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Abstract: Establishing appropriate lines of evidence enables us to resolve the
challenges faced in engineering geological practice. When considering the lines of
evidence used to derive a conceptual site model (CSM), three interlocking themes
are: (1) multi-disciplinary working, (2) knowledge and experience and (3) lessons
from the past. This is explored through case histories. There may be no standard
approach and conventional engineering geological skills are not always sufficient; as
during the decommissioning of cryogenic gas storage tanks at Canvey Island.
Alternatively, there may be reservations about using a standard approach; which led
to the unconventional use of chalk fill at Port Solent Marina. In the case of a major oil
leak into the Permo-Triassic aquifer, understanding the basic science of the problem
explained why the original CSM was too simplistic and informed a change of
remedial strategy. Obtaining permits for an underground gas storage facility on a
landslide complex on the Isle of Portland required numerous lines of evidence to
assess the stability of the slope. Furthermore, new lines of evidence can be added to
old data sets as technology develops, such as the use of LiDAR in mapping
Cotswolds landslides.

In his recollection of the early years of engineering geology in the UK, Professor

Peter Fookes, the first Glossop Lecturer, wrote (Fookes & Lee 2017, p. 457):

By the middle to the end of the decade [1970s], engineering geology was well

established as a discipline in its own right. ... In the following decades new or

improved field and laboratory techniques continued to support development of

engineering geology as a discipline. But that is another story.

Fookes was my PhD external examiner (Privett 1980). After my PhD I was employed

as an internal consultant by a major UK contractor. I spend my subsequent working

career with a number consultancy firms. My career has spanned the post-1970s

period Fookes describes as 'another story' and I took up this theme for my (the

nineteenth) Glossop Lecture.

Unlike many of the previous Glossop Lecturers, I am not a researcher, nor even a

practitioner with a life-long theme. I have always been a generalist; it could be said
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that I specialized in being a generalist. My professional experience has been

moulded by the particular needs of my clients and it has become obvious to me that

an engineering geologist in this situation must be able to call on a wide range of

skills. Successful consultancy is all about developing the ground model and

minimizing risk, drawing upon appropriate lines of evidence in order to increase

understanding and ultimately produce better designs.

Good engineering design is about controlling risks to an acceptable level and in the

case of geotechnical and geoenvironmental engineering the main risks lie with the

uncertainties about the ground, the water environment and any potential

contaminants that may be present. Potential risks can be reduced by reducing

uncertainty. Aleatory uncertainty refers to the inherent probabilistic variability, which

is part of the natural process being observed and is irreducible. However, epistemic

uncertainty stems from the lack of knowledge and is reducible. It comes from

incomplete knowledge of the phenomena or imprecise evaluation of the

characteristics.

Risk is the potential consequences of a hazard combined with the likelihood that

consequence will be realized. The process of risk assessment aims to estimate the

degree of risk qualitatively or quantitatively, depending on the level of sophistication

of the assessment. The conceptual site model informs the risk assessment. The

conceptual site model is derived from lines of evidence gathered by the engineering

geologist during the various phases of site investigation (as described, for example,

in British Standards BS 5930 and BS 10175).

BS 5930 emphasizes repeatedly that the ground model for the site should be

constructed at the very beginning of the investigation process, be continuously

updated in the light of the findings and be interrogated so that the questions that

need to be addressed by the next phase of study can be formulated. Similarly,

engineering problems should also be evaluated along with the ground model as the

data become available so that the geotechnical adviser can decide if additional work

is needed and to address these matters in a geotechnical risk register.

Conclusions are formulated using different data and lines of evidence that vary in the

degree to which they support or contradict the conceptual site model. It is necessary

to consider the direction of evidence (does it offer support for or against the

plausibility of the relationship between cause and effect), its strength (how confident
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is the assessor that individual lines of evidence support the plausibility of the causal

relationship) and the overall weight (given other possible competing theories, what is

the overall balance of evidence?) (Gormley et al. 2011).

There are numerous examples in the literature citing case histories of geotechnical

failures. The Special Volume of the Geological Society of America celebrating the

first hundred years of engineering geology (Kiersch 1991) devotes a whole section

(Chapters 22 to 25) to the topic of failures, errors of judgement, litigation and the

geologist's responsibility. It makes for fascinating reading and notes that before the

1930s few geologists were familiar with the engineering fundamentals of real-life

projects and failed to communicate successfully with engineers even when geological

reports were commissioned (James and Kiersch 1991, p. 510). In those early days

most of the serious problems can be attributed not to the technical incompetence of

geologists but to lack of understanding by engineers who failed to seek assistance or

disregarded advice (Kiersch and James 1991, p. 554).

During my working lifetime a notable geotechnical failure in the UK that came about

by not considering sufficient lines of evidence was that of Carsington Dam in 1984.

Kennard and Bromhead (2000, p. 102) noted that one of the largest earth-fill dams in

Britain was

designed by a team that appeared to show limited geotechnical expertise. Far too

few shear strength tests were undertaken, unrealistic slip surfaces were

analysed, instrumentation data was not utilised; and the design factor of safety

was not adequately specified.

Furthermore, the dam incorporated an unusual core which maximised the length of

potential slip surface through a layer of soliflucted clay at residual strength (named

the yellow clay) which had gone unrecognized (Skempton et al. 1991). Kennard and

Bromhead (2000) noted that potential failure had been identified during construction

but was not acted upon because of strained contractual relations between parties.

They notes also that a replacement dam was rebuilt satisfactorily on the same site,

proving it was technically possible give sufficient knowledge and understanding of the

site.

It is clear to me that three interlocking themes of the lines of evidence approach (Fig.

1) are:
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(1) multi-disciplinary working;

(2) applying a wide range of knowledge and experience; and

(3) learning from lessons from the past.

This paper will explore these themes and will demonstrate through the use of case

histories how the lines of evidence approach is used in engineering geological

practice and, in particular, the importance of multiple lines of evidence in complex

situations.

Multi-disciplinary working

The history of engineering geology was discussed by Griffiths (2014) in the

fourteenth Glossop Lecture. He reminded us of the statement by Burwell & Roberts

(1950) that engineering geology is not a branch of geology but the application of all

branches of geology to the practical problems of engineering.

The term multi-disciplinary working encompasses the following.

(1) Using one's own technical knowledge of complementary geological

disciplines such as stratigraphy, hydrogeology, rock mechanics,

geophysics, etc.

(2) Working with other professionals in geological and non-geological

disciplines such as hydrogeologists, geochemists, civil and structural

engineers, planners, environmental scientists, etc. This requires a

sufficient level of working knowledge and understanding of concepts and

a practical application of the discipline. Recognizing when it is necessary

to collaborate with others and possessing sufficient understanding and

skills to be able to work with them and incorporate their findings into the

conceptual site model is critical.

(3) Working with other stakeholders such as regulators, landowners, lawyers,

etc.

(4) Appreciating the requirements of projects in different industry sectors. For

example, recognizing the different requirements of a designed rock cutting

which may be part of a highway scheme or may be a face in a quarry.

Many engineering geologists do not have a degree in the subject and are to a great

extent self taught, learning from mentors or on-the-job training. The importance of
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networking, attending conferences and learned society meetings, or simply picking

up the phone and asking other engineering geologists, cannot be overstated. There

are evermore specialisms and we need non-specialists to bring them together. In

1929 Terazghi wrote that soil mechanics was a sub-discipline of engineering geology

(Griffiths 2014); look what happened there, the evolutionary tree of soil mechanics is

still branching. Figure 2 is a word cloud of some of the multitude of disciplines I have

dealt with during my career.

The engineering geological practitioner must be more than just a project manager,

however. He or she should aim to be a high-level, technical, protean thinker; that is

being versatile, adaptable to change and capable of doing many different things. An

enquiring mind, good research skills, enthusiasm and a desire to share with others as

a teacher, a continuing professional development (CPD) provider or a mentor are

other important skills.

Notwithstanding this, it is vital not to operate beyond one's limitations of experience

and professional capability. The key is knowing when a specialist expert is required

and being able to communicate with that expert effectively on his or her terms. In a

way, this is like being one-person Geo-Team (after Brunsden 2001), albeit at a more

general level.

One of the items that came out of the discussion session at the 2018 conference of

the Engineering Group of the Geological Society (EGGS) in Cambridge is the lack of

geological understanding by other disciplines and harks back to the conclusions of

Kiersch and James (1991). In a example of 'too much geotechnics, not enough

geology', the delegates were told of a person using complex geotechnical software

for a detailed analysis, but setting soil strength parameters derived from correlations

with SPT N-values without even the benefit of a good geological model. One of the

roles of the engineering geologist is surely to try to correct such misconceptions.

Knowledge and experience

Knowledge and experience comprise technical and other skills gained from

education, on-the-job training, CPD and the number and variety of projects the

individual has experienced during a professional career. The type of knowledge and

experience expands during the course of a career in response to the type of projects

undertaken by employers and the needs of their clients.
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My own experience is that I started doing PhD research in 1977 using engineering

geomorphological mapping, which was a relatively new technique at the time. The

first such map to be published in the UK was in the Engineering Group Working Party

Report (Anonymous 1972). Lee & Fookes (2015) commented that the inclusion of

this map encouraged others (including myself, see Hawkins & Privett 1979) to use

the approach to map the nature and extent of landslide features.

The technique has evolved significantly since simple morphological (shape) mapping

pioneered by Savigear (1965); through hazard zones and early geographic

information systems (GIS) such as the mapping of the Rhondda Valley (Siddle et al.

1991); to modern ideas where large-scale maps can give details for engineering

investigations and smaller-scale mapping for academic purposes which can reveal

much about the role landsliding has in overall landscape development (Griffiths et al.

2015). However, field mapping is falling out of use now (J. Griffiths pers. comm.

2018) and this accords with my own experience. In every company I have worked for,

I have usually been the only person with the relevant training and experience to

undertake engineering geomorphological mapping. This is a sad indictment of the

technique given its power as a mapping tool. However, it is encouraging that it is

continuing to be taught, for example at the University of Portsmouth.

Originally my mapping was in support of the proposed re-alignment of the A46 road

north of Bath, UK (for the then Mander, Raikes & Marshall consultancy), but the

research broadened to encompass much of the Swainswick valley, to which I will

return at the end of the paper. The natural, and serendipidous, progression of this

mapping led to work on weathering of the landslide-prone Fuller's Earth Formation

and on the residual shear strength of clays. The weathering scheme (Hawkins et al.

1988) was one of a series derived at around that time for a number of

overconsolidated clay/mudstone sequences including the London Clay Formation

(Chandler & Apted 1988), Lias Clay Formation (Chandler 1972), Oxford Clay

Formation (Russell & Parker 1979) and Mercia Mudstone Formation (formerly

Keuper Marl) (Chandler 1969). The work on residual strength came about following

the development of a low-cost ring shear device (Bromhead 1979) and highlighted

curved failure envelope at low stresses (Hawkins & Privett 1985, 1986) and the

relationship between residual shear strength and calcite content of the various

Fuller's Earth Formation weathering zones (Hawkins et al. 1988). A classification of

gulls (Hawkins & Privett 1981) resulted from a housing contractor finding a hole in the

bottom of a foundation trench and contacting the University of Bristol for advice.
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Thus my knowledge and experience was shaped in formative years by what

happened to come along during my PhD research that interested me. In later years

my experience was added to by developments within engineering geology, such as

the techniques for using chalk in earthworks. The whole land affected by

contamination sector developed during this period and I was first involved in 1990

with a project to create the Gateshead Garden Festival using dredgings from the

River Tyne.

So it is that there is a certain random element in the knowledge and experience

gained by individual engineering geologists. The key to being a competent

engineering geologist is diversity. Based on H H Read's famous quotation about the

best geologist being the one who has seen the most rocks, it could be argued that

the best engineering geologist is the one who has developed the most conceptual

site models. Surely Fookes (1997) must be a contender for the top accolade.

Lessons from the past

There have been four significant milestones in engineering geology during the past

few years, starting with the 200th anniversary of William Smith's geological map of

England, Wales & part of Scotland in 2015. The 50th anniversaries of the Quaternary

Journal of Engineering Geology and Hydrogeology and the teaching of engineering

geology and geotechnics degrees at (what is now) the University of Portsmouth were

celebrated jointly at the 2017 Engineering Geology 50 conference. The fourth

milestone has been the resurrection of the EGGS annual conference in 2018 after an

absence of 12 years. This was particularly important, the theme being Keeping

Lessons Alive. It arose partly as a result of the Quaternary Research Association and

EGGS joint Easter field trip to Kent in 2016. One of the classic photographs in the

engineering geology literature must be that of a polished and striated basal shear in a

clayey head deposit beneath a solifluction lobe at Hubbard's Hill, the site of the A21

Sevenoaks by-pass. The photograph, by Professor John Hutchinson, is reproduced

in the field guide (Murton & Giles 2016, p.41, fig. 3.1) and illustrates the cause of

construction failures during the late 1960s which led to the hard-won lesson that

slopes as shallow as 3° may be subject to instability when disturbed by earthworks

(Weeks 1969). For the older delegates, we were standing on hallowed ground; but it

transpired that many of the younger delegates were blissfully unaware of the basic

texts of engineering geology published in response to lessons learned.
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Learning lessons from the past should prevent us from 're-inventing the wheel' or

making the same mistakes twice. Learning lessons involves having mentors, reading

publications, attending scientific meetings and conferences as well as networking

and developing literature research skills.

Case histories are a very good starter when faced with a new situation. A good case

history according to Shilston (June 2018) should have three components:

(1) it should be written in a simple way which provides easy access to the

data;

(2) it should be relevant to particular geological conditions or processes or

projects; and

(3) it should convey you onwards, enticing you to think about obtaining more

information: it is not the end, it is the beginning of your investigation of a

particular problem.

This theme is particularly relevant to early career engineering geologists. Being able

to accumulate knowledge is important. Lessons from the past are very valuable.

Assessment of the evidence has become more sophisticated during the past 40

years and we should fully embrace new methods. However, we should keep the

basics firmly in our sights.

Assembling lines of evidence

Together multi-disciplinary working, wide knowledge and experience and lessons

from the past provide the engineering geologist with the tools needed to approach

complex sites and to establish appropriate lines of evidence in order to build the

conceptual site model, thereby reducing uncertainty and risk. Multiple lines of

evidence lead to better understanding, even if there may be only a single question to

address.

Corrupting Lyell's well-known mantra about the present being the key to the past; in

engineering geology the past is the key to the future, because a better understanding

of the history of a site leads to better predictions of engineering behaviour. If we

know what is going on, we stand a better chance of knowing what will happen in the

future. It is important that we make clients aware of the risks and that these are

addressed at the design of the project. It is easy to say, but less easy to achieve in a

competitive commercial environment, but I urge people to put in sufficient time and
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effort as a consultant to develop a sound conceptual site model. Think about the

problem. Do not just follow a narrow line of thought, think laterally. If you do not think,

you will get the wrong answer. I once heard a manager say to a more junior staff

member: 'don't think about it, just do it'! Surely the antithesis of good practice?

The publication of case histories, whether examples of success or failure are

valuable to the profession (D. Shilston pers. comm. 2918). The remainder of this

paper aims to demonstrate through the illustration of successful case histories the

importance of obtaining multiple lines of evidence to address complex problems.

These are deliberately diverse subjects, including returning to my PhD mapping area

at the end of the paper with some examples of how new lines of evidence can be

used to up-date a conceptual ground model as new techniques evolve.

Canvey Island cryogenic gas storage tanks decommissioning

One of my first projects introduced to me the idea that conventional engineering

geological skills are not always enough to answer the questions posed. Four

cryogenic gas storage tanks had been constructed by Sir Robert McAlpine & Sons

Ltd. in the late 1960s at Canvey Island in Essex, UK [TQ 786822]. These were to

accommodate 21 300 tonnes of liquefied natural gas (LNG) from Algeria,

approximately one day's demand at the time. Each tank (Fig. 3) was 40 m deep and

40 m in diameter and formed by sinking two circles of 90 brine freezing pipes to

46 m, at 21 m and 24 m radius to create 6 m thick ice walls (Fig. 4 (a)). A basal ice

plug 6 to 8 m thick was created using 14 pipes at 7.6 m radius to 52 m depth, 28

pipes at 13.7 m radius and a central pipe, all to 46 m depth. Freezing of the

groundwater was achieved using CaCl2 brine at -32°C. A concrete ring beam

supported an insulated aluminium roof. The floor was insulated with 150 mm of foam

on top of concrete blocks to prevent boil-off and the ground surface insulated for 9 m

beyond the perimeter of each tank.

According to Bishop (2010), during excavation of the spoil from within the ice walls a

highly permeable gravel layer (at the base of the estuarine alluvium, now known as

Tidal Flat Deposits) would eventually become a problem by forming underground

fissures linking all four tanks. Based upon records provided by the British Geological

Survey (NERC) via the BGS Borehole record viewer (BGS ID: 748605 : BGS

Reference: TQ78SE169) five site investigation boreholes had been drilled around the

perimeters of two of the tank positions (no.12, the northwestern tank and no.13, the

southwestern tank). The logs are shown on a poorly reproduced drawing in the
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records, which indicates a layer of 'Thames Gravel' between a minimum depth of

21.2 m and a maximum depth of 30.4 m below ground level (= 1.6 m OD) and a

maximum thickness of 9.3 m. This unit is described as a medium dense to dense,

sandy, fine to medium and coarse gravel, resting on top of the London Clay. Above

the gravels is a sequence of Tidal Flat Deposits of shallow-marine origin logged as

'Alluvium' comprising firm to soft, silty clay at the surface, over, variously, loose

clayey silt, sand, silty fine sand and thin peat layers.

Whilst the geology of the site was well understood before construction, it appears

that the engineering geology was not; in so far as the reaction of the ground to the

freezing process. According to Belhadj & Berrahou (2007), the boil-off from the four

tanks was anticipated to be 0.12 % of the tank content per day. However, the

interconnecting fissures (reportedly at 18 m depth) exacerbated the boil-off, which

eventually stabilised at approximately 0.5 % to 1 % per day of tank contents.

In an exchange in the House of Commons on 17 February 1978 (Hansard 1978) Sir

Bernard Braine MP (Southeast Essex) stated that ground freezing created fissures

that are then filled with methane, which in turn freezes, expands and continues to

crack the soil resulting in frost heave. He also commented that 10 out of 12 similar pit

storage plants built around the world had been abandoned by 1975 as inefficient and

that Conch Methane, the firm which invented this method of gas storage, abandoned

the method soon after the plant at Canvey Island was commissioned, admitting "We

don't know enough about the mechanical behaviour of frozen soil around unlined pits

to predict results and control insulation within economic limits." In his reply, the

Under-Secretary of State for Employment (John Grant) stated that the LNG was

at -162°C but excessive boil-off meant that it was uneconomic to keep the LNG in the

pits at too high a level and the average depth of LNG was 13 to 15 m. The continued

growth of the ice wall is thought to be linked with an unexpected amount of fissuring

of the frozen ground, which also accounts for the fact that the rate of uptake of heat

into the LNG has been substantially higher than expected. He referred to problems

with ground movement which required constant realignment of the pipe work. It

became apparent that the permafrost was expanding laterally at 2 m per year and

was already 9 m beyond the estimated maximum of 39 m. It was feared that this

could eventually affect the piles supporting nearby above-ground tanks and the

seawall at the gas terminal boundary.
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Steam injection pipes were installed in 1977 to limit the spread of the permafrost and

the decision was taken subsequently to decommission the tanks. Sir Robert McAlpine

& Sons Ltd. won the contract to do this in 1981 (at the same numerical monetary

value as the original construction cost). The methodology started with purging any

remaining LNG with nitrogen, delivered in 30 liquid bulk road tankers to the site

(totalling 682 000 litres). The tanks were then to be filled with fine sand with a 3 m

surcharge to allow for settlement of the ground on thawing and to prevent lateral

movement. It was estimated that thawing would take 90 days, so a rapid filling

method was required and the sand was to be delivered and placed by a system of

conveyors and gantries, relying on self-compaction (Fig. 4 (b)). However, because of

the residual risk of there being gas within the aforementioned fissures, all works had

to be carried out remotely under a stringent safety protocol with no personnel present

in the vicinity.

The obvious local source of 400 000 tonnes of sand was to dredge it from the

Thames Estuary. Access by road was not permitted. My role was to help assess its

suitability and refine the method of filling. The silt content was considered a potential

problem. Reducing the silt content improves the settlement characteristics, lowers

the amount of water held, increases permeability and lowers frost heave potential. A

silt content of less than 10 % was considered suitable by the consultants to British

Gas (Dames & Moore July 1979) so that the sand could be placed at as low a

moisture content as practicable. By selecting a source from the Knott John Channel a

product very low in silt was feasible, producing a uniformly graded fine to medium

sand.

The optimum moisture content of fill samples was 15 %. However, the ambient

temperature of the hole into which the sand would be poured would be -100°C. To

minimize the risk of freezing before the sand can self-compact it is best to have a low

moisture content. The question was 'how much lower?' One way to reduce the

moisture content is by stockpiling and allowing the sand to drain. Soil suction (pF) is

defined as the natural logarithm of the height of the hydrostatic column caused by

capillary action in a soil. Field capacity is the moisture content of a soil that is allowed

to drain freely and is often taken as a soil suction of one third of an atmosphere (pF

2.53). The consultants for the project estimated the field capacity of the proposed fill

material to be 8 % using the relationship between pF and moisture content for a

range of soils published by Croney & Jacobs (1967, p. 35, fig. 5). A limited number of
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tests from the stockpile during the works indicated moisture contents of the order of 6

to 7 %.

The key unknowns can be summarised as follows and became the responsibility of

the contractor because they informed his method statement:

(1) would the sand freeze before it hits the base of the hole;

(2) would freezing affect the angle of repose and hence the location and

number of filling points required;

(3) would settlement be immediate or would freezing delay it; and

(4) how much sand would be required?

The last point is of economic significance because the sand was purchased from the

dredging company wet, by weight, and filling was paid for after drainage, by volume

placed. Furthermore, if there were to be a shortfall in the quantity purchased,

obtaining a small amount more would be hugely disproportionally expensive because

it would require re-mobilization of the dredger. If there were to be a surplus of sand, it

would have to be disposed of, with adverse cost and road transport traffic

implications.

Some small-scale laboratory trials were undertaken by my colleagues using sand

and liquid nitrogen. Thermocouples installed in a pile of sand showed that the crust

froze very quickly when liquid nitrogen was poured over, but the interior did not

freeze. A second trial involved pouring sand into liquid nitrogen. It took 32 minutes to

freeze with no effect on the angle of repose (which for dry sand was 32 to 33° and for

wet sand with a moisture content of 4 to 14 % was 44 to 49°). Although by no means

a full scientific study, these findings did suggest that the ambient temperature was

not going to be a fatal flaw in the methodology and probably things would be even

better on the larger scale.

Laboratory testing of (only) three samples of the proposed sand fill gave a standard

compaction maximum dry density of 1.52 Mg/m3 with a range from 0.96 Mg/m3 for a

loosely poured sample to 1.6 Mg/m3 for one compacted with a vibrating hammer. A

loading test of a sample at 13 % moisture content confined in a cylindrical CBR

mould produced dry densities of 1.31 and 1.38 Mg/m3 for surcharges of 26 and

173 kPa, respectively. These results suggested a possible estimated fill dry density in

the range 1.37 to 1.54 Mg/m3 which was used for estimating purposes. In situ density
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tests (by sand replacement) were performed on site during the works (Table 1) which

were in broad agreement with the laboratory-derived estimate. The loaded cylinder

test produced a normal stress v. settlement curve which was used to estimate a total

settlement of the order of 2 m, most of which was likely to occur immediately. This

suggested that no more than 2500 m3 of sand would be required for topping up.

Table 1. In situ density measurements at Canvey Island cryogenic gas tank filling

Test location
Moisture
content (%)

Bulk density
(Mg/m3)

Dry density
(Mg/m3)

Stockpile, surface to 2 m depth 5.9 to 6.4 1.31 to 1.42 1.24 to 1.33
Tank edge (surface, no compaction) 5.7, 7.0 1.48, 1.50 1.40
Tank centre (surface, compaction by
tractor levelling the surface)

5.7 1.62 1.53

The main conclusion of this case history is that in order to answer some fundamental

questions with significant methodology, safety and economic consequences, it was

necessary to undertake a variety of research beforehand. Since there was no

standard design theory and this had not been attempted before as far as we were

aware, the only way to proceed was to approach the problem in a number of different

ways and proceed along the route the evidence suggested would be appropriate.

Unconventional use of chalk fill at Port Solent Marina

'Lessons from the past' with respect to chalk earthworks have been brought together

in publications every 12 to 16 years during the past c. 50 years. The 1st Chalk

Symposium was in 1965 (Anonymous 1966), LR 806 in 1977 (Ingoldby & Parsons

1977), the International Chalk Symposium in 1989 (Burland et al. 1990) and CIRIA

C574 in 2002 (Lord et al. 2002). The latest update is the Chalk 2018 conference

(Lawrence et al. 2018). It was in 1986 that Sir Robert McAlpine & Sons Ltd. won a

contract to construct the infrastructure of Port Solent Marina near Portsmouth, UK

which involved reclaiming part of the mudflats of Paulsgrove Lake [SU 635052] with

564 000 m3 of engineered fill placed up to 5 m thick behind 2.2 km of concrete

retaining wall. The natural choice for fill was chalk from the quarries in the nearby

hills of Ports Down. An aerial photograph of the 36 hectare site can be seen in a

photographic feature by Privett (1990a).

Back in 1986 the understanding of chalk in earthworks was still an emerging subject

and site methods had been developed based on the physical quality of the chalk, the

nature of handling of the material and the ambient weather conditions. These allowed

successful placement and compaction (Ingoldby & Parsons 1977). Early attempts
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had resulted in what appeared to be good quality, as-dug material turning into a

slurry, or apparently well-compacted fill being subject to collapse settlement when

wetted. The contemporary Specification for Highway Works relied on a degree of

compaction for embankments that effectively crushed the chalk particles and

produced a fill that was denser than the original rock (Parsons 1966, 1967). The

scheme at Paulsgrove Lake would start by removing 310 000 m3 of alluvial silts and

clays to reveal a formation of Chalk. Unfortunately, this formation was an upper layer

of structureless chalk probably reworked by solifluction, overlying deeply frost-

shattered, structureless chalk. The groundwater was artesian with the highest

piezometric head being 1 m above formation level. It was not known if the formation

could be walked over let alone be capable of supporting earthworks plant and

withstanding the forces of compaction. Upward flowing groundwater could

significantly soften the formation and so it was considered prudent to allow standing

water to remain in the excavation.

Consequently, at Port Solent it was decided to develop a thick-layer, minimal-

compaction specification in order to preserve the lump structure of the chalk, to allow

end-tipping into water with minimal disturbance of the soft formation and to allow

work to continue throughout the winter months. An added complication was that the

marina houses were to be built on conventional, un-reinforced strip foundations;

something highly unusual for engineered fill. Some of the technical details were

presented at the 1989 International Chalk Symposium (Privett 1990b). It is a good

example of how the multiple lines of evidence approach gave confidence that the

thick-layer specification would work and that the fill would support the houses without

excessive settlement caused either by hydraulic compaction, lump crushing or the

washing out of fines. The lines of evidence are highlighted below.

Multiple lines of evidence

Desk study

The advantages of a thorough literature survey cannot be overstressed. This is

especially true, as in this case history, at a time when techniques are developing.

Two schools of thought emerged; the conventional one which restricts the quality of

chalk, the methods of handling and the allowable working weather conditions; and

the second school which aims to avoid the problems of soft chalk sponginess by

producing a fill of intact chalk lumps. The latter was championed by Jenner & Burfitt

(1974), but had first been proposed by Lewis & Croney in 1966.
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Research enquires continued based on the second school of thought. The next stage

was to talk to experts (R. Mortimore pers. comm. 1985) and those whom had used

chalk unconventionally. This included visiting a number of projects where 'reduced

compaction' specifications had been used.

Ground investigation & laboratory trials

A two-stage ground investigation was undertaken to develop the basic concept and

refine the design, utilising 45 boreholes, 93 flow-through probes and numerous trial

pits. A supplier who operated three chalk quarries local to the site was appointed and

the various products were assessed for suitability. This included the usual suite of

laboratory tests plus some 'bench' scale laboratory trials. One trial consisted of a

small plate loading test carried out on chalk compacted into a steel drum (Fig. 5 (a)).

The drum had a 5 mm mesh base and was stood in a tank so that the water level in

the fill could be varied in order to simulate tidal fluctuation, which would be 1.2 m in

the finished scheme. A second trial was a simplified wash-out test (Fig. 5 (b)) using

the same drum into which a known mass of chalk was compacted to a prescribed

volume using a sledgehammer. This was estimated to give approximately the same

structure and density that might be obtained on site. Water was sprayed on to the

surface at a rate that allowed percolation and prevented ponding. Based on the

average annual rainfall in Portsmouth, assuming a conservative 100 % infiltration and

knowing the planned surface area of the fill, it was estimated that 200 litres/yr could

pass though a cubic metre of fill. In the laboratory trial a scaled down equivalent of

135 years of rainfall percolation was collected from below the drum. The sediment

mass washed out was determined by oven drying the settled sediment and a sample

of suspended sediment. Less than 1 % (by dry mass) of the chalk in the drum was

lost.

Site trials

With encouraging results from the literature and laboratory studies, the next line of

evidence was based on a trial excavation and embankment construction. A

representative part of the site was selected, close to a borehole location. The plan

area was sufficient to allow the use of the proposed plant and to ensure a

representative area of the underlying Chalk was loaded. The groundwater was

300 mm below ground level and the excavation progressed with the excavator on the

existing made ground. The water was pumped out to make spoil removal easier and

only small, localised springs were observed in the exposed formation. The trial

showed that ground conditions were more benign than anticipated and the trial
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proceeded to the filling stage. Figure 6 shows the layout of the trial embankment.

Settlement plates (1 m dia.) were placed on the formation, with sleeved extension

rods which would extend to the surface of the fill (Fig. 7). The first metre of fill was

end-tipped into shallow water and tracked in with a D6 dozer (Fig. 8 (a)) and the

remaining 4 m compacted in 600 mm layers with six passes of an eight tonne static

roller (Fig. 8 (b)). Settlement readings were taken during construction. Surface

settlement pins were set into concrete so that the internal settlement of the fill could

be measured along with the settlement of the formation. Virtually all the settlement

occurred in the natural ground; 29 mm in five days, 32 mm after 236 days.

The evidence collected thus far was sufficient to give all parties confidence to

continue and an earthworks specification was developed. This basically comprised

600 mm layers up to 0.5 m OD and 450 mm layers up to 2.7 m OD with four to six

passes of a smooth-wheeled, non-vibrating roller having a mass per metre width of

6000 kg. Class A or B1 chalk was used under housing areas, with Class B2

permitted elsewhere (LR 806 classes).

Verification works

Verification testing is a vital line of evidence, to enable the designers to know, and

prove to others, that the as-built construction conforms to the specification. Samples

were taken from each source each day for classification and the grading judged by

inspection. Construction practices were monitored strictly. In situ density testing was

performed, not as a target density but to give early warning of any change in the

nature of the material being used. A nuclear density gauge was used once it had

been calibrated alongside sand replacement tests. Regular inspection with trial pits

was also undertaken.

The final verification involved several full-scale foundation loading trials at various

locations across the completed fill. The first one of these also allowed for the

groundwater level to be cycled and for fines wash-out to be monitored (Fig. 9). Two

strip footings of different widths were loaded using three steel water tanks that were

filed with water to give the required foundation pressures (Fig. 10 (a)). Settlement

readings were taken by precise levelling. In the first test, the set-up was surrounded

by a sheet steel coffer dam and two pits were excavated inside to artificially control

the groundwater level to mimic the effect of tidal fluctuations, which was monitored by

piezometers. A pit was also dug on the outside of the coffer dam and holes burned

through the steel to collect seepage water as a measure of the behaviour of weep
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holes in the concrete retaining wall design (Fig. 10 (b)). Recorded foundation

settlements were less than 10 mm and the water table fluctuation had no effect on

settlement. Loss of fines was insignificant.

The marina infrastructure and subsequent building works were completed

satisfactorily. The multiple lines of evidence amassed allowed all parties to

understand the risks of using chalk fill in an unconventional manner. Information was

shared at all stages and the scheme was realised as a collaborative effort.

Understanding the basic science of a major oil leak

This case history concerns groundwater contamination by a long-term leak of

process oil from a factory. Much investigation had been undertaken and a remedial

scheme put into practice to comply with the requirements of the Environment

Agency, the statutory regulator in this instance. However, the scheme failed to deliver

the Agency's expectations and at the end of 1999 SRK Consulting (UK) Ltd. was

invited to act as consultant to re-establish a workable remediation programme. This

involved re-assessing historical data and obtaining a more in-depth understanding of

the problem, which included US literature on hydrocarbon spills that, at the time, was

not generally appreciated in the UK contaminated land sector. The additional lines of

evidence better explained what was happening under the site and informed the client

and the regulator of what could be achieved realistically by remediation. For the full

technical details of the case history refer to Privett (2006).

The precise details of the site are confidential, but it is a working factory covering

17 ha that had been built on a greenfield site between 1958 and 1970. It is a few

hundred metres from a major river, situated on river terrace deposits 5 m thick

described as gravelly or very gravelly sand with occasional to some cobbles. Bedrock

is the lower part of the Sherwood Sandstone Group; a Principal Aquifer of the UK.

Regional dip is 5 to 7° with steeper cross-bedding. A number of joint sets are

present, with the principal set seen in local exposures (Fig. 11) to have a spacing of

approximately 10 m and (exposed) fracture widths of 2-150 mm. The joint and

bedding discontinuities are widened by solution weathering with cavities up to

300 mm observed. The rock matrix is medium to fine grained with 22 to 33 %

porosity. This produces a classic dual permeability aquifer with matrix and fracture

hydraulic conductivities of 4 to 50 and 175 to 290 m/day, respectively.
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Kerosene and other similar oils were thought to have been lost into the ground since

the manufacturing process started, but were not discovered until 1993. Ground

investigations found light non-aqueous phase liquid (LNAPL) over a 400 m wide area

on top of the groundwater 30 m below the surface. LNAPL thickness measurements

were made in an array of 50 monitoring wells over regular time intervals, with the

maximum thickness recorded being 3.5 m (Fig. 12). The edge of the LNAPL plume

was approximately 600 m from the river on three sides of the site.

The conceptual site model at the time (Fig. 13) assumed a 'pool' of LNAPL floating

on the water table (or more precisely on the capillary fringe). The rock pores and

fractures were thought to be 100 % saturated with groundwater below the LNAPL–

water interface and 100 % saturated with LNAPL above the interface. This is known

as the sharp interface model and skimmer pumps were located in what was thought

to be the LNAPL pool. The wisdom of the published texts of the day (such as Fussell

et al. 1981 and Freeze & Cherry 1979) was that whilst the LNAPL may depress the

water table slightly, except for small amounts of hydrocarbons that go into solution,

the LNAPL did not penetrate below the water table. The sharp interface model is

illustrated in Figure 14, which here is a simplification as it shows only intergranular

permeability and is a representation of the porous sandstone matrix and ignores the

fractures.

The CONCAWE inland oil spill manual (Fussell et al. 1981, p. 14) explained that

when a borehole penetrates the groundwater surface, the capillary fringe is removed

and the water surface which then stabilises in the well (piezometric surface) may be

substantially below the top of the adjacent saturated capillary fringe in the rock. In

fine sand, where capillary forces are relatively high, the top of the capillary fringe may

be 0.5 m or more above the piezometric surface which allows LNAPL to migrate into

the borehole from its more elevated position in the formation. This difference will be

further exaggerated by the depression of the LNAPL–water interface below the

piezometric level. The consequence of this is that the thickness of LNAPL seen in a

well would be greater than the thickness of formation that is saturated by the LNAPL.

This is known as the 'exaggerated thickness' which by rule-of-thumb was said to be

approximately four times the true thickness (i.e. the thickness in the formation

undisturbed by a penetrating well).

The primary goal of the remedial strategy was source removal and this was to be

achieved through the use of skimmer pumps suspended on cables in 12 of the wells.
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Each pump intake was within a float and surrounded by a hydrophobic filter arranged

such that LNAPL and not water would be pumped to a holding tank at the surface, for

off-site disposal. The pump level was altered manually if the LNAPL column in the

well fluctuated beyond the vertical limits of the floating intake. Pumping commenced

in March 1998. The regulatory requirements were for the leaks from the factory to be

repaired by the end of 2000 (to allow phased maintenance whilst maintaining

production); the maximum thickness of LNAPL in any well to be no more than 1 m by

the end of 2001 and no more that 0.2 m by the end of 2003. The ultimate aim was to

remove all LNAPL from the aquifer. However, by the end of 1999 there had been

very little change in the apparent thickness measurements.

Re-assessment with new lines of evidence

In order to understand why the skimmer pumping was not achieving the required

result it was necessary to explore a number of other lines of evidence. Rather than

simply installing a technology to pump out LNAPL where it accumulated in wells, a

risk-based approach was used to revise the remedial strategy and show what was, or

was not, feasible.

The first question to ask was 'is there a source of oil in the terrace deposits feeding

the bedrock?' (Fig. 13). A ground penetrating radar survey was undertaken, but this

could penetrate only 1.5 m and could not be carried out inside the factory buildings

because of the presence of iron in the floor tiles. This exercise was inconclusive and

was followed by a series of 34 boreholes inside and outside the factory buildings. A

restricted access rig was necessary and this had to be operated under strictly

controlled conditions because some areas were classed as food product production

areas. Drilling was very satisfactory and using a combination of rotary coring, hollow-

stem augering and piston sampling it was shown that there was no reservoir of

LNAPL and very little sorbed phase hydrocarbons within the terrace deposits.

The next step was to look in more detail at the LNAPL in the bedrock. With an

extensive historical data set it was possible to plot contours of apparent thickness

(i.e. the measured LNAPL thickness in a well) for any given month (e.g. Fig. 12).

Changes over a period of several years could be observed, but this is cumbersome

and so a single measure of the amount of LNAPL for each month was required for

direct comparison. The metric chosen was to calculate the graphical volume beneath

the 3D wireframe contour plot using the Golden Software Surfer® software that

produced the contours (Fig. 15). The well locations are the X and Y co-ordinates and
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the apparent thickness measured in the wells are the Z co-ordinates. The software

calculates the volume under the 3D surface down to the Z=0 plane. This value was

given the term 'apparent volume' (Privett 2006). It is clearly not a true measure of

LNAPL volume in the plume, but simply an integration of the apparent thickness data

(which are not true thicknesses of the LNAPL plume). Put simply: in the same way

that the measured 1D LNAPL thickness a well is not a true representation of the

actual LNAPL thickness in the formation, the calculated apparent volume is not a true

representation of the 3D volume of the LNAPL in the formation. It is a construct that

combines all the 1D data (dimension of [L]) from the wells into a single 3D value

(dimension of ]L3]) across the area of the plume (dimension of [L2]). This allows

comparison on a like-for-like basis across the fourth dimension of time.

As a device for comparing monthly data across the whole site, the apparent volume

can be plotted as a time series graph along with the measured volume of LNAPL

recovered during pumping (Fig. 16, upper two lines). On first inspection, it would

appear that the apparent volume had been increasing up to the date when pumping

started, at which point it began to decrease, as shown by the trend line. This was

logical and appeared to support the original assumptions concerning the option to

pump, albeit at a rate too slow for the regulators.

However, on closer inspection is can be seen that the apparent volume fluctuates

across the trend line. A short video animation was made from a series of frames for

different dates (similar to Fig. 15) to visualize the data. When it was run, the apparent

volume appeared to pulsate, not just simply rise and fall off again. By looking in detail

at the records, it was evident that pumping could not explain the changes. The

highest peak in the apparent volume curve was in October 1997, but between then

and October 1999 the estimated losses into the ground were twice the volume

recovered by the pumping. The apparent volume actually decreased during that

period, even though there was a net increase in the volume lost to the ground.

It had already been demonstrated that there was no secondary pooling of LNAPL in

the terrace deposits which might have complicated the LNAPL inflow pattern. The

key to understanding this variation in apparent volume lies in the lower line on Figure

16 which depicts the groundwater level in one of the wells not containing LNAPL (and

is representative of the whole site). There is strong negative correlation between

groundwater level and the apparent volume (and hence the apparent thickness in

each individual well). Figure 16 runs until April 2003 which is enough time to show
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that the onset of pumping and the end of the leakage do not have any impact on the

apparent volume/thickness. There are clearly annual cycles shown by the data lines

and approximately six-year cycles shown by the trend lines. It was just coincidence

that the start of pumping coincided with a four year period of year-on-year rise in

groundwater level. This gave a false representation of the effect of pumping.

Notwithstanding the site operations, as the medium-term groundwater level started to

fall again at the end of 2001, the amount of LNAPL in the wells increased. This is a

classic response of the capillary characteristic model of hydrocarbon saturation in

porous media (Fig. 17). This effect had been noted by, amongst others, Huntley et al.

(1994) and Beckett & Lundegard (1997) in oil contaminated fine grained sandstones

in the USA. These authors used the capillary characteristic model to explain LNAPL

saturation and mobility.

The LNAPL occupies only part of the pore space (perhaps 30 % or less) and the rest

still contains water. This has the effect of greatly reducing LNAPL permeability

(conductivity) in contrast to the water permeability and is known as the relative

permeability. The limited mobility of the LNAPL means that the decline of the LNAPL

elevation in the formation does not keep pace with the decline of the piezometric

surface when the groundwater level falls. This causes the water level in the wells to

decline at an exaggerated rate and results in an increase in apparent oil thickness

because LNAPL drains locally in to the well, since LNAPL has a higher head than

groundwater. With time, the LNAPL in the formation would follow the water and the

LNAPL thickness in the wells would reduce again as equilibrium was reached. In

practice, however, the piezometric surface rises again in the spring, before all the

LNAPL has moved down, cutting off some of the oil in the pores. The LNAPL in the

borehole flows back into the rock as it is pushed above the level of the LNAPL in the

rock by groundwater rise (resulting in a reduced apparent thickness in the wells).

This will produce a hysteresis effect with time and will lead to smearing out of the

LNAPL in a zone thicker than suggested by the LNAPL in the wells.

Even though this model was derived in the oil production industry some 60 years ago

and was developed by the US hydrocarbon spill community during the 1990s it was

little known in the UK contaminated groundwater sector at the time of this case

history. Indeed, there was only passing reference to it in the Environment Agency

technical guidance on the subject of LNAPL monitoring (Erskine et al. 1998). This

review dealt mainly with the sharp interface model, but did touch on aspects of the

capillary characteristic model, which recognises a gradual change from air to oil to
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water. The limitations of the sharp interface model were recognised in the review, but

simplifications were considered justified for describing most oil contamination

problems, especially where sediments are coarser grained and oil saturations are

relatively high.

The capillary characteristic model has become subsequently well known in the UK

(e.g. the CL:AIRE (2014) LNAPL Handbook, Section 3.4) and derives from an

understanding of LNAPL saturation based on the capillary pressures of the various

liquid phases (Farr et al., 1990, Lenhard & Parker, 1990). The LNAPL saturation

profile at the water table interface is predicted to assume the shape of a shark fin

under equilibrium conditions and, significantly, is much less than 100 % in formations

of medium sand grade or finer. The use of the apparent volume parameter is not

referred to, but is a useful metric for considering site-wide data as described above.

As part of the re-assessment, three boreholes were drilled and high quality cores

sub-sampled to obtain vertical profiles of LNAPL and water saturations (e.g. Fig. 18),

porosity, dry density and grain specific gravity. These showed that the apparent

thickness of LNAPL was actually less than the thickness of contaminated aquifer and

the LNAPL was present at much lower saturations than had been expected

previously. By using van Genuchten's (1980) equations it was possible to calculate

theoretical equilibrium saturation curves that closely matched the actual site curves,

thereby allowing the van Genuchten parameters to be estimated for the site. It was

evident that the Permo-Triassic aquifer at the site had maximum LNAPL saturations

of 20 to 30 %, with similar saturation curves as a published (equilibrium) example of

a silty clay (Huntley & Beckett 2002).

The area under the equilibrium saturation curve (the specific volume) has units of m3

LNAPL per m2 surface area of aquifer. It was now possible using the site-specific

parameters to calculate an equilibrium saturation profile for each of the wells using

the apparent thickness data. From these profiles a specific volume could be assigned

to each well. It was then straightforward to contour these specific volume data and

integrate over the whole site using Golden Software Surfer® to give an better

estimate of the true volume of LNAPL in the aquifer. Reference to the actual site

profiles (Fig. 18) shows they are not in fact equilibrium curves because LNAPL is

present above and below the LNAPL column in the well as a result of groundwater

fluctuations, as mentioned above. Consequently, the estimate was refined by adding

50 % to the calculated total volume based on visual assessment of the curves. This
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produced a reasonable estimate of 9 million litres. Separate calculations suggested

the volume in the fractures was of the order of half a million litres. The revised plume

model is shown in Figure 19.

The effects of the capillary characteristic model (see Privett 2006, table 1) are

summarized as follows. The LNAPL occurs at low saturation and the relative

permeability is probably only 1 % of the value it would be if the pores were 100 %

saturated with LNAPL. Since LNAPL saturation of less than about 20 to 30 % is the

limit of mobility, the lateral spread at the margins is limited by the low saturation, low

relative permeability and low apparent thickness and so the LNAPL plume is unlikely

to increase in size. Residual saturation is 20 to 60 % and so it is impossible to pump

LNAPL from the pores. The original expectations were not realised because the wells

emptied rapidly and took a long time to re-fill and most of the LNAPL recovered

probably originated from the fracture system.

The additional lines of evidence thus provided a much better understanding of the

physical mechanism of LNAPL movement in the sub-surface:

(1) LNAPL thickness depends on the capillary characteristic of the rock and

varies with groundwater level fluctuations so it is not an appropriate basis

for regulatory compliance, which is better based on risk assessment;

(2) LNAPL mobility is very low so the risk of off-site migration is very low and

only a small fraction of the LNAPL can be pumped out; and

(3) LNAPL recovery does not reduce the volume of aquifer impacted, it

remains in its original position within the aquifer so any achievable LNAPL

recovery has no effect on the risk in terms of magnitude or longevity of the

dissolved phase plume.

The revised conceptual site model gave a more realistic estimate of the volume of

LNAPL and demonstrated to regulators the processes involved and how these

control the ability to clean the site. It is not possible to clean the aquifer using LNAPL

recovery pumping. Although pumping mops up some of the free LNAPL from the

fractures (this can be enhanced by dual vacuum extraction techniques which were

trialled at the site) it is little more than a ‘monitoring exercise’ as recovery diminishes

rapidly. The dissolved phase plume was managed by Monitored Natural Attenuation

as reported by Rees (2006).
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Resolving the mode of failure at an Isle of Portland landslide complex

The proposed scheme

This geotechnical case history concerns the design of a proposed underground gas

storage facility beneath the Isle of Portland, Dorset, UK. The scheme was promoted

by the then Portland Gas Storage Ltd. (now InfraStrata UK Ltd.) as a strategic facility

to hold 1 x 109 m3 of gas (approximately 1 % of the UK annual demand or 10% of the

UK gas demand on a typical winter's day at the time). The gas would be stored in the

summer in 14 caverns at 2400 m depth, created by solution by injecting water into

the halite units of the Sidmouth Mudstone Formation (formerly Keuper Saliferous

Beds) (Fig. 20). Evans (2007) describes the sequence of strata as 820 m of Middle

and Lower Jurassic and 55 m of Penarth Group over 1275 m of Mercia Mudstone

Group. The latter comprises 430 m of mudstone, with the top of the saliferous beds

at around 2000 m below the surface. The main halite band (called 'S7' by the client

and the target for the construction of the caverns) is 135 m thick, with its top 2365 m

below the surface. Beneath is more mudstone then 300 m of Sherwood Sandstone.

The engineering geology of the construction of the caverns is beyond the scope of

this paper and was the remit of specialist German cavern design consultants.

The gas would be used during the winter in order to reduce reliance on politically

sensitive transport supply lines to the UK at times of peak demand. The gas would be

stored at a pressure of up to 44 MPa (440 bar) and to prevent the caverns from

collapsing as the gas is removed, brine would be pumped in to maintain the

pressure. The source of the brine was to be formation water from brine compensation

wells in the Sherwood Sandstone Formation 18 km from the site. The gas would

connect into the national gas grid 37 km from the site. Undersea and land pipelines

would be constructed to these two locations. When the gas was replenished the

following summer, the brine would be re-injected into the Sherwood Sandstone

Formation via the brine compensation wells.

Each cavern would be serviced by two wells (one for gas and one for brine) drilled

from a site on the northeastern coast of the Isle [SY 700733], on land that had been a

naval shore base know as HMS Upper Osprey (Fig. 21). The well-heads, pipeline

connections, pumping stations, brine tanks, gas compressor, offices and other

associated plant would be constructed on ready-made platforms where the naval

buildings had once stood.
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Permitting was complex and included seven Planning Applications and a Hazardous

Substances Consent. At an early stage in this process it was recognized by the Local

Planning Authority and its adviser, Professor Denys Brunsden, that the Upper Osprey

site was situated on one of the largest landslide complexes in the UK. In order to

present a credible Safety Case and to ensure that the site could be suitable for its

new use taking account ground conditions and land instability, it would be necessary

to demonstrate that the landslide complex was sufficiently stable. SRK Consulting

(UK) Ltd. was appointed as consultant in 2006 and, in collaboration with Hydrock, a

Geo-Team was assembled by the client to address the concerns. The team provided

the multiple lines of evidence that were needed to adequately assess the risks of the

proposed development and incorporate mitigation measures into the proposed

design and operation of the facility.

Engineering Geology

The Isle of Portland is in the form of an escarpment dipping gently to the south. The

cap rock is of Portland Stone Formation (a pale grey or buff, jointed, limestone,

calcareous sand and sandy limestone) overlying the Portland Sand Member (a

variably sandy, often calcareous, fissured, light brown, grey or dark grey siltstone,

with some thin bands of shelly, often nodular argillaceous limestone and layers of

silty shale or mudstone). Together these units form 20 m high cliffs on the eastern

side of the Isle, above the site, at an elevation of 135 m OD. The underlying

Kimmeridge Clay Formation has a transitional boundary with the Portland Sand

Formation and comprises alternating bands of pale grey and dark grey mudstone

with limestone nodules and, in the upper part, sand and sandstone. It is present

beneath the site to 228 m below sea level and underlies the slope down to the sea.

At the foot of the cliff lies a scree slope inclined at 35° to 40° formed from a

combination of rock-fall debris and quarry waste deposited over the edge over

several hundred years (Anonymous 1710). These quarries sourced the stone for the

rebuilding of St. Paul's Cathedral and other buildings in London after the Great Fire in

1666. This waste loads the top of the slope and the cliff can be considered as a

backscarp produced by landsliding in the Kimmeridge Clay Formation in response to

marine erosion of the foreshore. The Kimmeridge Clay Formation slopes are inclined

at approximately 15° and are mantled by a layer of disturbed material referred to by

the general term 'colluvium'. These are soils that have been displaced by various

near-surface, hillslope mass movement processes such as soil creep and solifluction,

but the colluvium also includes the complex interaction of non-circular landslides
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whose basal shear surfaces have coalesced to create the colluvial layer. Also

included are soils that may have been displaced or deposited by man’s activities,

since it is not possible in many cases to distinguish between the two.

The problem

Given the known history of landsliding (Brunsden et al. 1996), the obvious problem is

ensuring the stability of the various planned structures against ground movements,

including soil creep placing undue stresses on high pressure pipework. Equally

important is to ensure the safe shut-down of the facility and isolation of the caverns in

the event of any unexpected major landslide movement. The worst case scenario is

an incident that leads to the destruction of the well head with its multiple safety

installations. However, a blow-out would be prevented by automatically closing sub-

surface safety valves (SSSV) installed below the well head. Gas storage caverns

typically incorporate such a fail-safe design. In this case it would be necessary to

incorporate a continuous ground movement monitoring network that would close the

valves if a major landslide were to shear the well pipes.

Clearly, the SSSVs have to be located below the deepest credible slip surface

because if they were also to fail, stored gas would escape unhindered (blow-out) and

would probably ignite to form a gas flare. Another factor in the Safety Case is

minimizing the volume of gas in the system above the SSSVs as this would vent to

atmosphere and could flare; so it is not simply a matter of locating them at some very

over-conservative depth. A realistic estimate of the deepest landslide surface is

required for optimal design and safety.

The history of recorded ground movement at the site dates back to 1615 (Brunsden

et al. 1996, table 2 & fig. 9). This area is famous for the second largest landslide in

the historic record ever to occur in Britain. The East Weare slip of 1792 occurred

after high seasonal rainfall and storms which removed the beach and probably

consisted of several rotational slips which sank 15 m and involved an area of 2 km by

550 m with a toe thrust of 27 m. Jones & Lee (1994, p. 211) cite a contemporary

account which quotes:

The ruins of the King’s Pier is so much further into the sea than it was; and the

other pier, which is quite overset, seemed moved as much to the southward, or

nearer the King’s Pier. Rocks that were some depth under the water were raised

above water.
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Similarly, an account of the 1665 King's Pier landslide (Brunsden et al. 1996) records

that rocks that lay 35 m off in the sea were 'risen up above the water'. These

accounts were interpreted as evidence of toe heave from rotational failures.

Furthermore, a tentative hypothesis was proposed that some of the landslide

features of the Isle of Portland can be explained by a mechanism of clay extrusion by

lateral spreading (Brunsden et al. 1996, fig. 18; Brunsden 1996a, 1996b, 1999). The

weight of the cap rock is said to cause ductile flow in the Kimmeridge Clay Formation

and the extrusion seawards produces shears or shear zones that are later re-

mobilized by rotational slips. This model was based on surface observations and was

not tested by laboratory testing, by monitoring or by subsurface exploration. Figure

22 illustrates the main concept at the Upper Osprey site.

Consequently, there was a need to either find, or to prove the absence of, ductile

flow and lateral spreading leading to regressive, deep-seated, rotational failures in

order to progress the design. It is always difficult to prove a negative. The old saying

'absence of evidence is not evidence of absence' holds true and only by inspecting

multiple lines of evidence is it possible to gain enough confidence of the absence of

something when that something is a complex mechanism of ground movement.

Multiple lines of evidence

The following techniques were used by the Geo-Team (on to which Professor

Brunsden was co-opted) and in collaboration, which necessarily involved a degree of

iteration, the team derived a revised conceptual site model which enabled all the

permits to be obtained by May 2008. Unfortunately, however, sufficient investment

capital could not be secured and to date the scheme is un-realised.

Topography and bathymetry

Although the site was easily accessible, the upslope and downslope extents of the

slope contain some steep sections and some densely vegetated areas. In addition to

conventional topographic survey, LiDAR (light detection and ranging) data were

invaluable in visualising the ground surface (via a digital terrain model, Fig. 23) and in

producing topographic contours. These were required as the basis for interpreting

desk study information initially and then for detailed analyses of three representative

cross-sections. A bathymetric survey had been carried out for the design of the
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pipelines but this did not extend up to the beach and so a fill-in survey was

commissioned in order to look for evidence of landslide toes off shore.

One immediate outcome of having the topography was that the cross-section

sketched by eye by Brunsden et al. (1996, fig. 16(e)) was seen to be far steeper than

the actual gradient. Whilst deep-seated rotational failures fitted well on the average

40° slope in the sketch, when this was attempted on the actual 15° topography a

conceptual slip geometry did not appear realistic because of the shallow angle basal

shear plane. This was the first line of evidence that suggested the depth of failure

might be limited (Fig. 24).

More detailed desk study

There had been numerous geotechnical investigations at HMS Upper Osprey for

various works and in response to small failures from time to time. A key source of

information was Mr John McLaren, an engineering geologist who had been

responsible for many years for the long-term geotechnical monitoring of hillsides for

the then Property Services Agency, the body which managed the Royal Navy estate.

McLaren's archive was supplemented by his MSc project which he had carried out at

the University of Surrey (McLaren 1983). In particular, McLaren had undertaken

detailed monitoring of surface and sub-surface creep movements which are

discussed below.

Approximately 45 unpublished documents were accessed in addition to published

literature. These provided a valuable insight into past problems at the site. It was the

mechanism of failure that was of interest and the first evidence came from a site just

a few hundred meters to the northwest where an underground bunker oil storage

facility is accessed via a tunnel lined with cast iron segments. Originally constructed

in WWII, the tunnel passes through 40 m of colluvium. Extension cracks had been

first monitored by the Royal Navy. Cracking was greatest in the crown of the tunnel

and least in the invert. A subsequent investigation by Posford Duvivier included a

number of borehole inclinometers. When the shear zones defined by the

inclinometers were projected on to the tunnel line and geological cross-section, it was

clear that the displacement was taking place at the base of the colluvium (Fig. 25).

The down-slope movement of the colluvium was pulling the tunnel apart at the

interface with the Kimmeridge Clay Formation.
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Records also showed that drainage measures have been constructed at various

locations over time, probably starting with the former Weymouth and Easton railway

line (McLaren 1990). The Royal Navy had installed deep drainage in response to

specific failures and as part of the continuing development of the site. Along with

various specific deep cut-off drains and outfalls, the whole site was covered by a

system of gravel-filled counterfort drains at 75 m centres and many of these are

clearly visible on the 1971 aerial photograph (Fig. 26). This information prompted a

detailed drainage survey which revealed that most of the system was intact and

functioning and could be incorporated into the proposed scheme. Similarly, the rock

fill combined buttress and marine erosion defences placed in 1979 were intact but

might require raising to cope with climate change predictions of future sea level.

The desk study also included hydrology, indicative slope stability analyses, measures

necessary to control ground movement, consideration of structures and excavations,

the effects of settlement from cavern construction and the need for long-term

monitoring. It concluded that the proposed facility was feasible.

Geomorphological appraisal

A stereographic aerial photograph interpretation was made during the desk study,

using a flight from March 1971 (Fig. 26).The lower slopes (below the site) are

characterised by numerous landslide features. Farther up the slope (within the site

area) the breaks of slope are larger, but it is not clear how much anthropogenic

activity has taken place. The development platforms may have been originally

landslide blocks and locally re-profiled and enlarged to accommodate the buildings.

Engineered slopes and retaining walls are clearly visible on the 1971 photographs,

as are cuttings and embankments for the roads, especially the Incline Road which

cuts diagonally across the slipped ground. Also visible is a tension crack in a recently

constructed road (Fig. 26). Above the site, the edge of the limestone is shown as a

single, large backscarp although it has been partly obscured by scree and quarry

waste.

A geomorphological appraisal of the site and its environs was undertaken by

Whitworth (July 2007) comprising literature survey, review of aerial photographs,

interpretation of LiDAR imagery, geomorphological mapping and inspection of

discontinuities in the Portland Stone quarry above the site. Four distinct zones were

recognised:
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(1) the Portland Stone & Sand Formations plateau and scarp face, which

showed open joints and incipient toppling failures but no vertical offset

between joints;

(2) Kimmeridge Clay Formation upper slopes including the site area where

anthropogenic activity dominates, with a major break of slope to:

(3) Kimmeridge Clay Formation lower slopes down to the coast, probably a

large slip with smaller ones within the slipped mass; and

(4) Kimmeridge Clay Formation landslides, which lies along the coast to the

north and south of Zone 3 and contains unambiguous evidence of

landslides away from human activity (and extends slightly into the site

area).

The field evidence showed that the geomorphological nature of the landslides varies

downslope, from relatively shallow translational and rotational landslides which have

affected the site surrounding slopes, to larger, deeper seated failures between the

major break of slope and the coast (Fig. 27). This change in style and size of the

slides may reflect the varying thickness of colluvial deposits mapped below the site

during site investigation.

On-shore and off-shore ground investigation

Intrusive ground investigation comprised 53 on-shore and eight off-shore boreholes

and 19 trial pits with the installation of inclinometers in 14 boreholes and piezometers

in 12 boreholes (Hydrock Special Projects Ltd. August 2007). The boreholes were up

to 100 m deep and were located to give three main cross-sections for geological and

stability assessment, plus a spread of other holes for general geotechnical purposes.

Down-hole geophysical logging was undertaken in support of detailed stratigraphical

logging (see below).

Assessment of movement records

Historical inclinometer records from the McLaren archive revealed displacement

zones at the junction between the Kimmeridge Clay Formation and the colluvium.

The greatest displacement (in a borehole close to the coast) had been 69 mm over a

period of 5.5 years (1977 to 82). All movements in the 2007 inclinometers were

confined to the base of the colluvium or close above it, with displacements of a few

millimetres over the first eight months of monitoring.
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McLaren (1983, 1990) had overseen the installation and monitoring of a 'global

monitoring system' in 1977, comprising lines of permanent surface survey stations to

augment the inclinometer array. The distances between stations and their elevations

were measured twice per year. Some of the stations were 250 mm diameter concrete

piles set 6 m into the ground. The maximum horizontal displacement was on Line A,

with 94 mm recorded between the base station (A1) on the cliff and the station (A6)

which lies at the back of a steep slope close to the shore, 470 m distant. This was in

the same location and over the same period as the greatest inclinometer

displacement. The displacement between A1 and A5 was 31 mm (A5 is 112 m

farther inland than A6 and lies within the gas storage site), which demonstrates that

the bulk of the displacement took place along the strip of land close to the shore.

Figure 28 shows a complete record of Line A stations between 1977 and 1993. The

rate of surface movement of station A6 was 26 mm/yr between May 1977 and

October 1979 compared with 9 mm/yr for stations A3, A4 and A5. The rates reduced

in 1979 following construction of a rock buttress on the foreshore (to 11 mm/yr at A6)

and further reduced after 1982 with stations A3 to A6 moving at 1 to 2 mm/yr. There

were no landslides reported from 1987 to the end of monitoring in 1993.

Stations A4 and A5 were re-surveyed in 2006 as part of the present study and the

graphs have been extended. These show the creep rate has continued at

approximately the same rate (100 mm in 29 years or 3.4 mm/yr). McLaren (1990, p.

159) concluded that movements were unlikely to extend to depths very much below

the base of the colluvium and

there seems to be no evidence to suggest that movements of a more deep-

seated nature are taking place, which could lead to a massive landslide

involving the whole of the slope from the cliff top to the coast.

Shallow resistivity profiling

Eight 2D resistivity profiles were imaged (parallel and perpendicular to the coast)

between the cliff and the sea (APEX Geoservices (UK) Ltd. July 2007). They were

interpreted with reference to the borehole data. The colluvial layer correlated

generally with a high resistivity zone in excess of 80 ohm m, clearly showing the

scree slope and the variable thickness of colluvium and made ground (Fig. 29).

However, there were two main shortcomings. There appeared to be a deep bowl of

colluvium beneath the development platform, just down slope of a steep break in

slope, which could have been evidence for a deep-seated slip. However, undisturbed
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Kimmeridge Clay Formation was encountered in the boreholes here and the anomaly

was attributed to reinforcing steel in the remaining concrete slab. A similar feature

close to the sea also aligned with a morphological feature suggestive of a rotational

slip, but in the case the resistivity anomaly did not reveal the full extent of the

colluvium and this was attributed to saline intrusion reducing the resistivity along the

coastal strip.

Deep 3D geology assessment

A 3D computer model (PETREL) of the regional geology was prepared by PGL

Engineering Geoscience (August 2007) to derive a series of mapped surfaces at

selected marker horizons down to the top of the Triassic. These surfaces tie outcrop

dips and strike data (Portland Stone), outcrop traces (Base Portland Stone and

top of the Kimmeridge Clay), BGS data, site borehole data, LiDAR and bathymetry

data, deep seismic mapping and various historical data.

The Isle of Portland is located on the southern flank of the regional Purbeck Anticline

feature with beds dipping between 1.5 to 2° to the south. This assessment

demonstrated that the axis of the ‘Shambles Syncline’ feature (Brunsden et al. 1996)

extends to the north-northwest across the Isle. Hence The Isle of Portland can be

described as being located in a plunging syncline feature on the southern flank of the

regional Purbeck Anticline (Fig. 30). This syncline overlies a synclinal feature at the

deeper Triassic level (Fig. 31).

High-resolution stratigraphical & down-hole geophysical logging

It is evident from other sea cliffs in Dorset that the Kimmeridge Clay Formation does

not always give rise to large landslides (e.g. Hounstout Cliff and Rope Lake Head)

where it crops out as competent mudstone and limestone sequences. If competent,

in situ Kimmeridge Clay Formation were to exist beneath the site it should be

possible to show this by correlating the various marker bands from the borehole

cores. The Kimmeridge Clay Formation has been divided into 63

chronostratigraphical units (KC 1 to KC 63), based on a combination of lithological,

faunal and geophysical log characters that can be recognised throughout the English

outcrop and subcrop of the formation (Gallois 2000). Each unit consists of a

sedimentary succession that is believed to be bounded by isochronous surfaces.

Within the units, a number of pelagic coccolith-rich beds form marker beds that can

be traced over areas of tens of thousands of square kilometres. Many oil-shale

seams are almost as persistent. In contrast, some of the 'stone bands' (calcareous
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cemented mudstones) are only locally present. However, within the relatively small

area of the development site the stone bands and minor sedimentary variations such

as shell-rich partings persist throughout the site and can be used also as marker

bands.

The cores were allowed to dry in the sun, which rendered their detailed internal

structure more visible. The boreholes had been geophysically logged to depths of 50

to 100 m (calliper, formation density, neutron porosity, natural gamma, plus resistivity

in one hole). Stratigraphic marker beds were identified in the borehole cores and the

successions correlated with the geophysical logs (including the depth information

from the geophysical logs). This work was undertaken by Gallois (July 2007,

subsequently published 2010 & 2013) and showed that at depths greater than 20 m

the whole site is underlain by undisturbed Kimmeridge Clay Formation with a simple

structure, dipping at approximately 2° dip to the south-southwest.

Above the undisturbed Kimmeridge Clay Formation, an upper layer of disturbed

material was encountered. Gallois (2010) divided this into three zones (Table 2),

although not all three zones occurred everywhere. The most enigmatic was Zone 2

which appears to be similar to translational slides in thawed permafrost as reported in

the Lias at East Cliff, Lyme Regis by Hutchinson & Hight (1987). Zone 2 has been

interpreted as periglacial creep folds (Gallois 2010), large scale features caused by

small incremental downhill movements. The rarity of shear surfaces in the deformed

mudstones suggests that the incremental movements at any one time were small

enough for the bedding to be folded without fracturing and that the rock mass was

largely frozen at the time of the movements.

Table 2. Zonation of the Kimmeridge Clay Formation at Upper Osprey, Isle of
Portland (simplified after Gallois 2010)
Colluvium Mostly solifluction deposits. Sharp base.
Zone 1 Weathered, stiff clay, ex situ, numerous shears, basal shear.
Zone 2 Highly disturbed, ex situ, softened/weakened, listric discontinuities,

bedding mostly 30-40° but up to 70°, shear surfaces, basal shear.
Zone 3 Slightly disturbed, mostly in situ, partially softened, some polished

joints, marker beds in correct stratigraphic spacing, bedding up to
10°.

Undisturbed Widely spaced joints, bedding <2°.

Identification of disturbed and undisturbed Kimmeridge Clay strata

The borehole successions could be proved to be correlated with one another with an

accuracy of ± 0.5 m. No fault or landslide disturbance that might have caused an
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offset of any of the marker beds was detected in the rock mass below 20 m. The

evidence confirmed the presence of extensive shallow-seated movements, but no

deep-seated (> 20 m depth) failure surface was recorded. This is in keeping with

historical accounts of major landslides that were large in aerial extent but which only

involved the colluvium and possibly the highest part of the disturbed Kimmeridge

Clay Formation.

Hydrogeological modelling

Groundwater beneath the site is discontinuous and not seen as standing water in trial

pits or boreholes. Two piezometric surfaces were required for numerical slope

stability analysis; one representing the current situation and one representing the

likely situation at the end of the life of the project (c. 100 years). This was achieved

using a combination of qualitative and quantitative techniques (SRK Consulting (UK)

Ltd. August 2007). Firstly a hydrogeological conceptual site model was derived to

evaluate current groundwater processes. Current and past groundwater observations

allowed for an interpretation of current phreatic surfaces to be plotted as 'worst-case'

and 'most-likely' scenarios. Both surfaces showed a general trend of reducing

groundwater head towards the coast. Interspersed between locations where

groundwater was detected were boreholes that were dry and therefore a continuous

piezometric surface did not exist in either the colluvium or the Kimmeridge Clay

Formation at the time of measurement (May 2007). Two explanations were

proposed: either groundwater collects as perched water tables within each

topographical hollow in the colluvium and only flows downslope during times of high

recharge; or there is a hydraulic connection via preferential pathways (e.g. stone

bands) between each body of groundwater.

A quantitative hydrological balance was then constructed based on this conceptual

model to help scope possible inflows and outflows to the system and how these

would change over time. Finally, a two-dimensional numerical groundwater flow

model was constructed in MODFLOW to estimate change in groundwater levels and

predict levels for 2107. From this study, the base groundwater level for stability

analyses was taken to be close to base of colluvium.

Updated conceptual site model

Assembling all of the lines of evidence allowed a revised conceptual site model to be

constructed with a high degree of confidence (Fig. 32). This revealed a stepped

profile in the undisturbed Kimmeridge Clay Formation draped over by the colluvium.
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The colluvium extends out to sea over a buried wave-cut platform, proven by drilling

up to 120 m, but may be as much as 300 m based on the bathymetry. The sea is

only as few metres deep and it is most probable that the rocks that were 'risen up

above the water' in historic accounts were not the result of deep-seated, rotational

toe heave, but were in fact the result of a translational 'bulldozer' mechanism as the

slide ran out on to the shallow, submerged wave-cut platform. The stepped profile is

most probably a buried cliff line, possibly reflecting past sea levels and/or medium to

small-scale landslides. Indeed, the Zone 2 periglacial creep folds are seen only in

discrete locations and appear to be trapped on a buried bench, having been covered

in turn by younger mass movements. Gallois (2013) has developed this model and

has suggested a succession of events during the Pleistocene to explain the

configuration.

Slope stability analyses using limit state and finite difference model

A rigorous series of analyses were undertaken of the revised conceptual site model,

using both limit state and FLAC (fast Lagrangian analysis of continua) models. This

included sensitivity analysis of the laboratory and back-calculated parameters and a

range of piezometric surfaces staring with those derived as above, then progressively

increasing the head. The slope geometry in its current configuration using a

groundwater surface interpreted to be the average condition from the hydrogeological

study was shown to be approaching a steady state stable condition. An increase in

the level of groundwater in the slope markedly altered the behaviour of the slope.

The key findings are summarized as follows.

(1) Slope movement is largely contained within the colluvium and upper parts

of the Kimmeridge Clay Zone 2 unit.

(2) There is no indication of any deep seated movement within the

Kimmeridge Clay Formation resulting from ductile flow or any other mode

of failure.

(3) Erosion of the toe of the slope by the sea causes an increase in

movement within the colluvium but would not result in a catastrophic

failure of the slope.

(4) Loading of the slope by construction of the gas storage plant would not

destabilise the whole slope. It could, depending on the magnitude of the

loading, give rise to localised instability of the colluvium and so specialist

design of the infrastructure and foundations would be required.
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Summary remarks

Brunsden (1996b, p. 10) concluded his Scott Simpson Lecture to the Ussher Society

with the comment that:

the hypothesis that the cliffs and landslides of Portland ... can be explained by the

overburden loading–clay extrusion–lateral spreading model has not been tested

by ... sub-surface exploration. Perhaps we have defined yet another research

frontier.

That research has now been undertaken (at Upper Osprey at least) and the findings

are as follows.

No evidence was found for ductile flow:

(1) the central depression is tectonic;

(2) there is no vertical offset of limestone blocks;

(3) the Kimmeridge Clay Formation is competent mudstone;

(4) there is no vertical displacement or thinning of marker beds;

(5) Zone 2 is a remnant preserved on buried topography and not a ductile

layer;

(6) there is no evidence of ductile flow from bunker tunnels or FLAC

modelling; and

(7) there is no evidence for preferential displacement zones within the

Kimmeridge Clay Formation strata where shears are present.

No evidence was found for deep-seated rotational failures (below 20 to 30 m):

(1) detailed logging of marker bands defines undisturbed deposits;

(2) undisturbed Kimmeridge Clay Formation strata are relatively close to the

surface (max. 20 to 30m);

(3) a stepped, buried sea cliff profile has been refined by complex landsliding

during one or more cold climate periods;

(4) modern slips have occurred in previously disturbed strata;

(5) movements since the 1970s have been restricted to surface creep by

beach protection and slope drainage with movement broadly coincident

with base of colluvium;
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(6) sea bed contours show that only a modest toe debris apron would stand

proud of the water (as per historic accounts) and deep-seated failure is

not a pre-requisite; and

(7) repeated shallow translational slips have buried the old cliff and it is being

exhumed by marine erosion, promoting reactivation, seen possibly up to

300 m off shore.

South Cotswolds revisited

In gathering together the case histories for the Glossop Lecture my aim was to

demonstrate what is possible if one stops and thinks carefully. This got me thinking,

could I revisit my PhD and produce further lines of evidence using recently developed

techniques, thereby updating the conceptual site model?

The Swainswick valley joins the Avon valley to the eastern side of Bath, UK. It

contains the A46 road, a major transport link to the M4 motorway to the north. It is a

classic area for superficial structures; cambering, gulls, landslides, etc. formed during

past cold climatic conditions in a sequence of sub-horizontal mudstones/clays, silts

and jointed limestones of Jurassic age (Chandler et al. 1976; Hawkins & Privett

1979). Hobbs & Jenkins (2008) discuss the Swainswick valley in the BGS re-

evaluation of the term 'foundered strata'; in general there is a ‘double-layer’ trend to

landslides in the area, i.e. an ‘upper slope’ and a ‘lower slope’ regime. The upper

occurs within the Chalfield (Great) Oolite and Fuller’s Earth Formations, and the

lower within the Inferior Oolite and Lias Groups.

Soper's Wood landslide

The Soper's Wood landslide [ST 747678] is a mudslide on the upper slope, located

on an overall 13° slope. Subsequent to my reconnaissance mapping it has been

studied in detail (e.g. Lawrence 1985; Anson 1996; Anson & Hawkins 1999, 2002). It

takes its name from a wood immediately to the northwest. When I mapped the

Swainswick valley in 1977 I observed numerous slips within the wood (Fig. 33).

Hobbs & Jenkins (2008, fig. 24) show a photograph of slips emerging from the lower

edge of Soper's Wood, which they describe as debris flows being typical of the tree-

covered upper slopes and usually derived from deep-seated rotational or

translational landslides upslope. I was unable to locate myself accurately in the wood

because of the dense vegetation and my engineering geomorphological map is

simply blank in that area. Anson & Hawkins (2002, fig. 5) managed no better, simply
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recording the existence of 'clay slips' and a backscarp (against the Great Oolite) on a

sketch map.

The aerial photographs available in 1977 were monochrome and of relatively poor

quality (Fig. 34 (a)). They showed some features in the field, but nothing in the wood.

The latest colour aerial photographs from Google Earth (Fig. 34 (b)) and Digimap

(Fig. 35 (a)) show more detail in the open field, but (predictably) nothing in the wood.

Hobbs & Jenkins (2008) make reference to airborne LiDAR, which had been flown for

the study area by NERC’s Airborne Research & Survey Facility, but no data were

available to the project at the time of writing up. LiDAR is now widely available and I

recommend it as one of the first tools to use for landslide studies. It is simple to use

and can be imported to, and processed by, geographic information systems (GIS) or

other data visualization software such as Golden Software Surfer®. Much more is

now possible, as illustrated by Figure 35 which shows the current colour aerial

photograph (Fig. 35a) along side a section of the engineering geomorphological map

(Fig. 35b). Using the digital surface model (DSM) LiDAR data a hillshaded image can

be produced (Fig. 35 (c)). The DSM represents the height values of the first surface

on the ground (from the first laser reflections). This includes terrain features,

buildings, vegetation, etc. and provides a topographic model of the earth's surface.

The apparent sun angle and declination can be altered at will in the software to give

the best illumination of the shallow relief landslide features (often less than a metre in

elevation). One immediate observation is the LiDAR shows up the extent of ground

movement since 1977.

The most outstanding LiDAR image is the one based on the digital terrain model

(DTM). This is derived (by the supplier of the imagery) from the DSM by digitally

removing as far as possible the man-made and vegetation features. Some of the

laser light does penetrate the canopy and is reflected back. When a hillshaded image

is created it clearly shows the landslides in the wood (Fig. 35 (d)). The missing

information is hence revealed by this new line of evidence.

In the past, the production of slope angle maps was very laborious and quite

subjective. I started such a map (Fig. 36 (a)) but soon abandoned it because it was

taking far too much time and did not appear to be adding anything to my

understanding of the terrain. LiDAR data can now be processed to give slope angle

maps with minimal effort (Fig. 36 (b)). Furthermore, they are editable in terms of the
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slope angle interval and type of shading. LiDAR can also be used to produce contour

maps that can be exported into other mapping or graphics software. Again, the

contour interval can be selected as required.

Deep-seated landslides

As mentioned by Lee & Fookes (2015), engineering geomorphological mapping was

an emerging trend in site investigation practice in the late 1970s. Hawkins & Privett

(1979) used it to document superficial structures and not unsurprisingly most success

was had with those features that ruptured the ground. Two large, deep-seated,

rotational failures were targeted; the Bailbrook and the North Stoke landslides, on the

valley sides of the River Avon. These are cited by Hobbs & Jenkins (2008, section

3.3.2) as good examples of the failures of the lower slopes.

The Bailbrook landslide [ST 771673] is 1.2 km long and the backscarp and toe are at

elevations of 100 and 20 m OD, respectively. It is partially developed with housing,

gardens, roads and formerly market gardens (subsequently built over) on the slipped

mass. The small-scale surface expression has been almost obliterated by human

activity over the years. The backscarp stands out as a wooded 35 to 40° slope, but

there is no detail in the slipped mass. The engineering geomorphological map

reflects this and there was unlikely to have been any significant extra information

gained from the difficult task of attempting to access dozens of small residential

properties to the south of the main road. The map remains blank in these areas.

However, the morphology of the landslide is revealed dramatically with the LiDAR

DTM (Fig. 37). There are undulations in the slipped mass, including to the south of

the main road. The ends of the backscarp are also very well defined even though the

topography is more subdued here and the land developed. At the eastern end the

backscarp splits into three, almost en echelon, scarps and this is immediately

obvious on the DTM. It would have been a major advantage to have had the LiDAR

DTM prior to going into the field in this type of land use because it would have

allowed me to target specific areas of interest to gain access to for mapping.

The North Stoke landslide [ST 698689] is similar in size and form to that Bailbrook

landslide, being 1.2 km in width and dropping from 105 m at the backscarp to 17 m

OD t the River Avon. The main difference is that this landside has not been

developed and remains as pasture. Consequently, the LiDAR DTM does not reveal

any significant new data over and above the engineering geomorphological map (Fig.

38). However, the DTM image is significantly more rapid to acquire.
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Other digital mapping innovations

One of the most important advantages of digital data is the ability to transfer it

between numerous processing software packages and to generate multiple outputs

for assessment and presentation purposes. In addition to GIS packages, data

visualization software such as Golden Software Surfer® can be used to manipulate

geo-referenced data sets and images (be they produced electronically or scanned

from paper originals). Figure 39 is a demonstration of how various layers can be

stacked to illustrate Soper's Wood. In this case the original engineering

geomorphological map has been scanned and geo-referenced within the QGIS open

source GIS and imported into Golden Software Surfer® along with digital versions of

the open source Ordnance Survey mapping and Getmapping© aerial photography.

The LiDAR DTM data have been used to generate a contour map and a 3D

topographic surface (Fig. 39 (a)). These can be displayed alone or several layers

overlain together, as required. The example in Figure 39 (b) is an overlay of the

aerial photograph and the engineering geomorphological map on to the 3D surface.

This can be rotated and tilted at will to generate the required oblique view. The power

of the technique is demonstrated in Figure 40 where a real oblique photograph of the

Soper's Wood landslide taken in 1978 is compared to a pseudo-photograph

generated from the aerial photograph and the 3D surface. In this case the 3D surface

sun angle was altered to best match the sun angle of the real photograph and the

colour temperature altered in digital photography editing software to match the

evening light. A 1978 false-colour infrared photograph of the same view (Fig. 40 (a))

is included to demonstrate how this type of film can highlight small-scale features in

this type of terrain, but unfortunately this film is no longer manufactured.

It is also worth noting that another open source GIS, ILWIS Open (Integrated Land

and Water Information System), can be loaded with scanned pairs of stereographic

aerial photographs and an anaglyph generated that can be viewed on screen using

bi-coloured spectacles to see the 3D relief model. The photographs can be panned

and zoomed and annotations added to separate layers in the software (Fig. 41). An

aerial photograph interpretation of features such as possible landslide toes and

scarps can be produced and exported in DXF format to other software.

Summary remarks

I claim no credit for these techniques and, indeed, I am indebted to Dr. Malcolm

Whitworth for his suggestion to try them out. Having done so I can conclude that the
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LiDAR DTM is an invaluable tool during the desk study phase of an investigation

where landslides are suspected or anticipated. Not only does the DTM provide a

rapid assessment tool in its own right, it is useful in planning engineering

geomorphological mapping and in streamlining the fieldwork. Without a reliable set of

detailed aerial photographs it is time consuming to map 'blind', especially where there

are large-scale features, such as at Bailbrook. Although the backscarp is clearly

visible, the details of the slipped mass can be difficult to see on the ground because

of the large scale and the presence of buildings and gardens. This is particularly the

case where the small-scale, would-be, tell-tale features have been obliterated by

human actions. The technique also lets the mapper see into wooded areas and to

create a bigger picture in areas sub-divided into small parcels of land such as

housing developments. Entering someone's garden and taking a slope reading

across the lawn involves quite a bit of permission seeking (and some landowners

refuse permission). The data gained can be limited and disjointed, making it difficult

to derive a true representation of the bigger picture. The whole process is time

consuming and costly and usually results in blank areas on the map. In these

circumstances, the DTM lets the mapper 'zoom out' and allows the map to be

augmented from interpretation of the DTM.

Discussion

My 'story' as an engineering geological consultant over the past 40 years tells me

that engineering geologists must be equipped to embrace the numerous and varied

disciplines that are involved in the formation of a credible conceptual site model. This

is not as a project manager, but as a scientist and engineer who can understand and

act upon the information. One's knowledge and experience may well be shaped by

random events such as the type of projects that happened to come along, being in

the right place at the right time or by adopting some new innovation; and not

necessarily in response to a pre-determined career plan. When faced with an

unfamiliar situation or concept, reference to past case histories is invaluable. I urge

practitioners to write up more.

Multi-disciplinary working, applying knowledge and experience and learning lessons

from the past enable the consulting engineering geologist to generate the lines of

evidence needed to solve complex problems posed by his or her clients. Allocating

sufficient resources to this is key.
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In my Canvey Island example there was no standard approach, no guidance

documents on decommissioning and no previous example to draw upon. It was the

only site of its kind in the UK. Cryogenic gas storage proved not to be economic not

because of any lack of engineering geological knowledge related to the construction,

but because the longer-term effects of ground freezing were not fully understood by

the designers. Filling a hole with sand is relatively simple but the unknowns for

decommissioning resolved around the very low temperatures. There were also

significant financial uncertainties for the contractor because of access constraints (for

lorry movements to and from the site and because of the personnel exclusion zone).

Lateral thinking and some simple experimentation indicated that the cold was not

likely to be a serious constraint, so standard soil mechanics theory of earthworks was

appropriate.

In my Port Solent Marina example there were reservations about using a standard

approach to construct chalk-fill earthworks. There were two interlocking problems:

firstly, the very weak formation which was below the groundwater level and secondly,

the history of over-compaction problems associated with the handling and

compaction of chalk fill. Whilst the latter could be overcome using the approach in

LR 806 (Ingoldby & Parsons 1977), the former could not. Standard compaction

specifications crushed most chalks to a greater density than that of the original rock

and this degree of compactive effort was impossible here given the quality of the

formation. Consequently, a low-compaction specification using the chalk more as a

rock fill was developed, which could be followed successfully on site. This involved

lateral thinking based on alternative ideas of the day, considering what might happen

and testing it in the laboratory and field. Taking a staged approach with multiple lines

of evidence, including ample verification work, provided the necessary assurance to

all parties.

In my LNAPL example remediation was underway but not working according to plan.

Although a significant amount of investigation had taken place, the remedial strategy

was based on a simple, almost naive, conceptual site model. It visualized the porous

sandstone as one might consider a laboratory analogue model of, say, a glass tank

full of marbles, part flooded with water with some oil poured in. The oil would float as

a layer on top the water and so it would be straightforward to install pumps at the oil-

water interface and pump out almost all the free oil. When this failed to work, a

second opinion was based on a thorough review of all the data, augmented by

additional site investigation and laboratory testing to obtain additional lines of
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evidence. The critical breakthrough came with the inception of the concept of the

'apparent volume' which reduced all the site data to a single variable that could be

plotted against time to examine changes over a number of years. It then became

evident that the groundwater level varied with time and inversely to the apparent

volume. Armed with this understanding, a possible causal link was pursued which

rapidly led to uncovering in the US literature the capillary characteristic model of

hydrocarbon saturation in porous media. This model could then be used to gain a

better estimate of the true volume of LNAPL in the pores based on the van

Genuchten (1980) equations. These were calibrated to the site with saturation

profiles derived from the second investigation boreholes and extrapolated across all

wells on the site. It was now possible to see the flaw in the original strategy to pump

out free phase as most of it is not actually free but locked into the pore space. This

evidence-based understanding also showed that LNPAL was not likely to migrate to

the river and so the main concern was in fact the dissolved phase plume. The

remedial strategy was re-formulated in close consultation with the Environment

Agency.

In my Isle of Portland example the site had a complex history but the conceptual site

model was ambiguous because of the lack of data. The site had already been leased

and so it was necessary to understand the mode of landsliding failure to see if it was

shallow or deep and to consider if sudden, large-displacement slips could occur

during the life of the project. With potentially high financial and safety risks, all parties

had to be very confident before proceeding and this required a comprehensive

conceptual site model. The case history is a prime example of the phased approach,

using different lines of evidence to build up a picture showing the absence of ductile

flow leading to deep-seated landslips as a mechanism. A whole host of techniques

from desk study through site mapping, drilling, geophysics, stratigraphic logging,

laboratory testing, monitoring, hydrogeological modelling and stability analysis

produced a conceptual site model that indicated shallow creep failure only and this

informed the permitting and initial design.

It is a matter of considering all the evidence to give confidence that the conceptual

site model is the best it reasonably can be to give assurance to all parties involved in

a scheme. In The Logic of Scientific Discovery, a book about the philosophy of

science, Popper (2002) argues that science is not really about proving a truth, but

about proving a falsehood. When one finds evidence that disproves a hypothesis,

one discards or amends the hypothesis. One can never find truth exactly, but by
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ruling out ideas one gets closer to it. At the Isle of Portland it was necessary to keep

looking for evidence of deep-seated failures and lateral spreading until the

overwhelming conclusion was that there were none to be found. Clearly, one could

enter the realms of the law of diminishing returns, but the effort expended must be

proportional to the consequences of risk of failure on a site-specific basis.

Forty years has seen a great many changes in many aspects of engineering

geological practice. Methods and understanding have evolved and many can now be

considered as 'mature'. These include the use of chalk in earthworks, guidance on

LNAPL contamination and (not discussed in this paper) retaining wall design, clay

volume change beneath foundations and semi-quantitative methods of risk

assessment of land affected by contamination, to mention but a few. That is not to

say they are now static, simply that the 'learning curve' is less steep than it used to

be. It is important to continue challenging the perceived wisdom and to innovate.

The greatest area of change has been in information technology and electronic data.

In its simplest form this is on-line information resources on the world wide web that

far surpass the scope of, and ease of access to, conventional libraries. The extension

into on-line databases, especially those that are geo-referenced as geographic

information systems, puts a whole lot more information at the disposal of the

engineering geologist. What is more, it is now possible to manipulate and process

these data on one's own computer and prepare publication and report quality

graphics with ease. This is made all the more easy by the use of common software

standards which allow data to be transferred easily between various commercial

applications.

New lines of evidence can be generated by technological innovations allowing an old

conceptual site model to be updated and improved, as in my south Cotswolds slope

mapping example. However, do not get carried away by the technology. It might

seem possible to do everything from the comfort of an office, and indeed digital

image production and interpretation can be invaluable tools. The basics must be

remembered. There is no substitute for getting out in the field and mapping disturbed

slopes. Armed with a desk-top interpretation the mapping process can be more

efficient. Similarly, the advent of readily available and easy to use geotechnical

design software can be seen as a 'double-edge sword'. It is a boon in the right hands,

but a poor conceptual site model leads to 'rubbish in, rubbish out' designs. This is of
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particular concern because the high quality of the graphics can seduce an unwary

reader into believing the design is authoritative.

On the professional front there is now, rightly so, much more emphasis on

qualifications and registrations. The UK National Planning Policy Framework requires

a 'competent person' to prepare site investigation information; defined as a person

with a recognised relevant qualification, sufficient experience in dealing with the

type(s) of pollution or land instability and membership of a relevant professional

organisation. This is seen by a rise in the use of chartered titles (awarded by British

institutions that have been incorporated under Royal Charter, with the permission of

the Privy Council). Those with chartered status can apply for European titles (such as

Eur Geol and Eur Ing) under the European legal intruments for the mutual regonition

of professional qualifications. Indeed, this was one of the factors which led to the

reunification of the Geological Society and the former Institution of Geologists to

provide a single representing body for professional geologists in the UK. More recent

quality initiatives include the UK Register of Ground Engineering Professionals

(RoGEP) which offers 3 grades based on competencies across 6 attributes. On the

geoenvironmental side, the National Quality Mark Scheme for Land Affected by

Contamination (QMLC) promoted by the Land Forum is used to demonstrate the

work has been done by a competent person. Reports applicable under the scheme

require independent sign-off by a Suitable Qualified Person (currently this means a

Specialist in Land Condition (SiLC)). The SiLC organization has initiated a

competency scheme known as the Land Condition Skills Development Framework

(LCSDF) to aid career progression post-chartership towards SiLC.

Health and safety precautions have developed significantly also. Figs. 8 & 10 are

photographs from the 1980s and illustrate basic site practices that would today be

considered unsatisfactory. Indeed, a site investigation company (Cotswold

Geotechnical Holdings Ltd.) became the first company to be convicted of the new

offence of corporate manslaughter under the Corporate Manslaughter and Corporate

Homicide Act 2007 under which a person could be found individually guilty (R v.

Cotswold Geotechnical Holdings Ltd [2011] EWCA Crim 1337). The case related to

the death of a lone geologist on site in a 3.5 m deep trench which collapsed. Leave to

appeal the decision was turned down.

Conclusions
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If there is no standard approach or there are reservations about using a standard

approach, it is a matter of doing some research and looking into the problems that

are posed so as to decide which is the best way to proceed. If something is

underway but not working according to plan, it is a matter of looking at the data,

plotting everything against everything else and looking for patterns that can explain

what is going on using good scientific principles. The engineering geologist has to

think laterally and understand other disciplines (both 'internal' to engineering geology

as well as 'external'); how they work, how they interact and the pros & cons. The

desire to drive up the competency of individuals and hence the quality of reports is

reflected in comparatively recent training and professional registration schemes and

this is most welcome, as is the desire to make site work a safer occupation.

To understand a site and predict how it will behave engineering geologically, a sound

conceptual site model based on lines of evidence is essential. Multiple lines of

evidence may be required to define a conceptual site model where there are

challenging conditions or engineering requirements (or both). It may be possible to

add new lines of evidence to an existing conceptual site model if new techniques of

data capture and handling evolve. Recognising when a problem is complex is a key

skill for an engineering geologist. Often, the devil is in the detail. Only in-depth

consideration with sufficient resources of time and budget will allow suitable advice to

be given to the client.
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Fig. 1. The lines of evidence
approach.

Fig. 2. Some of the multiple disciplines
encountered by the author.

Fig. 3. Canvey Island cryogenic gas storage tank
construction.



Fig. 4. Canvey Island cryogenic gas storage tank
decommissioning. (a) Ice wall and sand fill. (b)
Remote-controlled gantry and conveyor system
for sand filling.

Fig. 5. Laboratory bench-scale trials of
compacted chalk fill. (a) Flooded plate load test.
(b) Fines wash-out test.



Fig. 6. Port Solent Marina trial embankment
details. (After Privett 1990b.)

Fig. 7. Port Solent Marina settlement rods on
formation prior to construction of the trail
embankment.



Fig. 8. Construction of the Port Solent Marina trial
embankment. (a) First layer dozed into water. (b)
On completion. Note: these photographs taken in
the 1980s display a lack of PPE that would be
today considered a minimum requirement foe site
personnel.

Fig. 9. Port Solent Marina trial foundation load
test details. (After Privett 1990b.)



Fig 10. Port Solent Marina trial foundation load
test. (a) Loading the strip foundations. Note:
something that has developed significantly since
the 1980s is site safety; the poor practice shown
in this photograph would not be acceptable today.
See also Fig. 8. (b) Water samples recovered
from a drainage hole cut through the coffer dam
below groundwater level. The numbers on the lids
signify the time in minutes since the hole was
opened.

Fig. 11. The Sherwood Sandstone Group aquifer
near the site of a large LNAPL leakage.

Fig. 12. Contours of apparent thickness of
LNAPL from monitoring well array. Maximum 3.5
m.

Fig. 13. Conceptual site model of
LNAPL release based on early
understanding of transport
mechanisms.



Fig. 14. The sharp interface model
of LNAPL contamination. Cross-
section through a monitoring well
plus LNAPL and water depth-
saturation curves. (After Erskine et
al. 1998, from Privett 2006.)

Fig. 15. 3D wire frame contour plot of apparent
LNAPL thickness in a monitoring well array for
October 1998. The volume under the wire frame
surface from the peak to the zero apparent
thickness contour is termed the 'apparent
volume'.



Fig. 16. The variation of apparent volume over time in relation to groundwater-level fluctuations.
Polynomial trend lines (dot-dash) show long-term trends. (From Privett 2006.)

Fig. 17. The capillary
characteristic model of LNAPL
contamination. Cross-section
through a monitoring well plus
LNAPL and water depth-saturation
curves. (After Farr et al. 1990,
from Privett 2006.



Fig. 18. Observed water and LNAPL saturation
curves for Borehole A in the Permo-Triassic aquifer,
as a percentage of pore volume. The bars represent
subsequent measurements of the range of apparent
thickness, the maximum vertical interval over which
LNAPL was observed and the piezometric level.
(From Privett 2006).

Fig. 19. Conceptual site model of
LNAPL release based on updated
understanding of transport
mechanisms.



Fig. 20. Schematic cross-section of the proposed Isle of Portland gas storage caverns. (After InfraStrata
UK Ltd. publicity and Evans 2007.)

Fig. 21. Drilling the Portland A borehole on the
proposed gas storage facility Upper Osprey site.
(Photograph from InfraStrata UK Ltd. publicity.)



Fig. 22. Main features of the
speculative lateral spreading
model at Upper Osprey.

Fig. 23. LiDAR DTM. Isle of Portland gas storage
site outlined in red. (© Environment Agency
copyright and/or database right 2015. All rights
reserved.)



Fig. 24. Conceptual slip geometry
at Upper Osprey. (a) Deep-seated
slips based on a sketch by
Brunsden et al. 1996. (b) An
attempt to draw deep-seated slips
on the actual slope profile. The
geometry is unrealistic on the
lower slopes and below sea level
suggesting deep-seated slips may
not be present. P. Stone, Portland
Stone; P. Sand, Portland Sand.

Fig. 25. Schematic cross-section of ground movements at site of an oil storage bunker. (After Posford
Duvivier Drawing G5477/01/031.)



Fig. 26. Aerial photograph (1971) interpretation of the slopes at Upper Osprey. Slope drainage is visible as
vertical lines in the vegetation. A small slip is visible in a newly constructed embankment. (Photograph
reproduced with permission of Ordnance Survey, OS/71004 Frame 55. 07.03.1971. Crown Copyright. All
Rights reserved 2018.)



Fig 27. Engineering geomorphological map of the slopes at Upper Osprey. (After Whitworth 2007.)

Fig. 28. Line A surface movement
survey stations at Upper Osprey.
(a) Schematic cross-section. (After
McLaren 1990.) (b) Creep
movement graphs 1977-2006.



Fig. 29. Simplified 2D resistivity
profile at Upper Osprey. (After
APEX Geoservices (UK) Ltd.
July 2007.)

Fig. 30. Plunging syncline at the Isle of Portland
with structure contours at the top of the
Freshwater Steps Stone Band. (After PGL
Engineering Geoscience August 2007.)

Fig. 31. 3D view of the deeper structure beneath
the Isle of Portland. The red dots represent the
proposed caverns. (After PGL Engineering
Geoscience August 2007.)



Fig. 32. Conceptual site model of the slopes at Upper Osprey, Isle of Portland. FSSB Freshwater Steps
Stone Band, MWSB Middle White Stone Band, WSB White Stone Band, Neopl. Neopolitan, BSB Basalt
Stone Band.

Fig. 33. Mudflows within Soper's Wood.



Fig. 34. Soper's Wood aerial photographs. (a)
Poor quality monochrome image available in
1978. (b) 1999 historical image with low sun
angle available on Google Earth greatly
accentuates low-relief features. (© 2018 Infoterra
Ltd. & Bluesky.)



Fig. 35. Slope instability at Soper's Wood. (a) Colour aerial photograph shows only the larger mudflows in
open ground. (© Getmapping Plc.) (b) 1200 dpi scan of hand-drawn engineering geomorphological map.
(After Privett 1980.) Mapping was not possible within the wood. (c) LiDAR DSM picks out mudflows and
other surface features in open ground. (d) LiDAR DTM makes visible mudflows and other features within
the wooded area. (LiDAR images © Environment Agency copyright and/or database right 2015. All rights
reserved.)



Fig. 36. Slope angle maps at Soper's Wood. (a)
1200 dpi scan of hand-drawn map. (b) Derived
from LiDAR DTM. (© Environment Agency
copyright and/or database right 2015. All rights
reserved.)



Fig. 37. Updated version of Hawkins & Privett (1979, fig. 7) of the Bailbrook landslide with the original
engineering geomorphological map, but including the LiDAR DTM. This shows the full extent of the
landslide not visible in the original aerial photograph plus features that were not accessible during mapping.
(© Environment Agency copyright and/or database right 2015. All rights reserved.)



Fig. 38. Updated version of Hawkins & Privett (1979, fig. 6) of the North Stoke landslide with the original
engineering geomorphological map, but including the LiDAR DTM. This shows the full extent of the
landslide, but does not reveal significantly more detail than the mapping because the ground has not been
altered by human activity. (© Environment Agency copyright and/or database right 2015. All rights
reserved.)



Fig. 39. The use of data visualization software at
Soper's Wood. (a) Stack of several layers of data
over a 3D surface. (b) The aerial photography
and engineering geomorphological mapping
layers draped over the 3D surface. (©
Getmapping Plc. © Environment Agency
copyright and/or database right 2015. All rights
reserved.)

Fig. 40. Mudflows at Soper's Wood. (a) False
colour infrared photograph taken before
vegetation is too high reveals shallow mudflows
because bare earth is blue-grey and vegetation
pink. (b) Colour photograph taken at low sun
angle to accentuate shallow surface features. (c)
Pseudo-photograph generated from 3D
visualisation software. (© Getmapping Plc. ©
Environment Agency copyright and/or database
right 2015. All rights reserved.)

Fig. 41. Red-blue stereographic anaglyph view of
an unstable slope with partial annotation of
features. Yellow lines are mudflow toes and white
lines are backscarps. (Photographs courtesy of
M. Whitworth & Ordnance Survey. Crown
Copyright. All Rights reserved 2018.)




