are presented at 1× 105 step intervals in Figure 9a. The

three regions demarcated by vertical dashed lines represent the source, duct and sink regions

from left to right. The blue profile, after 1× 103 computational steps closely resembles the

square step initial condition, indicating minimal diffusion during this time-scale. Subsequent

profiles demonstrate the anticipated bell-shaped Gaussian distributions. As the source and

sink regions share the same diffusivity as the open duct, a continuous Gaussian distribution

extends across the entire 1200 voxel domain, resulting in the concentration at the entry to the

duct, φ(h, t), evolving significantly with time. The reflection and superposition of molecules

29

Figure 5.8: An example two-dimensional slice (normal to the z-direction) through
the constructed domain for the Monte Carlo gas diffusion (MCGD) simulations
at the initial condition; the three regions from left to right represent the source,
porous medium and sink regions, where the porous medium is generated from a
void-thresholded CT reconstruction of the 54 % w/w sample

condition, indicating minimal diffusion during this time-scale. Subsequent profiles

demonstrate the anticipated bell-shaped Gaussian concentration profiles. As the

source and sink regions share the same diffusivity as the open duct, a continuous

Gaussian distribution extends across the entire 1200 voxel domain, resulting in the

concentration at the entry to the duct, φ(h, t), evolving significantly with time.

The reflection and superposition of molecules at the end of the sink region, x =
L, sees the minimum concentration plateau at increasing concentrations, up to

92 molecule mm−3 at the 5 × 105 step.

The thick dashed lines represent analytical solutions obtained using eq. (5.11)

with a diffusivity of 4.15 × 10−4 mm2 step−1, demonstrating excellent agreement with

the simulated profiles throughout the 5 × 105 step period, particularly during the

first 4 × 105 iterations. The final analytical profile marginally over-predicts the

simulated tracer concentration, possibly indicating a slight concentration depen-

dency in the diffusion coefficient, however the small disagreement between the

model and the latter stages of the simulation fell within an acceptable tolerance.

Oxygen tracer molecules diffuse through oxygen with a self-diffusion coefficient of

19.2 mm2 s−1 (Winter, 1950); comparison of the virtual and physical diffusion coeffi-

cients calibrates the duration of a computational iteration, ∆t, which was found to

be 2.16 × 10−5 s. Each computational time step is therefore five orders of magnitude

larger than the collision period for oxygen molecules of 149 × 10−12 s (Hirschfelder

et al., 1954), and so a tracer molecule will undergo roughly 1.45 × 105 intermolecu-

lar collisions at each iteration of the simulation. Given that a tracer molecule can

travel up to
√

3 voxel, or 92µm, during a computational iteration, intermolecular

collisions outweigh wall-collisions many-fold, and so tracer migration is governed

by bulk, rather than Knudsen, diffusion.
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Figure 5.9: Evolution of oxygen tracer molecule concentration in time and space,
φ(x, t), during Monte Carlo gas diffusion simulations within (a) an open duct and
(b) the permeable void networks within 54 % w/w Mg(OH)2 soft sediment (see
Figure 5.8); the dotted line profiles are obtained from the simulations, φ(x, t), the
thick dashed lines represent optimised analytical solutions, φ̃(x, t), and the vertical
dashed lines demarcate the source, porous and sink regions

Tracer molecule concentration profiles through the voidage of the 1112 Pa Mg(OH)2

soft sediment are presented in Figure 5.9b. As for the empty duct, six profiles are

shown at regular intervals for the first 5 × 105 step, or 10.8 s, of diffusion. The con-

centration profiles through the sediment demonstrate the same Gaussian tail shape

as through the empty duct, however there is a sudden drop in tracer concentration

over the last 50 voxel, or 2.7 mm, of the bed due to the sudden expansion at x = 2h.

Since the objective is to ascertain the diffusivity through the porous sediment only,

the problem can be reformulated to consider only the x = 400 − 750 voxel, or 21.3-

39.9 mm, region during the first 5 × 105 step. A simpler analytical solution can

therefore be found by assuming a planar source concentration at x = h obtained

from the simulation, φ̂(h, t), and by neglecting the reflection of particles at x = L,

which is not relevant during the early iterations of the simulation, where the diffu-

sion length, LD = 2
√
Dt, is less than 1200 voxel, or 63.9 mm. This solution is given

in eq. (5.16) and the divergence between the simulated and analytical concentration

profiles, E, is determined for the truncated, 400-750 voxel, area of interest.

φ(x, t) = φ̂(h, t) erfc( x − h
2
√
Dt

) for x > h

D =Deff when E→ min where:

E =
5 × 105

∑
t=1 × 103 step

750

∑
x=400 voxel

∣φ̂(x, t) − φ(x, t)∣

(5.16)

The effective diffusion coefficients for each sediment are summarised in Fig-
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Figure 5.10: Summary of the effective diffusivities for oxygen tracer molucules
through an empty duct and through permeable bubble networks within 35-
54 % w/w Mg(OH)2 soft sediments

ure 5.10. The diffusion simulations through each of the permeable bubble networks

were characterised by the curious observation that diffusion slowed over time, man-

ifesting in effective diffusion coefficients, which diminished by up to 41 % during

the simulation. While there is precedent for effective diffusivities through porous

media to exhibit some concentration dependence (Crank, 1979), the slowing of dif-

fusion could represent an artefact of the simulation resulting from the coarseness

of the voxels relative to the scale of constrictions in the void-network, or necks

between partially coalesced bubbles. As these constrictions are typically only 1-

3 voxel wide, tracer molecules are sometimes forced to diffuse through in single file

even though these constrictions are orders of magnitude larger than the mean free

paths of oxygen or hydrogen. Hence, as the tracer molecule concentration increases

within the voidage, the resistance to diffusion artificially increases. Under these

conditions, the predicted diffusivities will be most reliable at the early stages of

simulation when the tracer concentration within the soft sediment is low.

The effective diffusion coefficients at each sediment concentration exhibit the

same hierarchy as the permeability coefficients, whereby Deff(τ = 1112 Pa) >
Deff(τ = 30 Pa) > Deff(τ = 234 Pa), although the effective diffusivities lie within a

narrower range of 0.4-1.5 × 10−5 m2 s−1. Equally, the 1112 Pa sediment demonstrates

that diffusive transport proceeds preferentially normal to gravitational compres-

sion. This reinforces the arguments made that (1) gas migrates efficiently through

high strength sediments with shear yield stresses in the order of a kiloPascal due

to the merging of microcracks, (2) at yield stresses below the fracturing regime
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sediment consolidation increases the constrictivity of throats between coalesced

microvoids and increases the tortuosity of the diffusion path, and (3) microvoids

deform with their longest axis favouring the direction of minimum compressive

stress, normal to gravity, promoting the formation of lateral rather than vertical

transport pathways.

The question remains as to what effective diffusivities in the order of 0.5-

1.5 × 10−5 m2 s−1 signify for gas migration on the timescales that gas is gener-

ated within marine and nuclear sediments. Methanogenic gas generation rates

within marine sediments span five orders of magnitude from 1 µmol m−3 d−1 to

100 mmol m−3 d−1 (Winterwerp & van Kesteren, 2004). Sludge waste within under-

ground tanks at Hanford generates hydrogen, methane and nitrous oxide at rates in

the order of 1 mmol m−3 d−1 (Sherwood & Eduardo Sáez, 2014), while the hydrogen

generation rates within corroded magnox sludge at Sellafield are anticipated to be

marginally higher due to the presence of uncorroded metallic cladding swarf. As

such, gas generation can be considered a chronic process; even at the fastest gas

generation rates in the order of 100 mmol m−3 d−1 a cubic metre of sediment would

require 41 d to generate sufficient volatiles to occupy 0.1 m3 at ambient temperature

and pressure. Within the same time frame, gas can migrate through a continuous

void-network with a diffusivity of 1 × 10−5 m2 s−1 up to a diffusion length of 11.9 m,

comfortably sufficient to diffuse to the walls of nuclear legacy waste containers and

facilitate methane release from shallow marine sediments where gas retention is

typically greatest as the rich organic content fuels enhanced methanogenesis (Best

et al., 2006).

Alternatively, the characteristic time for a one-directional concentration gra-

dient across a given distance, x, to diminish by half, t1/2, as a result of diffusion

through the void-space can be determined from eq. (5.17).

erf
⎛
⎝

x

2
√
Deff t1/2

⎞
⎠
= 0.5

∴ t1/2 = 1.099
x2

Deff

(5.17)

Therefore, a diffusivity of 1 × 10−5 m2 s−1 will result in a concentration gradient

diminishing by half in 5 d across a 2 m distance, or 32 d across a 5 m distance.

Within the same 32 d period no more than 3.2 mol gas is generated per cubic metre

of sediment. Hence, diffusion through the void-network appears to be rapid in

comparison to the rate of gas generation, implying that the sediment is unlikely to

continue to swell once a continuous void-network is established. Furthermore, gas

diffusion would proceed even faster if in situ hydrogen were generated rather than

oxygen, since it has a self-diffusion coefficient of 1.604 × 10−4 m2 s−1 (Reichenbacher
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et al., 1965), a factor of 8.3 larger than that of oxygen. However, based on x-

ray tomography analysis within a 32 mm field of view it cannot necessarily be

assumed that the gas phase is continuous over several metres. It is possible that

the gas is retained within discontinuous ganglia which could span little more than

the CT field of view. The latter possibility draws parallels to synchrotron x-ray

tomography observations of two-phase N2 − brine flow through porous sandstone

(Reynolds et al., 2017), and dense non-aqueous fluid contamination in soils (Wu

et al., 2017).

In the eventuality that the gas phase is not continuous at the metre-scale, three

mechanisms could contribute to gas migration over longer distances. Ambient

pressure fluctuations which cause the free gas to advance and recede (Kam et al.,

2001b) could promote: (1) dynamic connectivity between neighbouring ganglia

which is not visible during an instantaneous scan (Reynolds et al., 2017), or (2)

ganglion migration through the sediment via Haines jumps (Berg et al., 2013),

whereby gas intruding through a pore throat passes into the adjacent pore body

manifesting in a sudden drop in capillary pressure, bubble expansion and a rapid

transfer of elastic potential energy to kinetic energy (Berg et al., 2013; Gauglitz &

Radke, 1989). Berg et al. (2013) employed synchrotron x-ray tomography to reveal

that Haines jumps can promote gas migration over scales of around 20 individual

pore lengths, which, given the distribution of free gas in Figure 5.5, may in turn

promote further partial coalescence events. In addition, the large 28-34 % holdup

of ≈ 0.4 mm median diameter bubbles provides a large interfacial surface area for

continuous exchange of volatiles between the free gas and aqueous phases, while the

distance separating bubbles which are not integrated into the continuous network

are typically no more than a millimetre. Hence, long range gas migration and

chronic release could be explained by (3) a composite mechanism of fast diffusion

through highly permeable void-networks, gas exchange at the interface and short

range aqueous diffusion. All three processes are likely to operate in tandem to

contribute towards an enhanced rate of volatile transport in comparison to aqueous

diffusion alone.

The least efficient possible route for gas migration considers only the latter

possibility of composite diffusion through static ganglia, 0.1 m in length, and aque-

ous diffusion across 1 mm distances of intermediate soft sediment. Since aqueous

diffusivities are around four orders of magnitude lower than the self-diffusivities

of oxygen and hydrogen, gas migration across a 2 m distance would be limited by

diffusion through the 20 mm of sedimentary water rather than the 1.98 m of dif-

fusion through the gas phase. Using a conservative assumption that the aqueous

diffusivity of oxygen of 3.49 × 10−9 m2 s−1 (Krieger et al., 1967) is diminished by an

order of magnitude to correct for the tortuosity of the diffusion path, gas can dif-

fuse across 20 mm of sediment within 3.3 d, around treble the 1.1 d period required
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Figure 5.11: Schematic demonstrating alternative chronic gas release mechanisms
from consolidated soft sediments under various yield stress and gas holdup con-
ditions, including: (a) buoyant bubble ebullition, possibly inducing (b) bubble
cascades (Gauglitz et al., 2015; Sherwood & Eduardo Sáez, 2014), gas migration
through (c) discrete ganglia of partially coalesced bubbles or (d) vessel-spanning
continuous bubble networks at higher voidages, (e) permeable pathways through
coalesced micro-cracks and (f) deep vertical drainage channels (van Kessel & van
Kesteren, 2002)

to migrate across a 1.98 m diffusion length through the gas phase. The composite

diffusion time of 4.4 d can still be considered rapid in comparison to timescales

discussed for chronic gas generation by corrosion, radiolysis and methanogenesis

within consolidated soft sediments (Sherwood & Eduardo Sáez, 2014).

Thus, whether the networks of partially coalesced microvoids exist as a contin-

uous vessel-spanning phase or discrete ganglia less than a metre in range, gaseous

diffusion appears to present a viable mechanism for chronic gas release from low-

intermediate strength sediments able to resist bubble ebullition but unable to sup-

port deep drainage channels. The potential for this to represent a widespread

mechanism for gas migration across a broad range of sediment yield stress con-

ditions is demonstrated by the schematic in Figure 5.11. The observation that

8 mm bubbles were unable to fluidise Mg(OH)2 sediments of as little as 7 Pa yield

stress in Johnson et al. (2017) suggests that the lower bound stress at which bubble

networks become the principal mechanism for gas migration, under quiescent con-

ditions, could be as low as just a few pascals. Conversely, the upper bound stress

at which stable drainage channels are supported to depths of metres lies in the

kiloPascal range (van Kessel & van Kesteren, 2002). It therefore appears that the

limiting condition for bed swell within 10-1000 Pa yield stress intermediate strength

sediments is dictated by the establishment of sufficiently large bubble networks by

partial coalescence to enable a faster rate of gas migration than gas generation.
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5.4 Conclusions

Magnesium hydroxide soft sediments of 35-54 % w/w solids concentration, or 30-

1112 Pa yield stress, exhibited significant bed swell to 28-34 % gas holdup following

6 h in situ hydrogen peroxide decomposition. X-ray CT revealed that the voidage

consisted of a population of bubbles, 0.07-10 mm in diameter, with extensive partial

coalescence between the sub-millimetre microvoids, which resulted in bubble net-

works which spanned the 32 mm field of view and comprised at least 98 % of the ob-

served free gas. Lattice Boltzmann and Monte Carlo simulations indicate that these

networks are highly pervious to gas, with permeabilities of 10.1-151.6 × 10−12 m2

and effective diffusivities for hydrogen of 3.7-12.5 × 10−5 m2 s−1, thereby providing

avenues for rapid gas migration across the length-scale of the bubble network. Con-

solidation of the sediments, resulting in an increase in shear yield stress to 1112 Pa

and constriction of the water filled pore throats to an LFNMR derived modal size

of 148 nm, promoted fracturing amongst the microvoid population, while the larger

bubbles maintained a more spherical geometry. Coalescence between laterally ori-

ented micro-cracks established a low-tortuosity pathway for efficient gas transport

normal to gravity, with effective diffusivities in the order of 10−10 m2 s−1.

Competition between the maximum scan field of view and imaging resolution re-

quired to visualise the smaller microvoids means that the scale of the void-networks

remains unclear. Hence, the bubble population may consist of a continuous gas

phase encompassing 98 % of all retained free gas, or discontinuous ganglia of coa-

lesced bubbles which span lengths of several centimetres, close to the experimental

scale of this study. In the latter instance, a combination of (1) dynamic connectiv-

ity between neighbouring ganglia, (2) Haines jumps causing the ganglia to migrate

and (3) composite diffusion through the gas and aqueous phase can facilitate sub-

stantially enhanced gas transport in comparison to aqueous diffusion alone. As the

voidage increases to the order of 20-30 % and the distance separating these discrete

ganglia diminishes to millimetre scale, composite diffusion through gaseous and

aqueous phases appears to facilitate gas release on a shorter time-scale than the

chronic rate of gas generation within marine and nuclear waste sediments. The

gas transport mechanism identified in this chapter, provides an explanation for

the long-standing enigma of how gas escapes from sediments with yield strengths

higher than that in which bubble rise, or ebullition (Dubash & Frigaard, 2004),

occurs (≲ 10sPa) and lower than that where deep vertical drainage channels form

(≳ kPa) (van Kessel & van Kesteren, 2002).
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Chapter 6

Gas retention and release from

corroded magnesium sludge

6.1 Introduction

The previous two chapters have used x-ray CT to investigate bubbles within con-

solidated soft sediments of commerical Mg(OH)2, however Chapter 3 introduced

a second Mg(OH)2 rich test material, CMgS, which was shown to exhibit signifi-

cantly greater physical heterogeneity in particle size and density than the commer-

cial Mg(OH)2. The light scattering particle size distribution in Figure 3.3 demon-

strated a significant fraction of coarse particles in the 200-1000 µm range which is

absent from the commercial Mg(OH)2 sediments. X-ray microtomography, µCT,

in Figure 3.5 revealed coarser particles still, including some of millimetre scale,

too large for laser scattering detection but visible under µCT due to their much

larger density than the typical brucite aggregates. The CMgS therefore appears

to exhibit a trimodal particle size distribution with significant heterogeneity in the

density distribution through the solid skeleton of the soft sediment.

Modest solids concentrations, 30 < ω < 40 % w/w, of CMgS exhibited roughly

double the shear yield stresses of equivalent concentrations of commercial Mg(OH)2

in Figure 3.12. The enhanced yield strength at low concentrations and greater het-

erogeneity in particle size and density make for a more complex test material, but a

more realistic analogue for the physically highly complex CMS inventory within the

MSSS (Gregson et al., 2011; Hastings et al., 2007; Parry et al., 2011). This chapter

applies the MIP, LFNMR and cryo-FIB techniques discussed in Section 5.2.1 to in-

vestigate the impact of the broader particle size distribution on the microstructure

of consolidated soft sediments, and the two scales of clinical x-ray CT, achieving

resolutions of 53.25 and 488µm respectively, to assess the impact of microstructure

on in situ bubble growth and the establishment of chronic gas release pathways.
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6.2 Materials and methods

Experimentation in this chapter is conducted exclusively using the CMgS test ma-

terial synthesised by Sellafield Ltd. and NNL by corroding commercial magnesium

metal within heated sodium chloride solutions according to the procedure detailed

in Section 3.2.1. The solids concentrations of sampled CMgS were estimated from

the mass loss from a 50 ml sub-sample following 12 h of drying at 100 ○C. The

yield stress of the sample is estimated from the solids concentration using the re-

lationship in eq. (3.6) obtained by vane rheology. Experimentation was limited to

samples of no more than 42.3 % w/w solids concentration, or 156 Pa yield stress,

due to difficulties in dewatering the CMgS to higher solids concentrations.

6.2.1 Microstructure characterisation

A pore size distribution for 42.3 % w/w CMgS was obtained by LFNMR analysis

in accordance with the methodology outlined in Section 5.2.1. The transverse re-

laxation strength was again estimated by performing MIP and LFNMR on two

halves of a dried 30 mm disk of CMgS and calibrating a corrected transverse re-

laxation strength from the ratio of the modal MIP pore throat radius and the

modal LFNMR transverse relaxation time. The LFNMR pore size distribution is

supported by cryo-FIB microscopy of a 42 % w/w CMgS sample obtained using a

Helios G4 CX DualBeam microscope (FEI, USA) (Matsumoto et al., 2016; Villinger

et al., 2015), following the same methodology also detailed in Section 5.2.1. Micro-

graphs were captured of both the topography of a fractured and sublimed surface

of the frozen sample and a vertical FIB cross-section.

6.2.2 Laboratory scale gas retention tests

Laboratory scale gas retention tests were performed by decomposing hydrogen per-

oxide within CMgS samples of 29 and 39 % w/w solids concentration, corresponding

to shear yield stresses of 11 and 88 Pa respectively. The procedure entailed a slight

modification from that outlined in Section 4.2.1, as the condition of the hydro-

gen peroxide had deteriorated a little during storage since the gas retention tests

presented in Figure 4.4. The oxygen yield from a millilitre of hydrogen peroxide

had diminished from 136 to 84 ml, implying that a third of the hydrogen peroxide

molecules had perished. To generate the desired total gas volume equivalent to 60 %

of the initial bed volume, a 7.1 ml, rather than 4.4 ml, volume of hydrogen peroxide

was injected into 1 l of CMgS at the mixing stage (stage 1 in Figure 4.1). The hydro-

gen peroxide was distributed homogeneously through the sample by 2 min mixing

with an axial flow impeller attached to an overhead stirrer and then pumped to the
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H2O2

118 mm

∆H1(t)
∆H2(t) VR(t)

VG(t)

Figure 6.1: Schematic of the laboratory scale gas retention tests used to observe
evolution in gas holdup with time during hydrogen peroxide decomposition within
CMgS; hydrogen peroxide is well mixed through the sediment using an axial flow
impeller

118 mm diameter acrylic test cylinder. The schematic of the experimental method

in Figure 4.1 is repeated in Figure 6.1 for clarity:

6.2.3 X-ray computed tomography

X-ray CT scans were performed as oxygen bubbles were generated within two

low-intermediate strength CMgS samples of 33.4 and 41.3 % w/w concentration,

or shear yield stresses of 30 and 132 Pa respectively. The lower strength sample

was imaged after 6 h gas generation within the 71 mm diameter sideways mounted

cylinder using the high resolution Inveon dual PET/CT (Siemens, Germany) used

throughout Chapter 5. The more consolidated sample was imaged using the Brivo

CT385 (GE Healthcare) scanner within the larger 300 mm cylinder, also 150 mm

in length, representing an 18-fold increase in experimental scale. Achieving the

reduced the scan times and expanded the FOV with the Brivo CT385 necessitated

a compromise in pixel resolution from 53.25 µm to 250-488µm and a 24-fold increase

in axial slice separation as detailed in Table 6.1. A smaller 96 mm FOV was scanned

at 5 min intervals with the Brivo CT385 during the first hour, while a larger 250 mm

diameter FOV was captured again at 2, 4 and 6 h.

Post processing of the tomography data was undertaken using the FIJI-ImageJ

(Schindelin et al., 2012) and DigiUtility (Structure Vision Ltd. UK) (Menon et al.,

2011) software packages as outlined in Sections 4.2.2 and 5.2.2.
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Table 6.1: Summary of x-ray CT scanning parameters and comparison with the
scanning protocol used in Chapter 4

Inveon PET/CT Brivo CT385
Small FOV Large FOV

X-ray voltage (kVp) 80 120 120
X-ray tube current (mA) 0.5 79 40
FOV diameter (mm) 81.8 96 250
Pixel resolution (µm) 53.25 250 488
Slice separation (µm) 53.25 625 1250
Number of axial slices 1024 32 112
Total FOV volume 2.86 × 105 1.40 × 105 6.81 × 106

6.3 Results and discussion

6.3.1 CMgS microstructure

Mercury intrusion and transverse relaxation time distributions for two halves of a

dried disk of CMgS are presented in Figure 6.2a and Figure 6.2b respectively. Sim-

ilar to the commercial Mg(OH)2, distinct MIP and LFNMR modes are observed

in the 4-20 MPa and 2-25 ms ranges respectively. The modal mercury intrusion

pressure of 8.2 MPa corresponds to a throat radius of 0.076µm following appli-

cation of the Washburn equation, eq. (5.2). The ratio of this modal MIP pore

size with the modal transverse relaxation time of 9.3 ms provides a corrected trans-

verse relaxation strength, ρ2,cor, of 8.1 × 10−6 m s−1, around 15 % larger than that for

the commercial Mg(OH)2 test material, which constitutes reasonable agreement.

Given the chemical similarity between the bulk of the two brucite rich test materi-

als, a similar rate of energy transfer from the magnetised protons and sedimentary

pore walls is expected. Consequently, disparities between the transverse relaxation

time distributions for the CMgS and commercial Mg(OH)2 are likely to reflect real

differences in microstructure.

In Figure 6.2, the MIP and LFNMR data for the dried samples have been

translated into pore size distributions in micrometres, along with a pore size distri-

bution for a wet CMgS sample of 42.3 % w/w solids concentration or 156 Pa yield

stress. As observed for the commercial Mg(OH)2 sediments in Figure 5.3, well over

90 % of the pore volume within the 42.3 % w/w CMgS is connected by throats with

radii between 80 and 300 nm, indicative of a macro-porous (Rth > 50 nm) sediment

(Anovitz & Cole, 2015; Xiao et al., 2016).

The modal pore throat radius of 0.152 µm is notably smaller than the 0.21-

0.34 µm pores within 35-45 % w/w Mg(OH)2 soft sediments. In fact, compari-

son of the two test materials in Figure 6.2d and Table 6.2 demonstrates that the

42.3 % w/w CMgS shares a very similar pore throat size distribution to the more

consolidated 54 % w/w Mg(OH)2, with it’s modal throat radius of 0.148µm. The
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Figure 6.2: (a) Mercury intrusion porosimetry (MIP) and (b) low-field nuclear
magnetic resonance (LFNMR) spectra for dried CMgS soft sediments along with
(c) a pore size distribution for 42.3 % w/w (156 Pa) CMgS and (d) comparison of
pore size distributions for CMgS and commercial Mg(OH)2 sediments of 30-1112 Pa
yield stress; the Mg(OH)2 sediment data has been reproduced from Figure 5.3
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Table 6.2: Modal pore throat radii, r̄th, and free water content within Mg(OH)2

and CMgS soft sediments estimated using LFNMR

Test material ω (kg/kg) τ (Pa) Water content (kg/kg) r̄th (µm)
Total LFNMR

CMgS (dried &
saturated)

0.36 0.34 0.076

CMgS 0.423 156 0.58 0.50 0.152
Mg(OH)2 (dried &
saturated)

0.36 0.36 0.087

Mg(OH)2 0.54 1112 0.46 0.40 0.148
Mg(OH)2 0.45 234 0.55 0.49 0.210
Mg(OH)2 0.35 30 0.65 0.60 0.335

CMgS demonstrates a marginally broader pore size distribution than the 54 % w/w
commercial Mg(OH)2 sediment; this is consistent with Mahmoodlu et al. (2016)

where discrete element modelling (DEM) of compacted sand demonstrated that

broader particle size distributions correspond to broader pore size distributions. To

observe a similar pore throat size distribution to 42.3 % w/w CMgS, a substantially

more consolidated sample of commercial Mg(OH)2 is required and this increase

in solids concentration has a substantial impact on the sediment’s mechanical re-

sponse to stress. A commercial Mg(OH)2 sediment of comparable microstructure

would have a shear yield stress of 1112 Pa, almost an order of magnitude larger

than the 156 Pa CMgS.

Alternatively, if CMgS and commercial Mg(OH)2 soft sediments of equivalent

shear yield stress are compared, the CMgS will contain a greater water content,

and hence a larger total pore volume, as well as greater constrictivity between

neighbouring pores as a result of it’s narrower pore throats. If an equivalent yield

stress sample of CMgS exhibits more voluminuous pores with narrower pore throats,

this would appear to: (1) extend the initial phase that the bubble can grow before

it occupies the host cavity and starts to encounter the resistance imposed by the

stress of the sediment matrix, although this period is still likely to be exceptionally

brief, and (2) enhance the resistance to bubble intrusion into adjacent pore-space

by capillary invasion. This implies favourable growth of highly spherical bubbles by

cavity expansion, but it also indicates that an extended period of growth would be

required before the pore throats broaden sufficiently for communication between

neighbouring bubbles. The disparity in microstructure would therefore imply a

coarser bubble population with reduced connectivity within the CMgS.

Three micrographs obtained by cryo-FIB microscopy are presented in Fig-

ure 6.3. The familiar structure of interlocking hexagonal brucite platelets is most

clearly shown in Figure 6.3b, however, the macro-porous sediment structure is
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(a) (b)

(c)

Figure 6.3: Focused ion beam micrographs of (a-b) the topography of a fractured
and sublimed surface and (c) a vertical FIB cross-section of a cryogenically frozen
sample of 42 % w/w CMgS

better demonstrated by the lower magnification micrograph of the sublimed topog-

raphy in Figure 6.3a and the vertical FIB cross-section in Figure 6.3c.

Figure 6.3a demonstrates many empty cavities similar in shape to those in Fig-

ure 5.4, around 0.6-1.8 µm in width and up to 4 µm long. The pores appear a little

smaller within the vertical FIB cross-section in Figure 6.3c at 0.3-0.8 µm across.

Thus, the pore body to throat ratio appears of a similar order to the commercial

Mg(OH)2 sediments, at around 5-8 , although it is difficult to build a complete un-

derstanding of the microstructure from two perpendicular two-dimensional views.

6.3.2 Bubble populations within CMgS observed using high

resolution clinical x-ray CT

Figure 6.4 presents high resolution clinical x-ray tomography of bubbles retained

within CMgS and commercial Mg(OH)2 soft sediments of 30 Pa yield stress, each

acquired using the Inveon PET/CT scanner detailed in Table 6.1. Following 6 h in

situ gas generation, the disparity between the two bubble populations is stark. The

CMgS supports a much coarser population of 1-8 mm equivalent spherical diameter
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(a) (b)

Figure 6.4: Typical x-ray computed tomography (CT) slices at two axial depths
through (a) 30 Pa yields stress CMgS and (b) 30 Pa Mg(OH)2 soft sediment (pre-
viously presented in Figure 5.5a) following 6 h in situ gas generation; the test
materials were imaged within a 7.1 cm diameter side-mounted cylinder using an
Inveon PET/CT (Siemens, Germany)
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Figure 6.5: Bubble size distributions, translated from chord length distributions, for
populations within 30 Pa CMgS and 30, 234 and 1112 Pa Mg(OH)2 soft sediments;
the Mg(OH)2 sediment data has been reproduced from Figure 5.6d

bubbles, which comprise the entirety of the 38 % voidage. This represents a sig-

nificant departure from the bubbles within 30 Pa commercial Mg(OH)2 sediment

shown in Figure 6.4b, where millimetre-scale bubbles account for ≪ 1 % of the total

population and partially coalesced sub-millimetre microvoids form networks which

span at least several centimetres, but may in fact be continuous on a much larger

scale.

Bubble size distributions were obtained by translating chord length distribu-

tions by solving the Li & Wilkinson (2005) transformation matrix with a non-

negative least squares algorithm (Lawson & Hanson, 1974) as detailed in Sec-

tion 5.2.2; the BSDs are presented for the 30 Pa yield stress CMgS and three

Mg(OH)2 sediments of 30, 234 and 1112 Pa yield stress in Figure 6.5. The dis-

parity in bubble size between the two test materials of equivalent, 30 Pa, yield

stress is significantly greater than the impact of enhanced yield stress for the com-

mercial Mg(OH)2 sediments. Given that the two brucite rich test materials share

similar chemistry, an equivalent shear yield stress and a similar elastoviscoplastic

response, to creep stress with a dominant elastic compliance, the differences in

particle size distribution, pore throat size distribution and density heterogeneity

within the solid sediment matrix appear to have a significant impact on bubble

growth. This implies that while growth of spherical bubbles much larger than the

interstitial pores by cavity expansion may be adequately modelled by treating the

soft sediment (particles and water) as a single continuous phase (Boudreau, 2012;

Wheeler, 1988a), the termination condition for cavity expansion and the ultimate
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bubble size distribution may be influenced significantly by the two phase sediment

microstructure.

One explanation for the increased fraction of large millimetre-scale bubbles

within the CMgS could relate to the coarseness of the PSD. In Brouwer et al.

(2012), fast x-ray tomography of a fluidised bed reactor revealed that bubble size

diminished with an increasing percentage of fine (≈ 38µm) aluminium oxide parti-

cles. No explanation for this phenomenon is given in Brouwer et al. (2012); how-

ever, this could be a result of bubbles’ capacity to better support fines in a steric

layer at the bubble interface, armouring bubbles more effectively and limiting bub-

ble coarsening mechanisms such as coalescence and Ostwald ripening (Pitois et al.,

2015; Pugh, 2007). Ostwald ripening is a competitive mechanism for bubble growth

(Sherwood & Eduardo Sáez, 2014) whereby large bubbles grow at the expense of

smaller neighbouring bubbles which may ultimately disappear altogether. The ad-

vantage of this theory is that if the coarser particle size of the CMgS exhibits less

effective armouring and therefore diminished resistance to Ostwald ripening, this

would explain both the large 2.3 mm median bubble diameter and the substantially

diminished population of sub-millimetre microvoids.

A second, and possibly more likely, explanation for the coarseness of the bub-

ble population could relate to the disparity in two-phase microstructure. 30 Pa

yield stress CMgS contains 1.6 % w/w fewer solids than an equivalent yield stress

of Mg(OH)2. An increased total water content in combination with a high density

particle fraction with diminished intra-aggregate water content necessitates a more

voluminous network of sedimentary pores. Hence, the CMgS is able to support

larger interstitial bubbles before deforming the sediment to create space for further

growth. More importantly, the combined MIP and LFNMR analysis also indicated

the presence of more constricted pore throats. The extensive microvoid coalescence

in the Mg(OH)2 sediments is explained by the pore throats expanding in unison

with the host cavity until the capillary entry pressure drops to enable sufficient

bubble intrusion for neighbouring bubbles to encounter and coalesce. The more

constricted pores within the 30 Pa CMgS demand a more extensive period of cav-

ity expansion before networks can be established across multiple pores. Thus, the

CMgS experiences a prolonged period of cavity expansion before growth is inter-

rupted by bubble invasion into adjacent pore-space, resulting in larger bubbles and

reduced connectivity.

Furthermore, the large, high density particle fraction appears to play a role in

limiting communication between proximate bubbles. In Figure 6.6, magnification

in the region of the large, dense particles, previously observed under µCT in Fig-

ure 3.5, reveals that the large dense particles act as internal barriers, preventing

neighbouring bubbles from approaching. These magnified tomographs also demon-

strate deformation in bubble curvature in the viscinity of the large, rigid particles.
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(a) (b)

Figure 6.6: Magnified sections of the micrographs in Figure 6.4a demonstrating the
imact of large, dense particles at the growing bubble front

Figure 6.7: Three-dimensional reconstruction of the 16 larges bubble networks
within 29 Pa yield stress CMgS; warmer colours represent less voluminous bubble
networks

136



6.3 Results and discussion

The reduced connectivity between bubbles within the CMgS is demonstrated

by Figure 6.7 where the 16 highest volume chains or networks of partially coalesced

bubbles within a 32 mm wide cubic FOV are collated and assigned colours ranging

in warmth from the largest (blue), to lowest volume (red). Altogether, 1250 distinct

bubbles and bubble networks were found within the 32 mm wide FOV. The largest

bubble network comprises 42 bubbles, spans 23.2 mm in range and contributes 3.8 %

of the total void fraction. Several of the other networks in Figure 6.7 contribute

1-3 % of the voidage within the FOV and contain dozens of coalesced bubbles. This

compares with a single network within the 30 Pa Mg(OH)2 sediment which spans

the field of view in the x, y and z dimensions and encompasses 99.8 % of the total

retained gas volume (discussed in Section 5.3.2).

The significantly coarser bubble population within the CMgS results in a sub-

stantially reduced surface area to volume ratio. Not only does this diminish the

extent of bubble coalescence but it also increases the resistance to gas exchange

between gaseous and aqueous phases. None of the networks within the CMgS

provide a continuous pathway through the field of view, indicating that gaseous

diffusion through individual networks is a shorter range phenomenon within the

CMgS. Combining short range gas diffusion with a greater resistance to volatile

exchange between the voidage and pore-water implies a significant reduction in the

efficiency of composite gaseous and aqueous diffusion. Thus, the geometry of free

gas suggests a significantly diminished rate of gas migration and chronic release

from CMgS. to investigate this possibility, the rate of gas release from CMgS is in-

vestigated through laboratory-scale gas retention and release tests in Section 6.3.3.

6.3.3 Laboratory scale gas retention tests

Gas generation, retention, and implied release profiles are presented for 11 and

88 Pa yield stress CMgS sediments in Figure 6.8. From the oxygen yield per mole of

hydrogen peroxide, it was determined that around a third of the hydrogen peroxide

molecules within the 35 % w/w solution had decomposed during storage and so the

added peroxide volume was increased to maintain a consistent final volume of gas

generation. However, from the gas retention tests in Figure 6.8, it also appears

that the peroxide had become less stable, decomposing fully within 2 h rather than

12-16 h in Figure 4.4 or ≈ 8 h during the large scale CT tests in Figure 4.10.

The roughly seven-fold increase in gas generation rate does not constitute a

perfect comparison with the experiments in Section 4.3.1. However, the increase

in holdup during gas generation is distributed across thousands of < 10 mm bubble

sites, and so, whether ≈ 570 ml gas is generated in 2 or 14 h, the strain rates at the

bubble-sediment interface remain similarly very small in each instance. Decreas-

ing the timescale of gas generation relative to the timescale of aqueous diffusion
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Figure 6.8: Gas generation, retention and implied release profiles during hydrogen
peroxide decomposition within 1 l samples of (a) 11 and (b) 88 Pa yield stress CMgS

could impact the bubble size distribution, however the peroxide is homogeneously

mixed through the sediment at the commencement of gas generation. Thus, the

disparities in microstructure and mechanical behaviour between the two test ma-

terials are likely to be far more significant than the impact of faster gas generation

in determining the sediment deformation response during bubble growth and the

resultant bubble size distribution.

Virtually all the gas generated within the 11 and 88 Pa sediments was retained,

causing the beds to swell to large voidages of 38-40 %. Only around 40-100 ml of

the 560-580 ml oxygen generated was released from the sediment and no gas release

was observed after the first 20 min of gas generation. This contrasts the continuous

gas release from 27 Pa yield stress Mg(OH)2 soft sediments at a rate of around

21 ml h−1 in Figure 4.4b. The diminished chronic gas release is likely related to the

fact the short ≤ 23 mm range ganglia of partially coalesced bubbles supported by

the CMgS in Figure 6.7 do not enable gas migration rates comparable to the likely

vessel-spanning bubble-networks observed within low strength Mg(OH)2 sediments.

Gas can traverse a diffusion length, LD = 2
√
Dt, equivalent to the 118 mm

diameter column radius through a vessel-spanning bubble network with an effective

diffusivity of 1 × 10−5 m2 s−1 in approximately 6 min. If the vessel is instead spanned

by a 114 mm distance of 4-5 discrete ganglia (of equivalent effective diffusivity),

with 4 mm of intermediate sediment with a tortuosity corrected effective diffusivity

of 3.5 × 10−10 m2 s−1, the composite diffusion time increases to 3 h 15 min, longer

than the period of gas generation. Furthermore, this composite diffusion time

neglects the impact of the reduced interfacial surface area of the coarser bubble

population, which will result in slower gas exchange between the aqueous and free

gas phases. If the capacity for chronic gas release is dictated, as proposed, by the

ratio of the time-scales for gas migration and gas generation, the accelerated gas
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Figure 6.9: Summary of gas holdup within CMgS (red) and commercial Mg(OH)2

(blue) soft sediments across three scales of (1) 0.36 l sideways mounted cylinders,
(2) 1 l vertically mounted cylinders and (3) 6.5 l sideways mounted cylinders

generation rate must contribute to the diminished chronic gas release alongside the

retarded gas migration through short range discrete ganglia. Thus, the gaseous

diffusion model readily accounts for the near-zero gas release rate on a timescale

of ≈ 4 h in Figure 6.8.

In the absence of an efficient mechanism for continuous gas release, the 0.36 and

1 l scale CMgS beds in Figure 6.4a and Figure 6.8 respectively exhibit substantial

gas holdup, approaching void fractions approaching 0.4. The maximum void frac-

tions for CMgS observed in Figure 6.8 and Figure 6.4a are summarised, alongside

with the commercial Mg(OH)2 gas hold up data from Figure 4.5, on a contour plot

of bulk sediment density in Figure 6.9.

The large void fractions observed within CMgS, exceeding those observed within

the commercial Mg(OH)2 sediments, correspond to a reduction in bulk sediment

density to around 25-32 % less than that of water. Hence, based on these 0.36-1 l

scale tests, each of these relatively low strength CMgS samples are highly likely to

become unstable in the presence of an aqueous supernatant long before the beds

swell to their maximum void fraction. Unfortunately, it was not possible with

the available CMgS test material to extend these tests into a higher yield stress

regime and observe where the gas holdup potential recedes due to the propagation

of fracture pathways. The response of high yield stress, physically heterogeneous

Mg(OH)2 rich sediments to in situ gas generation is crucial to the safe retrieval of

CMS from the MSSS, and should represent a focus of future work in preparation
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6.3 Results and discussion

Figure 6.10: Montage of x-ray CT scout profiles of 132 Pa CMgS during 8 h in situ
gas generation

of the decommissioning safety case.

6.3.4 Large scale x-ray computed tomography

A series of side on scout profiles of a 132 Pa sediment, captured during the first 8 h

after the commencement of gas generation, is shown in Figure 6.10, and demon-

strates that bed swell occurred principally within the first hour (mirroring the gas

retention tests in Figure 6.8 also performed using the aged hydrogen peroxide). The

CT scout profiles after 2 h of gas generation confirm that gas holdup had achieved

steady state and that bubbles remained stable within the sediment under the qui-

escent conditions. There was also no evidence of any significant disturbance in the

profile or topography of the bed in the images at 0 and 1 h that might explain gas

release during the first 20 min gas generation in Figure 6.8.

This large scale CT investigation of bubbles within CMgS differs slightly from

the scans of Mg(OH)2 in Section 4.3.2, as the 28 ml volume of peroxide added

had not been adjusted to account for the third of the hydrogen peroxide molecules

which had perished during storage. Consequently, the gas generating potential was

only equivalent to 40 rather than 60 % of the initial bed volume, corresponding to

a maximum possible voidage of 28.6 % if all the oxygen generated were retained

by the sediment. However, the bed swell observed in Figure 6.10 reveals a max-

imum voidage of just 15.4 %. Consequently, around 1.4 l of oxygen, over half the

total volume generated, was released from the sediment during the period of gas

generation without exibiting any disturbances in the profile of the sediment.

X-ray tomographs of a large 250 mm diameter FOV of 132 Pa yield stress CMgS

captured 6 h after the commencement of gas generation are presented in Figure 6.11.

Despite the significantly lower total void fraction, much more gas appears to be

observable at this resolution than within the 86-234 Pa Mg(OH)2 sediments in

Figures 4.10b and 4.10c. This is consistent with the coarseness of the bubble

population identified within CMgS in Figure 6.5, and supports the theory that the
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α

β

Figure 6.11: Example x-ray tomographs of bubbles retained by 132 Pa CMgS within
a 300 mm diameter sideways mounted cylinder
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Table 6.3: Contribution of the observable (db > 0.83 mm) and sub-resolution bubble
populations to the total voidage within commercial Mg(OH)2 sediments (repro-
duced from Table 4.3) and CMgS

τ (Pa) ν VR (ml) VR,tom (ml) 100 × νtom (%)
7 0.32 2188 0.616 0.03
86 0.29 1829 16.9 0.92
234 0.34 2325 25.1 1.08
1112 0.24 1467 110 7.50

132 (CMgS) 0.154 1183 53.8 12.1

coarse particle fraction and narrow sedimentary pore throats promote the growth

of larger bubbles. The observable bubble population within this large scale scan

corresponds to a void fraction of 0.018, indicating that the mature macro-bubbles,

visible at 1.25 mm slice separation and 625 µm pixel resolution, account for 12.1 %

of the total voidage, as summarised in Table 6.3. This compares with holdup of

< 1.08 % for Mg(OH)2 sediments of comparable (86-238 Pa) shear yield stress.

While the 132 Pa CMgS contains a larger (12.1 %) observable bubble population

than equivalent strength Mg(OH)2 sediments, the number of millimetre-scale bub-

bles remains relatively small in comparison to the 30 Pa sediment in Figure 6.11,

where around 95 % of the retained bubbles had equivalent spherical diameters larger

than 1.25 mm axial slice separation of these large scale CT tests. Instead, the 132 Pa

CMgS most resembles the small scale tomography of 1112 Pa Mg(OH)2 sediment in

Figure 5.5c, in that the observable bubble population appears bidisperse. One sub-

set of large bubbles, several millimetres in ESD, appear spheroidal with relatively

low aspect ratios, consistent with growth by cavity expansion. A larger volume of

bubbles, closer to the 488 µm pixel resolution, appear more elongated, with their

longest axis oriented normal to the compressive load.

Given this behaviour, the bulk of the 87.9 % of bubbles below the observable

limit are assumed to exist as microcracks, similar to those within the 1112 Pa

Mg(OH)2 sediment. Gas migration pathways formed by microcrack coalescence

would explain the diminished holdup in comparison to the lower strength CMgS,

but would indicates the onset of tensile fracture at much lower yield strength than

the Mg(OH)2 sediments. The internal length-scale of the fracture toughness is re-

portedly dictated by the grain size, resulting in excess bubble pressures for fracture

toughness scaling with the inverse square of the particle radius (∆Pf ∝ r
−1/2
p ) (Jain

& Juanes, 2009). Thus, the coarser particle fraction within the CMgS is consistent

with an enhanced tendency for fracture. Furthermore, the similarity in pore throat

size distribution between 156 Pa CMgS and 1112 Pa Mg(OH)2 in Figure 6.2d also

indicates that the microstructure is pivotal in the mechanism for tensile fracture.

The tomographs were thresholded to isolate the visible bubble population for

quantitative size and shape analysis, albeit only for the large, mature bubbles.
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Figure 6.12: Evolution in (a) the size distribution, as well as the number and
sphericity of bubbles of (b) 1.42-2.58 mm, (c) 2.58-3.57 mm and (d) > 3.57 mm
diameter retained by 132 Pa CMgS

Individual bubbles were identified by connecting adjacent low-radiodensity thresh-

olded voxels using the algorithm from Bolte & Cordelières (2006). Histograms of

the equivalent spherical bubble diameters and digital sphericities (see eq. (4.6)) are

presented in Figure 6.12.

Unsurprisingly, given the accelerated gas generation kinetics in Figure 6.8 and

the fact that bed swell is limited to the first 1-2 h in Figure 6.10, the bubble pop-

ulation undergoes significant evolution within the first 2 h and negligible change

between 2 and 6 h. From the bubble size analysis in Figure 6.12a, some large

millimetre-scale bubbles were able to form very quickly during the ≈ 10 min period

between first introduction of the hydrogen peroxide and conducting the first scan

at ‘0 h’. Within the first 2 h, the largest (8 mm) bubbles grow up to 22 mm ESD,

representing a 21-fold increase in volume. However, Figure 6.11 demonstrates that

these millimetre-scale macrobubbles are relatively sparse. From Figure 6.12a, bub-

bles larger than 4 mm contribute less than 20 % of the observable free gas volume
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after 2 h gas generation, and therefore only around 2.4 % of the total holdup. Dur-

ing the same 2 h period, the total number of millimetre-scale observable bubbles

(indicated in the legend) multiplies by a factor of 3.5, which also accounts for very

small portion of the observed bed swell in Figure 6.10. Consequently, as with the

Mg(OH)2 soft sediments, bed swell is almost entirely dictated by the increase in

the population of bubbles with at least one dimension close to or smaller than the

1.25 mm slice separation, rather than by maturing of fine bubbles to millimetre

dimensions or by coarsening of the largest bubbles to centimetre-scale diameters.

Shape analysis of the observable bubble population is conducted separately for

different size ranges, or grades, of bubbles in Figures 6.12b to 6.12d. Unfortunately,

these size brackets only account for the large cavity expanding bubbles such as

those labelled ‘α’ and ‘β’; the finer, more distorted bubbles were too close to the

imaging resolution and were comprised of too few voxels to represent their shape

accurately. The three size ranges of bubbles (1.42-2.58 , 2.58-3.57 and > 3.57 mm

ESD) demonstrate similarly high sphericities at the initial condition. Thereafter,

all of these millimetre scale bubbles appear to diminish in sphericity over time.

This reduction in sphericity with bubble maturity and increased residence time is

increasingly significant for the larger grades of bubble.

Following the observation of a notable viscous compliance during the creep

rheology tests in Figure 3.13, which persists long after the initial and delayed

elastic compliances have diminished, it was postulated that the opposite evolution

in bubble shape might occur, whereby chronic viscous deformation at the bubble-

sediment interface might promote bubbles to become more spherical over protracted

residence times. Instead, the evolution in bubble shape is exclusively limited to the

growth regime; after the first 2 h, once gas generation is exhausted, there does not

appear to be any creep deformation at the bubble-sediment interface. Thus, the

sediment response to bubble expansion appears to be dominantly elastic in nature,

even in response to very low strain rates over periods of hours.

The departure of bubbles away from the initial high sphericity condition with

increased residence time still requires explanation. The evolution in BSD between

0 and 2 h in Figure 6.12a offers a partial explanation. The BSD within the smallest

(1.42-2.58 ) and largest (> 3.57 mm) size brackets shifts in favour of a larger bubble

size, particularly in the latter instance. It is no surprise that the largest bubbles

would be less spherical than the bubbles closer to a millimetre in scale. Smaller

bubbles are associated with greater Laplace pressures which promotes spherical

curvature and as the bubble grows the yield stress increasingly dominates the sur-

face tension causing bubbles to distort within viscoplastic materials (Dubash &

Frigaard, 2004). However, there is negligible change in the BSD within the 2.58-

3.57 size bracket which might explain the evolution in bubble shape in Figure 6.12c.
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It has been discussed that, within large bubbles, the pressure differential across

the height of the bubble can cause stratification of gas towards the top of the

bubble, preferential growth at the shallow surface and compression at the bubble

tail, causing the bubble to assume an inverted teardrop geometry over time (Algar

et al., 2011a). This behaviour is again observed in the bubble labelled ‘α’ in

Figure 6.11 and would account for a reduction in sphericity within the > 3.57 mm

subset with increased residence time; however, this bubble shape does not appear

to be typical of the large bubble population within the CMgS. The largest bubble

observed within these two particular cross-sections, labelled ‘β’, does not narrow

at the tail, instead the bubble encounters greatest resistance to cavity expansion

nearer its shallow surface, along the vector indicated by the white arrow. Thus, the

anisotropy of the sediment stress-field appears to bear greater influence on bubble

shape than the stratification of internal bubble pressure.

A more likely cause of the reduction in bubble sphericity with increased resi-

dence time relates to the fact the sediment matrix is deformed at the interface of

every growing bubble and so the stress distribution through the sediment matrix

evolves significantly throughout the period of bed swell. Hence, sediment displace-

ment at the interface of one growing bubble can induce deformation at the interface

of another. This is especially likely to be the case in the vicinity of the large high

density heterogeneities within the solid skeleton, as demonstrated by Figure 6.6.

Consequently, the longer a bubble resides within an expanding sediment, the more

likely the evolution in the sediment structure will in turn deform bubbles away

from their spherical initial condition.

Given that the small scale clinical CT imaging in Figure 6.4a and Figure 6.7

demonstrated discrete individual bubbles and short range ganglia of coalesced bub-

bles, as opposed to the apparently continuous free gas within 30-1112 Pa Mg(OH)2

sediments, the hyperstacking process outlined in Section 4.2.2 is used once more to

track the mobility of these discrete bubble features.

Bubble mobility

Bubbles retained by 132 Pa yield stress CMgS are tracked over 5 min intervals

within a small FOV and over a 2 h interval within a large FOV in Figure 6.13a and

Figure 6.13b respectively. The largest (db ≈ 8.5 mm) bubble within Figure 6.13a,

labelled ‘γ’, gradually rises by 23 mm over the course of 15 min, slowly narrowing at

the tail in the process. The same bubble is also identified within the larger FOV af-

ter 2 h gas generation and is shown to have risen by 35 mm; a faint orange silhouette

at the shallow surface, capturing the bubble after 6 h demonstrates that the bubble

remained essentially static from 2-6 h. Several other much smaller (1 < db < 3 mm)
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Figure 6.13: Flattened hyperstacks of x-ray tomographs at (a) 5 min intervals for
the first 15 min gas generation and (b) a larger FOV at 0, 2 and 6 h gas generation
for 132 Pa yield stress CMgS within a 300 mm diameter cylinder
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bubbles labelled ‘δ’, ‘ε’ and ‘ζ’ rise by almost identical distances over the same pe-

riod. Hence, as with the Mg(OH)2 sediment hyperstacks in Figure 4.12, the slow

and decelerating bubble rise, independent of bubble size or buoyant stress, appears

to correspond to bulk bed expansion rather than evidencing bubble migration by

ebullition or burrowing (Dorgan et al., 2005).

Thus, the 132 Pa CMgS lies above the ebullient yield stress regime, and yet

around 1.4 l gas is able to escape the sediment. In Figure 6.13b it becomes clearer

than in the grey-scale images that the observable bubbles at 2 h are concentrated

within the deeper half of the bed and largely consist of laterally oriented fractures,

similar to the fine cracks observed within the 1112 Pa commercial Mg(OH)2 in

Figure 5.5c. These observable cracks, up to 12 mm in length and with aspect ratios

as large as 10, are typically separated by distances of less than three pixels, or <
1.9 mm. The short separation distances between observable cracks, combined with

the knowledge that 88 % of the holdup exists below the detection limit, provides

a strong indication that connected fracture pathways within the deeper half of

the sediment could span the 300 mm diameter side mounted cylinder to facilitate

chronic release of the excess 1.4 l oxygen not held up within the bed.

On comparison with the smaller scale CT scans in Figure 6.4a, the increase in

yield stress from 30 to 132 Pa combined with an increase in scale from 0.36 to 6.5 l

manifests in a significant increase in the range of connected bubble-networks, suffi-

cient to facilitate chronic gas release. The increased load at depths below 110 mm

appears to greatly impact the mode of bubble growth. At deeper regions within

the sediment, cavity expansion appears significantly inhibited in the direction of

maximum compressive stress, forcing bubbles to create space for growth normal

to gravity, representing another point of comparison with the 1112 Pa Mg(OH)2

sediment, further indicating that microstructure may be more relevant to the onset

of tensile fracture than the sediment strength. Thus, attempts to model strain

at the bubble-sediment interface which treat the sediment (solids and water) as

a single continuous phase and experiments conducted using clear, homogeneous

elastoviscoplastic gels are unlikely to capture the full complexity of bubble growth.

The broader particle size distribution, constricted pore throats and enhanced

heterogeneity in local density distribution through CMgS, thought to be more

representative of real CMS, appears to manifest in fracture propagation within

less consolidated sediments. Since low tortuosity pathways of coalesced cracks

promote efficient lateral gas diffusion and chronic release, this suggests that the

yield stress regime susceptible to large holdup and partial rollover is also narrower

than indicated by the Mg(OH)2 sediments. The evolution in bubble shape in favour

of high aspect ratio cracks with increased depth, even over scales of just 110 mm,

implies that further scale up to the 1 m3 skips within the 3 m3 modular storage

containers may be significant in establishing further avenues for slow continuous
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gas release. This demonstrates the value in conducting additional process-scale

trials before decanting MSSS waste into the modular storage containers.

6.4 Conclusions

A test material of consolidated corroded magnesium metal, CMgS, which was found

to differ from the commercial Mg(OH)2 test material, used to study gas retention

in Chapter 4 and Chapter 5, by its coarse particle fraction, elevated shear yield

stresses at low solids concentrations and greater heterogeneity in its local density

distribution, was also revealed from LFNMR analysis to exhibit more constricted

sedimentary pore throats. These disparities in sediment properties were found to

have a significant impact on subsequent bubble growth. 30 Pa yield stress CMgS

was shown to exclusively retain coarse 1-8 mm equivalent spherical diameter bub-

bles and was bereft of the substantial population of sub-millimetre micro-voids

which account for over 98 % of gas holdup within an equivalent yield stress sam-

ple of commercial Mg(OH)2. Thus, consolidated sediments of similar chemistry,

mechanical strength and creep behaviour exhibited significantly different deforma-

tion behaviour during bubble growth. It was concluded that, while modelling the

sediment (solids and pore water) as a single continuous phase appears adequate

for predicting growth of large spherical bubbles by cavity expansion, the two phase

microstructure is significant in determining the the termination of cavity expansion

due to intrusion through expanded pore throats and partial coalescence between

neighbouring bubbles. Consequently, the sediment microstructure greatly impacts

both the ultimate bubble size distribution and connectivity between bubbles.

On observing the coarse bubble size distribution, it was proposed that (1) the

coarse particle fraction within CMgS may poorly armour bubbles in a steric layer

at the bubble surface, thereby diminishing the resistance to bubble coarsening by

Ostwald ripening, and (2) that the larger pore volume and more constricted pore

throats within CMgS may result in an extended period of cavity expansion be-

fore neighbouring bubbles come into contact. The second phenomenon, combined

with the diminished interfacial surface area within the bed, resulted in much less

extensive bubble networks of up to 42 bubbles, spanning up to 23 mm and compris-

ing < 3.8 % of the total voidage. Composite diffusion through the aqueous phase

and these short range ganglia could not account for the same extent of gas mi-

gration and chronic release on the time-scale of gas generation as the continuous

vessel-spanning networks of free gas within the Mg(OH)2 sediments. Consequently,

0.36-1 l scale CMgS beds swelled to substantial void fractions approaching 40 %,

indicating a high probability of acute gas release by partial rollover.
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Increasing the experimental scale to 6.5 l and the shear yield stress to 132 Pa saw

lateral fractures, previously observed only within kiloPascal strength Mg(OH)2,

propagate through the deeper regions of the bed. Implied connectivity between

proximate fracture sites and the 88 % of free gas below the observable detection

limit would account for the chronic release of 1.4 l O2 observed at this increased

scale and yield stress. Thus, permeable pathways of coalesced microcracks ap-

pear plausible within the physically heterogeneous CMgS under substantially less

consolidated conditions than the kiloPascal strength Mg(OH)2 sediments in Chap-

ter 5. The onset of fracture at low consolidation is explalined by the similarity

in pore throat size distribution between 156 Pa CMgS and 1112 Pa Mg(OH)2, as

the microstructure appears to dictate the internal length-scale of the sediment

fracture toughness. Establishing chronic release pathways through coalesced frac-

tures within relatively poorly consolidated CMgS represents good news for mit-

igating against acute flammable gas release as it implies a much narrower yield

stress regime susceptible to the high holdup conditions, necessary to achieve neu-

tral buoyancy with an aqueous supernatant under quiescent conditions, than the

commercial Mg(OH)2 sediments.
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Chapter 7

Conclusions

Nuclear legacy waste sludge, such as that stored at Sellafield, UK and Hanford,

USA experiences in situ hydrogen generation due to corrosion reactions and radiol-

ysis. Flammable gas bubbles can be immobilised by the strength of the consolidated

sediment matrix resulting in bed expansion and potential for acute flammable gas

release. This phenomenon has been successfully mimicked at laboratory scale us-

ing hydrogen peroxide decomposition to form oxygen bubbles within fine-grained

(d̄p ≈ 4µm diameter) Mg(OH)2 rich sediments across a broad (7-1112 Pa) range of

shear yield stress conditions. Sediments of up to 800 Pa yield stress were shown

to exhibit gas holdup to voidages of > 28 %, sufficient to become buoyant with

respect to an aqueous supernatant and raising the potential for Rayleigh-Taylor

instabilities. Gas holdup diminished within kiloPascal strength sediments where

bubbles were observed to grow by induction of large lateral fractures, enabling gas

transport towards the test cylinder walls for release.

Litre-scale gas retention tests revealed chronic gas release at relatively constant

rates in excess of 21 ml h−1. Conversely, time lapse x-ray tomography revealed that

the largest bubbles (≈ 7 mm diameter) remained static for periods of several hours

within very low strength (τ = 7 Pa) sediment. Thus, the ratio of the bubbles’ buoy-

ant stress to the sediment yield strength appears unfavourable to bubble rise even

under poorly consolidated conditions. The absence of vertical bubble motion by

ebullition or by fracture burrowing raises the question as to how gas is able to

escape from sediments which lack the strength to support deep drainage channels.

The millimetre-scale bubbles observed through large-scale (6.5 l) clinical tomogra-

phy represent < 1.08 % of the largest bubbles within 7-238 Pa Mg(OH)2 sediments,

while 92.5 % of bubbles within 1112 Pa sediment were below the observable detec-

tion limit. Hence, the long-standing enigma of how gas is released from sediments

which are too strong for buoyant bubble migration, but insufficiently strong to

promote fracture or support deep drainage channels, was deemed to involve the

population of microvoids rendered invisible at this experimental scale.
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Small-scale (0.4 l) clinical tomography imaging revealed the entire bubble pop-

ulations down to their 70 µm diameter minimum. The smallest bubbles were at

least 50 times larger than the water-filled pores observed by cryo-FIB microscopy,

indicating growth by cavity expansion. Partial coalescence between neighbouring

sub-millimetre microvoids resulted in the formation of extensive networks which

spanned the 32 mm field of view and comprised > 98 % of the retained free gas,

thereby providing pathways for gas migration towards the container walls and bed

surface. Lattice-Boltzmann method simulations revealed these bubble networks to

be highly pervious to gas, with permeabilities of 10.1-151.6 × 10−12 m2, potentially

enabling hydrogen stratification towards the shallow surface of the bed, driven by

the increase in ambient pressure field with sediment depth. Using Monte Carlo

based diffusion simulations, effective diffusivities for hydrogen through the bubble

networks were found to be in the 3.7-12.5 × 10−5 m2 s−1 range, around four orders

of magnitude larger than the diffusivity in water, thereby also enabling enhanced

gas migration normal to the lithostatic pressure gradient.

The additional coarse particle fractions of brucite (200-1000µm) and dense

crushed slate (≈ 1 mm) within a second ‘corroded magnesium sludge’ (CMgS) test

material manifested in a number of differences in the sediment microstructure and

shear response behaviour. The more physically heterogeneous CMgS exhibited

enhanced shear yield stresses in the 30-40 % w/w concentration range, while a com-

bination of low field nuclear magnetic resonance and mercury intrusion porosimetry

revealed substantially more constricted pore throat size distribution, typical of a

much more consolidated fine brucite sediments. These behavioural differences had

significant implications for the characteristics of the retained bubble population,

leading to growth of a narrower and coarser bubble size distribution in the 1-8 mm

range and substantially reduced connectivity between neighbouring bubbles at low

yield strength.

The large bubble size distribution could be explained by enhanced Ostwald

ripening, whereby large bubbles grow at the expense of smaller proximate bubbles,

possibly due to poor armouring of bubbles by the coarse particle fraction. Fur-

thermore, the constricted pore throats may extend the duration of cavity expan-

sion before neighbouring bubbles are able to interact, thus forming large discrete

bubbles. A combination of (1) the constricted sedimentary pore throats, (2) the

lower bubble surface area to volume ratio and (3) the large dense slate particles

forming obstacles to bubble communication explains the reduced connectivity be-

tween bubbles. Consequently, rather than forming extensive, seemingly continuous,

vessel-spanning bubble networks, bubbles within the CMgS formed short-range dis-

crete ganglia of < 42 partially coalesced bubbles, spanning only around 23 mm in

range. Discrete ganglia may enable longer-range gas transport through (1) dy-

namic connectivity between ganglia driven by expansion of the retained free gas in
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response to falling atmospheric pressure, (2) through the continuous exchange of

volatiles between the aqueous and gas phases and (3) ganglia migration through

the sediment by Haines jumps, albeit at a slower rate than gas migration through

continuous vessel-spanning bubble networks.

The capacity for sediments to swell to large void fractions, which present the

greatest risk of acute flammable gas release, represents a balance between the

rates of gas generation and chronic gas release. Chronic gas release from low-

intermediate strength (10 Pa ≲ τ ≳ 1 kPa) sediments appears to be dictated by

the establishment of permeable gas transport pathways, observed here for the first

time. Non-homogeneous, or localised, in situ gas generation can enable formation

of gas transport pathways at lower holdup (≈ 7 %), thereby limiting subsequent bed

swell. Equally, coalescence between fine lateral fractures promotes the formation

low-tortuosity pathways for efficient gas transport, inhibiting bed swell to the neu-

tral buoyancy condition. Tensile fracture was observed within kiloPascal strength

Mg(OH)2 and less consolidated (132 Pa strength) CMgS, which shared very similar

pore throat size distributions, indicating that microstructure dictates the internal

length-scale of the fracture toughness. Bubble aspect ratios appear to increase

with sediment strength and depth, thereby promoting bubble network propagation

and gas transport in the direction of the longer bubble axis, typically normal to

the compressive load. Conversely, large spherical bubbles which grow by cavity

expansion and mature by Ostwald ripening tend to exhibit poor connectivity, and

thus facilitate slower gas migration.

The corroded Magnox sludge currently within the Magnox Swarf Storage Si-

los is likely to be highly consolidated, with heterogeneous in situ gas generation

promoted in the vicinity of uncorroded metallic swarf; these characteristics have

been consistent with a reduced risk of acute flammable gas release based on the

laboratory scale experiments presented. While mobilisation of the waste during

decommissioning may result in lower yield stress conditions prone to increased gas

holdup, the risk of acute gas release is likely to be mitigated by transfer to 1 m3

skips due to the reduced buoyant potential energy of sediments stored beneath

shallow supernatant layers. However, evacuating the silos into portable containers

increases the risk of stress-induced gas releases from physical perturbations during

transport, presenting new engineering challenges which require further investiga-

tion.
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Chapter 8

Future work

The expense and urgency of the task to evacuate legacy buildings at Sellafield,

combined with the comparatively small amount of published data in this field,

justifies further research into the various engineering challenges presented by in

situ hydrogen generation in radioactive sludge waste. The contribution of methane

release from marine sediments to global greenhouse gas emissions provides a longer

term motivation for further fundamental research into the physics of bubble growth

within consolidated soft sediments. Based on the findings of this research, some

recommended areas for continued research are outlined below:

1. Throughout this research, it has been assumed that the chemical composition

of gas retained by consolidated sediments has a negligible impact on the

physics of bubble growth (Boudreau, 2012). This assumption has justified the

use of hydrogen peroxide decomposition, forming oxygen, to mimic hydrogen

bubble growth. The evolution in internal bubble pressure, the deformation

behaviour at the bubble-sediment interface, and the driving force for buoyant

migration are all seemingly independent of the gas composition. However,

the disparity in solubility between oxygen and hydrogen may impact bubble

coarsening mechanisms such as Ostwald ripening, and the size distribution

of bubbles appears to be significant in determining the range of permeable

gas transport pathways for chronic release. Ultra-fine metallic powders have

been used by Gauglitz et al. (2012) to generate in situ hydrogen by corrosion

within kaolin test materials on an accelerated time-scale. A similar approach

would provide a useful validation of gas retention within Mg(OH)2 sediments,

but would require the identification of a corrosion reaction which does not

passivate at elevated pH (≈ 10).

2. Gas retention tests have been performed at 0.36-6.5 l scale, with some of the

larger scale experiments (see Figures 4.10d and 6.11) revealing an evolution in

bubble aspect ratio with increased sediment depth. Thus, there appears to be
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value in further work investigating the impact of scale-up on the sediments’

capacity for bed swell. Having established a relatively cheap, repeatable

and safe approach for mimicking in situ bubble growth within Mg(OH)2

sediments, the methodology could quite easily be extended to the scale of the

1 m3 skips to which the CMS waste is due to be transferred and temporarily

stored.

3. Chemically similar test materials of equivalent yield stress have been shown

to demonstrate some fundamental differences in the characteristics of their

retained bubble populations, thought to be due to physical disparities in par-

ticle size distribution and microstructure. Cryo-FIB microscopy has shown

promise for visualisation of sedimentary pores, however the instrument was

only available at the very end of this research. A preliminary investigation

has suggested it be possible to achieve a more comprehensive characterisation

of the microstructure by using the ion beam to etch back the vertical FIB

cross-sections, as shown in Figures 5.4c and 6.3c, in increments of ≈ 20 nm

to generate a stack of parallel slices through the sediment. Not only would

this enable full three-dimensional analysis of the pore throat and body size

distributions, but Monte Carlo diffusion simulations, as presented in Sec-

tion 5.3.4, through the thresholded pore-space could enable characterisation

of the tortuosity corrected aqueous diffusion coefficients for various solutes.

This would be highly useful for predicting diffusion controlled bubble growth

and gas migration by composite diffusion through the gaseous and aqueous

phases. This could also represent a breakthrough in effluent treatment, by

enabling prediction of the rate of exchange of water soluble fission products,

such as caesium and strontium, between the consolidated bed and the super-

natant.

4. A broad range of shear yield strengths have been identified where consoli-

dated Mg(OH)2 sediments support large, near spherical bubbles many times

greater than the water-filled sedimentary pores, consistent with growth by

cavity expansion. Currently, there appears to be a lack of experimental val-

idation for the theoretical cavity expansion models used to predict strain

at the bubble-sediment interface in response to increasing internal bubble

pressure (Chadwick, 1959), or fluctuations in atmospheric pressure (Terrones

& Gauglitz, 2003), summarised in Section 2.7.1. Measuring internal bub-

ble pressure during growth simply requires an in line pressure transducer

between an injection mechanism, such as a syringe pump, and an orifice sub-

merged within the test material, similar to the method outlined by Johnson

et al. (2002) to investigate pressure changes during bubble growth by tensile

fracture. Initial experimentation using clear viscoplastic gels would enable
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characterisation of the strain response, or bubble expansion, using a high

speed camera. If a birefringent gel such as gelatin is used, cross-polarised

light could be employed to observe the stress distribution through the gel in

response to bubble growth (Dorgan et al., 2005). Ultimately, this method

could be extended to bubbles in two phase optically opaque consolidated soft

sediments, however synchrotron tomography might be necessary to observe

bubble growth to sufficient spatial and temporal resolution. Furthermore,

introduction of a second submerged orifice could potentially enable determi-

nation of the evolution in internal bubble pressure during partial coalescence,

shedding light on the propagation of gas transport pathways through consol-

idated sediments.
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zur Geophysik , 52, 170–215. 91

Fryer, M., O’Flaherty, E. & Gray, N.F. (2011). Evaluating the measure-

ment of activated sludge foam potential. Water , 3, 424–444. xi, 46, 47, 48,

93

162



REFERENCES

Gardiner, B.S., Boudreau, B.P. & Johnson, B.D. (2003). Growth of disk-

shaped bubbles in sediments. Geochimica et Cosmochimica Acta, 67, 1485–1494.

2, 4, 28, 39, 87

Gauglitz, P., Rassat, S., Powell, M., Shah, R. & Mahoney, L.A. (1995).

Gas bubble retention and its effects on waste properties: retention mechanisms

, viscosity, and tensile and shear strengths, PNNL-10740. Tech. rep., Pacific

Northwest National Laboratory, Richmond, WA. 29

Gauglitz, P., Buchmiller, W., Probert, S., Owen, A. & Brockman,

F. (2012). Strong-sludge gas retention and release mechanisms in clay simu-

lants, PNNL-21167. Tech. rep., Pacific Northwest National Laboratory, Rich-

mond, WA. x, 21, 22, 153

Gauglitz, P.A. & Radke, C.J. (1989). Dynamics of Haines jumps for com-

pressible bubbles in constricted capillaries. AIChE Journal , 35, 230–240. 123

Gauglitz, P.A., St. Laurent, C.M. & Radke, C.J. (1988). Experimental

determination of gas-bubble breakup in a constricted cylindrical capillary. In-

dustrial and Engineering Chemistry Research, 27, 1282–1291. 11

Gauglitz, P.A., Bontha, J.R., Daniel, R.C., Mahoney, L.A., Rassat,

S.D., Wells, B.E., Bao, J., Boeringa, G.K., Buchmiller, W.C. &

Burns, C.A. (2015). Hydrogen gas retention and release from WTP vessels:

summary of preliminary studies , vol. 24255. Pacific Northwest National Labora-

tory, Richmond, WA. xi, xvi, 12, 36, 37, 59, 61, 68, 69, 85, 124

Gephart, R.E. & Lundgren, R.E. (1998). Hanford tank cleanup: a guide

to understanding the technical issues . Battelle Press, Columbus, OH (United

States). 10

Gerber, M. (2008). The sludge cleanout of Hanford’s K basins. Radwaste Solu-

tions , 15, 20–31. 9

Gogo, S., Guimbaud, C., Laggoun-Défarge, F., Catoire, V. & Robert,
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cascades in a shear-thinning viscoelastic fluid. Physical Review E , 84, 066302.

36

Villinger, C., Neusser, G., Kranz, C., Walther, P. & Mertens,

T. (2015). 3D analysis of HCMV induced-nuclear membrane structures by

FIB/SEM tomography: Insight into an unprecedented membrane morphology.

Viruses , 7, 5686–5704. 101, 127

Watson, J.H.P. & Ellwood, D.C. (2003). The removal of the pertechnetate ion

and actinides from radioactive waste streams at Hanford, Washington, USA and

Sellafield, Cumbria, UK: The role of iron-sulfide-containing adsorbent materials.

Nuclear Engineering and Design, 226, 375–385. 1, 5, 10

Weertman, J. (1971). Theory of water-filled crevasses in glaciers applied to ver-

tical magma transport beneath oceanic ridges. Journal of Geophysical Research,

76, 1171–1183. 88

174



REFERENCES

Wells, B., J.J., J., Boeringa, G., Bauman, N., Guzman, A., Arduino,

P. & Keller, P. (2010). Lateral earth pressure at rest and shear modulus

measurements on Hanford sludge simulants (PNNL tech. rep. no. 19829). Tech.

Rep. September, Pacific Northwest National Laboratory (PNNL), Richland, WA

(US). 10, 30

Wheeler, S. (1990). Movement of large gas bubbles in unsaturated finegrained

sediments. Marine Geotechnology , 9, 113–129. 33

Wheeler, S., Sham, W. & Thomas, S. (1989). Gas pressure in unsaturated

offshore soils. Canadian Geotechnical Journal , 27, 79–89. xi, 24, 26, 27, 33

Wheeler, S.J. (1988a). A conceptual model for soils containing large gas bubbles.

Geotechnique, 38, 389–397. 1, 4, 24, 25, 46, 52, 98, 118, 134

Wheeler, S.J. (1988b). The undrained shear strength of soils containing large
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