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Report on IAEG Commission 22: Landscape evolution  
and engineering geology

J.S. Griffiths & M. Stokes
University of Plymouth, UK

D. Stead
Simon Fraser University, Canada

D. Giles
University of Portsmouth, UK

1 IntRoDuCtIon

Anderson & trigg (1976) in their collection of case studies in engineering geology1 stated 
“It is becoming increasingly accepted that civil engineering works must be in harmony with 
the environment in which they are placed, not only aesthetically, but physically, and that the 
environment is largely determined by geological factors.” In the same volume they went on to 
say, “The basic task of the engineering geologist is to collect data relating to the stability of 
the geological environment, taking into account the fact that this environment is itself changed 
by the engineering works.” the emphasis placed on the need to investigate the stability of the 
geological environment is an interesting one, as many ‘geological’ processes take place on a 
million year plus timescale (e.g. sedimentation and lithification, isostatic change, volcanic 
intrusion), although the concept of ‘geohazards2’ involves recognition of geological processes 
that can occur on a much shorter timescale (e.g. fault movement, extrusive volcanic activity, 
landslide, earthquake, ground subsidence). Geohazards, therefore, are the subset of geologi-
cal processes that affect humans in the short term and all relate to changes in the geological 
environment that can occur within the design life of a construction project. What is also 
apparent is that geohazards are all liable to have a significant and immediate effect on the 
nature and properties of the surface of the earth (either on land or underwater), in that they 
are likely to change the shape of the landscape, whether it be terrestrial or submarine. How-
ever, within the history of the development of the contemporary landscape such short term 
or immediate changes resulting from geohazards need to be seen within the framework of 
the overall longer term evolution of landscapes. In this broader context it is recognised that 
‘geological’ processes are not the only ones involved in the creation and evolution of land-
forms, there are also climatic, hydrological, and biological processes to be taken into account. 
the long term interaction of all these processes created the contemporary landscape, and the 
investigation of the way this has evolved is part of the discipline of geomorphology.3

1 Engineering Geology is the science devoted to the investigation, study and solution of the engineering 
and environmental problems which may arise as the result of the interaction between geology and the 
works and activities of man as well as to the prediction and of the development of measures for preven-
tion or remediation of geological hazards (IAEG statutes, 1992).
2 A geohazard can be defined as a geological state that represents or has the potential to develop further 
into a situation leading to damage or uncontrolled risk (International Centre for Geohazard Research, 
norway http://www.geohazards.no/)
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At present most civil engineering projects take place on the land, in rivers and lakes, or 
in the coastal and nearshore zone. they predominantly lie within 100 metres of the ground 
surface (the main exceptions are deep tunnels, deep sea drilling and production rigs, and 
cross-ocean cables). thus, the overwhelming majority of construction works will interact 
with the landforms that make up terrestrial and nearshore landscapes. Recognition of this 
close link between the features of the landscape and civil engineering has led to the devel-
opment of engineering geomorphology,4 a subject where practitioners are able to provide 
practical support for engineering decision-making with respect to project planning, design 
and construction (Fookes et al., 2007). A core component of that support comes from the 
recognition that the earth surface is not a static environment and landscapes change over 
time through weathering and surface processes associated with erosion, sediment transport 
and deposition. Despite this, there are many examples of civil engineering projects where 
the extant conditions are regarded as being static within the design life of a project. Hence 
Commission 22 was instigated by the President of the IAEG (Dr F Baynes, 2006–2010) to 
provide a practical evaluation of the way landscape evolution can be included in project stud-
ies and investigations undertaken by engineering geologists supported by the still relatively 
few engineering geomorphologists.

this present paper describes the scope of the work that has been carried out to date on 
Commission 22 with the aim of provoking debate on the subject and providing the opportu-
nity for additional input from members of the IAEG. the intention is to provide a final report 
in 2011. the assumption that will be made in the final report is that the theories of landscape 
evolution that have been developed by geomorphologists over some 150 years are not widely 
known in the engineering geological community. therefore, the report provides a comprehen-
sive review of all facets of landscape evolution, covering both contemporary theories and ele-
ments of the historical debate. the engineering geological implications of landscape evolution 
to civil engineering projects are then evaluated. these two parts of the report are essentially 
theoretical in scope but supported by practical evidence and examples. the latter part of the 
report puts emphasis on the practical techniques that should be employed to investigate land-
scape change over time periods relevant to engineering projects. Finally, a series of case stud-
ies has been compiled that illustrates the importance of understanding landscape evolution in 
any investigation of ground conditions for civil engineering construction projects.

2 GEoMoRPHoLoGICAL tHEoRIES oF LAnDSCAPE EvoLutIon

the links between geology, geomorphological processes and landforms were summarized by 
Griffiths & Stokes (2008) (Figure 1). this figure shows that the geomorphological processes 
associated with weathering, erosion, deposition allied to tectonic activity and sediment lithi-
fication create landscapes. this has occurred countless times in the geological past although 
this is only recognised by gaps in the geological record indicated by stratigraphic unconformi-
ties. However, the contemporary landscapes in existence reflect the geomorphological proc-
esses that have been active since, at the earliest, the end of the Cretaceous Period (65 Ma BP). 
It is these contemporary landscapes and their history of development that are of interest to 
engineering geologists and which have most relevance to human society.

A fundamental precept is that any contemporary landscape is a palimpsest of  earth 
science systems whose operation is interlocked but whose history is superimposed. thus, 

3 Geomorphology is the study of the forms of the earth’s surface: their origin; the processes involved in 
their development; the properties of the materials from which they are made; predictions about their 
future form (Brunsden, 2002).
4 Engineering geomorphology is the application of geomorphology to engineering, including the evalua-
tion of: the near surface ground for design and construction; the risks to civil engineering projects from 
earth surface processes; the availability of resources for construction; and the effects of civil engineering 
projects on the environment (Fookes et al., 2007, page 1).
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the landscape contains multiple fragments of  process-response landforms which, under 
contemporary conditions, may be: relict and inactive; relict but potentially reactivated; 
subject to change once certain threshold events occur; or be fully active (Griffiths & 
Stokes, 2008). Differentiating between these different states has very significant implica-
tions for a proposed development and should form part of  any engineering geological 
investigation.

Landscape formation can be categorized into the following processes: weathering; slope 
development; fluvial; pedogenesis; periglacial; glacial; aeolian; coastal; and submarine. the 
literature on these processes and the landforms they create is vast (e.g. see Burt et al., 2008) 
and beyond both the scope of this paper and the full report, to explore. However, what is nec-
essary for the final report is to understand the controls on the processes, the way and rate at 
which the processes operate to create landforms, and how the processes might be modeled to 
enable the creation of a ‘total geology model’ (Fookes et al., 2000). In this context, the major 
issues that the report addresses are presented in table 1.

Figure 1. Linking the rock cycle to geomorphological processes and landforms (after Griffiths & 
Stokes, 2008; reprinted with the kind permission of the Geological Society).

table 1. Geomorphological concepts relevant to engineering geology.

Concept Details

Rate of change thresholds; catastrophe theory; forms of equilbrium
Cascading systems Sediment cascade; geophysical cascade; earth systems
Structurally controlled landforms tectonic geomorphology
Climatically controlled landforms Climatic geomorphology
time and planation Davisian cycle of erosion (peneplanation);  

 pediplanation; etchplanation 
Palimpsest Multifaceted landscapes 
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Whilst geomorphology as a discipline has a long history and deep understanding of 
process-response systems and the way these result in landforms, the connections with engi-
neering geology remain limited (see discussion in Hutchinson, 2001). However, as noted 
above, landscape formation has very significant engineering geological implications, and this 
is explored further in Section 3.

3 EnGInEERInG GEoLoGy IMPLICAtIonS

It is apparent that whilst some of the geomorphological theories of landscape evolution 
remain unproven or lack rigorous testing, there are practical implications arising from them 
for all engineering geologists involved with planning, designing, investigating and construct-
ing any new development. Modelling the long term behaviour of the landscape or landform, 
through an understanding of the geological and geomorphological processes that have and 
are shaping it, is necessary if  any engineering works are planned. there are four facets to this, 
as identified in table 2.

the questions raised in table 2 form the basis for a review of the way landscape evolution 
might affect issues of direct relevance to engineering geological design. the full range of 
issues that will be assessed in the report within this context are presented in table 3, but in 
this paper only the first three are explored in more detail.

the design life of a structure was recognized as being a major issue in engineering con-
struction that is affected by landscape evolution. Design life is the expected life of a structure 
by design or endurance, durability, or how long it will perform whilst meeting the mini-
mum design specifications. thus a building might be expected to have a design life of 100 
years based on endurance, whereas a reservoir might have a design life of 100 years based 
on an estimate as to how quickly it fills with sediment before it fails to meet the minimum 
specification for providing water. Alternatively, a bridge might be expected to have sufficient 
waterway capacity to suffer functional failure only once in a hundred years, i.e. it has a design 
waterway area to successfully allow a 1 in 100 year flood to pass. these are all examples 

table 2. Issues to establish in relation to landscape development and construction works.

Question Landscape evolution and construction

1 Is there anything in the historical development of the landform/
landscape which might have a bearing on the engineering design 
for the works?

2 How will the landform/landscape change over the planned life of 
the works?

3 How will the planned works affect the landform/landscape? 
4 How can any changes be incorporated in the design?

table 3. Landscape development and engineering geology.

Item
Engineering geological concept to be evaluated in 
Commission 22

1 Design life of a structure
2 Risk assessment and risk registers
3 the application of reference conditions
4 Geohazard assessment
5 Reactivation of relict geomorphological processes

the implications of global climate change
6 Magnitude and frequency of geomorphological events
7 Cost benefit analysis
8 Some contractual implications
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of design life, although they do require different design decisions. For example, the dam 
holding back the reservoir might be perfectly capable of being in place for 200 years based 
on its design and expected endurance, whereas the reservoir behind it silts up in 20 years. 
Because of the inherent inaccuracies in our understanding of the geomorphological systems 
that affect structures most design life statements would be better expressed in terms of prob-
ability. For example, if  the bridge with the capacity of dealing with a 1:100 year flood had a 
design life of 50 years, then there is a 50% probability that the bridge will suffer a functional 
failure during this period. But how acceptable is this level of risk? Perhaps it should have the 
capacity to deal with a 1:500 year flood so that the probability of functional failure over its 
design life is reduced to 10%?

the examples quoted above assume some stability in the structures and the environment 
within which they are located. the building with a design life of 100 years is assumed to be 
built on stable ground and of durable materials that will endure as least as long as the design 
life. the rate of sediment inflow causing the reservoir to silt up will be based on the history 
of sedimentation in the area. the 100 year design flood for the bridge will also be based on 
the historical record of past floods, but if  the design flood was placed at 500 years this would 
be well beyond the length of actual flood records. our understanding of landscape evolu-
tion is that ground stability changes over time through a combination of increases in shear 
stress and decreases in shear strength in the materials either supporting or used to build the 
structure. Sedimentation rates into a reservoir will change through variations in land use 
in the watershed or climatic fluctuations. Similarly, climatic fluctuations could change the 
calculated 1 in 100 year flood into a 1:10 year flood. thus, the assumption of ‘stability’ in 
whatever form has to be taken into account when assessing design life

Risk and uncertainty, with potentially damaging consequences, are inherent in all con-
struction projects and Clayton (2001) recognized that everyone should be concerned with 
risk management on any development. What is necessary is that the risks are systematically 
identified, recorded, described, and allowed for in the design. Hall et al. (2001) established 
that systematic risk management aims to add value to a construction project by:

•	 Encouraging innovative ways of identifying hazards and opportunities
•	 using risk estimates as a basis for decision making
•	 Establishing a means of controlling uncertainty
•	 Minimising the damage should a worst-case scenario occur
•	 Ensuring the concept and nature of risks are communicated between all participants in the 

project
•	 Clearly establishing where responsibility for managing the risk lies
•	 Identifying risk mitigation measures

on any construction project risks will take many forms, they could be financial, political, 
or related to the ground conditions. A key component of the risk management process, there-
fore, is to compile a risk register at the earliest opportunity. this represents an information 
repository that is established at the outset of the project and must be continually added to 
and refined as the project progresses. Given that variation in ground conditions from those 
expected are one of the most significant risks to construction project being completed on-
time and on-budget (see tyrell et al., 1983), it is beholden on the project team to ensure a 
register of the possible risks associated with the ground is compiled at the outset. there are 
a number of examples of risk registers (see, Simons et al., 2001) but rarely do they contain 
anything that relates to landform evolution. However, it can be crucial as as demonstrated 
by the contrast between Figures 2 and 3. Figure 2 shows the town of Sorbas in South-east 
Spain, which illustrates some obvious landform risks that would need to be incorporated in a 
register. the risk of slope instability for buildings on the edge of the river cliff  would be rec-
ognized by all engineering geologists. However, what would be missed, unless the evolution 
of this river cliff  was known, would be that this site lies in a relict channel system abandoned 
some 10,000 years ago. thus, the rocks forming the river cliff  are not being undercut by an 
active river; they have just been subject to sub-aerial weathering over the past 10,000 years. 
this would suggest the rocks might be weaker due to long term weathering than would be 
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Figure 2. Abandoned river cliff  and the town of Sorbas, Southeast Spain.

Figure 3. Damage on a side road leading to the vía Interoceánica, east of Quito, Ecuador (Silvers & 
Griffiths, 2010).
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expected if  they had been subject to repeated undercutting and debris removal, which would 
be the case if  this was an active river system. this is the reason why there are debris fans 
accumulating at the base of the cliff, there is no river to remove them, but it does mean the 
cliff  is not being actively undermined. this contrasts starkly with the situation shown in 
Figure 3, from the outskirts of Quito in Ecuador. Here the valley side slopes are being activ-
ity undercut by an incising river, which is a function of regional tectonic uplift. the result is 
clearly visible, with the road being severely damaged and concern must be expressed about 
the stability of the foundations for the buildings in the background. In both cases there are 
valley side slopes carved by rivers, but one is an active system (Quito) whereas the other is 
relict (Sorbas). the suggests that all risk registers should make reference to the questions in 
table 2 to ensure sufficient recognition is given to the potential issues surrounding landscape 
evolution and the effects on the construction project.

A developing concept in engineering geology and geotechnical engineering is the creation 
of  ‘reference conditions’. this provides an opportunity to reduce construction claims and 
allow realistic pricing of  projects. Reference conditions are defined by Baynes et al (2005) 
as consisting of  “identifying groups of geological/geomorphological materials of similar 
engineering characteristics with a depiction of the full range of geological/geomorphological 
conditions that could be reasonably anticipated or foreseen in the project area”. In the uK 
the concept of  establishing reference conditions was explained in detail in CIRIA report 
79, where it was proposed as a means of  improving contract practices (CIRIA, 1978). the 
practical application of  reference conditions to tunnelling projects was explored further 
by Muir Wood (2004) who recognised that uncertainty of  natural features at the time of 
decision making would affect both the feasibility and cost of  construction. using reference 
conditions requires setting out limits to the physical uncertainty pertaining to the ground 
conditions and these must be agreed at the outset as they form the basis for tendering 
thus facilitating comparative costing. Subsequently they could also form the basis for pay-
ment and should problems arise could be viewed as establishing the accepted variability in 
ground conditions based on the data available. this approach can be applied both in the 
context of  the ground and other natural phenomena, as well as the way these characteristics 
may interact with the construction scheme. Muir Wood (2004) states, “The Engineer there-
fore needs to understand which aspects of uncertainty might have a significant effect upon the 
Contractor’s performance. Where reference conditions relieve the Contractor from a possible 
risk, the Engineer must have a clear idea, and share this view with the Client, as to practical 
solutions.”

Reference conditions would typically refer to the geotechnical properties of the ground 
materials affecting the design. these would be expressed as specific ranges for the geotechni-
cal properties; or they might refer to the differing requirements that various forms of con-
struction impose on the site. this raises the question as to how landscape evolution might be 
included in the reference conditions concept as it clearly affects the level of risk that has to 
be evaluated.

the three previous examples give an indication of the way landscape evolution might be 
incorporated into standard engineering geological thinking. the full range of issues, as pre-
sented in table 3 is explored in detail in the final report.

4 InvEStIGAtIon tECHnIQuES

the investigation techniques to be employed for assessing landscape evolution are those that 
have already been identified as standard in engineering geomorphology (Fookes et al., 2007) 
and are employed in most comprehensive site investigation programmes (Fookes 1997). these 
techniques include those listed in table 4.

Intelligent and effective employment of the full range of investigation techniques will 
ensure that the conceptual and actual ground models created for the proposed development 
will incorporate all aspects of landscape evolution relevant to the design.
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5 ConCLuSIonS

Landscape evolution does have a bearing on engineering geological design decisions but as 
yet is rarely incorporated in standard approaches to investigating the ground for any pro-
posed development. Commission 22 aims to provide a framework to allow the facets of land-
form development relevant to engineering geology to be included in site investigations.
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Abstract Commission 22 was set up following the 10th

IAEG Congress to provide guidelines for incorporating a

geomorphological understanding of landscape evolution

into engineering geological practice and this paper presents

the findings of the Commission. The concept arose from

the recognition that landscapes are not static entities during

the design life of an engineering structure and that

anticipating the changes that will occur should be regarded

as a fundamental component of the ground model devel-

oped for a construction project. Whilst not all aspects of

long term landscape evolution fit easily with engineering

projects that have a 100 years design life, there are shorter

term processes that do require careful evaluation and

incorporation in a site investigation. Concepts of landform

equilibrium, geomorphological process-response systems,

geohazards, climate and lithologically controlled land-

scapes, and complex landform assemblages within a

palimpsest context, all provide important input for the

creation of a four dimensional ground model as required by

good ground engineering practice. These concepts are

explored in this paper in relation to themes that have a long

history within engineering geology and ground model

development: geohazard assessment, reactivation of relict

processes, design life, risk registers, reference conditions,

effects of climate change, magnitude and frequency of

natural processes, and cost benefit analysis. Some thoughts

on how landscape evolution might influence construction

contracts are also explored and suggestions made on

incorporating methods for establishing landscape evolution

in site investigations.

Keywords Landscape evolution � IAEG Commission 22 �
Geohazard assessment � Ground model

Résumé La Commission 22 de l’AIGI a été constituée à

la suite du 10ème Congrès de l ‘AIGI avec l’objectif de

fournir des orientations pour la prise en compte des con-

textes géomorphologiques dans la pratique professionnelle

des ingénieurs géologues. Cet article présente les résultats

des travaux de la Commission. Le concept est né de la

reconnaissance que les paysages ne sont pas des entités

statiques durant la vie d’une structure d’ingénierie et que

l’anticipation des changements prévisibles doit être con-

sidérée comme une composante fondamentale du modèle

de sol développé pour un projet de construction. Alors que

tous les aspects de l’évolution à long terme d’un paysage

ne peuvent être intégrés facilement dans des projets

d’ingénierie d’une durée de vie de 100 ans, il y a des

processus de plus court terme qui demandent une évalua-

tion soigneuse et leur prise en compte dans les études de

terrain. Les concepts d’équilibre du relief, de processus

géomorphologiques, de risques géologiques et de paysages

géologiques fournissent des éléments essentiels pour la

création de modèles de terrain à quatre dimensions

nécessaires à une bonne pratique professionnelle de la

géologie de l’ingénieur. Ces concepts sont présentés dans

cet article en relation avec des thèmes qui ont une longue

histoire au sein de la géologie de l’ingénieur et dans le

cadre du développement des modèles de terrain: évaluation

des risques géologiques, réactivation de processus, durée
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de vie, registre de risques, conditions de référence, effets

du changement climatique, amplitude et fréquence de

processus naturels, analyses coûts-bénéfices. Quelques

réflexions sur la façon dont l’évolution du paysage pourrait

influencer les contrats de construction sont également

présentées et des suggestions sont faites sur l’intégration de

méthodes pour se prononcer sur des évolutions de paysage

dans le cadre des investigations de terrain.

Mots clés évolution du paysage � La Commission 22 de

l’AIGI � évaluation des risques géologiques � modèle de sol

Introduction

As early as the mid-1970s, Anderson and Trigg (1976) in

their collection of case studies in engineering geology

stated (Preface, page vii) ‘‘It is becoming increasingly

accepted that civil engineering works must be in harmony

with the environment in which they are placed, not only

aesthetically, but physically, and that the environment is

largely determined by geological factors.’’ In the same

volume Anderson and Trigg (1976; page 6) went on to say,

‘‘The basic task of the engineering geologist is to collect

data relating to the stability of the geological environment,

taking into account the fact that this environment is itself

changed by the engineering works.’’ The emphasis placed

on the need to investigate the stability of the geological

environment is an important one as many ‘geological’

processes take place on a million year plus timescale (e.g.

sedimentation and lithification, isostatic change, volcanic

intrusion) as well as shorter geological timeframe devel-

opments within the Quaternary (glacial/periglacial modi-

fication and deposition), but the concept of ‘geohazards’1

involves recognition of geological processes that can occur

on a much shorter timescale (e.g. fault movement, extru-

sive volcanic activity, landslide, earthquake, ground sub-

sidence). Geohazards, therefore, are the subset of

geological processes that affect humans in the short term

and all relate to changes in the geological environment that

can occur within the design life of a construction project.

What is also apparent is that geohazards are all liable to

have a significant and immediate effect on the nature and

properties of the surface of the earth (either on land or

underwater) in that they are likely to change the shape of

the terrestrial or submarine landscape. Within the history of

the development of the contemporary landscape such short

term or immediate changes resulting from geohazards need

to be seen within the framework of the overall evolution of

landscapes. In this broader context it is recognised that

‘geological’ processes are not the only ones involved in the

creation and evolution of landforms, there are also climatic,

hydrological, and biological processes to be taken into

account. The long term interaction of all these processes

created the contemporary landscape, and the investigation

of the way this has evolved is part of the discipline of

geomorphology.2

At present most civil engineering projects take place on

the land, in rivers and lakes, or in the coastal and nearshore

zone with emerging new working environments such as

deep ocean offshore. Construction works predominantly lie

within 100 m of the ground surface (the main exceptions

are deep tunnels, deep sea drilling and production rigs, and

cross-ocean cables). Thus the overwhelming majority of

construction activity will interact with the landforms that

make up terrestrial and nearshore landscapes. Recognition

of this close link between the features of the landscape and

civil engineering has led to the development of engineering

geomorphology,3 a subject where practitioners are able to

provide practical support for engineering decision-making

with respect to project planning, design and construction

(Fookes et al. 2007). A core component of that support

comes from the recognition that the earth’s surface is not a

static environment and landscapes change over time,

sometimes very rapidly. Despite this many civil engineer-

ing projects assume the extant conditions remain static

within the design life of a project. Hence Commission 22

was instigated by Dr. Baynes (the President of the IAEG

2006–2010) to provide a practical methodology to evaluate

the way landscape evolution can be included in project

studies and investigations undertaken by engineering

geologists, supported by the still relatively few engineering

geomorphologists.

The assumption in this paper is that the theories of

landscape evolution that have been developed by geo-

morphologists over some 150 years are not widely known

in the engineering geological community. Therefore, this

paper starts with a brief review of relevant facets of land-

scape evolution, covering both contemporary theories and

elements of the historical debate. Next the engineering

geological implications of landscape evolution to civil

engineering projects are evaluated (Table 1). This is

1 A geohazard can be defined as a geological state that represents, or

has the potential to develop further into, a situation leading to damage

or uncontrolled risk (International Centre for Geohazards 2012).

2 Geomorphology is the study of the forms of the earth’s surface:

their origin; the processes involved in their development; the

properties of the materials from which they are made; predictions

about their future form (Brunsden 2002).
3 Engineering geomorphology is the application of geomorphology

to engineering, including the evaluation of: the near surface ground

for design and construction; the risks to civil engineering projects

from earth surface processes; the availability of resources for

construction; and the effects of civil engineering projects on the

environment (Fookes et al. 2007, page 1).
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followed by an example of an integrated geomorphologi-

cal-engineering geological and geotechnical investigation

of the Frank Slide in Western Canada. This example

demonstrated the complexities involved in the investiga-

tion of the geomorphological history of the site and relating

it to the occurence of a major landslide. Finally the con-

clusions make recommendations about how landscape

evolution data might be compiled as part of normal engi-

neering geological site investigations. This identified the

central role of modern geomorphological mapping tech-

niques (Smith et al. 2011) and landscape evaluation

(Griffiths 2001) in compiling data on landscape evolution

relevant to engineering.

Theories of landscape evolution

An indication of the links between geology, geomorpho-

logical processes and landforms is presented in Fig. 1

(from Griffiths and Stokes 2008). This figure shows that the

geomorphological processes associated with weathering,

erosion, deposition allied to tectonic activity and sediment

lithification create landscapes. This has occurred countless

times in the geological past although this can now only be

identified by gaps in the geological record indicated by

stratigraphic unconformities. It is the contemporary land-

scapes presently in existence that mainly reflect the geo-

morphological processes that have been active since

around the end of the Cretaceous Period (65 Mya). It is

these contemporary landscapes and their history of devel-

opment that are of interest to engineering geologists and

which have most relevance to human society.

Landscape formation is the result of the complex

interaction between some or all of the following: biologi-

cal, chemical and physical weathering; stress and increased

potential energy resulting from uplift; slope development

through soil erosion and mass movement; fluvial erosion,

transport and sedimentation; pedogenesis; periglacial and

glacial activity; aeolian processes; coastal and submarine

erosion, transport and sedimentation. The literature on

these processes and the landforms they create is vast and to

précis this is beyond the scope of this paper (for a com-

prehensive bibliography of the literature see Burt et al.

2008). However, it is necessary for engineering geologists

is to understand the controls on the processes (Embleton

and Thornes 1979), the way and rate at which the processes

operate to create landforms (Chorley and Kennedy 1971),

and how the processes might be modelled to enable the

creation of the ‘total geology model’ that is required in

good engineering geological practice for the development

of conceptual ground models (Fookes et al. 2000; Baynes

et al. 2005). The major issues that need to be addressed in

this context are presented in Table 2 and these are dis-

cussed in more detail below.

Process-response and cascading systems

Brunsden (2002) suggested that, in the context of the

geomorphological applications to engineering, it helps to

view the Earth’s surface as being composed of ‘‘process-

response systems that are specified by the stress fabrics

given by tectonic history and setting, the properties of the

rocks, superficial deposits, landform geometries, climates

and biomes arranged in patterns across the Earth’s surface

Table 1 The engineering geological implications of landscape evolution to civil engineering; questions to be addressed

1 Geohazard assessment—has there been a full appraisal of the natural hazards and their potential impact with respect to scale, landscape

modification and longer term effects?

2 Reactivation of relict processes—are there components in the natural landscape developed under previous climatic conditions that might

affect the design?

3 Design life of structures—how long do the designers expect the structure to survive?

4 Risk registers—are all the potential risks to the works identified before construction starts?

5 Reference or ‘baseline’ conditions—is it possible to define the ground conditions before the works commence to enable comparative tenders

and the basis for negotiation for unforeable circumstances?

6 The implications of climate change—over a typical 50–100 year lifetime of a structure the evidence is that significant changes to the climate

will occur; what are these changes and how might they affect the design? What are the implications for longer term climate change

(millennia scale) for more sensitive structures (nuclear waste disposal for example)

7 Magnitude/frequency of geomorphological processes—some geomorphological and geological processes have been shown to have a

generalised frequency distribution for given magnitude events, this may be measured in years, decades, centuries of even millennia. How

can relatively short-lived engineering structures take these events into account? Also some landforms are presently stable but often minor

changes to the extant conditions can have a dramatic effect on processes; how can landforms in this situation be identified and allowed for

in engineering design?

8 Cost benefit analysis—does knowledge of the geomorphological environment and landscape evolution have a bearing on cost/benefit

decisions?

9 Some contractual implications—are there implications for contracts?
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in a hierarchy of landscape types and scales.’’ An example

of a coastal cliff process-response system model is pre-

sented in Fig. 2 (Brunsden 2002). This figure shows three

separate systems, the foreshore, sea cliff and land systems.

Providing an overall control on the processes active within

these systems are the ocean, the geology, the atmosphere

and the topography or ‘geometry’. Each process-response

system has input and outputs (energy, sediment) controlled

by the materials (the ‘geology’) that lead to changes in the

geometry of the landform. Thus the beach profile in the

foreshore system will change in response to energy varia-

tions caused by the oceanic controls. The sea cliff will

retreat in response to the changing stress conditions, in this

case through cliff failure processes. In theory if all these

processes, material properties, and energy fluxes could be

Fig. 1 Links between the rock

cycle, geomorphological

processes and landforms

(Griffiths and Stokes 2008).

Reprinted with the permission

of the Geological Society of

London

Table 2 Some

geomorphological concepts

relevant to engineering geology

Concept Details

Cascading systems Sediment cascade; geophysical cascade; earth systems

Climatically controlled landforms Climatic geomorphology

Landforms controlled by tectonics,

lithology and structure

Landforms and processes associated with igneous activity,

structure, and lithology; tectonic geomorphology

Rate of landscape change Thresholds; magnitude and frequency; forms of equilibrium

Time and planation Cycles of erosion: peneplanation; pediplanation; etchplanation;

coupled tectonic-surface models

Palimpsest Multifaceted landscapes

Fig. 2 The controls and processes that determine the long term

development of a coastal cliff (after Brunsden 2002). Reprinted with

permission of the Geological Society of London
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quantified then a detailed deterministic or ‘white box’

model (i.e. one that mathematically describes all the

physical relationships) of the coastal cliff could be com-

piled. This would enable all future changes in the sea cliff

to be modelled so that if, for example, the decision was

made to build houses in the land system at the top of the

cliff it would be possible to model exactly how far back

from the cliff edge a property should be to last 100 years.

At the moment this capability does not exist, therefore for

cliff retreat modelling in engineering it is usually necessary

to utilise simple judgement based models (Lee and Char-

man 2005).

Notwithstanding the problems with creating fully

deterministic process response models, the concept of

geomorphological systems (Chorley and Kennedy 1971)

does appear to have real value in engineering geology.

Chorley et al. (1984) summarised the concept under the

title cascading systems and described these as (page 43),

‘‘composed of connected chains of subsystems, through

and between which may flow a cascade of mass and

energy. Thus the output from one subsystem may, in whole

or part, become the input for another, perhaps triggering off

threshold reactions or complex responses in the latter.’’

This work identified a number of overarching cascades that

affected the long term evolution of the landscape:

• Solar energy cascade—recognising the strong control

on all surface process that is provided by solar energy

in all its forms and the effects it has on the climate of

Earth.

• Hillslope hydrological cascade—this is the near-surface

circulation of water that is a function of the solar

energy cascade. Water arriving at the ground surface

circulates through various storage systems to become

evapotranspiration or channel discharge.

• Nutrient cycle cascade—this follows the hydrological

cycle and the model for plant nutrient circulation.

• The sediment cascade—a general conceptual model by

which sediment is eroded from one area and cascades

via a series of process response systems developed on

hillslopes, in river valleys and plains, within glacial

systems etc. The movement of sediment will result in

changes in the morphology of the landscape.

• The geophysical cascade—the major orogenic move-

ments at plate margins and epeirogenic movements of

continental platforms.

Climatically controlled landforms

Budel (1948), Budel (1982), Peltier (1950), Stoddart (1969),

Tricart and Cailleux (1972) are amongst a number of geo-

morphologists who have suggested that the world’s land-

forms fall into eight major morphogenetic regional types.

These regions represent large areal units in which distinctive

associations of geomorphological processes are believed to

operate, with landforms moving towards a state of morpho-

climatic equilibrium creating ‘zonal landforms’. These

morphogenetic regions approximate to the global climatic

zones as originally suggested by K}oppen (1936) and updated

by Peel et al. (2007). An idealized form of global morpho-

genetic regions based on mean annual temperature, mean

annual precipitation and ‘seasonality’ of temperature and

rainfall is presented in Fig. 3 (after Chorley et al. 1984). This

highly simplistic subdivision is a useful starting point in the

identification of morphogenetic landforms and a useful

summary of the overall concept of climatic geomorphology

is provided by Gutiérrez Elorza (2005). Whilst accepting that

broad regional climate conditions will be a major control on

the development of landscapes many contemporary geo-

morphologists believe as much emphasis needs to be placed

on tectonics (Summerfield 1994, 2000, 2005a, b). Also it is

recognised that local conditions created by the site specific

topography, soil and rock properties, microclimate and the

effects of former climates on the landscape may be equally

important. For example it becomes increasingly difficult to

compile neat landform assemblages at a detailed level in the

‘dryland zones’ because:

(a) there is rarely a correlation between mean annual

rainfall and the length of the wet season;

(b) such environments are susceptible to rare extreme

precipitation events; and

(c) there is marked spatial and temporal variation in the

precipitation.

Nevertheless the concept of climatic geomorphology has

found quite widespread acceptance amongst engineering

geologists and has been used to create a range of landform

models that provide an identification checklist for working

in the various climatic regions (Fookes 1997; Fookes et al.

2005, 2007).

Fig. 3 Hypothetical distribution of climatic zones based on mean

annual precipitation, mean annual temperature and rainfall/tempera-

ture seasonality (from Chorley et al. 1984)
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Notwithstanding the difficulties of applying the mor-

phoclimatic concept, Table 3 presents a summary of the

processes and landforms generally accepted as being

associated with the main morphogenetic regions. Use of

this table in conjunction with morphoclimatic models

contained, for example, in Fookes et al. (2007), will enable

the field engineering geologist to compile an initial

checklist of features to be identified during reconnaissance

mapping.

Landforms controlled by tectonics, lithology

and structure

All landform development is related to the initial relief and

topography provided by diastrophic processes; that is the

large-scale tectonic deformation processes which result

directly or indirectly in relative or absolute changes of

position, level or attitude of the rocks that make up the

earth’s crust. These large scale earth deformation move-

ments are the result of endogenic processes that help create

primary landforms. The occurrence of these landforms is

primarily a function of the present and, to a lesser extent,

past global distribution of tectonic plates. Even within the

concept of ‘climatic geomorphology’ (see above), it was

recognised that the distribution of these landforms did not

match the global climatic zones, and they were regarded as

independent of climate and hence were labelled ‘azonal’.

Structural/tectonic landforms associated with diastrophism

are clearly the most important azonal landforms (Twidale

1971; Tricart 1974; Gerrard 2008; Bishop 2008). Indeed,

the work of Summerfield (2000, 2005a, b) suggests that

‘tectonic’ geomorphology, notably through the develop-

ment of coupled tectonic-surface models (Beaumont et al.

2000) and supported by developments in thermochronolo-

gy (Kirchner et al. 2001), offer enormous opportunities to

engage with a new understanding of long term landscape

development. Primary azonal landforms will be very var-

iable in size and result from five major types of diastrophic

movement:

1. Orogenic—folding, faulting, thrusting and uplift of

relatively narrow areas at tectonic plate boundaries

2. Isostatic—vertical movements caused by displace-

ments between rock layers of differing density and

sediment mobility from erosion and deposition to

achieve balanced crustal masses. Any landforms

created by this type of movement would not be

differentiated from other structural landforms

and these processes are central to the concept of

coupled tectonic-surface models (Beaumont et al.

2000).

3. Epeirogenic—broad gentle upwarping of relatively

large areas of the earth’s crust.

Types 1, 2 and 3 together fall under the general title of

tectonic movements and create ‘structural’ landforms

(Everett et al. 1986).

4. Igneous—movement and recrystallisation of mantle

material either within the crust or on the surface. These

create volcanic landforms (Short and Bloom 1986;

Waltham 2005a).

5. Eustatic—worldwide movements of sea level caused

by changes in the total volume of liquid sea water or in

the capacity of the oceanic basins. This leads to

changing base levels for erosion, resulting in changes

to the potential energy of the geomorphological

systems of sub-aerial denudation and affecting the

vertical distribution of coastal processes.

Within an engineering timescale these five types of di-

astrophic movement can be seen to create three groups of

landform that have relevance to engineering: structural;

structural and tectonic; and volcanic. Many of these fea-

tures fall within the mega/macro-scale range and represent

large components of the land surface, e.g.: fold mountains;

rift valleys; volcanoes; basalt plateaux. Understanding the

creation and development of land surface at this macro-

scale is a fundamental component of landscape evolution

studies. There are also meso- and micro-scale features such

as volcanic necks, volcanic fissures, lava tubes, dykes, sills,

and fault scarps.

There are two other important azonal groups: landforms

of coastal erosion and deposition that are a function of local

rock type and relationship to the sea (Bloom 1986; Haslett

2000; Orford 2005; Walker 2008); and landforms associ-

ated with limestone bedrock known as ‘karst’ (Blair Jr

1986; Trudgill 1985, 2008; Waltham 2005b). A useful

sketch of the features of a typical karst landscape at various

stages of development through time that would be useful

for engineering geology is provided by Waltham and

Fookes (2003). However, this model does assume that

landscapes go through a ‘cycle of erosion’ (see below), a

concept which is now questioned by contemporary geo-

morphological researchers.

Rate of landscape change

That landscapes change over time is beyond question but

the rate of change, whether this happens episodically or

continuously, and whether there are thresholds that lead to

sudden dramatic changes have been subject to long debate

in geomorphology (Thornes and Brunsden 1977; Burt et al.

2008). One concept in relation to natural processes that has

received widespread acceptance in both the popular press

and planning development is that of ‘return period’. The

return period can be defined as the average length of time

separating events (e.g. floods or earthquakes) of similar
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Table 3 Outline geomorphological characteristics and hazards of the morphoclimatic zones (adapted from Fookes et al. 2007)

Morphoclimatic

zone

Mean

annual

temperature

(oC)

Mean annual

precipitation

(mm)

Relative importance of geomorphological

processes

Characteristic geomorphological hazards

Azonal

mountains

Highly

variable

Highly

variable

Rates of all processes vary significantly with

altitude; all geomorphological processes are

active but mechanical weathering and

glacial/periglacial processes becomes

significant at high elevations

Earthquakes, soil erosion, all scales of mass

movement, floods, and in active tectonic

areas there will be fault movements and the

potential for liquefaction. In some

mountainous areas there will be volcanic

activity

Glacial \0 0–1000 Mechanical weathering rates (especially frost

action) high; chemical weathering rates

low; mass movement rates low except

locally; fluvial action confined to seasonal

melt; glacial action at a maximum; wind

action significant

High latitude ‘cold ice’ glaciers relatively

static. Lower latitude ‘warm ice’ creates

faster moving glaciers; seasonal meltwater

floods with risk of outbursts where

meltwater is trapped behind ice or debris

barriers (GLOBs); snow avalanches; ice and

rockfalls from bare rock slopes above the

glaciers

Active volcanoes under glaciers create a

particular type of catastrophic meltwater

known as a j}okulhlaup. However, these may

also occur by sudden drainage of a

subglacial or ice dammed lake

Relict glacial terrain can include areas of:

metastable over-steepened slopes; weakly

cemented open textured marine/glacial

sediments (quick clays) subject to collapse;

original terrain may be obscured by

extensive overconsolidated glacial,

meltwater outwash, or wind-blown loessic

deposits

Periglacial -1 to ?2 100–1,000 Mechanical weathering very active with frost

action at a maximum; chemical weathering

rates low to moderate; mass movement very

active; fluvial processes seasonally active;

wind action rates locally high. Effects of

repeated formation and decay of permafrost

Existing active periglacial areas have

seasonal freeze/thaw processes with

swelling and subsidence, meltwater floods

and summer slope instability (solifluction).

Wind erosion and loessic deposition is

extensive with some loess deposits being

metastable

Former active areas may contain relict

features such as pingos, cryoturbation,

thermokarst, valley bulging and cambering,

ice fractured bedrock

Temperate; wet

or humid mid-

latitude

0–20 400–1,800 Chemical weathering rates moderate,

increasing to high at lower latitudes;

mechanical weathering activity moderate

with frost action important at higher

latitudes; mass movement activity

moderate; moderate rates of fluvial

processes; wind action confined to coasts

Many features inherited from former glacial

and periglacial activity with large parts of

former landscape buried under these

deposits. Some general mass movement but

mainly resulting from reactivation of pre-

existing failures. Some metastable loessic

deposits; karst development of limestone

terrain; seasonal floods in lowlands

Temperate; dry

continental

0–10 100–400 Chemical weathering rates low to moderate;

mechanical weathering, especially frost

action, seasonally active; mass movement

moderate and episodic; fluvial processes

active in wet season; wind action locally

moderate

As with above with many features and

deposits inherited from the Pleistocene

expansion of glaciers. Hazards seasonal

with: instability locally common; floods;

wind and general soil erosion. Likely to be

extensive loessic deposits, including

vegetated dunes, which may be metastable

but will be highly erodible with pseudokarst

development. Karst development of

limestone terrain
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magnitude. In the geomorphological literature there have

been wide ranging debates over whether it is high magni-

tude/low frequency or low magnitude/high frequency

events that are the most effective in shaping both con-

temporary and relict landscapes (e.g. Wolman and Miller

1960; Wolman and Gerson 1978). However, it was

Table 3 continued

Morphoclimatic

zone

Mean

annual

temperature

(oC)

Mean annual

precipitation

(mm)

Relative importance of geomorphological

processes

Characteristic geomorphological hazards

Mediterranean;

hot semi-dry

(semi-arid

tropical)

10–30 300–600 Chemical weathering rates moderate to low;

mechanical weathering locally active

especially on drier and cooler margins;

mass movement locally active but sporadic;

fluvial action rates high but episodic; wind

action moderate to high

Flash floods along ephemeral streams;

seasonal floods on large rivers; high

sediment loads and high bedload.

Widespread landsliding on susceptible rock

types with debris flows on alluvial fans.

Some duricrust development on flat

surfaces. Can get swelling soils with piping

and pseudokarst; terra rossa soil

development on limestone. Karst

development on limestone and gypsum

terrain. Salt pans possible in some inland

drainage areas and on coastal lowlands

Hot drylands

(arid tropical)

10–30 0–300 Mechanical weathering rates high (especially

salt weathering); chemical weathering

minimal; mass movement minimal; rates of

fluvial activity generally very low but

sporadically high; wind action at maximum

Flash floods along ephemeral streams.

Landsliding restricted to rocky escarpments

and mountains although debris flows

develop on alluvial fans. Collapsible soils

found on alluvial fans. Widespread

occurrence of mobile sand dunes and

extensive dust hazard. Sheet and sand dunes

have low bearing capacity. Aggressive salt

rich soils and salt pans widely distributed

both inland (playas) and on the coast

(sabkha). Duricrusts of various types are

extensive. Karst, pseudokarst and piping

associated with limestone, gypsum and clay

rich bedrocks and soils

There will be relict features associated with

more pluvial periods during the Pleistocene

including extensive fossil river systems and

their associated landforms (e.g. river

terraces)

Savannah; hot

wet-dry

(humid-arid

tropical)

20–30 600–1,500 Chemical weathering active during wet

season; rates of mechanical weathering low

to moderate; mass movement fairly active;

fluvial action high during wet season with

overland and channel flow; wind action

generally minimal but locally moderate in

dry season

Seasonal flooding of large rivers; flash

flooding of ephemeral streams. Landsliding

confined to steep slopes and rocky

escarpments. Depth of weathering highly

variable with some areas of relict tropical

weathering that can be tens of metres deep.

Ferricrete duricrusts quite widespread

Hot wetlands

(humid

tropical)

20–30 [1,500 High potential rates of chemical weathering;

mechanical weathering limited; active,

highly episodic mass movement; moderate

to low rates of stream corrasion but locally

high rates of dissolved and suspended load

transport

Deep residual soil cover created by intense

chemical weathering which can exceed 100

metres depth. High rainfall creates saturated

soils and groundwater table at or near the

ground surface. Groundwater often rich in

organic acids. Although slopes are

protected by dense vegetation cover, they

can be prone to the large scale landsliding.

Severe soil erosion occurs wherever the

vegetation cover is disturbed. Flooding is

common. Areas of swampy ground both

inland and on the coast where mangrove

swamps can be found. Ferricrete duricrusts

may be quite widespread
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suggested by Chorley and Kennedy (1971) that landscapes

could be viewed as being in various forms of equilibrium

and studies of landscape evolution suggest five types of

‘equilibrium’ for landforms could be identified (Table 4).

The different forms of landscape equilibrium affect the

concept of ‘stability’, as defined by Anderson and Trigg

(1976), which may be important for the concept of design

life for structures. If a landscape remains unchanged under

existing environmental conditions it is deemed to be in the

rare state of ‘static equilibrium’. If, following a minor

perturbation, the landform/landscape quickly returns to its

former state it is described as being in ‘stable equilibrium’.

One interesting variation on this is ‘steady state equilib-

rium,’ where the natural cycle of change fluctuates around

a mean value. The definitions in Table 4 demonstrate that it

is only if the geomorphological system is in static, steady

state or stable equilibrium that the return period concept

has validity. Where there is an underlying long term trend,

such as global sea level rise in connection with coastal

flooding frequency, then the return period concept has

significant flaws. When the landscape shows a rate of

change in form or process around a long term trend then

before the return period concept can be applied the trend

must be identified and removed from the model and anal-

yses. If the landform is shown to be in metastable equi-

librium and a threshold event occurs that changes the

whole geomorphological process-response system then the

return period concept, and any models or designs created

using it, have no validity whatsoever. The conclusion must

be that in order to use the return period concept there first

must be an evaluation of the nature of equilibrium of the

geomorphological system under investigation, in essence

establishing its ‘geomorphological baseline conditions’.

This would avoid the problem of attempting to assign

recurrence intervals to natural processes which were not in

equilibrium. This demonstrates that the return period con-

cept is just a means of mathematically expressing complex

phenomena that have a degree of cyclic behaviour but in

reality are subject to wide variations in frequency and

magnitude even where the geomorphological system is

deemed to be in static or steady state equilibrium.

Time and planation: the concept of a ‘cycle of erosion’

The best summary of the complex issues surrounding

‘geomorphology and time’ remains Thornes and Bruns-

den (1977). During the period leading up to the mid-

1960s broad scale landscape formation theories were

developed (Fig. 4; based on Chorley et al. 1984) based

on field observations which suggested landscapes

underwent a long phase of erosion down to a flat fea-

tureless plain, variously know as a peneplain (Davis),

pediplain (King) or ‘endrumpf’ (Penck). The initial

landscape would have been created by tectonic uplift and

erosion of the landscape would predominantly be by

fluvial processes. For these conceptual models the

hillslopes within the landscapes would either flatten

progressively over time (Davis and Penck) or retreat

parallel to their initial angle (King and Von Englen).

These models introduced the terms youth, maturity and

old age for landscapes into the geological and geomor-

phological literature. Despite Davis first proposing his

model towards the end of the 19th century, these terms

can still be found in the literature. However, the con-

ceptual models were not supported by much empirical

evidence and were without a soundly based quantitative

denudation chronology (Chorley 1965). In part it was the

rejection of these conceptual models of landscape

development during the 1960s and 70s that led to

geomorphological research concentrating on the acquisi-

tion of micro-scale detailed measurements of geomor-

phological processes (Summerfield 2005a). However,

with the development of new techniques for determining

the rates of erosion and the age of erosion surfaces such

as apatite fission track thermochronology (Kirchner et al.

2001) and cosmogenic isotope analysis (Cockburn and

Summerfield 2004), over the past decade there has been

a revival in the study of landscape evolution over time

within a broad framework of tectonic geomorphology

(Whipple 2001; Braun and van der Beek 2004). In time

this may lead to a reconsideration of some of the older

denudation chronologies or to the development of new

models for long term landscape development.

Table 4 Types of natural system equilibrium (after Chorley and Kennedy 1971)

Type of equilibrium Effects on landform (e.g. size) or rate of activity (e.g. erosion rate)

Static equilibrium No change over time

Stable equilibrium Form or rate returns to its original value following a disturbance

Steady state

equilibrium

Form or rate has short-term fluctuations with a longer-term constant mean value

Dynamic equilibrium Form or rate has short-term fluctuations with a changing longer-term mean value(i.e. an increasing or decreasing trend)

Metastable equilibrium Form or rate settles on a new value after having crossed some threshold value
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Palimpsest

A fundamental geomorphological precept is that any con-

temporary landscape is a palimpsest of earth science sys-

tems whose operation is interlocked but whose history is

superimposed. Thus, the landscape contains multiple

fragments of process-response landforms which, under

contemporary conditions, may be in different states of

equilibrium and could be: relict and inactive; relict but

potentially reactivated; subject to change once certain

threshold events occur; or be fully active (Griffiths and

Stokes 2008). Differentiating between these different

landform fragments and their state of equilibrium has sig-

nificant implications for a proposed development and

should form part of any engineering geological investiga-

tion. This is illustrated in Fig. 5 which was produced as

part of the investigations for a road in East Devon, UK

(Griffiths and Marsh 1986).

At the top of the hillslope (right-hand side Fig. 5) is a

bench that is likely to have developed on the in situ weakly

cemented sandstones and siltstones of the Cretaceous

Upper Greensand formation. This bench would have

resulted from early to middle Neogene (c. 24–5.3 Mya)

subaerial denudation that stripped away any Paleogene/

Fig. 4 Classical models of

landscape development (from

Chorley et al. 1984)
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Eocene/Oligocene(?) deposits (c. 65–24 Mya) leaving a

high level relict and inactive erosion surface (a strath or

etchplain). Subsequently the overall hillside and river

valley landscape morphology will have formed during the

Neogene but, given this is the U.K., notably in the Plio-

Pleistocene (c. 5.3 Mya through to the present day). This

would have been the result of the River Axe eroding the

landscape in response to the isostatic and eustatic changes

in sea level and possibly ongoing tectonic uplift. The river

terrace shown would have been formed during the last

Interglacial period (the late Pleistocene Ipswichian Inter-

glacial, c. 120–80 ka BP) when sea levels were c. 5 m

higher in this area than the present day. Most likely there

were older terraces from previous interglacial periods that

have now been eroded completely leaving no trace in the

contemporary landscape. River terrace deposits such as

these are usually a good source of construction aggregates.

During lowered sea levels the River Axe would have ero-

ded down to a lower base level and cut a valley that is now

buried by the alluvial infill. This could have implications

for the depth of any piled foundations for bridges across the

floodplain or if there was a need to tunnel under the valley.

The large ancient landslides, now covered by solifluction

deposits, will have developed during high groundwater

periods during the Devensian (c. 80–10 ka BP). Whilst

they are now inactive they could be reactivated by con-

structions works or significant changes in climate. The

solifluction lobes mostly likely formed in one of the last

cold phases of the Devensian (e.g. the Older Dryas,

18–15 ka BP). Again these are presently stable but as

found on Carsington dam in the UK, these features can be

reactivated by construction works (Skempton and Vaughan

1993). A more contemporary process that might directly

affect construction works would be the recent landslide,

which, based on UK landslides studies (Jones and Lee

1994; Hall and Griffiths 1998), probably first developed

during the ‘Little Ice-Age’ of the Middle-Ages (c. 1550–

1850 AD—see Matthews and Briffa 2005; Fagen 2001).

Actual active contemporary processes that would have to

be taken into account would be flooding on the River Axe

floodplain, and here reference might be made to flood

return periods.

The model of ground conditions for the East Devon road

(Fig. 5) illustrates the critical importance understanding the

evolution of this landscape had in identifying the potential

hazards and resources (Griffiths and Marsh 1986; Croot

and Griffiths 2001) and would have formed the basis for

setting up a risk register for the project.

Engineering geological implications

The problems involved with planning, designing, investi-

gating and constructing any new development that fully

address the geological, geotechnical, geohazard and

geomorphological complexities of the ground in a coastal

situation are exemplified by Fig. 2 (after Brunsden 2002).

This figure shows the controls, ground condition parame-

ters, topographic factors, and geomorphological systems

that all require quantifying if the long term behaviour of

this coastal cliff is going to be modelled to enable devel-

opment to take place. In theory modelling the long term

Fig. 5 Three-dimensional

ground model developed for a

road project in the UK [from

Fookes et al. (2007); reproduced

with the permission of Whittles

Publishing]
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behaviour of the coastal cliff shown in Fig. 2 requires an

understanding of: the geomorphological processes that

have shaped and continue to shape the landscape; the

geological and geotechnical properties of all soils and

rocks; and the hydrogeological conditions. This paper is

concerned with the geomorphological component and there

are four facets to this, as identified in Table 5.

The purpose of this section of the paper is to explore

these implications in relation to some of the design and

construction issues that can arise. In all cases there is a vast

literature on the various subjects and this paper can only

identify some of the main sources of information and

provide a framework for the application of landscape

evolution studies to engineering geology.

Geohazard assessment

As suggested in the introduction, geohazards are the

product of geological and geomorphological processes

which may occur within the design life of a structure.

Therefore, an evaluation of geohazards underpins many

of the facets of the geomorphological input to engi-

neering geological investigations for engineering projects

and the required development of ground models. The

literature on geohazards is vast: there are journals dedi-

cated to it (e.g. Natural Hazards from Elsevier), general

books (Keller and Blodgett 2006; Bell 2003) and sci-

entific material written by specialists from a whole range

of industries including insurance (e.g. Berz 1990; ABI

2004), civil engineering (e.g. Cluff 2007; Hooke 2007)

engineering geology and geotechnics (Schuster and

Mullineaux 1991; Bonilla 1991; Maund and Eddlestone

1998). Useful starting points in the literature are pro-

vided by: McCall et al. (1992); Merriman and Browitt

(1993); Alexander (1993, 2000); Chapman (1999); Lee

and Jones (2004); Smith and Petley (2009).

A crucial distinction must be made between hazard and

risk. In the context of this paper ‘natural hazards’ can be

regarded as synonymous with ‘geohazards’ and are geo-

morphological processes that occur naturally leading to a

change in the shape, properties or extent of a landform.

The hazard does not become a risk unless during the

process of change there is a detrimental effect on the

works of humans or the things they value. For the risk to

exist situations have to arise or circumstances occur where

humans value systems can be adversely affected (Lee and

Jones 2004). For example, river flooding is a perfectly

natural process that meets the definition of as a geohazard

but it only becomes a risk when humans decide to build

on a floodplain.

Lee and Jones (2004) note that geohazards do not just

happen, and they suggest there is a four-fold model: .

The incubation period can be seen as the preparatory

phase for an event. For example, that might be a period of

heavy rain prior to flooding, the build of strain on a fault

plane before an earthquake, or the slow reduction of the

strength of the materials in a slope through weathering

prior to a landslide. The trigger will be the point where

additional stress on the geomorphological or geological

process-response system causes an imbalance between

forces and constraints (e.g. increase in the local porewater

pressure on a slope reducing the effective shear strength—

Fig. 6). This will result in a release of energy leading to

dynamic activity (the initial event—for example, move-

ment of material on a slope is initiated or flood levels rise

above the norm). This initial event may in turn cause much

larger events (e.g. landslide runout; extensive flooding)

which are the ones that are normally described as the

geohazard. In turn the primary event may cause secondary

hazards (e.g. a hurricane causing flooding as found with

Hurricane Katrina in the southern states of the USA;

Christian 2007) which in turn may be of more potential

impact (e.g. the 2004 ‘Boxing Day’ tsunami following the

earthquake offshore from Sumatra; Sinadinovski 2006;

Cluff 2007).

Hazard assessment requires an evaluation of the

following:

1) Hazard identification—what are the hazards? This

would entail a survey of the hazards through desk

studies and field reconnaissance

2) Event frequency and magnitude—is there anything in

the literature or the landscape that indicates how often

the event occurs and what its size range or return

period might be?

Table 5 Issues to establish in relation to landscape development and

construction works

Question Landscape evolution and construction

1. Is there anything in the historical and geological

development of the landform/landscape which might

have a bearing on the engineering design for the works?

2. How will the landform/landscape change over the planned

life of the works?

3. How will the planned works affect the landform/

landscape?

4. How can any changes be incorporated in the design?
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3) Duration—as with (2), is there any indication how

long the event lasts?

4) Speed of onset—how quickly does the event occur; are

there any useful precursors that need monitoring?

5) Areal extent—for a given magnitude event, how big an

area is affected and for how long?

Once the nature and scale of the hazard(s) has been

defined then the decision making process moves into the

field of risk management with risk assessment, and with

risk evaluation as the key process (Fig. 7). The options will

be either: to accept them; avoid them; or mitigate them.

What decision is made will primarily be a function of

resources and the levels of risk accepted by the society (see

Cost-benefit analysis below). However, as noted by Hearn

and Hart (2011) in connection with landslide risk assess-

ment in developing countries, there can be quite a differ-

ence between theory and practice.

Reactivation of relict processes

If the palimpsest concept for a landscape (see above) is

accepted then it becomes apparent that within the overall

landsystem there are landforms created by processes that

are no longer active (Hutchinson 2001). An example would

be the periglacial processes that created much of the sur-

face features found in the Southwest of England that were

active during periods of maximum ice advance in the UK

(Griffiths 2010). However, alterations in the environmental

conditions resulting from ‘natural’ change (e.g. climate

change) or the intervention of humans could lead to these

features becoming active again. One famous example of

reactivation of a relict process is the Sevenoaks By-Pass in

the UK (Skempton and Weeks 1976; Symons and Booth

1971). Road construction cut across a series of solifluction

lobes containing relict shear surfaces that had not been

active since the end of the younger Dryas (c. 11,000 BP),

causing the solifluction debris to slide downhill and leading

to a complete re-alignment of the road at considerable cost.

Other engineering works failures that are attributable to the

lack of recognition of geological or geomorphological

factors are presented by James and Kiersch (1991). This

study includes some notable examples such as: the St

Francis dam failure in 1928 in California (Wiley 1928),

where the foundations to the dam were built on easily

erodible conglomerates that proved unsuitable for a gravity

dam (Ransome 1928); and the Portuguese Bend, Los

Angeles, residential development where 134 homes had to

be abandoned in 1984 when relict landslides were reacti-

vated (Ehlig 1987), the movements having been initiated in

Fig. 6 Timeframe for landslide

development:: aspects of

landslide activity in the

Mercantour Massif and the

French Riviera, SE France

(Julian and Anthony 1996)

Fig. 7 Risk management framework
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1956 by the misplacement of construction fill (Linden

1989).

Changes in the environmental conditions can also alter

the magnitude and frequency of geomorphological pro-

cesses and this might be indistinguishable from the reac-

tivation of a relict process. This can be illustrated by the Ok

Ma tailings dam site landslide in Papua New Guinea

(Griffiths et al. 2004; Fookes and Dale 1992). In this case

the excavations at the toe of a slope for the foundations of a

tailing’s dam caused a landslide to move down the slope

some 20 m (Fig. 8). This led to the abandonment of the site

as a location for the dam. Investigations and the reports

emanating from the subsequent court case established that

the landslide was a pre-existing one that intermittently

moved in response to fluvial erosion at the toe of the slope.

Human activity in this case had caused this landslide to

move earlier than would have occurred under the normal

geomorphological regime.

Whilst mass movement is the most obvious feature that

can be reactivated, there are others which may also affect

engineering projects such as: dunes (Scholey 2004); lime-

stone or chalk sink holes (Edmonds 2001; Waltham

2005b); soil erosion (Lee and Charman 2005); and per-

mafrost activity (Hutchinson 1991; Waltham 2005c). The

ground model that is created must identify these features,

establish the nature of the ‘geohazard’ they represent and

evaluate the risk they constitute to a planned development.

Design life

The design life of a structure (Somerville 2003) is the

expected length of time that a structure (bridge, dam, road,

etc.) will perform the task for which it was designed by

meeting the minimum design specifications. Thus a

building might be expected to have a design life of

100 years based on endurance, whereas a reservoir might

have a design life of 100 years based on an estimate as to

how quickly it fills with sediment before it fails to meet the

minimum specification for providing water. Alternatively,

a bridge might be expected to have sufficient waterway

capacity to suffer functional failure only once in a

100 years, i.e. it has a design waterway area to successfully

allow a 1 in 100 years flood to pass. These are all examples

of design life, although they do require different design

decisions. For example, the dam holding back the reservoir

might be perfectly capable of being in place for 200 years

based on its design and expected endurance, whereas the

reservoir behind it silts up in 20 years. Because of the

inherent inaccuracies in our understanding of the natural

systems that affect structures, most design life statements

would be better expressed in terms of probability. For

example, if the bridge with the capacity of dealing with a

1:100 year flood had a design life of 50 years, then the

there is a 50 % probability that the bridge will suffer a

functional failure during this period. But how acceptable is

Fig. 8 The Ok Ma landslide,

Papua New Guinea [from

Griffiths et al. (2004);

reproduced with permission of

the Geological Society of

London]
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this level of risk? Perhaps it should have the capacity to

deal with a 1:500 year flood so that the probability of

functional failure over its design life is reduced to 10 %?

The examples quoted above assume some stability in the

environment within which the structures are to be located.

The building with a design life of 100 years is assumed to

be built on stable ground and of durable materials that will

endure as least as long as the design life. The rate of sedi-

ment inflow causing the reservoir to silt up will be based on

the history of sedimentation in the area. The 100 years

design flood for the bridge will also be based on the his-

torical record of past floods and extreme weather events, but

if the design flood was placed at 500 years this would be

well beyond the length of actual records. Our understanding

of landscape evolution is that ground stability changes over

time through a combination of increases in shear stress and

decreases in shear strength in the materials either supporting

or used to build the structure. Sedimentation rates into a

reservoir will change through variations in land use in the

watershed, or climatic fluctuations. Similarly, climatic

fluctuations could change the calculated 1 in 100 year flood

into a 1:10 year flood. Thus the assumption of ‘stability’ in

whatever form has to be taken into account when assessing

design life. Normally in engineering works there is an

assumption that the landscape will either remain unchanged

during the design life of a structure (i.e. static equilibrium),

or that any disturbances caused by the works will be short

term and the landform/landscape with return quickly to its

former state (stable or steady state equilibrium). As long as

these fluctuations fall within the limits anticipated in the

design of the works then there should not be any problems.

If the fluctuations fall outside design limits on a timescale

less than the design life, then problems are likely to arise.

The critical factor will be to obtain sufficient information on

the magnitude and frequency of the fluctuations in order to

ensure the design is able to accommodate them.

Major concerns arise for engineering works when

dealing with landforms/landscapes that are in dynamic

equilibrium. This is where there are fluctuations around a

long term trend. For example there is a trend of rising

groundwater tables in cities like London (Wilkinson 1985;

Lucas and Robinson 1995) due to a reduction in extraction

by manufacturing industries, around which there are short-

term fluctuations caused by seasonal variations in rainfall.

In this situation construction of foundations has to antici-

pate the location of the general groundwater table at the

end of the design life of the works as well as designing for

short-term fluctuations. Finally there is the possibility that

the landform/landscape takes on a completely different

form after some threshold has been crossed (metastable

equilibrium). This is discussed further in below but an

excellent engineering geological example of the potential

difficulties with metastable equilibrium is provided by the

village of Hallsands in South Devon, UK. This village was

built on a rock platform at the base of a cliff with a

protective sand beach in front of it (Fig. 9a). A decision

was made in 1897 to dredge shingle from offshore of the

village to use in the construction of a nearby harbour. This

steepened the seabed sediment profile leading to a lowering

of the protective beach in front of Hallsands thus pro-

gressively exposing the houses to wave attack. The village

was finally destroyed in a storm in 1917 (Fig. 9b).

Risk assessment and risk registers

Risk and uncertainty, with potentially damaging conse-

quences, are inherent in all construction projects and

Clayton (2001) states that everyone should be concerned

with risk management on any development. What is nec-

essary is that the hazards and associated risks are system-

atically identified, recorded, described, and allowed for in

the design. Hall et al. (2001) established that systematic

risk management aims to add value to a construction pro-

ject by:

• Encouraging innovative ways of identifying hazards

and opportunities

• Using risk estimates as a basis for decision making

• Establishing a means of reducing or controlling

uncertainty

Fig. 9 a Hallsands at end of 19th Century, b Hallsands today
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• Minimising the damage should a worst-case scenario

occur

• Ensuring the concept and nature of risks are commu-

nicated between all participants in the project

• Clearly establishing where responsibility for managing

the risk lies

• Identifying risk management and mitigation measures

On any construction project risks will take many forms,

they could be financial/contractual, the result of project

management issues, or technical. These are summarised in

Table 6 from Baynes (2010).

A key component of the risk management process must

be to compile a risk register at the earliest opportunity. This

represents an information repository that is established at

the outset of the project and must be continually added to

and refined as the project progresses. Given that variation

in ground conditions from those expected are one of the

most significant risks to a construction project being

completed on-time and on-budget (see: Tyrrell et al. 1983;

Clayton); it is beholden on the project team to ensure a

register of the possible risks associated with the ground is

compiled at the outset.

An example of a risk register covering ground condi-

tions and relevant design factors is presented in Table 7.

This exemplifies the typical risks associated with the

ground that would be compiled for most modern projects

(for a more detailed discussion on this issue see: Clayton

2001; Simons et al. 2002; Hall et al. 2001). Such a risk

register contains very little that relates to landform

evolution, suggesting the risks associated with landscape

development are rarely recognised, demonstrating its

dependence on its compiler’s knowledge and the need for

the ‘Geo-Team’ as envisaged by Brunsden (2002). How-

ever, reference to Fig. 10, the town of Sorbas in South-east

Spain, identifies some landform risks that would need to be

incorporated in a register. The risk of slope instability for

buildings on the edge of the river cliff would be recognized

by all engineering geologists. However, what would be

missed, unless the evolution of this river cliff was known,

would be that this site lies in a relict channel system

abandoned some 10,000 years ago (Harvey et al. 1995).

Thus the rocks forming the river cliff are not being

undercut by an active river; they have just been subject to

sub-aerial weathering over the past 10,000 years. This

would suggest the rocks were significantly weaker than

would be expected if they had been subject to repeated

undercutting and debris removal which would be the case if

this was an active river system. This is the reason why

there are debris fans accumulating at the base of the cliff,

there is no river to remove them. This contrasts starkly with

the situation shown in Fig. 11, from the outskirts of Quito

in Ecuador. Here the valley side slopes are being actively

undercut by an incising river, which is a function of

regional tectonic uplift (Silvers and Griffiths 2009). The

result is clearly visible, with the road being severely

damaged, and concern must be expressed about the sta-

bility of the foundations for the buildings in the back-

ground. In both cases there are valley side slopes carved by

Table 6 Sources of geotechnical risk (based on Baynes 2010)

Type of

geotechnical

risk

Hazard Source

Project

management

Poor management of entire geo-

engineering process

An inadequate understanding of the importance of ground conditions, e.g. a

decision to submit a tender price with no risk weighting for geotechnical factors

Contractual Poor management of site investigation

and contract documentation

An inadequate understanding of the importance of ground conditions resulting in

poor acquisition, understanding and/or communication of site investigation

information; this often leads to claims based on contractually unforeseen

ground conditions

Technical:

analytical

Unreasonable or unsuitable analytical

model chosen

An inadequate understanding of the importance of ground conditions and

analytical methods

Technical:

properties

Unreasonable design values chosen An inadequate understanding of the importance of ground conditions and field

and laboratory testing of materials

Technical:

geological

Unforeseeable geological details Geological conditions that are very variable, and also that any ground

investigation will only sample the site because the investigation of all

geological and geomorphological details is impractical

Inherently hazardous ground conditions Geological conditions and geological/geomorphological processes that involve

hazards such as large ground movements, voids, aggressive soil and

groundwater chemistry, volcanoes etc.

Unforeseen ground conditions An inadequate understanding of the importance of ground conditions resulting in

unforeseen ground conditions being encountered during construction, often

because of an inadequate site investigation
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Table 7 Example of a risk assessment checklist for ground conditions and foundation design

Risk

no

Hazard description Prior to RCM Risk control measure Residual risk

Likelihood Effect Risk Likelihood Effect Risk

1 Unidentified services causing

delays and/or obstruction

during construction

4 3 12 Undertake desk study. Survey location of

services. Seek approval for diversion.

Divert as necessary. Assess effects of

services diversions on nearby structures

2 3 6

2 Impact on design due to

locality of utility services

5 4 20 Identify precise location of services and

agree constraints with utility at earliest

opportunity. Avoid foundations in vicinity

of services

2 4 8

3 Long lead in times for

permanent service

diversions

3 5 15 Early liaison with utilities 2 5 10

4 Impact on construction of new

foundation due to geological

uncertainties

5 3 15 Site investigation to determine extent and

depth of uncertainties (depth and

weathering of bedrock)

2 3 6

5 Archeological discoveries-

lengthy delays

2 4 8 Early liaison with interested parties.

Archeological watching brief during

excavation.

1 4 4

6 Accuracy of ‘‘as built’’

drawings of existing

structures

5 4 20 Confirm as built drawings by direct

investigation e.g. trial holes

3 4 12

7 Damage to existing structures/

pavement due to excavation

3 4 12 Design temporary works to avoid damage

during construction. Undertake movement/

vibration monitoring during works.

Establish trigger and action levels for

movements

2 5 10

8 Existing foundations

obstructing future

foundations and services

5 4 20 Obtain as built drawings. Confirm as built

drawings by direct investigation. Design

solutions and construction method to

recognise likelihood of unexpected

obstructions

3 4 12

9 Uncertainty of performance

and constructibility of

foundations in geological

features

3 5 15 Trial bores in potentially affected areas, load

tests on piles to confirm capacity. Monitor

deflections of new structures (walls) during

construction/excavation. Possible use of

support during pile construction (e.g.

bentonite, casing)

2 5 10

10 Ground water levels -variation

in level

3 5 15 Design to worst credible conditions 2 5 10

11 Damage and effects to

foundations/neighbours due

to dewatering techniques

3 3 9 Provide cut off around area and monitor

groundwater levels outside area and control

dewatering accordingly. Assess

susceptibility of ground beneath nearby

structures to dewatering

2 3 6

12 Flooding of the site 5 4 20 Ensure flood protection works are

maintained. Provide pumps on site

3 4 12

13 Ground water contamination

leachate affecting

neighbouring properties or

hindering site works

3 3 9 Carry out desk study and site investigation to

determine nature and extent of

contaminated ground water. Treat on site or

take away in tankers

2 3 6

14 Delays due to response/

approvals from the

Environment Agency to

aquifer contamination

5 4 20 Early liaison with EA on mitigation measures 2 4 8
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Fig. 10 Town of Sorbas,

South-east Spain

Table 7 continued

Risk

no

Hazard description Prior to RCM Risk control measure Residual risk

Likelihood Effect Risk Likelihood Effect Risk

15 Unexpected ground water

inflow from river/canal

effecting works

5 4 20 Identify extent of features. Design temporary/

permanent works to take known features

into account. Provide contingency measures

if extent greater than expected

3 4 12

16 Risk to structures from high

Sulphate and Chloride

content

5 3 15 Undertake representative number of soil tests

for each site

2 3 6

17 Serviceability of existing

structures to be retained

4 4 16 Carry out structural assessment in accordance

with HA guidelines and existing soil

information

2 4 8

18 Collapse of abandoned mine

workings

1 5 5 Historical searches show workings to be

beyond influencing distance

1 5 5

19 Collapse of old mine shafts 1 5 5 British Coal have no records of shafts within

the area of the site

1 5 5

20 Uncharted landfill/animal

burial sites

2 3 6 Carry out trial excavations in advance of the

works

2 3 6

21 Disposal of excessive amounts

of U2

3 4 12 Segregate materials on site to limit cross

contamination

2 4 8

22 Hazardous gases associated

with organic material

5 5 25 Carry out risk assessment prior to man entry

into excavations, provide appropriate PPE

2 5 10

23 Handling/transportation of

contaminated materials

5 5 25 Carry out risk assessment prior to man entry

into excavations, provide appropriate PPE,

on site storage and transportation

2 5 10

24 Changes in environmental

legislation

5 3 15 Re assess site practices in light of legislation 3 4 12

25 Suitability of earthworks

material

4 4 16 Use imported fill 2 4 8

26 Earthworks failure during/

after construction

2 3 6 Assess ground conditions during construction

in respect of design assumptions

1 3 3

27 Existing pavement

construction not as expected

4 3 12 Carry out investigation 4 3 12

RCM risk control measures
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rivers, but one is an active system (Quito) whereas the

other is relict (Sorbas).

The questions in Table 7 only represent part of a risk

register, although they are a realistic summary of the

typical issues concerning ground conditions that most

construction projects would consider relevant. However, it

is clear that more recognition of the potential issues

surrounding landscape evolution and the effects on the

construction project is needed if a full appraisal of the risks

is to be made.

The application of ‘reference or baseline conditions’

Reference or baseline conditions are defined by Fookes

and Baynes (2008) as the process of ‘‘identifying groups

of geological/geomorphological materials of similar

engineering characteristics with a depiction of the full

range of geological/geomorphological conditions that

could be reasonably anticipated or foreseen in the project

area’’. The concept of establishing reference conditions

was proposed as a means of improving contract practices

(CIRIA 1978). The practical application of reference

conditions to tunnelling projects was explored further by

Muir Wood (2004), who recognised that the uncertainty

surrounding the nature of natural features at the time of

decision making affected both the feasibility and cost of

construction. The use of reference conditions which set

out limits to the physical uncertainty pertaining to the

ground conditions that are agreed at the outset as the

basis for tendering would allow comparative costing.

Subsequently they could also form the basis for payment

and should problems arise on-site they could be viewed

as establishing the accepted variability in ground condi-

tions based on the data available. This approach can be

applied both in the context of the ground and other

natural phenomena, as well as the way these character-

istics may interact with construction scheme. Muir Wood

(2004) states, ‘‘The Engineer therefore needs to under-

stand which aspects of uncertainty might have a signif-

icant effect upon the Contractor’s performance. Where

reference conditions relieve the Contractor from a pos-

sible risk, the Engineer must have a clear idea, and share

this view with the Client, as to practical solutions.’’

Reference conditions would typically refer to the geo-

technical properties of the ground materials affecting the

design. These would be expressed as specific ranges for

the properties and they might also refer to the differing

needs of various forms of construction or support covering

zones or areas within the site. This raises the question as

to how landscape evolution might be brought into the

concept.

Climate change

Whilst there are still discussions over the magnitude and

actual causes (IPCC 2007a), climate change as a result of

anthropogenic activity through industrialisation over the

past 200 years must now be considered a fact (UNEP

2007). The effects in different parts of the world have

been summarised by the IPCC (2007b) and Nathanail and

Banks (2009) provided a comprehensive review of the

implications of climate change for engineering geological

practice at the 2006 IAEG Congress. Their paper

reviewed the implications under the following headings:

ground materials and structures; regional characteristics;

surface processes and materials; ground investigation;

difficult ground conditions; and contaminant transport

processes. The fundamental issue surrounding climate

change for engineering geologists is recognition that the

ground conditions during the design life of structure will

not remain the same and this must be built into the ground

model that is developed. Most notably there will be:

increase in temperature; rises in sea level; increase in

rainfall in some areas but decreases in others; changes in

groundwater levels; melting of glaciers and permafrost;

increased incidence of high energy storms (e.g. hurri-

canes). These events will in turn affect the ground

conditions leading to pre-existing static or stable land-

forms becoming unstable, landforms presently in a state of

steady state equilibrium changing to dynamic equilibrium

and some crossing the threshold into a state of metastable

equilibrium (Table 4). A summary of some of the possible

ground responses to climate change is presented in

Table 8.

Fig. 11 Incising river valley near Quito, Ecuador (photo: Katrin de

Silver)
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Magnitude and frequency of geomorphological

processes

On the 19th October 1973 the village of Santa Bárbara in

Southeast Spain suffered a flood event with a peak dis-

charge of 5,600 m3/s (Fig. 10, from Stokes et al. 2005).

This extreme event was generated within the 2,100 km2

river catchment of the Rı́o Almanzora. The Mapa de

Caudales Máximos en Espana (Álvarez 2009) indicated

this had a return period in excess of 1,000 years. Rainfall

records in the region indicated that the precipitation event

causing this flood had a recurrence interval of around

500 years and therefore the flood event was likely to be

similar (Thornes 1974). In the case of the flood record, the

1973 event forms part of the data series analysed by

Álvarez (2009) that covers the period 1963-2009. Such a

length of record was not available to Thornes (1974) and he

had to use the surrogate of the longer rainfall record to

indicate the possible return period of the flood. Both the

rainfall and flood recurrence interval estimates were based

on a statistical analysis of the existing data with extrapo-

lation for return periods beyond the length of record. Any

reliable estimate of both rainfall and flood flows, therefore,

will contain a margin of error, or more accurately, have

statistically calculated confidence limits. However, the

return period concept is widely used in both the popular

press and the scientific literature, and usually without

reference to or knowledge of these confidence limits; the

implication being that a well-defined magnitude and

frequency relationship exists in such geophysical phenomena.

In terms of incorporating landscape development

information into engineering design decisions, the debate

over magnitude/frequency relationships of geomorpho-

logical processes does have important engineering impli-

cations. The concept has been widely adopted by engineers

and planners to provide a basis for design, notably in flood

studies but also in relation to other geohazards such as

earthquakes (Lane 1983) and landslides (Lee et al. 1998).

Thus it is a concept that links together landscape forming

processes and engineering design; this raises the question

as to how appropriate is it?

For river flood studies the recurrence interval concept is

illustrated schematically in Fig. 11 in the production of a

hypothetical building control plan on an area of river

floodplain. The area of the active channel and the imme-

diately surrounding floodway is deemed to have a 1 in

5 years likelihood of flooding, and here there is restriction

on all non-essential development. Beyond that is Hazard

Zone 1, which is liable to flood once in 25 years and has

certain planning restrictions. Hazard Zone 2 has only

limited restrictions along with some design recommenda-

tions and is associated with a 1 in 50 years flood event. The

highest level above the contemporary river is Hazard Zone

3 with few restrictions and is only expected to be affected

Table 8 Some possible ground responses to climate change (derived from: Keller and Blodgett 2006; Nathanail and Banks 2009; Smith and

Petley 2009)

Changes to conditions Examples of the ground or process response Possible consequences

Increased ‘storminess’ and

rainfall increase in some

areas

Weathering rates increase; higher pore water

pressures; changes in permeability and loss of

durability owing to weathering; increased river flow

magnitude; increased rain splash erosion; increased

overland flow; higher wind velocities

More landslides in areas with increased rainfall;

questioning of validity of empirically derived

foundation design that does not allow for changes in

the extant conditions; increased river flood

frequency; drainage design inadequate; soil erosion

rates increase; wind loadings inadequate

Greater fluctuations in

groundwater conditions

Greater seasonality of groundwater levels; periods of

intense wetting and surface water ponding

Settlement as a consequence of groundwater lowering;

seasonally higher pore water pressures causing slope

and foundation instability; uplift pressures on deep

foundations; coastal instability; collapsible ground;

increased depth of unsaturated zone opening up more

ground gas migration pathways; fault reactivation

Air and ground temperature

increase

Melting of the permafrost; glacier melting; increased

meltwater flows; ice cap break up; more forest fires

Glacial lake outbursts; increased flooding; loss of

water supplies; subsidence in permafrost areas;

release of methane

Sea level rise (result of ocean

water expansion and break-

up of the ice caps)

Elevation of wave effects is higher; higher maximum

tide levels

Coastal erosion; increased coastal landslide activity;

coastal flooding

Gas hydrate releases on the

continental slope

Submarine slope failures; shallow earthquakes Tsunamis; disruption to offshore operations (e.g.

submarine cables; hydrocarbon exploitation); coastal

flooding

Reduced rainfall in some

areas

Ground shrinkage; reduced river flows; droughts;

vegetation die back

Ground subsidence; silting up of reservoirs; loss of

water supplies; desertification; increased wind

erosion; dune reactivation
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by a 1 in 100 year event. If we assume we have a superb

data set for this hypothetical site then we will be able to

plot a clear return period versus peak discharge graph

(Fig. 12). However, even with over 100 years of data the

graph indicates a widening zone for the upper and lower

confidence limits as the return period lengthens. Therefore,

as shown in Fig. 12, the hypothetical 1 in 100 year event is

calculated as approximately 310 cumecs, but the inclusion

of confidence limits demonstrates that statistically it could

be between 250 and 500 cumecs. Similarly for the other

flood zones in the hypothetical site: the 50 year flood might

be between 200 and 360 cumecs; the 25 year flood between

130 and 220 cumecs; and even the 5 year flood, which

would be the most accurate with a 100 year record, would

be between 50 and 110 cumecs.

The flood values discussed above are obviously very

low in comparison with extreme event on the Rı́o

Almanzora but the basic concept remains the same. On the

Rı́o Almanzora there was a 46 year long data record

available to Álvarez (2009). In order to identify the 1973

flood as a 1 in 1,000 year event the annual maximum flood

data would have been fitted to a probability density func-

tion such as the Gumbel Extreme Value distribution

(Gumbel 1967). This is a statistical construct and does not

Fig. 12 Bridge at Santa

Barbara in Southeast Spain

destroyed by a [1:500 year

flood flow of [5,000 m3/s in

October 1973 (Stokes et al.

2005)

Fig. 13 The recurrence

interval concept applied to

planning development on a

theoretical river floodplain

(based on Bennett and Doyle

1997)
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imply there is a well-defined geomorphological relation-

ship between magnitude and frequency. Whilst it is obvi-

ous that larger events, whether they are floods or

earthquakes, will be rarer than smaller events, their return

period can only be expressed in terms of probability and

any assessment of risk to a structure needs to take this into

account. Hence, the close link between design life, risk

registers, recurrence interval assessments for geohazards,

risk assessment for construction works and cost-benefit

analyses.

Cost benefit analysis

Returning to the hypothetical flood management model

discussed above, Fig. 13 indicates that a conservative

estimate for the 1 in 100 year flood taking the upper con-

fidence limit value is 500 cumecs. Taking this value for the

design of a flood alleviation structure, an analysis can be

made of the relative costs where annual cost is plotted

against the design discharge (Fig. 14). This indicates that

the higher the design discharge the greater the capital cost

of the structure. However, the higher the design discharge,

the less likely the structure is to suffer functional failure

and damage hence the annual repair cost drops with

increasing design discharge. Adding the capital and repair

cost curves together provides the total cost curve which has

minimum value. In this example the minimum costs cor-

respond to a design discharge of 350 cumecs, significantly

lower than the initial design discharge. Returning to the

flood discharge data for the hypothetical site, Fig. 13 shows

the full flood range for a 100 year flood and indicates that

the original design flood estimate of 500 cumecs could

have a return period of between 100 and 1,000 years,

whereas the lower costing design flood of 350 cumecs

might be anywhere between 1 in 75 and 1 in 400 years.

The questions that arise are: what is the appropriate design

flood; what is its actual recurrence interval of the design

flood; how realistic is it that the river is in static, stable or

steady equilibrium so that the return period calculations

have actual validity? (Figs. 15, 16).

Relevant to the discussion raised by the above hypo-

thetical case study is the use of the principle known as ‘‘As

low as reasonably practicable (ALARP)’’. Enshrined in law

in Europe following a legal ruling by the European Court

of Justice in 2007, the ALARP principle forms a basis for

risk management and cost-benefit analysis (Smith and

Petley 2009) (Fig. 17).

The ALARP concept is illustrated in Fig. 18 and iden-

tifies three types of risk: intolerable risks, which must be

dealt with almost irrespective of the cost involved;

acceptable risks, which are just accepted and resources are

not wasted dealing with them; and a central zone of

tolerable risks that must be dealt with using the ALARP

principle where risks are reduced as far as feasible within

the basic constraints of resources (Health and Safety

Executive 2009). The concept has been adopted in Hong

Fig. 14 Hypothetical flood

figures applicable to the

floodplain planning scheme
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Fig. 15 Flood estimation curve

used as an example in the text

Fig. 16 Cost decision plot for

a flood alleviation scheme based

on the data in Fig. 14

Fig. 17 The ALARP concept

in relation to risk assessment
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Kong to establish the risk acceptability criteria for a

potentially hazardous installation (Fig. 18; Kong 2002) in

the form of an F-N curve (Frequency versus number of

fatalities) as presented in Fig. 19. This demonstrates how

an ALARP assessment can be based on actual data by

plotting the frequency of incidents which affect public

users and therefore providing a measure of the probability

of fatalities.

An example of adapting the ALARP approach is illus-

trated in Fig. 19 for a flood event (Whitworth et al. 2009).

In this case the frequency of the flood is the secondary

consideration, it is the magnitude that is important, as well

as establishing what form of equilibrium exists for the

geomorphological system. The potential flooded area and

consequences of floods can be calculated for different

magnitude events and then a decision made on what level

of damage (in terms of infrastructure, deaths and envi-

ronment) would be deemed acceptable. Then the frequency

for this magnitude of flood could be estimated using the

available data to see if this fits into broad categories that

make allowance for the confidence limits. Given that the

return period concept is a statistical construct (e.g. two 1 in

100 year floods could occur in concurrent years), perhaps

its value for engineering design and planning guidance

needs to be more vigorously questioned? However, the

popular press does find it an easy means of expressing the

rarity of extreme events so no doubt use of the concept will

continue.

Contractual implications

Baynes (2010) notes that establishing geotechnical risks on

engineering construction projects is associated with con-

tracts that relate to ground conditions and usually involves

transferring the risk associated with the information con-

tained in a site investigation report. How the site investi-

gation data are communicated and interpreted, therefore, is

central to this process. Contracts usually refer to designs,

quantities and specifications (Baynes 2010) but can also

include measures to allocate risk and resolve disputes (i.e.

claims). Most geotechnical risk claims revolve around the

issue of ‘unforeseen’ ground conditions. Fookes (1997) and

Fig. 18 Risk acceptability

criteria for a potentially

hazardous installation, as

adopted in Hong Kong (Kong

2002—reprinted with

permission of the Geological

Society of London)
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Fookes et al. (2000) make an important distinction between

unforeseen and unforeseeable ground conditions. Because

a ground investigation can only sample a small proportion

of a site there are practical limits to the level of detail that

can be identified given the natural spatial variation of

ground conditions. For example, the location of every

individual cave or open joint in an area of limestone is not

foreseeable; however, the fact that there will be such fea-

tures within the limestone can be foreseen. Contractually

this can be a critical distinction as construction claims will

often revolve around the distinction between those ground

conditions that could be foreseen and those that could not.

Establishing a conceptual ground model is a key tool in the

defence of such construction claims as it provides a vehicle

for the interpretation and visualisation of the ground vari-

ability and conditions.

With respect to the way landscape development has a

bearing on contracts there are five main issues to be

addressed:

1. What geohazards can be anticipated, what are their

likely magnitude and frequency, spatial extent and

duration, and expected consequences?

2. What level of risk (i.e. probability) of a geohazard

occurring will be built into the contract? How will

multiple geohazards, sequences of geohazard events or

differing geohazard scenarios be included in the risk

assessment? This identifies the critical role of risk

registers and the understanding of hazard sequences or

chains forming the Hazard Event Cascade (Fig. 20).

Post-event hazards and secondary or follow-on hazards

should all be included.

3. What spatial variation in natural conditions is deemed

acceptable before they are deemed to be unforeseen?

This could provide the basis for establishing reference

conditions.

4. Will the ground conditions change during the design

life of a project, and, if so, how will this be built into

the contract in terms of geotechnical risk? Given

present climate change scenarios this is an increasingly

important consideration.

Fig. 19 Consequence comparison approach to evaluating the design flood (Whitworth et al. 2009)

Fig. 20 The hazard event cascade (after Lee and Jones 2004)
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5. Does design life have any relevance to the project and

would it be better to design according to levels of

acceptable consequences? This places cost-benefit

analysis at the centre of the design process.

Engineering geological case study: the Frank Slide,

Western Canada

There are examples in the literature as to how the geo-

morphological history of an area has influenced engineer-

ing design, notably in high mountain road construction

(Brunsden et al. 1975; Hearn 2011), hot deserts (Cooke

et al. 1982; Doornkamp et al. 1979), coastal protection (e.g.

Moore et al. 1998) and dams (Beyer 2005). In order to

exemplify the level of detail that might be required in

future landscape evolution studies presented below is a

case study of the investigation into a major landslide that

occurred in 1903 and destroyed the village of Frank in

Western Canada.

The Frank Slide, Turtle Mountain, Fig. 21, is located in

South Western Alberta, Canada and was the scene of the

most catastrophic landslide in Canada, occurring in 1903

and resulting in the loss of 70 lives. It has been the subject

of extensive geological and geotechnical studies, more

recently focussing on monitoring of the potential hazards

still existing on the South Peak of the mountain. The role of

geomorphology, however, in the pre-conditioning of the

slide has been addressed in detail by few workers. Jackson

(2002) discusses landform evolution during the Late

Tertiary and Quaternary periods in the Canadian Rocky

Mountains and adjacent foothill areas in South Western

Alberta. He notes the strong inter-relationships between

landslide occurrence, landform evolution, stratigraphy,

structural geology and surficial geology. Jackson (2002)

explains how the location of the Turtle Mountain subjected

it to relatively rapid flow of ice which caused erosion,

undercutting creating a steep 50�–60o slope angle. As noted

by Jackson this inter-relationship between glacial erosional

steepening and the landslide has not been considered in

past analyses of the rock avalanche. In addition to the

influence of glaciation Jackson (2002) also shows how such

montane-scale features, resistant over recessive succes-

sions (which he termed ‘‘RORs’’) are extremely important

in both the retreat of the Rocky Mountain front and land-

slide occurrence and evolution. These ROR successions in

South West Alberta and the foothills may be depositional

or frequently structural in genesis. In the latter case, major

over-thrusting has resulted in resistant carbonate succes-

sions overlying weaker, recessive clastic units. This is the

case at the Frank Slide where Paleozoic limestones have

been thrust over Mesozoic shales, sandstone and coal. In

addition the Rocky Mountain range is characterized by

uplift due to isostatic readjustment balancing regional

erosion stripping. Another major effect of glaciation in

South Western Alberta and the foothills of the Rocky

Mountains was the preconditioning of slope instability

through river diversion which caused dramatic local valley

incision. An example cited by Jackson (2002) was the

Oldman River dam site which is in an 80 m deep gorge

incised into sandstones and shales in early post glacial

times as a result of burial of the original valley and river

diversion. The processes of glacial steepening, glacially

induced river diversion and retreat of ROR’s are important

geomorphic drivers in both the long term (as seen through

the evidence of old landslide scars) and short term,

whereby metastable environments continue to be landslide

prone, particularly when disturbed by engineering works.

In interpreting the influence of glaciation on major rock-

slides such as the Frank Slide, distinction should be made

between the concepts of de-buttressing by removal of ice

and the long term kinematic controls on rock slopes due to

over-steepening. McColl et al. (2010) emphasise the

importance of fluctuating groundwater tables, climate

change and seismicity in post-glacial landsliding. They

reject glacial de-buttressing as a driver and state that in the

context of post-glacial slope stability glaciers have left

their mark on the landscape before they have retreated.

This is clearly an area for future research.

The coupling of geomorphic processes as exhibited in

the region of the Frank Slide are by no means unusual and

dictate that engineers consider the dynamic role of geo-

morphic changes when modelling rock slope stability

mechanisms. Landslides are characterised by what we term

a ‘‘geomorphic stress path’’ where geomorphic processes

serve to drive the landscape toward eventual failure and/or

equilibrium. Stead et al. (2004) similarly consider changes

in our landscape in terms of process-induced damageFig. 21 The Frank Slide, Turtle Mountain, Western Canada
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within the hillslope rock mass. Any rock mass will, after

formation, be subjected to intrinsic damage due to geo-

logical processes such as tectonic activity or alteration.

These inherent forms of damage pre-condition the rock

slope mass toward further damage which may be associ-

ated with stress concentrations due to oversteepening (e.g.

river incision or glacier induced). Fatigue damage may

occur in relation to varied types of cyclic phenomena.

Examples include internal slope displacements due to pore

water pressure changes associated with the rise and fall of

the water table (natural or engineering induced), wetting

and drying, freeze and thaw and earthquake activity. Such

fatigue processes act within a slope to cause a gradual

reduction in the factor of safety of the slope as the geo-

morphic stress-path moves toward the failure envelope of

the rock mass. These processes act in a progressive manner

within a slope over both the short and long term. Figure 22

shows how geomorphic and anthropomorphic events may

act as repeated triggers over time driving the slope to

eventual failure. Watson et al. (2004) and Gischig (2011)

have both recently noted the important influence of tem-

perature changes at depth within a rock slope inducing

annual displacements which may progressively move the

slope over the long term toward eventual instability and

failure. The breakdown of rock bridges (linking non-per-

sistent planes of weakness) and the removal of surface

roughness along these planes are both related to such

fatigue damage. Kemeny (2003), using a fracture

mechanics approach, modelled the time-dependent degra-

dation of rock joint cohesion as the breaking of patches of

intact rock or rock bridges along the joints. This research

can be interpreted as the influence of geomorphic/geologic

processes over time in destabilizing a slope with important

implications not only over engineering time scales but also

helping visualise the time-dependent failure of large rock

slopes since post-glacial times. The progressive failure of

rock slopes helps to explain why a particular slope may fail

during a relatively low magnitude seismic event when it

may have been subjected to many higher magnitude events

in the past; it is the cumulative effect of the destruction of

rock bridges that may eventual trigger the failure not the

magnitude of the current event alone. Numerous workers

have recently emphasised the importance of reduction in

the tensile strength of rock mass as a major factor in

allowing brittle fracture during rock slope failures. Geo-

morphic processes such as weathering are a key factor in

the reduction of rock mass tensile strength. In the short

term Pantelides (2010) discusses the importance of

weathering-induced rock mass deterioration and rainfall

events in the changing stability with engineering time of a

rock cut and produces a very similar plot of reducing factor

of safety over time (Fig. 23) to Julian and Anthony (1996)

for landslides in south-east France (Fig. 6). As the weath-

ering increases he notes the potential for failure under less

severe rainfall events than the slope may have been sub-

jected to in the past. To return to the Frank Slide, these

long- and short-term damage-inducing processes lead to

progressive failure along a geomorphic stress path. Short-

term, engineering time-scale failures are manifested as

structurally controlled rockfall, where long-term effects

Fig. 22 Changing factor of safety with time associated with

geomorphic or anthropomorphic events

Fig. 23 Conceptual diagram

showing changing stability

conditions within a rock cutting

associated with time dependent

weathering and rainfall events,

after Pantelides (2010)
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result in the potential for larger scale failure. Resistant over

recessive (ROR) successions can also be seen as high rock

mass quality (GSI) rock masses thrust upon low rock mass

quality (GSI) units. The damage due to the tectonic folding

and faulting pre-conditions the slope toward failure. Long/

short-term geomorphic process causes a reduction in the

factor of safety as damage accrues and the rock mass

quality is reduced. This reduction in rock mass quality may

be focussed along discrete adversely oriented zones.

Engineering activities (mining, reservoir filling/lower-

ing, slope-undercutting/loading) can all be considered as

instability ‘‘forcing’’ events that are superimposed on a

pre-existing damage level within a slope and on a pre-

existing geomorphic stress path. It is essential that

geoscientists and engineers work together in a multidis-

ciplinary environment when modelling the stability of

landslides in order that the correct geomorphic/geologic

stress path is considered.

Conclusions

Fookes (1997; page 314) states: ‘‘Ultimately, landforms

and their near-surface geology in which the civil engineer

works are formed by geological and geomorphological

processes which derive their energy from plate tectonics

and from the climate.’’

The ground conditions encountered by construction

projects, therefore, are the result of both short- (e.g. seis-

mic) and the longer-term development of the landscape.

Site investigations must recognise this and build that

knowledge into the interpretation of the nature and prop-

erties of the soils and rocks. It must also be recognised the

landscape is not static and ground conditions may change

during the life of a structure. There will also be shorter-

term geomorphological and geological processes that must

be taken into account; these fall under the general heading

of ‘geohazards.’ The investigation of landscapes can be

Table 9 Investigation techniques to be employed for landscape evolution studies

Technique Comment

Land surface evaluation Used for more extensive survey work and has widespread application in engineering geomorphology

(Griffiths 2001). At a large-scale this can include engineering geomorphological field mapping (Smith

et al. 2011)

Remote sensing Geomorphologists have always made extensive use of all forms of remote sensing techniques. However,

with notable exceptions (e.g. Hong Kong, Ho et al. 2006) there is the opportunity for wider application

in engineering geology especially as recent developments have seen major improvements in scanner

resolution both spatially and spectrally, as well as data becoming more readily available. Ground based

systems such as LiDAR and the developments in interferometry offer many new interpretative

opportunities (Rowlands et al. 2003; Whitworth et al. 2005)

Desk studies The compilation of all existing data on a proposed development site remains the most cost-effective

investment that can be made. Indeed there are examples now available where the ground investigation

seeks to confirm and refine a pre-existing ground interpretation compiled from the pre-existing data

(Royse et al. 2009)

Ground investigation This is the specialist area of the engineering geologist and remains the most effective but costly means of

learning about the actual ground conditions. It includes all forms of exploration holes, field mapping and

geophysics. Recent advances in geophysics such as resistivity imaging and tomography have enabled

many new opportunities for landscape evolution studies (Jongmans et al. 2009)

Geographical information systems Possible better called ‘geoscience information systems’ (Turner 2003), GIS have developed into the

preferred platform for compiling and analyzing spatial data from a site investigation. The increased

availability of digital data sets that are readily loadable into desktop GIS systems which have the power

to process the data have brought a data management and interpretative tool to the engineering geologist

Conceptual and actual ground

models

Developing a conceptual ground model (Fookes 1997) or total geological model (Fookes et al. 2001), a

process known as site characterization in the USA (Mayne et al. 2002), is the best method of compiling

and visualising three and four dimensional ground data to be used in understanding ground conditions.

The model enables the potential behaviour of the ground under the changing stress conditions associated

with construction and landscape development to be understood. All ground investigation work should be

aimed at producing ground models (Griffiths and Stokes 2008) which is a key and critical component of

the risk assessment process

Evaluation of hazard and risk The compilation of risk registers is now recognized as a requirement for all construction projects and this

is a process that should be started at the earliest phase of the work (Simons et al. 2002; Clayton 2001)

Observational method and fast-track

construction

It must be recognized that not all projects proceed in a linear fashion from concept, to investigation, to

design and then to construction. Many projects now involve investigation, design and construction

occurring concurrently which puts a heavy burden those applying the observational method (Nicholson

et al. 1999). The critical aspect of the observation method is to ensure there is a valid conceptual ground

model in place that is regularly reviewed and updated as construction proceeds (Griffiths et al. 2004)
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incorporated into the standard site investigation practices

(Table 9) with the fundamental requirement being the

development of a comprehensive four-dimensional ground

model with potentially multiple scenarios for the time

element of the model.

In addition to the techniques identified in Table 9,

geomorphological investigations can often require non-

standard SI techniques as identified by Griffiths and

Whitworth (2012) and perhaps on major projects where

very long scale changes in the landscape must be modelled

(e.g. nuclear power stations or nuclear waste repositories)

some of the techniques associated with thermochronology

(Braun and van der Beek 2004) might be utilised.

Finally, it must be recognised that developing the four-

dimensional ground model recommended by the members of

Commission 22 for engineering projects cannot be under-

taken as a desk study exercise. The data needed for the model

will invariably need data collected in the field by trained

practitioners. The training of these practitioners, given the

cost of relevant higher degrees around the world and the lack

of support by governments and industry, is a concern that

needs to be addressed (Griffiths and Culshaw 2004).
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Within the French Alps there are a number of large engineering 
structures that highlight the importance of sound engineering geo-
logical investigations and the requirement to establish a detailed 
geological ground model to understand and predict probable 
ground behaviour and performance. The area around Grenoble in 
the Isère presents an ideal location to examine these issues with a 
variety of engineering geological case studies together with 
sequences of problematic rocks and soils. The geological setting, 
both solid and superficial, presents many challenges to the engi-
neering geologist such that failure to recognize key and significant 
ground conditions can lead to substantial issues with regard to the 
construction of any engineered structures. The area is tectonically 
active and has been affected by numerous glacial episodes during 
the Quaternary. The area is dominated by calcareous sedimentary 
sequences overlying metamorphic and igneous basement rocks. 
This geological and tectonic setting together with the glaciated 
landscape gives rise to major active fault systems, thrusts and shear 
zones, together with a variety of problematic soils. These condi-
tions present substantial geohazards including deep-seated gravita-
tional failures (sackung), rockfalls, debris flows, mudslides and 
mudflows, dissolution and karst, as well as significant seismic 
events. All of these phenomena need to be understood by the engi-
neering geologist and be built into ground models in order to suc-
cessfully understand the potential interactions between engineered 
structures and underlying geological conditions. A variety of field 
locations are shown in Figure 1, which highlight these conditions 
and allow the need for robust predictive ground models to be dem-
onstrated on site.

Geological setting
The area around Grenoble forms part of the outer Sub-Alpine 
Chains of the Alpine tectonic complex, which curves in an arc 
from the Mediterranean coast to Lake Geneva. The French Alps 

can be divided into external and internal zones. The western 
external zones consist of several marginal mountain chains 
resulting from uplift, folding and thrusting of the continental 
basement of the European plate together with its Mesozoic and 
Cenozoic cover. The internal zones to the east are more complex 
both structurally and stratigraphically. They are derived, in part, 
from successions that include continental basement not previ-
ously attached to the European plate. The External or Dauphiné 
Zone has basement rocks exposed in a number of crystalline 
massifs. These occur towards the east of the External Zone; con-
sequently the younger cover successions crop out mainly to the 
west, where they form the Sub-Alpine Chains (J. S. Whalley, 
pers. comm.; Pomerol 1980; Debelmas 1970, 1974).

The External Crystalline Massifs

These massifs are composed of metasediments and meta-igneous 
rocks, including many granites, unconformably overlain in 
places by Carboniferous sediments of Late Westphalian age with 
some Permian cover. Some of the granites intruding this base-
ment have been dated with ages suggesting a Variscan origin 
(Guillot & Menot 2009).

Sub-Alpine Chains

These external calcareous massifs can be divided on geological as 
well as geographical grounds into northern and southern sections.

Northern Sub-Alpine Chains

These form a series of high plateaux or ‘massifs’ with a regular 
NNE–SSW alignment and are well separated from each other by 
deep transverse valleys. Their high relief is due primarily to 
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thick, massive limestones of mid-Cretaceous Urgonian (Aptian) 
age. Structurally these chains consist of a series of folds of latest 
Miocene–Pliocene age trending roughly NE–SW. The Bauges, 
Chartreuse and Vercors Massifs are separated from the 
Belledonne Crystalline Massif by a great erosional trench, Le 
Sillon Subalpin, along which flow two major rivers, the Isère 
and the Drac. The valley was formed by glacial erosion exploit-
ing the incompetent formations of Dogger–Malm age (Middle–
Late Jurassic) but may also be controlled by faults associated 
with the en echelon folds of the massifs.

Southern Sub-Alpine Chains

South and east of the Vercors Massif, the mountains of the 
Southern Sub-Alpine Chains form less regular, separable massifs. 
This is in part due to the disappearance of the thick, massive 
Urgonian limestones from the Cretaceous succession. The struc-
ture is also more complicated, with two identifiable fold trends, 
of different ages, trending east–west (Late Cretaceous–Eocene) 
and north–south (latest Miocene), which are superimposed.

Stratigraphic history of the External Zone

The External Zone was a sedimentary basin with moderate 
amounts of subsidence during Triassic to Late Cretaceous times. 
More localized subsidence continued post-Cretaceous to allow 
further sediments to accumulate in restricted areas. Maximum 

sediment thicknesses in the main basin are of the order of 4000–
5000 m. The shape of the basin was not controlled by the pre-
sent-day shape of the Alpine arc until after Late Cretaceous 
times. In the Early and Middle Cretaceous it was elongate from 
east to west, reaching as far west as the Massif Central. Basin 
analysis techniques have demonstrated that subsidence within 
the basin was often fault controlled with dramatic variations in 
sediment thicknesses associated with listric fault blocks. These 
faults were primarily extensional in character but many had sig-
nificant strike-slip components associated with them. Well 
before the major contractional tectonic events of post-Cretaceous 
times, some parts of the basin were affected by episodes of 
uplift and consequent partial erosion of the basin fill. The initial 
Triassic basin fill is usually clastic but is dominated in many 
areas by evaporitic sequences including gypsum and anhydrite. 
As water depth in the basin increased and evaporation ceased to 
be significant the fill became dominated by carbonate deposi-
tion. The whole of the Jurassic and the vast majority of the 
Cretaceous fill consists of varying proportions of massive lime-
stones and calcareous shales (marls).

Tectonic style of the External Zone

The tectonic style of the External Zone during the post-Creta-
ceous contractional phase is dominated by two influences: first, 
by early normal and strike-slip faults, which were frequently 
reactivated and which localized some of the deformation; sec-
ond, by Triassic evaporitic units and thick, incompetent, marly 

Fig. 1. Site localities.
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formations within the Upper Lias and Oxfordian. These provided 
horizons of easy slip and detachment (décollement planes) and 
so prompted the initiation of thrust-dominated tectonics. 
Deformation within the External Zones was typically accompa-
nied by very low grades of metamorphism.

Figure 2 presents a simplified geological map of the field area 
described, where the variety of sedimentary cover and crystalline 
basement outlined can be examined in detail.

Quaternary history
Alpine Quaternary chronstratigraphy is classically divided into 
four main glacial stages with associated stadial, interstadial and 
interglacial periods. As with all Quaternary deposits, cross-cor-
relation with other mainland European and British events is dif-
ficult and problematic. The oldest glacial deposits recognized 
date from the Günz glaciation, which occurred around 600–700 
ka BP. The subsequent glacial stages of the Mindel (c. 410–380 
ka BP), Riss (c. 200–125 ka BP) and Würm (c. 110 to 10–15 
ka BP) have left a significant geomorphological imprint and 
associated deposits in the area under study. The younger events 
can be subdivided into their various stadial and interstadial 
stages, although again precise dating remains problematic. The 
Quaternary development of the Isère, Drac and Durance Basins 
gave rise to a variety of fluvial, glacial and periglacial pro-
cesses and subsequent deposits (Monjuvent 1973; Montjuvent 
& Winistorfer 1980). The significant glacial events that took 
place in this region commenced at the end of the Mindel–Riss 

interglacial (c. 200 ka BP) with a generalized ice advance into 
the Drac Basin. At the onset of the Riss I stage (c. 200 ka BP) 
there was a great transfluence of the Durance and Isère glaciers 
into the then existing Drac valley. At the end of this period of 
glacial advance the great pro-glacial ice-dammed lakes of 
Trièves and Beaumont were initiated as the ice retreated. This 
deglaciation was also responsible for the higher level fluviogla-
cial deposits in the Drac valley. The Riss II period (c. 190 ka 
BP) was a time of periglacial conditions, with torrential melt 
accumulations of more high-level fans and terraces being 
formed. The Riss III stage (c. 140 ka BP) saw another glacial 
readvance, which did not progress as far as the Riss I ice but 
did travel further than the later Würm glaciations. Cataglacial 
alluvial material was deposited and is preserved as the first fos-
sil river terrace. A considerable amount of morainic material 
was also deposited in the Drac Basin by this readvance. The 
Riss–Würm interglacial period saw the development of a sec-
ond river network, which eroded and deepened the first. Also 
during this period the Greivauden Lake in the immediate vicin-
ity of present-day Grenoble was infilling with glaciolacustrine 
deposits forming the Eybens Varved Clays. At the onset of the 
Würm I glacial stage (c. 80 ka BP) the second fossil river ter-
race was deposited into the interglacial valleys. The maximum 
advance of the Würmian glaciers occurred during the Würm II 
stage (c. 55 ka BP), which was a time of widespread glaciola-
custrine deposition in the ice-dammed lakes of Trièves and 
Beaumont (Fig. 3). These pro-glacial lakes were infilled with 
silts and clays to give thick sequences of varves that were later 
overlain by high deltaic terraces. These terraces completely 

Fig. 2. Simplified geological map of the field area (modified from Gidon 2011).
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covered the glaciolacustrine deposits and preserved the two 
ancient fossil river terraces. During this stage the great moraines 
of the Vercors and Devoluy were formed. During the Würm II 
and Würm III interstadial periods all of the glaciers retreated 
far upstream. There was deposition of localized cataglacial ter-
races. At the onset of the Würm III glacial stage (c. 35 ka BP) 
there was another major ice readvance over the Würm II glacial 
and Würm II–III interstadial sediments. There was only minor 
infilling in the Lower Drac by the Isère glacier and the deposi-
tion in the Drac Basin was generally of low-level terraces. At 
the end of the Würm III stage there was a complete disappear-
ance of glaciers from the area except for a mini-readvance in 
the Lauritel area, sometimes referred to as Würm IV (c. 23 ka 
BP). In the post-glacial period the Greivauden Lake was finally 
infilled with sediment and the Drac river system continued to 
deepen through the glacial deposits, an erosional phase that had 
commenced at the end of Würm II and continued throughout 
the entire Würm III retreat.

Location 1: Montenyard Dam  
[GR 712020, 4982000]

The Barrage de Monteynard (Fig. 4), designed by Coyne and 
Bellier, is one of a complex of dams that control the River Drac 
and is the biggest of five hydroelectric power generating stations 

in the region. The dam is 150 m high with a crest length of 210 
m and has a reservoir capacity of 485 × 106 m3, damming 21 
km of lake. The useable generating capacity is 185 × 106 m3 via 
four 90 MW turbines, which have a throughput of 300 m3 s−1

with 40 m head of water. Hydroelectric power in France is used 

Fig. 3. Extent of the glaciers at the Würm Stage Maximum and location of the major proglacial lakes (after Monjuvent 1973).

Fig. 4. Barrage de Montenyard.
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for peak load, with the base requirement being met by nuclear 
power. The dam’s construction is of a single curvature, 20 m 
thick arch dam with the abutments loading 400 kPa at the top 
and 800 kPa at the base of the structure, abutting into limestones 
of Toarcian (Jurassic) age. The limestones strike north–south 
and dip 40° to the west. The water height in the reservoir is lim-
ited by two old glacial drainage channels of the Drac, dating 
from the Würm glacial stage. There is 2 m3 s−1 leakage out of 
these relict channels. Several almost vertical normal faults 
(named Berenice, Aglae, Clotide, Josephine and Julie la Rousse 
by the dam construction engineers), which strike across the dam, 
required grouting during construction. One particularly large 
fault (Julie la Rousse) required a network of adits and vertical 
shafts to replace a 1 m thick zone of fault breccia. A total of 
2800 m3 of concrete was used for this purpose. The faults and 
potential associated ground behaviour prevented a thin arch dam 
being adopted as the design. The dam entered service in 1962 
and is designed to withstand a Mercalli Magnitude 7 earthquake. 
There were no movements on the foundations when the reser-
voir was filled but there was a tremendous increase in localized 
seismic activity on filling, which continued into the 1970s, 
including a recorded Mercalli Magnitude 5.6 event. Grenoble is 
an area that is prone to earthquakes, although intensities larger 
than VIII on the MSK (Medvedev–Sponheuer–Karnik) scale 
have never been observed over the last 800 years (Thouvenot  
et al. 2006).

Location 2: Harmallière and  
Mas d’Avignonet landslides  

[GR 710700, 4979700]
During the last period of maximum glacial advance in the 
Trièves region (Würm II stage) a large ice-dammed glacial lake 
developed, which gradually infilled with a variety of glaciogenic 
sediments, notably glaciolacustrine silt and clay sequences 
(including laminated ‘varved clays’) with further till 
sequences representing ice readvances. These deposits rest on 

older Riss–Würm interglacial sediments and on underlying 
Jurassic carbonate-dominated bedrock (Jongmans et al. 2008). 
The thickness of the glaciolacustrine deposits varies between 0 m 
and a maximum of 200 m. These sediments (Fig. 5) are extremely 
prone to instability and have given rise to some large spectacular 
rotational mudslides and subsequent mudflows in the area. It is 
possible to observe the differing facies associated with the former 
glaciolacustrine environment (Fig. 6), with rhythmic laminated silt 
and clay sequences, deeper water turbidity flows and ice-rafted 
debris. The lake deposits are interbedded with both sub- and 
supra-glacial tills, demonstrating the highly dynamic nature of the 
former prevailing Quaternary climate. The landslides at 
Harmallière (Fig. 7) and Mas d’Avignonet exhibit distinctly dif-
ferent kinematic behaviour in terms of displacement magnitude 
and motion direction (Kniess et al. 2009), with the underlying 
bedrock controlling the development of the landslides. The spatial 
distribution and geotechnical properties of the glaciolacustrine 
silts and clays have been extensively investigated with respect to 

Fig. 5. Glaciolacustrine sediments of the former Lac du Trièves.

Fig. 6. Glaciolacustrine sediment system (Hambrey 1994).
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the potential alignments of the A51 autoroute passing through 
the region (Giraud et al. 1991). Their problematic nature, espe-
cially their propensity to liquefaction, has the potential to signifi-
cantly affect the integrity of embankments and cuts along the 
road alignment.

Location 3: Sinard Tunnel  
[GR 708820, 4980150]

The A51 autoroute was commissioned to provide a relief road 
for the A6 Rhone Corridor motorway, which connects Paris to 
the holiday regions of the South of France. The last remaining 
component of the autoroute was the section between Grenoble 
and Sisteron. This section was to pass through the highly prob-
lematic ground conditions of the Trièves area as observed at 
Location 2, and had been the subject of many investigations and 
research since the 1960s before a final route alignment was 
selected and agreed upon (Martin et al. 2005). Even at the con-
struction tender stage this section remained controversial, with 
several initial design proposals being rejected because of the 
uncertainty in the ground conditions, specifically with regard to 
the glaciolacustrine and till sequences. This 10.5 km section 
between Coynelle and Col de Fau would cut through the Côte 

Martine massif, close to the village of Sinard, via a tunnel. The 
subsequently constructed Sinard Tunnel (Figs 8 and 9) is a 950 
m long twin tube tunnel built between 2003 and 2006. 
Significantly, the tunnel was completed before the carriageway 
for the autoroute (Guilloud et al. 2005). The tunnel was exca-
vated using drill and blast techniques cutting through a sequence 
of mainly calcareous quartzitic mudstones. These strata were 
significantly faulted, with six fault zones identified during  
the ground investigation. The maximum rock cover over the 
central zone of the tunnel was in the region of 160 m. Tunnel 
support varied with the rock mass conditions and was a combi-
nation of shotcrete and rock bolts, with some steel sets in the 
more problematic areas.

Location 4: Echarennes  
rock avalanche shelter  
[GR 720700, 4973700]

The RD526 connects the village of Mens with the town of  
La Mure and traverses the tight deep ravines cut by the River 
Drac through the underlying Jurassic strata. At Echarennes a 
rock avalanche shelter was constructed to protect a vulnerable 
and narrow section of the road (Fig. 10). At this location the site 

Fig. 9. The completed Sinard Tunnel (2008).

Fig. 10. The Echarennes rock avalanche shelter.

Fig. 7. The landslide complex at Harmallière.

Fig. 8. Portal preparation works for the Sinard Tunnel (2003).
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is flanked by a steep gorge with the cliff face rising to an alti-
tude of 870 m a.s.l., the road level being at 620 m a.s.l. The site 
geology consists of three distinct lithological units, which are 
Jurassic in age: a heavily fractured marly limestone, a cleaved 
mudstone and a calcareous grey–black marl basal unit dating 
from the Aalenian stage (Desvarreux 2006). On 20 January 2004 
a major debris flow involving several tens of thousands of cubic 
metres of material was initiated in the slope above the existing 
rock avalanche shelter and subsequently cut the unprotected sec-
tion of the road at the western end of the shelter (Fig. 11; Robit 
et al. 2005). Rapid remediation works were required, which 
included both containment measures (netting and supplementary 
rock catch nets) along with further instrumentation of the 45° 
slope. Before this major slope failure existing protective meas-
ures were in place to safeguard the road below. These included 
active support systems (rock bolts, wire netting and rock catch 
nets) as well as the substantial rock avalanche shelter. The slope 
monitoring included a surveillance system linked to an alarm, 
which would close the road in the event of any significant slope 
movement. Three preferential flow paths (thalwegs), which con-
trolled the runout of the debris flows, can be seen above the 
shelter, but the influence of these channels in the engineering 
geomorphological model had not been sufficiently delineated or 
understood, and consequently the original rock avalanche shelter 
had not been constructed long enough, leading to the road being 
cut by the debris flow.

Location 5: Pont de Ponsonnas 
fluvioglacial deposits  
[GR 720760, 4973880]

The roadside section near the car park by the Pont de Ponsonnas 
exhibits a striking cross-section through the fluvioglacial out-
wash deposits from the Würm glaciations. Clasts of up to boul-
der size can be seen to be clearly imbricated. This orientation 
would suggest a high-energy outwash flow from the Bonne 
Glacier to the east, infilling the Trièves basin. Above the fluvi-
oglacial deposits can be seen further basal till units overlain by 
the laminated glaciolacustrine sediments typical of the area. The 
site clearly highlights the dynamic nature of the glaciated 
landsystem and the typically wide variation in deposits and par-
ticle sizes that can be present in these terrains over very short 
distances. This site demonstrates the importance of a predictive 

geological ground model to fully understand the ground variabil-
ity, which could potentially be missed or not accurately deline-
ated by traditional intrusive investigation techniques.

Location 6: La Mure anthracite  
mining [GR 719350, 4978290]

The Matheysine area has had a long history of coal mining 
owing to the high-quality anthracite deposits to be found in the 
region in a small Carboniferous inlier. Mining started in the 
early 19th century, with the mine at La Mure opening in 1808. 
Mining ceased in the late 1990s after a series of prolonged 
strikes. There were seven principal mines in the area: Mine du 
Majeuil, Mine de la Motte d’Aveillans, Mine du Peychegnard, 
Mine de la Jonche, Le Marais de la Mure, Mine de Vaulx and 
Les Boynes. The mines exploited four coal seams with 16 m of 
coal in total. One of the seams of this high-quality anthracite 
was 10 m thick. Several areas of former spoil tips can be 
observed along with areas of remediation where commercial 
redevelopment has taken place. The former mining activity is 
now commemorated by a working museum, La Mine Image, at 
La Motte d’Aveillans.

Location 7: Mont Sec and  
Séchilienne [GR 720750, 4992880]

The Ruins de Séchilienne (Fig. 12) on the southern flank of 
Mont Sec in the Romanche Valley is a site of substantial slope 
instability initiated after the last glacial retreat around 15 ka 
ago. The landslide has been extensively studied owing to the 
extremely high impact that any large-scale failure would have 
on the local and wider environment and regional economy 
(Antoine et al. 1994; Rochet et al. 1994; Vengeon et al. 1999; 
Meric et al. 2005, 2006; Le Roux et al. 2008, 2009; Durville et 
al. 2002). The valley sides consist of predominantly mica 
schists, gneisses and amphibolites, rocks with a distinct meta-
morphic fabric, which at this locality is oriented parallel to the 
valley. These rocks are overlain by a Mesozoic cover, draped 
with various glaciogenic deposits. The area is tectonically influ-
enced by the active Belledonne Border Fault, a major strike-slip 
system close by (Thouvenot et al. 2003). Various slope failure 
mechanisms can be observed, principally deep-seated gravita-
tional failure (sackung) and more superficial rockfalls (Fig. 13). 
Estimates of between 25 × 106 m3 for the global destabilized 
mass and around 3 × 106 m3 for the superficial rockfalls have 
been calculated. Should the slope fail catastrophically a land-
slide dam would be formed, blocking the Romanche River. 
There is historical evidence that such events have occurred in 
the past (Bonnard 2006), with a significant damming of the 
river occurring in 1191. This dam subsequently failed in 1219, 
devastating the city of Grenoble downstream. The upper part of 
the slope (at elevations above 1100 m a.s.l.) displays medium 
levels of activity with displacement rates between 20 and 150 
mm a−1. In this upper zone vertical displacement rates give an 
annual subsidence of between 7 and 16 mm a−1. In the lower 
slopes (between 950 and 450 m a.s.l.) the frontal mass has a 
displacement approaching 1 m a−1. This frontal movement gen-
erates frequent rockfalls, which present a significant hazard to 
the road below. The movement rates are particularly sensitive 
to seasonal rainfall and snowmelt. During the 1980s rockfalls 
on the lower slopes reached the road below, prompting the  
construction between 1982 and 1983 of a small embankment to 
act as a rock trap wall between the slope and the road. Owing 
to the size, energy and frequency of the falls these initial  

Fig. 11. The Echarennes rock avalanche shelter post failure (2004).
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protection measures were reappraised and deemed inadequate 
for the magnitude of the problem. This situation was further 
exacerated by a significant increase in rockfall events in 1985. 
Additional protection works were implemented, which included 
the excavation of a rock catch ditch at the toe of the slope 
together with a reinforced retaining wall. Alarm networks were 

also installed (Duranthon & Effendiantz 2004). These works 
underwent yet another reappraisal and the site risk was reas-
sessed, which led to more significant changes, with a diversion 
road being constructed on the other side of the river utilizing 
two Bailey Bridges for the crossings. A new channel for the 
river was also constructed, along with a more substantial pro-
tective embankment. It was estimated that the thickness of the 
expected collapse mass at risk could dam the valley to a depth 
of 30 m or more. A further reappraisal is currently under way 
and is the subject of a local public consultation exercise. This 
site demonstrates the importance of understanding the geome-
chanical behaviour of the overall slope mass with respect to  
the potential impact of any failure on both the road and river 
within the valley system. Also, in terms of the risk management 
of this problem, the issue that the vulnerability element (in this 
case the city of Grenoble) may be significantly geographically 
removed from the hazard element (Séchilienne) should not 
negate the level of risk posed by the landslide system. 

Location 8: Falaise de Prégentil and 
Torrent du Saint-Antoine  

[GR 265800, 4993550]
The Falaise du Prégentil is an imposing cliff face cut by the 
actions of the Romanche glaciers advancing and retreating  
during the Quaternary. At this locality heavily folded Jurassic 
strata rest directly on the crystalline basement rocks that  

Fig. 13. The lower slopes of the Ruines de Séchilienne landslide (area 
marked as scree in Fig. 10).

Fig. 12. Geological and geomorphological detailed map of the Séchilienne landslide (modified from Le Roux et al. 2009).
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underlie the Alps. The geological structure and associated rock 
mass properties play a significant role in the stability of this 
rock face. Both anticlinal and synclinal folding can be seen 
within the Jurassic beds. The rock mass structure is such that 
there is a major hazard with the potential for significant rock 
falls, rock flows (avalanches) and debris flows to be generated 
with a runout zone following the Torrent de Saint Antoine right 
down to the valley floor and town of Bourg d’Oisans below 
(Fig. 14). The sedimentary sequence present in the cliff face is 
especially sensitive to erosion, by rainfall, snow melt, and by 
freeze–thaw mechanisms during the winter months. The carbon-
ates present are also vulnerable to dissolution, giving rise to a 
significant cavity system within the rock mass. The rock wall 
comprises interbedded marls and limestones, both of which are 
very prone to differential weathering. The marl units are much 
weaker than the limestones and therefore in-weather at a greater 
rate, leaving the limestone beds overhanging and liable to fail 
initially through rock fall. The dissolution of the limestone units 
compounds this problem, particularly where there is an adverse 
dip of the beds owing to the folding present within the mass. 
The instability of the cliff face is also affected by the presence 
of a number of vertical faults, which tend to delineate rock 
mass blocks and thus may lead to them failing as a single unit. 
Estimates of short- and medium-term risks of failure suggested 
that four such blocks were at risk in the short term and could 
potentially release between 140 × 103 and 160 × 103 m3 of 
material from the face. In the medium term between 150 × 103

and 200 × 103 m3 of rock could detach and fall. In the longer 
term it is thought that the supply of material that has the  
potential to fall should decrease as the rock mass approaches 
equilibrium. The lithological, geomorphological and rock mass 

conditions at this site are therefore particularly conducive to a 
major rock fall, debris flow or even rock avalanche with no 
involvement of water. The significant cliff height (and hence 
potential energy of the rock blocks), high slope angle, large- 
volume supply of detachable material, significant water catch-
ment from the rock wall face and extremely long runout track 
with the Torrent de Saint Antoine create a substantial problem 
for the town downslope. The site could therefore be considered 
as being a very high or extremely high hazard. This problem is 
compounded by two very high vulnerability elements within the 
landslide runout zone, notably the town of Bourg d’Oisans 
itself, and the Six Valleys College directly adjacent to the 
Torrent de Saint Antoine. Throughout documented history there 
have been many recorded instances of either major rockfalls 
from the Falaise du Prégentil, or debris flows or torrential 
floods running out down the Torrent de Saint Antoine, but it 
was the events of 1998 that led to a major re-evaluation of the 
risks posed by the Falaise du Prégentil (IRMa 2009). On 22 
January 1998 a substantial volume of material in the region of 
230 × 103 m3 was mobilized, which destroyed between 2 and 3 
ha of forest. On 4 June 1998 a violent downpour lasting only 
45 min transported about 20 × 103 m3 of debris downslope into 
the Torrent, filling the river bed with material to a depth of 4 m 
(Fig. 15). However, these events were to be surpassed by the 
rock falls of 29 and 30 June 1998. Approximately 100 × 103 m3

of rock fell from the cliff face, generating a dust cloud that 

Fig. 14. The Falaise de Pregentil and the Torrent du Saint Antoine above 
the town of Bourg d’Oisans.

Fig. 15. Debris flow in the Torrent de Saint Antoine, 4 June 1998 (IRMa 
2009).

Fig. 16. Rockfall of 29 June 1998 (IRMa 2009).
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enveloped Bourg d’Oisans (Fig. 16). From 1866 onwards a 
series of mitigation measures to protect the town from these 
geohazard events had been put in place, but the rock falls and 
debris flows of 1998 led to a reappraisal of their effectiveness 
and design. More significant protective measures were deemed 
to be required. A more substantial protective barrier system was 
constructed and a variety of monitoring and instrumentation 
systems were installed, directly linked to evacuation procedures 
for the college and town. A larger enhanced catchment basin 
was also excavated to deal with the diverted flows. The protec-
tive barrier walls were constructed from old tyres and com-
pacted fill with reinforced end points. The barriers were 
designed to deal with debris flows of the order of 5 m high and 
for single falling or flowing rock blocks of between 200 and 
500 m3, sizes estimated from actual single blocks and flows 
recorded in the June 1998 event. This site is an excellent exam-
ple of the importance of fully understanding the interactions of 
the geological structure, and lithological and geomaterial varia-
bility in the ground model, and their influence on the overall 
stability of the rock slope.

Location 9: Charmonetier rockfall  
and tunnel [GR 265850, 4992850]

On 24 August 1987, storms and torrential rains initiated a major 
‘debris flow’–rock fall in the Taillefer Massif above the town  
of Bourg d’Oisans. Approximately 130 × 103 m3 of rock ran  
out from the eastern flank of the Romanche valley, damaging 
the road connecting the two communes of Bourg d’Oisans and 
Villard-Notre-Dame (Couture et al. 1997). One year after the 
rock fall event a tunnel was constructed underneath the landslide 
zone to re-establish the road. Two check dams were also con-
structed to protect the village of Saint-Claude from any further 
flows. The rock mass mainly consists of amphibolites overlying 
massive granite with a Jurassic sedimentary cover and reaches a 
height of about 600 m above the valley floor. The initial failure 
zone occurred at the junction of the overlying sedimentary cover 
with the basement rocks and is located at an elevation of about 
1250 m. The detachment zone of the failed mass extended to an 
elevation of about 1100 m along the natural talus slope at an 
angle controlled by the foliation planes within the amphibolite, 
which were subparallel to the valley and dipped between 25  
and 40° (Desvarreux 2006). Three sets of discontinuities were 
observed in the original failure zone: Set 1 (Foliation), 31° ± 
7°/303°; Set 2, 80°/194°; Set 3, 76°/82°. It is also possible to 
detect a fourth, less distinctive, set in the detachment zone 
(88°/332°). The joint system subdivided the amphibolite in  
the initial failure zone into blocks of an average dimension of  
1 m3. The overlying sedimentary formations have dips ranging 
between 20° and 40° into the slope but do not have a significant 
influence on the stability of this slope. The metamorphic folia-
tion is the main controlling factor in the stability of the natural 
slope. The orientation and the dip of the foliation plane are con-
formable with the slope angle, and the dip of the foliation plane 
(the potential plane of weakness) is of the same order as the 
internal angle of friction of the amphibolite. Ancient mining 
activities (Mines de la Gardette) exploiting a quartz vein at the 
site may have also contributed to the rock fall and may also 
influence the stability of the slope. Laboratory shear box tests 
performed along foliation plane angles yielded residual friction 
angles of 39° and 30° under dry and wet conditions respectively 
(Couture et al. 1997). This site again demonstrates the signifi-
cance of understanding the geological model both in terms of 
lithology and rock mass structure and in relation to the slope 
failure mechanisms.

Location 10: Chambon Dam  
[GR 274480, 4991940]

The Barrage du Chambon (Fig. 17) is a large gravity dam high 
up in the Romanche Valley. The reservoir was brought into 
commission in 1934 but the dam is interesting as it demonstrates 
the potential problems that can occur with an unsatisfactory 
ground investigation. The dam has a reservoir capacity of 54 × 
106 m3. The top water level is at 1040 m a.s.l. with the dam 
crest at 1042 m a.s.l. The dam’s catchment area covers 250 km2. 
Chambon is a curved concrete gravity dam and has a height  
of c. 90 m above ground level (Walters 1971). The dam has 
been constructed on gneiss and overlying Lower Jurassic and 
Triassic sediments, which are predominantly cleaved calcareous 
mudstones (Fig. 18). Under the river bed was a significant gla-
cial channel infilled with superficial deposits. During the ground 
investigation only four boreholes were sunk, and the resulting 
data failed to deliver a satisfactory geological ground model of 
the site, particularly with regard to the Quaternary modification 
of the valley profile. On construction the gneiss rockhead was 
found to be much deeper than predicted by the borehole data, 
and significant design modifications and substantial grouting 
were subsequently required.

Concluding remarks
The area to the south of Grenoble in the French Alps offers an 
ideal field environment to study some of the key engineering 
and geological issues in the practice of engineering geology. 
The importance of the predictive ground model and its compo-
nent parts of geological, geomorphological and geotechnical data 
together with visualizations of the key hazards, vulnerabilities 
and risks present at a site are well established. This field area 
exemplifies these key issues with a variety of case studies of 
large engineered structures and problematic ground conditions.

The sites at the Falaise du Prégentil and Charmonetier demon-
strate the importance of understanding the rock mass condition and 
how the underlying geology can influence those conditions. At the 
Pont de Ponsonnas and Harmallière the variability, both vertical 
and lateral, in ground conditions is demonstrated in the superfi-
cial sequences, which were strongly influenced by glacial and  
post-glacial processes. At Chambon the inadequacy of the ground 
investigation and the lack of understanding of the Quaternary 
ground model led to significant delays and cost overruns on the 

Fig. 17. Barrage du Chambon.
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project. At Séchilienne the key issues of operating within a risk 
management framework are demonstrated, as well as the wider 
issues of understanding the geomechanical behaviour of a very 
large slope, whereas at Echarennes the lack of appreciation of the 
geomorphological behaviour of the slope led to a major failure.

All of the sites detailed in this field guide reinforce and demon-
strate the requirement of the engineering geologist to fully appreci-
ate the geological and geotechnical ground models in a risk-based 
framework to allow the successful completion of any engineered 
structure built in those ground conditions.
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Synonyms
IEMS

Definition
The Integrated Emergency Management System (IEMS)
refers to an all-hazard approach to the coordination, direc-
tion and control of disasters independent of their type, ori-
gin, size, and complexity. In the early 1980s, this term was
coined by the Federal Emergency Management Agency,
FEMA, of the United States.

Today the term Integrated Emergency Management
System is sometimes also used for computer-based emer-
gencymanagement systems that allowmanaging all scales
of incidents by fostering collaboration and information
sharing. These systems are discussed elsewhere (see
section Cross-references).

Elements of the integrated emergency
management system
FEMA’s Integrated Emergency Management System is
a framework for effective emergency management that
integrates partnerships on local, state, and federal level,
including the collaboration of government agencies, pri-
vate sector, and media. IEMS covers all phases of emer-
gency management, namely mitigation, preparedness,
response, and recovery. The IEMS framework describes
different elements, processes, and principles for these
emergency management phases. Important key elements
of the IEMS are:

� Hazard analysis: An all-hazard analysis provides the
basis for the other IEMS processes since it leads to
a better understanding of the consequences and needs
of different types of disasters.

� Capability assessment: All currently available
response capabilities for different emergency response
functions, like resource management, mass care, or
communication need to be documented and assessed
in order to identify shortfalls.

� Emergency planning: Emergency plans are based on
the hazard analysis and capability assessment. They
include a capability inventory, discuss possible conse-
quences for different events, and list the required
actions. Plans are important for training and response.

� Capability maintenance and development: Even if
the current response capabilities are considered to be

adequate the available capabilities have to be
maintained by regular plan updates, resource mainte-
nance, and training. In case of insufficient capabilities,
short-, medium-, and long-term capability development
plans have to be created.

� Emergency response: Emergency response activities
should be based on the emergency plans and modified
as necessary. Evaluations of after-action reviews need
to be integrated into the existing plans.

� Recovery and mitigation efforts: The goal of the
recovery efforts is to restore the community function
to normal as soon as possible. Recovery itself can be
viewed as an opportunity to create a more resilient com-
munity. Therefore mitigation efforts, like for example,
strengthening infrastructures, can either be an integral
part of the recovery phase or they can be initiated prior
to a disaster.
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INTENSITY SCALES
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Synonyms
Earthquake measure; Earthquake severity; Earthquake
size

Definition
Intensity Scales. A scale to measure the effects and degree
of damage caused by an earthquake to the local environ-
ment and buildings affected by the seismic event using
descriptive evidence to categorize the severity of the dam-
age caused.
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Introduction
The size and damaging effects or severity of an earthquake
are described by measurements of both magnitude and
intensity. In seismology (the study of earthquakes), scales
of seismic intensity are used to measure or categorize the
effects of the earthquake at different sites around its epicen-
ter. Various seismic scales can be used to measure and com-
pare the severity of the seismic event. The amount of elastic
energy released by an earthquake is measured on
a magnitude scale (see Magnitude Measures) whereas the
effects of intensity of groundmotion or “shaking” occurring
at a given surface point are measured on an intensity scale.

Seismologists use earthquake intensity as their most
widely applicable measure of the size of an earthquake.
Intensity is measured by means of the degree of
damage to structures of human origin, the amount of dis-
turbance to the surface of the ground and the extent of
human and animal reaction to the shaking (Bolt, 2006).

Intensity can therefore be defined as a classification of
the strength of shaking at any place during an earthquake,
in terms of its observed effects (Musson, 2002).

A series of intensity scales have been developed to
semi-quantify this degree of damage and disturbance.
These scales use descriptive evidence in order to establish
the probable size of the earthquake causing the damage.
This assessment of earthquake intensity depends on the
macroseismic observations (observations of the actual
effects of the earthquake), in what is termed the
“meizoseismal zone” (the area of maximum disturbance
during an earthquake where there is observable damage to
buildings). It is not based on measuring the ground motion
with instruments (microseismic observations). The descrip-
tive scales have important uses, firstly in determining earth-
quake size in areas where there are limited seismographs to
measure strong ground motion and secondly to retrospec-
tively determine the size of historical earthquakes from

contemporary accounts taken at the time of the seismic
event. This method can be subjective and is very much
dependent on the underlying geological ground conditions
which may dampen or exaggerate the effects of the earth-
quake, but it does provide some limited data on the distribu-
tion of ground shaking during a particular event and gives
an approximate estimate of the epicenter of the earthquake.
It is therefore important that correlations can be made
between the various scales used over historical time
(Musson et al., 2009). The intensity at a point not only
depends on the strength of the earthquake (magnitude) but
also on the distance from the earthquake to that point and
on the local geology at that point.

Intensity studies enable the macroseismic field of histori-
cal and contemporary earthquakes to be reconstructed and
through this reconstruction it is often possible to identify
the seismogenic source (Panza et al., 1991; Gasperini et al.,
1999). The intensity parameter allows for a comparison to
be made between more recent earthquakes and historical
ones. This is based on the destructive effects described and
detailed in the intensity scale used.

Macroseismic scales
A considerable number of macroseismic scales have
been developed over the last 200 years in order to try
and semi-quantify and describe the effects of an earth-
quake via a measure of intensity (Musson, 2002;
Musson et al., 2009). The first such scale was considered
to have been developed by the Italian Jacopo Gastaldi in
1564 (Hao et al., 2005; Xie, 1958). About 8 or so such
scales have been more widely adopted, evolving over time
and usage. The first widely adopted scales were developed
by de Rossi (1874) and Forel (1881) leading to the Rossi-
Forel Scale (de Rossi, 1883). The inadequacies of these
early scales led to the development of more modern ver-
sions together with entirely new scales, an evolving

Intensity Scales, Table 1 Nonprescriptive guidelines to conversion from five major scales to EMS-98 (Musson et al., 2009)

RF EMS 98 MCS 30 EMS 98 MMI 56 EMS 98 MSK 64 EMS 98 JMA 96 EMS 98

0 1
1 1 1 1 1 1 1 1 1 2 or 3
2 2 2 2 2 2 2 2 2 4
3 3 3 3 3 3 3 3 3 4 or 5
4 4 4 4 4 4 4 4 4 5
5 5 5 5 5 5 5 5 5L 6
6 5 6 6 6 6 6 6 5U 7
7 6 7 7 7 7 7 7 6L 8
8 7 or 8 8 8 8 8 8 8 6U 9 or 10
9 9 9 9 9 9 9 9 7 11
10 Note 1 10 10 10 10 10 10

11 11 11 Note 1 11 11
12 Note 1 12 Note 1 12 Note 1

Note 1: This intensity is defined in such a way that it relates to phenomena that do not represent strength of shaking, e.g., those due to surface
faulting, or reaches a saturation point in the scale where total damage refers to total damage to buildings without antiseismic design
Note 2: RF Rossi-Forel Scale, MCS Mercalli-Cancani-Sieberg Scale 1930, EMS European Macroseismic Scale 1998, MMI Modified
Mercalli Intensity Scale 1956, MSK Medvedev-Sponheuer-Karnik Scale 1964, JMA Japanese Meteorological Agency 1996
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process that continues to this day (Musson et al., 2009).
The comparison of different intensity scales is thus an
important issue when trying to understand and cross-
correlate historical seismic events (Table 1).

One of the first intensity scales describing earthquake
effects on the environment is given in Annex C to the
European Macroseismic Scale (EMS-98) by Grünthal
(Grünthal, 1998). One of the first proposals of an intensity
scale based on effects on rocks and considering terrain
vulnerability, thus complementing the EMS-98 environ-
mental scale, is presented by Vidrih (Vidrih et al., 2001).
In 2007, another scale was constructed resulting from
a series of international meetings (Michetti et al., 2004,
2007) (Figure 1). INQUA (International Union for Quater-
nary Research) ratified the Environmental Seismic Inten-
sity Scale (ESI-2007) which is now being widely
adopted (Reicherter et al., 2009).

All of these intensity scales use 10, or more commonly
12, degrees or classes of earthquake effects to describe and
define the intensity of the earthquake and the consequent
severity of its effects.

Historical development of macroseismic scales
The first widely accepted intensity scalewas developed by
P N C Egen in 1828 (Egen, 1828) followed by the work of
de Rossi and Forel (Musson et al., 2009). In 1921 Charles
Davison (Davison, 1921) identified 27 different intensity
scales which increased to 39 in 1933 (Davison, 1933).
Giuseppe Mercalli, born in Italy, was the principal devel-
oper of two key scales: the Mercalli, 1883 Scale and
a second scale published in 1902 (Mercalli, 1883, 1902).
These were principally modifications to the Rossi-Forel
Scale. In 1904 another Italian Adolfo Cancani proposed
a 12-point scale (Cancani, 1904) which added two extra
degrees of intensity to deal with the reporting of very
strong earthquakes. In 1912, August Sieberg, a German
geophysicist, revised the scale definitions which involved
a considerable expansion of the description entries
(Sieberg, 1912). He continued to develop this scale and
published the Mercalli-Cancani-Sieberg Scale in 1923
(Sieberg, 1923). This scale was further modified in 1931
by two American seismologists, Wood and Neumann,

Intensity Scales, Table 2 Modified Mercalli Scale after Richter (Richter, 1958)

Intensity level Description

I Not felt. Marginal and long period effects of large earthquakes
II Felt by persons at rest, on upper floors, or favorably placed
III Felt indoors. Hanging objects swing. Vibration like passing light trucks. Duration estimated. May not be recognized as an

earthquake
IV Hanging objects swing. Vibration like passing of heavy trucks; or sensation of a jolt like a heavy ball striking the walls.

Standing motor cars rock. Windows, dishes, doors rattle. Glasses clink. Crockery clashes. In the upper range of IV, wooden
walls and frame creak

V Felt outdoors; direction estimated. Sleepers wakened. Liquids disturbed, some spilled. Small unstable objects displaced or
upset. Doors swing, close, open. Shutters, pictures move. Pendulum clocks stop, start, change rate

VI Felt by all. Many frightened and run outdoors. Persons walk unsteadily. Windows, dishes, glassware broken. Knickknacks,
books, etc., off shelves. Pictures off walls. Furniture moved or overturned. Weak plaster and masonry D cracked. Small
bells ring (church, school). Trees, bushes shaken (visibly, or heard to rustle)

VII Difficult to stand. Noticed by drivers of motor cars. Hanging objects quiver. Furniture broken. Damage to masonry D,
including cracks. Weak chimneys broken at roof line. Fall of plaster, loose bricks, stones, tiles, cornices (also unbraced
parapets and architectural ornaments). Some cracks in masonry C.Waves on ponds; water turbid with mud. Small slides and
caving in along sand or gravel banks. Large bells ring. Concrete irrigation ditches damaged

VIII Steering of motor cars affected. Damage to masonry C; partial collapse. Some damage to masonry B; none to masonry A.
Fall of stucco and some masonry walls. Twisting, fall of chimneys, factory stacks, monuments, towers, elevated tanks.
Frame houses moved on foundations if not bolted down; loose panel walls thrown out. Decayed piling broken off. Branches
broken from trees. Changes in flow or temperature of springs and wells. Cracks in wet ground and on steep slopes

IX General panic. Masonry D destroyed; masonry C heavily damaged, sometimes with complete collapse; masonry
B seriously damaged. (General damage to foundations.) Frame structures, if not bolted, shifted off foundations. Frames
racked. Serious damage to reservoirs. Underground pipes broken. Conspicuous cracks in ground. In alluvial areas sand and
mud ejected, earthquake fountains, sand craters

X Most masonry and frame structures destroyed with their foundations. Some well-built wooden structures and bridges
destroyed. Serious damage to dams, dikes, embankments. Large landslides. Water thrown on banks of canals, rivers, lakes,
etc. Sand and mud shifted horizontally on beaches and flat land. Rails bent slightly

XI Rails bent greatly. Underground pipelines completely out of service
XII Damage nearly total. Large rock masses displaced. Lines of sight and level distorted. Objects thrown into the air
Masonry A Good workmanship, mortar, and design; reinforced, especially laterally, and bound together by using steel, concrete, etc.;

designed to resist lateral forces
Masonry B Good workmanship and mortar; reinforced, but not designed in detail to resist lateral forces
Masonry C Ordinary workmanship and mortar; no extreme weaknesses like failing to tie in at corners, but neither reinforced nor

designed against horizontal forces
Masonry D Weak materials, such as adobe; poor mortar; low standards of workmanship; weak horizontally
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Intensity Scales, Table 3 Ground effects in the MCS-1930, MM-1931, MSK-1964, and Japanese (JMA) intensity scales (After Esposito
et al., 1997; Serva, 1994)

Ground effect Scale equivalent

Cracks in saturated soil and/or loose alluvium:
Up to 10 mm: MSK: VI
A few cm: MSK: VIII: MM: VIII; MCS: VIII
Up to l00mm: MSK: IX; MM: IX
A few dm up to 1 m MSK: X; MCS: X
Cracks on road backfills and on natural terrigenous slopes over 100 mm MSK: VII, VIII, IX; MM: VIII; MCS: VIII
Cracks on dry ground or on asphalted roads MSK: VII, IX, XI: MCS: X, XI; JMA: VI
Faults cutting poorly consolidated Quaternary sediments MSK: XI; MCS: XI
Faults cutting bedrock at the surface MSK: XII; JMA: VII
Liquefaction and/or mud volcanoes and/or subsidence MSK: IX, X; MM: IX, X; MCS: X, XI
Landslides in sand or gravel artificial dykes MSK: VII, VIII, X; MM: VII; MCS: VII
Landslides in natural terrigenous slopes MSK: VI, IX, X, XI; MM: X; MCS: X, XI; JMA: VI, VII
Rockfalls MSK: IX, XI, XII; MM: XII; MCS: X, XI
Turbulence in the closed water bodies and formation of waves MSK: VII, VIII, IX; MM: VII; MCS: VII, VIII
Formation of new water bodies MSK: VIII, X, XII; MCS: XII
Change in the direction of flow in watercourses MSK: XII; MCS: XII
Flooding MSK: X, XII; MM: X; MCS: X
Variation in the water level of wells and/or the flow rate of springs MSK: V, VI, VII, VIII, IX, X; MM: VIII; MCS: VII, X
Springs which dry out or are starting to flow MSK: VII, VIII, IX

MSK Medvedev-Sponheuer-Karnik 1964 Scale, MCS Mercalli-Cancani-Sieberg 1930, MM: Modified Mercalli 1931 Scale, JMA Japanese
Meteorological Agency 1996 Scale

Intensity Scales, Figure 2 Isoseismal map of the 1929 Magnitude 7.2 “Grand Banks” earthquake, Rossi-Forel Intensity Scale (Halchuk,
S., Geological Survey of Canada).
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where the original work was translated into English with
some changes and published as the Modified Mercalli
Scale (Wood and Neumann, 1931). This was completely
reworked in 1956 by Charles Richter (Richter, 1958) to
become the Modified Mercalli Scale of 1956 (Musson,
2002) (Table 2).

In Europe initial work by Sergei Medvedev, a Russian,
together with a Czechoslovak Vit Kárník and an East Ger-
man Wilhelm Sponheuer led to another 12-point scale
being published in 1964 known as the Medvedev-
Sponheuer-Kárník or MSK-64 Scale (Medvedev et al.,
1964). In 1988, the European system was again further
developed to include aspects of more modern building
types and designs which resulted in the European
Macroseismic Scale, EMS-98 (Grünthal, 1998).

The Japanese Meteorological Agency published a very
detailed intensity scale which was idiosyncratic to aspects
of Japanese buildings and environment (JMA, 1996). This
intensity scale is measured in units of shindo which literally
means “degree of shaking.”The present use of the JMA scale
converts instrumental ground motion readings into these
intensity values (Musson et al., 2009). Cross-correlationwith
previous versions of the scale and other scales is difficult.

In China, the China Seismic Intensity Scale (CSIS) is
a 12-degree system created in 1954 by Prof. Li Shan-Bang

(Li, 1954) and rewritten by Prof. Xie Yu-sou in 1957 (Xie,
1957). The China Seismic Intensity Scale was
supplemented and simplified by Prof. Liu Hui-Xian in
1978 (Liu, 1978), taking account of new kinds of modern
buildings, which had been destroyed by strong earth-
quakes in recent years both in China and elsewhere in
the world (Wang, 2004). The scale is sometimes referred
to as the Lièdù Scale, literally “degrees of violence.”

Environmental seismic intensity scale (ESI-2007)
The INQUA Environmental Seismic Intensity Scale is
a 12-degree macroseismic scale which follows the
same basic structure of the other historical 12-point
scales (Michetti et al., 2007; Reicherter et al., 2009).
The main advantage of the ESI 2007 scale is the clas-
sification, quantification, and measurement of several
known geological, hydrological, botanical, and geo-
morphological features for different intensity degrees
(Reicherter et al., 2009). The scale differentiates two
main categories of earthquake effects on the
environment:

Primary
Fault surface ruptures
Tectonic uplift/subsidence

Intensity Scales, Figure 3 Isoseismal map of the Timiskaming earthquake 1935, Modified Mercalli Intensity Scale (Halchuk, S.,
Geological Survey of Canada).
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Secondary
Ground cracks
Slope movements
Liquefaction processes
Anomalous waves and tsunamis
Hydrogeological anomalies
Tree shaking

Primary effects triggered by surface faulting can be fur-
ther sub categorized:

Almost absent for intensity degrees below VIII
Characteristic but moderate for intensities between

VIII and X
Diagnostic for stronger intensities of XI and XII

Intensity Scales, Table 4 Summary of significant macroseismic scales

Scale name Acronym Date
Intensity
levels Original usage Comments Reference

Egen 1828 Southern Europe Egen (1828)
de Rossi 1874 Southern Europe de Rossi (1874)
Forel 1881 Southern Europe Forel (1881)
Rossi-Forel RF 1883 10 Southern Europe Used for about two decades

until the introduction of the
Mercalli intensity scale in
1902. Still used in the
Philippines

de Rossi (1883)

Mercalli 1883 6 Southern Europe An adaptation of the de
Rossi scale.

Mercalli (1883)

Mercalli 1902 10 Southern Europe Modification of the de Rossi
scale.

Mercalli (1902)

Cancani 1904 12 Southern Europe Modifications to deal with
very strong earthquakes.

Cancani (1904)

Sieberg 1912 6 Southern Europe Definitions considerably
expanded.

Sieberg (1912)

Mercalli-
Cancani-Sieberg

MCS 1923 12 Southern Europe
Global

Still used today in Southern
Europe.

Sieberg (1923, 1930)

Modified
Mercalli

MM-31 1931 12 Southern Europe
USA

MCS translated into English
with some additions.

Wood and Neumann (1931)

Modified
Mercalli of 1956

MM-56 1956 12 Southern Europe
USA

Complete overhaul of the
1931 version.

Richter (1958)

Medvedev 1953 12 Russia Also known as the
GEOFIAN scale.

Medvedev (1953)

Medvedev-
Sponheuer-
Karnik

MSK-64 1964 12 USSR Europe,
India, Russia, CIS

Medvedev et al. (1964)

MSK-81 1981 12 Minor modifications made.
Became EMS-92

Grünthal (1993)

European
Macroseismic
Scale

EMS-98 1998 12 Europe, Global Employs vulnerability
classes and involve
construction type.

Grünthal (1998)

China Seismic
Intensity

CSIS 1954 12 China Lièdù Scale Li (1954)

1957 12 Hong Kong Xie (1957)
1980 12 Liu (1978)

Japan
Meteorological
Agency Seismic
Intensity

JMA 1884 4 Japan, Taiwan Shindo scale Japanese Meteorological
(1996)

1898 8 Changed to a numerical
system

1908 8 Levels given descriptions
JMA-96 1996 10 Following the Great Hanshin

earthquake in 1995, Shindo
was further expanded to
a total of 10 levels

Environmental
seismic intensity

ESI-2007 2007 12 Europe, Global Ratified following the 17th
INQUA Congress.

Michetti et al. (2004)
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Table 3 highlights the ground effects and the associated
intensity degree from the various macroseismic scales.
Figure 1 summarizes the ESI-2007 scheme and highlights
the main diagnostic characteristics of the different effects
resulting from a seismic event. The chart provides
a qualitative framework to assess affected areas, the
geological and geomorphological setting of the area and
their respective degree of presentation through time.
Reicherter et al. (2009) provides a detailed appendix,
which outlines the definitions of the intensity degrees used
in the ESI-2007 scale. Various case studies are available
(Mosquera-Machado et al., 2009; Papanikolaou et al.,
2009; Tatevossian et al., 2009; Ota et al., 2009) which
have been used to benchmark this intensity scale.

Intensity and isoseismal maps
The presentation of intensity data is usually done in the
form of a map (Musson, 2002). By drawing lines on
a map between places of equal damage (hence equal inten-
sity) a series of isoseismal (term coined by Robert Mallet
in 1862) contours can be created. This isoseismal line
can be defined as a line bounding the area within which
the intensity is predominantly equal to, or greater than,
a given value. Figures 2 and 3 show examples of
isoseismal maps for two different intensity scales.

Arias intensity
In 1970, Arturo Arias, a Chilean engineer, proposed a way
to determine objectively the intensity of shaking during an
earthquake bymeasuring the acceleration of transient seis-
mic waves (Arias, 1970). It is an important measure of the
strength of ground motion. The time-integral of the square
of the ground acceleration became known as the Arias
Intensity (Equation 1), which represents the square root
of the energy per mass thus having units of “m/s.” This
intensity must not be confused with the macroseismic
intensity scales, which describe the subjective intensity
of shaking as reported by people and building damage.

Arias Intensity IA ¼ p
2g

ZTd

0

aðtÞ2dtðm=sÞ (1)

Where g is the acceleration due to gravity and Td is the
duration of signal above the threshold level.

Summary
Avariety of Intensity Scales have been developed to mea-
sure the degree of damage caused by an earthquake to the
local environment and buildings affected during a seismic
event. A variety of descriptive evidence is used to catego-
rize the severity of the damage caused. Many scales have
been developed and modified for local site conditions
(Table 4).
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Definition
Magma is liquid or molten “rock.”

Discussion
Magma is liquid rock which is a fluid comprised of
a mixture of crystals and gas. When solidified it becomes
an igneous rock. It is magma when below ground and lava
when above ground. The chemical composition of
magma/lava plays a major role in determining eruption
characteristics and the hazard potential of a volcano.
Magmas vary in composition dependent on a number of
factors, in particular their plate tectonic affinity (Perfit
and Davidson, 2000). Basaltic magmas are common along
ocean ridges, hot spots, and continental plateaus. Magmas
with higher silica contents (Andesite, Dacite, and
Rhyolite) are common along subduction zones and intra-
plate tectonic settings. The composition, along with crys-
tal and gas content, controls the viscosity, temperature,
and explosivity of the magma. Composition combined
with pressure dictates the proportions of liquid, gases,
and solids. These proportions have a strong controlling
influence on the style of eruption. Basaltic (or mafic) lavas
have low viscosity and are the least explosive, except in
certain circumstances where there is interaction with
water. As magma increases in silica content (referred to
as felsic or sometimes siliceous magmas [reflecting high
silica content], for example, Gillespie and Styles, 1999;
Rogers and Hawkesworth, 2000; Thorpe and Brown,
1993), the explosivity tends to go up because the rise in
silica creates an attendant rise in viscosity. As the magma
rises to the surface (and as it crystallizes with lowering
temperatures, exsolving fluids), the fluid phase (domi-
nated by H2O and CO2) within the magma begins to exert
pressure on the liquid phase. The exsolving bubbles,
expanding as the magma rises, combined with growing
crystals, increase the pressures within the magma
(Scandone et al., 2007), causing a decrease in the density
of the melt resulting in more rapid rise. The culmination
of the ascent, high fluid pressures, and high viscosity
magmas is an explosive eruption, common at stratovol-
canoes. High silica, low fluid pressure magmas flow slug-
gishly with little or no explosive activity. Such magmas
often “stall” at high crustal levels forming small stocks
or sills, or larger plutons. If they egress to the surface, they
flow only with great difficulty, forming domes or flow
domes.
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Synonyms
Earthquake measure; Earthquake severity; Earthquake
size; Magnitude scale

Definition
Magnitude Measures. A variety of scales and calculations
to measure, characterise and catalogue the size of an earth-
quake in terms of the seismic waves generated and energy
released by the event.

Introduction
The size and damaging effects or severity of an earthquake
are described by measurements of both magnitude and
intensity. The quantification of the size of an earthquake
has been considered by seismologists for many decades.
A variety of different measures have been produced to
estimate and report the magnitude of a seismic event.
Many attempts have been made to develop a uniform scale
to measure earthquake magnitude (Kanamori, 1983) but
this goal has not always been achievable due to the
changes in instrumentation used over time, changes in
seismic data processing techniques as well as develop-
ments in the distribution of seismic monitoring stations.
As a result of these influences a variety of magnitude
scales/measures have been developed and reported which
have been used at various times and locations around the
world. As the science of earthquakes (seismology) has
developed further advances have been made in the quanti-
fication of a seismic event. In order to provide a historical
continuity of the measurements made relationships
needed to be developed between the various earthquake
size measuring schemes. As earthquakes are the result of
complex geophysical processes it is not a simple matter
to find a single measure of the size of an earthquake
(Kanamori, 1978).
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There are two fundamental parameters that can be used
to describe the size of an earthquake. The magnitude of
a seismic event characterises the relative size of the earth-
quake. It can be considered as a measure of the amount of
energy released during the seismic event. For each earth-
quake there is only one magnitude. The intensity of
a seismic event describes the severity of the earthquake
in terms of the physicals effects on the ground, people
and buildings in the area affected. For each earthquake
there are many intensities depending on the location and
distance from the epicentre, underlying geology, types
and styles of buildings and structures present in the
affected zone.

Magnitude is a logarithmic measure of the size of an
earthquake based on instrumental data (Bormann et al.,
2002). The measurement of magnitude is based on the
amplitude of the resulting seismic waves recorded on
a seismogram once the amplitudes are corrected for the
decrease with distance due to geometric spreading and
attenuation (Stein and Wysession, 2003).

Seismic waves
The fault rupturing process that takes place during an
earthquake generates elastic waves within the earth which
propagate away from the rupture front. Different types of
seismic waves are generated each with different velocities
and travel paths. Two fundamental types of waves are cre-
ated; compressional, longitudinal waves and shear, trans-
verse waves. The fastest P or Primary Waves travel
through the body of the earth together with the slower
S or Secondary Shear Waves. At the surface of the earth
these two types of motion can combine to form complex
surface waves. These surface waves have much higher
amplitudes than the P and S waves and are therefore much
more destructive as their energy is concentrated near the
earth’s surface. Such surface waves can be further
subdivided into Rayleigh or Love Waves which both have
longer periods and arrive after the P and S waves on the
seismogram. Rayleigh Waves have an elliptical motion
similar to that of water waves whereas Love Waves have
a motion that is horizontal and perpendicular to the direc-
tion of propagation. Near the earthquake epicentre the
largest recorded wave is the short period S Wave. At
greater distances the longer period Surface Waves become
dominant. The various magnitude scales set out to mea-
sure the fundamental properties of these different waves
in order to estimate the magnitude of the seismic event.

Quantification of earthquake size
Earthquakes can be quantified with respect to various
physical properties of the source site. These include the
length of the fault that ruptures, the area of the fault, the
fault displacement, particle velocity and acceleration of
the fault motion, duration of faulting, amount of radiated
energy as well as the complexity of the fault motion
(Kanamori, 1983). It is not possible to represent all of
these parameters by a single number such as the

magnitude of the earthquake but the magnitude of
a seismic event does have value in allowing an initial anal-
ysis and cataloguing of an earthquake to be undertaken.

The majority of magnitude measure scales that are in
use are empirical in nature. A magnitude M is determined
from the amplitude A and period T of the various seismic
waves detected by a seismometer, recorded by
a seismograph on a seismogram. The formulas used to
derive an estimate of the earthquake magnitude contain
constraints such that magnitude value scales can be corre-
lated over a certain magnitude range (Kanamori, 1983).

The first widely used magnitude measure or scale was
developed by Charles Richter in 1935 (Richter, 1935).
This work was further developed with Beno Gutenberg
in 1945 (Gutenberg, 1945a). Initially the magnitude scale
was calculated on the maximum amplitude of the largest
waveform detected from the seismic event. Subsequently
the use of surface waves was included and then measure-
ments of the body wave. Since this initial workmany other
magnitude scales have been developed for both local and
global application utilising differing aspects of the seismic
signal generated during an earthquake.

In order to overcome some of the localised issues of the
early magnitude scales and their inability to differentiate
larger magnitude earthquakes, a magnitude measure was
developed that was based on a key seismic parameter,
the Seismic Moment. The Seismic Moment is related to
some of the key physical parameters of the fault which
has ruptured during the seismic event. This Seismic
Moment has been incorporated into a Moment Magnitude
Scale (MW) by considering the seismic energy radiated
during the earthquake. The Moment Magnitude Scale is
now the most frequently quoted scale in describing the
size of an earthquake along with the corresponding Seis-
mic Moment of the event.

Seismic moment
One of the major advances in the development of magni-
tude scales was the concept of ‘seismic moment’
(Kanamori, 1978). The Seismic Moment is considered to
be the most accurate and comparable measure of an earth-
quake and can be considered as a measure of the irrevers-
ible inelastic deformation in the fault rupture area
(Kanamori, 1977). The measure is completely indepen-
dent of the type of seismograph used to record the seismic
event. The Seismic Moment is a parameter that measures
the overall deformation at the source of the seismic event
(Kanamori, 1977). It has an important bearing on global
phenomena such as tectonic plate motion, polar motion
and on the rotation of the earth. The Seismic Moment
can be interpreted in terms of the strain energy released
in an earthquake. It measures the amount of energy
released rather than the size of the seismic waves which
are affected by the depth of the event and the geology of
the rocks that the waves pass through. The Seismic
Moment is related to the final static displacement after
the earthquake. The Seismic Moment M0 is defined thus:
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M0 ¼ m �DA (1)

Where:
M0 = Seismic moment (measured in dyn. cm or N.m)
m = Rigidity or shear modulus of the rock at the source

( fault) depth
�D = Average slip or displacement on the fault after

rupture
A = Surface area of the fault rupture zone
It is termed Seismic Moment as Area� Stress gives

a Force, and Force�Distance gives a Moment.

Seismic energy
Conventionally the energy E released by an earthquake
has been estimated via the magnitude – energy relation-
ship developed by Gutenberg and Richter (Gutenberg,
1956):

Log ES ¼ 1:5MS þ 11:8 ðES inErgsÞ (2)

Log ES ¼ 2:45mB þ 5:8 ðES in ErgsÞ (3)

These equations hold well for most earthquakes but
tend to underestimate for very large earthquakes which
have a fault rupture length of 100 km or greater. Kanamori
(1977, 1994) considered the change in strain energy dur-
ing a seismic event with a fault rupturing. He stated that
if the stress drop during an earthquake is complete the fol-
lowing equation holds:

ES � Ds
2m

MO (4)

Where:
ES = Seismic energy radiated by the seismic source as

seismic waves
MO = Seismic Moment
Ds = Stress drop
m = Rigidity or shear modulus of the rock at the source

(fault) depth
The relationship between the slip or displacement in an

earthquake, its fault dimensions and its Seismic Moment is
closely tied to the magnitude of the stress released by the
earthquake. This is known as the stress drop, the difference
between the stress before and after fault rupture. The earth-
quake releases the strain energy that has accumulated over
time around the fault area (Stein and Wysession, 2003). The
stress drop, averaged over the fault can be approximated:

Ds � m �D

L
(5)

Where:
�D = Average slip or displacement on the fault after

rupture
L = Fault characteristic dimension of the fault rupture
The average slip on the fault that ruptures can also be

estimated from the Seismic Moment where:

�D � cM0

m L2
(6)

Where:
c = Fault shape factor.
The specific relationship and values of c depend on the

fault shape and fault rupture direction. This allows the
stress drop to be calculated for a variety of fault
morphologies.

For a Circular Fault:

Ds � 7
16

M0

R3
(7)

For a Rectangular Fault (Strike Slip):

Ds � 2
p

M0

w2L
(8)

For a Rectangular Fault (Dip Slip):

Ds � 8
3 p

M0

w2L
(9)

Where:
R = Fault radius
W = Fault width
Kanamori (1983) stated that by utilising the relation-

ship between Seismic Moment and seismic wave energy
the energy can be estimated thus:

ES � MO

2 x 104
as

Ds
m

� 10�4 (10)

The conventional magnitude scales discussed in detail
elsewhere are said to saturate when the rupture dimensions
of the earthquake exceeds the wavelength of the seismic
waves used for the magnitude determination, usually
between 5 and 50 km (Kanamori, 1977). This saturation
leads to an inaccurate estimate of the energy released in very
large earthquakes. The energy can however be estimated
from the calculated Seismic Moment as it is possible to cor-
relate the seismic energy with the Moment Magnitude, Mw:

ES � MO

2 x 104
(11)

Log ES ¼ Log ðM0Þ � 4:3 (12)

And:

MW ¼ 2
3

LogM0 � 10:7 (13)

So:

MW ¼ 2
3

Log ðES :20000Þ � 10:7 (14)

Log ðESÞ ¼
3
2
MW þ 11:8 ðES in ergsÞ (15)
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To illustrate that Seismic Moment and seismic energy
are different, Seismic Moment is quoted in dyn.cm (CGS
units) or N.m (SI units) and seismic energy in Erg (CGS)
or Joules (SI), even though the units are equivalent (Stein
andWysession, 2003). 1 erg = 1 dyn.cm and 1 erg = 10�7 J.
The radiated energy is only 1/2� 104 or 0.00005 of the
Seismic Moment released. This is because the Seismic
Moment is not energy per se but is related to the stress
change over the earthquake source region which gives
the Seismic Moment dimensions of dyn.cm:

dyn
cm

� cm3 ¼ dyn:cm (16)

Note however that ES is not the total energy released by
an earthquake. It is only the estimated amount of energy
radiated as seismic waves. Other energy is released as
gravitational, frictional or heat energy. ES only represents
this small fraction of the total energy release during
a seismic event.

Moment magnitude scale, MW

The key concept of Seismic Moment led to the develop-
ment of a Moment Magnitude Scale, MW (Hanks and
Kanamori, 1979) which more closely relates the measure
of size to the tectonic effects of an earthquake. Traditional
magnitude measure scales, discussed elsewhere, are said
to saturate at large magnitudes leading to considerable
underestimation of the size of very large earthquakes.
These magnitude scales tend to only measure the localised
failure along the crustal fault zone rather than the gross
wide scale fault characteristics (Hanks and Kanamori,
1979). In order to represent the size of an earthquake as
a dislocation phenomenon along a fault the Seismic
Moment M0 is considered to be the most adequate mea-
sure (Utsu, 2002). It is the most fundamental parameter
that can be used to measure the strength of an earthquake
caused by fault slip.

Kanamori (1977) compared the earthquake energy-
moment relationship with the magnitude-energy relation-
ship developed by Gutenberg and Richter (Gutenberg,
1956) where ES is expressed in ergs and M0 in dyne.cm:

ES ¼ Ds
2m

MO (17)

Log ES ¼ 1:5MS þ 11:8 (18)

As Ds/m� 10�4 (Kanamori, 1983):

LogM0 ¼ 1:5MS þ 16:1 (19)

As has been stated previously MS values saturate
for great earthquakes with M0> 1029 dyn.cm or more
such that Eqs. 2 and 3 do not hold for such large earth-
quakes. Kanamori (1977) and Hanks and Kanamori
(1979) proposed a new Moment Magnitude Scale, MW
which overcame these issues of saturation by the incorpo-
ration of the calculated Seismic Moment:

MW ¼ 2
3

LogM0 � 10:7 ðM0 in dyn:cmÞ (20)

MW ¼ 2
3

LogM0 � 6:1 ðM0 inN:mÞ (21)

The Seismic Moment does not saturate. For example
the Great Alaskan Earthquake of 1964 was recorded as
MS = 8.4 whereas on the Moment Magnitude Scale as
MW=9.2.

Other significant magnitude scales
Magnitude scales general form
When attempting to estimate the magnitude of a seismic
event the amplitude of the seismic wave is used to deter-
mine the earthquake size once the amplitudes have been
corrected for the decrease with distance from the epicentre
due to geometric spread and attenuation. Magnitudes
scales thus have the following general form:

M ¼ Log
A

T
þ FðD; hÞ þ CS þ CR (22)

Where:
M = Estimated magnitude of earthquake
A = Amplitude of the signal recorded on the

seismogram
T = Dominant period of the signal recorded on the

seismogram
F (D, h) = A calibration function used for the correction

of the variation of amplitude with the earthquakes depth
(h) and distance in degrees or kilometres (D) from the
epicentre to the seismometer recording station

CS = Station correction factor
CR = Region correction factor
Magnitude measurements scales are thus logarithmic in

nature. A unit increase in magnitude will correspond to
a 10-fold increase in seismic wave amplitude and a 32-fold
increase in associated seismic energy. Various scales have
been developed for local or teleseismic (distant) events.
Distance measurements for local events are usually quoted
in kilometres and in degrees for more distant events
(1� = 111.19 km).

Local wave magnitude scale, ML

The earliestmagnitude measurement scale was introduced
by Charles Richter in 1935 to assess the size of earth-
quakes occurring in Southern California (Richter, 1935).
He developed a localmagnitude scale (ML) which is often
referred to as the ‘Richter Scale’. The magnitude of the
earthquake was calculated from the amplitude of the seis-
mic waves measured on a specific seismograph, the Wood
Anderson Torsion Instrument. Equation 23 details the for-
mula used along with calibration charts to calculate ML.
This equation is only applicable to shallow earthquakes
measured in Southern California occurring within
600 km of the Wood Anderson instrument. Richter’s orig-
inal magnitude scale was further developed in 1945 by

MAGNITUDE MEASURES 643



Gutenberg (Gutenberg, 1945a) to include seismic events
of any epicentral distance from the recording station and
for deeper focal depths as well as not being dependant
on the type of seismograph used to record the event.
A further two magnitude scales were developed from this
early work, one dealing with surface waves, MS, and
another with body waves, MB, (seismic waves that travel
into and through the body of the Earth). Richter magni-
tudes in their original form are no longer quoted as
most earthquakes do not occur in California and today
Wood Anderson seismographs are rare (Stein and
Wysession, 2003). ML is a good indication of the struc-
tural damage that an earthquake can cause due to the
recording frequency of the Wood Anderson seismograph
being close to the resonant frequency (the frequency most
likely to cause damage) of many buildings at around 1 Hz.

ML ¼ Log AMax � Log A0ðRichter; 1935Þ (23)

To allow for possible local recording station effects
(Hutton and Boore, 1987; Boore, 1989) a ‘station term’
is introduced:

ML ¼ Log Aþ 2:76LogD� 2:48

Where:
AMax = Peak motion on a specific instrument (Wood

Anderson seismograph)
A0 = curve correction factor for the effect of distance,

tabulated in Richter (1958)
These correction factors are only truly valid for south-

ern California. Other site specific correction factors have

been developed for other ‘local scales’ around the world.
In the UK the British Geological Survey uses the Hutton
and Boore (1987) distance correction factor when estimat-
ing ML for local UK earthquakes (Booth, 2007).

Surface wave magnitude scale, MS

The MS scale (Gutenberg, 1945a) use the amplitude of the
surface seismic waves for earthquakes that are located
between 2� and 160� epicentral distance from the record-
ing station, with wave periods between 18 and 22 s and
where the epicentre depth is less than 50 km. This scale
will saturate at MS � 8. A significant step in the develop-
ment of the MS scale was the publication of what was
termed the Moscow-Prague Formula (Karnik et al.,
1962). For shallow earthquakes where surface waves are
generated, the magnitude of the event can be derived thus:

MS ¼ Log
A
T
þ 1:66LogDþ 3:3 (24)

Where:
A = Maximum amplitude of the Rayleigh Wave
D = Distance in degrees between 2� and 160�, h �

50 km
Alternatively MS can be calculated from the Rayleigh

Waves with a period of 20 s, wave forms which often have
the largest amplitude (Stein and Wysession, 2003):

MS ¼ Log A20 þ 1:66LogDþ 2:0 (25)

The SurfaceWave Scale has sometimes been referred to
as the RayleighWave Scale (Marshall and Basham, 1973).
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Magnitude Measures, Figure 1 Cumulative moment of all earthquakes in the Harvard University CMT catalogue from the Global
Seismographic Network between 1977 and 2009. The field shaded light blue reflects the cumulative moment of earthquakes with
MW� 6.5. The field shaded orange reflects the cumulativemoment of earthquakes withMW� 5.0 to< 6.5. Red stars indicate the dates
of earthquakes with MW� 8.0. The contribution of the December 2004 Sumatra earthquake to the total cumulative moment is the
largest step in the curve.
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Magnitude Measures, Figure 2 A graph illustrating the equivalent Moment Magnitude MW with respect to energy released by
earthquakes and other phenomena.
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Body wave magnitude scale, mB and MB

In 1945 Gutenberg (1945b) utilised the seismic body
waves to determine a Body Wave Magnitude which is
used for earthquakes measured at distances greater than
600 km from the source:

MB ¼ Log
A
T
þ FOld ðD; hÞ þ sþ c (26)

Where:
A = maximum amplitude of the various body

wave phases of the generated seismic waves
FOld = distance correction factor
s, c = s is the station correction and c is a correction

only applied to large earthquakes (Abe, 1981)
Gutenberg and Richter (1956, 2010) later revised the

scale (mB) by improving the distance function F and omit-
ting the correction factor for large earthquakes:

mB ¼ Log
A
T
þ FðD; hÞ þ s (27)

In the mB scale magnitude values are compiled from
the seismic wave period�0.1 and�3.0 s and where the
epicentral distance is �5�. This scale represents the size
of an earthquake at its beginning. The usefulness of this
scale for earthquakes with large fault dimensions and
complex rupture mechanisms is limited (Kanamori,
1983). For relatively small events (mB� 5.5) the scale
is useful for the quantification of earthquakes at short
wavelength periods.

Energy magnitude scale, Me

From a study of the energy radiated from a set of global
shallow earthquakes Choy and Boatwright (1995) defined
an Energy Magnitude, Me:

Log ES ¼ 4:4þ 1:5Me (28)

Or

Me ¼
2
3
Log ES � 2:9 (29)

Where:
ES = Radiated energy (N.m)
Me is explicitly derived from energy whereas in the

Gutenberg – Richter energy relationship (Eqs. 2 and 3)
energy is derived from magnitude (Choy et al., 2001).
The energy magnitude is complimentary to Moment Mag-
nitude for assessing seismic potential. The energy Es and
Seismic Moment M0 are related by the apparent stress if
the increase in the Seismic Moment is a function of the
dominant period of the data analysed but not the instru-
ment or wave type (Boatwright and Choy, 1986):

ta ¼
mES

M0
(30)

Where:
ta = Average apparent stress
m = Rigidity or shear modulus of the rock at the source

( fault)depth

Magnitude Measures, Figure 3 Relationship between seismic moment M0 and energy ES for shallow events and intermediate to
deep events according to Vassiliou and Kanamori (1982). The solid line indicates the relation ES =M0//(2� 104) suggested by
Kanamori (1977) on the basis of elastostatic considerations (Modified from Kanamori, 1983).
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The apparent stress can also be a good indicator of the
intensity of the seismic energy radiated relative to the size
of the earthquake event as measured by the Seismic
Moment. It is possible to estimate radiated energy from
historical earthquakes. Choy and Boatwright (1995) dem-
onstrated that in many seismic regions the average appar-
ent stress ta can be regarded as the characteristic apparent
stress field tc of the region such that:

Me ¼
2

3
LogM0 þ Log

tc
m

� �
� 2:9 (31)

Where:
tc = Characteristic apparent stress field
This equation enables Me and Es to be estimated for an

historical earthquake in a given tectonic setting and for

a specific faulting type if the Seismic Moment is known
(Choy et al., 2001).

Duration magnitude scale, MD

This estimate of earthquake magnitude is derived from
the duration of earthquake shaking or what is termed
the coda length. The coda is the tail of a seismic signal,
usually with exponentially decaying amplitudes which
follow a strong wave arrival. The formulas used to
derive MD estimates vary for different geographical
regions and for different seismographs. DurationMagni-
tude formulae have the following general form
(Herrmann, 1975):

MD ¼ a0 þ a1 Log d þ a2 D (32)

Magnitude Measures, Figure 4 The Richter local magnitude scale, ML. The magnitude is found from the amplitude of the largest
arrival and the S-P wave travel time difference (After Stein and Wysession, 2003; Bolt, 2006).
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Where:
d = Event duration (seconds)
a0, a1, a2 = Site specific coefficients
Aki and Chouet (1975) demonstrated that for earth-

quakes at epicentral distances shorter than 100 km the total
duration of a seismogram is almost independent of dis-
tance and azimuth. Thus quick magnitude estimates from
local events are feasible without knowing the exact dis-
tance of the stations to the source with the removal of
the distance term from the equation. For example the
Northern California Seismic Network calculates MD thus
(Lee et al., 1972):

MD ¼ 2:00Log d þ 0:0035D� 0:87 (33)

The scale can seriously underestimate magnitudes for
events ML> 3.5.

Nuttli magnitude scale, MN

TheMN scale developed by Nuttli (1973) has been used in
eastern North America and in particular Canada. The scale
is based on the maximum amplitude of the Rayleigh sur-
face waves for a frequency of 1 Hz:

MN ¼ Log
A
KT

þ 1:66Log R� 0:1 (34)
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Magnitude Measures, Figure 5 Comparison of the magnitude of some significant earthquakes (After Stein and Wysession, 2003).
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Magnitude Measures, Figure 6 Relationship between
magnitude scales illustrating saturation at higher magnitudes
(Data from Abe and Kanamori, 1980; Kanamori, 1983).

648 MAGNITUDE MEASURES



Where:
R = Epicentral distance
A = Wave amplitude
K = Amplitude of the seismogram
T = Natural period of the seismogram
The Nuttli Magnitude Scale is used for epicentral dis-

tances >50 km and for instruments with a natural period
smaller than 1.3 s. The scale has been used in preference
to MW for small to moderate earthquakes as the Moment
Magnitude Scale is more difficult to estimate these low
magnitude events.

Magnitude of Japanese earthquakes, MJMA

The Japanese Meteorological Agency (JMA) has esti-
mated the magnitude of shallow Japanese earthquakes
utilising the following formula (Tsuboi, 1954):

MJMA ¼ Log ðA2
N þ A2

EÞ þ 1:73LogD� 0:83

Where:
AN, AE =Maximum ground amplitude measured on the

N – S and E –W compoments of horizontal Wiechert seis-
mographs in JMA recording stations.

For deeper focus earthquakes in and around Japan
Katsumata (2001) proposed a magnitude determination
utilising regional velocity-amplitude data.

Relationship between scales
The vast majority of magnitude scales in use today stem
from the one introduced by Richter in 1935. This scale
has been extended by many seismologists to apply to data
produced by various observational environments (Utsu,
2002). As new scales were developed they were in princi-
ple to provide equal value estimates to the same earth-
quakes or to the same earthquakes which radiated equal
amounts of energy. However, systematic bias exists in
the newly created scales when compared to the original

Magnitude Measures, Table 1 Summary of various magnitude measurement scales

Symbol Magnitude scale Reference/source

ML Local magnitude Richter (1935)
MS Surface wave magnitude Gutenberg (1945a), Moscow-Prague formula (Karnik et al., 1962)
MB Body wave magnitude Gutenberg (1945b) and Gutenberg and Richter (1956, 2010)
mB Body wave magnitude Gutenberg and Richter (1956, 2010)
MD Duration magnitude Herrmann (1975)
ME Energy magnitude Choy and Boatwright (1995) and Aki and Chouet (1975)
MN Nuttli magnitude Nuttli (1973)
MJMA Japan Meteorological Agency magnitude Magnitude used by Japan Meteorological Agency
MW Moment magnitude Hanks and Kanamori (1979)
MGR Gutenberg-Richter magnitude Magnitude used in Seismicity of the Earth, Gutenberg and Richter (1954)
MR Rothe magnitude Magnitude used in The Seismicity of the Earth, 1953–1965, Rothe (1969)
MS PDE Surface wave magnitude Magnitude used in USGS preliminary determinations of epicentres catalogue
MS ISC Surface wave magnitude Magnitude used in International Seismological Centre catalogue
mB PDE Body wave magnitude Magnitude used in USGS preliminary determinations of epicentres catalogue
mB ISC Body wave magnitude Magnitude used in International Seismological Centre catalogue
MT Tsunami magnitude Abe (1989)
MK Kawasumi’s magnitude Kawasumi (1951)
MU Utsu magnitude Magnitudes for earthquakes in Japan, 1885–1925, Utsu (1982)
MC Large earthquake magnitude Purcaru and Berckhemer (1978)
MN Mantle wave magnitude Brune and Engen (1969)

Modified from Kanamori (1983) and Utsu (2002)

Magnitude Measures, Table 2 Source parameters for some significant earthquakes

Earthquake Date

Body wave
magnitude
mB

Surface wave
magnitude
MS

Fault area
Average
dislocation (m)

Seismic moment
M0 (dyn.cm)

Moment
magnitude MWLength�Width (km2)

San Fernando 1971 6.2 6.6 20� 14 = 280 1.4 1.2� 1026 6.7
Loma Prieta 1989 6.2 7.1 40� 15 = 600 1.7 3.0� 1026 6.9
San Francisco 1906 8.2 320� 15 = 4,800 4.0 6.0� 1027 7.8
Alaska 1964 6.2 8.4 500� 300 = 150,000 7.0 5.2� 1029 9.1
Chile 1960 8.3 800� 200 = 160,000 21.0 2.4� 1030 9.5

After Stein and Wysession (2003)
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Richter model. Studies have demonstrated that there are
systematic differences between ML, MS and mB.
A variety of scale interrelationship curves have been pro-
duced on order to compare and correlate various described
and catalogued magnitudes. Utsu (2002) and Kanamori
(1983) undertook a much more detailed analysis of vari-
ous intra scale relationships (Figures 1–6, Tables 1, 2).
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MARGINALITY

Ben Wisner
Oberlin College, Oberlin, OH, USA
University College London, UK

Synonyms
Discrimination; Exclusion

Definition
Marginality is a socio-spatial process of great importance in
understanding and combating vulnerability to natural haz-
ards. It severely limits the political voice and participation,
economic and livelihood options, access to resources and
information, as well as locational decisions of sub-groups
within society. Caste, class, religious minority, and immi-
gration status are often underlying causes of marginality.

Discussion
Groups in society may live in places that are spatially
peripheral to the majority or live in conditions that
severely limit their participation in decisions that affect
their lives as well as their access to resources and informa-
tion. Such conditions are sometimes invisible to the major-
ity. In a disaster, such groups often suffer greater death,
injury, and economic loss (as a proportion of their already
limited assets), and experience difficulty recovering. In
1978, Wisner used the term eco-demographic marginality
to describe the situation of semi-pastoral people on the
lower slopes of Mt. Kenya, who were politically power-
less, lived in an environment undergoing degradation,
and whose livelihoods depended on crops and animals of
low and fluctuating value in the market. Blaikie and
Brookfield (1987) adopted and subsequently expanded
Wisner’s notion of marginality.

Marginality is a concept with considerable utility in
vulnerability assessment and planning for disaster risk
reduction as well as recovery planning. Because it
embraces numerous aspects of situations “on the edge,”
both professional planners and focus groups composed
of lay people may use it to identify groups and situations
that would normally not receive attention when policy,
plans, and projects are focused on the needs and capabili-
ties of the “average” person or household. Many methods
such as wealth ranking exist that facilitate focus group dis-
cussion of marginality (ProVention, 2010), and this kind
of situation-specificity is vital to effective project planning
and programming (Wisner, 2004). It also provides under-
standing of what Chambers (1983) called the “deprivation
trap,” and thus may add a degree of reality to sometimes
overly optimistic interventions that assume, for example,
that everyone has time to volunteer in self-help activities
or that every adult understands what it is to lobby govern-
ment. Reasons for social marginality include caste, occu-
pational, class status; religion and ethnicity; immigration
status; disability; sexual orientation; and in some societies,
gender and age. Political marginality may overlap with the
social, but may also reflect favoritism practiced by ruling
parties and historically developed center–periphery divi-
sions of national territory. Economic marginality may be
due to land and resource allocations and market dynamics
that exclude or burden some, while benefiting others.
However, as Perlman noted (1976), this does not imply
that an economy is “dual” – a modern economy side by
side with pre-modern. Indeed, in many places, marginal
people are exploited for their cheap labor or commodities,
and this is a reason why marginality persists and underlies
much of what the United Nations (2009) has called
“extensive risk” in the face of extreme natural events.
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In 2012 the Engineering Group of the Geological Society of London established a 

Working Party to undertake a state-of-the-art review on the ground conditions as-

sociated with former Quaternary periglacial and glacial environments and their 

materials, from an engineering geological viewpoint. The final report was not in-

tended to define the geographic extent of former periglacial and glacial environ-

ments around the world but to concentrate on ground models that would be appli-

cable to support the engineering geological practitioner. Key aspects of ground 

condition uncertainty would be addressed and developed within these ground 

models. 

  

The Working Party considered the following topics with respect to engineering 

geology: Quaternary Setting, Geomorphological Framework, Glacial Conceptual 

Ground Models, Periglacial Conceptual Ground Models, Engineering Materials 

and Hazards, Engineering Investigation and Assessment along with Design and 

Construction Considerations.  

 

Keywords Glacial, Periglacial, Ground Model, Quaternary. 

Introduction 

In 2012 the Engineering Group of the Geological Society of London established a 

Working Party to undertake a state-of-the-art review of ground conditions associ-

ated with former Quaternary periglacial and glacial environments and their mate-

rials, from an engineering geological viewpoint. The final report will concentrate 

on the development of new ground models that would be applicable to support the 

engineering geological practitioner, enhancing current knowledge, whilst focusing 

on their applicability to the engineering geologist. The ground models will be de-

veloped to communicate the complex and variable ground conditions that could be 

expected in these former periglaciated and glaciated terrains. The Working Party 
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considered the following topics with respect to engineering geology: Quaternary 

Setting, Geomorphological Framework, Glacial Conceptual Ground Models, Peri-

glacial Conceptual Ground Models, Engineering Materials and Hazards, Engineer-

ing Investigation and Assessment along with Design and Construction Considera-

tions. Former glacial and periglacial settings present the engineering geologist 

with a complexity of vertically and laterally varying ground conditions with a high 

degree of uncertainty which require the use of conceptual ground models to fully 

understand and interpret, for example the complexities of the ice-marginal envi-

ronment as conceptualized in Figure 1. Such complexity can also be seen in Figure 

2, an example of the varying ground conditions associated with superficial valley 

disturbances in a former clay pit in Devon, UK. 

 
 

Fig. 1 Current supraglacial and ice-contact ground model (McMillan & Powell, 

1999). 

 

  

Fig 2. Periglacial environment: Superficial valley disturbances, Newbridge Ball 

Clay Quarry, Devon, UK. (Dump trucks in bottom right corner for scale). 
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Terms of Reference 

The Periglacial & Glacial Engineering Geology Working Party (PGEGWP) has 

been established by the Engineering Group of the Geological Society and com-

prises officers and specialist participating members who will act as lead authors. 

The PGEGWP will produce a report, in book format, to complement the previous 

report on Tropical Residual Soils produced by an earlier Working Party of the En-

gineering Group, first published in 1990 and republished in book format in 1997 

(Fookes, 1997). A similar format was adopted by the Hot Deserts Working Party, 

which published their final report in 2012 (Walker, 2012). It is intended that the 

report will be a state-of-the-art review on the ground conditions associated with 

former Quaternary periglacial and glacial environments and their materials, from 

an engineering geological viewpoint. There necessarily will be appropriate cover-

age of the modern processes and environments that formed these materials. A key 

aspect of the report will be to integrate soil description methodologies utilized by 

Quaternary scientists, engineering geologists and geotechnical engineers. Field 

workshops have been organized (Fig. 3 and Fig. 4) to consider various glaciogenic 

classification schemes specifically with their regard to their applicability to engi-

neering geology. 

 

 
 

Fig. 3 Working Party field discussion of glaciogenic soil classification and de-

scription methodologies at Barmston, East Yorkshire, UK. Section shows Skipsea 

Till overlain by subglacial canal fills. 

 

It is not intended to define the geographic extent of former periglacial and glacial 

environments around the world, but to concentrate on ground models that would 
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be applicable to support the engineering geological practitioner. The aim of the 

PGEGWP is to produce a report that will act as an essential reference handbook as 

well as a valuable textbook for practicing professionals and students.  The style 

will be concise and digestible by the non-specialist, yet be authoritative, up-to-

date and extensively supported by data and collations of technical information.  

The use of jargon will be minimized and necessary specialist terms will be defined 

in an extensive glossary.  There will be copious illustrations, many of which will 

be original, and many good quality photographs. The content of the report will 

embrace a full range of topics, from the latest research findings to practical 

applications of existing information. Likely directions of research and predictions 

of future developments will be highlighted where appropriate. The report will be 

based on world-wide experience in periglacial and glacial terrain and will draw 

upon the experience of its members and publications on periglacial and glacial 

conditions.  

 

The Working Party members will be collectively responsible for the whole report.  

Although each participating member will be the named author or co-author of one 

or more chapters, all members will be expected to review and contribute to the 

chapters drafted by other members and would be acknowledged as such. 

Individual book chapters will be included in the Thomson Book Citation Index.  

 

 
 

Fig. 4 Working Party field visit to North East England to discuss potential glacial 

sediment nomenclatures and ground models to be included in the final publication. 

Field description and assessment methodologies have been a core discussion point 

of the Working Party. 
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Terrain 

Unit 

Relict Frost Mounds / Relict Ramparted Ground-Ice Depressions: Pingos  

Image 

 
Small pingo remnant (approx. 30m diameter) near to Thompson, Norfolk. 

Form /  

Topography 

Pingos are ice-cored mounds or hills developed in permafrost. Relict pingos and other 
ground ice mounds formed during Quaternary cold stages may be indicated by circular 

or ovate depressions, often surrounded by raised rampart-like rims with a peat or soft 

ground core. Two forms are identified, closed system (or hydrostatic) pingos and open 
system (or hydraulic) pingos. The former occur in lowland settings within the continu-

ous permafrost zone, and the latter are more common in valley bottom and footslope 

localities in both discontinuous and continuous permafrost. Pingos can reach up to 70m 
in height and up to 600m in diameter. 

Landsystem Lowland Periglacial Terrain 

Process of  

Formation 

Formed by injection of water into near surface permafrost to form an ice core. Water 
under sufficient pressure to overcome overburden stress. Pressure can develop in two 

ways; Closed System where water is expelled from saturated coarse grained sediments 

during the refreezing of a talik (a zone of unfrozen sediment within a continuous per-
mafrost) or Open System where artesian water pressures within a sub permafrost aqui-

fer cause upward injection and freezing of water. 

Modern 

Analogue 

 
Active Pingo, Innerhytte, Svalbard. 

Associated  

Features 

Related smaller ground ice phenomena associated with permafrost regions are lithalsas, 

mineral palsas, and seasonal ground ice mounds. 

Engineering  

Significance 

Compressible soils; Differential settlement 

References Harris & Ross (2007), Hutchinson (1980, 1991, 1992) 

Table 1. Example of a Terrain Unit definition table from the Geomorphological 

Setting chapter. 
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Chapter Listing with Lead Authors 

The Working Party is chaired by Chris Martin, (BP) who will also draw together 

the diverse inputs that will be required for the introductory first chapter. Anna 

Morley (Arup) is the Secretary of the Working Party while Professor Jim Griffiths 

(University of Plymouth) is the current Editor in Chief for the Engineering Geolo-

gy Special Publications series. The chapter titles and lead authors of the remaining 

chapters are as follows: 

 

 Quaternary Setting  

o Dr Sven Lukas, Queen Mary University of London 

 Geomorphological Framework 

o David Giles, University of Portsmouth   

 Glacial Conceptual Ground Models 

o Professor David Evans, Durham University 

 Periglacial Conceptual Ground Models 

o Professor Julian Murton, University of Sussex 

 Engineering Behaviour & Properties 

o Professor Martin Culshaw, University of Birmingham 

 Engineering Investigation & Assessment 

o Dr Mike de Freitas, Imperial College 

 Design & Construction Considerations 

o Dr Mike Winter, Transport Research Laboratory 

 Geohazards and Problematic Ground  

o Dr Laurance Donnelly, Wardell Armstrong 
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As a consequence of the Saddam Hussein 1991 Iraqi led invasion of Kuwait more 

than 600 oil wells were set fire to as part of a scorched earth policy while retreat-

ing from the country. This action created a series of “oil lakes” and hydrocarbon 

contamination within the desert causing serious environmental damage. Some 23 

years later after the fires were extinguished the ground affects of these actions can 

still be detected. This paper will present the results of a detailed geotechnical and 

geochemical investigation into the current ground conditions now present in the 

Burgan Oil Field some 35km south of Kuwait City. Detailed geotechnical testing 

together with hydrocarbon analysis using a Gas Chromatograph - Mass Spectrom-

eter (GCMS) have been carried out on samples from varying depths within the 

Greater Burgan Oil Field. A detailed geological, geotechnical and geochemical 

ground model has been developed to present the findings of these investigations. 

The area under study has major development plans for both housing and infra-

structure. Subsequent Quantitative Human Health Risk Assessments have been 

undertaken to determine the potential levels of risk posed to any future urban de-

velopments within these affected areas. The paper will report on this assessment 

detailing the hazards posed and the tools used to assess them. Potential risks will 

be discussed and mitigation and management scenarios will be highlighted. 

 

Keywords Oil lakes, hydrocarbon contamination, risk assessment, geotechnical 

assessment. 

Introduction 

The state of Kuwait has experienced serious environmental damage as a conse-

quence of the formation of multiple oil lakes and hydrocarbon contamination re-

sulting from the destruction caused in the Gulf War of 1991. Of the 810 active oils 

wells operating in Kuwait in 1991, 730 were damaged or set ablaze during the 

conflict (Fig. 1). This research set out to assess the hydrocarbon contamination 
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and geotechnical effects of the oil fires still being encountered some 20 years plus 

after the war. 

  

 
 

Fig. 1 Burning oilfield during Operation Desert Storm, Kuwait (USACE). 

Site Description 

The area under study was located in the Greater Burgan oilfield (Fig. 2) which lies 

in the Arabian Basin. The Greater Burgan field is the largest clastic oil field in the 

world covering an area of 838km
2
, located in south eastern Kuwait. The oil field is 

subdivided into the Burgan, Magwa and Ahmadi sectors based on the underlying 

geological structure (Kaufman et al, 2000). At the height of the destruction smoke 

plumes from the Greater Burgan oil fires extended over 50km from the well sites 

up to an altitude of 2.5km. Spillages from ruptured pipelines resulted in numerous 

oil lakes which caused extensive contamination and environmental damage.  

Site Geology 

Kuwait is dominated by rocks of Tertiary age dating from the Palaeocene to the 

Eocene (Al-Sulaimi and Mukhopadhyay, 2000). Limestones, dolomites and evap-

oritic sequences (anhydrites) from the Umm Er Radhuma, Rus and Dammam 

Formations are unconformably overlain by sandstones of the Kuwait Group which 

include the Fars and Ghar Formations, again overlain by the Dibdibba Formation. 
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The solid geology of the Greater Burgan site is located within the Fars and Ghar 

Formations with interbedded sands and clays, some sandstones and weak white 

nodular limestones (Hunting Surveys, 1981). Superficial deposits are predomi-

nantly Aeolian sands, with occasional gravels with sands, muds and calcareous 

sandstones in the coastal areas. (Table 1). 

 

The Greater Burgan oil fields main producing reservoirs are within the Cretaceous 

Burgan, Mauddud and Wara Formations, all sandstones. 

 

 
 

Fig. 2 Oil fields in Kuwait (Kuwait Oil Company KOC). 

Investigation and Testing 

A significant number of ground investigation boreholes were commissioned to de-

termine the site specific geology and to collect samples for both geotechnical and 

geochemical characterization. The Burgan and Magwa sectors were chosen for 

this more detailed investigation. Both near surface (ground level), shallow (up to 

2m) and deep (up to 6m) samples were taken to determine the critical zones for 

hosting potential contamination or problematic ground conditions. Standard in-situ 
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and laboratory geotechnical tests were undertaken including Standard Penetration 

Tests, particle size distribution analysis, Atterberg Limits and Direct Shear tests 

where applicable. Chemical testing was primarily performed using Gas Chro-

matograph Mass Spectrometry (GCMS) to ascertain the nature of the residue hy-

drocarbons present together with elemental analysis. Water soluble chlorides and 

water soluble sulphates were also tested for (Table 2). The GCMS enabled the 

speciation of the hydrocarbons present in order to determine the degradation that 

had taken place since the original spillages in 1991 (Fig. 4). 

 

Table 1. Generalised stratigraphy of the study area. 

 

GENERALISED STRATIGRAPHY HYDRO 

GEOLOGICAL 

UNITS 

QUATERNARY SEDIMENTS  

(< 30m) 

Unconsolidated sands and gravels, gyp-

siferous and calcareous silts and clays 

 Localised 

Aquifers 

KUWAIT 

GROUP 

DIBDIBBA 

FORMATION 

(200 - 200m) 

Gravelly sand, sandy gravel, calcareous 

and gypsiferous sand, calcareous silty 

sandstone, sandy limestone, marl and 

shale, locally cherty 

 Aquifer 

 FARS & GHAR 

FORMATIONS 

   

  

Unconformity 

Localised shale, clay and calcareous 

silty sandstone 

 Aquitard 

HASA 

GROUP 

DAMMAM 

FORMATION 

(60 - 200m) 

Chalky, marly, Dolomitic and calcare-

nitic limestone 

 Aquifer 

  Nummulitic limestone with lignites and 

shales 

 Aquitard 

locally 

 RUS 

FORMATION 

(20 - 200m) 

Anhydrite and limestone  Aquiclude 

 UMM ER 

RADHUMA 

FORMATION 

(300 - 600m) 

 

Limestone and dolomite (calcarenitic in 

the middle) with localised anhydrite lay-

ers 

 Aquifer 

 Disconformity Shales and marls  Aquitard 

ARUMA 

GROUP 

 Limestone and shaly limestone  Aquifer 
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Contamination Modeling 

Currently a human health exposure assessment utilizing the ground investigation 

and laboratory test results is being undertaken using the RISC (Risk Integrated 

Software for Cleanups) software tool for performing human health risk assess-

ments for hydrocarbon contaminated sites using fate and transport models to esti-

mate receptor point concentrations in indoor and outdoor air and groundwater 

(ESI, n.d.). The sites being assessed are potential future housing developments as-

sociated with the expansion of the city of Al Ahmadi. Both airborne and inges-

tions pathways are being assessed for a variety of receptors. 

 

 
 

Fig 3. Typical site profile showing degraded hydrocarbon contamination. 

 

Table 2. Example chemical results from Greater Burgan Field-al Magwa. 

 

S.I T.P.No. 

Depth 

of 

Sample 

(m) 

Water Soluble 

Chloride (Cl
-
) 

Water Soluble Sulfate  

 

pH 

% 

 

PPM 
as SO3 as SO4 
% PPM % PPM 

1 

(0
, 

1
0

0
m

) 

0.00 0.0425 425 0.1240 1240 0.1488 1488 7.84 

2 0.25 0.0283 283 0.0919 919 0.1103 1103 8.94 

3 0.50 0.0567 567 0.0746 746 0.0895 895 8.61 

4 1.00 0.1645 1645 0.0304 304 0.0365 365 7.83 

5 1.50 0.0822 822 0.0902 902 0.1082 1082 8.29 

6 2.00 0.0567 567 0.0554 554 0.0665 665 8.36 
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Summary 

The legacy of the Saddam Hussein 1991 invasion of Kuwait and the subsequent 

destruction of the oil producing facilities is still detectable in the geotechnical and 

geochemical soil profile. Human Health Risk Assessments are being undertaken 

and contamination remediation strategies designed to enable future developments 

on or near these sites. Elevated Total Petroleum Hydrocarbons (TPH) levels have 

been detected as expected and their potential impact is currently being evaluated. 

 

 
 

Fig 4. Gas Chromatogram of hydrocarbon contaminated soil from Abdally sector. 
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The Jurassic strata of the Cotswolds escarpment of southern 
central United Kingdom are associated with extensive mass 
movement activity, including mudslide systems, rotational and 
translational landslides. These mass movements can pose a 
significant engineering risk and have been the focus of research 
into the use of remote sensing techniques as a tool for landslide 
identification and delineation on clay slopes. The study has utilised 
a field site on the Cotswold escarpment above the village of Broad- 
way, Worcestershire, UK. Geomorphological investigation was 
initially undertaken at the site in order to establish ground control 
on landslides and other landforms present at the site. Subsequent 
to this, Airborne Thematic Mapper (ATM) imagery and colour stereo 
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photography were acquired by the UK Natural Environment 
Research Coun- cil (NERC) for further analysis and interpretation. 
This paper describes the textu- ral enhancement of the airborne 
imagery undertaken using both mean euclidean dis- tance (MEUC) 
and grey level co-occurrence matrix entropy (GLCM) together with 
a combined texture-principal component based supervised image 
classification that was adopted as the method for landslide 
identification. The study highlights the importance of image 
texture for discriminating mass movements within multispectral 
imagery and demonstrates that by adopting a combined texture-
principal component image classi- fication we have been able to 
achieve classification accuracy of 84 % with a Kappa statistic of 
0.838 for landslide classes. This paper also highlights the potential 
prob- lems that can be encountered when using high-resolution 
multispectral imagery, such as the presence of dense variable 
woodland present within the image, and presents a solution using 
principal component analysis.  

 The ADS is Operated by the Smithsonian Astrophysical Observatory
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The Engineering Group of the Geological Society of London has established a Working Party toundertakea state-
of-the-art review on the ground conditions associated with former Quaternary periglacial and glacial 
environments and their materials, from an engineering geological viewpoint. The proposed final report is not 
intended to define the geographic extent of former periglacial and glacial environments around the world, but to 
concentrate on ground models that would be applicable to support the engineering geological practitioner. 
The Working Party will be considering the following topics with respect to engineering geology: Quaternary 
Setting, Geomorphological Framework, Glacial Conceptual Ground Models, Periglacial Conceptual Ground 
Models, Engineering Materials and Hazards, Engineering Investigation and Assessment along with Design and 
Construction Considerations. 
This paper will present the progress of the Working Party and will outline the approaches taken and proposed 
output of the group. 
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Geochronology of the planning surfaces in the Center-Western portion of the Paulista Peripheral 
Depression (Brazil) using Optically Stimulated Luminescence  

DIAS R.L., PEREZ FILHO A.
Institute of Earth Sciences (IG), University of Campinas (UNICAMP), CAMPINAS, BRAZIL

The relief in the state of São Paulo, Brazil, is divided into five geomorphological provinces, characterized from 
their genesis, structure and lithology. The Paulista Peripheral Depression corresponds to one of them, with the 
shape of a corridor with mountainous topography of approximately 50 Km wide, located between two other 
provinces: the Cuestas region and the crystalline elevations of the Atlantic Plain. 
The proposed study intends to identify and interpret the planning surfaces, defined by Penteado (1968), using 
absolute dating and correlation of surfaces: Neogenic I, Neogenic II, high and low fluvial terrace and recent 
alluviums formed during the Quaternary, using the Optically Stimulated Luminescence (OSL) in different material 
of soil formation, located in the respective surfaces. This technique enables the attribution of specific periods of 
the landscape evolution to determined known or modeled using absolute dating. This method has demonstrated 
great potential in dating quaternary deposits, since it can reach ages of up to 106 years. 
The results obtained will enable making the relations between genesis and such shapes, and possible past 
environmental conditions, where the semi-arid conditions were predominant, later followed by the craving of the 
fluvial channel in hot and moist conditions. Soon, it will be possible to build a regional scenario of the climate 
oscillations that occurred during the Quaternary, also taking into consideration the influence of neotectonic 
activities in the elaboration of such planning surfaces. 
Therefore, this study intends to contribute to the discussions on the genesis of relief forms and their 
correspondence to climatic oscillations that occurred in recent period in nature�s time scale, in the Brazilian 
territory. 
Key-words: Paulista Peripheral Depression (Brazil), Quaternary, Climatic Oscillations and Optically Stimulated 
Luminescence (OSL). 
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A meander is a bend in a sinuous water course or river. Meanders formed when the moving water in a stream 
erodes the outer banks and widens its valley. The first impact of create a meander is changed in geometry of 
river and also change land use and land cover in bank of rivers. In this study we calculate structure of Mond river 
habitation in section of the plains where river flows until to Persian gulf. Based study of ETM, IRS and in some 
area's Quick Bird satellite image that receive from 2000 until 2008 and also aerial photo (Scale 20000) that 
photographed in 2005 and also use from Topographic Data, river Bathymetry we create Landover and river 
Geometry in four section. The all digital data's that create'd base satellite images and other data's were inputs for 
run a simulation model based SDSS in ArcGIS software. Based structure of river and land cover change we 
create a prediction model in Spatial Data Modeler. Prediction model in SDM were based Unsupervised Neural 
Network. To achieve the desired result in this part ,we developed this extension in VBA environment. all of data's 
joint with together in unsupervised neural network and in result we create a good simulation model with 
maximum 5% error. Based result of this simulation obvious that 38% of land cover in river banks will change until 
6 years and in this change approximately 48% of existing land covers that will change are inside of meandering 
around erodable corner and 52% of land cover that will change are in deposition corner. Landcover digital layer 
refer to year 2008 werean indicator for compare result of model with existing condition. In result, based use for 
spatial simulation, be able identified behavior survey of river change and also knowledge of the nature change, 
especially aware of the changes in river geomorphology can help for better planning based sustainable 
development in areas affected by river flows. 
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The use of ground models for the integration of geomorphological, geoenvironmental and engineering 
geological data  

GILES D.
University of Portsmouth, PORTSMOUTH, UNITED KINGDOM

The use of conceptual ground models (CGM) together with conceptual site models (CSM) is becoming an 
increasingly important tool for the characterisation and interpretation of engineering sites and in particular as part 
of the investigation and redevelopment of potentially contaminated Brownfield sites. The key data sets of 
geomorphology, solid and superficial geology, hydrogeology and site history which are necessary for the 
investigation, interpretation and risk management of a particular site can be complex to present together. The 
use of a visualised ground model allows for a clear interpretation of these data to be made in a format that is 
readily accessible by an end user. 
A visualised ground model provides the geomorphologist and engineering geologist with a simple and easily 
understood vehicle to aid in the understanding of the three and often four dimensional variability of a given site. 
Complex interactions and potential geohazards, whether geomorphological or geological, can be identified and 
emphasised by the use of such models. 
This paper will review the current approaches to ground model design and will highlight the need for 
geomorphological data to be integrated within them. Various examples will be presented of the different 
approaches that are available, particularly with regard to contaminated former Brownfield sites. 
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As a consequence of the Saddam Hussein 1991 Iraqi led invasion of Kuwait more than 600 
oil wells were set fire to as part of a scorched earth policy while retreating from the country. 
This action created a series of “oil lakes” and hydrocarbon contamination within the desert 
causing serious environmental damage. Some 23 years later after the fires were extinguished 
the ground affects of these actions can still be detected. This paper will present the results of 
a detailed geotechnical and geochemical investigation into the current ground conditions now 
present in the Burgan Oil Field some 35km south of Kuwait City. 

Detailed geotechnical testing together with hydrocarbon analysis using a Gas 
Chromatography - Mass Spectrometer (GCMS) have been carried out on samples from 
varying depths within the Burgan Oil Field. A detailed geological, geotechnical and 
geochemical ground model has been developed to present the findings of these investigations. 

The area under study has major development plans for both housing and infrastructure. 
Subsequent Quantitative Human Health Risk Assessments have been undertaken to determine 
the potential levels of risk posed to any future urban developments within these affected 
areas. The paper will report on this assessment detailing the hazards posed and the tools used 
to asses them. Potential risks will be discussed and mitigation and management scenarios will 
be highlighted. 
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of Portsmouth, David Evans, Durham University, Julian Murton, University of Sussex, 
Martin Culshaw, BGS, Laurance Donnelly, Wardell Armstrong, Mike de Freitas, 
Imperial College London, and Mike Winter, TRL. 

The Engineering Group of the Geological Society of London has established a Working Party 
to undertake a state-of-the-art review on the ground conditions associated with former 
Quaternary periglacial and glacial environments and their materials, from an engineering 
geological viewpoint. The proposed final report is not intended to define the geographic 
extent of former periglacial and glacial environments around the world, but to concentrate on 
ground models that would be applicable to support the engineering geological practitioner. 

The Working Party will be considering the following topics with respect to engineering 
geology: Quaternary Setting, Geomorphological Framework, Glacial Conceptual Ground 
Models, Periglacial Conceptual Ground Models, Engineering Materials and Hazards, 
Engineering Investigation and Assessment along with Design and Construction 
Considerations. 

This paper will present the progress of the Working Party and will outline the approaches 
taken and proposed output of the group. 
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Use of a Raster Based Geographic Information System by Portsmouth 
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A.J. Morgan1,2, P. R. Darlow2, D. Giles1 & N.R.G. Walton1.

1 - Department of Geology, University of Portsmouth, Hampshire, U.K.
2 - Portsmouth City Council, Environmental Health Service, Portsmouth, Hampshire, 
U.K.

1.0 Introduction

Portsmouth is located in the County of Hampshire, on the south coast of England, 
U.K. and has a long surviving history of diverse industrial development and influence 
from Naval expansion.  The coastal boundaries of the city have constrained spatial 
expansion, concentrating development within the natural boundaries of Portsea 
Island.  Increased expansion opportunities have had to be created from the 
reclamation of land from the sea.  Waste materials produced from local industry and 
the Royal Naval Dockyard were tipped and used for land reclamation prior to 
controls being enforced with respect to hazardous and toxic materials. 

The introduction of section 143 of the Environmental Protection Act (EPA) required 
local authorities to maintain registers of land subject to contamination within their 
area.  This was aimed at land that is being or has been put to a contaminative use, 
which means any use of land that may cause it to be contaminated with noxious 
substances. 

The requirement for local authorities to maintain a contaminated land register was 
removed from the EPA in March 1993.  However, other sections of the EPA 
combined with long standing duties under Health and Safety at Work Act, Planning 
and Building Control regulations for local authorities to find and deal with actual 
pollution which is a source of danger and to control development of contaminated 
sites. 

In light of these responsibilities and the significant number of sites within the city that 
have been subject to landfill in the past it seemed appropriate for the Environmental 
Health Service of Portsmouth City Council to continue its policy with respect to 
contaminated land; developing the now cancelled section 143 of the EPA.  This 
includes actively seeking to identify potentially contaminated land sites, prioritisation 
and classification of these sites, carry out site investigation works and undertaking 
any necessary remediation. 

Initial investigations in Portsmouth have highlighted as much as a quarter of the land 
area of the City as potentially contaminated.  This is mainly from local authority and 
Ministry of Defence landfill sites, industrial uses such as chemical works, brickworks, 
gas works etc. and the filling of gravel and clay workings.  Many of these areas have 
been developed by housing, with the remainder being used as allotments, sports 
pitches or left undeveloped as public open space. 
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Practically, difficulties arise from the identification of contaminated land sites.  These 
include resourcing site investigation and remediation works, public alarm, blighting 
property values and determining the optimum remediation strategy with respect to 
the type of end use. 

The Interdepartmental Committee on the Redevelopment of Contaminated Land 
(ICRCL) devised a preliminary scheme upon which meaningful assessment of data 
could be based.  Trigger concentrations of various contaminants, comprising 
threshold and action values were introduced as a means of evaluating site 
investigation data.  These form an essential part of the U.K. methodology for 
assessing contaminated land. 

Portsmouth City Council has a proactive view towards the use of GIS in a number of 
contaminated land applications.  A GIS package produced by Sysdeco U.K. and 
tailored to PCC's specification will be able to facilitate the management of large 
amounts of data created by searching historical archives such as trade directories 
(over 26,000 records are currently held on a PC based database), trade directory 
street maps, waste disposal licences and planning histories for contamination 
potential.  The raster based IDRISI GIS has been utilised for the analysis of site 
investigation data to produce visual representations of soil contamination, methane 
gas levels or topsoil thickness on investigated sites. 

The following section of this paper details four case studies in the Portsmouth Area 
which describe sites that have been identified as potentially contaminated, have 
been subject to site investigation and have utilised the raster based IDRISI GIS in 
site risk assessment and remediation specification. 

2.0 CASE STUDY 1: Soil contamination of a landfill site developed as 
residential use

This study site is on a spit feature of Portsea Island. An inlet from the sea extended 
into this area which terminated within the spit as a flooded lagoon.  The Ministry of 
Defence used this area for disposing of dockyard waste until it was completely filled, 
after which the tipping operations were extended by reclaiming land from the sea.  
The tipping predated the introduction of legislation relating to tipped materials and 
their potential to produce contamination.  Therefore there were no enforcement on 
the nature of materials disposed of on the site.  A simple topsoil layer was used to 
provide a capping cover over the site once tipping was completed.  Naval married 
quarters were then constructed in this area by the MOD in the late 1950's and early 
1960's. 

A soils investigation report commissioned by a prospective purchaser of land in the 
area identified parts of the site where asbestos and other hazardous waste materials 
were found close to the surface.  Ground investigation results indicated that the 
made ground contained some heavy metal and asbestos contamination that 
exceeded the ICRCL trigger concentrations.  These were associated with potential 
health risks from long term exposure and absorption of contamination by breathing in 
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dust, eating the soil (a phenomena observed in pica children; who habitually eat soil) 
and skin absorption through repetitive contact with the soil. 

GIS has an important role in this type of soil contamination situation.  By producing a 
set of contaminant 'hot-spot' thematic maps, the areas where the contamination 
levels are at their highest can easily be seen. This provides a visual assessment of 
contamination which can be used as a tool in planning the remediation specification 
for the site, allowing targeted remediation for areas of unacceptable contamination. 
This approach reduces some of the problems associated with the remediation of 
contaminated land, as targeted remediation requires fewer resources and allows the 
limited resources that are available to be used most effectively. 

A raster based GIS was used to model the site.  Co-ordinates of sample locations 
together with the concentration levels were entered as vector points and then 
interpolated on to a metre squared grid and reclassed according to the ICRCL trigger 
levels to produce a contaminant hot-spot map.  From the maps produced, areas 
where the contamination was most severe could be identified.  The application of 
suitable protection measures over these areas, such as a double-layer membrane 
system, could be considered during the specification of a remediation strategy. 

Schematic representations of contaminant concentrations in the upper 0.5 metres of 
soil were produced by the environmental consultants employed to investigate the 
site.  The contours are based on the ICRCL trigger concentrations for threshold 
contaminant values in domestic gardens and allotments.  The accuracy of these 
diagrams are compared with an interpolation of the results from the raster based 
IDRISI GIS.  For validity the categories used for contouring the interpolated results 
are taken from the consultants modelling representations.  

Contaminant levels should not be the only category that determines the quantity and 
type of remediation measures to be implemented.  Factors such as usage of the site, 
existing surface cover, potential for erosion of the surface and slope gradient should 
also be considered.  There is a potential to add these to a GIS model, for example, 
there is more likely to be additional wear and tear of the remediated surface adjacent 
to footpaths especially on corners, where people are likely to stray off the path. 

On this particular site, a single-layer netlon membrane was used to provide an 
overall remediation of this site.  Netlon is a plastic mesh used on this site to form a 
barrier between the contaminated material and the clean soil.  This was fixed into 
concrete around the perimeters of the site and pegged into the ground at regular 
intervals to provide an effective barrier from the contamination.  The membrane was 
subsequently overlain by clean soil and then re-turfed. The hot-spot maps in this 
case were used to justify an additional remediation strategy consisting of the 
double-layer netlon membrane over the site in areas where there was the greatest 
contamination including areas where the ground is most frequently used. 
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The benefits of a GIS are demonstrated here by a more accurate interpretation of 
results and an intelligent method of determining spatial distribution of contaminants 
under the ground.  This is unlikely to be an exact representation of the actual 
contaminant levels that are present and the potential to miss isolated hot spots is 
almost inevitable, therefore a margin of error should be included in a final site 
evaluation.  

3.0 CASE STUDY 2: Topsoil depth modelling over an allotment site

A preliminary desk study, researching the history of an allotment site in Portsmouth 
from archival evidence, indicated that the topsoil of the allotments was underlain by 
domestic refuse.  A subsequent ground investigation was undertaken to determine 
whether there was any health risk to allotment holders through contaminated 
vegetables or by working with the soil. 

The underlying ground was found to consist of degraded refuse fill incorporating 
pieces of clinker, brick and glass in a clay-ash-gravel matrix with some fragments of 
metal, wood and pottery.  This material is known to have originated from between 
1910 and 1932 and derived from an old refuse incinerator previously located to the 
south-east of the site.  The nature of the material underlying the topsoil led to a 
recommendation that each plot had a topsoil cover in excess of 500 mm thick.  This 
prompted additional works at the allotments to evaluate topsoil cover and to identify 
areas where additional topsoil may be required. 

During November and December 1994 a topsoil thickness survey was undertaken.  
78 exploratory holes were hand dug to the depth of the fill material and the hole 
location and the topsoil thickness recorded.  If a topsoil thickness of 500 mm was 
present and no fill encountered, digging was halted and a value of 500 mm recorded. 

The raster based IDRISI GIS was used to model the topsoil thickness and to present 
and visualise the results of the analysis.  A soil thickness model was constructed 
highlighting areas where the depths to the base of the topsoil were too shallow and 
thus required remediation.   A vector representation of the plot boundaries was 
added to the reclassified images of the topsoil thickness to provide a spatial 
reference.  Allotment holders with minimum topsoil depths could then be identified 
and offered alternative plots.  

With regard to the environmental consultants initial recommendations of a minimum 
of 500 mm of topsoil over allotment plots, remedial works for the site were obviously 
required.  The GIS model of the site was used to calculate the amount of topsoil to 
be imported to provide the minimum thickness; i.e. 500 mm across the site.  
Orthographic display functions of IDRISI were used to produce a visual 
representation of the topsoil depths of the site; in a format which was strikingly 
obvious for the non-technically minded. 
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4.0 CASE STUDY 3: Methane hot-spot modelling on an area of public open 
space

This site is approximately 38 Ha of public open space adjoining Langstone Harbour, 
a site of special scientific interest.  It is an area of land previously reclaimed from the 
sea surrounded largely by housing.  The main bulk of the site was reclaimed from 
the sea during the 1960/70's using mixed refuse which is certainly contaminated at 
depth.  This refuse was contained by a chalk bund, on the seaward side.  A desk 
study, ground investigation and subsequent monitoring have been undertaken on the 
site. 

The ground investigation identified a number of contaminants which were 
encountered at elevated levels on the site, although, a detailed Public Health Risk 
Assessment revealed that there are no risks to public health from the contaminants.  
However the monitoring of gas collection probes found that there was a landfill gas 
problem associated with the site.   Landfill gases formed from the decomposition of 
organic matter especially paper, cardboard, wood and vegetation were encountered 
in significant concentrations across the common. 

For certain areas of the site the clay cap was proving ineffective at containing the 
methane and fires were being reported by the public.  Detailed gas data was 
collected during a walkover survey of the site.  A Gastec Flame Ionisation Monitor 
was used on twelve separate days, traversing the site on a 20 m square grid; using a 
back-pack Global Positioning System (GPS) for surveying purposes.  At each 
intersection point or at any registered hot spots methane readings were taken at 
ground level and stored together with the national grid co-ordinates from the GPS in 
a datalogger.  By using the raster based IDRISI GIS the results of the gas survey 
can be effectively plotted and analysed.  Vector overlay facilities allowed the 
Ordnance Survey Grid, the site boundary and water features to be displayed; 
providing spatial reference. 

The gas hot-spot map produced in this case was used to identify the spatial area 
where remediation works were required and to quantify the extent of such works.  
Due to the large area involved, remediation across the whole site was thought to be 
unnecessary, a poor use of resources and technically impractical.  Instead areas of 
the site will be targeted for remediation techniques such as capping or reinforcing the 
capping layer that already exists.  In addition, a venting mechanism will be installed 
around the perimeter of the site, allowing any gas build up to vent in a safe manner. 

5.0 CASE STUDY 4: Soil contaminant modelling on public open space

This site has been subject to reclamation primarily between 1900 and 1945.  The 
majority of the fill material constituted clinker and ash from a waste destructor which 
was located on the south western perimeter of the site.  A large part of the site was 
used historically as allotments until 1972 when the land use was changed to public 
open space. 

Ground investigations were carried out in order to identify the presence of any 
contaminants in the site area before construction of a new school.  Exploratory holes 
were excavated and their locations surveyed according to Ordnance Survey datum.  
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Samples were dispatched to a laboratory for chemical analysis and quantification of 
contaminant values. 

Using the results obtained from the ground investigation the raster based IDRISI GIS 
was used to produce hot spot maps of contaminant levels in the near-surface (0.5 m 
depth zone of the site).  The contaminant levels were interpolated across the site 
from the available chemical data sample points.  This methodology has the 
advantage in that the values are calculated for areas between sampling points, 
based on measured data at those points.  By reclassifying the interpolated data into 
range categories, contour type maps can be produced.  These type of contour plots 
are valid, only when used to describe variables which are spatially dependent i.e. 
contamination issuing from a point source.  Errors will be present in the modelling of 
the contamination levels of this site due to the influence of randomness in 
contamination patterns in made ground.  Therefore the maps should be regarded as 
generalisations rather than accurate representations. 

It is another example of soil contaminant levels being modelled for the purpose of 
risk assessment and evaluation, to enable targeted remediation which minimises 
costs and disturbance to the site. 

To summarise all the contamination information gained during the site investigation, 
a representation was created which allowed the effect of multiple contaminant levels 
to be visualised over the site.  The information on each contaminant level map was 
overlaid in addition mode to produce a summary map of contaminants based of the 
ICRCL trigger concentration.  The end result was a 'cocktail' map with contours of no 
contaminants, one contaminant, two contaminants and so on. 

This type of map has great potential for classification status of contamination and 
prioritisation for remediation.  The cocktail map is a unique method of visually 
representing separate data groups such as different contaminant levels and in this 
case provides a reasonably robust contamination scenario for the entire site. 

Remediation for this site has been based on the GIS contaminant modelling. Over 
the areas where the most severe combinations of contamination levels were found, a 
geo-textile membrane is being laid, prior to clean topsoil being spread over the site. 
This will form an effective barrier from the contamination, giving extra protection 
where needed; by preventing upward migration of contaminants and preventing 
downward intrusion during site activities. 

6.0 Conclusion

In this paper four separate uses of GIS for the purpose of contaminant assessment 
and modelling have been highlighted.  The potential for utilising GS for various 
applications within the local authority environment is becoming realised.   The 
benefits of rapid analysis of results and visual representation are considerable.  Not 
only does it make pages of numerical data-sets easier to interpret but it is useful as a 
visualisation tool for understanding patterns in contaminant levels across a site.  The 
ability to relate results to surveyed reference features is important to enable spatial 
awareness.  A series of numbers with grid references is much less meaningful.  With 
contamination issues attracting increasing public and media attention it is important 
that the tools for interpreting results can be easily understood and utilised in decision 
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makers.  The representations of contamination presented in the four case studies 
show that very little additional interpretation is required for quick comprehension of a 
site's contamination situation. 

There are many other activities within the Environmental Health Service where GIS 
has the potential to be applied.  These include the storage and retrieval of noise 
monitoring data and complaints in the pollution section and the recording of property 
information within housing action areas.  The contaminated land team has been 
fortunate to have the ability and resources to develop the use of GIS within its 
function.  Through regular use in analysing site investigation data, the modelling 
techniques employed are becoming more refined and the quality of visual output is 
improving.  GIS has established itself as an invaluable tool for handling land 
contamination data within Portsmouth City Council and this usage will continue to 
expand and develop. 
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