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Abstract

In water depths of 500m to greater than 2,000m, off the West coast of Africa, sediments

comprise very soft clays with extremely high water contents and plasticity. In situ CPT and

T-bar testing in these areas have identified ‘crusts’ with undrained shear strengths of up to

15kPa at 0.5m depth, before the strength reduces by an order of magnitude to normally

consolidated strengths by 2m depth. This thesis presents an investigation into the behaviour

and origin of these crusts.

Mini ball-penetrometer tests on natural cores confirm the crustal strength, and indicate a

sensitivity of 3 within the crust. However, pipeline interface tests using the Cam-shear device

demonstrate a significant variability in the measured interface friction coefficient. Particularly

low strengths are observed when shearing in an undrained manner on a rough interface. These

results are attributed to the heterogeneity of natural samples, and demonstrate the need to

better understand the origin of the crust material in relation to interface micro-mechanics.

A microbiological investigation of crust material by extracting bacteria DNA from clay

samples is described, and identifies the presence of the bacterium, Marinobacter aquaeolei. This

bacterium is then used to inoculate sterile samples to determine its ability to produce crustal

strength. Through this work, it is concluded that M. aquaeolei is unable to create crustal

strength, although extracelluar polysaccharides produced by this bacterium will influence the

permeability of sediments through the clogging of voids. It is therefore also concluded that

future geotechnical investigation into marine sediments should consider the presence of bacteria

and their ability to influence the soil properties.

Wet sieving of crust material shows that the crust comprises a mixture of burrowing in-

vertebrate faecal pellets and clay. Pellets are found to represent 20% to over 55% of the

crust material by dry mass. Individual pellets are shown to exhibit unconfined compressive

strengths of between 5kPa and 50kPa, thus demonstrating their strength and robustness. Con-

solidation behaviour is governed by the percentage of pellets in natural samples. Based on

their location, abundance and strength, it is concluded that the origin of crustal strength lies

with the presence of burrowing invertebrate faecal pellets. When sheared on rough pipeline

interfaces, however, pellets are observed to crush, expelling void-filling fragments that may gen-

erate positive excess pore pressures. Smeared clay produced when shearing natural samples

obstructs the dissipation of pore pressures, which may encourage hydroplaning, and explain

the observation of very low interface friction coefficients. It is therefore suggested that smooth

pipelines offer more sliding resistance by minimising the risk of pellet crushing. This thesis

proposes that wet sieving of core samples should be undertaken during the site investigations

for future deep-water, hot-oil pipeline installations to provide design information on both the

consolidation and strength behaviour of natural sediments.
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Chapter 1

Introduction

The offshore oil and gas industry is under greater scrutiny than ever before. Resource explo-

ration continues to be pushed to the limits due to the depths of water in which resources are

found and, therefore, so is the technology required for economical extraction. Hot-oil pipelines

laid on the seabed undergo hundreds of thermally-induced shearing cycles, potentially degrad-

ing the strength of the seabed.

The year 2010 will be remembered by the oil and gas industry and the general public alike,

for the catastrophic collapse of the BP Macondo, deep-water drilling platform in the Gulf of

Mexico. This collapse resulted in multiple fatalities, and significant environmental impact due

to the uncontrolled flow of unprocessed oil into the Gulf of Mexico. Though the oil and gas

industry considers itself a leader in health and safety and the environment, this event served

as a reminder that significant challenges will continue to face the deep-water oil and gas sector

in the coming decades.

Ultra deepwater installations currently extract oil in water depths of greater than 2,000m,

representing environments that require state-of-the-art engineering at the boundary of techno-

logical advancement. To facilitate the successful extraction of resources, geotechnical designs

for sub-sea structures such as pipelines, shallow and deep foundations and anchors, are re-

quired. Sub-sea pipelines installed on the seabed are designed to transport hot oil from well

heads to deepwater risers over a distance of hundreds of metres to tens of kilometres. These

pipelines are laid cold at 4�, but oil emerges from wells at temperatures over 160� in or-

der to maintain a suitable flow rate and prevent clogging due to the formation of hydrates.

This dramatic change in temperature causes the pipelines to expand axially and buckle lat-

erally. Hot oil typically flows for a period of weeks before the line shuts for maintenance and

cools. This causes the pipe to return to its original position. During their lifetime, pipelines

may be subject to hundreds of thermal cycles, typically moving between five and twenty pipe

diameters (White and Cheuk, 2008), equivalent to many metres on each occasion (Bruton

et al., 2007). Excessive movement of the pipeline may result in loss of pipeline integrity and
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ultimately, failure. To prevent this, designers require knowledge of the resistance to pipeline

relative movement provided by the soil, both in the short and long term. This resistance is

quantified using the peak and residual soil and soil-interface shear strengths.

Hot oil pipelines installed in locations of relatively shallow water (less than 100m) are

trenched into the seabed sediments to minimise the risk of being damaged by shipping trawlers,

or being ruptured by iceberg gauging. The backfill material used to cover the pipeline provides

thermal insulation and some resistance to pipeline buckling. However, over the lifetime of the

pipeline, progressive vertical movements caused by the thermal cycles may cause the pipeline

to ratchet itself back to the seabed surface. In these situations, an understanding of how the

backfill material behaves as an engineering fill is therefore required.

Deepwater pipeline installations (greater than 1,000m) however, do not require trenching,

as there is minimal risk of damage from trawlers or icebergs. The seabed at these water depths

usually comprises very soft, normally consolidated clays with very high water content and soil

plasticities. In these environments, the preferred method of installation is to allow the pipeline

to embed into the sediment under self weight. It has been shown by Westgate et al. (2010), that

a large amount of remoulding and entrainment of free water occurs as pipelines are laid, due to

the transmitting of ship movements via the catenary length of pipeline to the seabed. Typical

pipe diameters are between 0.5m and 0.9m and initial pipe embedment may range between

0.3 and 0.6 pipe diameters, depending on the undrained shear strength of the clay and the the

vertical cyclic loading experienced by the pipe during installation. The resulting embedment

depths therefore range from 0.2m to 0.5m. The absence of pipe trenching and soil cover,

permits only minimal resistance to axial and lateral pipeline deformations during thermal

cycling. A typical example of buckling caused by thermal cycling is shown in Figure 1.1,

where it can be seen that the maximum pipeline lateral displacement is of the order of several

pipeline diameters.

Fig. 1.1 Example of pipeline bucking on the seabed, showing dis-
placement of several pipe diameters, modified after Bruton et al.
(2008).
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1.1 The Interaction Between Biology and Geomechanics

Biological processes influence the physical and chemical properties of deposited and depositing

sediments. These processes range from the penetration of plant roots into terrestrial soil to the

penetration of invertebrates into subsea sediments, and may include the more subtle effects

of bacterial activity within porespaces, and the less subtle burrows produced by vertebrates.

Physical and chemical properties of the soil that may be influenced by biological processes

include in situ water content, stiffness, strength, permeability and porosity, gas content, and

ion concentration. In favourable environmental conditions, biological activity may also be a

source of methane production and precipitate formation.

Geomechanics may be broadly described as the study of the mechanical behaviour of soil

and rock, and their engineering for man-made structures. Historically, the geomechanics field

has tended to ignore biological processes. It is difficult to relate these two separate fields of

research, and there is currently an incomplete understanding of how biological processes affect

soil properties. It is likely that in many geomechanical situations, the influence of biological

processes is insignificant when considered against other mechanical factors. Furthermore,

factors of safety used in engineering design will tend to compensate for any errors introduced

by variations in soil strength or stiffness that may be generated by biological processes.

As the field of geomechanics continues to develop, interest is now turning to interdisci-

plinary studies with the aim of improving the current understanding of geotechnical issues.

Man-made structures will continue to impact on the natural soil environment through the

construction of foundations, tunnels and pipelines. Consequently, higher priority needs to be

given to the integration of geomechanics and biology in order to minimise any negative im-

pacts on both the environment and the engineered structure, which may result from a lack of

understanding of biological processes.

Two examples of biological processes that impact directly on the soil or man-made struc-

tures include: ‘bio-clogging’; the growth of microbes within water pipes that results in a loss

of functionality of the system, and the alteration of soil permeability caused by burrowing

invertebrates mixing the original soil fabric. On-going research topics in this field include the

utilisation of bacteria to aid in the recovery of oil; the use of bio-clogging to generate ‘self-

healing’ soils, particularly in underground infrastructure where maintenance is expensive and

difficult to implement (e.g. Soga, 2007); and the creation of biologically enhanced, cemented

soils. The current understanding of how biological processes may influence the strength and

stiffness of soil in the natural environment, particularly in the deep oceans, however, remains

limited. This has in part, resulted in vague concepts such as “bioturbation” being used by

engineers.

When a foundation sited on clayey soils is found to be unable to support the required design
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loads, modification to the construction sequence and the foundation design will generally be

undertaken. In such a situation, the geotechnical practitioner can address the problem of

the unsuitable soil using a number of plausible solutions. These include soil strengthening

by reinforcement, such as by installation of stone columns or anchors; prior surcharging to

promote controlled consolidation and thus increased soil strength; and bridging the problematic

soil by the use of piles. The clay’s shear strength or stiffness is rarely considered to be a

function of the biological activity that may be present within the soil. Indeed, the possible

variation in strength or stiffness may only be of the order of a few kilopascals, if that. Deep

marine environments that naturally exhibit low sediment strengths, however, may represent

a situation where biological activity has a more significant influence on sediment strength

and stiffness. Without further developments in the joint fields of biology and geomechanics,

the geotechnical design of foundations and structures including hot-oil pipelines, will continue

without consideration of the effect of biological processes on soil properties.

1.2 Focus of the Research and Thesis Outline

This thesis proposes to consider the behaviour of deep ocean West African clays that have

been found to exhibit anomalously high undrained shear strengths at shallow sediment depths.

These ‘crusts’ are the founding material for installed hot-oil pipelines and, therefore, there is

particular interest in understanding and predicting the soil-pipeline behaviour. It is proposed

that an academic inquiry into the origins of these materials may provide a framework in which

the soil-pipeline interaction behaviour can be interpreted. As the crust strength is only of

the order of a few kilopascals, biological activity may have an influence on both the natural

strength and subsequent interaction behaviour with installed pipelines. It is this interaction

that this thesis proposes to investigate through the laboratory testing of natural core samples

and by employing a scientific approach to the analysis of crust material. The subtle interplay

between thermal cycling and biological processes may make a significant difference to pipeline

longevity and performance. It is upon this scenario that this thesis is formulated, with the

aim of better understanding the interplay between the biological sciences and geotechnical

engineering. An outline of the thesis is shown in Figure 1.2.

In Chapter 2, a review of the literature concerning the current knowledge on West African

clays, including geotechnical properties and in situ and laboratory testing of core material is

presented. This chapter concludes with a summary of the key aims of research, based on the

gaps in understanding as evidenced from the literature review.

Chapter 3 presents the laboratory testing of natural core samples of West African clay

crusts, including a consideration of the geotechnical properties and Cam-shear testing to de-

termine soil-pipeline interface behaviour. The chapter also presents the design and use of a
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mini ball penetrometer, for laboratory testing of natural cores. This device is used to under-

take measurements of soil strength within core material and to provide an understanding of the

soil’s strength degradation behaviour and sensitivity. This chapter concludes with a summary

of the key test results, which clearly indicate that a better understanding of the origin for the

soil’s remarkable strength is required.

Chapter 4 outlines the viable hypotheses for the crust’s origin based on the review of the

relevant literature. Discussion is provided for each hypothesis to either discount its validity, or

to suggest that further research into their possible role in crust formation is required. Based

on the conclusions of this chapter, the following two chapters (Chapters 5 and 6) investigate

the influence of bacteria and burrowing invertebrates on sediment strength, respectively.

Chapter 7 provides a discussion of the key results and presents links between the conclusions

of the preceding chapters of this thesis.

The thesis concludes with Chapter 8, which provides the final conclusions and recommen-

dations for future research into this topic, based on the understanding gained by the author

from the completion of this thesis.
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Chapter 2

West African Clays

As the oil and gas industry continues to expand its offshore exploration, and the knowledge

and technology for resource recovery improves, deposits located beneath deep water (greater

than 1,000m) become viable for exploitation. This, however, results in an exponential increase

in investigation costs relating to the need for specific, detailed information of the soil properties

along pipeline routes. Investigations may include measurement of the in situ undrained shear

strength using cone penetration (CPT) and T-bar tests; laboratory soil-pipe interface shear

testing of samples and the consulting of prior records. This thesis focuses on Blocks 18 and

31, which are operated by BP Exploration and located off the west coast of Africa, as shown

in Figure 2.1.

Fig. 2.1 Location of offshore sites Block 18 and 31, off the west coast of Africa (left) (Newswires,
accessed 12 October 2010); and a schematic diagram of the Block 18 infrastructure (right)
(Offshore-technology, accessed 26 August 2010).

The oil reserves located in Block 18 were discovered in water depths of 1,200 to 1,500 metres

between 1999 and 2003, and comprise six fields: Platina, Plutonio, Galio, Paladio, Cromio and

Cobalto (Offshore-technology, accessed 26 August 2010). Production commenced in 2007, and

an estimated 750 million barrels of recoverable oil has been identified. All forty-three subsea
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2. WEST AFRICAN CLAYS

wells, including twenty production, twenty water injection and three gas injection wells are

“tied back to a single spread-moored FPSO facility to process produced fluids and export crude”

(Offshore-technology, accessed 26 August 2010).

In Block 31, oil reserves continue to be discovered, with the most recent discovery (the

nineteenth) being reported in October 2009 (BPExploration, accessed 19 December 2009).

This block covers an area of over 5,000 square kilometres and is situated in water depths of

between 1,500m and 2,500m.

This chapter presents a literature review of the sediments found in Blocks 18 and 31, and the

surrounding area, with the key areas of interest including: in situ soil strength characterisation;

laboratory soil characterisation; and soil-pipeline interaction.

2.1 Soil Characterisation

The sediments encountered within Block 18 are predominately pelagic clays, which are in-

fluenced by the Benguela Upwelling, associated with the Walvis Ridge to the south (Pufahl

et al., 1998). This results in a relatively high organic matter content of between 2% and 6% as

identified by Thomas et al. (2005) and confirmed by Puech et al. (2010). Block 31 is situated

a similar distance from the coastline to Block 18, however it is directly in line with the mouth

of the Congo River. The sediments are therefore more strongly influenced by material of a

terrestrial origin.

Laboratory test results presented by Puech et al. (2005) demonstrate that West African

clay samples taken from within the top two metres exhibit very high water contents, generally

between 150% and 250% and very high plasticity, typically between 70 and 120, but increasing

to 150 near the seabed. These results are shown in Figures 2.2 and 2.3, respectively. These

water content and plasticity values are very high compared to other offshore locations such

as the Gulf of Mexico where water content and plasticity indices may range from 50% to

125% (Yun et al., 2006) and 30 to 70 (Puech et al., 2010), respectively. Carbonate content

is observed by Puech et al. (2005) to range generally between 5% and 15% of the total soil

weight, and is predominantly in the form of crushed shells less than 30µm. More recent work

undertaken by Puech et al. (2010) suggests that the carbonate content may be as high as 23%

in some areas. Particle size distributions completed by Thomas et al. (2005) suggest that,

generally, 95% of the sediment material is smaller than 40µm, determined with a clay content

of between 40% and 80%, with the dominant clay minerals identified by X-ray defraction as

smectites, with a smaller percentage of kaolinites. A more recent study by Thomas et al. (2007),

however, suggests a smaller amount of smectites and a dominance of kaolinites. Scanning

and transmission electron microscopy undertaken by Thomas et al. (2005), showed an open,

flocculated structure with clay aggregates, as seen in Figure 2.4. Puech et al. (2010) reviews
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2.2 Undrained Shear Strength

the techniques used to obtain particle size distributions and comments on the importance of

result interpretation taking into account the method employed for the test. They show that

using a laser granulometer, which is known to overestimate the coarser grain sizes, as discussed

by Puech et al. (2010), the percentage passing 2µm is between 20% and 30%. Difficulty with

breaking down the inherent structure of these clays, as indicated by Figure 2.4, may also

influence the particle size distribution results.

Fig. 2.2 Water content of West African clays plotted
against penetration depth, modified after Puech et al.
(2010).

2.2 Undrained Shear Strength

A significant number of in situ undrained shear strength tests have been undertaken using

vane shears, cone penetration tests (CPTs) and T-bar testing. The results of CPT and T-bar

testing in West African sediments in water depths ranging between 500m and 2,000m indicate

a ‘crust’ in the top metre of sediment, within which the clay is an order of magnitude stronger

than would be expected for a virgin deposit. Measured undrained shear strengths rise to a

maximum of 15kPa at 0.5m to 1m depth, as shown in Figures 2.5 and 2.6. Crustal material is

typically observed to have a strength gradient of 24kPa/m when approaching the peak strength

value. Below the crust, a sharp loss in strength is observed, exhibiting a comparable strength

gradient to its rise. A strength profile approximating normally consolidated conditions is then

9



2. WEST AFRICAN CLAYS

Fig. 2.3 Casagrande plasticity chart showing the high plasticity
clays of the Gulf of Guinea, modified after Puech et al. (2010).

Fig. 2.4 Example of a scanning electron microscopy mi-
crograph showing a clay aggregate, after Thomas et al.
(2005).
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apparent (Figure 2.5); characteristically demonstrating strength proportional to depth for the

succeeding tens or hundreds of meters of apparently similar sediment. The assumed virgin

consolidation line based on a submerged unit weight of 2.5kN/m3 is shown on Figure 2.5 for

comparison. The location of the crust at the clay surface suggests that the crust formation

depends on some currently existing process that has a link to the shallow seabed. However,

the sudden reduction of crust strength following modest sediment burial also suggests a certain

vulnerability.

Though a significant amount of data is now available highlighting the phenomena of deep

ocean clay crusts, no apparent correlation has previously been found between its presence and

the constituents of the sediment determined in situ or in the laboratory (Puech et al., 2010).
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2.3 Compressibility

2.3 Compressibility

De Gennaro et al. (2005) undertook one-dimensional compression tests using oedometers on

samples of clays from the Gulf of Guinea, with water depths of 600m to 900m and 1,300m to

1,500m. Cores were 100mm in diameter and approximately 20m in length, and tested samples

were taken from depth of between 2m and 20m. Samples were reconstituted at the liquid

limit, wL, to establish the intrinsic compression line (ICL). Results of normalised voids ratio,

Iv plotted against the vertical effective stress, σ′v, are shown in Figure 2.7 with oedometer tests

on several natural clay samples. Estimated preconsolidation stresses, σ′v0 are denoted in this

figure by the arrows. Iv is defined as

Iv =
e0 − e∗100

c∗c
, (2.1)

where e∗100 and c∗c (defined as e∗100 − e∗1000) are intrinsic constants of compressibility and may

be determined for the particular sediment in question.

Following Burland (1990), the sedimentation compression line (SCL) was derived by mea-

suring the void ratio at 100kPa (e∗100) and the consolidation coefficient (c∗c). The SCL for

one of the sites is also shown on Figure 2.7. This figure also presents an extension of Bur-

land (1990) by Cotecchia and Chandler (2000), who placed the SCL within a framework of

strength sensitivity, St, defined as the ratio of undrained shear strength to the remoulded shear

strength. It was found that a family of parallel SCLs existed, in which the SCL of Burland

(1990) corresponds to St ∼=5.

De Gennaro et al. (2005) present results for depths greater than 2m to show that the West

African clays display an SCL that mostly lies between the ICL and the SCL for St=3. De

Gennaro et al. (2005) draw attention to a variance observed in the SCL at very low confining

pressures, which correspond to very high water contents; and in particular, at approximately

0.5m depth where a sudden drop in water content occurs. They suggest that this may be

associated with the sediment’s deposition conditions, “which are likely to depend on the en-

hanced chemical activity of the upper layers of the sediments” (De Gennaro et al., 2005, p1066).

They do not, however, discuss the nature of the enhanced chemical activity and why it might

influence the sediment behaviour.

Hattab and Favre (2010) undertook further analysis of the soil compressibility of samples

taken from the same location, but not specifically focusing on the crust material. It is suggested

that the pseudo ‘overconsolidation’ found at some locations and observed in samples to a depth

of about 6m, may be attributed to the presence of ‘aggregates of clayey particles’ or ‘grains’

that may be glued or cemented to other aggregates. The origins of the cementation is suggested

as being physical-chemical in nature, which may be similar to the activity described by De

Gennaro et al. (2005). The size of the clay ‘grains’ is not stated. Through the use of mercury
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Fig. 2.7 Normalised oedometer results of natural core samples, including
the sedimentation compression line (SCL), and lines corresponding to
sensitivities, St of 3 and 5, modified after De Gennaro et al. (2005).

intrusion porosimetry analysis, Hattab and Favre (2010) show the presence of macro-pores

of ≈1µm between aggregates of about 1µm diameter. During one dimensional compression

to a vertical effective stress of 1MPa, the structure surrounding the macro-pores is shown to

collapse, causing the pore size to decrease to about 0.2µm diameter, which is comparable to

that obtained from a remoulded sample.

Though Hattab and Favre (2010) suggest these results show the presence of ‘pseudo over-

consolidation’, the results do not explain why or how the sediment returns to strengths com-

parable to normally consolidated conditions by about 6m depth. At this depth, the in situ

vertical effective stress is only approximately 15kPa (assuming a submerged unit weight, γ

of 2.5kN/m3) and therefore, presumably, mechanical crushing of the aggregates due to burial

alone cannot explain the reduction in strength. No evidence of past slumping was observed in

the areas that were investigated by Puech et al. (2005).

The results of the investigations presented by De Gennaro et al. (2005); Puech et al.

(2005); Thomas et al. (2005); Hattab and Favre (2010) suggest the crust’s presence may be

independent of the depositional environment, as the crust is observed in a range of areas,
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2.4 Interface Shear Behaviour

including sediments in the south west of the Gulf of Guinea, sediments influenced by the

Congo River and sediments influenced by the Benguela Upwelling.

2.4 Interface Shear Behaviour

Bolton et al. (2007, 2009) undertook extensive interface shear testing using the Cam-shear

device, which is described in Chapter 3, on fully reconstituted and reconsolidated samples of

West African clays. These tests were undertaken in order to obtain high-quality soil-pipeline

interface data for hot-oil pipeline designers. Test samples were thoroughly remoulded using a

electric, drill-driven vane mixer prior to being placed under suction for 30 minutes to remove

any entrained air within the sample. The samples were then reconsolidated to vertical effective

stresses corresponding to undrained shear strengths measured using in situ T-bar testing,

calculated using a modified version of the formulation by Skempton (1954) given as,

su =

(
su,nc
σ′v0,nc

)
γ′d, (2.2)

where su is the soil’s undrained shear strength, su,nc is the undrained shear strength of a

normally consolidated soil, σ′v0,nc is the vertical effective stress experienced by a normally

consolidated soil to produce su,nc, γ
′ is the effective unit weight of the soil, and d is the

soil depth. Based on the Cam clay model for critical state soil mechanics, Wood (1990)

proposed Equation 2.3, where the superscript Λ is defined as λ−κ
λ ; a ratio that describes the

relative slopes of the normal compression, λ and unloading-reloading, κ lines (Wood, 1990),

and generally ranges 0.7 to 0.9.
(
su
σv,0

)
nc

is the material constant which rises from about 0.2

to beyond 0.4 for clays of increasing plasticity, and OCR is the overconsolidation ratio, defined

as the ratio of the maximum previous vertical effective stress to the current stress condition.

Values of Λ=0.8 and
(
su
σv,0

)
nc

=0.45 were found by Bolton et al. (2007) to be appropriate based

on previous work with these high plasticity West African clays.

(su
σ′

)
=

(
su
σ′v,0

)
nc

OCRΛ (2.3)

The shear tests undertaken by Bolton et al. (2007, 2009) considered the speed of shearing,

interface roughness, smeared or ‘clean’ interfaces and repeatability. These variables influence

soil behaviour, and can be investigated using the Cam-shear apparatus.

Bolton et al. (2009) observed that the shear behaviour of reconstituted and reconsolidated

West African clays could be appropriately analysed using the Cam clay model proposed by

Schofield and Wroth (1968). The Cam clay model yield surface is represented by,
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τ∗max
σ′0

= µ∗ln

(
σ′c
σ′0

)
, (2.4)

where τ∗max is the maximum soil shear strength; σ′0 is the normal effective stress experienced

by the soil; µ∗ is the soil-soil shear strength divided by the applied normal stress; and σ′c is the

previous maximum effective stress experienced by the soil. Figure 2.8, modified after Bolton

et al. (2009), shows a reasonably good fit of the Cam clay yield surface to the soil-soil results

obtained at all shear rates tested (0.001mm/s, 0.05mm/s, 0.5mm/s). It is noted, however,

that variability exists at all the vertical stress conditions tested. The particular yield surface

shown is for data tested at 0.05mm/s.

The mechanisms causing this variability are currently poorly understood, and if explained,

could allow greater confidence and economy in hot-oil pipeline design.

Fig. 2.8 Cam-shear data of remoulded, reconstituted West African clay plotted on normalised
axes of shear strength and vertical effective stress, modified after Bolton et al. (2009).

2.5 Implication for Sub-Sea Pipelines

The origin of the crust is as yet unknown but it has significant implications for the design of

pipelines that connect sub-sea well completions and risers. Pipelines generally self-embed up

to about half their diameter, and therefore rest on the crust material. The dramatic reduction

in strength with depth below the crust is of concern to pipeline designers as it is not currently

known why the strength drops, nor whether hot pipelines will encourage strength loss with

time.
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2.6 Crusts in Marine Clays

No operational offshore installations that include sea-bed pipelines on marine clays in the

North Sea or the Gulf of Mexico have yet encountered soil characteristics comparable to those

observed in West African clays. Figure 2.9 presents an undrained shear strength design profile

derived from CPTs undertaken in the Gulf of Mexico by Quiros and Little (2003); and CPT

(Puech et al., 2005) and in situ T-bar (BP Exploration) profiles undertaken in West African

clays. From this figure, it is observed that the strength profiles obtained from these two areas

are significantly different, with the Gulf of Mexico design profile exhibiting no evidence for

crustal strength. When compared with West African clays, the sediments of the Gulf of Mexico

exhibit lower water contents and plasticities (Puech et al., 2005). This characteristic may have

a negative influence on the generation of clay crusts in Gulf of Mexico sediments. In the North

Sea, the absence of crusts is most likely due to stiff clays of high overconsolidation ratio of a

geological origin dominating the strength characteristics.

There are, however, examples of crust-like material with strength profiles similar to those

observed in West African sediments in locations not currently subject to oil and gas exploration.

Their discoveries have not been driven by geotechnical design of shallow foundations, and in

most cases, as discussed in Section 4.5.6, these sediments are not described as ‘crusts’. A

compilation of strength profiles from various locations are shown in Figure 2.10. Furthermore,

Randolph et al. (2005) state that the occurrence of anomalously high strengths within 1

metre of the seabed is very common. This suggests that these crusts are more prevalent

than mentioned in the published literature.
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2.7 Concluding Comments and Objectives for Research

No previous literature has considered the possible significance of the presence of crusts in

marine sediments. As the oil and gas industry continues to expand, the importance of under-

standing the mechanical behaviour of these crust materials in relation to pipeline installations

increases. This thesis will therefore focus on utilising laboratory tests to obtain information

on the behaviour of natural crust samples relevant to pipeline design.

This review of the existing literature on West African sediments highlights several key

areas requiring further investigation. These are:

� an understanding of soil-pipeline interaction of natural crust samples at low vertical

effective stresses;

� an explanation of the large variation in strengths;

� a better understanding of the natural clay’s structure;

� an understanding of the relationship between the presence of the crust and the measured

mechanical properties; and

� an understanding of the origin of the crust, and its implications for pipeline design.

The objective of this thesis is to address these five areas. This will be achieved through:

� Cam-shear testing of natural crust samples;

� a review of the literature on processes which may influence sediment strength; and

� observation of natural samples on a microscopic and macroscopic level.

These objectives are the subject of the following four chapters, beginning with the Cam-

shear testing of natural cores in Chapter 3.
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Chapter 3

Laboratory Testing of West African

Clays

The design of hot-oil pipelines requires a knowledge of the soil’s undrained shear strength,

su, which governs embedment, and the soil-pipe interface friction coefficient, µ, which governs

the resistance to axial displacements. These soil parameters are usually determined by in situ

strength measurement and by collecting core samples for laboratory interface testing. The

permeability of the soil is also of interest, as this dictates the length of time for consolidation,

hence, how soon after pipe laying the interface strength will be developed. Furthermore, for

a given rate of pipe movement, the permeability also governs whether the shearing behaviour

is ‘drained’ or ‘undrained’. In situ testing using cone penetrometer and T-bar testing (see

Figure 2.6) indicate a relatively repeatable crustal strength over several hundreds of kilometres

of investigated pipeline routes. The self-embedment of hot-pipelines locate the pipelines at the

sediment depth approximately corresponding to peak in situ shear strength within the crust.

Previous investigations into the mechanical behaviour of these sediments have focused on the

testing of remoulded, reconsolidated material. This thesis considers the testing of natural

core samples, and therefore represents an important contribution to the understanding of clay

crusts. To confirm and extend in situ soil data, this chapter firstly outlines laboratory tests

on natural cores identifying the bulk soil properties. Secondly, a series of interface tests of

core samples undertaken using the Cam-shear device is presented and discussed. Thirdly, the

design of a new mini ball penetrometer is outlined followed by the presentation of test results

of remoulded and natural samples. The chapter concludes with a summary of the key results

and observations.
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3. LABORATORY TESTING OF WEST AFRICAN CLAYS

3.1 Bulk Soil Properties

BP Exploration has provided box core and STACOR samples from Blocks 18 and 31 for

use in this research. The STACOR system patented by Fugro Ltd. (Fugro) is described in

detail by Borel et al. (2002). This system allows the collection of high-quality piston core

samples in water depths of over 1,500m, and can obtain continuous sediment cores of up to

20m in length as described by Puech et al. (2004). These samples were collected during site

investigations undertaken by Fugro from 2003 to 2007 and represent material from between

1,000m and 1,500m water depth. Box cores samples are collected with a box corer with

internal dimensions of approximately 0.5x0.5x0.5 metres. Once recovered on ship, mini T-bar

tests were undertaken in the box core by BP Exploration. Core liners were then pushed into

the box core sample to allow subsequent transportation with minimal sample disturbance.

This method is considered to produce high-quality samples. Where possible, box cores were

stored in a portable chest refrigerator at 4�. STACOR samples were kept in a cool room at

approximately 12�. Box core sub-samples are 83mm in diameter whereas STACOR samples

are 96mm in diameter.

3.1.1 Water Content and Liquid Limit

Water content measurements, shown in Figure 3.1 were taken from tested core samples at

depths of 0m (seabed) to 2m, by oven drying samples according to the procedures set out in

ASTM D2216. Measurements made at depths greater than 1.2m are located below the crust.

It is observed that the water content values are extremely high; generally greater than 150%,

and do not vary significantly throughout the sediment profile. This shows that the crust

strength is largely independent of the water content. The water content may exceed 300%

within the top 0.1m, which is the observed location of an ‘unconsolidated ooze’, comprising

oxidated sediment. Liquid limits undertaken on samples using a fall cone apparatus according

to ASTM D4318 are also shown in Figure 3.1, along with measurements undertaken by Fugro

in 2009. As observed in previous studies, the liquid limits are very high, well above 150%

within the crust material. Such results would usually be taken to indicate that the natural

sediment is a highly flocculated clay.

3.1.2 Density and P-wave Velocity

To aid characterisation of the West African clays, four undisturbed core samples were subject

to non-intrusive testing using a multi scan core logger (MSCL), shown in Figure 3.2. The

MSCL determines pressure wave (P-wave) velocity, bulk density, magnetic susceptibility and

porosity of samples. Depending on the rate of scanning used, the resolution level can be

varied from decimetre to sub-millimetre scale. Calibration of the equipment was undertaken
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3.1 Bulk Soil Properties

Fig. 3.1 Water content and liquid limit measurements taken from
box and STACOR core samples confirming measurements by Fu-
gro (also shown).

using a sample of core liner, which was scanned prior to the samples. This allowed the

measurements to be corrected for the influence of the liner during scanning. Core samples

were laid horizontally on the scanner bed behind a calibration core sample containing water.

To correct for temperature variations during scanning, temperature measurements were taken

throughout the testing period using a temperature probe inserted into the top of the core

samples. Cores were scanned then split, photographed and geologically logged. The raw

data obtained from the MSCL was processed with the corresponding calibration information

using in-house software developed by the National Oceanography Centre, Southampton. The

resulting data is shown in Figure 3.3. This figure shows the bulk properties determined from

the MSCL, the undrained shear strength measured in situ by BP Exploration using CPTs and
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3. LABORATORY TESTING OF WEST AFRICAN CLAYS

mini T-bars, and photographs of split cores corresponding to the CPT samples.

Fig. 3.2 Photograph of the multi scan core logger developed by the National Oceanography
Centre, Southampton, to allow non-intrusive determination of bulk soil properties.

Fig. 3.3 Comparison of MSCL pressure wave velocity, bulk density and porosity to
undrained shear strength profile determined from in situ CPT and on-ship mini T-bars
for the four core samples, together with representative core photographs.

From Figure 3.3 it is observed that the P-wave velocity for the two longest core samples
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3.1 Bulk Soil Properties

drop below the typical P-wave velocity of sea water of about 1,450m/s, suggesting that the

cores either contain a significant amount of ‘free gas’ based on discussion by Yun et al. (2006),

or had partially desiccated causing the samples to pull away from the core liner, allowing air

to enter the cavity. As expected with very high water contents, very low bulk density and

correspondingly high porosity is measured for all samples, suggesting a very open structure.

The figure also shows that there is limited correlation between the peak in undrained shear

strength and the bulk soil properties. If the crustal strength was caused by a densification of

material, large reductions in porosity with a correspondingly large increase in the bulk density

and P-wave velocity would be expected; a trend that is not apparent in the results. A large

amount of scatter is observed in bulk density and porosity between 0.6m and 1.2m for the two

longest cores, which corresponds to the location of the peak crust strength. Core photographs

indicate the presence of open burrows that would contribute to the observed variation in

measured bulk properties.

The MSCL is a tool that can be used to obtain information on the bulk properties and

conditions of samples while still in core liners, thus reducing the influence of core disturbance

on measurements. It is, however, observed that due to the nature of the crust material, the bulk

properties measured by the MSCL do not identify the presence of a crust. These observations

demonstrate that the crust’s structure is capable of supporting high undrained shear strengths

whilst maintaining a consistently high water content and low bulk density. It is also noted

that the MSCL’s use is limited by the quality of core material scanned. It is possible that the

core samples were disturbed within the core liner prior to scanning, which would increase the

inaccuracy of the results.

3.1.3 Visual Examination of Cores

Figure 3.4 shows box core samples that were split using a thin nylon string after MSCL

scanning. The surface was then scraped clean with a spatula before photographing. This

figure shows that:

� the upper 0.05m to 0.1m exhibits minor oxidation resulting in a pale brown discoloura-

tion, corresponding with an ‘unconsolidated ooze’ material;

� the underlying core material is a relatively consistent grey colour, and comprises firmer

clay;

� several ‘pockets’ of faecal pellets of between 0.5mm and 1.5mm diameter are observed

in both cores from 0.1m to 0.3m depth; and

� numerous ‘voids’ of about 1mm to 1.5mm diameter are observed throughout the core

samples, which may correspond to open invertebrate burrows. A large burrow of about

10mm diameter is observed at 0.4m depth in the left core.
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3. LABORATORY TESTING OF WEST AFRICAN CLAYS

Fig. 3.4 Photographs of box cores after splitting.
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3.1 Bulk Soil Properties

A mini shear vane was used to measure the undrained shear strength of three of the split

cores. Results are shown in Figure 3.5. The values presented in this figure are generally smaller

than those measured in situ by BP Exploration using CPTs and T-bars, as well as mini T

bar measurements undertaken on ship. This reduction may be due to disturbance caused by

splitting the core prior to shearing. The splitting and logging of core samples shows that there

is no correlation between the appearance of the sample and the undrained shear strength,

which increases from 2kPa at about 0.05m depth to about 6kPa at 0.4m depth. This, together

with the measurements obtained from the MSCL, suggests that the increase in strength is

due to micro-scale variation rather than macro-scale influences. The presence of open burrows

and randomly-located pockets of faecal pellets, however, are likely to contribute towards the

variation observed in the MSCL data.

Fig. 3.5 Undrained shear strength of split core samples mea-
sured by testing cleaned, split surfaces using a mini vane shear.
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3. LABORATORY TESTING OF WEST AFRICAN CLAYS

3.1.4 Summary of Bulk Soil Properties

The results of tests presented in this section highlight the following key points:

� the structure of the natural sediment appears to have a significant influence on the crust

strength, however, the nature of the structure is such, that material below the crust

exhibits comparable mechanical properties;

� the water content values are high below the crust, which suggests that the soil at this

depth is also highly structured. This structure, however, must be significantly different

from that within the crust; and

� it is observed that the natural crust material is highly variable, as evidenced from viewing

split core samples. It was therefore to be expected that some variation is also observed

in the MSCL data.

3.2 Determination of Interface Shear Strength

Interface testing with clays has been undertaken by several authors using different types of

shearing equipment. The literature is summarised in Table 3.1. Previous ring-shear testing

of West African clays on rough and smooth interfaces by Puech et al. (2010) is presented

in Figure 3.6 plotted with axes of the initial vertical effective stress, σ′0 and peak interface

shear strength, τmax. It should be noted, in the case of undrained or partially drained shear

tests that the axes of Figure 3.6 do not record the actual effective stresses on the sliding

interface. Excess pore pressures will cause the normal effective stress to change during rapid

shearing. The friction coefficients determined from τmax
σ′
0

in this figure are therefore not true

effective-stress friction coefficients. They are, however, of use to pipeline designers who are

prepared to deduce σ′0 from the pipeline submerged self-weight and embedment, applicable to

the service condition following the passage of sufficient time for soil consolidation after pipe-

laying. This data includes tests undertaken at vertical effective stresses of between 20kPa and

60kPa, which is representative of in situ depths of between 7 and 23 metres. These stress levels

are significantly higher than that experienced by the shallow sediments under pipeline stresses.

Such stresses range from 2kPa to 6kPa, depending on pipe embedment depth. Nevertheless,

it is observed that these samples demonstrate a large amount of variability at all tested stress

levels, similar to the behaviour encountered by Bolton et al. (2009) using the Cam-shear device

with a polytetrafluoroethylene (PTFE) shear box.

Puech et al. (2010) acknowledges that there is currently no known explanation for this

variation. The shear strength of clays at the seabed/water interface generally varies from

0.5kPa to 5kPa, which is too small to be reliably measured with conventional shearing devices

such as a ring shear or direct simple shear. This is mainly due to the design of these devices for
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3.2 Determination of Interface Shear Strength

the testing of terrestrial sediments that generally experience higher effective stress levels than

those in shallow marine sediments. The relatively large internal friction arising from the weight

of the moving parts limits the achievable resolution of strength measurement. Furthermore,

the ring shear and the tilt table (Table 3.1) are inherently unable to test natural samples due

to the method of sample preparation. With the ring shear, the sample is subject to remoulding

prior placement within the ring annulus. Attempts may be made to prepare an ‘undisturbed’

ring of natural sample, however, it is commonly accepted that the process of producing a ring

will cause significant disruption to the sample’s structure. Sample preparation for the tilt table

apparatus involves fully remoulding the sample prior to spreading evenly over the table. A

detailed description of the sample preparation procedure for the tilt table is given by Najjar

et al. (2007). A key objective of this thesis is to investigate the interface shearing behaviour

of natural crust material, and therefore, a device that is capable of testing natural cores is

required.

Fig. 3.6 Interface strength of remoulded West African clay measured by Puech et al.
(2010) using a ring-shear apparatus and showing results of shearing at different rates.
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3.3 Cam-Shear Testing

3.3 Cam-Shear Testing

The Cam-shear device is a simple shearing apparatus with negligible friction in the sys-

tem, which allows test conditions to approximate the stress levels experienced by soils under

pipelines.

The Cam-shear device was originally developed for the shearing of granulated bones at low

stress levels (Bolton et al., 2007). The device was modified to allow the simulation of axial

pipe-soil interaction behaviour through the dragging of a clay sample exhibiting low undrained

shear strength over a flat sheet of pipe coating material such as polypropylene or polyethylene.

The key advantages of the Cam-shear device are its simplicity and ease of modification to

consider parameters governing interface shear behaviour, including shearing rates and pipeline

stresses. The device is however, limited by its inability to match the magnitudes of pipe

displacement that can occur in the field. A more detailed discussion of possible limitations is

presented in Chapter 7.

The Cam-shear device comprises a split-plane shear box with an open base and an actuator,

as shown in a schematic diagram (Figure 3.7) and in photographs of the whole device (Fig-

ure 3.8). The shear box consists of two 100x100mm pieces of polytetrafluoroethylene (PTFE),

each 20mm thick, with a central circular bore of 75mm diameter to house the soil sample.

This shear box was specifically made for the testing of new natural core samples that have a

smaller diameter than the remoulded samples tested by Bolton et al. (2007, 2009). PTFE is

used to minimise the inherent friction in the system since the weight of the sliding portion is

only 0.530kg (equivalent to a normal stress on the shear plane of 0.66kPa) and the coefficient of

friction between PTFE and smooth polypropylene is approximately 0.1 so the sliding friction

of an empty box is equivalent to an inferred shear stress of approximately 0.1kPa over the test

area. The interface shear strength of the soil is measured by dragging the shear box, containing

the clay sample, over a flat sheet of interface material. Although simplified, this represents a

pipeline coating interface moving above a sample of clay, as the Cam-shear arrangement also

allows the consolidation of the sample against the interface material. The vertical effective

stress at the interface is created by the self weight of the tested sample and the applied vertical

load. At the soil-soil shear plane, the vertical effective stress is slightly smaller, being due to

half the self weight of the tested sample and the applied pipeline load.

The internal shear strength of the clay sample can also be measured by removing the locking

pins and splitting the shear box at its mid-depth. The bottom of the box is prevented from

moving while the top is moved to impose shear failure in the soil. Normal stress corresponding

to the pipe weight is applied by steel discs bearing on top of the soil sample. Drainage layers are

inserted between the loading platen and the clay to allow water to escape during consolidation

and shearing.
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3. LABORATORY TESTING OF WEST AFRICAN CLAYS

Fig. 3.7 Schematic diagram of the shear box showing the main features, modified after Bolton
et al. (2007).

A linear push-pull device (actuator) is used to apply relative displacement between the

stationary interface material and the moving clay sample in the shear box, and also to shear

the clay sample after splitting the box. A 30V DC motor coupled with a tachometer drives

the actuator through a lead screw, as seen in Figure 3.8. Both load-controlled and speed-

controlled testing can be undertaken, though in the series of tests undertaken herein, only

speed-controlled testing is used. The device was used by Bolton et al. (2009) to run tests at a

wide range of speeds, and was proof tested from 5mm/s to 0.005mm/s. A total stroke length

of 190mm can be achieved.

Fig. 3.8 Cam-shear set up showing actuator, load cell, draw-wire poten-
tiometer, and shear control box.

The interface and internal soil strength are measured by a 50N load cell (Novatech Z250,

push-pull type) coupling the shear box and the actuator. Associated horizontal displacement

and the shearing rate is measured using a draw wire potentiometer mounted on the actuator.
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3.3 Cam-Shear Testing

A linear variable displacement transducer (LVDT) monitors the vertical displacement in the

soil specimen during sample consolidation.

3.3.1 Comments on Pore-Pressure Measurements

Ideally, excess pore pressures would be measured during shearing, however, the options for

locating the pore pressure transducers (PPTs) close to the soil-coating interface are limited to

either:

� drilling or pushing the transducer from above through the soil sample and positioning

its face in close proximity to the sheared interfaces (locations 1 through 3 in Figure 3.9);

or

� embedding the transducer from below into the pipeline coating material (location 4).

Fig. 3.9 Schematic diagram showing the possible locations of PPTs for Cam-
shear testing to measure pore pressures during shearing.

Location 1 would only permit the measurement of pore pressure generation at the soil-soil

interface, whereas location 2 would measure pressures at the pipeline interface. These locations

have the inherent disadvantage of disturbing the natural state of the sample. Furthermore,

there is risk that during consolidation, the final location of the transducer could encroach on

and influence the sheared plane. Location 3 minimises the risk of disturbing shearing planes;

however, this location risks not being close enough to the location of pore pressure generation.

Location 4 allows the sample to remain intact, however, it introduces the philosophical problem

of measuring the pore pressure generated by the soil shearing against the transducer’s porous

filter stone, not against the pipeline interface. Due to these concerns, and their associated

difficulty in interpretation of the obtained data, it was decided that the shear tests would not

involve pore pressure measurement.
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3. LABORATORY TESTING OF WEST AFRICAN CLAYS

3.3.2 Cam-Shear Sample Preparation

Core tube samples of undisturbed box cores collected from West Africa were used in Cam-shear

testing. Core tube liners with an inner diameter of 83mm contained clay material representing

seabed material from between 0.3m and 0.5m depth. Tube samples were sealed and protected

using a polystyrene disk at the bottom; and with wax and a polystyrene disk at the top surface

prior to capping and taping. Cores were stored upright and refrigerated during transportation

from the collection site and once received, were stored upright at 4�.

Sub-samples of about 55mm length were prepared by sawing through the acrylic core

liners and then extruding the sample. Samples were then trimmed to 75mm diameter using

a sharpened stainless-steel cutting ring and extruded vertically into the PTFE Cam-shear

box (with split-plane locked together with brass pins) using an acrylic positioning guide. The

stainless-steel cutting ring and the acrylic positioning guide shown in Figure 3.10 were specially

designed for use with the current testing to allow minimal disturbance of natural samples. Once

in the shear box, the clay surfaces were carefully trimmed flush with the box edge using cheese

wire. The box, now containing the 40mm trimmed sample, was then placed on the surface of

a wet pipeline coating interface.

Fig. 3.10 Photographs showing sharpened stainless-steel cutting ring and acrylic
positioning guide used to prepare ‘undisturbed’ samples of natural clay.
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3.3 Cam-Shear Testing

The shear box was then sealed to the interface material with a silicon sealant to permit

only upward drainage during consolidation and prevent extrusion of clay through the bottom

interface. A layer of filter paper, a porous-plastic disc and a PTFE drainage disc were placed

between the loading mass and the clay sample. The sample was then allowed to consolidate

under the specified pipe weight until at least 95% of primary consolidation had been achieved.

Consolidation periods were typically between 1.5 and 2 days. Settlement was measured using

an LVDT resting on the upper surface of the PTFE drainage disc and logged using a mobile

data-logger using the commercial software, Dasylab. After consolidation, the silicon seal be-

tween the shear box and the interface material was carefully peeled off. The pipeline interface

surface was kept submerged during shearing to prevent the sample from drying out and to

produce a more representative testing environment.

3.3.3 Pipe Coating Interface Material

Pipe interface coating samples of two roughnesses were supplied by Fugro. The surface rough-

ness of the coatings was characterised by a profilometer (Taylor Hobson Precision, Form Taly-

surf) that plots surface undulations at a suitably magnified scale by traversing a sensitive probe

on the coating surface along the longitudinal pipe axis. The average surface roughness of the

coating, expressed in this case by measuring the maximum vertical distance between a trough

and crest of the surface undulations, was determined by visually analysing the roughness plots.

Figure 3.11 shows the surface roughness plots of the two coatings which had measured rough-

nesses of 5µm and 100µm. These roughness values are considered to be representative of

smooth and rough pipes.

3.3.4 Method of Testing Natural Samples

A pool of saline water was spread and maintained on the coating material so that the clay sam-

ple did not dry out during slow shearing. The shear box was dragged over the interface material

to assess the interface resistance. To study rate effects, and to investigate the ‘undrained ’and

‘drained’ responses, tests were performed at shear rates of 0.005mm/s, 0.05mm/s and 0.5mm/s.

Average shearing displacements were 50mm, which is considered to be sufficient displacement

for the measurement of residual strengths based on Bolton et al. (2009). When the interface

tests were completed, the corresponding shear strength of the same soil sample was assessed

by splitting the shear box, and shearing at a rate of 0.05mm/s or 0.005mm/s. To quantify the

effect of inherent friction in the system, an interface test was conducted with the empty shear

box on the smooth and rough interfaces and these values were appropriately deducted from

the clay sample test results.
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Fig. 3.11 Roughness profiles for smooth (top) and rough (bottom) pipeline coating
interfaces.

3.3.5 Presentation of Results

As discussed in Section 2.4, Bolton et al. (2007, 2009) used the Cam clay model to analyse

shear behaviour with acceptable results. The Cam clay model was therefore used in this thesis

to deduce the apparent pre-consolidation pressure, σ′c by setting the values of the soil-soil

critical state friction coefficient µ* and the interface shear coefficient, α to those identified

by Bolton et al. (2009). Bolton et al. (2009) found that µ* of 0.6 and α of 0.8 adequately

described the shearing behaviour of the remoulded and reconsolidated samples at the soil-soil

and interface planes, respectively. The influence of ‘natural structure’ in the samples can

therefore be accounted for in this thesis.
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3.4 Cam-Shear Testing Results

A suite of 77 interface and soil-soil shear tests were undertaken at various shearing rates and

pipeline stresses. The results of these tests are presented, analysed and discussed in this

section. Vertical effective stresses of 2kPa, 4kPa, 5kPa and 6kPa, which are representative of

hot-oil pipeline stresses were used to consolidate the samples prior to shearing. The testing

schedule was designed to provide an understanding of the shearing behaviour of natural crust

samples under different pipe stresses, shearing rates and pipeline coating roughnesses.

3.4.1 Soil-Soil Shearing

Twenty-one soil-soil tests were completed, representing samples taken from depths ranging

between 0 and 0.4 metres. The measured peak shear strengths are summarised in Table 3.2.

Typical soil-soil shear-displacement curves for samples sheared at 0.05mm/s are shown in

Figure 3.12. From this figure, it is observed that the strength can either achieve an initial peak

value before reducing by a factor of approximately 1.5, or the strength may remain relatively

constant once it has been fully mobilised. Only peak strength values can be reliably determined

from soil-soil shearing due to the influence of a reduced shearing area as the test progresses.

Shearing displacements greater than 10mm are influenced by the PTFE shear box due to soil-

PTFE shearing rather than soil-soil shearing, and therefore can not be treated as an accurate

measurement of soil strength. A shearing displacement of 10mm is insufficient to achieve

residual strength values; hence, only peak strengths are quoted in Table 3.2. Appendix B

presents all Cam-shear test results from this phase of testing.

A summary of the peak strength results for soil-soil shearing is presented in Figure 3.13,

together with upper bound and lower bound Cam clay yield surfaces calculated based on the

high plasticity samples. As before, with Figure 3.6, plots such as Figure 3.13 represent the

strength of the soil following consolidation at a normal stress, σ′0, and shearing at various

speeds. The data points will not generally indicate the state of effective stress at failure due

to the creation of excess pore pressures.

From Figure 3.13, it is noted that by accepting µ*=0.6 based on Bolton et al. (2009),

the apparent preconsolidation stress σ′*c is determined to range from a lower bound of 6kPa

to an upper bound of 35kPa for the high plasticity clays, indicating a variability in ‘apparent

overconsolidation’. The soil’s preconsolidation stress, σ′*c was calculated for each test result by

using µ*=0.6 and fitting the Cam clay yield surface through the test point. An arithmetic mean

of approximately σ′*c,mean=16kPa was found, as shown in Figure 3.13, which is comparable

to σ′*c values used by Bolton et al. (2009) to prepare remoulded, reconsolidated samples.

The soil-soil friction coefficient, µ*, ranges from 0.5 to 1.2, corresponding to apparent friction

angles of 30◦ to 50◦, with the highest values generated by shearing sandy samples, shown in

37



3. LABORATORY TESTING OF WEST AFRICAN CLAYS

Fig. 3.12 Typical soil-soil strength results for natural West African clays
tested with the Cam-shear device.

Fig. 3.13 Peak strength values for all soil-soil Cam-shear tests with upper bound and lower
bound Cam clay yield surfaces calculated based on µ*=0.6 following Bolton et al. (2009).
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Table 3.2 Summary of Cam-shear peak soil-soil strength values for high plasticity and sandy
clay samples.

Sample Tested Normal Shear strength Apparent friction Apparent friction Speed
depth stress τ coefficient angle

m kPa kPa µ = τ/σ′ φ◦ mm/s

A 0.02 2.1 2.1 1 45 0.05
A 0.18 4.1 3.4 0.83 40 0.05
A 0.32 6.1 3.2 0.52 28 0.005

B 0.02 2.1 2.1 1 45 0.05
B 0.18 4.1 3.4 0.83 40 0.05

C 0.02 2.1 1.3 0.62 32 0.05
C 0.18 4.1 3.6 0.88 41 0.05
C 0.3 6.1 3.8 0.61 32 0.005

D 0.02 2.1 2.6 1.24 51 0.05
D 0.28 5.1 3.5 0.69 34 0.005

E 0.02 2.1 1.3 0.62 32 0.05
E 0.18 4.1 3.6 0.88 41 0.05
E 0.3 6.1 3.8 0.61 32 0.005

F 0.02 2.1 2.6 1.24 51 0.05
F 0.28 5.1 3.5 0.69 34 0.005

G 0.07 2.1 1.7 0.81 39 0.05
G 0.18 4.1 5 1.22 51 0.05
G 0.3 6.1 2.6 0.43 23 0.05

H 0.08 2.1 2.3 1.1 48 0.05
H 0.18 4.1 4.4 1.07 47 0.05

I 0.18 4.1 3.2 0.78 38 0.05

Figure 3.14. It is observed in these sandy samples, that black, incompressible grains of between

1mm to 2mm diameter are present within a matrix of clay. The variability in strength that

is observed in the remaining high plasticity clay data is attributed to the samples’ natural

structure, which is likely to be heterogeneous in nature.
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Fig. 3.14 Cores exhibiting black sand grains, to which highest undrained
shear strength measured and presented in Figure 3.13 is attributed.

It is noted that the use of Cam clay yield surfaces as a framework in which to present the

Cam-shear data (from a direct shear apparatus) is unusual. Though usually drawn in q − p′

space appropriate to triaxial tests, the Cam clay yield surfaces are here drawn in τ − σ′ space

appropriate to direct simple shear (DSS) tests. The stress paths taken by the soil to reach their

ultimate states are not known as pore pressures are not measured. Nevertheless, if the initial

vertical effective stress, σ′v,0, following vertical consolidation is known, and if it is accepted that

within the yield surface the behaviour is elastic, then the yield strength, τy, can be determined

(see top sketch of Figure 3.15; path ‘A’ to ‘Y’), regardless of whether the test is undertaken in

a drained or undrained manner. Once yielded, the soil will follow the idealised paths shown

by ‘Y-D’ for drained shearing or ‘Y-U’ for undrained shearing (at constant volume). In any

case, the predicted maximum shear strength, τmax, developed in a DSS test starting on the

“dry” side of the critical state line (i.e. σ′0 < σ′
c

2.7) will be the yield stress, τy, or perhaps

slightly higher in an undrained test. So there is some theoretical underpinning for the use in

Figure 3.13 of a diagram of soil strength τ*max versus σ′0 << σ′c.
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Fig. 3.15 Schematic diagram showing the definition of peak shear strength values
obtained from the Cam-shear apparatus using the Cam clay model.
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3.4.2 Interface Shearing

Interface Cam-shear tests were undertaken at three shear rates of 0.05mm/s, 0.5mm/s and

0.005mm/s, and for approximately 50mm displacement each. A pause of 30 minutes was

permitted between each change of shear rate, as shown in Figure 3.16, which shows the testing

procedure used for interface tests.

Fig. 3.16 Schematic diagram outlining the procedure for interface Cam-shear tests.

Following Bolton et al. (2007), an alpha scaling factor, α of 0.8 was applied to µ*, resulting

in µ=0.48 for interface shearing. Figure 3.17 shows the derivation of these parameters, as well

as the calculated upper bound Cam clay yield surface for interface tests, which was found to

exhibit σ′c,UB=σ′*c,mean, that is, the mean preconsolidation stress for soil-soil shearing shown

in Figure 3.13.

Figure 3.18 shows typical shear-displacement profiles for interface shearing. All interface

shearing data is presented in Appendix B. Shearing rates of 0.5mm/s and 0.05mm/s tend to

demonstrate a distinct initial peak in strength before reducing by a factor of between 1.2 and 4.

Strengths may then either remain constant or gradually increase with displacement. Tests un-

dertaken at 0.005mm/s tend not to produce a distinct peak in strength at small displacements

and generally exhibited a constant strength value for the duration of the shearing.
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Fig. 3.17 Schematic diagram illustrating the derivation of Cam-shear parameters for
interface shearing.

Fig. 3.18 Typical strength profiles for Cam-shear interface testing rates of 0.5mm/s,
0.05mm/s and 0.005mm/s.
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3.4.2.1 Peak Strength

The peak values of soil-pipeline interface shearing on rough and smooth coatings are sum-

marised in Figures 3.19 and 3.20, respectively. From Figure 3.19, it is observed that signifi-

cant variation is apparent across all vertical effective stresses. At σ′v=2kPa, and shearing at

an undrained rate of 0.5mm/s, the peak strength may be as low as zero. The lower-bound

values for σ′v=4kPa and 6kPa, though higher than at 2kPa, are still unexpectedly low. From

this figure, it can be concluded that the shear rate does not appear to influence the measured

strength, though there is a suggestion that on average, slower shearing may produce consis-

tently higher strength values. An upper bound Cam clay yield surface described using µ=0.48

and σ′c=16kPa is found to be reasonably appropriate for the test data.

Fig. 3.19 Peak strength values obtained from Cam-shear testing on a ‘rough’ inter-
face.

Figure 3.20 presents a comparison of the peak strength results from tests undertaken on

a smooth interface and the results from the rough interface tests. It is observed that though

only nine tests were completed; three at each shearing rate, the results suggest that the rate

does not have a significant influence on the resulting shear strength. In contrast to the results

from shearing on the rough interface, the smooth interfaces do not produce unexpectedly low

strengths. At a vertical effective stress of 2kPa, it is shown that the shear strength values

44



3.4 Cam-Shear Testing Results

Fig. 3.20 Peak strength values obtained from Cam-shear testing on a ‘smooth’ in-
terface.

obtained on the smooth interface predominantly result in higher friction values than those

obtained on the rough interface. As a general observation, the data suggests that a smooth

interface behaves in a more frictional manner than a rough interface. The Cam clay yield

surface described using µ=0.48 and σ′c=16kPa is found to be a reasonable upper bound for

the smooth interface test data.

3.4.2.2 Residual Strength

Residual strengths could not be determined for soil-soil tests due to the limited length of

shearing at the shear-box split-plane. However, rough and smooth interface residual strength

measurements were undertaken after 40mm to 60mm shearing distance, and are shown in

Figures 3.21 and 3.22, respectively. From these figures, it is again observed that a signifi-

cant variation in strength is measured across all vertical effective stresses tested. Whereas

extremely low values of peak strength for the rough interface were seen only for the smallest

initial confining stress of σ′v=2kPa, the “undrained” strength while shearing at 0.5mm/s could

produce residual values approximating zero for all effective stresses tested. A comparison be-

tween 0.5mm/s and 0.005mm/s test results also suggest that the shearing rate has a more
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pronounced influence on friction values after large shearing distances. It is observed that slow

shearing tends to produce higher strengths than the fastest shear tests, which gave a residual

friction coefficient below µ=0.25. As for the peak strengths of Figure 3.20, Figure 3.22 shows

that smooth interfaces consistently produce higher residual friction values compared to rough

interfaces. These results suggest that the rough interface can disrupt the fabric or structure

of the soil, thereby generating positive excess pore pressures at the interface, which leads to

an almost total loss of shear strength.

Fig. 3.21 Cam-shear test residual strength values for a rough interface at shearing
speeds of 0.5mm/s, 0.05mm/s and 0.005mm/s.

Figure 3.23 presents the variation with depth of the equivalent preconsolidation pressure

of soil-soil and interface tests; σ′*c and σ′c, respectively, and deduced by separately fitting a

Cam clay yield surface through each point. This associates the variation in observed strength

with variation in soil structure represented by the parameter σ′c. Shearing on an interface

disrupts the fabric or structure of the material and somehow results in σ′c,mean being lower

than σ′*c,mean. These values, nevertheless, far exceed the vertical effective stress present at

the depth of the samples that were taken. Although the sediment appears to have been free

of any previous overconsolidation loading cycle, it has behaved rather as though it had been

overconsolidated, albeit, rather haphazardly.
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Fig. 3.22 Cam-shear test residual strength values for a smooth interface at shearing
speeds of 0.5mm/s, 0.05mm/s and 0.005mm/s, compared to values obtained for a
rough interface.
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Fig. 3.23 Variation of σ′*c and σ′c with depth as determined
from peak strength values.

3.4.3 Discussion

It has been found that the tested natural samples generally exhibit a lower strength than

remoulded, reconsolidated samples tested by Bolton et al. (2009), who found that the interface

shear coefficient, α, was 0.8. It has been shown in Figures 3.19 and 3.20 that the upper bound

interface strengths may be approximated by applying α=0.8 to the mean of the soil-soil shear

tests. When intact samples are tested, it is usually expected that the natural structure will

show an increase in strength. It is demonstrated here, that when shearing on interfaces, the

opposite behaviour can occur.

Interface testing has highlighted other unexpected shear behaviour, which is of importance

to pipeline designers. Firstly, a significantly large variation in friction values has been found

for all vertical effective stresses in the range of interest. At 2kPa, µpeak may lie anywhere
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between 0 and 1 for a rough interface. A similar range of values is observed for 4kPa and 6kPa

tests, offset upwards by about 0.5kPa per 2kPa increase in applied vertical effective stress, as

seen in Figure 3.13. This variation in strength is not wholly unexpected, as results presented

by Bolton et al. (2007), show similar variation in reconstituted samples sheared on a pipeline

interface. The mechanisms behind Bolton et al. (2007)’s observations are not well understood,

as sediment structure is not expected to greatly influence the strength of remoulded samples.

Secondly, peak interface friction on rough interfaces may be as small as zero at σ′v=2kPa.

Residual friction for tests sheared at 0.5mm/s and at all vertical effective stresses tested may

also approximate zero. Again, previous testing of reconstituted samples by Bolton et al. (2007)

showed that some tests could produce very low residual strengths, though this was not observed

for peak strengths. This behaviour may be explained by the generation of positive excess pore

pressures at the soil-coating interface that causes a phenomenon similar to ‘hydroplaning’. The

mechanism generating the excess pore pressures, however, is not well understood. Presumably

the presence of a ‘collapsible structure’ is one possible means of producing this phenomenon,

and this therefore indicates that a better understanding of the natural sediment’s fabric is

required.

Peak strength results for a rough interface shown in Figure 3.19 demonstrate that shearing

the natural samples at 0.005mm/s may occasionally produce strengths that are even smaller

than those obtained from the 0.5mm/s and 0.05mm/s tests. Bolton et al. (2009), in contrast,

demonstrated for reconstituted material that strength was rate dependent, and that shearing

at 0.005mm/s was capable of producing a drained response, with consistently higher strengths

than undrained shearing. The results in the current series of tests on natural samples suggest

firstly, that variability in natural structure is rather greater than in reconstituted soil structure,

and secondly, that positive excess pore pressures may still be generated at the very slow

shearing rate of 0.005mm/s. An even slower shear speed of 0.0005mm/s may therefore be

required to obtain truly ‘drained’ shear conditions.

Figure 3.24 presents the current test data plotted with existing ring-shear data obtained

by Puech et al. (2010). It is observed that similar interface phenomena exist for both sets of

data and, as commented by Puech et al. (2010), there is a significant variation in strength that

may be measured at each stress level, which may mask any influence of the shearing rate on

the measured strength.

The observations made from this series of Cam-shear results have a common theme: the

importance of understanding the influence of structure on mechanical behaviour during shear-

ing. It is hypothesised that the structure of the natural soil should provide an explanation

for the presence of crustal strength, the variation in measured shear strength, and the quasi-

hydroplaning, which can generate extremely low shear strength values.
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Fig. 3.24 Comparison of Cam-shear soil-soil test results from this thesis to ring-shear
test results obtained by Puech et al. (2010) showing variation in measured strength
and its independence of shearing speed.

3.5 Mini Full-Flow Penetrometer Testing

To undertake laboratory testing of natural core samples for comparison with in situ (T-bar

and CPT) and ship-based (mini T-bar) testing, a new laboratory penetrometer was required.

It needed to be small enough to penetrate into intact core samples without the concern of

results being influenced by boundary effects. To achieve acceptable resolution in a small

penetrometer device, a mini full-flow penetrometer was designed and manufactured. The

considered penetrometer shapes were a ‘T-bar’ and a ‘ball’ to allow for sufficiently high area

ratios, defined as the maximum cross-sectional area of the ‘T’ or ‘ball’ compared with the

cross-sectional area of shaft alone, which is considered equivalent to pushing a cone into the

soil (Yafrate et al., 2007).

This section details the process of choosing and designing a new mini full-flow penetrometer,

based on the requirements of high strength resolution and small device size.

3.5.1 Mini T-bar Penetrometer

T-bars are commonly used in offshore in situ site investigations due to their ability to resolve

strength in soft clayey soils. In miniature versions, an advantage of using T-bar penetrometers
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is that the shaft directly behind the ‘T’ can be strain-gauged, eliminating the need to correct

readings for soil resistance acting along the length of the shaft. This shaft friction may oth-

erwise be a significant value when measuring very small forces on the device. Randolph and

Houlsby (1984) derive the plasticity solution for the “limiting pressure acting on a cylinder

(bar) moving laterally through cohesive soil” (Stewart and Randolph, 1991, p532), which is

given by

P

suD
= Nb, (3.1)

where P is the force per unit length acting on the bar; D is the diameter of the bar; su is the

undrained shear strength of the soil; and Nb is the bar factor.

The deformation of the soil around the bar as it penetrates the material is assumed to be

symmetrical about the plane perpendicular to the vertical axis for Equation 3.1 to hold. It

follows then, that unlike for CPTs, no correction for overburden pressure is required. Further-

more, this solution is representative of an infinitely long cylindrical bar. The bar factor, Nb is

chosen based on the bar’s roughness, which is dependent on its adhesion factor, α. Stewart and

Randolph (1991) present upper bound and lower bound values for the relationship between α

and Nb.

Following Stewart and Randolph (1991), the average value of 10.5 has been shown to be

an acceptable value for Nb. This value also resulted in acceptable su values in very soft deltaic

clays of less than 5kPa strength (Newson et al., 2004) and very soft peaty Dutch clays (Oung

et al., ?).

To reduce T-bar end friction, Stewart and Randolph (1994) suggest that the bar’s ends be

machined smooth. Newson et al. (2004) suggests bar lengths of 4 to 5 times the bar diameter

should be used to limit instabilities and any possible variation in resistance, which could cause

bending moments in the vertical shaft behind the bar. This is of greater concern for bars with

large aspect ratios.

Based on the literature, the current research initially proposed to manufacture mini T-bars

of length L=25mm and diameter D=5mm, with a hollow shaft of 5mm, tapered to 3.5mm

outer diameter toward the junction with the bar. A Wheatstone bridge would be attached

to measure strains with inherent temperature compensation. Two gauges would be attached

to the T-bar shaft and two would be left unstrained and covered with epoxy to a total outer

diameter of 4.5mm.

When completing the calculations for the thickness of shaft to be strain-gauged it was

found that the required thickness of the shaft would not be sufficient to withstand the applied

force during testing, and increasing the size of the bar would create significant boundary effects

when testing within cores. A ball penetrometer of diameter comparable to the T-bar length of
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25mm, however, would produce a larger area ratio for the same diameter shaft. Thus, a more

sensitive ball device would be possible with a larger diameter shaft.

3.5.2 Mini Ball Penetrometer

Based on Yafrate et al. (2007), an area ratio of 10 was chosen to maximise the resistance

output obtained from the penetrometer, whilst maintaining an appropriate size. To facilitate

this ratio, the shaft diameter could not be reduced sufficiently to allow for strain-gauging, as

was the case with the T-bar design. The options for force measurement were therefore:

� attach a load cell to the top of the shaft; or

� design a force measurement system internal to the ball; an option which was not available

with the T-bar.

A practical difficulty with a top-located load cell attached to a thin penetrometer shaft is

the likelihood of large bending moments caused by slight deflections from the vertical during

pushing/pulling, which would affect the readings. Furthermore, resistance caused by soil on

the shaft would be significant, causing difficulties in interpreting the force on the ball alone.

Due to these factors, a design with the load cell at the top of the shaft was excluded.

The remaining option was to create a load measurement device within the ball itself and

to eliminate the need for correction of shaft friction. The initial design comprised a copper-

beryllium, strain-gauged disc, similar to a diaphragm, located at the mid-section of a hollow

Delrin ball to which the push-rod was attached. During pushing/pulling, the slight deformation

of the disc was measured by the strain gauges that were calibrated with an applied load.

During calibration, however, it was observed that the disc deformed in a non-linear fashion

which was unacceptable for the device. A new design comprising a strain-gauged Dural ring

was therefore developed, and is shown in Figure 3.25. Calculations (see Appendix C) showed

that a 16mm diameter ring with wall thickness of 1mm and 8mm height would generate strains

of the appropriate magnitude during testing.

To prevent ingress of mud and water into the ball and to prevent measurement of sleeve

friction, a series of three inter-sleeved tubes were devised to push and pull the ball through

the samples. The outermost shaft serves as protection from soil-shaft friction. This shaft is

mechanically connected to the actuator driving the ball into and out of the soil and terminates

1mm from the ball. The centre shaft connects directly to the ball’s shell and serves as a ‘tube

seal’ for the inner shaft, preventing ingress of water and mud. The innermost shaft connects

to the internally mounted, strain-gauged Dural ring. The ball is driven into the soil by a

mechanical connection at the top of the innermost shaft. Figure 3.26 presents a technical

drawing of the ball’s internal ‘proving-ring’ load cell and the three-shaft arrangement used

to exclude the measurement of shaft friction during testing. Appendix C presents further
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Fig. 3.25 Photographs of the strain-gauged, 1mm thick Dural ring inside
the mini ball penetrometer, showing the location of the four strain gauges,
and the wires passing through the central push-rod.

details of the ball’s design. The design of this ball penetrometer represents a novel method

of excluding the shaft friction from measurements which would have otherwise had a large

influence on the results.

Based on Yafrate and DeJong (2005, 2007), a Nb value of 10.5 has been used for the

mini ball penetrometer. This average value is considered to be acceptable for materials with

moderate sensitivity, however, it is considered common practice that laboratory tests be used

to perform a calibration of full flow penetrometers. Calibration using fall-cone tests of natural

soils is detailed in Chapter 6.

3.5.3 Testing of Remoulded Samples

Initial testing with the mini ball penetrometer was undertaken on 0.3m diameter, 0.40m high

cylindrical containers of remoulded, consolidated West African clay. Samples were consolidated

from a slurry under a nominal 1.4kPa stress for 30 days, allowing drainage through filter paper

at the top and bottom of the containers. The initial water content prior to consolidation

was approximately 300%. The purpose of these tests was to consider the rate of testing for

natural core samples and provide a comparison of the sensitivity and degradation behaviour

of remoulded and natural West African clays. A 2D actuator was used to position and drive

the penetrometer into the samples. Tests were undertaken at penetration rates of 0.5mm/s,
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Fig. 3.26 Drawings of mini ball penetrometer design showing the internal
proving-ring load cell and arrangement of the three-shaft design used to
prevent measurement of sleeve friction.
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5mm/s and 25mm/s, with the undrained shear strength profiles shown in Figure 3.27. This

figure shows that the tests undertaken at 5mm/s and 25mm/s produce almost identical profiles,

whereas the ‘slow’ test undertaken at 0.5mm/s produces a significantly lower strength. Two

cyclic tests were undertaken during the 5mm/s test, with a pause of 20 seconds prior to the

first cyclic test. This pause appears to have caused softening in the underlying clay during the

initial penetration, resulting in a slightly lower strength being measured for the 5mm/s test

compared to the 25mm/s test at a penetration depth of 150mm.

Fig. 3.27 Variation of strength determined using the mini ball penetrom-
eter at penetration and extraction rates of 0.5mm/s, 5mm/s and 25mm/s
in West African clay slurry.

Figure 3.28 presents the results of two 60mm-stroke cyclic tests undertaken at a rate of

5mm/s. The commencement depths of the cycles were 90mm and 180mm. Pauses between

penetration and extraction for each cycle were about 10 seconds. Reference depths to consider
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the degradation of strength with number of cycles were taken at the mid-depths of each test,

as seen in Figure 3.28. These correspond to depths of 120mm and 210mm and are presented

in Figure 3.29 as curves normalised with respect to the strength of the first penetration or

extraction. These results demonstrate that at both test depths, the strength drops to 60% of

the ‘intact’ strength with the first cycle.

Fig. 3.28 Mini ball penetrometer test at penetration and extraction rates
of 5mm/s, with cyclic tests undertaken at depths of 120mm and 210mm.

Strength continues to decrease to about 30% for the shallow test and about 42% for the deep

test. However, it is noted that the profiles suggest that after 9 cycles, the ‘fully remoulded’

state had not yet been reached. The extraction profiles have similar degradation gradients
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to those for ball penetration, however, due to the initial disturbance of the intact soil with

the first push, the loss of strength with the first extraction cycle is smaller than the loss of

strength with the first penetration cycle. The final extraction of the ball penetrometer shown

in Figure 3.28 registers a larger strength than the first extraction of the first cyclic test. This

discrepancy in measurement may be due to remoulded material remaining on the top of the

ball as it was extracted.

Figures 3.27 and 3.28 suggest that the process of cycling influences the surrounding ma-

terial by approximately one ball diameter. This is based on the observation that the first

cyclic test ended at 150mm, however, the soil strength measured by the ball only recovers to

the strength profile of the continuous 25mm/s test at a depth of about 175mm. Yafrate and

DeJong (2005); Randolph (2004) indicate that remoulding occurs within 1 to 2 ball diameters.

The remoulded zone around a ball penetrometer is therefore approximately 2.5 ball diameters

which is of a similar magnitude to that found in this study.

Fig. 3.29 Normalised ball resistance degradation curves of 5mm/s cyclic tests un-
dertaken in clay slurry at depths of 120mm and 210mm.

3.5.4 Mini Ball Penetrometer Testing of Natural Cores

The mini-ball penetrometer was used to measure the undrained shear strength of box-core tube

samples containing crust material in order to confirm the crust strength observed in laboratory

cores, and to obtain a comparison with in situ measured strengths. Two natural cores were

tested at a penetration rate of 20mm/s, which is the standard penetration rate for the CPT,
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3. LABORATORY TESTING OF WEST AFRICAN CLAYS

and which is considered acceptable for full-flow testing (Yafrate and DeJong, 2007). Arasu

(2010) considered penetration rate effects with a T-bar in high plasticity marine clays similar

to the soils considered in this thesis, but in a reconstituted state. A rate of 20mm/s implies

undrained soil behaviour. Figure 3.27 indicates that 20mm/s sits within the region where the

soil strength is relatively unaffected by rate effects based on the comparable strength profiles

of the tests at 5mm/s and 25mm/s. The remoulded strength was obtained by cycling the ball

10 times over the depth of the core sample. No free water was available at the top of the core

and therefore remoulding was achieved at constant overall water content. The peak undrained

strength is shown in Figure 3.30 with a comparison to strength profiles from mini T-bar tests

undertaken on the ship deck. The corresponding soil sensitivity, determined as the ratio of the

first push and the tenth push, is shown in Figure 3.31.

Figure 3.30 shows that the ball penetrometer confirms the presence of crustal strength

in cores ‘A’ and ‘B’, but measured strengths are higher than those obtained from on-deck

measurements taken in the box core immediately after sample recovery. This discrepancy may

be due to positive excess pore pressures which were generated during the process of sampling

and raising the sample to the ship deck, and which had not had sufficient time to dissipate

before testing with the mini T-bar. In that case, the higher laboratory measurements would

be indicative of consolidation due to initial sampling disturbance.

Figures 3.32 and 3.33 present cyclic tests for the natural cores. The corresponding strength

degradation curves with increasing number of cycles are presented in Figure 3.34 as normalised

ball/T-bar resistance and absolute soil strength with an example curve from an in situ T-

bar test. Also shown in this figure are the values for all available in situ T-bar data at 10

cycles. Though in situ T-bar information has been provided by BP Exploration, analysis and

interpretation of the results as presented in this thesis has been undertaken by the author. A

reference penetration depth of 300mm has been used for comparison purposes for cores A and

B, and for in situ T-bar data. Figure 3.34 indicates that the strength degradation behaviour

for in situ material and core samples are similar, with 9 or 10 penetrometer cycles resulting in

values ranging between 20% and 40% of the intact strength.
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3.5 Mini Full-Flow Penetrometer Testing

Fig. 3.34 Degradation of mini-ball and T-bar strength and normalised values plotted
against cycle number for the reference depths shown in Figures 3.32 and 3.33.

The method generally accepted for soil sensitivity (St) determination with full flow pen-

etrometers, is calculation of the ratio of the first penetration resistance to the final penetration

resistance, at which the strength degradation should remain relatively constant. Based on the

inverse of values obtained in Figure 3.34 at 9 and 10 cycles, a sensitivity of 3 is suggested.

It is noted, however, that the degradation curves may still be decaying based on the data

presented in this figure. However, Figure 3.31 presented the variation in sensitivity for cores

A and B, suggesting that the value may range from about 3 to 6 within the crust material

at depths greater than 0.15m. Average in situ T-bar tests also suggested that a sensitivity

value of about 3 is typical for these sediments. During testing of core B, which produced a

sensitivity of about 6, it was observed that a ‘core’ of soil remained on the ball after the first

penetration-extraction cycle. This material was lifted beyond the core’s surface. Figure 3.35

shows examples of mini-ball penetration of natural cores before, during and after testing. The

material remained on the ball during subsequent cycles, suggesting that a ‘full-flow’ mechanism

was unlikely to exist. Ten cycles of the ball may have only resulted in remoulding of material
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3. LABORATORY TESTING OF WEST AFRICAN CLAYS

located in a cylinder of one ball diameter, leaving a void beneath the ball during extraction. It

is suggested that the resulting resistance would indicate a disproportionately larger reduction

in strength during cycling and therefore a larger sensitivity value. This mechanism is not

uncommon when testing in shallow sediment depths, as reported by White et al. (2010) who

suggest a method for correcting for these effects. In practice, the full-flow mechanism can be

‘induced’ by preventing the shallow soil surrounding the penetrometer from heaving during

testing. Alternatively, penetration-extraction cycles may be undertaken at a greater depth

where the unwanted plug of material does not form. Based on these observations, a sensitivity

value of 6 is considered to be an overestimate. An acceptable value of soil sensitivity within

the crust is therefore taken to be 3.

A value of 3 indicates that the soil is only moderately sensitive. After 10 cycles, the

soil’s undrained shear strength may still be between 3kPa and 5kPa as demonstrated by

core A in Figure 3.34. This strength range for a ‘remoulded’ soil is still higher than that

expected for a ‘normally consolidated’ soil of similar depth. Based on Skempton (1954) given

as Equation 2.2, at 0.5m depth an undrained shear strength of only about 0.6kPa is expected

in these high plasticity sediments. A comparison of the degradation curves for the remoulded,

reconsolidated samples and the natural cores (Figures 3.29 and 3.34, respectively) indicates

similar behaviour under cyclic testing. Degradation curves follow similar trends and the final

normalised resistances are comparable.
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3.5 Mini Full-Flow Penetrometer Testing

Fig. 3.35 Photographs of mini-ball penetrometer tests of natural crust cores. Note
the core of material present on top of the ball after the first cycle of one core (C),
and the remoulded crust material coating the shaft after 10 cycles (D).
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3. LABORATORY TESTING OF WEST AFRICAN CLAYS

3.6 Discussion and Conclusions

Given the extraordinary strength exhibited by intact crust material, one might have expected

the degradation behaviour to be markedly different from a laboratory-prepared, reconsolidated

slurry containing ‘no intended’ structure. This was not found to be the case. Thus, the

remoulding mechanism generated by the ball penetrometer does not completely destroy the

existing ‘structure’ of the natural soil, and/or the natural fabric comprises a bi-fold strength

distribution of strong ‘micro-elements’ in a weak matrix. Perhaps the process of shearing with

a full-flow penetrometer only disturbs the bulk structure of the matrix whilst predominantly

allowing the micro-elements to retain their inherent strength. This is shown as a hypothetical

schematic diagram in Figure 3.36, which proposes that the natural crust material comprises

strong agglomerates or packets of clay, within a matrix. The strength of the natural sediment

may result from the relatively tight packing of strong agglomerates within the matrix. Though

exhibiting a higher strength than normally-consolidated sediment, the strength of the matrix

is lower than that of the agglomerates themselves. Disturbance caused by testing with a full-

flow penetrometer is sufficiently violent to disaggregate the agglomerates and remould the

matrix, that is, disrupt the natural packing. However, this activity is unable to destroy the

strong agglomerates, which may flow unhindered round the penetrating ball. This would result

in a ‘less-structured’, partially-remoulded clay. This hypothesis is similar to that implicitly

expressed by Hattab and Favre (2010), the key difference being that here it is proposed that

the origin of the crust strength may be the two-part structure of agglomerates and matrix.

Furthermore, it is proposed that the agglomerates have an inherent strength that is not readily

destroyed.

When this is compared to the results for the Cam-shear testing presented in Section 3.4,

it is observed that the process of shearing on an interface (particularly of high roughness) is

significantly more destructive to the natural fabric than cyclic shearing with a full flow pen-

etrometer. In situ testing remains invaluable; however, it is demonstrated here that it cannot

be relied upon for parameters such as soil sensitivity. For example, remoulded strengths based

on in situ T-bar or ball penetrometer testing may be considered suitable for understanding

soil behaviour during the process of pipeline laying, but such testing may overestimate the re-

moulded soil strength by at least a factor of 2. This highlights the need for high-quality testing

of intact cores on suitable pipeline coating interfaces with devices such as the Cam-shear, in

order to investigate soil-interface behaviour applicable for design. Remoulded, reconsolidated

samples are unlikely to exhibit the structure hypothesised in Figure 3.36, and, therefore, testing

of these samples will underestimate the degradation that might be expected under shearing.

This chapter has presented the results of physical testing of natural crust material and

remoulded samples. The presented results are an important contribution to the understanding

64



3.6 Discussion and Conclusions

Fig. 3.36 Hypothetical structure of crust material containing both bonded,
well-packed agglomerates and matrix. Destructuring by full-flow penetrom-
eters may only remould the matrix and disrupt the packing, leaving agglom-
erates intact. Interface testing on a rough interface with the Cam-shear
device may destroy the structure of both the matrix and the agglomerates.

of the mechanical behaviour of these sediments, as previous laboratory tests have only involved

reconstituted, reconsolidated samples. The key findings from these results are:

� the natural samples exhibit very high water contents and high strength;

� significant variations in strength are observed when natural samples are sheared against

a pipeline-coating interface;

� the peak strength of natural samples may be as low as zero;

� testing of natural samples on smooth interfaces result in higher friction values than rough

interfaces;

� a sensitivity of 3 in natural samples is indicated by both laboratory and in situ testing;

� full-flow penetrometers in natural samples, after 10 cycles of shearing, are unable to

replicate the low strengths observed from interface testing with the Cam-shear device;

� the remoulded strength of natural samples, after 10 cycles with a mini-ball penetrometer

remains higher than normally consolidated strengths; and

� it is hypothesised that the high strength of crusts is attributed to two features; an aggre-

gate strength and an inter-aggregate, packing strength, of which full-flow penetrometer

testing disturbs only the latter.
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3. LABORATORY TESTING OF WEST AFRICAN CLAYS

This first phase of physical testing has provided evidence for variation in natural crust-

sediment properties, and for variation in mechanical behaviour depending on the type of test

undertaken. These conclusions suggest that the crust’s natural structure or lack thereof,

strongly influences the mechanical behaviour of the sediment, and subsequently defines the

parameters required for pipeline design. These findings further demonstrate the significance

of the origins of the crust structure, and the need for an improved understanding of the

observed crustal behaviour. An investigation of these topics will also assess the suitability of

the hypothesised bi-structure proposed as a simplified model of the natural crust. To achieve

this, hypotheses for crust origin need to be considered and evaluated, based on the available

evidence. In Chapter 4 a range of hypotheses will be considered, some of which will be

evaluated in proceeding chapters.
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Chapter 4

The Crust: Hypothesis Testing

The seabed-water interface, also known as the benthic boundary layer, is a complex and

dynamic environment. The overlying water column supplies the seabed with debris in the

form of inorganic matter of terrestrial origin and organic matter of biological origin. Upon

reaching the seafloor, these components consolidate or decompose within a few centimetres of

the sediment-water interface. Within the underlying soil profile, geochemical processes and

biological activity may influence the rate at which new material is reduced (broken down).

These processes may have a part to play in the creation of the clay crusts observed in West

African sediments, and therefore the origin of the crusts is likely to be significantly more

complex than what is usually assumed for terrestrial soils.

As indicated in Chapters 1 and 2, relatively few examples within the current literature

consider deep ocean crust or their origin in an explicit manner. Based on the results presented

in Chapter 3, it was concluded that the origin of the crust may provide an explanation for

its strength and variable behaviour under interface shearing. This investigation into possible

origins for crust formation, therefore begins with the formulation of several hypotheses that

may be rejected or accepted as the case for or against them is developed. The proposed

hypotheses for crust formation include the influence and presence of:

� submarine slope failures;

� thin sand layers;

� cementation and chemical alteration;

� organic carbon; and

� biological influences, including bacteria and burrowing invertebrates.

This chapter presents a review of the literature considering aspects of these hypotheses,

beginning on the regional scale and progressing to micro-scale influences. Each hypothesis is

required to reflect and/or produce a) in situ strengths higher than expected under normally

consolidated conditions; b) a very high natural water content; c) high liquid and plastic limits;
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4. ORIGINS OF THE CRUST

and d) moderate sensitivity as based on T-bar and mini-ball penetrometer testing. The chapter

concludes with the objectives for experimental work on chosen hypotheses based on the findings

presented here and in Chapter 2.

4.1 Submarine Slope Failures

The simplest explanation for an overconsolidated sediment that has remained submerged for

its lifetime, is a mass erosional event that removes several metres of overlying material. This

exposes underlying, consolidated material to the seabed with an apparently overconsolidated

strength profile. This scenario may be able to explain the high strength sediment at shallow

depth; however, it is unable to explain the dramatic loss of strength at one to two metres

depth. Bennett et al. (1991) discuss the generation of ‘crust’ zones within the Mississippi

Delta, defined on the basis of shear-strength profiles with burial depth. Sharp decreases in

shear strength (‘cut back’) are observed between 8m and 14m below sea floor, as described

by Doyle et al. (1971) and Bea and Arnold (1973). These cut backs in strength are related

to submarine slumping of soft, high porosity, deltaic sediments and the movement of massive

amounts of sediment seaward on gentle slopes (Bennett et al., 1991). The crust zones have

been described by Bennett et al. (1991) through detailed micro-fabric studies, which show areas

of preferred particle alignment, but with an overall appearance of remoulding. The sediment

fabric within zones of slumping is characterised by remoulding, with particle rearrangement and

reorientation into the direction of the principal shear stress (Pusch, 1970). Crusts, as defined

by Bennett et al. (1991), represent overconsolidated sediment overlying a sheared zone. To

create the strength profile observed in West African sediments, two stages of slumping would

need to occur. The first, as discussed previously, would act to remove material from above the

current seabed-water interface to form the overconsolidated crust strength; and the second,

would act to cause remoulding of soil and hence a reduction in strength below the crust.

Based on BPExploration (2007), it has been established that the age of the sediment is

approximately 10,000 years old at a depth of 1m. This equates to a sedimentation rate of

about 1 centimetre per 100 years. If minimal erosional processes have occurred during this

period of deposition, this sedimentation rate would be considered to be relatively slow for

marine sediments at this given depth of water. Again, based on discussions with geologists, it

has been concluded that no mass-erosional event has occurred to allow significant unloading of

the sediment, and thus create an overconsolidated ‘crust’ at the depth observed. Puech et al.

(2010) substantiates this by considering the uniformity of a high number of CPT profiles in

the tested areas, and Puech et al. (2005) states that these areas are “unaffected by the presence

of geohazards” (Puech et al., 2005, p1051).

Crustal strength generated by a series of submarine slope failures is therefore rejected as
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4.2 Thin Sand Layers

a hypothesis and will not be considered further in this thesis.

4.2 Thin Sand Layers

After geological overconsolidation due to unloading, the next most obvious explanation for

crust strength is the presence of coarse-grained layers within the clayey sediment. In situ

CPT and borehole samples in some sections of the Nile Delta area have encountered crusts at

shallow sediment depth, as shown in Figure 4.1.

Fig. 4.1 Example CPT strength profiles from the Nile Delta
showing crustal strength at shallow sediment depths (with per-
mission from BP Exploration).

These profiles show a relatively sharp increase in undrained shear strength within the top

0.5m before an equally sharp reduction of strength by a factor of 3 to 6. Below the crust-

like feature, strengths are consistent with a deposit with an overconsolidation ratio (OCR) of

between 3 and 10. Based on core logging and laboratory testing undertaken by BP Exploration,
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4. ORIGINS OF THE CRUST

the Nile Delta sediments are predominantly very soft clays with natural water contents of

between 100% and 130%, but with a thin, fine sand/shelly layer near the top of the core.

Visual inspection by the author of core material adjacent to CPT locations confirms that the

peaks in strength are caused by thin layers of sand resulting in a localised increase in CPT tip

resistance at shallow depth.

A comparison of the Nile Delta CPT traces with those obtained from the West African

clays show similar strength profiles. Both locations are influenced by terrestrial inputs from

rivers that have the potential for transporting coarse-grained sediments into deeper water.

Below the observed crust, West African sediments, however, tend not to exhibit OCRs as high

as those found in Nile Delta sediments.

Though capable of producing comparable strengths, the shallow sand layers are unable to

exhibit the high water contents or plasticities observed in West African sediments. Some West

African clay samples tested in the course of this research did contain sand grains. However, the

crust materials are predominantly high plasticity clays with no sand content. The hypothesis

of West African crusts being formed by sand layers is therefore rejected.

4.3 Cementation and Chemical Alteration

Cementation of coarse sediments, particularly those of calcareous origin is common in marine

environments. The cementation of clayey sediments is not usually evident due to the small

size of the porespace, which inhibits the growth of chemical precipitation. The seabed-water

interface does, however, provide an environment for the exchange of metallic ions that may

promote the growth of precipitates. These precipitates may subsequently be buried with time;

producing a crust-like strength increase.

Several authors (e.g. Bryant et al., 1967; Buchan et al., 1967) have observed crusts in

shallow sediments on the Texan and Mexican continental slopes, and in the North Atlantic

Ocean. The location of these crusts are in water depths similar to those for West African

crusts. Based on the geochemical composition of these sediments, Bryant et al. (1967) suggest

that the strength increase is due to: a) cementation attributed to the presence of chemically

altered volcanic debris; and b) a high carbonate content. These suggestions have not been

validated explicitly through experimental testing of core samples. West African clays are not

exposed to volcanic activity, so it is unlikely that this explanation is the reason for the observed

West African crusts. More recently, Sultan et al. (2001) considered the possible influence of

physical-chemical processes that influence the ionic concentration of elements within the pore

water. However, as described by Puech et al. (2010), a robust explanation for the crust’s

strength using this hypothesis has yet to be formulated.

In the last few decades, interest has turned toward the possible mining resource of man-
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ganese nodules, which have been found in the deep Pacific, and in particular, within the Peru

Basin (Grupe et al., 2001). These nodules usually occur at the sediment-water interface in

water depths greater than 4,000 metres (Glasby, 2006). Diagenetic deposits may also occur,

where chemical species are supplied from the underlying sediment during diagenesis. It is

therefore possible that the crustal strength is caused by cementation in the form of manganese

precipitates within pore spaces, or as discrete micro-nodules of less than 1mm in diameter at

the sediment surface, as described by Glasby (2006) and Stoffers et al. (1984). Over time, these

micro-nodules may accumulate into a layer capable of influencing the strength. Within Peru

Basin shallow sediments, Stoffers et al. (1984) observed a concentration of micro-nodules, with

diameters of up to 500µm within the upper 0.1m of sediment. In deeper sediments, micro-

nodules were found to range between 40µm and 125µm. Using scanning electron microscopy

(SEM), Stoffers et al. (1984) observed varying accretion and crystalline growth of manganese

oxide on different seed materials. It was found that within the Peru Basin, extensive diagenetic

remobilisation of manganese ions resulted in precipitation as micro-nodules within the upper

layers of sediment.

The hypothesis of manganese precipitation may be able to provide an explanation for

increased strength due to sand-like grains of high strength, however, as discussed previously,

based on observations of core samples, only one particular core demonstrated the obvious

presence of sand-like grains. The grains described by Stoffers et al. (1984) are likely to be

too small to be readily observed in natural samples. Washing of samples and imaging with a

scanning electron microscope may allow the identification of manganese precipitation in the

form of micro-nodules.

4.4 Organic Carbon

Marine sediments contain variable amounts of organic carbon, depending on the availability of

input sources, such as carbon dioxide and nutrients in the euphotic zone (the region of water

subject to sunlight, thus allowing effective photosynthesis), and terrestrial inputs, such as rivers

and glaciers. Jahnke (1990) has shown that continental slopes may be important locations

for organic carbon deposition. However, according to Rullkotter (2007), the abundance is

mainly restricted to the “upwelling areas on the western continental margins” (Rullkotter,

2007, p126). In such areas, the vertical carbon flux is water-depth dependent, as suggested

by Rullkotter (2007), with major organic matter consumption occurring below the euphotic

zone and within the upper sediment layer by burrowing organisms. Furthermore, as suggested

by Muller and Suess (1979), the rate of sedimentation may influence the amount of organic

carbon preserved within marine sediments by reducing the length of time the organic carbon

is subject to benthic digestion at the sediment-water interface. Their results show that for a
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4. ORIGINS OF THE CRUST

tenfold increase in sedimentation rate, buried organic carbon content may increase by a factor

of two.

Once organic carbon has been transported to the seabed, it is generally reported as total

organic carbon (TOC) (Bennett et al., 1999). In post-glacial clays, Pusch (1973) concluded that

organic matter acted as a cementing agent. Reimers (1982) suggested that the decomposition

of organic matter had a significant effect on geotechnical properties of hemipelagic sediment,

including a strengthening effect due to the presence of early aggregation.

The influence of TOC has been investigated by Keller (1982) in sediments found to depths

of 4m off the Peru Margin. Busch and Keller (1981) suggest that organic-rich sediments have

been deposited as a result of “high biological productivity associated with the [Peru Margin]

upwelling” (Busch and Keller, 1981, p705). An upper-slope mud lens with soil properties

measured by Busch and Keller (1981), is reproduced in Figure 4.2. The mud lens exhibited

an unusually high undrained shear strength at approximately 1.8m depth, corresponding to

about 4% to 5% TOC. Busch and Keller (1981) suggest high TOC may contribute to ‘pre-

ferred orientations’ of clay platelets, therefore allowing increased inter-particle bonding and

aggregate formation. However, as demonstrated by Figure 4.2, at greater TOC, corresponding

to shallow sediment depth, undrained shear strengths are lower. Busch and Keller (1981)

conclude that “more needs to be known about the interaction between organic matter and other

sediment constituents” (Busch and Keller, 1981, p717) before a plausible understanding of the

mechanisms of apparent strengthening by non-cementing organic substances can be formed.

A later study by Busch and Keller (1983) identified relatively high friction angles greater than

30◦ and up to 44◦, and suggests that these values are due to aggregation of clay particles by

organic matter.
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Fig. 4.2 Example of sediment properties off the Peru Margin (modified after Busch and Keller,
1981).

Lee et al. (1990) conducted further testing on samples obtained from 10m to 75m depth,

to verify the results of Busch and Keller (1981). They confirmed the very high water contents

of the sediments and a possible dependence on the total organic carbon. They conclude that
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“high shear strengths and distinctive shear strength profiles within an organic-rich facies appear

to reflect a complex interplay of diagenetic and frictional factors” (Lee et al., 1990, p650), and

that this may be related to the organic content of the sediment.

More recent work by Ransom et al. (1997) considers the distribution of organic matter

within the marine sediment through the use of transmission electron microscopy (TEM). By

analysing continental margin sediments from northern California at water depths of between

600m and 950m, it was observed that organic matter deposits occurred in the form of: “discrete

blebs of organic goo; localized, irregular smears of undifferentiated protoplasmic or extracellular

material; and bacterial cells and their related muco-polysaccharide networks” (Ransom et al.,

1997, p8).

This review of the literature indicates that there may be a link between increased undrained

shear strength and the presence of organic material. However, the relationship shown in

Figure 4.2 suggests a different conclusion where the trend in organic carbon is similar to that

of the water content and is the inverse of the trend in bulk density and shear strength.

4.5 Biological Influences

Biological activity at the seabed and within the upper few metres of sediment is of interest

to marine biologists and ecologists. Even so, the deep-sea biota remains a relatively unknown

environment compared to other more accessible environments, in-part due to inhibitive costs of

in situ investigations. The interaction between engineered structures, such as pipelines, which

have been installed into these environments, and the existing biology is poorly understood.

This section introduces some aspects of bacterial and burrowing invertebrate activity that may

impact on both the creation of crusts, as well as the behaviour of installed infrastructure.

4.5.1 Bacteria in Marine Sediments

The level of bacterial activity in marine sediments rivals that of terrestrial environments. A re-

view by Parkes et al. (2000) demonstrated the large bacterial population present in subsurface

marine sediments, seen in Figure 4.3. This figure shows measurements of bacteria numbers

for several marine sediments. Parkes et al. (2000) found that the top metre contained the

highest populations, with between 1.4 and 4x109/cm3 for the Japan Sea and Peru Margin,

respectively. They suggest that temperature may limit the bacterial density at greater sedi-

ment depths. Evidently, the effect of temperature does not limit the growth of all bacteria, as

several species are hyperthermophiles that thrive in temperatures in excess of 80�. Studies

at the Bent Hill Massive Sulphide site show that bacterial populations decrease by an order

of magnitude from conditions suitable for mesophiles, through thermophiles and then hyper-

thermophiles. However, this site is influenced by hydrothermal processes, therefore allowing
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large temperature gradients to dictate bacterial densities over very small depth changes.

If temperature gradients are small, other factors may dominate. Parkes et al. (2000)

consider age and porosity as possible influences in areas of low hydrothermal activity, however,

their discussion does not lead to conclusive results. The ability for bacteria to grow and move

is related to the presence of an energy source, usually taking the form of degradable organic

matter in shallow environments. As depth increases, this source becomes depleted and other

means for growth are required, such as the reduction of chemical species.

Fig. 4.3 Approximate population of bacteria in
marine sediments, modified after Parkes et al.
(2000).

4.5.2 Extracellular Polymeric Substances

Extracellular polymeric substances (EPS), otherwise known as extracellular polysaccharides

are created by marine microorganisms such as bacteria and phytoplankton. Bhaskar and

Bhosle (2005) review the importance EPS may play in the marine environment, following an

increased awareness and interest in its presence from an industrial point of view. EPS may

be found in many forms, ranging from biofilms and microbial mats (slime-like) to discrete

particles (capsular) and free dissolved matter, which forms a component of dissolved organic

matter (DOM).
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Bacterial EPS generally contains high concentrations of uronic acid, which results in an

overall negative charge. This promotes greater “binding and adsorptive properties to the poly-

mer” (Bhaskar and Bhosle, 2005, p46). In shallow marine and tidal environments, EPS is

suggested to assist binding of the sediment, and even when digested by invertebrate bottom

feeders, the presence of EPS tends to increase the resistance of cells to destructive enzymes in

the gut.

Within the water column, the presence of bacteria may influence the chance of clay platelets

to produce ‘bioflocculation’, as suggested by Stumm and Morgan (1981) and Busch and Stumm

(1968). Fast-sinking aggregates formed through the process of bioflocculation are also known

as ‘marine snow’ after Alldredge and Silver (1988). Turley et al. (1995) propose that the for-

mation of aggregates may either be through “transparent exopolymer particles (TEP)” (Turley

et al., 1995, p180) or bacteria. The formation of TEPs are generally associated with sticky

particulate polysaccharides generated by diatoms, which peak after a diatom bloom. Bacte-

rial influences result in a polymer bridge produced by the bacteria exudates forming between

particles, thus enhancing the aggregation of clay minerals on their way to the sea floor. In

studies commenced in 1989 in the north eastern Atlantic, Turley et al. (1995) observed that

the bacterial biomass was equivalent to that of the phytoplankton. Thus, large numbers of

bacteria (up to 32x109cells/m2/d) are transported to the seabed. Heissenberger et al. (1996)

undertook optical microscopy on marine snow, which highlighted their heterogeneity. The

matrix consisted of mucilaginous material holding together bacteria, diatoms, organic debris

and clay platelets. The following observations were made by Heissenberger et al. (1996):

� bacteria dominate in terms of numbers of organisms,

� eukaryotes are dominated by diatoms, and

� polymer bridges are created by the mucilaginous matrix, derived from algae and bacteria.

The use of TEM allowed the resolution of those bacteria that may substantially contribute

to the polysaccharide matrix of marine snow. Heissenberger et al. (1996) suggest that that

“most marine bacteria are able to adapt their ability to produce exopolysaccharides depending

on the availability of colonisable surfaces” (Heissenberger et al., 1996, p305). Furthermore,

Wrangstadh et al. (1986) observed that polysaccharide production leading to bacterial adhesion

on surfaces may be induced by starvation. McCave (1984) also proposes that “given the

substantial bacterial populations of bottom sediments, binding by polymer bridging may be

important in accounting for some of their cohesive properties” (McCave, 1984, p48).

Studies on the resistance to fluid flow of sediments stabilised by eukaryotes, including

benthic diatoms and other micro-algae, were undertaken by Scoffin (1970) and Neumann et al.

(1970) and summarised by McCave (1984). Mats up to 10mm thick and capable of resisting

flows of up to 1m/s were observed. The mats consisted of diatom-produced mucilage as
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demonstrated by Holland et al. (1974). Furthermore, Robert and Gouleau (1977) suggested

that this process enabled stabilisation of tidal flats and an increased rate of mud deposition. A

similar process was observed by Frostick and Mccave (1979) in studying mobile epipelic algae

(those that bond to sediment particles), which “leave a trail of mucous in sediment” (McCave,

1984, p44). Several other authors (e.g. Wigglesworth-Cooksey et al., 2001; Underwood et al.,

2004; Brouwer et al., 2005) highlight the ability of diatoms to produce large amounts of EPS,

predominantly in shallow marine and intertidal environments. These diatoms are able to bring

about ‘biogenic stabilisation’ of sediment, however, the structure and volume of the EPS are

found by Brouwer et al. (2005) to influence strongly the ability of diatomacious EPS to stabilise

sediment. Wigglesworth-Cooksey et al. (2001) note that a complex interaction exists between

EPS-producing bacteria and eukaryotes such as diatoms, and that the presence of particular

species may promote or hinder the generation of EPS in laboratory experiments.

4.5.3 Bacterial Interaction with Clays at the Seafloor

Deflaun and Mayer (1983) investigated the development of bacterial polysaccharides on and

within intertidal sediments, and used scanning electron microscopy (SEM) to observe samples.

Sediment was collected and examined at weekly intervals, with results showing the initial

generation of filaments followed by a fibrous webbing and finally the presence of continuous

films. Clay particles were trapped or embedded by these films, but no bacteria were observed to

be attached to the platelets themselves. This suggests that although the clay platelets provide

a much increased surface area to mass ratio compared to larger grains, they are “apparently

too small or too smooth to provide micro-environments for bacterial attachment” (Deflaun and

Mayer, 1983, p877).

As stated previously, Ransom et al. (1997) considered that part of the organic matter within

clay sediment could be associated with bacterial cells and their related muco-polysaccharide

networks. Their research suggested that rather than the formation of films or coatings over

grains, microbes tended to be localised in occurrence. This observation, combined with those

stated in Section 4.4, leads to the conclusion that the complex relationship between sediment,

organic matter and biology may “increase sediment cohesion and decrease sediment matrix

permeability” (Ransom et al., 1997, p8). Mitchell and Santamarina (2005) note that bio-

physical mechanisms (those that involve bacteria and non-organic clay particles) may produce

agglomerate-like clusters bonded by organic mucous.

4.5.4 Motility and Mobility of Bacteria in Deep Sea Sediments

Rebata-Landa and Santamarina (2006) propose that a combination of geometric constraints

and mechanical interactions may influence the level of bioactivity in marine sediments. The

geometric constraints include the connectivity of the pore network and the size of pore throats.
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They present collated data from their own experimental study, published work and “analyses

based on particle-level geometrical-mechanical models” (Rebata-Landa and Santamarina, 2006,

p2). Their conclusions suggest that, depending on the depth and pore size represented by the

particle size d10, three regions of ‘bacterial fate’ may be present: active and motile; trapped;

and dead. These conclusions would suggest that the bacteria inhabiting the sediments of the

current study (at depths between 0.001m and 1m, and in sediment of d10 less than 1µm) will

be trapped within pores. This thesis is concerned with sediments with water contents in excess

of 150% (even to a depth of greater than 1.5m), which may allow bacteria to be active within

the upper decimetres, permitting their presence to influence the sediment properties.

4.5.5 Conclusions for Bacterial Influences

This section has shown that bacteria and diatoms may influence the sediment properties, both

during the sedimentation process and also post-sedimentation. These microorganisms produce

glue-like excretions in the form of extracellular polysaccharides, which may strengthen the

soil. It is not currently known whether this sediment strength increase is sufficient to generate

strengths observed in clay crusts. Furthermore, it is not known what bacterial species are

present in West African clays, and whether they are able to generate sufficiently large quantities

of polysaccharides to influence the sediment properties.

4.5.6 Burrowing Invertebrates

The influence of burrowing invertebrates in marine sediments has been documented by numer-

ous authors (e.g. Rhoads and Boyer, 1982; Aller, 1982; Meadows and Meadows, 1994; Murray

et al., 2002). The main influence these organisms have on the sediment is through their daily

feeding activities. By utilising the shallow marine sediments as their source of food, they

gradually modify the sediment from ‘unprocessed’ to ‘processed’ material, thus imparting a

biological structure on already naturally structured sediment.

4.5.7 Burrowing and Compaction

Analysis undertaken by several authors concerning the effects of burrowing invertebrate ac-

tivities on shear strength are generally inconclusive. Trevor (1976, 1977, 1978) measured

pressures of between 7kPa and 15kPa in actively burrowing polychaete worms (Nereis diver-

sicolor, Neanthes virens and Arenicola marina) by attaching a pressure transducer directly

to the worms. These pressures were found to be produced in a cyclic fashion, as the worm

used a self-anchoring system to thrust its burrowing proboscis forwards into the sediment.

Alexander (1983) noted that invertebrates jammed in their burrows could produce stresses of

up to 40kPa on the surrounding sediment. Murray et al. (2002) stated that compaction of
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the sediment surrounding burrowing worms would occur as some or all of the internal (worm)

forces are transmitted to the sediment, usually in a direction perpendicular to the direction

of propagation. This is substantiated by McCave (1988), who identified the ability of some

invertebrates to exert up to 200kPa on the surrounding sediment, and suggested that their

propagation directly beneath buried gravel and cobble sized rocks may represent a mechanism

by which these rocks could be transported to shallower depths within the sediment.

Meadows et al. (2000) presented results on the effect of the oxygen minimum zone (OMZ)

on bioturbation, sediment geochemistry and geotechnical properties of samples obtained off the

Oman continental slope and abyssal plain in the Arabian Sea. Shear strengths measured with

a Geonor fall-cone penetrometer remained close to zero from the sediment-water interface to

approximately 0.05m depth. Strengths increased with depth, generally demonstrating larger

increases in regions below the influence of burrowing invertebrates (located between 2cm and

10cm below the sediment-water interface). Shear strengths of up to 20kPa were measured at a

depth of approximately 30cm, which was up to 15cm below significant numbers of invertebrate

burrows.

Meadows et al. (1994) completed a detailed examination of invertebrate bioturbation in

cores taken from the central Southern Pacific Ocean at ultra-deep water depths from 5,000m

to 5,300m. It was demonstrated that a significant number of open burrows ranging in diam-

eter from 0.5cm to 4.5cm were present to at least 0.4m depth. Burrows were found to be

oriented both vertically and horizontally, with the most abundant being the smallest diameter

burrows. Undrained shear strength was measured using a Geonor fall cone penetrometer at

0.05m intervals down-core. Results from these tests are shown in Figure 4.4, and show a rapid

increase in the undrained shear strength in several test locations, with values of up to 12kPa

at 0.4m depth. Variations in strength were attributed to the effects of bioturbation, whereas

the increase in strength with depth was suggested by Meadows and Meadows (1994) to be the

result of normal consolidation of the clay due to increasing vertical effective stress. However,

it is evident from Figure 4.4 that the strength associated with a normally consolidated clay

(based on γ′=2.5kN/m3) is significantly lower than the measured strengths. Meadows and

Meadows (1994) also identify ‘peaks’ in strength, particularly at depths of 20cm and 40cm

of core CRGN 76 and 25cm depth in core CRGN 83. An investigation into the relationship

between peaks in strength and the number of burrows observed was inconclusive. However,

even when ignoring these peaks, the measured strength is at least three times greater than the

predicted normally consolidated strength profile. The strengths measured by Meadows et al.

(1994) appear to be similar to those in Figure 2.6, with an average strength profile indicat-

ing approximately 25kPa/m rise in strength. It is proposed by the author that bioturbation

influences the general strength profile, not just the localised fluctuations. In the literature,

the term ‘bioturbation’ is generally used to describe all activities associated with the move-
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ment of burrowing invertebrates (and similar animals) through the sediment profile. This may

therefore include the creation of burrows, mixing of different soil layers, modification of grain

size through sorting and/or faecal pellet creation or the generation of pseudo-pellets during

feeding without ingestion and excretion. This thesis, as will be presented in Chapter 6, uses

bioturbation to specifically denote the formation of burrows and faecal pellets.

Fig. 4.4 Fall-cone tests undertaken by Meadows et al. (1994)
showing crust strength in deep Pacific sediments. Also shown
is an estimated normally consolidated strength profile.

Baltzer et al. (1994) present in situ cone penetration tests with pore pressure measurement

(CPTU) data from the Nova Scotian Slope located on the eastern Canadian continental mar-

gin. Using a sit-on-bottom frame housing a geotechnical module with a 2m CPT, strength and

induced pore pressure measurements were undertaken at seventeen locations along four tran-

sects. Sediments encountered comprised Holocene surficial clays, slumped sandy sediments

of past debris flows and Pleistocene sediments of overconsolidated clays. Transect ‘HMG 6’
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(approximately 1200m in length) lies between 1400m and 1450m water depth and corresponds

to Holocene deposits with no material removed by prior erosional events. Figure 4.5 shows

undrained shear strength profiles interpreted from cone tip resistance values presented by

Baltzer et al. (1994) of transect HGM 6, using a cone factor, Nk of 15. Strength values exhibit

a dramatic strength increase to about 12kPa at 0.5m depth before reducing to 3.5kPa at 1.5m

to 2.0m depth. These profiles are very similar to those encountered in the West African clays.

Baltzer et al. (1994) suggest that the profiles broadly correspond to three sedimentary units:

unconsolidated Holocene mud within the upper 0.1m to 0.25m; overconsolidated Holocene

mud to about 1.5m containing many zoophycos-type burrows; and underlying sediments ap-

proximating a normally consolidated clay. Zoophycos-type burrows are usually found in the

fossil record as horizontally to obliquely-oriented burrows, and are thought to be the result of

multiple U-shaped burrows overlying each other (Martin, accessed 16 December 2010). It is

not clear from the description provided by Baltzer et al. (1994) whether individual burrows

produced the observed high strength, or whether the surrounding Holocene clay sediments

were ‘strengthened’ by the presence of burrows.

Early investigations undertaken by Moore (1931a,b) suggest the presence of crust-like sed-

iment strengths occurring in the Clyde Sea, Scotland. Moore (1931a) identified the presence

of stiff to hard sediments at a depth of 20cm, which are comparable to the location of in-

creased strength observed in the West African crusts. No explicit strength measurements were

undertaken. In these same sediments, Moore (1931b) observed that up to 40% of the sample

by dry mass, comprised faecal pellets. It was only suggested that the pellet’s contribution to

modification of the sediment properties was an increase in grain size and thus, porosity.

Grupe et al. (2001) identified sharp increases in sediment strength at between 0.1m and

0.15m depth within the Peru Basin whilst investigating the feasibility of manganese nodule

mining. Strengths peaked at between 6kPa and 10kPa at 0.2m depth, as shown in Figure 4.6.

Based on X-ray analysis of clay content, it was found that the sediments predominantly com-

prised smectites. Grupe et al. (2001) also observed that the different clay minerals (smectite,

kaolin, illite and chlorite) were ‘mixed’ within the sediment profile and attributed this obser-

vation to the bioturbation of burrowing organisms.

4.5.8 Permeability and Porosity

Meadows and Tait (1989) measured increases in shear strength over a three day period for

the invertebrates Corophium volutator and Nereis diversicolor using a Geonor fall-cone pen-

etrometer. Single and mixed experiments were undertaken with the most significant results

observed for C. volutator. Variance in sediment permeabilities due to population densities

demonstrated conflicting trends. High numbers of C. volutator decreased sediment perme-

ability, whereas high numbers of N. diversicolor increased permeability. Murray et al. (2002)
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Fig. 4.5 Undrained shear strength profiles derived from cone resistance with Nk=15
by Baltzer et al. (1994), of Nova Scotian sediments showing crustal strength.

provides discussion on the results presented by Meadows and Tait (1989), suggesting that

the presence of burrows increases the permeability, and hence accelerates pore water dissipa-

tion and shear strength development. They conclude that as the inverse effect is observed

for C. volutator, ‘soft-cementation’ may play a role. It is not made clear, however, what

soft-cementation is attributed to, nor how it is formed.

Jones and Jago (1993) assessed the modification of sediment properties by burrowing in-

vertebrates species found in sandy sediments at intertidal locations on the coast of Wales (UK)

using geophysical methods. Measurements of the acoustic shear-wave velocity and electrical

resistivity were taken to assess the properties of the grain framework and pore-fluid matrix of

the seabed sediment.
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Fig. 4.6 Undrained shear strength profiles for sediments
within the Peru Basin, modified after Grupe et al. (2001).

Acoustic shear-wave velocity was measured using piezo-electric ceramic ‘bender’ transduc-

ers acting as both the shear-wave source and the receiver after Shirley (1978). Electrical

resistivity was used to determine the ‘formation factor’ (FF ) which is a non-dimensional ratio

of saturated sediment to the electrical resistivity of the pore fluid. This provides a direct

measure of the structural properties of the pore fluid matrix (Jones and Jago, 1993). It was

concluded that the acoustic shear-wave propagation through the bed was modified by the bio-

turbation of the invertebrate species, and therefore the soil rigidity was also altered, depending

on the burrow construction.

A significant reduction in the electrical formation factor due to changes in porosity and

tortuosity was observed, leading to the conclusion that permeability should also be reduced.

Changes in porosity and tortuosity were not only attributed to the burrow structure, but also

to the remaining surrounding sediment which may be gap graded. Jones and Jago (1993) notes

that no effect of burrowing on sediment porosity could be observed when using conventional

porosity measurement tools, which may be due to the scale of measurement.
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4.5.9 Influence on Particle Size

Rowden et al. (1998) observed an increase in mean particle size due to the “aggregation of fine

particles into faecal pellets” (Rowden et al., 1998, p1354). This was determined by dry-sieving

sediment before and after the introduction of burrowing invertebrates. These observations

are similar to those made by Moore (1931b) in undertaking a measurement of the abundance

of faecal pellets in Scottish sediments. Aller (1982) presents data demonstrating that the

bioturbation influences of Arenicola sp. increase the average grain size at its preferred feeding

depth of between 20 and 30 centimetres.

4.5.10 Influence on Geochemistry

The geochemical zonation of the deep seabed has been the subject of much research since

the 1960s. Studies have attempted to understand the geochemical processes within marine

sediments, in particular the early oxidation of organic material by sulfate (Froelich et al.,

1979; Murray et al., 1978; Jahnke et al., 1982; Jahnke, 1985; Canfield, 1991; Hensen et al.,

1997; Schulz and Zabel, 2006).

The role that invertebrate burrowing and ‘bioirrigation’ play in the modification of the

geochemical profile of deep sea sediments has been considered by Fossing et al. (2000). They

investigated sediments taken from two continental slope locations in the eastern South Atlantic,

off the coast of Angola and Namibia, and within the influence of the Benguela Upwelling.

Sulphate reduction rates (SRR) and the concentrations of dissolved sulphates and sulphides,

pyrite, sulphur, total sulphur, methane and organic carbon were also presented. Clearly defined

sulphate and methane zones were observed in these sediments, with the sulphate-methane

transition zone (SMT) occurring between 4m and 6m depth. The SRR was modelled for both

locations using a profile interpretation procedure (Berg et al., 1998). Within the SMT, the

total SRRs were underestimated by up to 89%.

Fossing et al. (2000) therefore suggest that the presence of bioturbation in the form of open

tubes of up to 8mm diameter to depths of 6m may allow bioirrigation of the sediment. This

process would involve pore water in these tubes and burrows being exchanged with pore water

in the surrounding sediment.

Aller (1982) demonstrated that burrowing invertebrates have a strong influence on the

geochemical processes that occur within the upper metre of sediment. Bioirrigation, αb, is

a term used to describe the transport mechanism of burrowing invertebrates flushing their

burrows. It is generally used to designate porewater movement in tubes or burrows caused

by the pumping activity or movement of tube-dwelling animals (Boudreau, 1997), and can be

defined as
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αb =
SRRmeasured − SRRdiffusion only

ϕ(C0 − C)
, (4.1)

where C is the pore water solute concentration, C0 is the sediment water solute concentration

and ϕ is the porosity. Boudreau (1984) suggested that αb may be considered to exhibit units of

‘fraction exchanged per unit time’, and after undertaking a review of data from recent studies,

Boudreau (1997) determined that it could range from 300 to 0 per year with increasing water

depth. Based on measurements of SRR, C and C0, Fossing et al. (2000) calculated αb values

of between 0.1 and 0.3, decreasing to 0 between 2m and 3m depth.

By the process of bioirrigation, Aller (1982) suggests burrows of greater than 0.6m depth

may be open to the seafloor and so allow circulation of chemical species through the mucous-

lined walls as the animal ‘pumps’ fluid while feeding at the bottom of its burrow. Furthermore,

the depth to the anoxic zone may be greatly increased through such burrows, therefore per-

mitting anaerobic bacterial influences to depths greater than otherwise expected.

4.5.11 Destabilisation of Shallow Marine Sediment

In contrast to the studies indicating increased strength, Rhoads et al. (1978) suggested that

the presence of deposit feeding organisms destabilise cohesive sediments by increasing the

water content and modifying the particle size composition. They suggest that higher water

contents were achieved by high bioturbation rates and the feeding processes of invertebrates.

Underwood and Paterson (1993) investigated the recovery time of intertidal benthic diatoms

after a period of biocide and commented on the associated influence on burrowing invertebrates.

Using formaldehyde to remove the influence of biological activity, Underwood and Paterson

(1993) suggested that an increase in compaction of the sediment and hence sediment stability

was achieved over several weeks. It was therefore inferred that the presence of burrowing

invertebrates tended to destabilise the sediment by preventing consolidation. Rowden et al.

(1998) suggest the process of sediment pelletisation produces a more open fabric and alters the

bulk sediment properties by increasing the water content and reducing the S-wave velocity.

4.5.12 Summary on Burrowing Invertebrates

This section has considered the literature referring to the interaction of burrowing invertebrates

with the marine sediment. In most of the studies, enhancement of the undrained shear strength

has been noted, whether directly or indirectly, and even if only by a few kilopascals. Research

undertaken by Rhoads et al. (1978) and Underwood and Paterson (1993), however, suggest

results to the contrary. By the processes of bioirrigation and bio-pumping, it has also been

suggested that invertebrates may influence the geochemical gradients in sediment surrounding

their mucous-lined burrows. This interaction may, as suggested by Aller (1982), also impact
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on the depth at which anaerobic bacteria are active.

Though these authors have considered the influence of burrowing invertebrates on shear

strength, this has been undertaken from a zoological and biological perspective. More in-depth

work and analysis is required in this area from a geotechnical point of view before conclusions

can be made that are relevant to the offshore oil and gas industry. Table 4.1 summarises the

possible influences of burrowing invertebrates on sediment properties based on the current

literature.

Table 4.1 Summary of influence of burrowing invertebrates
on sediment properties.

Burrows change in permeability
compaction of surrounding sediment
sorting of particle sizes
increased geochemical processes
increased shear strength
decreased shear strength

Faecal pellets increase in global grain size
reduction in stiffness
increase in water content
production of more-open fabric

4.6 Summary

Chapter 4 begins by presenting possible hypotheses for the crust’s origin, followed by a re-

view of background literature and evidence from the current investigation relating to these

hypotheses. The following conclusions have been made. Though Bennett et al. (1991) suggest

‘crusts’ may be generated by slope failures, it is unlikely that such events have occurred in the

geological timeframe associated with the deposition of sediments off the West coast of Africa.

Further investigation into the hypothesis of geological unloading due to submarine slope fail-

ures is therefore excluded from this thesis. The West African clay samples do not exhibit thin

sandy layers at the location of peak strength, and therefore, this hypothesis is also excluded

from further investigation. Cementation of clayey sediments by the precipitation of manganese

and ferrous elements may play a part in crustal strength in these sediments. Micro-nodules

or precipitation within open porespaces may be possible, though based on observations made

while testing samples in Chapter 3, it is unlikely that these exist. This hypothesis is considered

further in Chapter 6 through the use of scanning electron microscopy on natural and washed

samples.

Organic carbon has been shown to have an influence on the geotechnical properties of

soil (Pusch, 1973; Busch and Keller, 1981; Ransom et al., 1997), however the significance of
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this influence is yet to be quantified in laboratory experiments. Based on organic carbon

measurements undertaken by Thomas et al. (2005) and Puech et al. (2010), it is unlikely

that organic carbon will influence the sediment strength. Within the Peru Margin where

it is hypothesised that organic carbon influences the strength, sediments that contain up to

20% organic carbon exhibit lower strengths than sediments that contain 5%, which is a value

comparable to West African clays. It is therefore considered an unlikely source of crustal

strength and will not be researched further in this thesis.

Based on the literature considering bacterial influences in marine sediments, it is concluded

that bacteria may have a strengthening effect on clays. This is likely to be in the form of binding

by extracellular polysaccharides. Due to their high population and relative ease of motion

through the open fabric of the West African clays (aided by the presence of open invertebrate

burrows), bacteria may be able to influence the matrix sediment strength. The thesis will

therefore attempt to investigate the influence of bacteria on the mechanical properties of West

African clays. It is suggested that the matrix in the hypothetical agglomerate-matrix model

proposed in Chapter 3 may be created by a web of polysaccharide-bound clay particles.

Based on the current literature, limited scientific research has been undertaken on deep-

sea sediment properties. However, several authors have considered the effects of burrowing

invertebrates on shallow sediments, both in shallow and deep marine environments. In some

studies, the strengthening effect of burrowing invertebrates on undrained shear strength has

been affirmed, while in others it has been questioned. The mechanisms which enhance or dis-

rupt the development of undrained shear strength remain unclear, and this therefore provides

an impetus for the hypothesis of the effect of burrowing invertebrates on mechanical soil prop-

erties to be considered in this thesis. What the literature does indicate is that, like bacteria,

burrowing invertebrates are extremely active in all marine environments and their modifica-

tion of the sediment through burrowing and feeding has not previously been considered by

geotechnical engineers.

4.6.1 Conclusions

The biological processes described in this chapter predominantly occur within a few decimetres

of the seabed, and therefore represent viable avenues for further research into the formation

and demise of the crust. The remainder of this thesis will take the opportunity to consider

the interdisciplinary nature of the problem by incorporating aspects of microbiology, zoology,

geology and geomechanics to provide a holistic explanation for the origins and subsequent

behaviour of crust material under hot-oil pipeline stresses. The following chapter will consider

the hypothesis of bacterial activity in deep sea sediments and their influence on sediment

strength. Chapter 6 will consider evidence for burrowing invertebrates in West African clays

and the possible role they play in crust formation.
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Bacteria

The literature review in Chapter 4 highlights the abundance of bacteria in marine sediments.

The direct influence of bacteria on sediment strength in deep waters is currently poorly under-

stood and no attempts at measuring the strength variation of inoculated samples have yet been

made. No current literature considers the bacteria species present in West African crusts, nor

if their presence can account for the measured crust strength. This chapter therefore describes

the procedure used to discover and identify bacteria species in core samples of West African

crusts. The results of an investigation into the identified bacterium’s ability to alter sediment

strength is then presented. This is undertaken using the Cam-shear device to measure the

strength of sterile and inoculated samples. The results of these tests allow conclusions to be

formed on whether the bacterium contributes to the presence of the crust. Soil-pipeline inter-

face shear test results are also presented to provide discussion on the bacterium’s influence on

interface shear behaviour. Hot-oil pipelines are laid on and within the observed crust and are

therefore located within sediment containing an abundance of bacteria. The conclusions made

from this investigation will therefore be of importance to the design of future hot-oil pipelines

installed into these sediments.

5.1 Samples and Materials

Experimental work was undertaken using samples from several stages of offshore investigation

including:

� undisturbed box core and STACOR samples taken in August 2008 by Fugro on behalf

of BP Exploration; and

� remoulded and reconstituted bulk samples obtained from the Norwegian Geotechnical

Institute (NGI), collected between 2000 and 2003.

Bulk reconstituted samples were stored in large tanks located in an open shed, and exposed

to varying external temperatures. Box core and STACOR samples were stored vertically and
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refrigerated at between 4� and 12�.

5.2 Evidence for Bacteria in Samples

Due to their size (about 1µm in length), observing bacteria in soil samples is difficult. An

environmental scanning electron microscope was used to image samples taken from cores and

bulk samples to identify the presence of ‘intact’ bacteria. No direct observation of bacteria was

forthcoming in the samples imaged, which was not entirely unexpected due to the age of the

samples. Furthermore, when the samples were obtained from the ocean floor a microbiological

investigation into their origins had not been planned, and thus the cores had not been stored

with the interests of preserving their biological content in mind. To undertake an investigation

into confirming the presence of bacteria in these sediments, microbiological methods to extract

bacteria DNA remaining in the sediments were therefore implemented. Though bacteria expire

when removed from their required environmental growth conditions, their partially degraded

DNA may remain in the sediment for decades. By targeting the DNA, it is possible to identify

the species of bacteria present in the sediment.

5.3 Aims and Procedures

The aim of this section of the thesis is to discuss and apply well established microbiological

techniques to isolate and identify culturable deep ocean marine bacteria in crust samples. In

summary, the procedures used to achieve this aim are:

� extraction of DNA from crust samples;

� identification of potential bacteria for purchase and laboratory growth;

� trialling of preferred growth conditions including temperature and growth media;

� development of a methodology for inoculating sterile clay samples; and

� undertaking of geotechnical testing on sterile and inoculated samples.

5.4 DNA Extraction

The process of DNA extraction relies on sufficient amounts of the required DNA remaining

in the sediments. Given that marine sediments have been subject to many generations of the

food chain within the water column and at the bottom of the ocean, DNA from a large number

of biological origins will be present. Extraction is therefore required to target DNA specific

to bacteria. Crust samples were remoulded in a beaker at a water content of 220% prior to

extraction of DNA using direct lysis of bacterial cells. The process of cell lysis involves the

breaking down of bacterial cell walls by physical means such as bead beating. Boivin-Jahns

et al. (1996) undertook DNA extraction from deep clay samples and showed that this method
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significantly improved the DNA recovery compared to the method of removing bacterial cells

from the soil samples prior to DNA extraction. Bead beating involves placing approximately

3ml of remoulded sample into a test tube and adding 2mm-diameter ball bearings. The test

tube is then given five to ten pulses using a bench-top test-tube vibrator. This physically

breaks down the cell walls.

Two extraction kits were trialled in the current investigation: a QIAamp Stool Mini Kit

and a ZR Soil Microbe DNA Kit�to compare the effectiveness of DNA extraction. Procedures

stated in the kit handbooks were followed, resulting in DNA suitable for the polymerase chain

reaction (PCR). The QIAamp protocol optimises the non-human DNA in stool samples, which

are of similar consistency to the remoulded soil samples. The ZR kit is able to “successfully

isolate DNA from cultured bacteria, fungi, and yeast” (Zymo, 2007, p3) by using a ‘bead

beating’ process.

5.5 PCR Set-up and Running of Gels

Once the DNA was extracted, polymerase chain reactions (PCRs) were set up to amplify

the DNA. The PCR process theoretically amplifies the existing DNA by an over 109-fold

increase (Howe, 2007) using a simple, direct enzymatic process. The process involves cyclically

heating and cooling a reaction mixture containing the extracted DNA, primers and chemicals

for synthesising the DNA, as shown in Figure 5.1. This process promotes the melting and

annealing of DNA strands to generate a complementary strand of each existing DNA strand.

The repetitive process of temperature cycling allows the PCR to be largely automated and

the individual temperatures may be programmed into commercially available thermal cyclers

or PCR machines (Howe, 2007). As no PCR programs were available in the literature for

these particular sediments, programs that had given positive results for 16S RNA primers and

bacteria samples following Howe (2007) were trialled in this thesis.

The PCR set-up was completed in a perspex set-up box to limit environmental contam-

ination. The set-up box contains a built-in UV irradiation light to degrade unwanted DNA

by ‘nicking’. A ‘nick’ is a “break in the sugar-phosphate backbone of a double-stranded DNA

molecule” (Howe, 2007, p14) that permits the rapid degradation of DNA.

The design of primers requires prior knowledge or at least an educated guess of the ‘start’

and ‘end’ of the DNA sequence to be amplified. These small sections of DNA, which are

included in the PCR reaction mix, may be manufactured to be specific or general, depending

on the target DNA sequence. Two 16S RNA primer sets; P1+P2 and P3+P4 were used in

this thesis as shown in Table 5.1. These are paired as forward (f) and reverse (r) sequences

and are of two different base-pair lengths (A-T, C-G etc.): 190bp for P1+P2; and 120bp for

P3+P4. These were chosen to be general primers to maximise the number of bacterial DNA
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Fig. 5.1 Schematic diagram illustrating the PCR process
with three cycles. Denoted temperatures may be mod-
ified for specific reaction mixes. Modified after Howe
(2007).
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amplified. A drawback of this is the increased likelihood of also amplifying contaminants.

The PCR mix also contains proteins; buffers, including MgCl2 to control the salinity; a Taq

polymerase (DNA polymerase of the bacterium Thermus aquaticus, which is required for the

extension step to add dNTPs) that is heat stable; and deoxynucleoside triphosphates (dNTPs)

that provide a base (‘building blocks’) for the primers to bind to in the annealing step of the

process, and enable synthesising of the DNA sequence.

Table 5.1 Primers used for bacteria DNA

Name Target Primer sequence

16S P1f All prokaryotes GTGCCAGCAGCCGCGGTAATAC
16S P2r All prokaryotes TCTACGCATTTCACCGCTACAC

16S P3f All prokaryotes CTTGTACACACCGCCCGTCACACCATC
16S P4r All prokaryotes TACCTTGTTACGACTTCACCCCA

Initial PCR conditions, based on the requirements of the chosen primers were:

1. 95� for 5 minutes

2. 30 cycles of 95� for 1 minute; 53� for 1 minute; 72� for 1 minute

3. 72� for 15 minutes

4. hold at 4�

Once the PCR process is complete, the generated reaction products are analysed by gel

electrophoresis to provide:

� a visible check on the presence of any contamination, and

� a check that the PCR was successful in annealing the primers to the DNA.

The distance that a given PCR product travels through the gel is proportional to its

molecular weight, and can be compared with a given DNA ladder of known sizes to determine

the length in base pairs that it represents. The gel is prepared by adding agarose to the buffer

tris-acetate EDTA (TAE) at a concentration of between 2% and 2.5% in a conical flask. The

solution is heated until all agarose has dissolved, and is then left to partially cool. Ethidium

bromide at a concentration of 3µL in 120ml solution is added to the cooled solution to promote

fluorescence of the DNA, which is visible as orange bands under UV light. The solution is

then poured into a gel mould containing a plastic comb which that ‘wells’, into which the PCR

product is pipetted. A loading buffer is mixed with the solution to increase its density, causing

it to sink to the bottom of the well during pipetting.

5.5.1 Contamination Controls

The most likely source of contamination is the water used during the PCR set-up. This may

be observed as duplicate bands, or bands in the negative controls when viewed under UV light.
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To provide negative controls and check that the DNA extraction process and PCR set-up had

captured the ‘right’ DNA, environmental; DNA-extraction; and water blanks were included in

the PCR amplification process. Extraction blanks were created by leaving 1.5ml tubes open

on the bench where DNA extractions were done, and environmental blanks were created where

the PCR set-up was completed.

5.5.2 Results from PCR and Gels

The analysis of initial PCR reactions demonstrated the presence of contaminants within the

water blanks, and no amplification of the bacterial DNA (no visible bands). This result

suggested that contaminants had entered the reaction mix either during the extraction of

DNA from the samples or during the PCR set up processes. A lack of bands may due to the

use of expired Taq; primers that have not annealed correctly to the DNA; an incorrect choice

of primers; an incorrect MgCl2 concentration; and/or the addition of an excessive amount of

DNA product. As both contamination and no amplification were present, and as contamination

could be the cause of both results, this was investigated first.

A common source of contamination is the reaction water, and therefore the second PCR

set up was run using purified water from a different source, placed in a glass vial and irradiated

under UV light. Controls were also run to test the effectiveness of the primers.

Results from the second PCR still demonstrated strong amplification of contaminants

and also suggested that the primers were not working as none of the primer controls showed

bands. It was decided that fresh dH2O, this time irradiated in plastic vials, and new dNTPs,

BSA and Taq should be used to investigate if any of these components were the source of the

primers not working or failure of the PCR reaction. To help limit the amount of environmental

contamination, the PCR set up was also carried out in a perspex set-up box. All equipment

was irradiated within the box for 15 minutes then turned over and re-irradiated for another 15

minutes prior to use. The results from this third set up showed clear bands for DNA samples

at 120bp and 190bp, as seen in Figure 5.2. No contamination is present. This result indicated

that the source of contamination was likely to be the dH2O. Though the previous set up used

water which had been irradiated, it was realised that UV light cannot penetrate through glass,

thus the water in that particular reaction mix may still have been contaminated. The results

of the negative controls indicated that no environmental contamination had occurred during

the DNA extraction process or the PCR set up.

5.6 Cloning and Sequencing

As a PCR product free from contamination was visible under UV light, it was therefore possible

to run a PCR ‘clean-up’ and then undertake direct-sequencing of the cleaned PCR product
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Fig. 5.2 Contamination-free gel showing clear bands of 120bp and
190bp for P3+P4 and P1+P2 primers, respectively.

using a Qiagen QIAquick PCR purification kit. This kit removes unincorporated primers and

excess dNTPs from the product. Four cleaned PCR product were direct-sequenced in this

thesis following this procedure. If general primers are used, direct sequencing can often return

‘failed’ results due to multiple amplified DNA with different sequences. As general primers

were used in the PCR, the results of direct sequencing did indeed produce ‘failed’ results, an

example of which is shown in Figure 5.3. DNA cloning was therefore used to separate the

different PCR products and obtain sequences from each. An explanation follows of the cloning

process that was used.

Fig. 5.3 Sequencing result for failed sample Q2P1 when viewed using FinchTV. Note significant
overlapping of different sequences.

The PCR product of several reaction results were ligased into the PCR cloning vector

pGEM-T Easy Vector kit (Promega) which is ampicillin resistant, and incubated overnight

at 4�. DNA ligation is the process of joining linear DNA fragments together with covalent
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bonds, thus creating a phosphodiester bond between the 3′ hydroxyl of one nucleotide and the 5′

phosphate of another. This is represented in Figure 5.4. The ligation reaction was then added

to E.coli JM109 competent cells, heat-shocked, chilled and incubated at 37� for 1.5 hours.

The transformed culture was then plated onto Luria Broth (LB) plates containing ampicillin

(0.2%), IPTG (0.05%) and Xgal (0.16%) in a sterile laminar flow cabinet (see Appendix C for

LB recipe). The plates were incubated overnight at 37�. If the ligation and transformation

is successful, individual blue and white colonies will be present on the plates. White colonies

represent those that contain the PCR inserts (those that were resistant to ampicillin due to

the ligation with the cloning vector), and are picked off and placed onto master plates. Over

time, however most colonies will turn blue (see Figure 5.5).

Fig. 5.4 Schematic diagram of the pGEM-T Easy Vector map and
sequence reference points. Cloned inserts attach at T-T, circled
in red.

To allow sequencing of the transformant colonies, sterile 50ml Falcon tubes containing

10ml LB and ampicillin (0.1%) were made-up. Colonies of interest were touched using a sterile

toothpick and dropped into the Falcon tube containing liquid culture, and grown overnight in

a shaking incubator at 37� and 150rpm. The liquid cultures were then centrifuged to obtain

plasmid DNA, which was then recovered and ‘cleaned’ using a Qiagen Miniprep kit.

Thirty four cloned and cleaned products were sent to a commercial sequencing company,

‘Geneservice’, with all but four returning positive results. Results comprise a sequence read

as A, T, C or G, with the inserted primers attached at the start and end of the length.
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Fig. 5.5 Colonies (originally white) of bacteria on master
plate.

5.6.1 Bacterial Sequencing Results

The results of cloned sequences received back from the sequencing service were viewed using a

commercially available DNA sequence viewer, ‘FinchTV’. FinchTV creates chromatograms of

sequences and allows checking and editing of sequences, if necessary. The results were either

120 or 190 base pairs in length due to the two primer sets used, with one example of sample

Q2al shown in Table 5.2 and in Figure 5.6, identifying the P3f and P4r primers and cloned

insert.

Table 5.2 Sequencing result for Q2a1 showing locations of primers P3f (red) and P4r (blue),
and cloned insert (black).

Basepair Cloned Sequence

1 CTTGTACACA CTTGTACACA CACCATGGGA GTGGATTGCA
41 CCAGAAGTAG TTAGTCTAAC CTTCGGGAGG ACGATTACCA
81 CGGTGTGGTT CATGACTGGG GTGAAGTCGT AACAAGGTA

Fig. 5.6 Sequencing result for sample Q2a1 when viewed using FinchTV.

Sequences can be compared against an online database provided by the National Centre

for Biotechnology Information, which is termed a ‘nucleotide blast’. This contains the se-
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quencing results of known and unknown bacterial genes, and provides information on whether

a complete gene sequence is available. The database provides positive matches in decreasing

probability, depending on the number of matching base pairs, an example of which is shown

in Table 5.3. A longer matching sequence will suggest a ‘more positive’ match. The difficulty

however, in amplifying and sequencing bacterial DNA from marine sediments is the likelihood

of encountering new, uncultured species. Uncultured bacteria cannot be ordered from a culture

collection and therefore cannot be grown in the laboratory. Out of the 34 results, 20 returned

an uncultured bacterial sequence. The remaining 10 sequences matched bacteria of varying

origins; three of which, suggested the presence of the Marinobacter species.

Table 5.3 Results from a nucleotide ‘blast’ of samples Q2a1 showing the strong match to M.
aquaeolei.

Accession Description Max
score

Total
score

Query
coverage

EF659426.1 Uncultured bacterium clone N2-A1
16S ribosomal RNA gene, partial se-
quence

215 215 100%

DQ768638.1 Marinobacter hydrocarbonoclasticus
isolate MARC4F 16S ribosomal
RNA gene, partial sequence

215 215 100%

CP000514.1 Marinobacter aquaeolei VT8, com-
plete genome

215 647 100%

AB176073.1 Uncultured bacterium gene for 16S
rRNA, partial sequence, clone:
SSmCB10-15

215 215 100%

AB176042.1 Uncultured bacterium gene for 16S
rRNA, partial sequence, clone:
SSmNB04-69

215 215 100%

AB175989.1 Uncultured bacterium gene for 16S
rRNA, partial sequence, clone:
SSmNB04-14

215 215 100%

DQ282120.1 Marinobacter bacchus strain FB3
16S ribosomal RNA gene, partial se-
quence

215 215 100%

Of the bacteria identified, only Marinobacter sp. represented a viable option based on its

growth characteristics, occurrence in marine waters and availability as a culturable bacterium

in laboratory conditions. It was therefore decided that this bacteria would be incorporated

in laboratory work to provide an understanding of how to best cultivate and utilise it in

experiments. The successful extraction of bacteria DNA and the identification of a culturable

bacterium from sediment was unlikely given the quality of samples and the low number of

culturable marine bacteria available for laboratory growth.
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5.6.2 Purchase and Use of M. aquaeolei

Marinobacter aquaeolei was purchased as a freeze-dried sample from the The National Col-

lection of Industrial, Food and Marine Bacteria. The bacterium sample was revived following

the provided procedures (see Appendix D) and placed in prepared sea water agar following

the recipe given in Appendix E. Three conical flasks of approximately 25ml were incubated

overnight at the optimum growth temperature of 30�. The cultures were checked visually af-

ter approximately 20 hours, and it was observed that growth had been successful. The cultures

were then sub-cultured twice by:

1. autoclaving new 25ml aliquots of sea water media in conical flasks, plugged with cotton

wool;

2. pipetting 1ml of liquid culture containing grown bacteria into new autoclaved flasks

under aseptic conditions;

3. incubating overnight at 30�; and

4. repeating the process.

The newly subcultured bacteria were then plated on a petri dish containing a media of sea

water agar for medium-term storage and refrigerated at 4�. This temperature significantly

retards the growth of bacteria. To confirm that the correct bacterium had been grown, a PCR

set up was completed using a reaction mix to allow sufficient PCR reaction mix for running

a gel and to allow sequencing, following the description given in Sections 5.5 and 5.6. Three

samples of different bacterial concentrations and two positive controls were prepared using the

following procedure:

1. a sterile toothpick was used to pick off bacteria from a previously prepared plate and

placed into the PCR reaction mix;

2. another sterile toothpick was used to add bacteria to 100µm of sterile water and mixed

thoroughly. 1.7µL was then pipetted into the second reaction mix;

3. a 1:9 dilution of the second mini-prep bacteria sample was made and added to the third

reaction mix;

4. a positive control of M. aquaeolei (Q2a1) was determined from the cloned sequence

results. 1.7µL of the recovered bacteria and plasmid DNA for this sequenced sample was

added to the fourth tube; and

5. 1.7µL of a 1:10 dilution of the positive control in tube 4 was added to tube 5.

Sequencing results confirmed that M. aquaeolei had been cultured in the laboratory samples.
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5.6.3 Marinobacter sp.

Marinobacter sp. currently comprises 18 different species, that have been identified in wa-

ters off Japan, Vietnam and Korea, as well as two varieties found near the Kerguelen islands

(subantartic conditions) and in the Red Sea. M. aquaeolei, shown in Figure 5.7, is a mod-

erately halophilic and mesophilic bacteria and was originally isolated from the “head of an

oil-producing well on the offshore oil/gas platform” (Huu et al., 1999, p367) off the coast of

Vietnam. The bacterium is rod-shaped, between 0.4µm to 0.5µm in width and 1.4µm to 1.6µm

in length. Huu et al. (1999) observed growth between 13 and 50�, and at pH levels between

5 and 10. Optimal growth occurred at 30� and a pH of 7.3. Like many other marine isolates,

M. aquaeolei appears to have the “ability to grow over a range of salinities as well as to utilise

a variety of substrates” (Huu et al., 1999, p372). The cells are “actively motile by the presence

of a single, frequently polar flagellum”, and are “characteristically found growing singly or in

pairs” (Huu et al., 1999, p369).

Fig. 5.7 Marinobacter Aquaeolei (after Huu
et al., 1999).

5.6.4 Other Bacteria in Samples

It is highly likely that other culturable bacteria apart from M. aquaeolei are present in the

sediments from the west coast of Africa. However, based on the available samples, and in

their conditions, it is not unexpected that only one culturable bacteria was identified. This

thesis solely considers the influence of M. aquaeolei on the sediment, though the techniques

and procedures developed herein may be used for future investigations of other core samples.

Although controls on environmental contamination during the extraction and preparation

of DNA for PCR were completed, contamination of samples themselves during collection and

while on-ship may have occurred.
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5.6.5 Conclusions

This section has detailed the successful identification of the culturable bacterium M. aquae-

olei in sediments obtained from 1,400m water depth off the coast of West Africa. This result

demonstrates that even after successive reconstitution and remoulding of sediment, DNA from

bacteria are still present and amplifiable using the PCR process. M. aquaeolei has been pur-

chased and successfully grown in the laboratory, therefore allowing the progression of geotech-

nical testing of samples inoculated with this bacterium.

Future core samples that are obtained from offshore site investigations may utilise the same

methods and protocols used in this phase of research with confidence of producing a positive

result.

5.7 Testing of Samples Inoculated with M. aquaeolei

5.7.1 Introduction

To provide a quantitative assessment on the influence of M. aquaeolei on the undrained shear

strength of West African clays, a reliable and repeatable method of shear measurement was

required. Two possible methods of sample preparation were considered: large, 0.3m diameter,

0.4m long samples with shear strength measurement undertaken using a mini-ball penetrom-

eter, or small, 0.075m diameter, 0.04m high samples for use with the Cam-shear apparatus.

Large diameter samples would require significant volumes of inoculated samples, and large

consolidation periods prior to testing. Controlling the environmental conditions by preventing

contamination of samples from external sources would also be difficult. The Cam-shear device

was therefore chosen for these investigations as it allowed both soil-soil and soil-interface mea-

surements under small vertical effective stresses and promised conclusions relevant to pipeline

design. The Cam-shear device also allowed ease of cleaning between tests, thus allowing a

controlled and contamination-free testing environment.

If this bacterium was the origin of the crustal strength, normally consolidated inoculated

samples would produce strengths of between 10kPa and 15kPa, and exhibit significantly higher

strength than sterile samples. This phase of testing therefore considered an initial set of tests

on sterile and inoculated samples to determine the influence of this bacterium. If it was

observed that crustal strength was achieved, additional tests would be undertaken to further

investigate the mechanism of strength increase. If, however, the initial tests demonstrated

that bacteria were unlikely to be the origin of the crustal strength, no further tests would be

undertaken.
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5.7.2 Experimental Procedure

No existing procedures are available in the literature for the inoculation and testing of sterile

offshore clay samples in relation to investigating strength variation. It was therefore required

to develop and implement new protocols that are straightforward and repeatable. The proce-

dure shown below was used to prepare inoculated samples and is founded on elements from

microbiological techniques and geotechnical laboratory testing methods:

1. prepare sea-water liquid medium and autoclave in conventional laboratory autoclave at

121� for 20 minutes;

2. in a laminar flow cabinet, ‘pick-off’ bacterial colony from sea water agar plate with sterile

toothpick and swirl toothpick in approximately 50ml autoclaved sea water liquid medium

in a 150ml conical flask;

3. incubate bacterial sample in flask for 2 days at 30� (optimum growth temperature)

while gently agitating in an incubator with an orbital shaker;

4. obtain West African clay samples and thoroughly remould in a beaker at the natural

water content;

5. autoclave approximately 300ml remoulded sample at 120� for 20 minutes;

6. thoroughly mix 40ml bacterial solution with 250ml autoclaved clay slurry in sterile con-

ditions; and

7. measure water content.

The sample sizes presented above are considered to be nominal, and represent sample volumes

which are readily prepared and handled in the laboratory. A sterile sample was prepared in

identical fashion to the inoculated sample, with the exception of the addition of the bacterial

colony. The sterile sample serves as a control and direct comparisons in strength can be made

between this and inoculated samples.

The PTFE shear box and pipe-coating surface were cleaned with 70% methylated spirits.

The box was placed onto the pipe-coating surface and water-resistant sealant was used to seal

the box to the surface. The inoculated slurry was then poured into the box and incubated,

submerged in a seawater water bath for two days at 30�. The sample was then normally

consolidated for 48 hours using a 0.9kg mass, producing a vertical stress of 2kPa. Upwards

drainage during consolidation was permitted through filter paper and a porous-plastic disk.

The sample was then kept under a vertical effective stress of 2kPa during the shear tests.

If bacterial activity is the dominant biological process producing crust material, shear test

results would show strength behaviour comparable with natural samples, and strength values

higher than control samples.
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5.7.3 Cam-Shear Inoculated Soil-Soil Results

Figure 5.8 shows the soil-soil shear strength of a remoulded sterile sample compared with

soil-soil shear tests undertaken on natural samples at a vertical effective stress of 2kPa. The

reconstituted sterile sample has a water content of 175% which is lower than those measured

for natural clays. The average water content of natural clays is 210%, as shown in Figure 2.2.

As expected, due to the disruption of the pre-existing fabric during remoulding, it is observed

that the sterile sample lies close to the lower bound of the natural samples tested. Due to

the variation in fabric, and the behaviour during shearing, the natural sediment is observed to

exhibit strengths that might approximate that of a remoulded sediment as shown in Figure 5.8.

Fig. 5.8 Cam-shear soil-soil test of a remoulded, sterile sample, normally consol-
idated under a vertical effective stress of 2kPa, underlain with strength envelope
of soil-soil strengths from natural clay tests.

Figure 5.9 presents the results of soil-soil shearing of an inoculated sample compared to the

sterile control sample, both having been prepared following the procedures outlined previously

and consolidated under a vertical effective stress of 2kPa. The following points are noted:

� peak undrained shear strength of the inoculated sample is about 1.6kPa compared to

about 1.4kPa for the sterile sample;

� the strength of the inoculated sample decreases to about 1kPa by a shearing distance of

8mm; and
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� the inoculated sample strength tends to be lower than the sterile sample strength after

several millimetres of shearing.

Fig. 5.9 Comparison of Cam-shear soil-soil test of a remoulded, inoculated and sterile
samples, normally consolidated under a vertical effective stress of 2kPa, underlain
with strength envelope of soil-soil strengths from natural clay tests.

The strength of the sterile sample remains relatively constant over the distance of the test,

without a well-defined peak in strength. Strength traces from natural sediments consolidated

under σ′v=2kPa and shown in Figure 5.10, show a gradual increase in strength or demonstrate

minor strain softening. Though these samples are from between 0m and and 0.05m depth

(above the crust), they still exhibit natural structure which produces relatively high strengths.

The inoculated sample in contrast, shows a sharp peak at small strain before softening by over

30%. This sample, if having been structured into ‘crust material’ by the added bacterium,

would have been expected to produce strengths higher than the natural samples. The strength

would therefore, also have been significantly higher than the sterile control sample. Though

producing a measurable increase in peak strength over the sterile sample, these results demon-

strate that the presence of M. aquaeolei does not create the high strengths measured in crusts

samples. Therefore M. aquaeolei and similar bacteria are not considered to be the originators

of the crust.

Validation of the growth of bacteria was unable to be undertaken using the ESEM due to
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Fig. 5.10 Collated Cam-shear soil-soil strength profiles for natural samples consoli-
dated under 2kPa. These samples represent material overlying the crust.

restrictions of its use for microbiological samples. Fresh sea-water agar plates were therefore

prepared following the procedures provided in Appendix E. After the Cam-shear tests with

sterile and inoculated samples, samples of each were mixed with sterile sea-water liquid media

and placed on the sea-water agar plates. The plates were then allowed to grow for two days

at room temperature. The results of these tests are shown in Figure 5.11. This figure demon-

strates that the sterile sample remained sterile during the testing as no growth is observed

within or surrounding the clay samples. The inoculated sample shows the active growth of M.

aquaeolei, with white, cloudy bacterium colonies surrounding the sample.
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Fig. 5.11 Sterile sample (left) showing no growth of bacteria surrounding tested sample;
inoculated sample (right) showing growth of M. aquaeolei around the clay sample.

5.7.4 Cam-shear Inoculated Interface Results

Figure 5.12 shows the results of the control sample sheared on a rough pipe coating with

roughness of 100µm. The results demonstrate that the sterile sample produces consistent

strengths with an interface friction coefficient of µ=0.25, which is about 60% of the value

observed for the natural sediment. It is also noted that the rate of shearing (from 0.5mm/s to

0.005mm/s) does not significantly influence the value of µ. In comparison, Figure 5.13 shows

the interface shearing results of the inoculated sample, again sheared on the rough coating.

This figure shows that the inoculated sample produces a more erratic behaviour, and that the

interface strength may fall to zero. This is reminiscent to results obtained when testing some

natural crust samples. The following points are noted from Figure 5.13:

� after an initial peak of about 1kPa strength (µpeak=0.5), a shearing rate of 0.5mm/s

tends to about µres=0.3;

� shearing at 0.05mm/s shows a large loss of strength from about µpeak=0.3 to zero before

recovering towards µres=0.2; and

� shearing at 0.005mm/s tends to produce a µres of about 0.4.
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Fig. 5.12 Cam-shear test of a normally consolidated, sterile sample under a 2kPa
vertical effective stress. Shearing on a rough interface.

Fig. 5.13 Cam-shear test of normally consolidated, inoculated sample under a 2kPa
vertical effective stress. Shearing on a rough interface.
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A direct comparison of the control and inoculated samples shown in Figures 5.12 and 5.13

indicates that the remoulded, sterile sample lacks a ‘strengthening’ structure. Therefore,

shearing on a rough interface results in a relatively constant friction value. By inoculating an

initially sterile sample, a strengthening structure is introduced to the remoulded clay, which, in

the process of shearing on a rough interface, may be destroyed. This is reminiscent of behaviour

observed by the natural sediment. The process of structure destruction with natural samples

was suggested to generate positive excess pore pressure, which may cause the friction values

to drop to zero. A similar process may be induced by shearing inoculated samples, as seen by

the sample sheared at 0.05mm/s. At larger strains, and presumably once the structure has

been fully remoulded, no further positive excess pore pressures are generated and the strength

is able to recover slightly. By comparing the results of the sterile and inoculated samples

sheared at 0.5mm/s and 0.005mm/s, it is observed that the inoculated sample may be capable

of producing an increase in interface friction coefficient of between 0.1 and 0.2 (between 0.2kPa

and 0.4kPa strength).

5.8 Conclusions and Discussion

Based on the work presented in this chapter, M. aquaeolei is found to modify the structure of a

remoulded clay, but insufficiently so to create crustal strength. It is likely that the generation of

polysaccharides by the bacteria is the main contributor to the slight increase in soil strength,

and its presence may also play a role in the behaviour observed in interface shear results.

Recent studies on the DNA extraction of M. aquaeolei highlight the ability of this bacterium

to produce significant amounts of polysaccharides (Wang and Edwards, 2009). Given that the

samples prepared for the experiments in this chapter were subject to ‘ideal’ growth conditions,

it is therefore considered likely that polysaccharides were present in abundance in inoculated

samples. The aim for this phase of investigation was the evaluation of M. aquaeolei ’s ability

to produce crustal strength. It is therefore shown through the completed investigation, that

the influence of this bacterium alone is insufficient to produce the observed crustal strength in

natural sediments, and therefore, no further testing with this bacterium will be undertaken.

5.8.1 Comments on Experimental Conditions

Sources of energy for bacteria in deep ocean sediments are limited to the presence of organic

material either as an environmental system input via ‘marine snow’, or through the production

of faecal matter by invertebrates and other forms of marine life. As discussed previously,

Thomas et al. (2005) found that the organic content of these sediments range from 2% to 6%.

By providing the tested bacteria with an ideal organic carbon source (sea water agar), the

preparation of inoculated samples has approximated a organic content source of about 25%
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based on a water content of 175%. This far exceeds the organic content levels expected in the

natural sediment.

What is not physically possible to investigate in the laboratory environment is the contin-

ual recycling of organic material which takes place close to the benthic boundary layer over

decades and centuries. This recycling may result in long-term effects on sediment properties

as generations of bacteria process and reprocess the material. With time being the experi-

mental parameter limiting the ability to model ‘true’ biological activity in these sediments,

this requires laboratory experiments to compress the processes into a more manageable time

frame. The experiments undertaken in this chapter are therefore likely to be a significant sim-

plification of the bacterial activity in the sediment found off the coast of West Africa, where

thousands of competing bacteria have significant amounts of time to modify the sediment.

Nevertheless, by providing the optimum growth conditions of 30� (compared to the severely

limited rate of biological activity at 4�), this accelerates the biological activity by many or-

ders of magnitude. This may therefore provide experimental conditions which reflect several

decades or centuries of bacterial ‘work’ on the sediment, albeit of one bacteria species.

The completed work demonstrates that bacteria are present in marine sediment, and they

have the ability to modify the soil structure. Natural soil cannot therefore, be assumed to be

sterile.

5.8.2 Application to Hot-Oil Pipelines

The laboratory conditions utilised in these experiments are evidently not representative of

in situ conditions. However, hot pipelines embedded within crust material exhibit external

temperatures several degrees higher than the ambient temperature of about 4�, depending

on the specific pipeline and soil characteristics (Bruton, 2010). This increase in temperature

will have a significant influence on microbiological processes, both by increasing their activity

and by encouraging new species to colonise the sediment adjacent to the pipeline. The sig-

nificance of this on soil-pipeline interface behaviour is yet to be considered by the oil and gas

industry. A temperature of 4� is considered to be suitable for the medium-term retardation

of bacterial growth in microbiological practice. In contrast, raising the temperature by 25�

to 30� accelerates bacterial growth by several orders of magnitude, potentially representing

several years or decades of bacterial ‘work’. This chapter, does not identify the originators of

crustal strength, however, it does illustrate that elevated growth temperatures, such as those

from installed hot-pipes will have a significant impact on the microbiological activity in the

surrounding sediment.
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5.8.3 Closing Comments

This chapter has described procedures used to identify the presence of bacteria in deep sea

sediments. These procedures confirmed that culturable bacteria in the form of M. aquaeolei is

present in West African clay samples. It is highly likely that other bacteria are also present.

The influence of M. aquaeolei on the sediment strength has been demonstrated through the

application of novel techniques linking microbiological and geotechnical procedures. It has

been shown that the presence of this particular bacteria may increase the sediment strength

by a factor of 1.3. Though this is a measurable amount in laboratory experiments, this increase

in strength is not significant enough to be considered as the sole contributor to the crustal

strength which requires an increase of over 200%. Interface shearing of inoculated samples

does however, demonstrate the ability of this bacterium to alter the fabric of the sediment

sufficiently for variation in mechanical behaviour on a rough interface to occur.

The findings described here therefore suggest that further investigation of the crust’s main

originator is required. The following chapter will consider the influences of burrowing inverte-

brates on sediment properties.
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Chapter 6

Burrowing Invertebrates

Chapter 5 demonstrated that M. aquaeolei has little influence on sediment strength, so further

investigation into the origins of the crust material is required. A review of the literature showed

that the influence of burrowing invertebrates in marine sediments has largely been inconclusive,

with some authors suggesting that burrowing invertebrates strengthen the sediment, and others

suggesting the contrary. In this chapter, the natural sediment comprising the crust is analysed

in order to identify any evidence that burrowing invertebrates are the source of the crustal

strength. Based on the findings of this investigation, further experimental work involving

oedometer tests and fall-cone tests were conducted on a variety of samples. This chapter

concludes with a discussion on the results of these experiments.

6.1 Evidence for Burrowing Invertebrates

Natural core samples have been investigated using a range of methods to identify evidence for

the influence of burrowing invertebrates. The results are presented in this section.

6.1.1 Burrows

Evidence for burrowing invertebrates is observed in box cores collected by Fugro and BP

Exploration, shown in Figure 6.1. This figure shows the presence of several large, open burrows

within crust material, underlying oxidised, red-brown, soft ooze.

Visual examination of split cores, and sample preparation for Cam-shear testing also iden-

tified numerous open burrows of various diameters distributed throughout the sediment. X-ray

computer tomography (CT) equipment (X-TEK, HMX 160) was used to image undisturbed

core samples prior to laboratory testing. Samples were prepared by cutting intact core samples

to 60mm lengths to allow sufficient resolution to be achieved over the entire sample. Samples

were placed on a pedestal within the machine and subject to X-rays in a pre-programmed

array of slices. Raw image data in three dimensions was generated by the machine, which was
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6. BURROWING INVERTEBRATES

Fig. 6.1 Box core sample taken from, off the West coast of Africa,
showing large open burrows. Shown with permission from BP
Exploration.

then collated by imaging software to produce a 3D digital render of the sample. The image

was trimmed to exclude data corresponding to the plastic core liner. The contrast was ma-

nipulated to enhance information pertaining to materials exhibiting different X-ray ‘densities’.

Due to the very high water content of the tested samples, it was not possible to resolve the

matrix structure of intact cores. It was, however, possible to exclude the X-ray densities of

wet clay and thus display the residual image of open, elongate burrows within the samples.

Images produced with X-ray CT scanning are shown in Figures 6.2 and 6.3. Burrows of

between 1mm and 3mm diameter are observed in these scans, with random orientations in

both sub-vertical and sub-horizontal directions. These burrows are filled with water; however,

during the process of sub-sampling, they are able to partially drain. Some observed burrows

may still have been connected to the seabed if they were currently in use by animals, whereas

others may have been abandoned.

As demonstrated from the review of the literature in Chapter 4, several authors have

considered the influence of open burrows on sediment properties. An example of this is the

ability to increase permeability and hence accelerate consolidation. They may also act as
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6.1 Evidence for Burrowing Invertebrates

conduits for advancing the rate of chemical alteration of surrounding sediment.

With reference to the design of hot-oil pipelines, the presence of abundant open burrows

in crust material will influence the time required for laid pipelines to consolidate, and if the

burrows remain open, they may allow excess pore pressures to dissipate more rapidly during

shearing. If, however, the pipe laying process significantly disturbs the seabed sediment,

burrows may be closed by smearing and thus the permeability will be reduced by several orders

of magnitude. In terms of laboratory testing of natural samples, the presence of randomly-

oriented burrows will influence results, which may therefore be reflected in a wide range of

values.
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6. BURROWING INVERTEBRATES

6.1.2 Faecal Pellets

Faecal pellets with a size comparable with rice grains were observed in box cores, as seen in

Figure 6.4. Their influence on the bulk sediment properties was not generally deemed to be

significant as they appeared to only occur in discrete, random pockets within core samples.

Fig. 6.4 Rice-grain-sized faecal pellets found within a box core taken from
deep water West African sediments, with permission from BP Exploration.

West African sediments have been classified by Evans (2002) and Thomas et al. (2005).

Tests undertaken by Evans (2002) followed the ‘falling drop method’, which is “primarily a

sedimentation method based on Stoke’s Law” (Evans, 2002, p10). Sample preparation for this

method requires the samples to be treated with water and hydrogen peroxide to dis-aggregate

clay particles prior to washing through a 60µm sieve and centrifuging. Thomas et al. (2005)

undertook a study on the ability of cation exchange resins, disodic phosphates and ultrasound

to disperse the sediment. It was concluded that samples should be treated with a combination

of cation exchange resins and ultrasound to obtain the particle size distribution. Figure 6.5

presents the relative particle size distributions obtained by Evans (2002) and Thomas et al.

(2005). Almost all material passes the 63µm sieve indicating that the sediments predominantly

comprise clays or silty clays. These results masked the need to undertake further particle size

distribution (PSD) analysis on natural cores.

Only after observing the unexpectedly rough and undulating surface of samples prepared

for Cam-shear tests did the question of particle size arise. As shown in Figure 6.6, the surface

of core material cut with cheese wire is not smooth and smeared as might be expected for a

clay sample. Wavy ridges are observed throughout the cut surface, which expose a ‘grainy’
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6.1 Evidence for Burrowing Invertebrates

Fig. 6.5 Particle size distribution of West African clay as determined by the Norwe-
gian Geotechnical Institute and Puech et al. (2005), indicating predominantly clay
or silty clay material.

fabric. This suggests that discrete, fine-sand-sized soil particles may be present in samples.

A ‘quick’ wet sieve of natural clay exhibiting the rough cut surface was undertaken through

a 225µm sieve. This exposed thousands of smooth, capsule-shaped ‘agglomerates’ of clay. This

finding gave preliminary support to the observation that the clay appeared to contain material

coarser than originally assumed. Based on the available literature (e.g. Bayliss and Syvitski,

1982; Martens, 1978; Moore, 1931a) and discussion with experts at the National Oceanogra-

phy Centre, Southampton (Gooday, 2009), it was concluded that the observed agglomerates

were faecal pellets produced by a range of different burrowing invertebrate species, including

those from the polychaete sp. Abundant faecal pellets within these sediments may have a

significant influence on the mechanical behaviour of the soil. Depending on their individual

(and collective) strength and distribution, a sufficient number of pellets may increase the bulk

grain size from a clay to a silt or even fine sand. This could increase the effective permeability

and strength by several orders of magnitude over that of a normally consolidated clay. The

abundance of faecal pellets in the crust material clearly required investigation. The procedure

and results of this investigation are presented in the proceeding section.
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6. BURROWING INVERTEBRATES

Fig. 6.6 Photograph showing the grainy, undulating texture of a
core sample cut with a cheese wire, suggesting the presence of
coarser grains.

6.2 Faecal Pellet Percentages

Conventional particle size distribution (PSD) analysis of clayey soils based on ASTM D442-

63 was found to be an inappropriate method for investigating the individual pellets found

within these sediments, due to the mechanical breakage of pellets during preparation. Pellet

preservation was achieved by utilising the author’s previous experience of techniques used

in sedimentological washing of foraminifera. Using this method, bulk natural samples were

carefully washed with running water through a series of sieves without prior drying, crushing

or remoulding of the sediment. This process ensured the survival of pre-existing biologically-

bonded aggregates for post-washing analysis. As water is used as the deflocculating agent

in this method, results cannot be presented as a percentage of the natural sediment’s mass.

Instead, results are presented as pellet percentages by original total dry mass. The sieve sizes

used included 465µm, 300µm, 212µm, 125µm, 75µm, 63µm, 53µm, 38µm, and 20µm, with

material passing the smallest sieve being discarded.

Samples were prepared by measuring the water content of cuttings adjacent to the test

sample following the procedure given in ASTM D2216. The test sample was then weighed

to determine the total mass prior to wet sieving. Once thoroughly washed through the stack

of sieves, the material remaining on each sieve was then removed and dried in an oven at
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6.2 Faecal Pellet Percentages

105� for at least 24 hours. The dried samples were weighed and the dry masses converted

to a percentage of the original test sample whose dry mass was determined from the original

measured water content. This is referred to herein, as the ‘faecal pellet percentage’. Optical

imaging was undertaken on dried samples, however, the resulting images were not a true

representation of the original pellets due to shrinkage during drying.

6.2.1 Faecal Pellet Wet Sieving Results

Cores from several depths were wet-sieved to determine the percentages of faecal pellets larger

than 63µm, shown in Figure 6.7, and as summarised in Table 6.1. Figure 6.8 presents the per-

centage passing each sieve size for Core B shown in Figure 6.7. The sieve fraction percentages

shown in this figure are typical for most cores tested. The majority of pellets in the cores are

found in the 63µm to 125µm fraction, and the smallest percentage are found in the >300µm

fraction. Faecal pellet sieve fraction plots of the other core samples are shown in Appendix F.

Core G represents material containing a significantly high fraction of sand, discussed in more

detail in Section 6.3. The results of this particular sample are not considered representative of

the crust material, and will not be considered in the following discussion concerning the crust.

Based on in situ and laboratory testing, the crustal strength observed in these samples

generally develops from a depth of about 0.15m below the seabed. The peak strength of crust

material, however, may vary from 8kPa to 12kPa in specific core samples, based on mini T-

bar, mini ball and cone penetration testing. Figure 6.9 shows the relationship between the

percentage of faecal pellets in the various cores, as shown in Figure 6.7, and the undrained

shear strength obtained from adjacent penetrometer probes at the depth appropriate to the

wet-sieved sample. These figures indicate that crusts contain 20% to over 50% faecal pellets by

dry mass, and that there is a strong correlation between the measured strength and the faecal

pellet content in crust material. The 2m long STACOR sample exhibiting peak strength at a

depth of about 1m was provided as two 1m long core sections. These core sections were found

to be in poor condition, with desiccation evident at the core tops and softening at the core

bottoms. The wet sieving of this particular core indicates a small increase in the percentage

of pellets down to 1m depth followed by a reduction in pellet percentage. The maximum

percentage of pellets, however, is only 22%. Core disturbance during sampling and subsequent

transportation and storage is considered to be the likely cause of these lower results.
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Table 6.1 Summary of samples wet sieved for faecal pellets.

Core Depth wc Dry mass % pellets
>63mm by
dry mass

m % g

A 0.2 164 8.48 55

0.25 176 9.47 53

0.3 174 6.29 55

0.42 188 10.2 46

B 0.27 211 8.66 33

0.4 190 8.73 35

C 0.04 163 15.47 46

0.2 149 12.99 32

0.4 156 15.7 33

D 0.07 287 7.59 28

0.17 260 7.86 27

0.28 220 8.72 30

E 0.03 247 14.46 22

0.1 198 8.6 20

0.2 189 10.16 21

0.3 189 7.28 19

F 0.35 225 9.87 17

0.6 198 13.68 21

0.8 216 11.74 18

1 186 6.75 22

1.2 181 10.87 20

1.3 209 10.44 19

1.6 212 13.38 17

1.9 211 17.59 15

G 0.25 61 46.15 71

0.3 62 22.31 62
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6. BURROWING INVERTEBRATES

Fig. 6.9 Relationship between the percentage of faecal pellets in natural crust samples and
the undrained shear strength measured using mini T-bar, mini ball and cone penetrome-
ters.

PSD profiles are presented in Figure 6.10 with comparisons to previous testing undertaken

by Evans (2002) and Thomas et al. (2005) who used different techniques, as discussed previ-

ously. This figure illustrates the difference in particle size distribution that is obtained when

samples are subject to different methods of preparation. Wet-sieving natural samples under

running water is shown to shift the particle size curve by at least one order of magnitude of

grain size. This demonstrates that pellets are robust enough to withstand careful washing. If

allowed to desiccate, be remoulded or subject to shear stresses, as required by sample prepa-

ration following ASTM D442-63, pellets will disintegrate into their constituent parts of clays,

diatoms and detrital fragments, such as sections of foraminifera, shell fragments and sponge

spicules.
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Fig. 6.10 Comparison of particle size distributions for wet-washed samples and pre-
vious results from Evans (2002) and Puech et al. (2005), showing a change in mean
grain size by approximately an order of magnitude.

Images of wet faecal pellets are shown in Figure 6.11. An environmental scanning elec-

tron microscope (ESEM, Zeiss EVO LS15 type) image of a typical intact pellet is shown in

Figure 6.12, demonstrating the well-defined ellipsoidal, capsular shape, and the presence of

diatoms within a matrix of clay.

6.2.2 Discussion

According to a study of sand-clay mixtures, Kumar and Muir Wood (1999), the percentage of

granular material required to significantly influence the mechanical properties of the mixture

is approximately 50%. A similar study on the shear strength of clay-sand mixtures by Vallejo

and Zhou (1994) suggests that a sand content of greater that 50% would result in the shear

strength being influenced by the presence of the sand. Below this amount, the strength would

remain largely that of the clay. Based on the wet-sieving method, the percentage of faecal

pellets in some samples suggests that it might be plausible for these pellets to influence the

mechanical behaviour of the sediment if they behave like fine sand grains, and especially if they

cause jamming and potential dilation during shearing. Figure 6.11 demonstrates that sieved

material greater than 63µm in size predominantly consists of faecal pellets. To determine

whether the material smaller than 63µm also comprises faecal material, samples from 0.03m,
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(a) Pellets of greater than 300µm diameter.

(b) Pellets of 212µm to 300µm diameter.

Fig. 6.11 Typical photographs of wet-sieved faecal pellets.

122
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Fig. 6.12 A faecal pellet of greater than 300µm diameter, imaged using an ESEM. Note the
ellipsoidal shape and the embedded diatoms, seen as arcs projecting from top of pellet.

0.2m and 0.3m depths were sieved to 20µm.

Figure 6.13 shows an ESEM image taken of material between 20µm and 53µm. This

image shows that the material within this fraction comprises agglomerates of clay which have

not dispersed during sieving. These agglomerates do not exhibit the well-defined shape of

the faecal pellet shown in Figure 6.12; however, given their apparent compactness, they may

represent pellets in various stages of decomposition. The material sieved to 20µm was found to

contribute between 8% and 12% by dry mass to the percentage of non-clay-sized material. This

indicates that the results presented in Figure 6.7 under predict the percentage of agglomerated

material within natural crust samples.

The faecal pellet percentage above the crust is not significantly less than that within the

crust. Based on previous studies, invertebrate activity is most prevalent within the upper 0.2

m of sediment. This would suggest that most faecal material will be produced and deposited

above this depth. As discussed in Section 3.1.1, the sediment to a depth of about 0.15m

exhibits extremely high water contents (often above 300%) and is essentially ‘unconsolidated

ooze’. It is suggested that the crustal strength develops when the material is subject to a
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6. BURROWING INVERTEBRATES

Fig. 6.13 Agglomerates of 20µm to 53µm imaged using an ESEM. These may be the remains
of decomposed faecal pellets.

confining stress due to overburden that resists the dilation of pellets during shearing.

Below the crust, at depths greater than 1.2m, the percentage of pellets decreases to below

levels that would influence the mechanical behaviour, and hence the strength of the sediment

should revert to that of a conventional clay sediment, based on the behaviour of clay-sand

mixtures considered by Kumar and Muir Wood (1999); Vallejo and Zhou (1994). Visual

inspection of cores indicate that no discrete pellets remain by about 1.9m depth. A ‘remnant’

pelletal texture, however, is evident in some sections of core at this depth. This indicates that

burial of more than about 1.2m may generate sufficient vertical effective stress to cause pellets

to crush and resediment their contents, coinciding with a loss in crustal strength. To test this

hypothesis, oedometer tests on crust material were undertaken, and the results are presented

in Section 6.4.
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6.3 Microscope Observations

This section presents typical images of natural sediment containing pellets and wet sieved

pellets, taken with a conventional optical microscope. Images were taken during Cam-shear

sample preparation to illustrate the natural fabric of samples, and highlight the variability en-

countered in core samples. Figure 6.14 shows examples of high plasticity clay and sandy crusts.

Within both types of samples, an apparently clear distinction between pelletised and matrix

material is observed. Large pellets are seen to exist either randomly within the matrix or to

populate a particular zone of the sample. Wet sieving the clay matrix, however, demonstrates

the existence of pellets within the matrix, which cannot be seen from visually examining fresh

core samples. Sieving of the sandy material (Figure 6.14(b)) shows that the sand grains are

likely to be faecal pellets that have been chemically altered. These grains retain their ovoid

form, but behave as incompressible sand grains.

Pellets within the crust material (Figure 6.14(a)) range in colour from dark grey and

pale grey to brown and pale brown. Some pellets show a darker brown discolouration that

may be the result of minor mineral alteration. Broken or crushed grains exhibit consistent

colouration to the external surface. For comparison, samples from 1.9m depth, representing

material from below the crust are shown in Figures 6.15 and 6.16. Examples of both wet

and oven-dried samples are presented, showing distinct green-brown colouration consistent

with glauconite replacement of the pellet’s original minerals through dissolution, with “iron

and potassium rich glauconitic smectites” (Odin and Matter, 1981, p631). Other references

to glauconite may only consider the appearance of the material as being pellet-shaped and

greenish in colour, as indicated by Birch (1979). As considered by Takahashi and Yagi (1929);

Moore (1939); Bayliss and Syvitski (1982); Chafetz and Reid (2000), faecal pellets are ideal

environments for glauconisation to occur due to alteration of clay mineralogy during sediment

digestion by burrowing invertebrates. It has been shown that “faecal pellets have an abundance

of the necessary ions for the growth of glauconite in the clay minerals originally comprising

the pellets” (Chafetz and Reid, 2000, p30).

In other samples from this depth, there is evidence for minor pyritisation (Figure 6.16),

predominantly of foraminifera and within the structure of siliceous sponge spicules. At 1.9m

depth, pellets make up about 15% of the total dry mass. Based on observations from optical

microscopy presented here, it is likely that these pellets remain following chemical alteration,

due to a combination of their resistance to mechanical crushing and their chemical inertness.
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6. BURROWING INVERTEBRATES

(a) Clay crust material containing pellets. Note the imprint left in the clay matrix (circled) when pellets are
removed from the sample.

(b) Sandy crust samples. Black sand grains are likely to be chemically altered faecal pellets.

Fig. 6.14 Photographs taken with a digital camera (left) and an optical microscope (right) of
clay and sandy crust samples.
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6. BURROWING INVERTEBRATES

Fig. 6.16 Photographs taken using an optical microscope of samples from 1.9m depth. Samples
were lit from below, allowing the imaging of internal pyritisation of foraminifera, examples of
which are circled.
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6.3 Microscope Observations

6.3.1 X-ray CT Imaging and ESEM of Faecal Pellets

Initial imaging of pellets was undertaken using a conventional scanning electron microscope

(SEM). The sample preparation to produce high resolution images requires the drying of

samples and coating with an element of high valency, such as gold. This allows the machine to

operate under a vacuum, thus minimising the interference experienced by the electron beam

due to air molecules within the chamber. Drying clay samples with high water content such as

those from marine sediments results in structural collapse under suction. Samples are therefore

no longer representative of the natural sample. The SEM was therefore unsuitable for imaging

wet pellets. An environmental scanning electron microscopy (ESEM) was instead used to

investigate the structure of intact pellets, as well as fragments of faecal pellets. The ESEM

allows imaging of moist samples by retaining a relatively high water vapour pressure within the

chamber. Retention of a high vapour pressure, however, usually results in images that are less

sharp than SEM images. To provide evidence for the natural sediment structure surrounding

pockets of pellets, X-ray CT imaging was undertaken on pellet subsamples following the sample

preparation described in Section 6.1.1.

A photograph of a natural sample containing large faecal pellets of approximately 1.5mm

diameter is shown in Figure 6.17. X-ray computer tomography (CT) images of the same sam-

ple are presented in Figure 6.18. These show the presence of macro-voids of a few millimetres

in diameter adjacent to pellets. Figure 6.19 presents ESEM images of washed pellets, which

indicate the presence of micro-voids within the structure of the pellets. These micro-voids are

observed to be less than 1µm to 3µm in diameter. ESEM imaging with the variable pressure

secondary electron (VPSE) detector also allows the identification of ‘wet textures’. Evidence

for mucin or peritrophic membranes (as discussed by Bayliss and Syvitski, 1982) surrounding

pellets is acquired using this method. The pellet membrane is produced within the gut of

burrowing invertebrates to ease passage through the digestive system. Peritrophic membranes

surrounding the pellet and mucous within the pellet produce robustness by providing a pro-

tective sheath for the pellet contents and by sticking the digested fragments together. By

imaging with a back scatter detector (BSD) in the same wet chamber as for VPSE imaging,

information about the internal structure of pellets can be resolved. This demonstrates the

arrangement of clay platelets at the surface of pellets and allows the imaging of micro-voids

within pellets.
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6. BURROWING INVERTEBRATES

Fig. 6.17 Photograph of sample prior to X-ray CT imaging. Note the large
faecal pellets, and the open voids adjacent to pellets.
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6.3 Microscope Observations

Fig. 6.18 X-ray CT images of a natural sample containing pellets. These images show the
presence of internal macro-voids located adjacent to faecal pellets, examples of which are
highlighted in images A and F.
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6.3 Microscope Observations

As the vapour pressure drops within the ESEM (typically after 40 to 60 minutes), samples

tend to dry, causing disruption of the pellet’s outer membrane and, eventually, cracking of

the clay pellets. This, allows images of pellet disintegration and provides information on their

internal composition. Figure 6.20 shows the presence of sponge spicules, diatom fragments

and remoulded clay exposed by drying.

Fig. 6.20 Pellets gradually dried within the ESEM reveal internal contents comprising diatoms,
sponge spicules and a clay matrix.
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6. BURROWING INVERTEBRATES

6.3.2 Energy Dispersive X-ray Spectroscopy

To identify the chemical composition of natural crust, energy dispersive X-ray spectroscopy

(EDX) was undertaken on two crust samples from 0.25m depth during imaging with a scanning

electron microscope (Leica Stereoscan 430). This method of chemical analysis produces a series

of traces that show the relative abundance of specific elements in relation to others. The two

results are shown in Figure 6.21. This figure indicates that the dominant elements in the crust

material are Al, Si, Na, Cl, Fe and smaller amounts of K. Samples were coated with gold

prior to imaging and EDX analysis, resulting in a large peak for Au. Na and Cl correspond

to the presence of salt (halite). The major constituents are consistent with glauconite, and

the proportion of Fe is significantly smaller than what might be expected compared to Hassan

and Baioumy (2006). These elements are, however, also typical of clay minerals including

muscovite, kaolinite and illite (of which glauconite is a alteration mineral). The EDX analysis

cannot therefore conclusively prove that glauconisation has occurred. It does, however, indicate

that precipitation of FeO or MgO is unlikely to be the origin of the crustal strength due to

the relatively low abundance of these elements.

6.3.3 Concluding Comments

The results and observations presented in Sections 6.2 and 6.3 demonstrate the abundance

of faecal pellets in natural samples, including information on their shape and size, and their

collective and internal structure. It is concluded that the crust material contains 30% to over

50% faecal pellets by dry mass, which are predominantly smaller than 300µm in diameter.

Based on these conclusions, the hypothetical bi-fold structure proposed in Chapter 3 is found

to be a reasonable model of the natural crust. However, it was not explicitly known how

the abundance of pellets influenced the sediment properties. To address this question, the

next section considers the one-dimensional compression of samples of natural crust, no-crust

and pellet-only samples. These tests investigate compressibility, coefficient of consolidation,

stiffness and permeability of samples, and whether pellet abundance has an influence on these

soil properties.
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6.3 Microscope Observations

Fig. 6.21 Results of two EDX analyses on crust samples from 0.25m depth showing abundance
of Al, Si, Na, Cl, Fe and smaller amounts of K.
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6. BURROWING INVERTEBRATES

6.4 Oedometer Testing

The observation that natural samples from below the crust contain only 15% faecal pellets by

dry mass suggests that the process of burial plays a major role in reducing pellet numbers.

This correlates with the observation that the crustal strength is limited to shallow depths.

The demise of pellets due to crushing under overburden stress was one hypothesis for the loss

of crustal strength. Oedometer tests were therefore undertaken to investigate the behaviour

of crust sediments under stresses exceeding their in situ stress state.

6.4.1 Testing of Natural Samples

The following objectives were considered during oedometer tests:

� estimation of the preconsolidation stress of natural samples;

� investigation of the compression and unloading behaviour at both very low stresses and

beyond the in situ vertical effective stress;

� investigation of the variation in physical properties during compression; and

� comparison with existing oedometer data from similar geographic locations, which con-

sidered samples taken from below the crust.

6.4.1.1 Sample Preparation

A conventional rear-loading oedometer apparatus was used to test crust samples from 0.25m

and 0.3m depth. A stress range of 1kPa to 282kPa, doubling the load at each stage, was

applied to the samples in order to investigate stresses from below to well past the in situ

vertical effective stress. Oedometer test samples were prepared using the following procedure:

1. take a sub-sample approximately 0.03m thick from box core tube by cutting through the

tube liner;

2. extrude the sample from the core tube liner;

3. trim the sample to a 0.075m diameter sample with a sharpened stainless steel cutter;

4. extrude the trimmed sample into a 0.02m high PTFE ring and trim flush with ring;

5. place the PTFE ring containing the sample on filter paper and a porous plastic disc and

wrap in cling film;

6. X-ray CT scan the sample;

7. place the PTFE ring and the sample into an aluminium sample holder with a brass

drainage disc at the base and clamp in-place;

8. place the entire set-up into a waterbath, reducing swelling by application of a seating

stress comprising a porous plastic disc and a PTFE perforated drainage disc;

9. measure any volume change with a LVDT placed on upper surface of the PTFE disc and

allow to stand for 5 hours or until changes in volume have ceased;
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6.5 Oedometer Testing Results

10. measure the water content of cut-offs;

11. wet-sieve the remaining cut-offs to determine the particle size distribution between

300µm and 38µm; and

12. apply consolidation masses to the loading frame.

The samples were permitted to consolidate for at least 24 hours at each stage or until

primary consolidation was completed. Settlements were measured using an LVDT connected

to a USB junction box and laptop running commercial data-logging software. To investigate

the small-stress consolidation behaviour of the West African clays at 0.03m (above the crust),

a low-friction, one-dimensional set-up was used comprising a light weight, self-hanging loading

frame. Sample preparation and the testing procedure was the same as for the conventional

oedometer apparatus although no doubling of the applied load was used for this test.

If the hypothesis that faecal pellet destruction is due to increasing vertical effective stress,

the specific volume-vertical effective stress (v-σ′v) relationship might have been expected to

show the behaviour of a sensitive soil with large volume reduction at a preconsolidation stress,

σ′c of approximately 2.5kPa, corresponding to the in situ effective stress near the bottom of

the crust. Furthermore, the percentage of pellets at each sieve fraction before testing should

be significantly higher than the percentage following the test.

6.4.2 Faecal Pellet-Only Oedometer Tests

To provide comparisons with natural samples containing different percentages of faecal pellets,

a pellet-only oedometer sample was prepared. This sample was created by sieving natural pel-

lets of 125µm to 212µm diameter from bulk samples, and prepared by the following procedure:

1. seal a 40mm high PTFE split-plane oedometer shear-box using silicone sealant, to a steel

baseplate containing a pre-embedded mini pore pressure transducer;

2. submerge the shear-box in a waterbath containing de-aired water;

3. decant the saturated pellets into the oedometer box;

4. allow settlement and rearrangement to occur under gentle vibration of the sample; and

5. level the pellet sample, if required, and measure the water content of the wet pellets.

An LVDT was used to monitor settlement at each loading stage and a pore pressure trans-

ducer was located at the centre of the base of the sample to indicate when the pore pressures

had dissipated. The sample was consolidated in stages to a maximum vertical effective stress

of 55.4kPa.

6.5 Oedometer Testing Results

Analysis and interpretation of the oedometer test results focused on the influence of faecal

pellets. The sample containing pellets only was considered to be the upper bound of a series
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6. BURROWING INVERTEBRATES

of pellet-sediment mixtures ranging from 100% pellets, through crust containing over 50%

pellets to the non-crust sample containing less than 20% pellets. Initial water contents for

these samples were 253% for the non-crust sample from 0.03m depth, and 174% and 194% for

crust samples from 0.25m and 0.3m, respectively.

6.5.1 One-Dimensional Stiffness

The tangential one-dimensional stiffness, determined by averaging adjacent pairs of stiffness

values calculated for each stress increment, is plotted against the cumulative applied verti-

cal effective stress on log-log axes in Figure 6.22. The corresponding specific volume, v-σ′v

relationship on semi-log axes is shown in Figure 6.23.

Figure 6.22 indicates that the relationship between the natural clay samples’ one-dimensional

stiffness and cumulative applied vertical effective stress falls within a relatively well-defined

band of values, where the relationship may be approximated by a power law. In contrast,

the relationship for the pellets-only sample is more complex. It is initially observed that the

tangential one-dimensional stiffness increases with cumulative applied stress to a maximum

of about 22MPa at approximately 1.6kPa vertical stress (path ‘A’ shown in Figure 6.22), be-

fore reducing to a relatively consistent stiffness of 6.6MPa to 7.8MPa (paths ‘B’ and ‘C’). A

‘collapse’ in the structure and thus sudden drop in voids ratio corresponding to this rapid

reduction in stiffness may have been expected. The reduction in stiffness to one third of the

original value corresponds to a relatively large change in specific volume per stress increment

in Figure 6.23. Lateral support for individual pellets will only be in the form of point contacts

with adjacent pellets. Large, water-filled macro-voids will therefore be present initially. The

reduction in stiffness may be due to the crushing of some pellets.

With a further increase in the vertical effective stress, it is observed that the tangential

stiffness remains relatively constant (path ‘C’). This may be due to continual breakage of

pellets and particle rearrangement with increasing stress, which does not permit the stiffness

to increase. The stiffness behaviour of the pellets then approaches a trend similar to the

natural samples containing 50% pellets (path ‘D’). Wet sieving of the pellet sample at the end

of the pellet oedometer showed that 71% of pellets remained intact. 9% of the sieved material

represented crushed pellet fragments sized between 63µm and 125µm. The remaining 20% of

material represented crushed fragments less than 63µm. During consolidation, the crushed

pellet material will progressively fill the macro-voids between intact pellets. The resulting

mixture of pellet and pellet-fragment material will therefore approach the behaviour of a

pellet-clay matrix typical of natural crust sediments.

Figure 6.23 also presents results obtained by De Gennaro et al. (2005) for samples taken

from 4m depth (below the crust). The following points on the relative compression behaviours

are noted:
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6.5 Oedometer Testing Results

Fig. 6.22 Tangential one-dimensional stiffness E′v plotted against cumulative ap-
plied vertical effective stress σ′v for samples of only-pellets (125µm to 212µm di-
ameter) and natural samples containing 20% to over 50% pellets (sample depths
of 0.03m, 0.25m and 0.3m).

139



6. BURROWING INVERTEBRATES

Fig. 6.23 Specific volume plotted against the applied vertical effective stress for samples of
only-pellets and natural samples containing 20% to 50% pellets, compared to samples tested
by De Gennaro et al. (2005).

� an apparent preconsolidation stress, σ′c of 10kPa is suggested by crust material based on

the method proposed by Casagrande (1936), and following ASTM 2435. Material above

the crust exhibits σ′c of 1kPa, and material below the crust apparently has σ′c=25kPa.

� once past σ′c, the slope of the curve defines the compression index, cc, which is found to

be 1.88 above the crust and between 1.01 and 1.22 within the crust. Below the crust

at 4m depth, De Gennaro et al. (2005)’s data indicates that cc approaches the intrinsic

compression line (ICL) defined by Burland (1990), with a value that is comparable to

the crust;

� the swelling index, cs is defined as the slope of the unloading-reloading section of the

curves, and is found to be between 0.08 and 0.14 with an arithmetic mean of 0.11 for

material above and within the crust;

� for the pellets-only sample, σ′c is 9kPa; cc approximates 1.34; and cs is found to be

between 0.02 and 0.07 with an arithmetic mean of 0.04.

Above the crust, the sediment exhibits a higher water content, with a more open struc-

ture. Pellets in this material are less well supported and therefore during one-dimensional
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6.5 Oedometer Testing Results

compression, some will crush and resediment as clay, resulting in a reduction in the number

of pellets. Based on the compression index values, crust material is less compressible than

overlying material. Le (2008) undertook oedometer tests on natural and remoulded samples of

similar material, ranging from 0.5m to 18m depth, and measured a cc of between 1.45 and 1.80

for natural non-crust samples and 1.20 for remoulded samples. The values obtained in this

thesis suggest that the crust material is less compressible than the material below the crust

based on a comparison with Le (2008)’s findings. The swelling index (cs) values measured

for the sample taken from 0.03m depth suggest that compression was irreversible up to 3kPa,

which is consistent with crushing of pellets and the gradual collapse of the natural fabric.

The ratio of cs to cc is approximately 0.1 for crust material and 0.06 for material above the

crust. These values are consistent with clay material. Burland (1990) suggests that this ratio

may be a “sensitivity indicator of fabric and inter-particle bonding in natural soil” (Burland,

1990, p356). The cs/cc values are likely to be influenced by the bulk natural fabric of the

crust, as well as variation in water content and specific fabric elements such as the percentage

of pellets in a sample.

Figure 6.24 presents the information shown in Figure 6.23 on a normalised vertical axis

of the void index (Iv), defined in Equation 2.1 following Burland (1990). De Gennaro et al.

(2005) found the intrinsic void ratio at 100kPa, e∗100 and coefficient of consolidation, c∗c for West

African clays to be 2.13 and 1.03, respectively. Burland (1990), having investigated a wide

range of natural and remoulded, reconstituted clays, identified that most natural clays lay on

a line approximately parallel to and above the intrinsic compression line (ICL) defined by the

remoulded, reconstituted clays. Cotecchia and Chandler (2000) extended Burland (1990)’s

work and observed that a sensitivity framework could encompass the ‘post-sedimentation’-

compression behaviour of natural clays. The clays examined by Burland (1990) are found to

lie between sensitivities of 3 and 5 when interpreted using the framework proposed by Cotecchia

and Chandler (2000). The curves corresponding to various soil sensitivities for samples tested

in this thesis are shown in Figure 6.24.

This figure indicates that the materials above, within and below the crust exhibit different

sensitivity behaviour. De Gennaro et al. (2005)’s sample from 4m approaches St=5 before

dropping towards the ICL (St=1). The sample from 0.03m crosses St=10 before dropping

below 10 and suggests a continuation towards the ICL with increasing stress level. The rate

of reduction in Iv is, however, much less than the sample from 4m depth. This shows that the

natural structure of material above and below the crust is able to support a significantly higher

vertical effective stress than a remoulded material before the structure begins to collapse under

increasing stress. In contrast to both of these, the samples from crust material (0.25m and

0.3m depth) tend to approach and then follow sensitivity curves defined by St=5 and St=10.

The pellet-only sample exhibits extraordinary behaviour, remaining on St of approximately 50.

141



6. BURROWING INVERTEBRATES

Fig. 6.24 Void index Iv plotted against the logarithm of applied vertical effective stress for
samples of only-pellets and natural samples containing 20% to 50% pellets and compared to
a sample from De Gennaro et al. (2005).

Its location, far above natural clays, is due to the large initial voids ratio produced by open,

water-filled pores between individual pellets. The crust and pellet-only samples do not exhibit

significant collapse of structure during one-dimensional loading. It is therefore proposed that

a unique normal consolidation line does not exist for clays starting with these structures;

rather, a family of normal consolidation curves for such pellet-rich samples may be developed.

These observations also show that the crushing of pellets is not associated with loss of crustal

strength.

6.5.1.1 Faecal Pellet Percentages in Natural Samples

Wet sieving of oedometer trimmings prior to testing, and of the consolidated sample after

testing, was undertaken to provide quantitative information on the amount of pellet crushing

caused by the tests. Figure 6.25 presents the results of the wet sieving. The following points

are noted:

� total pellet percentages of non-crust material from 0.03m depth fell from 21% to 16%

over a total stress change of 10kPa;
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6.5 Oedometer Testing Results

� the most significant reductions for non-crust material occurs for the 212µm to 300µm

and 63µm to 125µm fractions;

� pellet percentages pre- and post- testing for crust material from 0.25m and 0.3m depth

are comparable, with less than 4% variation in pellet percentage over a total stress change

of 280kPa; and

� large reductions in pellet percentages are observed in fractions greater than 212µm for

crust material, with a corresponding increase in material within the 63µm to 212µm

fraction.

Within the crust, pellets are supported by adjacent pellets and an in-filling matrix of clay,

which prevents pellets from excessive deformation and crushing. Nevertheless, larger pellets

are more susceptible to crushing than smaller pellets, resulting in the reductions for pellets

greater than 212µm in Figure 6.25. The increase in material from 63µm to 212µm must be

due to crushed pellet fragments. De Gennaro et al. (2005) do not observe faecal pellets in the

4m-deep sample, which is consistent with the observation that pellets only comprise about 15%

of the total dry mass by about 2m depth and the tendency for the Iv − σ′v curve to approach

the ICL. It is noted, however, that the absence of a reference to pellets may only mean that

they were not identified during the testing of samples.

6.5.2 Coefficient of Consolidation

The coefficient of consolidation (cv) was determined following the procedure outlined in ASTM

2435. The general solution for determining the coefficient of consolidation is in terms of

cv =
Tvd

2

t
, (6.1)

where Tv is the dimensionless time factor; d is the drainage distance assuming pore pressure

dissipation through a unit cell; and t is the time to reach the calculated proportion of primary

compression completed. The dimensionless time factor, Tv, was determined using the square-

root of time method (Taylor’s Method), and interpolating the value for T90, that is, the

dimensionless time factor for 90% primary consolidation, and the corresponding time, t to

achieve this condition. The variation of cv with the cumulative vertical effective stress (σ′v)

applied by the oedometer for the natural and pellet-only samples is shown in Figure 6.26.

Figure 6.27 presents cv plotted against the specific volume, v.
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Fig. 6.25 Comparison of faecal pellet percentages before and after oe-
dometer tests for natural samples of depths 0.03m, 0.25m and 0.3m.
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6.5 Oedometer Testing Results

Fig. 6.26 The coefficient of consolidation plotted against the applied vertical effective
stress for samples of only-pellets and natural samples containing 20% to 50% pellets.
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Fig. 6.27 The coefficient of consolidation plotted against the specific volume
for samples of only-pellets and natural samples containing 20% to 50% pellets.

The following points are drawn from Figure 6.26:

� natural samples at different in situ vertical effective stresses exhibit significant variations

in cv with increasing vertical effective stress;

� samples at higher in situ vertical effective stresses (corresponding to crust material)

exhibit cv values at least one order of magnitude higher than the sample at a lower in

situ vertical effective stress; and

� when compared to the literature, samples of crust material from 0.25m and 0.3m depth

have significantly higher cv values than would be expected for marine clays. For example,
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Singapore Marine Clay has cv of 0.5m2/yr to 1.7m2/yr (Chu et al., 2002) and 0.47m2/yr

to 0.6m2/yr (Arulrajah and Bo, 2008).

A series of curves are drawn in this figure, which relate the percentage of faecal pellets to

the variation of the coefficient of consolidation at a particular vertical effective stress. It is

shown that a sample containing 100% pellets (diameters 125µm to 212µm) initially exhibits a

cv of up to 100m2/yr. In contrast, a natural sample initially containing 20% pellets exhibits

a cv four magnitudes smaller. Natural samples with faecal pellet percentages of 30% and

50% map intermediate parallel lines on the logσ′v - logcv plot in Figure 6.26. The coefficient

of consolidation for the pellet-only sample is found to reduce by an order of magnitude as

the vertical effective stress rises from 20kPa to 40kPa. This results in cv of the pellet-only

material falling to values comparable with a natural sample containing over 50% pellets due

to the fragmentation of pellets and the associated filling of void space. These observations

are consistent with those made by Rowe (1972) who considered the importance of soil fabric

on soil properties. Rowe (1972) noted the closure of open plant-root tubes due to increasing

vertical effective stress, which caused a reduction in the coefficient of consolidation.

For a particular natural clay sample of known faecal pellet content subject to a proposed

pipe stress, the coefficient of consolidation can be predicted. Figure 6.28 presents a summary

of the empirical relationship between percentage of faecal pellets and the coefficient of con-

solidation for typical pipeline stresses in the form of a design-chart. The cv values shown in

this figure implicitly account for any crushing of pellets under the applied pipeline stress and

therefore it is only necessary to measure the natural material’s initial pellet percentage. It is

observed from this figure that a dramatic decrease in the coefficient of consolidation occurs

when the pellet percentage drops below 30%. This may coincide with a transition zone, where

the behaviour of the natural soils move from being dominated by pellets to being dominated

by the clay matrix.

By plotting the coefficient of consolidation against the specific volume v in Figure 6.27, it is

shown that the pellet-only sample initially has cv values three orders of magnitude greater than

the very shallow (0.03m depth) natural sample at a comparable voids ratio. The arrangement

of open voids within these two samples is thus demonstrated to be significantly different. The

pellet-only sample comprises compact pellets of clay surrounded with large macro-voids, thus

allowing the dissipation of excess pore pressures to occur. The natural sample, by comparison,

is an open clay matrix containing only a few compact pellets, and permeability is controlled

by the matrix alone. A transitional zone may be present for the pellet-only sample and the

natural samples containing over 50% pellets between specific volumes of 5.5 and 6. In this

region, the percentage of pellets of the natural and pellet-only samples are within 15%, and

they may therefore exhibit similar mechanical properties.
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Fig. 6.28 Empirical design chart showing the relationship between the percent-
age of pellets, measured by wet sieving a natural sample and to the coefficient
of consolidation.

6.5.3 Variation in Permeability

The variation in permeability, k, with respect to the one-dimensional stiffness is shown in Fig-

ure 6.29. It is observed that the pellet-only sample tends towards the behaviour of the natural

samples as the stiffness increases. The permeabilities of deeper samples are found to be higher

than shallower, more compressible samples that exhibit a more open fabric. Furthermore, it

is observed that the relationship between the permeability and the one-dimensional stiffness

of material containing over 50% pellets may be approximated by a power law. As noted from
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measuring the percentage of faecal pellets before and after compression, comparable numbers

of pellets were present at both stages in these samples. The permeability, however, decreased

by over two orders of magnitude. This suggests that the matrix of unpelletised clay sur-

rounding pellets has compressed, and elastic deformation of the pellets and minor crushing

has occurred. The initial permeability at low confining stress may represent drainage predom-

inantly around pellets, facilitated by the open fabric of the matrix clay and open burrows.

During one-dimensional compression, the matrix fabric collapses, resulting in forced drainage

through a mixture of both pellet material and compressed matrix clay, thus decreasing the

permeability.

As expected, material containing fewer pellets exhibits lower permeabilities and lower one-

dimensional stiffness. The pellet-only sample initially exhibits high, and relatively constant

permeability before dropping by two orders of magnitude towards the crust samples containing

over 50% pellets at comparable stiffness. This corresponds to the transitional zone between

these samples, observed in Figure 6.26 and 6.27.

Fig. 6.29 The permeability, k plotted against the tangential one-dimensional stiffness, E′v
for samples of only-pellets and natural samples containing 20% to 50% pellets.
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6.5.4 Discussion on Physical Processes During Consolidation

Based on the sieving of samples before and after oedometer tests, it is not explicitly known

when the majority of the pellet crushing occurs. During an oedometer test on ‘conventional’

soils, some crushing and rearrangement of particles occurs during initial loading. It is likely

that a similar process occurs for the samples tested in this thesis. With increasing load,

crushing occurs, initially of asperities and then of an increasingly larger proportion of particles

(e.g. McDowell and Bolton, 1998; Bolton et al., 2008). The v - σ′v relationship will thus

define the compression index, cc. This interpretation of the mechanical behaviour during

one-dimensional compression of the tested natural samples is likely to be a simplification of

the actual process. The tested material consists of robust grains (pellets) within a highly

compressible matrix, so during loading, two phases of consolidation may occur concurrently,

one of the matrix and the other of the pellets. Furthermore, the percentage of pellets will have

an influence on whether the consolidation behaviour is dominated by pellets or the matrix.

Initially, at low stress levels, the behaviour is likely to be dominated by the more compressible

matrix. Robust pellets may be free to move within the matrix or, conversely, the matrix is free

to flow round the pellets. As the stress level increases, deformation of poorly-supported pellets

may contribute to the bulk consolidation characteristics, and some pellets may begin to crush.

Finally, as the stress level reaches the crushing stress of individual grains, the proportion of

clay matrix to grains increases due to resedimentation of the contents of crushed pellets. This

stress level was not achieved in testing undertaken in this thesis as most pellets are still present

after oedometer tests.

Stresses of over 280kPa during oedometer testing are reached in situ by sediments at over

100m depth. As noted previously, at a depth of 1.9m, corresponding to material below the

crust, the sediment contained only 15% faecal pellets by dry mass (see Figure 6.7). It is

impossible to believe that the species of invertebrates responsible for faecal pellets in recent,

shallow sediments were not also acting in sediments tens of thousands of years ago, which are

now more deeply buried and found to be relatively free of pellets. The observation that only

a minimal change occurs in the number of pellets present in crustal samples loaded to high

stresses, demonstrates that increasing overburden stress is not, on its own, the cause of pellet

destruction, nor of loss of crustal strength. Another explanation for the loss of strength and

reduction of pellets in the sediment must be sought.

6.6 Strength of Faecal Pellets

The faecal pellets observed in tested samples are likely to have been produced by a large

number of different invertebrate species. Their presence illustrates the significant biological

influence of burrowing invertebrates on the crust material. The processes involved in pellet
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formation by invertebrates vary depending on species, but include activity within three sections

of the digestion system: fore-gut, mid-gut and hind-gut following Barnes et al. (1988). Factors

that may influence the robustness of pellets, and their mechanical behaviour once excreted,

include:

� the presence of salivary glands which coat ingested food with mucous in the fore-gut;

� mechanical break-down and sorting by contraction of muscle cells in the mid-gut wall

(Barnes, 1974);

� desiccation by osmosis; and

� formation of distinct pellets with mucus, described as ‘moulding’ by Barnes (1974) and

‘consolidating’ by Moore (1931a) in the hind-gut.

Moore (1931a,b) discusses the faecal pellets in muddy sediments within the Clyde Sea Area,

West Scotland, which can represent the entire composition of the sediment. Pellet formation

generally occurs close to the sediment-water interface, where animals have access to sufficient

oxygen. By contrast, at greater sediment depths, conditions remain favourable for smaller and

more robust creatures such as nematodes. Information relating to relative soil stiffness was

reported by Moore (1931b), who observed comparatively stiff, clayey conditions at a depth of

0.2m in the Clyde Sea sediments. No explicit description of the stiffer layer is given; however,

its location corresponded to sediment containing over 50% pellets ranging from 0.1mm to 1mm

in length. This suggests a strong relationship between faecal pellets and sediment strength.

The resilience of moulded pellets has also been noted by Moore (1931a), as the pellets were

resistant to fairly rough handling, and able to withstand boiling in sulphuric acid and strong

caustic soda. These observations led Moore (1931b) to suggest that pellets may remain in

their pelletised form for hundreds of years in an accumulating sediment.

A reference to faecal material along the African coast is described by Moore (1939) in

quoting Buchanan (1890). The ‘mouse-dropping-like’ pellets were in such abundance around

the mouth of the Congo River that Buchanan (1890) designated it as a ‘coprolitic mud’,

defined as castings of mud-eating organisms by Amstutz (1958). Thorp (1931) describes the

occurrence of ovoid pellets off the coast of Panama in water depths ranging from 2,000m to

over 3,500m; and their relative abundance in sediments ranging from 26.1% to 44.1%. Their

discussion suggests that the shape and size of these pellets indicate an organic excrement,

however, due to their apparent robustness, Thorp (1931) considered them to more likely be

the creation of chemical and physical aggregation. Thorp (1931) suggests that the presence of

bacteria in sediments surrounding pellets would tend to disseminate the internal contents, as

the pellets become the food source for the next smaller order of organism. As demonstrated

by Moore (1931b), however, pellets are robust enough to withstand hundreds of years within

the soil profile.
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Schafer (1972) considers the preservation of faecal pellets in sediment. Based on the mod-

ification processes within the invertebrate gut, and the method of expulsion, faeces may or

may not become a constituent of the sediment profile. Schafer (1972) suggests that faecal

material suited to the formation of deposits are those produced by sediment dwellers, such as

burrowing invertebrates, which require expelled material to be transported away from their

immediate surroundings, or which deposit pellets in abandoned sections of burrows. Such

creatures create either segmented or egg-shaped pellets. These pellets are “dehydrated, very

compact and suited for transportation” (Schafer, 1972, p426). Finally, it has already been

demonstrated by Figure 6.9 that in West African crust samples, a linear relationship exists

between the percentage of faecal pellets and the undrained shear strength of the same core.

6.6.1 Faecal-Pellet Crusher

The strength of individual faecal pellets, has not been explicitly investigated by previous

researchers. Indeed, pellets have not been considered as an engineering material. To provide

a quantifiable measure of pellet strength, a novel pellet-crushing device was designed, and is

shown in Figure 6.30. Individual pellets were placed on a saturated porous-plastic platform

and covered with a thin, impermeable, plastic membrane. A suction pressure, s, was applied

to the pellets through the porous plastic in 0.1kPa increments by lowering a reservoir of water

(open to the atmosphere) relative to the porous plastic platform. The plastic membrane was

forced onto the pellets by the atmospheric pressure acting on the outside of the membrane. As

most pellets encountered in the natural samples were between 63µm and 300µm, a microscope

was used to observe the point at which individual pellets crushed.

The results of several pellet-crushing experiments are presented in Figure 6.31. Results are

plotted as the number of individual pellets crushed at a particular suction pressure. A typical

example of a pellet before and after crushing is shown in Figure 6.32. Figure 6.31 demonstrates

that pellets crush at pressures ranging from about 0.1kPa to 1kPa. This represents a significant

variation in pellet strength, which may be due to the age, stage of degradation, internal

composition and in situ alteration experienced by the pellet post-excretion. The strength of

groups of pellets is found to be strongly influenced by the presence of adjacent pellets, as

seen by the ‘grouped pellets’ region in Figure 6.31. Groups allow arching of the applied stress

around centrally located pellets. The mechanism involved in the crushing of pellets using this

pellet crusher is considered to approximate the crushing of grains between platens, with the

pellet failing in tension at its mid-plane.

Converting the suction stress, s to an unconfined compressive strength, σc is undertaken

with caution due to the complexity involved in applying the crushing force via a flexible mem-

brane. It is evident from the loading process that the pellet will experience not only force

applied over the physical contact area, but also a tensile force due to the area of plastic mem-
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Fig. 6.30 Novel pellet-crushing device used to apply a crushing
stress onto pellets by the application of suction to a thin plastic
membrane.

Fig. 6.31 Results of pellet-crushing tests, showing the number of pellets crushed at
each stress increment for pellets between 212µm to 300µm, and greater than 300µm.
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Fig. 6.32 Photographs of pellets before and after crushing.

brane which drapes over the extremities of the pellet, as shown in Figure 6.33. To accurately

determine the stress at which the pellet crushes, the elasticity and variance in shape of the

plastic membrane needs to be accounted for. As an initial estimation, it is appropriate to

assume that the pellet experiences a stress that acts over the membrane’s draped area, ap-

proximated as an ellipse with draped distances of dpellet (the pellet’s diameter) from the pellet

as shown in Figure 6.34.

Fig. 6.33 During crushing, the thin plastic membrane may be seen
to drape over pellets, resulting in a water-filled void between the
sides of the pellet and the membrane.

Based on Shipway and Hutchings (1993), the tensile stress, σt at failure of lead glass spheres

may be approximated by:
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Fig. 6.34 Schematic diagram of an idealised pellet in plan view
and cross-section showing the approximated drape of the plastic
membrane.

σt =
0.4F0

πR2
, (6.2)

where F0 is the platten force at failure, found to be 3πsd2
pellet based on the assumption of an

elliptical drape, and R is the radius of the sphere (
dpellet

2 ). The faecal pellets fail in tension,

producing vertical failure planes as shown in Figure 6.32, which is similar to that of the spheres

investigated by Shipway and Hutchings (1993). The tensile force at failure for the tested pellets

is therefore approximately five times the applied suction pressure. An unconfined compressive

strength (UCS) can then be determined by assuming a conservative strength factor of 10 (e.g.

Hudsen and Harrison, 1997). The individual pellets therefore exhibit UCS values ranging from

5kPa to 50kPa.

6.6.2 Shearing of Faecal Pellets

To provide a comparison with Cam-shear tests on natural samples, interface and internal

shearing of pellet-only samples were undertaken. Pellets with sieved diameters of 125µm to

212µm were normally consolidated in the Cam-shear split-plane box under vertical effective

stresses ranging from 0.3kPa to 3.5kPa. Samples were prepared by the method described

in Section 6.4.2 for the pellet-only oedometer sample. Shearing at the split-plane to obtain

the pellet-pellet strength was then completed. Interface tests on rough (100µm) and smooth

(5µm) interfaces were also undertaken at confining stresses ranging from 1kPa to 4kPa. All
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tests were completed at a shearing rate of 0.05mm/s. Though this shearing rate represented

undrained shearing for natural soils, pellet-only samples have shown to exhibit coefficients of

consolidation of up to 100m2/yr, and therefore, this shearing rate is considered slow enough

to induce drained behaviour.

The results of peak strength for all tests are shown in Figure 6.35. This figure presents

a linear relationship between the peak shear strength and the applied effective stress. This

relationship is contrary to the Cam clay yield surface proposed by Schofield and Wroth (1968),

and the test results of natural samples presented in Chapter 3. It is, however, reminiscent of

the shear behaviour proposed by Hoek (2006) for rough and smooth rock joints, which assumes

that the behaviour may be modelled by the Mohr-Coulomb equation,

τ, τ∗ = c′ + σ′vtanφ
′, (6.3)

where τ, τ∗ are the interface and soil shear strengths, respectively, c′ is the cohesion intercept

produced by cementation at the sheared interface, σ′v is the applied vertical effective stress

during shearing, and φ′ is the measured angle of friction.

Fig. 6.35 Peak strength results from Cam-shear testing of 125µm to 212µm pel-
lets. Soil-soil, smooth and rough interface results are shown, demonstrating a linear
relationship for all tests.

Figure 6.35 shows that the smooth interface tests exhibit a relationship that passes through

the origin, whereas the rough interface exhibits a cohesion, c′ of 0.3kPa. Soil-soil tests approx-
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imate the shearing behaviour between very rough platens, giving a c′ of 0.4kPa. Figures 6.36

and 6.37 present strength-displacement data for these tests. These figures demonstrate that

samples sheared on rough interfaces reach a peak in strength within a shear displacement of

about 5mm, before strain softening by between 15% and 35%. Conversely, samples sheared

on the smooth interface either remain at a constant strength for the duration of the test, or

demonstrate a slight increase in strength before reaching a constant value after a shearing

distance of about 90mm.

Fig. 6.36 Rough interface, strength-displacement plots for pellet-only samples, show-
ing peak strength before softening behaviour at large displacements.

The strengths exhibited at the end of interface shear tests are plotted in Figure 6.38. This

figure shows that when sheared on either smooth or rough interfaces for sufficient distance,

the pellets will continue shearing at constant volume, that is, the pellets reach a critical state.

The interface friction coefficient indicated from this figure is µ=0.6. This is the same value

as µ*; the soil-soil friction coefficient assumed for Cam-shear testing of natural samples in

Chapter 3.

Figure 6.39 shows rough and smooth pipeline coating interfaces after shearing. This figure

clearly demonstrates that when sheared on an interface with roughness of 100µm, pellets are

continuously ground, crushed and destroyed. In contrast, little to no grinding or crushing

is observed for the smooth interface. This indicates that different shearing mechanisms are
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Fig. 6.37 Smooth interface, strength-displacement plots for pellet-only samples,
showing relatively constant strength after about 90mm shearing distance.

Fig. 6.38 Residual strengths for all rough and smooth interface, pellet-only Cam-
shear tests. All tests approach a critical state interface friction coefficient of µ=0.6.
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induced to produce the measured strength on rough and smooth interfaces. For a rough

interface, the shear strength is governed by the breakage and shearing of individual pellets.

For smooth interfaces, the measured strength is purely due to sliding and/or rolling of pellets

along the interface. Figure 6.40 shows the pellets located at the smooth interface after shearing,

demonstrating that they remained intact during the shearing process. The implications of this

observation on pipeline interface design is discussed in Chapter 7.

6.6.3 Autoclaving of Faecal Pellets

In microbiological experiments, the process of autoclaving degrades biological content present

in samples. The autoclaving process involves subjecting the biological sample to high pres-

sure steam at 121�. Autoclaving of intact faecal pellets was undertaken in a conventional

laboratory bench-top autoclave to investigate the influence of biological degradation on pellet

structure. A review of the literature suggests that pellets are coated both internally and ex-

ternally with mucous generated in the gut of burrowing invertebrates, and that a peritrophic

membrane may exist surrounding the pellet. This feature was observed in ESEM imaging

of pellets in Section 6.3.1. The process of autoclaving may therefore degrade the biological

bonding and cause a break-down of the pellet structure. Pellets were placed in glass beakers

containing sea water and autoclaved twice for 20 minutes each time at 121� prior to ESEM

imaging. Visual examination of pellets before and after autoclaving suggested minimal degra-

dation during the sterilising process, with pellets retaining their ellipsoidal shape. Figure 6.41

and 6.42 compares ESEM images of pellets before and after autoclaving. These images show

that the process of autoclaving does have an impact on the surface structure of pellets. Prior

to autoclaving, a relatively smooth, membrane-like structure is observed to cover the surface

of pellets. After autoclaving, the surface clay platelets and the smooth peritrophic membrane

are found to have been degraded.

Pellets were also subject to boiling with the addition of sodium hexametaphosphate, which

is commonly used to aid the dispersion of clays in sedimentological studies. After 15 minutes

of boiling and mixing, pellets remained intact. This observation demonstrates that though

the process of autoclaving does alter the structure of pellet surfaces at the micron-scale, it

is unlikely that the overall strength is influenced by the sterilisation process. Furthermore,

the process of ingestion and excretion is capable of compacting the clay structure into a

significantly more robust packet than unpelletised material. These conclusions suggest that

though the peritrophic membrane will gradually decompose through the activities of organisms

such as bacteria and nematoda, the pellets themselves will remain largely intact. Only after

hundreds or thousands of years of bacterial action and the activities of similar microorganisms,

may pellets finally resediment once more as normally consolidated material.
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(a) Photograph of smearing due to crushing of pellets observed while shearing
on the rough interface.

(b) Photograph showing no crushing of pellets occurs when shearing on the
smooth interface.

Fig. 6.39 Photographs showing the difference between shearing on rough and smooth interfaces.
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Fig. 6.40 Photograph of intact pellets that were located at the smooth interface after shearing,
demonstrating that no crushing had occurred.
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6.7 Fall-Cone Testing of Natural Samples

Fall-cone testing was undertaken on four natural core samples from two box cores to investigate

the variation in strength within the crust. Core samples were cut and trimmed at 0.1m intervals

and tested using a Geonor fall cone with a 80g cone. Each test location was noted for the

presence of large (visible) pellets, burrows and other sedimentological features that might

influence the measured strength. Between five and seven tests were completed at each depth

to provide information on strength variation within the 0.092m diameter cores. Tested samples

were then remoulded at constant moisture content and re-tested in a standard 50mm diameter

brass cup to determine the remoulded strength, and hence, the sensitivity of the soil. Boundary

effects caused by the core liner and adjacent tests were minimised by locating tests at a spacing

of 30mm. Given the structure of the natural cores, plastic deformation of the samples during

the fall-cone tests are unlikely to follow the theoretical models (e.g. Houlsby, 1982). Indeed,

the usefulness of the fall cone for natural sediments exhibiting significant variability is limited

and the results should be interpreted accordingly.

6.7.1 Fall-Cone Shear Strength Results

Figure 6.43 show the results of fall-cone tests on core samples with faecal pellet percentages

shown for five sub-samples and these are compared with a strength profile from the mini

ball penetrometer using a ball factor, Nball of 10.5. Determination of pellet percentage was

undertaken by wet-sieving a representative portion of the tested sample. Detailed inspection

of fall-cone test locations after strength measurements indicated that the percentage is an

average value. Locations that exhibited a higher strength had higher numbers of visible pellets.

Conversely, locations adjacent to open, water-filled burrows produced lower strengths due to

softening of the clay fabric. The main points drawn from these results are:

� a large amount of scatter is observed in samples below 0.1m depth, a location corre-

sponding to the transition between ‘unconsolidated’ ooze and the crust material;

� the presence of pellets observed without magnification and the open, water-filled burrows

significantly influence the measured strength; and

� an unexpected decrease in natural strength is observed for the 0.39m sample, corre-

sponding to a remoulded strength lower than the expected trend based on shallower

measurements.

It is likely that the sample from 0.39m depth was disturbed during sampling, given it was

located close to the end of the length of core. A slightly higher measured water content is also

noted for this particular depth, which may account for the lower strengths. The measured
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strengths may reflect an increased number of water-filled burrows. The relatively good com-

parison between the fall-cone measurements and the mini ball penetrometer suggests that a

value of Nball = 10.5 is suitable. However, it is accepted that given the highly variable nature

of the natural sediments, this value may be location-, or even core-specific.

Fig. 6.43 Fall cone test results for cores of crust material. A
large range of strengths may be obtained from cores contain-
ing material from the same parent box core. Tests undertaken
adjacent to faecal pellets and open burrows are noted.

Figure 6.44 shows a comparison of fall-cone measurements for core X, the corresponding

mini-T bar tests undertaken in the box core while on ship (by BP Exploration), and an in situ

CPT (by Fugro). This figure shows a relatively good correlation between the peak strength

measured using the fall-cone and mini T-bar penetrometers with a bar factor, Nb of 10.5, and

an average measurement of strength by the CPT. Figure 6.44 also presents the remoulded

strengths, determined by thoroughly remoulding the sample at constant water content and
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repeating the fall-cone test. It is observed that the remoulded strengths are comparable to

a normally consolidated sediment and, as expected, do not exhibit the variation in strength

observed in natural, undisturbed samples. The variation in sensitivity has been determined

from the ratio of peak strength to remoulded strength for each test depth, and is shown in

Figure 6.45. This figure shows that the sensitivity may vary with depth, with a minimum

value ranging from 1 for the shallowest sample to 5 for samples at about 0.3m depth. An

upper-bound on the sensitivity shows that values of over 10 may be achieved if large (visible)

pellets are present. Comparison with the strength shown in Figure 3.32 of a different core of

crust after 10 cycles of a mini-ball penetrometer, demonstrates the large difference in sensitiv-

ity measurements for the different tests. Peak strengths measured by both devices are similar,

though it is acknowledged that the ball penetrometer will tend to average strengths over the

area of the ball. The strengths of apparently remoulded material, however, are significantly

different. Remoulded fall-cone tests produce strengths from 0.3kPa to 0.8kPa, generally in-

creasing with depth. Non-crust material above 0.1m depth produces a remoulded strength

comparable with crust material at 0.3m depth. Conversely, the ball penetrometer measures

remoulded strengths of 1kPa for non-crust material and 5kPa for remoulded crust material.

This result indicates that the ball penetrometer is unable to fully remould the strongly struc-

tured crust containing faecal pellets. As demonstrated by Figure 6.45, a remoulded strength

of about 1kPa throughout the natural material implies that the crust sensitivity values are

approximately equal in magnitude to the measured peak (undisturbed) strength of the crust.
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6.8 Concluding Comments

This chapter has presented evidence for the presence of burrowing invertebrates within crust

material. A significant number of burrows and faecal pellets have been observed in natural

core samples of crust material. X-ray computer tomography has allowed non-intrusive, three-

dimensional imaging of burrows within cores, which demonstrates varied burrow orientations

and complexity within individual samples. By utilising wet-sieving techniques, it has been

shown that thousands of faecal pellets exist within the crust, representing, in some samples,

over 55% of the total dry mass. Oedometer testing of natural and pellet-only samples high-

lights the robustness of pellets and their significant influence on consolidation behaviour. It

has been shown that a series of normal consolidation lines exist, depending on the percent-

age of pellets within tested samples. The presence of pellets has also been shown to strongly

influence permeability and the coefficient of consolidation. The strength of individual pellets

has been estimated through the design and use of a novel pellet-crusher. The results suggest

that pellets may exhibit unconfined compressive strengths between 5kPa and 50kPa. By com-

pleting Cam-shear testing on pellet-only samples, it has been shown that the peak strength

of normally consolidated pellets exhibit linear shear-strength-confining-stress behaviour. ‘Ap-

parent cohesion’ intercepts are found to be governed by the interface roughness. Residual

interface strengths are found to approximate a constant interface friction coefficient of 0.6.

The robustness of faecal pellets is further demonstrated by sterilisation in an autoclave and

by boiling with sodium hexametaphosphate. Only surficial disruption of the peritrophic mem-

brane and outer clay platelets are observed, with the pellet structure remaining largely intact.

The testing of natural samples with a fall cone demonstrates the large variation in measured

strength, which is dependent on the proximity of the test location to large pellets or burrows.

Furthermore, the sensitivity of the crust material, as determined by fall-cone testing, is found

to be largely dependent on the measured shear strength. This is in contrast to the sensitivity

determined by mini-ball penetration tests undertaken in crust material, which suggested a

constant sensitivity value of 3.

Based on the results of this chapter, it is concluded that faecal pellets created by burrowing

invertebrates play a significant role in the generation of extraordinary strength, manifested as a

crust, in the marine sediments tested. A discussion of the applicability and implications of this

conclusion to marine geotechnics and the design of hot-oil pipelines is presented in Chapter 7.

In this chapter, a discussion of the testing methods used in this thesis and a summary of the

hypothetical life-cycle of deep ocean clay crusts is also presented.
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Chapter 7

Discussion Points

This chapter presents a discussion of the key findings of this thesis, including consideration of

the results of the completed mechanical tests and the observations made of crust material. The

limitations of equipment and analysis methods are considered, as are the potential applications

to pipeline design.

7.1 Cam-Shear Testing

The procedure used to complete interface tests with the Cam-shear device involved shearing

at three different rates after consolidation against the pipeline interface. A shearing distance

of approximately 50mm was completed at each speed. Chapter 6 presented evidence that the

natural fabric comprises crushable faecal pellets, and that the shearing behaviour is strongly

dependent on the destruction of the fabric, particularly on rough interfaces. It is therefore

concluded that by undertaking interface tests on the same soil sample at three different speeds

in sequence, the fabric will be intact only for the first speed trial, which in these tests was always

undertaken at 0.05mm/s. This explains why tests undertaken at 0.05mm/s are generally able

to attain a higher interface strength than the subsequent tests at 0.5mm/s and 0.005mm/s, as

shown in Figure 3.19. The alteration of fabric caused by each successive speed trial can also

provide an explanation for some of the variability in “residual strength” seen in Figure 3.21.

The first test on each sample was conducted at 0.05mm/s and gave variable residual strength,

sometime apparently “drained” and sometimes apparently “undrained”. Being previously

undisturbed, the sample will have high initial permeability, but on the other hand it will have

degraded during shearing. The second test at 0.5mm/s takes place on soil that is already

sheared and whose permeability will have fallen due to disruption to the natural fabric. Being

also 10 times faster, it is not unexpected that much smaller residual strengths are measured

(see Figure 3.21). The third test at 0.005mm/s also takes place on soil that is already sheared,

however, the slower shearing rate allows the partial dissipation of excess pore pressures and a
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larger strength to be measured.

7.1.1 Limitations of the Cam-Shear Device

The Cam-shear device generates information of particular interest to pipeline designers. Due

to low internal friction values and the simplicity of the design, the Cam-shear device is capable

of determining the interface friction between very soft clays and pipeline coatings, at a range

of shearing speeds. The shear box’s small diameter permits the testing of natural cores that

have been sub-sampled from box cores, as well as remoulded, reconsolidated samples.

The Cam-shear device, however, does have some limitations, which are:

� variable volume shearing; ‘new’ soil is sheared for the duration of the test; and

� a small shearing sample size.

These limitations are discussed in turn, below.

As shown in Figure 6.39, shearing on rough coating interfaces causes the tested sample to

smear and fill undulations in the coating material. This smeared material is left behind as

the shear box progresses forward. This indicates that the volume of material within the box

reduces as ‘new’ clay is continuously dragged down at the front of the shear box to fill the

surface undulations in the clean interface that it is traversing. Based on shear test observations,

smooth interfaces are less prone to this phenomenon. The measured interface strengths will be

influenced partially by this process. The strengths measured at the end of tests, particularly

on rough interfaces may be ‘residual’ values only in the sense that the Cam-shear process has

become steady and repeatable after 50mm of sliding, and not necessarily that the breakdown

of soil fabric has reached its maximum possible extent.

During the shearing of samples, it is possible for water to be entrained beneath the PTFE

shear box and cause an increase in excess pore pressures. This may influence the test results

due to the relatively small surface area of clay sample tested. To avoid this, Arasu (2010)

undertook tests with a 8m long pipe, which achieves a significantly larger soil-coating interface

area. Any water entrained under the front of the pipe would be negligible compared to the

surface area tested. This experimental set up can only be used for reconstituted samples

and not for natural soil samples. Arasu (2010)’s results indicate that though the influence of

entrained water is minimised, interface strengths still exhibit low residual strengths.
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7.2 Biology: the Key to Understanding Natural Sediment Be-

haviour

7.2.1 Variation in Strength

The Cam-shear test results presented in Figures 3.19 to 3.22 highlight the significant variability

in strength that is encountered when testing natural clays on interfaces. An investigation into

the structure of the tested samples provides an explanation for these observations. Natural clay

samples were found to be inhomogeneous; containing faecal pellets with random orientations

and numerous open, water-filled burrows. The measured interface strengths will be strongly

dependent on the arrangement of pellets, burrows and clay matrix on the shearing plane.

Furthermore, as observed in pellet-crushing tests, a large variation in pellet strengths will be

present at the interface. If particularly weak pellets are located at the interface, they will tend

to break down more easily, releasing water as the broken fragments re-pack more efficiently.

At higher shear speeds, this may generate excess pore water pressures that reduce local shear

strengths. This conclusion does not provide much comfort for pipeline designers seeking a

robust design value, however, it does highlight a need for the testing of natural samples rather

than remoulded, reconsolidated samples.

7.2.2 Comparison of Cam-Shear, Mini Ball Penetrometer and in situ T-bar

Tests

A comparison of the strength values that are obtained from different types of tests is provided

here, though difficulty exists when attempting to describe the mechanisms involved with each

type of test. Soils subject to cyclic testing with full-flow penetrometers experience large shear

strains, resulting in the strength falling from su,max to su,res. The mechanisms involved are

generally considered to involve the generation of positive excess pore pressures (thus reducing

effective stresses), or destruction of the soil’s natural fabric during the passage of the T-bar or

the ball through the soil.

The processes involved with reducing soil strength from peak to residual values on a pipeline

interface are considered by Bolton et al. (2007). They provide a non-dimensional framework in

which the shearing against asperities on a rough pipeline coating may be considered analogous

to the displacement of a penetrometer device moving past a particular piece of soil. However,

as discussed by Bolton et al. (2007), this hypothetical mechanism can not be verified due to

the minuscule size of coating asperities.

Based on the Cam-shear and mini-ball penetrometer test results presented in this thesis, it

is concluded that the process of shearing on a rough interface is at least an order of magnitude

more destructive to the natural fabric than moving a ball penetrometer through the soil over

10 cycles. Cam-shear tests samples are consolidated under applied pipeline stresses prior
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to shearing. The observation that a very low peak strength is obtained in Cam-shear tests

on rough interfaces before equally low residual strengths indicates that shearing at a rate

of 0.05mm/s induces an immediate destruction of the fabric with accompanying generation

of positive excess pore pressures. The penetration of a relatively smooth brass ball through

the same material does not achieve the same destructive behaviour as material flows over its

surface. It has been shown that the crust material contains robust pellets that break down

during shearing on a rough interface. It has also been shown that when subject to one-

dimensional compression, the surrounding clay matrix undergoes sufficient deformation such

that pellets are able to re-arrange themselves without the need for breakage. It is therefore

suggested that during the first cycle of a mini-ball penetration test, the crust material deforms

around the ball, resulting in only minor breakage of pellets and allowing the majority of pellets

to remain intact for subsequent cycles. After ten cycles, a sensitivity of 3 is measured. This

value is found to be small compared to fall-cone results, which indicated sensitivities of over 7

may be measured.

Recent full-flow penetration tests in crust material undertaken by Puech et al. (2010) show

that the sensitivity only reaches the values indicated by the fall-cone after 20 to 30 cycles.

7.2.3 Influence of Shearing Rate

Figure 3.21 shows that residual friction values range from 0.1 to 1 with an average of 0.3. The

large range in values indicates that drained conditions were not achieved even during shearing

at 0.005mm/s. Although natural samples exhibit very high coefficients of permeability, and

open burrows are observed in the samples tested, disruption of the natural fabric must be

preventing dissipation of excess pore pressures generated by the shearing of pellets on the

coating interface. By shearing at an even slower rate, truly drained shearing conditions could

be induced, producing a constant drained friction value, presumably of the order of 0.5 (see

Figure 3.21).

7.2.4 Faecal Pellets and Interface Friction

Cam-shear testing of natural, inoculated samples and pellet-only samples on smooth and

rough pipeline coatings facilitate discussion on the behaviour and mechanisms invoked during

shearing. A summary of the key observations from the results of shearing these three materials

on rough pipeline coatings is:

1. natural samples are capable of generating very small interface friction values, presum-

ably due to hydroplaning brought about by generation of positive excess pore pressure.

These excess pore pressures are considered to be caused by the crushing of faecal pellets;

creating fragments that fill adjacent water-filled voids during collapse. This forces water
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out along the interface.

2. shearing of sterile, remoulded West African clays samples that have been inoculated

with M. aquaeolei can produce strength values even lower than typical of normally

consolidated clays. This may be caused by the collapse of a polysaccharide-enhanced

structure, resulting in the clogging of water-filled voids.

3. pellet-only samples crush during shearing, however, they do not generate the very small

interface friction values observed in natural samples.

It is suggested that collapse of natural structure - however it has occurred - is responsible

for producing variable and very low friction values. As hypothesised previously, in Section 3.6,

the natural sediment contains two parts: a biologically enhanced component of grains, found to

be predominantly in the form of faecal pellets; and a matrix comprising of clay interlaced with

bacterial polysaccharides. A sample containing only faecal pellets can exhibit permeabilities

higher than that associated with clays, as indicated in Section 6.5.3, particularly when subject

to the low confining stresses imparted by a pipeline. This implies that during shearing on a

rough interface, water forced from voids that are being filled by crushed fragments of pellets

is permitted to drain through the permeable pellet-only fabric.

On the contrary, a natural sample containing 50% faecal pellets is an order of magnitude

less permeable due to the clay matrix surrounding the pellets. During shearing and crushing of

pellets, the matrix prevents drainage, inducing the generation of positive excess pore pressures.

A comparison of soil-soil Cam-shear tests undertaken on pellet-only (see Figure 6.35) and

natural-crust samples highlights the significant influence the clay matrix has on measured

strengths. Soil-soil tests show that natural samples can exhibit strengths that are 60% to 100%

greater than those of normally consolidated, pellet-only samples. This is due to the matrix,

which provides support to shearing pellets in natural clay. The initial structure of pellet-only

samples, which is formed during normal consolidation, will be comparatively unstable, and will

collapse when sheared, filling void spaces adjacent to pellets. Due to the high permeability of

pellet-only samples, the measured strength may be considered to be a drained value. Indeed,

tests undertaken on natural samples at a slow shearing rate of 0.005mm/s lie close and slightly

below the trend presented by the pellet-only samples.

During consolidation of pellet-only samples on a rough interface, pellets that are located

at the interface will squeeze between the asperities, forming an interlocked structure. When

sheared, positive excess pore pressures generated by filling of water-filled voids by pellet frag-

ments quickly dissipate through the permeable fabric of the sample. Comparison of Fig-

ures 6.35 and 3.19, show that values from pellet-only samples are almost universally higher

than peak strength values from natural samples. Smearing of the interface by the clay ma-

trix and the relatively low permeability of natural samples, prevents dissipation of positive

excess pore pressures. Through the process of void-filling due to fragment generation during
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pellet crushing, significantly lower interface friction values are measured by the inducement of

hydroplaning due presumably to excess pore pressures.

It can therefore be concluded that the percentage of faecal pellets will dictate the interface

shear behaviour of pipelines on rough coating interfaces. Samples containing greater than 70%

pellets will (initially) allow drainage of excess pore pressures and will therefore exhibit a larger

interface strength. Samples with sufficient clay matrix to fill the spaces between pellets will

retain excess pore pressures more easily and so will be more susceptible to hydroplaning.

7.2.5 Comments on Previous Cam-Shear Testing of West African Clays

Wet-sieving of bulk samples used in investigations by Bolton et al. (2007, 2009) identified the

presence of abundant, robust faecal pellets in samples that had undergone mechanical mixing to

create a remoulded slurry for Cam-shear testing. Based on wet-sieving, pellet percentages of at

least 15% are likely to have been present in the tested samples. These percentages are smaller

than those in the natural crust samples tested in this thesis. However, the shearing behaviour

at the interface, which involves pellets being crushed when sheared, will have the potential

to exhibit the behaviour observed when testing natural samples. These pellets provide an

explanation as to why large variations in, and low values of interface shear strength were

measured in apparently homogeneous, remoulded samples. It is therefore recommended that

in future, shallow marine core samples not only those from West African locations, are analysed

for the presence of invertebrate faecal pellets and other biological activity prior to testing.

7.2.6 Applicability of the Cam Clay Model

The analysis of Cam-shear data undertaken in this thesis has used the Cam clay model pro-

posed by Schofield and Wroth (1968) as a framework. This is justified by previous research

undertaken by Bolton et al. (2007, 2009), which suggested that the data from the shearing of

remoulded, reconsolidated West African clays could be adequately represented by the Cam clay

yield surface. The results presented in Chapter 3 exhibit similar Cam clay yield surfaces when

appropriate α-factors are applied to account for the interface testing of natural samples. Up-

per and lower yield surfaces obtained by calculating values for the apparent pre-consolidation

stress, σ′c,0 for each test have been drawn. However, it is noted that due to the heterogeneous

nature of natural samples, the model is unable to provide an adequate prediction of the in-

fluence and effects of biological activity. Part of this limitation is due to a difficulty in the

interpretation of stress-strain data for natural core samples, presented in Appendix A, and the

variability present in any sample. The plots in Appendix A illustrate that the stress-strain

behaviour rarely follows conventional profiles, such as an initially elastic phase followed by

elastic-plastic softening or hardening.
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Furthermore, only the vertical effective stress applied to the sample during consolidation

and shearing, and the measured shear strength are known. The effective stress path taken by

a particular soil sample during the shear tests is unknown.

For soil-soil tests, strain-softening to the critical state is expected to occur after yielding,

given that most samples exhibit overconsolidated to heavily overconsolidated behaviour when

subject to shearing under pipe stresses. This would imply that an interface friction coefficient,

µ of 0.6 would be experienced under large strains. This would correspond to low values of

strength, particularly for smaller pipelines that subject the sample to a 2kPa vertical effective

stress. For interface tests, it is observed that most samples, particularly those at 2kPa and

4kPa vertical effective stress, exhibit peak shear strengths that are a fraction of what would

be predicted by the Cam clay model. Furthermore, after shearing a distance of 50mm, the

strength does not recover. As discussed previously, this is due to immediate disruption of

the natural structure at the onset of shearing and the generation of positive excess pore

pressures and subsequent hydroplaning. Based on the Cam clay model, these samples would

then be expected to approach the critical state line (CSL) by strain-hardening, but instead,

residual values are grouped below the CSL, having either reduced in strength or never exhibited

strength at all. This is particularly evident for samples sheared at 0.5mm/s and 0.05mm/s.

Samples sheared at the slower rate of 0.005mm/s largely remain at the same shear strength

for the duration of the shear test.

The Cam clay model can account for crushing of grains during shearing (e.g. Cheng et al.,

2004), which is shown in this thesis to occur in both natural and pellet-only samples. This

model is however, largely unable to model soil sensitivity, and is therefore unable to predict

the behaviour experienced by these particular natural samples during shearing on interfaces.

It is therefore appropriate that the Cam clay model be used for the analysis of homogeneous,

remoulded and reconsolidated samples that do not contain robust faecal pellets. This model

will be less suitable for the analysis of heterogeneous samples where large variability in natural

structure, and thus sensitivity, is expected within the soil.

7.2.7 Applicability of One-Dimensional Consolidation Theory and Analysis

Using a Faecal-Pellet Framework

This thesis has used one-dimensional consolidation theory based on a unit cell model to anal-

yse oedometer test results. As for the Cam clay model, it is expected that the results of this

analysis will be strongly influenced by the heterogeneity of natural samples, particularly faecal

pellets and open, water-filled burrows. These structural elements will alter both the horizontal

and vertical permeability, and the sample stiffness. Smearing of sample surfaces during prepa-

ration will also influence the permeability. Furthermore, the consolidation of robust pellets

within a compressible clay matrix causes difficulties in identifying the transition from primary
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consolidation to creep. For example, under a given vertical effective stress, the clay matrix

may undergo normal consolidation by travelling down a normally consolidated line, whereas

pellets that have experienced a significantly higher preconsolidation stress may move down a

unload-reload line. It is clearly observed that the natural crust material is influenced by these

inclusions, and the results of this thesis highlight the significant differences in stiffness and

one-dimensional consolidation values that may be attained by testing natural core samples.

The methods used to attain these values produce results that are comparable with those for

in situ measurements of permeability and one-dimensional stiffness. Though these methods do

not provide an exact value for these parameters, they are applicable to pipeline design because

they determine the order of variance and the correlation between the percentage of faecal

pellets. It is therefore proposed that future analysis of consolidation characteristics of deep

ocean sediments be undertaken using a faecal-pellet framework. The results from previous

studies on remoulded samples, such as De Gennaro et al. (2005); Bolton et al. (2009); Puech

et al. (2010) can therefore, also be included in this framework.

7.3 Influence of Soil Structure on Soil Strength and Shearing

Behaviour

This thesis identifies that biological activity plays a significant part in post-depositional struc-

turing of marine soils through the creation of burrows and faecal pellets and possible subsequent

destructuring of material. Future efforts in classification of marine sediments, particularly for

engineering purposes would therefore benefit from the inclusion of post-depositional factors,

especially biological activity.

It is generally accepted that due to their sedimentation history, natural clays may have a de-

gree of “improved strength” above unstructured, normally consolidated clays. This is described

and considered by many authors, including Skempton (1970); Burland (1990); Cotecchia and

Chandler (2000). The importance of this natural strength to geotechnical engineering usually

manifests itself in the consideration of soil sensitivity. As has been described in this thesis,

the sensitivity of West African clays is difficult to measure, even with modern, conventional

methods such as remoulding with full-flow penetrometers. In many sensitive soils, consolida-

tion of natural samples induces collapse of the structure, resulting in a familiar v-logσ′v or if

normalised, Iv-logσ′v profile. The crust materials considered in this thesis, however, have a

natural structure with an unusually high resistance to collapse. Figure 6.24 indicates that the

normal consolidation line is dependent on the percentage of pellets in a given sample. The

structure produced by pellets is therefore significantly different from the structure observed by

De Gennaro et al. (2005), though both are natural samples from the same geographical region.

Samples containing pellets are difficult to classify as they can either exhibit a sensitivity close
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to unity (if it is considered that a family of normally consolidated lines exist), or increasing

sensitivity, depending on the percentage of pellets. These natural soils are thus similar to those

investigated by Nocilla et al. (2006), where ‘transitional’ behaviour was observed for various

gradings of an Italian silt.

7.3.1 Strength of Clay-Sand Mixes

This thesis demonstrates that the crust material consists of a mixture of robust faecal pellets

and a clay matrix. This may behave in a manner similar to mixtures containing sand or

gravel and clay. As discussed in Section 6.2.2, Kumar and Muir Wood (1999) and Vallejo and

Zhou (1994) investigate the influence of varying clay contents on the strength of gravels and

rocks. They conclude that approximately 50% granular material by dry weight is required to

significantly influence the strength characteristics. This is dependent on the dry densities of

the materials considered. When applying the conclusions of Kumar and Muir Wood (1999)

to a pellet-clay mixture, it is more appropriate to convert the faecal pellet percentage to sand

or gravel using the ratio of dry weight to wet volume, in order to account for the influence

of water content. Faecal pellets contain water, with water contents between 130% and 170%

being measured in pellets found in the tested crust samples. Gravel and rock fragments,

however, obviously do not contain water. Thus, by assuming a mean water content of 150%

for pellets and by using a clay-matrix water content of 200% for both pellet and gravel mixes,

the relative wet and dry volumes and masses can be determined for different coarse-fines

mixtures. Figure 7.1 shows the percentage sand by dry mass and percentage pellets by dry

mass curves against percentage granular by wet volume. This figure allows the conversion of

pellet percentage in a given crust sample to the equivalent percentage of granular material in

a clay-gravel or sand mixture.

The conclusion from this figure is that the strength characteristics of samples with faecal

pellet percentages above 40% by dry mass are dominated by the behaviour of pellets. This

faecal pellet percentage corresponds to 60% sand or gravel by dry mass. Samples containing

between 20% and 40% pellets by dry mass lie within a transitional zone where both pellet

and matrix influence the strength behaviour. The behaviour of samples with less than 20%

pellets will be dominated by the clay matrix alone. Kumar and Muir Wood (1999) identify

key fractions that define changes in the sample-mix behaviour, which are shown on Figure 7.1.

This conversion exercise shows that the proportion of faecal pellets observed in crust samples

is sufficient to dominate the strength behaviour. This supports the hypothesis that faecal

pellets are the origin of the crustal strength.
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7.3.2 Shearing of Clay-Sand Mixes

Lupini et al. (1981) considered the drained residual strength of clay and clay-sand mixtures

during testing of samples with a ring-shear device and identified the presence of three main

shearing behaviours: turbulent, transitional and sliding. These behaviours were found to be

dependent on particle shape and angularity, which controls the inter-particle friction. Tur-

bulent shearing is described by Lupini et al. (1981) as being dominated by rotund particles,

whereas sliding behaviour is usually induced by the presence of platy, low-friction particles.

A transitional zone exists between the two defined modes of shearing, where neither particle

shape (rotund or platy) dominates. It was observed that sliding behaviour exhibited low resid-

ual strengths whereas turbulent shearing produced higher residual strengths. The application

of this conclusion is that clayey soils will tend to produce lower strengths, whereas samples

with a high granular component will tend to exhibit higher strengths.

Skempton (1985) considered the residual strength of natural clay-sand mixtures present in

landslides, and compared the behaviour of mixtures observed in the field to those observed

by Lupini et al. (1981). Skempton (1985) concluded that the proportion of clay within a

particular sample will only influence the shearing behaviour when the clay content exceeds

50%. In samples with a lower clay content, the residual strength is largely controlled by the

granular material. Lemos and Vaughan (2000) undertook interface shear tests with ring shear

and conventional direct-shear boxes. Interfaces of varying roughness were used to investigate

the influence of interface roughness on interface shear strength. It was concluded that samples

with a high clay content produced residual interface strengths that were independent of the

interface roughness, and of comparable value to soil-soil residual strengths. The mode of

shearing was determined to be sliding, as observed by Lupini et al. (1981). Conversely, samples

with clay contents less than 40% were observed by Lemos and Vaughan (2000) to be strongly

influenced by the interface during during shearing. In this situation, the interface allowed

the generation of a thin veneer of clay between the granular material and the interface, thus

inducing sliding behaviour.

The results presented in this thesis are used to extend the observations and conclusions

made in these studies. Figures 7.2 and 7.3 present schematic diagrams of the results from this

thesis underlain by the interface shearing behaviour suggested by Lupini et al. (1981), and

other interface shearing results by Lemos and Vaughan (2000) and Bolton et al. (2009). S1 is

defined by Lupini et al. (1981) as being a region of “possible sliding shear when soil is failed

against a smooth interface” (Lupini et al., 1981, p209). It is observed from Figure 7.2 that

sliding or rolling of faecal pellets on smooth interfaces (5µm roughness) can occur (though,

not within the defined S1 region). This behaviour may be due to the relative smoothness of

faecal pellets, which do not exhibit the same angularity as sand grains. This results in the
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generation of a lower shear resistance than might be expected when compared with the London

Clay-Happisburgh Till mixture investigated by Lemos and Vaughan (2000). Conversely, the

behaviour of natural crust and remoulded crust material produce higher strengths than what

might have been expected based on previous studies.

Figure 7.3 shows the transition of pellet-only samples into a purely turbulent mode of

shearing, but again, at lower residual friction coefficients than that suggested by Lemos and

Vaughan (2000). It is observed that the natural crust samples containing pellets may produce

larger variation in the interface friction coefficients, representing both sliding and turbulent

shearing modes. Based on the work completed in this thesis on crust samples, an additional

‘hydroplaning’ mode is indicated in this figure. When the natural structure and most of the

faecal pellets are destroyed by remoulding, a higher interface friction coefficient is obtained,

as shown by the results from Bolton et al. (2009).

It is observed that a residual µ value of 0.6 was measured whilst shearing the pellet-only

sample on the smooth interface. No pellet crushing was induced during these tests. This is

the same value as that measured in pellet-only tests on the rough interface, where pellets were

clearly seen to crush. This suggests that the modes of shearing induced by these tests are

strongly governed by the permeability of the soil’s fabric.

The influence of the roughness of the pipeline coating on the measured residual strength

can be assessed by comparing Figures 7.2 and 7.3. The various modes of shearing behaviour

are:

� extremely high percentage of pellets (70% to 100%): residual strength is independent of

roughness;

� high percentage of pellets (20% to 70%): residual strength is dependent on roughness,

but only because of the destruction of pellets, and the production of positive excess pore

pressures that cannot dissipate; and

� low percentage of pellets (less than 20%): variable residual strengths, though this mate-

rial is less likely to generate hydroplaning behaviour due to fewer crushing pellets.
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Fig. 7.2 Interface shearing regions for smooth interfaces based on the percentage of
pellets and Lupini et al. (1981).

Fig. 7.3 Interface shearing regions for rough interfaces based on the percentage of
pellets and Lupini et al. (1981).
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7.4 Relevance to Pipeline Design and Offshore Site Investiga-

tions

Geotechnical offshore site investigations for pipeline routes currently focus on sediment me-

chanical behaviour specific to pipeline design. Geologists and geophysicists may be consulted

to provide historical (geological) and seismic information. However, very rarely are marine

ecologists, including zoologists or biologists consulted, apart from providing a broad ecological

review of the proposed developments. The low interest in the possible influence of biological

aspects on marine sediments is seldom highlighted in academia industry literature. This thesis

may provide the impetus for further research into the formal linking of marine geotechnics

and marine ecology with specific application for the design of hot-oil pipelines and associated

structures, such as pipeline end terminations and manifolds.

7.4.1 Influence of Pipeline Roughness

Both natural and pellet-only testing demonstrate that smooth pipelines do not crush faecal

pellets. This observation implies that the design of pipeline coating roughnesses needs to

consider the biologically enhanced structure of natural clays. Current and previous pipeline

designs predominantly assume embedment into soft clay. This thesis demonstrates that the

natural sediment contains a significant proportion of coarse grains in the form of robust faecal

pellets. The question pipeline designers must address is how the pipelines will destroy the

structure in the generation of soil-pipeline interface strength. As a simplified example, Fig-

ure 7.4 provides a schematic diagram of faecal pellet-containing sediment located against a

range of pipeline coating roughnesses.

A pipeline designer is required to consider the wavelength and the roughness amplitude

of individual asperities that collectively produce the coating interface surface. This decision

will depend on the abundance and size of faecal pellets in the sediment. Pipeline coating

roughnesses are relative to the dimension of the natural material that shears upon it. High

roughness amplitudes will increase the risk of water-filled macro-voids at the soil-pipeline

interface. Pipeline coating interfaces are usually highly variable. It is therefore suggested that

the design of roughness wavelength, λ should consider defining the roughness with respect to

the faecal pellet diameter, φpellet. Smooth and rough pipelines would then be defined as:

smooth: λmin > φpellet; and

rough: λmin < φpellet.

For conservative designs that minimise the risk of very low interface friction coefficients

due to crushing of pellets, it is suggested that pipelines are designed to be smooth. The

widely believed notion that rough pipes (e.g. roughnesses greater than 100µm) will generate
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Fig. 7.4 Schematic diagram of faecal pellet-containing sediment against pipelines of different
roughnesses.

more frictional resistance when shearing on these sediments is only true under specific soil

conditions.

7.4.2 Particle Size Distribution

This research has highlighted the importance of the natural structure of sediment. In particu-

lar, the presence of faecal pellets that are either deposited in situ by burrowing invertebrates,

or are transported some distance prior to sedimentation, will effect sediment behaviour. The

current practice of undertaking a particle size distribution on core samples following standards
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such as ASTM D442-63 will result in a significantly skewed interpretation of the grain size.

This is due to the remoulding and destroying of all natural fabric prior to the analysis, result-

ing in a PSD-interpreted clay. If faecal pellets were structurally weak and only represented

temporary structures within the crust, they might be expected to crush under pipe stresses.

However, faecal pellets exhibit significant robustness, and will modify the grain size distri-

bution and the soil properties with the degree of modification depending on their size and

abundance.

It is therefore concluded that the wet sieving of marine sediments, preferably to 20µm,

should be routinely undertaken to provide an accurate indication of the natural sediment’s

grain size distribution. The results of this analysis will aid in the interpretation of interface

shear tests and the consolidation behaviour of natural samples. These results are key to

understanding the behaviour of hot pipelines installed into these sediments.

7.5 Biology: the Origin of the Crust

The findings from the microbiological work on crust material presented in this thesis, and the

testing of inoculated samples highlight the minor but measurable influence bacteria have on

the strength of clay sediments. Given the abundance of bacteria in deep ocean sediments,

natural material containing either one dominating species, or several co-existing species, may

generate a more significant influence on the strength than that measured in simple laboratory

experiments. This implies that natural sediments, particularly from marine environments, can

not continue to be assumed ‘sterile’ during geotechnical testing, nor can micro-organisms be

assumed to be absent.

No burrowing invertebrates were observed in core samples obtained from West African

deep sea sediments. Their presence, however, is irrefutable based on the abundant physical

evidence for bioturbation in the form of open burrows and faecal pellets. The experimental

work has demonstrated the exceptional robustness of individual pellets through wet sieving,

crushing, shearing and one-dimensional compression. The review of the literature indicates

that biological processes predominantly occur within the benthic boundary layer; in close

proximity of the seabed-water interface. The correlation of crustal strength with abundant

bioturbation in the form of faecal pellets and burrows and bacteria indicate that biology is the

cause for the crust. The largest influence on strength is the presence of thousands of robust

faecal pellets that are continuously being created and replenished by burrowing invertebrates

by digestion of nutrients from the above ocean. The proposed biological and mechanical genesis

of crust sediments is demonstrated by Figure 7.5. This presents the formation of faecal pellets

in one-dimensional compression space, and provides an explanation for the behaviour under

1-D compression during oedometer tests of crust material; and sediment from below the crust.
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Fig. 7.5 Schematic diagram showing the biological and mechanical formation and degradation
of crust material in v-σ′v space.
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Based on completed oedometer tests on crust material, it has been demonstrated that

crushing of pellets under increasing vertical effective stress cannot be the cause of low percent-

ages of pellets below the crust region. Therefore, the crushing of pellets cannot be the cause of

the loss of crustal strength. The loss of strength at sediment depths greater than 1m coincides

with a reduction in invertebrate activity as indicated by the literature, and evidenced by few

in situ faecal pellets. By this depth, the sediment is approximately 10,000 years old, which is a

significant length of time for biological processes to work at breaking down the crust material.

The sedimentation process in the considered water depths may be at least three orders

of magnitude slower than the bioturbation processes that initially produce the crust. It is

therefore feasible to suggest that over the same time frame, but at a greater depth, bacte-

ria or animals such as nematodes may be degrading the crust. Removal of the crust might

be manifested through reworking of larger pellets into smaller agglomerates or by complete

destructuring of pellets by removal of the mucins and peritrophic membrane that bind the

pellets together. This may then allow resedimentation of material within pellets that were

initially overconsolidated, forming a normally consolidated zone (in terms of strength) below

the crust. Under 1-D compression, however, this material still exhibits ‘structure’ as evidenced

by Figure 6.23.

The estimated rate of sedimentation in the West African sediments is 0.1mm per year.

Suppose that one worm of 3mm diameter is capable of bioturbating one burrow through

300mm depth of sediment each ‘worm week’; then each worm can be responsible for an order

of 105mm3/year of bioturbation. Worms spaced at 1m centres are more than sufficient to

completely bioturbate the sediment. This may be a very conservative approximation of the

ability of burrowing invertebrates to modify the soil. A study by Gingras et al. (2008) presents

estimated rates of bioturbation for a range of invertebrate species. It is suggested that ten

worms may require less than 15 years to completely bioturbate a 1x1x0.1m volume of sediment

that takes 1,000 years to accumulate. It is therefore feasible for worms, through their daily

activities, to engineer into pellets all the material that falls to the seabed.

Figure 7.6 summarises the suggested input parameters and subsequent modification pro-

cesses leading to crust formation and subsequent demise. The input from the overlying water

shown in this figure includes both organic (degrading biological matter) and inorganic (ter-

restrial material including clay). Upon reaching the sediment floor, the inputs are consumed

by invertebrates, transforming them into faecal matter. Invertebrates that burrow and pro-

duce compact faecal pellets significantly modify the geotechnical properties of the sediment.

Pellets are more abundant within the top 0.5m of sediment, corresponding to the high crustal

strength. With depth, the proportion of pellets decreases, corresponding to a reduction in

sediment strength. Sediment strength profiles from in situ T-bar and CPTs are shown with a

description of the biological and geomechanical activities occurring at key sediment depths.
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The early observations of faecal pellets in Scottish lochs by Moore (1931a,b) have gone

unnoticed by modern-day geotechnical engineers; and the geotechnical implications of the

observation made by Schafer (1972) that faecal pellets are compacted and overconsolidated

packets of clay, have not been considered until now. The process of faecal pellet production in

clay sediments has remained unchanged for hundreds of millions of years, but their influence

on geotechnical engineering is only now being discovered.

Fig. 7.6 Schematic of the hypothetical lifecycle of marine crust sediments from deposition of
sediment from the water, biological structuring into faecal pellets and subsequent destructuring
by bacterial activity.
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Chapter 8

Conclusions and Recommendations

for Future Work

8.1 Key Conclusions of this Thesis

Chapter 1 provides an introduction to this thesis by explaining the present context of the

offshore oil and gas industry, and the previous neglect of biological processes in geotechnical

engineering. This highlights the unique contribution of the current work: an attempt at

interfacing marine ecology and marine geotechnics with specific application for the design and

behaviour of hot-oil pipelines. Chapter 2 presents a review of the literature directly relating

to the in situ and laboratory testing of West African clays. This demonstrates the presence of

an anomalously high undrained shear strength in the upper metre of sediment; a phenomenon

which, prior to this thesis, was not understood. This chapter also presents an overview of

the literature describing similar crustal strengths at a global scale. This suggests that the

phenomenon is more common that initially thought, with a direct implication for the offshore

oil and gas industry, in that pipelines are likely to encounter crust material in future projects.

This highlights the need for a better understanding of the mechanical behaviour of pipelines

embedded in crust material, particularly through laboratory testing of natural cores.

8.1.1 Laboratory Testing

Chapter 3 presents the bulk sediment properties of samples obtained from the west coast of

Africa determined using a multi scan core logger. This highlighted the unusual correlation of

high strength and high water content, presumably due to some previously undescribed natural

structure. A description of the Cam-shear apparatus and testing method was given, followed

by results and discussion of soil-soil and pipeline coating interface testing with natural clay

samples. The key results from Cam-shear testing are:

� the observation of a significant variation in interface strength on both smooth and rough
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pipeline coatings;

� the occasional total loss of interface strength, especially after 50mm of sliding over rough

coatings; and

� the discovery that smooth interfaces generally show more frictional behaviour than rough

interfaces.

A mini-ball penetrometer was developed and used to test natural crust material, and

provide degradation curves over ten cycles. It was found that peak strengths were comparable

to in situ and T-bar strength profiles and that a sensitivity of about 3 was measured after ten

cycles. The behaviour of the crust material during disturbance with the mini-ball penetrometer

did not suggest that exceptionally low interface strength values would be recorded in Cam-

shear tests. This led to the conclusion that the crust’s natural fabric is complex, perhaps

comprising of two or more structural components. The mini-ball penetrometer may disturb

the clay in the fashion of pipe laying and embedment. The Cam-shear test, however, may

be representative of axial sliding due to in-service temperature changes. The two processes

apparently degrade the natural clay structure at different rates, with the fretting of a rough

interface being particularly severe.

A better understanding of the natural fabric and its origins will assist the interpretation

of in situ and laboratory test results.

8.1.2 Hypotheses for Crust Origin

No previous research has explicitly considered the origins of the crustal strength. This thesis

presents a review of possible hypotheses in Chapter 4, considering chemical, organic, geological

and biological origins, respectively. Through a review of the literature on each of these topics

and knowledge already gained from laboratory testing of natural samples, it was concluded

that chemical precipitation and high organic content were unlikely to contribute significantly

to the crustal strength. These conclusions were based on an absence of evidence of chemical

precipitation within the natural clay matrix when using SEM and ESEM imaging, and previous

organic content measurements (Thomas et al., 2005) identifying less than 6% organic material

in these sediments. The two strengthening agents that could not immediately be discounted

on current knowledge were both biological in nature: bacteria and burrowing invertebrates.

The existing literature on these two possibilities highlighted two aspects that might contribute

to the sediment strength by the following broad attributes:

� generation of extracellular polysaccharides by bacteria; and

� bioturbation, specifically the creation of burrows and faecal pellets by burrowing inver-

tebrates.
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These two aspects needed to be investigated further to verify their role and relative contribu-

tions towards producing crust material.

8.1.3 The Role of Bacteria

Chapter 5 presents the experimental work undertaken in a microbiological laboratory that

provided controlled environmental conditions for microbiological experiments reducing the

likelihood of contamination. This chapter details the process of bacterial DNA extraction

from bulk core samples using two commercially available extraction kits. It was concluded that

an extraction method using a bead beating process was the most suitable based on existing

literature of DNA extraction from deep sea bacteria. Typical microbiological procedures were

undertaken to amplify extracted DNA using the polymerase chain reaction (PCR), followed

by the running of gels to confirm the amplification of suitable, uncontaminated material.

Following PCR clean-up and sequencing, the bacterium Marinobacter aquaeolei was identified

as being present in the tested sediment.

Chapter 5 then details the purchase and successful growth of this bacterium under labora-

tory conditions on sea water agar plates, and the inoculation of sterile, remoulded samples. A

procedure for inoculation of clay slurry is described and used to create samples for testing with

the Cam-shear device. Tests were undertaken on sterile and inoculated samples at three differ-

ent shearing rates. It is observed that a sterile sample produces a shear strength comparable

to the lower bound of natural samples. An inoculated sample produced a similar strength,

albeit with a slightly higher initial peak strength. It is therefore concluded that bacteria are

unlikely to be the main contributor of crustal strength. However, given their abundance in

deep-sea shallow marine sediments, their collective contribution to the sediment properties may

be significant enough to influence geotechnical sediment properties, particularly permeability

through the clogging of pores.

8.1.4 The Role of Burrowing Invertebrates

Chapter 6 is the final of the investigative chapters and presents the laboratory and exploratory

work on the role of burrowing invertebrates in crust formation. A number of imaging methods

were used to collect evidence for the presence of burrowing invertebrates in crust samples,

including environmental scanning electron microscopy (ESEM), X-ray computer tomography

(CT scanning) and optical microscopy. Using these methods, numerous open, water-filled

burrows ranging from 0.5mm to 3mm diameter were identified. Wet-sieving techniques were

used to wash cores of natural crust samples, uncovering the presence of thousands of apparently

robust faecal pellets ranging from less than 60µm to larger than 300µm. The abundance of

pellets in crust material, determined as a percentage of total dry mass, was found to range

from 20% to greater than 55%. A further ∼10% by dry mass of agglomerates was found
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between 20µm and 60µm in size; these appeared to be irregular fragments, and may have

been the result of some process of faecal pellet breakdown. Particle size distribution curves

based on the wet-sieving method resulted in a shift by one order of magnitude of grain size

compared with previous studies of the same material. Furthermore, a linear relationship exists

between the percentage of faecal pellets and the measured undrained shear strength of crust

samples. The proportion of pellets in crust samples is converted to the equivalent proportion

of sand in a sand-clay mixture by determining the percentage of pellets by wet volume to

account for the water content of faecal pellets. This conversion provides evidence supporting

the hypothesis that faecal pellets are the originators of the crustal strength, by demonstrating

that the proportion of pellets in crusts is sufficient to dominate the strength behaviour.

The strength of pellets was approximated by the use of a novel pellet-crushing device, re-

sulting in estimated unconfined compressive strengths of between 5kPa and 50kPa. By under-

taking fall-cone tests on natural core samples, it was demonstrated that the presence of pellets

at or adjacent to the test location positively influenced the measured strength. Conversely,

tests undertaken adjacent to open burrows produced a lower strength. One-dimensional con-

solidation tests of natural samples containing less than 20% pellets, greater than 50% pellets

and 100% pellets (a pellet-only sample) were undertaken. The pellet-only sample contained

sieved pellets ranging from 125µm to 212µm. The observations drawn from these tests are:

� the pellet percentage within samples has a measurable influence on one dimensional

tangential stiffness, coefficient of consolidation and permeability;

� a pellet-only sample has a significantly higher permeability than natural samples;

� increased vertical effective stress causes the behaviour of a pellet-only sample to tend

towards natural samples with 50% pellets; and

� pellet crushing due to increasing vertical effective stress with burial is not the cause

for loss of crustal strength, based on comparable pellet percentages before and after

oedometer tests.

It is concluded that the crustal strength is the result of the presence of abundant faecal

pellets in natural core samples.

The thesis closes with a discussion on key points, and which considers the limitations of

laboratory testing equipment and the methods used to analyse test results. This discussion

suggests that the Cam-shear device is currently the most appropriate pipeline interface shear

apparatus, due to its ability to complete tests at very low vertical effective stresses. The test

results should be applicable to the design of axial anchor lengths of pipelines.

Pellet crushing has been shown to occur during shearing on rough interfaces. It is suggested,

therefore, that the pipeline interface coefficient of friction will depend on the proportion and

size of pellets in natural samples. Pipeline roughness values are suggested to be dependent on
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the roughness wavelength and amplitude, which in turn, will be relative to the size of pellets.

For conservative design, it is therefore proposed that smooth pipeline coatings be utilised to

minimise the risk of low friction values.

A new key soil classification parameter should therefore be included in investigations for

pipeline design: the determination of faecal pellet proportion. This value will dictate both

consolidation and strength behaviour of natural soils, and will also strongly influence the

behaviour of hot-oil pipelines shearing on natural sediments.

The discussion is concluded by providing a summary of the life cycle experienced by deep

ocean crusts, from creation by burrowing invertebrates to possible destruction by bacteria or

nematodes. It is demonstrated that in their collective lifespan, burrowing invertebrates will

have the capacity to generate the shallow crusts observed in deep marine sediments. Offshore

engineers and offshore engineering projects should therefore acknowledge and respect the bi-

ological aspects of the sediments into which structural and lifeline elements are founded. By

considering the influence of biology on geotechnical properties of sediments, this will poten-

tially allow for safer and more economical designs to be implemented.

8.2 Recommendations for Future Work

This section outlines avenues for future research into this topic. Suggested research includes the

extension of work undertaken in this thesis; development of new laboratory testing equipment;

the influence of temperature on the properties of marine sediments containing biological ac-

tivity; and numerical analyses to better-understand the behaviour of complex, heterogeneous,

natural sediments.

8.2.1 Extension of Cam-Shear Testing

The Cam-shear testing undertaken for this thesis has considered very low effective stresses

of 2kPa to 6kPa, correlating to expected pipeline stresses, and has indicated highly variable

interface strengths. Other researchers (Puech et al., 2010) have used the ring-shear apparatus

to investigate shear behaviour. Due to limitations with equipment sensitivity at very low effec-

tive stresses, these tests have been undertaken at stress conditions larger than those achieved

during the Cam-shear tests presented in this thesis. To provide a direct comparison with

the large volume of existing ring-shear data, it is suggested that further Cam-shear testing

be undertaken to confirm the nature of interface properties up to vertical effective stresses of

30kPa.

Tests on remoulded samples by Bolton et al. (2009) demonstrated that strength was influ-

enced by shearing rate, which is in contrast to the ring-shear results presented in Figure 3.24.

Neither Puech et al. (2010) nor Bolton et al. (2009) considered the influence of pellets that
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may remain in apparently remoulded samples. As shown in Chapter 7, robust pellets may

be present and will influence the interface strengths measured. There is, therefore, need for

further testing of both natural and remoulded samples at higher effective stresses with the

Cam-shear device to understand these behaviours. Pore pressure measurement should be at-

tempted (taking into account the difficulties outlined in this thesis), to provide evidence for

the generation of positive excess pore pressures during shearing on interfaces.

8.2.2 Cam-Tor Device

The limitations of the Cam-shear device as a means for characterising the soil-pipeline interface

properties have been discussed in Chapter 7. To address some of the highlighted limitations,

a torsional soil-pipeline interface shearing device can be proposed. The key features of such a

device would be:

� unrestricted shearing distance on soil-coating interfaces;

� measurement of true residual strengths at very large strains;

� prevention of new sample material being dragged down to the interface due to smearing;

� prevention of water entrainment during shearing; and

� continuous pore pressure measurement via a pore pressure transducer located within the

coating material.

8.2.3 Influence of Temperature

Pipeline designers currently assume that the crust is a permanent feature of these sediments,

and consider the phenomenon of crustal demise only in relation to geological timescales, if at

all. It is commonly assumed that pipelines will self-embed into the crust and remain there for

the duration of their lifetime. This assumption, may not be as robust as first believed. As

discussed in Chapter 7, this thesis proposes that the observed loss of crustal strength with

depth is due in part to the action of bacteria that degrade and resediment faecal material

into sediment with normally consolidated strengths. This process is likely to take hundreds of

years to complete at an in situ ambient temperature of 4�, as the metabolic rates of bacteria

are influenced by temperature. For cold-water pipelines, the results of shear testing without

consideration of temperature effects may be appropriate for design.

Flowlines transporting oil at 160� will increase the ambient sediment temperature by 10�

or even 20�. This increase in temperature will significantly increase the metabolic activity

of biological processes in the sediment and encourage new species of fauna to colonise the

area disturbed by the pipeline. It is hypothesised that pellet disintegration will occur directly

beneath the pipeline at a much increased rate, thereby reducing soil strength and the safety

of hot flowlines.
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An assembly of intact pellets could be inoculated with a solution of M. aquaeolei under

long term monitoring, and at temperatures expected to exist at hot-pipe-soil interfaces, based

on data obtained from industry. Visual comparisons could be made with control samples

considering:

� pellets kept at an in situ ambient temperature of 4� without M. aquaeolei ;

� pellets kept at an in situ ambient temperature of about 4� inoculated with M. aquaeolei ;

and

� pellets kept at pipeline-soil interface temperatures without M. aquaeolei.

The results of this investigation would provide information on the role of bacteria in pel-

let degradation under increased interface temperatures. This will assist in determining the

vulnerability of medium and long-term crustal strength in hot-pipe installations.

8.2.4 Extension of Investigation with Burrowing Invertebrates

To provide supporting evidence for the strengthening of sediment surrounding burrows and

by faecal pellets, burrowing invertebrates could be collected from muddy estuarine sediments.

Using a mini-ball penetrometer, it would be possible to obtain continuous strength profiling

within and around sediment which has been bioturbated both in situ and in core samples

brought back to the laboratory. As with core samples investigated in this thesis, samples

should be subject to X-ray computer tomography to identify the presence of burrows, and

a physical determination of pellet percentages should be undertaken to provide evidence for

changes in strength with sediment depth.

Field studies involving marine ecologists and geotechnical engineers should be considered

to allow the interfacing of biological, microbiological and engineering research interests, par-

ticularly through the collection of water and core samples for laboratory testing. An offshore

location that could provide direct comparisons with existing literature detailing the presence

of faecal pellets is along the west coast of southern Scotland, within the Clyde Sea area.

Numerical analyses of the influence of open, water-filled burrows on one-dimensional con-

solidation characteristics would also be an important aspect of future work, particularly as

the consolidation of hot-oil pipelines is initially dependent on the natural, in situ condition of

sediments which contain numerous burrows of varying diameters.

8.2.5 Application to Pipeline Design Practice

A validation of the results presented in this thesis through the recommended future work will

ultimately allow the implementation of the conclusions into pipeline design guidelines. This

will represent the direct transfer of academic knowledge to industry practice. Finite element
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models that include consideration of the influence of bacteria and burrowing invertebrates on

pipeline design parameters will result in safer and more economical designs.
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A. CAM-SHEAR TEST SUMMARY AND SHEAR STRESS -
DISPLACEMENT PLOTS
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The following figures are Cam-shear test results completed on natural samples showing

both interface and soil-soil shearing at 0.5mm/s, 0.05mm/s and 0.005mm/s.

Fig. A.1 A 0.2m smooth

Fig. A.2 B 0.04m rough
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A. CAM-SHEAR TEST SUMMARY AND SHEAR STRESS -
DISPLACEMENT PLOTS

Fig. A.3 B 0.2m rough

Fig. A.4 B 0.34m rough
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Fig. A.5 C 0.04m rough

Fig. A.6 C 0.2m rough
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A. CAM-SHEAR TEST SUMMARY AND SHEAR STRESS -
DISPLACEMENT PLOTS

Fig. A.7 C 0.32m rough

Fig. A.8 D 0.04m rough
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Fig. A.9 D 0.3m rough

Fig. A.10 E 0.04m smooth
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A. CAM-SHEAR TEST SUMMARY AND SHEAR STRESS -
DISPLACEMENT PLOTS

Fig. A.11 E 0.2m smooth

Fig. A.12 E 0.3m rough
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Fig. A.13 F 0.09m rough

Fig. A.14 F 0.2m rough
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A. CAM-SHEAR TEST SUMMARY AND SHEAR STRESS -
DISPLACEMENT PLOTS

Fig. A.15 F 0.3m rough

Fig. A.16 G 0.1m rough
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Fig. A.17 G 0.2m rough

Fig. A.18 H 0.2m smooth
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Appendix B

Design Calculations and Drawings

for Mini Ball Penetrometer
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B. DESIGN CALCULATIONS AND DRAWINGS FOR MINI BALL
PENETROMETER

Fig. B.1 Strain calculations for mini ball penetrometer proving-ring.
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B. DESIGN CALCULATIONS AND DRAWINGS FOR MINI BALL
PENETROMETER

Fig. B.3 Dimensions of lower half of ball, proving-ring load cell and inner shaft.
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Fig. B.4 Dimensions of full ball.
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B. DESIGN CALCULATIONS AND DRAWINGS FOR MINI BALL
PENETROMETER

Fig. B.5 Detail of brass connection to actuator.
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Fig. B.6 Detail of upper half of ball.
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B. DESIGN CALCULATIONS AND DRAWINGS FOR MINI BALL
PENETROMETER

Fig. B.7 Detail of lower half of ball.
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Appendix C

Lurina Broth Recipe

Modified after Sambrook and Russell (2001) Per liter: To 950ml of deionized H2O, add:

� 10g bacto-tryptone

� 5g bacto-yeast extract

� 10g NaCl

1. Shake until the solutes have dissolved

2. Adjust the pH to 7.0 with 5 N NaOH 0̃.2ml

3. Adjust the volume of the solution to 1 litre with deionized H2O

4. Sterilize by autoclaving for 20 minutes
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Appendix D

Reviving Procedure for M.

aquaeolei

Source: NCIMB Revival information (NCIMB (2007b))

1. Apply provided ampoule snappers to ampoule and using thick wadding or gloves, phys-

ically snap ampoule

2. Discard upper part of ampoule and cotton plug into a disinfectant solution

3. Flame open end of ampoule

4. Add up to 0.5ml of a suitable liquid medium to suspend the culture

5. Sub-culture into suitable soil and liquid media

6. Numbered filter paper strip should be transferred the top of a pipette to the surface of

the solid medium with number upwards
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Appendix E

Seawater Agar Yeast Peptone

Recipe

Source: NCIMB Growth Media Recipes (NCIMB (2007a), p21)

� 3.0g yeast extract

� 5.0g peptone

� 750.0ml filtered, aged sea water

� 250.0ml distilled water

1. Dissolve ingredients, heating if necessary

2. Adjust pH to 7.3

3. Autoclave at 121� for 15 minutes
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Appendix F

Faecal pellet percentage plots
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F. FAECAL PELLET PERCENTAGE PLOTS

Fig. F.1 Faecal pellet fractions for Core A
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Fig. F.2 Faecal pellet fractions for Core C
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F. FAECAL PELLET PERCENTAGE PLOTS

Fig. F.3 Faecal pellet fractions for Core D
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Fig. F.4 Faecal pellet fractions for Core E
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F. FAECAL PELLET PERCENTAGE PLOTS

Fig. F.5 Faecal pellet fractions for Core F
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Fig. F.6 Faecal pellet fractions for Core G
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