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ABSTRACT

One of the principal uncertainties in geotechnical engineering is the risk of encountering an unexpected
geological condition. This is because geological materials are often irregularly arranged and highly variable in their
material and mass properties. Failure to anticipate site ground conditions generally results from an inadequate
geological understanding. The paper presents an approach to site evaluation designed to assist anticipation of
geological conditions, from desk study to project construction, that is based on developing an understanding of
the total geological history of the site and its environs.

The premise of the paper is that the conditions and geotechnical characteristics of the ground are the product
of the geological and geomorphological history ofthe site, including past and present climatic conditions, in short,
its total geological history. The engineering performance of the site results from the influence of the engineering
works on the total geological history.

The object of the paper is to show how knowledge of the geological environment aids anticipation of the site
ground conditions by development of a preliminary engineering geological model which guides the planning of
the investigation and the design and construction of the project. This model develops progressively to be site
specific, as the understanding of the local geology improves during the development of the project.

The approach starts with an initial series of simple, related, geological and geomorphological models to
generate questions that should be asked about the site and to provide the basis for making a check list. The models
presented in the paper represent the end members of a continuous range of possibilities. One or more of these
initial models will be identified to represent the particular site to enable the earliest planning to take account of
the broadly anticipated geology and geomorphology. The geological concepts embodied in the selected initial
models and the specific check lists made for the site are then investigated thoroughly as the site specific
engineering geology model develops during the project studies.

To help anticipate the regional scale geology, ten two-dimensional initial global scale Tectonic models based
on the concepts of plate tectonics are presented. To help anticipate the local scale geology, seventeen three­
dimensional initial site scale Geological models are presented, each with an anticipation list, encompassing the
rock-forming environments and tectonic and diagenetic modifications to these environments. To help anticipate
the local geomorphology, eight three-dimensional initial Geomorphological landform models are presented, each
again with an anticipation list, related to climate and geomorphological processes .

The approach is supported by background discussions of site investigation philosophy and some essential
global geological!geomorphological history, and is illustrated by many case histories from different geological and
geomorphological settings around the world.

1.0 INTRODUCTION

The premise of this paper is that the ground conditions at any site are a product of its total geological and
geomorphological history (generally abbreviated to 'total geological history' in the paper) which includes the
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stratigraphy, the structure, the former and current geomorphological processes and the past and present climatic
conditions. The total geological history is responsible for the mass and material characteristics of the ground. To
help understand the total geological history, the development ofa site specific geological model is required, based
on consideration of the regional and local geological and geomorphological history and of the current ground
surface conditions (Fookes, 1997). The engineering performance ofthe site during and after construction results
from the influence of the engineering works on the total geological history.

The object of the paper is to describe and evaluate how:
• initial desk study knowledge of the engineering geology environment can help in the anticipation of

geological and geomorphological conditions at a project site, such anticipation being used to help construct
the preliminary geological model for the site, plan the investigation and assist geologists and engineers in
the conduct of the investigation and design of the project. This model develops progressively to be site
specific as the understanding of the local geology improves with the development of the project.

• improved understanding of the site as observations are made during investigation and construction also
helps the anticipation and definition of ground conditions.

The paper is targeted at site investigators and financial decision makers who will probably never be aware of
its existence.

1.1 The Observational Method in Projects
The approach advocated in this paper is based on the use of the observational method. Such an approach is

by no means new.
It is probably the writings and work of Terzaghi in the early and middle parts of the last century that have

illustrated the importance of this approach more than any other. The term 'observational method' appears to have
been coined by Terzaghi and Peck in 1948 (p. 494): it became 'observational procedure', in Terzaghi and Peck,
1967 (p.294). In his Rankine lecture, Peck (1969) made the following comments on the observational method.
He said, "If the governing phenomena are complex, or are not yet appreciated, the engineer may measure the
wrong quantities altogether and may come to dangerously incorrect conclusions." This is where the
observational method is particularly useful. Peck briefly gives the application of the method as follows:
" (a) Exploration sufficient to establish at least the general nature, pattern and properties ofthe deposits,

but not necessarily in detail.
(b) Assessment ofthe most probable conditions and the most unfavourable conceivable deviations from

these conditions. In this assessment geology often plays a major role.
(c) Establishment ofthe design based on a working hypothesis ofbehaviour anticipated under the most

probable conditions.
(d) Selection ofquantities to be observed as construction proceeds and calculation of their anticipated

values on the basis of the working hypothesis.
(e) Calculation ofvalues ofthe same quantities under the most unfavourable conditions compatible with

the available data concerning the subsurface conditions.
(f) Selection in advance ofa course ofaction or modification ofdesign for every foreseeable significant

deviation of the observationalfindingsfrom those predicted on the basis of the working hypothesis.
(g) Measurement ofquantities to be observed and evaluation ofactual conditions.
(h) Modification ofdesign to suit actual conditions. "
We believe that all of Peck's items (a) to (h) are needed for the approach to be classed as the Observational

Method (OM). For the method to be workable, all parties need to pay particular attention to contract
arrangements and relationships that will influence the OM's implementation. Variations of the OM are being
increasingly used on 'design and build' (i.e. engineer, procure and construct) contracts. Such contracts often do
not have a clause about unforeseen ground conditions and may have only a little on-site involvement from the
designer's geologicallgeotechnical specialist. We believe that these variations are often not true OM: the term OM
may be used to obscure, or as an excuse for, or as compensation for, the inadequate skills and resources being
put into a project's investigation and design.

Peck makes the point that, for the method to be applicable, the character of the project must be such that it can
be altered during construction. He also distinguishes between situations where the use of the OM is envisaged
from the inception of the project, and those where the method is introduced part way through a project as offering
almost the only hope of success. In the latter situation, there may be contractual problems to overcome.



In our experience, for those contracts where the Contractor is not taking all the ground condition risk:
• For the OM to work well, it is essential that it is pre-planned prior to provision of the tender documents and

that the Contractor is fully aware of the procedures that will be adopted. This requires identifying the
range oflikely geotechnical conditions and the range ofconstruction activities required to construct
the appropriate design when a particular geological condition is found. It is therefore advisable for the
construction work, at tender, to be priced in a manner that is flexible, so that an agreed price can be applied
immediately to a required activity, whether it is changed because of the geology encountered, or remains
the same. Without a flexible price structure built into the contract, the method would inevitably generate
claims We believe that where the method has been applied successfully, claims related to unforeseen
geotechnical conditions have been minimal or non-existent.

• It is also necessary to have the appropriate geological, geomorphological and geotechnical staff on site to
observe and monitor the geological and hydrogeological conditions as they are revealed during construction,
and to liaise directly with the appropriate supervisory staff who in tum must be fully aware of the method.

• In the last decade or two, the 'fast-track' approach has been developed. A consequence of this approach
is that the degree of initial ground investigation is often much reduced below normal good practice and great
reliance is often placed on the succeeding OM. It should be noted that this can also occur with non-fast­
track construction. The risk in such a procedure is that, because of a lack of 'thinking time' and
investigation time, the important characteristics of the site are not identified early enough, so that the less
critical features are chosen for observation, i.e. there is poor application of the OM. The worst credible
ground behaviour is not envisaged and thus the appropriate course of action is not considered and
preplanned, and may well not be feasible at a later stage.

The implications from the above are that each site requires a reliable preliminary model on which to build
subsequent investigations which will, ofnecessity, modify and improve the model. It is the early development of
this model, by consideration ofall the reasonably possible geological and geomorphological characteristics of the
site, which becomes thefirstobjective. It is essential to have an understanding ofthe site acquired from knowledge
of the fundamental basics of earth-building and surface-modifying processes, to help in the anticipation of the
likely geology/geomorphology. The secondobjective is to substantially improve the understanding ofthe geology
during the remaining investigation and construction.

Thus, this approach becomes the thread that runs through the paper: how anticipation of the site geology and
geomorphology allows for better engineering at all stages - the desk study, the ground investigations and the
construction.

1.2 Approaches to Geological Observation
McMahon (1985), in his Davis Memorial Lecture, says ".... It has always seemed to me that uncertainty is

the very essence ofgeotechnical engineering. Our materials are natural in origin, often irregular inform and
highly variable in their properties. They are usually obscured from sight and can be investigated only to a
small extent at great expense. The resulting uncertainty is often large and can have enormous economic
consequences, ..... " He then goes on to develop the theme of geotechnical uncertainty, of which his first
uncertainty is the risk of encountering an unknown geological condition.

Much has been written on acquiring geological knowledge of the site. Most publications concerned with site
investigation recommend, albeit usually loosely, the practice ofmaking regional and local desk studies, followed
by specific investigations of the local geology. Some also counsel continuing to develop an understanding of the
geology as project implementation proceeds. Hoek and Bray (1977), in their authoritative work on rock slope
engineering, say, in the context of regional geological investigations, "Afrequent mistake in rock engineering is
to start an investigation with a detailed examination of drill cores. While these cores provide essential
information, it is necessary to see this information in the contextofthe overallgeological environment .
and it is therefore useful to start an investigation by building up a picture ofthe regional geology." [Our bold
for emphasis]

Professor Stapledon, the doyen ofAustralian engineering geology, has for at least the past three decades been
advocating a carefully considered approach to site investigations. For example, Stapledon (1983) says that he
believes that the geotechnical investigation should include some of the following geo-aspects which we have
quoted:



" * a suitable site investigation team
* an objective orientated approach to the site investigation
* geological material displayed clearly at appropriate scales
* a high standard in the collection ofbasic exploratory data
* studies continuing through all stages ofproject development
* high quality project management staffand machinery
* adequate time and funds
* independent review H

Stapledon (1982), on dams (he notes that he was inspired by a similar suggestion by Peck,1962), suggested
that desirable attributes for those wishing to contribute to sub-surface engineering should include:
" 1. Knowledge ofprecedents

2. Knowledge ofgeology
3. Knowledge of soil and rock mechanics "
His accompanying recommendations for study of world and regional geological settings are reproduced here

as Table 1.1. He introduces this table by saying that in order to determine a "semi-quantitative model
(engineering-geological) ", geological studies "should commence with consideration ofthe site location with
respect to global tectonics, and include studies of the geology ofa broad region surrounding the site. The
main objectives and suggested activities for work on a regional scale are set out in [Table 1.1]." He goes on
to say, "The regional geological studies should befollowed by studies on intermediate and detailed scales, a
principal purpose ofwhich is to ensure that the site geology "fits" into the regional geological picture, i.e. that
the country adjacent to or containing the site is in situ, not displaced by major landslide orfault movements. "
[Our bold for emphasis]

TABLE 1.1 : STAPLEDON'S STUDIES OF WORLD AND
REGIONAL GEOLOGICAL SETTINGS (1982)

Objectives Activities

Understand geology of region surrounding the dam and
storage, in particular:
1. Geological history - past processes and resulting model
2. Active (or potentially active) processes
3. Locate main geological features, especially faults. Such

features may pass through or near the site but may
not be exposed or evident in the site area.

Review published and other existing geological data.
Interpretation of satellite imagery and air photographs.
Ground geological surveys to fill relevant gaps in geological

picture.
Prepare plans and sections on scales usually ranging from
1:50 000 to 1:250 000; these must show the lay-out

of the proposed works.

We recommend the adoption of this first wise dictum, of starting with a broad regional understanding.
However, this approach does not appear to be widely recommended. For example, the Australian Standard 1726
(1993), on Geotechnical Site Investigations, Item 4.7, says the process of evaluating the geotechnical character
of a site "may include ... evaluation of the geology and hydrogeology of the site". It is silent on the construction
of a geological model and on the understanding of regional geology and processes. The British Standard on Site
Investigations, BS5930 (1981) has a somewhat similar silence. Even Peck's (1969) list quoted above, which starts
with item (a) on 'Exploration', might be construed as starting without a desk study of the local and regional
geology and his item (b) says only, 'In this assessment geology often plays a major role'.

We believe that in general the use of engineering geologists and geomorphologists and the application of
intuitive and knowledge-based approaches which characterise good engineering geology do not occur at a level
of involvement in projects that is commensurate with the worth of their contribution. In the authors' experience,
it is not uncommon for engineering geologists to become involved after problems have developed rather than
before.

There are many examples in the literature of retrospective analysis of what has gone wrong with various site
investigations and related studies and the consequences that these have had on the subsequent design and
construction. One such study is by Matheson and Keir (1978) who examined site investigations for road works
in Scotland during the preceding decade. Although over twenty years ago and techniques are improving, we
consider that Table 1.2, modified from their publication, is just as relevant today: it is a simple matrix of the most



TABLE 1.2: FAILINGS AND CONSEQUENCES

Site Investigation
Failings

1. Techniques used not optimum
2. Methods used inappropriate
3. Available information not fully utilised
4. Stability poorly or wrongly assessed
5. Facts misleading
6. Rock condition inaccurately assessed
7. Workability wrongly or poorly assessed
8. Ground water condition wrongly assessed
9. Route not covered

10. Logging poor or inadequate
11. Interpretation wrong
12. Samples unrepresentative
13. Meteorological data not used
14. Mis-identification

6 7 6 3
5 7 5 5
665 4
6 2 6 6
4 5 3 4
4 4 5 4
4 1 4 5
443 3
3 332
3 4 3 2
1 1 1 2
222 1
1 I 1 1
1 1 1 1

446
436
534
5 5
542
433
255
233
322
221
221
2 1 I
1 1 1
1 1

4
3
5
4
3
1
4
4
3

5
4
5
3
3
2
4
3
2

3
2
5
2
3
2
2
3
2
1
1
2
1

3
2
3
6
1
4
2
2
1
1
1

2
2
3
3
1

2
3
2

2
1
1

3
2
2
2
2
4

1
2

1
2

2

2

Row
Maximum

7
7
6
6
5
5
5
4
3
4
2
2
1
1

Column
Maximum 6 7 6 6 5 565 5 563 422 2

Notes:
- The consequences may be the result of more than one failing.

Each failing is given a penalty score out of a possible 16. 7 is the worst found.
To be considered significant, failings have to affect the overall budget or scheduling by an amount greater than
approximately 5%, or for individual quantities by an amount greater than 50% of the original estimates. Individual
quantities would be, for example, earthworks, suitable rock excavation, unsuitable rock excavation, imported fill.
Attempts were made to quantify accurately the consequences as time and cost but this proved impractical because of the
complexity of the situation, the interdependence of the factors involved, and the long term nature of the drained
settlements of the earthworks.
Differences in ground conditions have been related not to the shortcomings in 'state-of-the-art' but to poor phasing of the
investigation, to the selection of inappropriate investigatory techniques and to the acquisition of unrepresentative data on
ground conditions.

(based on Matheson and Keir, 1978)

common consequences to the project of the 'failings' of the site investigation. It will not come as a surprise: many
of the failings relate to poor investigation technique and lack of geological understanding or assessment.
Regrettably, the message from such studies often either falls on the ears of the converted or simply fails to reach
the point of impact with the designers and those who award investigation contracts.

1.2.1 Staged Understanding of the Geology
As a result of their study of the Scottish road projects, Matheson and Keir (op. cit.) suggest that the

effectiveness of site investigations can be increased by efficient planning and by placing particular emphasis on
the preliminary phase. A critical point: they strongly recommend that a planned preliminary site investigation
should be included in all [road] projects. They go further and say that the preliminary site investigation should
be of a qualitative to semi-quantitative nature, and that a high level of detail is neither necessary nor desirable: it
is sufficient to indicate rather than to define potential problems. Without some prior knowledge of the ground



conditions, it is difficult to plan an effective main investigation. Optimum methods and techniques cannot be
chosen to suit unknown geological conditions. Information obtained at the preliminary phase is thus of
paramount importance to the planning of a main site (i.e. ground) investigation. [Our bold for emphasis]

We agree with Matheson and Keir and in our paper recommend the adoption of this second wise dictum, that
of a staged approach with a preliminary investigation which itself starts with a desk study, to plan the main
investigation phases. However, this approach is not always seen as appropriate. For example, Ground
Engineering (Anon, 1999) in an article called 'Time to Investigate' , written as a result ofa survey ofpractitioners
in UK where the response 'as usual was high, reflecting the strongfeelings held byfirms that something had to
be done .... " wrote in red for emphasis - 'An average ofonly 39% ofinvestigations include a desk study, which
could be considered the most important stage of the work. It appears that this is a result ofever-decreasing
timescales'. Also in red, 'Worryingly, it seems that only 30% of clients appreciate the value of good
geotechnics. There is a lack ofawareness ofthe benefit ofsound site investigation strategy by clients and their
advisers .... some 38% ofclients see site investigation as a "necessary evil"'.

It appears to us that the current trend around the world is for complex civil engineering projects to be carried
out within very short time scales. Such projects often involve difficult and protracted planning consultation which
leads to increased pressure on all the professionals involved to work at a very fast rate and, on occasion, at an
erratic pace that is dictated without regard for good practice. In no situation is this more so than with the
collection and utilisation ofground information for the design and construction phases of the project. Hence, the
preliminary stage, as a precursor to a fast and efficient main site (ground) investigation, becomes all the more
important and there is even greater emphasis on the engineering geologist's role in the assessment of risk arising
from the uncertainty about ground conditions (Eddleston, Murfin and Walthall, 1995).

It is worth repeating that at the preliminary stage the engineering geologist probably can have the most
significant influence on the project by indicating potential hazards and their consequence on the economy ofdesign,
matters ofconstruction and expected performance ofthe works. Our experience shows, however, that all too often
engineering geological advice is not adequately taken into account at this or following stages. Difficulties also
often arise when geological conditions are relatively simple yet the significance of the conditions may not be
understood or is lost sight of in a mass of other data, due to lack of understanding on the part of the decision
makers.

An incomplete appreciation ofthe ground conditions, which is subsequently presented at the construction tender
stage, can only cause the Contractor problems, which will almost inevitably increase the final cost to the Client.
The adage, 'you pay for a site investigation whether you have one or not' (Anon, 1991), is backed up by many
publications, for example, in UK by Rowe (1972), Clayton, Simons and Mathews (1983) and by Attewell and
Norgrove (1984).

These publications and many others have established that one ofthe largest elements oftechnical and financial
risk in civil engineering projects is unforeseen ground conditions. Experience has shown that a modest increase
in ground investigation expenditure at the outset could have been repaid many times in reduced project cost over­
runs. It is also conceivable, at least in principle, that expenditure on ground investigation might be excessive, far
outweighing any possible savings for the project. Thus, in between these two positions, there must be an optimum
level of expenditure on ground investigation.

To arrive at this optimum level, Goldsworthy (1999), based on theoretical possibilities and assumptions,
considers the total project cost, T, as given by:

T=P+G+E
where P = planned project expenditure (excluding that for ground investigation)

G = ground investigation expenditure
E = cost of unforeseen conditions = a proportion, k, of P

assuming that k depends on PIG gives k = SP/G, where S is a parameter which reflects the sensitivity of a project
to ground conditions.
Hence:

T = P +G + Sp2/G
and, in terms of the ratio of total project cost to planned expenditure,

TIP = 1 + G/P + SP/G
If R is the ratio of ground investigation expenditure G to the total project cost P,

G = RP and TIP = 1 + R + SIR



Illustrative plots of this last relationship for three typical projects indicate that values of the predicted optimum
expenditure G, as a percentage of P are, for:

a low sensitivity (5 = 0.0005) building project, around 1.5%
a typical (5 = 0.002) civil engineering project, about 4%
a high sensitivity (5 = 0.005) tunnel project, between 6% and 8%.

Goldsworthy speculates that 'regional differences relating to typically encountered ground conditions and
to contractual practices may affect the sensitivity factor distributions'.

The above estimates can be compared with current levels of expenditure on ground investigation, which are
reported to be well below 1% of the total construction costs (Institution of Civil Engineers, 1991; Littlejohn, et
aI., 1994). The cost of claims due to unforeseen ground conditions is usually far in excess of this, let alone the
extra costs of over design to cover risk of unknown ground conditions. Note, however, that we believe that the
scope of investigation should be sufficient to answer the important questions, and not simply be determined as a
percentage of the project costs, although they can give some guidance.

1.2.2 Our Approach Introduced
The typical stages of geotechnical studies required for the design and construction of large civil engineering

works are more or less similar around the world. Figure 1.1 is a fairly common well established 'traditional'
arrangement, although many variations exist. A 'fast track' approach puts all the activities on the critical path,
but decision milestones would remain. The stages ofthe site investigation and the build-up ofthe geological model
in a manner that embodies OM during the preliminary and the main investigations and again during construction,
are critical to a successful outcome.
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Figure 1.1 : Common Project Organisation for Engineer Designed Construction



Our approach starts with the broad anticipation of the geology, from a desk study of that location, where the
geological knowledge may be minimal, or a lot may be known already. Whichever the situation, it is necessary
to:

• form an understanding of what is found from the desk study;
• anticipate what geology conditions might be associated with the findings;
• develop this through subsequent stages of the investigation, design and construction.
Conventional approaches to the desk study work for the feasibility and early phases of site evaluation typically

use the local maps and literature which commonly exist from many developed areas around the world. The
Transport Research Laboratory Report (TRL 192), 1996, by Perry and West, on Sources ofInformation for Site
Investigations in Britain (Revision of TRL Report LR 403) is a good example from the UK. Such works also
often describe various forms of maps and remote sensing for engineering purposes.

In locations where much may be known already, e.g. geological maps do exist or there are good air photographs
or other imagery, the initial local geology can be quite well anticipated by site specific models prior to any
preliminary inspection (see Fookes 1997, page 348 and Figures 10, 41a to 41e, and Table 5). The site inspection,
preliminary and full ground studies can then be progressed quite quickly at such a location, to give as detailed a
picture of the geology as is considered sufficient or necessary. Nevertheless, this may result in some shortfall in
anticipation ofthe total geological picture if a fundamental understanding of the regional and local geology has
not been formed.
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By 'anticipation ofthe total geological picture', the authors mean that all the geological and geomorphological
characteristics ofthe site have been anticipated together with the range ofpossible variation (e.g. sizes, locations,
properties) ofthese characteristics identified, i.e. ideally there should be no condition that comes as a surprise
during construction.

Figure 1.2 shows a crude approximation of how well-designed site investigation studies, from desk stage to
the project in-service stage, develop increasing geological and geotechnical knowledge. Note that it is suggested
that geological knowledge rises more quickly than geotechnical in the earlier stages ofa project: the gathering of
geotechnical data develops faster when in situ and laboratory testing and rigorous description is introduced during
the latter stages of investigations (Fookes, 1997). Rather fewer publications describe investigation activity during
construction but the principle and techniques are essentially those used in pre-construction investigations. For
guidance, see Eddleston, et al. (1995).

1.2.3 Different Types ofModel
Even when no local geological information or imagery is available a very preliminary desk study can be made,

by identifying the local stratigraphical, lithological, structural, and geomorphological controls for the site.
Knowledge ofthese controls is used to give a very broad picture of the possible engineering geological conditions
and geometric (spatial) relationships at that location, and initial, i.e. wide-ranging and not rigorous, geological
model(s) can be assigned to predict geological features that might reasonably be expected in the site area.

In this paper, three series of initial models are introduced. These are all presented together at the end of the
paper, in the Models Appendix:

• Global scale Tectonic models based on plate tectonics. There are ten of these models, presented two­
dimensionally, i.e. as sketch sections. They cover large areas of terrain, typically many tens to many
hundreds of kilometres and set the scene for anticipating the regional structure and rocks of the area. See
Section 2.3.

• Local or site scale initial Geological models. There are seventeen of these models, presented three­
dimensionally, i.e. as sketch block models, which typically cover areas from kilometres to tens of
kilometres. They relate to the rock-forming environments - igneous, sedimentary, structural and
metamorphic and to the initial stratigraphy, and to tectonic and diagenetic changes modifying the
stratigraphy. Such models form a part of the relevant global Tectonic model(s) and are locally modified
by the processes involved in the Geomorphological models. See Section 3.1.

• Local or site scale initial Geomorphological models which characterise the landforms. There are eight
ofthese models, presented three-dimensionally, i.e. as sketch block models, which also typically cover areas
from kilometres to tens of kilometres. They relate directly to the local geomorphology, i.e. the earth's
surface landforms, and to the earth surface processes which have modified or are modifying the local
geology. These processes are related to current climates and the relatively recent past climates, i.e. they
are essentially a product of the later Tertiary and the Quaternary Ages. Such models also help to portray
conditions of deposition in ancient equivalents to the models. See Section 3.2.

The approach to be adopted is as follows:
• At the Desk Study stage one or more of the initial global scale Tectonic and site scale Geological and

Geomorphological models are identified. They form a simple, related series to help develop the questions
about the site that should be asked. It thus becomes the first task to identify the relevant initial models for
the project area and the second to develop a check list ofquestions to be answered during the investigations.
These will be the responsibility of the engineering geologist. The geologist may need assistance with the
geomorphology.

• Combination of the initial site scale models and the site check list(s) will form the preliminary site
engineering geology environment model to enable the earliest planning to take the potential broad geology
and geomorphology of the area into account. The initial models and their check lists will need to be
investigated thoroughly and developed by the subsequent studies.

• Development of the subsequent specific site engineering geology environment model as the investigation
progresses is discussed in some detail in Fookes (1997). Initial models help plan the site investigation:
subsequent development of these models to form the specific models in the Walkover and Ground
Investigation stages help engineering design and construction. See Section 4.0.



Check list questions are not new in engineering geology but to date have generally been developed for selected
terrain types, e.g. extrusive volcanic, valley glacier (e.g. Fell, et aI., 1992; de Freitas, 1993). The approach
described in this paper is based on the concept that global end members representing the entire spectrum of
possibilities can be identified and presented. An initial check list for each Geological and Geomorphological model
is embodied in both the annotation on the figure and in the text under the figure with the heading' anticipate'. The
more detailed site specific check list and site specific model then needs to be made, once the clear outlines of the
geology at the location are identified beyond the desk study stage.

The essence ofthe approach involves understanding the geology and geomorphology to be able to evaluate the
anticipated conditions. To do this and to understand the models there must be some appreciation of the history
of the world. Thus a brief account of this follows.

2.0 A SHORT ACCOUNT OF THE EARTH'S STRUCTURE AND HISTORY

2.1 Global Structure and Processes
This is very much a simplified summary and any reader wishing to read more should refer to, for example,

Park (1983), Press and Siever (1986), Dott and Batten (1988), Moores and Twiss (1995), or Kearey and Vine
(1996).

Text boxes have been included to give pertinent background information for the less geological reader. The
first is on the Earth's Core and Structure of the Crust.

2.1.1 The Stratigraphic Column
The sequence of rocks formed during geological time may be represented by the stratigraphic column which

lists them in their order of age: the oldest rocks are at the base of the column and the youngest at the top. Rocks
are grouped by age into broad Periods and Epochs, most of which are named after the areas where they were first
studied, many of these being in Britain. They are characterised by distinctive assemblies ofrock types and tectonic
episodes and reflect identifiable periods in the Earth's history. Epochs are subdivided into finer and finer units,
often having only local significance. In order to help understand geological models, Table 2.1 gives the basic
stratigraphic column, showing the divisions of geological time, together with the age of important global scale
events. The dates of the naming of the divisions are also given to help illustrate the way the stratigraphic column
was developed by geologists, mainly throughout the nineteenth century.

2.1.2 Tectonic Elements of the Crust
The crust may be subdivided into distinctive structural features or 'tectonic elements' and related to the global

scale Tectonic models discussed in Section 2.2.
'Tectonics' describes the structural behaviour of large areas of the crust through geological time and explains

the formation and relationship of the principal geological structures.
To illustrate the following text in pictorial form, Figure 2.1 shows the major morphological features ofthe earth

and the plate boundaries. Figure 2.2 is a cross-section of an imaginary continental land mass to show some of the
major structural components and Figure 2.3 shows the major collision mechanisms.

The crust and the lithosphere (see text box) can be divided into two major groups of tectonic elements:
Inactive areas with little seismic and volcanic activity:
• continental cratons -low, flat regions, subdivided into large down-warped basins and up-warped arches

(Figures 2.4, 2.5 and 2.6)
• oceanic abyssal plains - deep, flat areas of the sea floor (part Figure 2.8)
Active areas with much seismic, volcanic and other tectonic activity:
• continental rifts - areas of extensional tectonics within cratons (Figure 2.7)
• ocean ridges - shallow seismicity, basaltic volcanism, and extensional faulting or rifting (part Figure 2.8)
• magmatic arc orogenic belts -long zones ofshallow and deep seismicity, andesitic volcanism, large granite

batholiths, regional metamorphism and compressional structures, including overthrust faults (Figures 2.9,
2.10,2.11 and 2.12 and 2.13).





TABLE 2.1 : THE STRATIGRAPHIC COLUMN SHOWING THE DIVISIONS OF
GEOLOGICAL TIME AND THE AGE OF CERTAIN GLOBAL TECTONIC EVENTS

Eon Era Period Epoch Approximate Mountain Building Orogenies
Duration and

Cumulative Age (Europe) (N. America)
(106y or Ma)

PHANERO- CENOZOIC Quaternary Holocene (1885) PRESENT

ZOIC ('recent or Recent (1883)
('evident life' 1841) (last 10,000 yrs) 0.01 Coast Ranges

life') Pleistocene (1839) 1.8 1.8 (Himalayan)

(Neogene Pliocene (1833) 3.5
1853) Miocene (1833) 18.5 23.8

Tertiary -- -- -- -- - -- -- -- -- -- -- - -- -- - -- -- -- -- - - -- - - -- -- --
Oligocene (1854) 9.9

(Palaeogene Eocene (1833) 21.1
1866) Palaeocene (1874) 10.2 65 Alpine Laramide

============ ================ =============== =============
MESOZOIC Cretaceous (1822) 77 Nevadan
('middle Jurassic (1795) Each of these 63.7

life' 1841) Triassic (1834) Periods is 42.5 248.2

============ ================ divided into ===============
PALAEO- Permian (1841) numerous 42
ZOIC Carboniferous*(1822) Epochs which 64 Hercynian Appalachian
('ancient Devonian (1837) can be 63 (Variscan)

life' 1838) recognised Acadian
Silurian (1835) throughout 26 Caledonian
Ordovician (1879) the world 52 Taconian
Cambrian (1835) 50 545 Assyntic

=========== ============ ================= =============== =============
PRE PROTERO- Edicarian (1982) Many c. 750 Rare
PHANERO- ZOIC Precambrian primitive fossils
ZOIC rocks are
(or PRE severely
CAMBRIAN) deformed and

All rocks older metamorphosed, c. 2000 First stable ) Numerous
than the but large areas c. 1910 c.2500 crustal plates ) orogenies

============ Palaeozoic can of undisturbed =============== ) possibly not
ARCHEAN be collectively Precambrian ) involving

described as strata are known. ) plate tectonics,
PRECAMBRIAN Epochs that can ) prior to the

be correlated ) development
throughout the c. 2100 ) of stable
world have not ) crustal plates.
been defined c. 3750 Oldest dated )

rocks )
)

c.4600

*Equal to Pennsylvanian (1891) and Mississippian (1870) in USA.
Dates in brackets when Divisions were named.

(After several sources)

2.1.3 Plate Tectonics Theory
Plate tectonics is a unifying theory that explains the structure of the Earth's near surface. The plates

(lithospheric plates) are delineated by the earth's major earthquake zones and plate motions are thought to be
driven by thermal convection in the upper mantle as well as the gravitational pull of cold dense parts of plates
descending into the mantle. Plates move apart at ocean ridges, or divergent plate margins, and towards one
another along magmatic (island) arcs or orogenic belts at convergent plate margins. Some important aspects of
the plate tectonic theory are: Ocean ridges are approximately linear zones of extensional faulting or rifting,
characterised by basaltic volcanism.

Sea floor spreading occurs as new ocean floor is added thus spreading occurs away from the ocean rifts.
Continents may be rifted apart to drift passively along as new oceans spread between them. Distribution of heat
flow, ages ofvolcanic islands and fringing reefs, barrier reefs, atolls and volcanic sea mounts, all support the view



of slow cooling and subsidence of ocean floor as it moves away from spreading centres. Sea floors have the

following features:
• Transform faults, which offset sections of ocean ridges and move continually as the adjacent segments

spread. They help to accommodate the greater widening of spreading ocean basins in equatorial regions.
• Linear magnetic anomalies in the ocean crust, which are symmetrical and parallel to the ridges, record

reversals of the polarity of the magnetic field as the sea floor spreads. The polarity reversals may be used
to establish a universal time scale which provides the basis for both the dating of spreading histories and
the reconstruction of shapes ofocean basins and positions ofcontinents during the past c.200 million years,
during which time the present ocean basins have been forming.

Deformation of the continental crust has occurred throughout most of geological time. A typical orogenic
episode is preceded by subsidence of marginal troughs in which sediments accumulate; plate convergence then
initiates deformation in a belt that extends hundreds of kilometres from the original troughs. The marginal
sediments are deformed by folding or faulting; thrust sheets ten to twenty kilometres thick slide over one another,
often for distances oftens to hundreds ofkilometres. Huge foreign terranes (a group ofrocks with similar history)
brought in with the subducting plate may accrete to the continental plate. Intrusions of batholiths and
metamorphism typically occur with the orogeny. The mountains are raised in a deformed belt and erode after the
orogeny ends. Renewed stages of uplift, or block faulting, that again raise the region, account for many of the
large-scale topographic features we see today.

Plate collisions are the main cause of these orogenic episodes, i.e. orogenesis. Collisions may involve either
two continents, or varying combinations ofmagmatic arcs, continents or micro continents. Orogenic belts appear
to be made up of collages of diverse terranes jammed together by successive collisions. Suture zones mark the
boundaries of such collisions: they are often characterised by crumpled mafic and ultramafic ocean rocks. The
collision of two or more continents forms a supercontinent. Plate margins can exhibit the following features:

• Subduction, the process of underthrusting one lithosphere plate beneath another at a convergent margin.
Much ocean floor is lost by subduction.

• Magmatic arcs, dominated by andesite eruptions that form at the surface above subduction zones. Once
a plate breaks down and begins to subduct, gravity helps to pull it downwards into the mantle where it is
slowly heated and assimilated.

• Obduction, the process of overthrusting of one plate over another at a convergent margin.
• Passive continental margins, where the edge ofa continent is not on a tectonically active convergent margin

but moves with the adjacent oceanic crust, to which it is welded.
• Subsidence associated with plates, important as it provides room for accumulation of thick strata in

sedimentary basins of various types during periods of tens to hundreds of millions of years.
Hot mantle plumes rising from the lower mantle seem to cause the initial break up of the crust at triple

junctions, e.g. the Indian Ocean Ridge connects with the East African Rift System in a triple junction where three
rifts meet.

Aulacogens are sediment filled troughs associated with initial rifting of continents at triple junctions.

2.1.4 Sedimentary Basins
Sedimentary basins can be distinguished by their plate tectonic settings and characteristic rock types. At least

six types can be recognised. These are summarised in Table 2.2 and related to our Tectonic models.
Within these global sedimentary basins, as deposition environments shift through time, patterns ofsedimentary

facies are produced, related to their depositional environment. As depositional environments change position,
adjacent sedimentary facies will succeed each other in vertical deposition sequences, i.e. vertical changes of the
lithology, due to transgression or regression, reflect similar lateral changes (e.g. sediments will coarsen laterally
as well as upwards). Change may be caused by:

• Tectonic downward or upward movement giving transgressive facies patterns with a reduction ofthe land
area due to the encroachment of the sea, or a regressive facies pattern due to withdrawal of the sea.

• Worldwide regressions and transgressions caused by the waxing and waning ofcontinental glaciers, or by
large-scale down or up warping of the earth's surface due to glacial loading or unloading.

• Local transgression and regression by subsidence or uplift of the crust due to rapid coastal sedimentation
or erosion (e.g. the loading on the crust by large deltas).



TABLE 2.2 : TYPES OF MAJOR SEDIMENTARY BASINS

(Partly after Dott and Batten, 1988)

Basin Type

Rift or
aulacogen

Intra cratonic

Passive margin

Trench

Forearc\Backarc

Foreland

Characteristic sediments

Earliest rocks volcanic overlain by thick gravel and sand;
younger rocks may include evaporites and limestones.
Long lived sediment-filled grabens. Little deformation.

Homogeneous quartz-rich sands and limestones, but may
include muds, evaporites, or coal at certain times. Little
deformation.

Quartz-rich sands and limestones passing seaward to muds.
Diapirism.

Fine sediments overlying ocean-floor basalts.
Extensive. Deformed accretionary wedge.

Varied thick sediments ranging from pelagic through
turbidites to alluvial fans, much derived from adjacent
orogenic belts. Volcanoclastics common. Deformed
accretionary wedge.

Heterogeneous gravels, sands and muds derived from the
orogenic belt and shed on to the continental craton; may
be coal-bearing. Relatively stable areas.

Depositional
environments
Rivers and lakes
changing to shallow­
marine

Mostly shallow­
marine with some
deltaic

Shallow-marine shelf
to deeper-marine

Deep marine

Non-marine to
deep marine

Mostly river and
deltaic

Examples of Global Tectonic
Models in figures of paper
Fig. 2.4, 2.7

Fig. 2.6

Fig. 2.6

Fig. 2.9

Fig. 2.9, 2.10

Fig. 2.13

2.2 The Global Tectonic Models
The vast geological knowledge ofthe structure and history ofthe world unified by the plate tectonic theory has

been synthesised with much simplification into the Tectonic models. Ten 'global tectonic' models are presented
as Figures 2.4 to 2.13 in the Models Appendix. We have added to Figure 2.2 and Table 2.2 the approximate
correlation with our Tectonic models, where appropriate. Where there is no close single equivalent, we have
quoted two or more models.

The models must be considered quite idealised. They represent conceptual end members defined from the plate
tectonic theory and are not drawn to represent any specific location but to indicate the particular association of
rock types and structure that typically occur. It is emphasised that all the models are meant to be self-explanatory,
drawn for engineering geology purposes, and to help lead the site investigator on to the site scale models. Each
drawing lists the possible lithological and structural associations within the model. A real area is likely to contain
parts of a variety of models brought together during a long geological history.

The Tectonic models also list as a guide the more likely initial 'site scale geological' models that could occur
within the parent Tectonic model. However, this list is not exhaustive and judgment on each locality must be
made. Thus, by identifying the Tectonic model, the site scale models for the project site can be narrowed down
to a limited number.

Three principal groups of global Tectonic models have been produced to relate to the foregoing discussion: a
group of three relating to intra plate systems (cratonic cores, mobile belts, pIatforms/basins); a group of two
relating to divergent plate boundaries (continental rift, ocean rift) and a group offive relating to convergentplate
boundaries (fold and thrust belts, magmatic arc, collision complexes, foreland basins, accretionary prisms).

In Section 5.0, case histories related to the models have been added.

2.3 A Very Short History of the Earth
An understanding of the eons of geological time - deep time - is essential to understanding how the earth and

the Tectonic models work.
Some regularly repeating (or cyclic) changes, like the advance and retreat of glaciers during the ice ages, are

reflected in the stratigraphic record. Catastrophic irregular or episodic changes are more common, however, and
they have interrupted the record with large scale unconformities which bound the major rock sequences. The
stratigraphic record is thus punctuated, rather than being either continuous or gradual in character.

Unconformity bounded sequences of strata, comprising many formations and covering large areas provide
insights into the histories of plates, continental margins and cratonic interiors. Recognition of the same
unconformities on different continents show a considerable degree ofglobal synchronisation which suggests world-



wide causes of, for example, sea level fluctuations.
The following relates to the stratigraphic column showing the larger divisions ofgeological time given in Table

2.1, and the gross distribution of tectonic elements on the Earth's surface in Figure 2.1.

2.3.1 The Prephanerozoic or Precambrian Time
This includes some 80% of the earth's history from its birth about 4.6 billion years ago (i.e. 4600 x 106 y, or

4600 Ma years ago). The record in the rocks of the Prephanerozoic is much more obscure than for Phanerozoic
times because the lack of datable fossil assemblages in rocks older than 600 to 700 Ma. Correlation must,
therefore, be based on physical field criteria and isotopic dating.

Prephanerozoic time may be divided into the oldest rocks, the Archean, followed by the Proterozoic.
The Archean, from 4600 to 2500 Ma, was dominated during its early part by a massive heat flux which was

so great that little permanent crust could survive; an oxygen rich atmosphere had not yet developed. It has two
main assemblages of rocks:

• Mobile greenstone belts with mafic igneous rocks (e.g. komatite and basalt) associated with heterogeneous
immature clastic sediments rich in feldspar and volcanic rock fragments.

• Gneiss and granitic belts.
By Proterozoic times, from 2500 Ma to 545 Ma, heat generation had apparently declined sufficiently to allow

much larger masses of continental crust to survive. Importantly, clearly recognisable cratons bordered by well­
defined orogenic belts suggested that plate tectonic processes may have been operating much as today.

Early Proterozoic sediments differed from the Archean ones in that they were texturally and compositionally
more mature. They included terrigenous (land derived) clastic material, with well sorted and well rounded quartz
grains, and non-terrigenous chemical carbonate and evaporate strata. Stromatolites formed by algae or bacteria
occurred quite widely in carbonate rocks all of which were deposited in broad shallow seas on stable cratonic
areas.

By late Proterozoic times, important large-scale rifting accompanied by eruption of widespread flood basalts
was occurring. Climates, as far as they can be deduced, seem not to have been too dramatically different from
Phanerozoic ones except that more carbon dioxide may have caused warmer global temperatures, due to the
greenhouse effect. There is clear evidence of extremes of both glaciation and aridity. The more the later
Prephanerozoic sedimentary record is studied, the more it seems to resemble that ofPhanerozoic times, but with
the absence of animal remains.

2.3.2 Phanerozoic Time - the Palaeozoic and Mesozoic
These eras (which started some 545 Ma ago) are dominated by the presence of two supercontinents,

Gondwanaland mainly in the south and Laurasia mainly in the north. Gondwanaland came into existence through
several continental plate collisions associated with Cambro-Ordovician orogenesis: shallow inland seas covered
parts of Gondwanaland until the Devonian and there was a distinct southern marine assemblage of fossils.
Laurasia still comprised scattered small continents in the warm Tethyan sea until the late Palaeozoic, when they
began to merge.

Soon after the Permo-Triassic Gondwana orogeny the new super-supercontinent, Pangea, was formed by the
collision of Gondwanaland with the newly assembled Laurasia.

The palaeoclimate of Gondwanaland, and later, of early Pangea, was clearly zoned since glacial centres can
be shown to have shifted as different parts of the continent drifted across the South Pole. When the Gondwanaland
part finally drifted away from the South Pole and the landmass became larger with the formation of Pangea, the
overall climate became warmer and drier. It was not until the break-up ofPangea at the end ofthe Permo-Triassic
period some 250 million years ago and the eruption of basalts associated with rifts, that the formation of the
Atlantic rift began at the margins of the present central Atlantic basin.

During the Cretaceous, new Atlantic and Indian oceanic zones opened and rifting of micro continents from
northern Africa developed with the widening of the Tethyan Sea. The destruction of the former Gondwanaland/
Pangea was completed about 100 million years ago: the last continental breaks were between Australia and
Antarctica (in the late Cretaceous/early Tertiary) and South America and Antarctica (in the Miocene).

Young rifts between the newly separated continents first received non-marine clastic and evaporite sediments
followed by deep marine sediments as the ocean basins widened. Shallow marine transgressions then flooded the
adjacent cooling and subsiding passive continental margins.



2.3.3 Phanerozoic Time - the Cenozoic
During this period (the last 65 million years), the world began to take on broadly the landforms and landscapes

more or less as we know them today, i.e. the basic engineering geoiogy environment of the regions began to form.
In the Americas the Cordilleran orogenesis was complete during Palaeocene and Eocene times, when the

Rocky and Andes Mountains were formed by compression of Palaeozoic or Mesozoic strata. Inter-mountain
basins were then filled with river and lake deposits, scattered granites and ore deposits were also produced during
tectonic episodes.

Regional up-warping during the late Cenozoic (mainly Neogene) times rejuvenated rivers in the Rocky
Mountain-Colorado Plateau region, resulting in deep canyon cutting. Extension and transform movements of the
crust of the westernmost parts ofNorth America characterised Neogene times in contrast with the compressional
tectonics of Palaeogene times and caused:

• block faulting resulting from crustal extensions across the Basin and Range province.
• plateau basalts to erupt from deep fissures over much of the northwestern American states.
• lateral movement forming the San Andreas Fault System, the long transform zone that offset the east Pacific

spreading ridge by some 3,000 kilometres, and decoupled the Baja California and Californian coast ranges
from the continent.

A passive continental margin coastal plain and the deposition ofcontinental shelf strata succeeded many ofthe
former tectonically active Palaeozoic margin structures.

The Gulf of Mexico Province is now underlain by the thickest sequence of any passive margin and is
characterised by abundant rising salt domes, which produced important petroleum traps: the Arctic Province also
possesses evaporite domes reflecting the dramatically different hot climate that existed during sediment deposition,
in contrast to today' s cold one. The Atlantic Coast Province ofNorthern America also experienced a rejuvenation
of the Appalachian Mountains by crustal up-warping and river down-cutting.

The Pacific Ocean region underwent major changes from Palaeogene to Neogene times.
The distribution of equatorial sediments and the track of the Hawaiian mantle plume indicate a change of

Pacific plate motion about the same time that California collided with an ancient ocean ridge.
• Most modem western Pacific magmatic arcs were either born or modified in mid-Cenozoic time (as was

the Cascade Volcanic Arc of western North America).
• The modem configuration of the Central American-Caribbean Region was achieved during the Neogene,

and the Drake Sea was formed by the separation ofSouth America from Antarctica. The full development
of the circum-Antarctic current resulted.

Eurasia experienced major late Cenozoic tectonic events, viz.:
• The Alpine-Himalayan orogeny was caused by the collision of Africa and Turkey with Europe, as well as

Arabia, India and Thailand with eastern Europe and Asia. Very complex folded structures, including
recumbent nappes, resulted and south eastern Asia was squeezed eastward towards the Pacific along several
large transcurrent fault zones by the force of India's collision.

• The Tethyan Sea disappeared as the collisions occurred. The Mediterranean Sea, a partial remnant of
Tethys is still being closed. Blocking of the Strait of Gibraltar in late Miocene times led to evaporation of
the sea with repeated evaporite formation, followed by Pliocene refilling.

• Cratonic Eurasia, Africa and Antarctica all experienced important rift faulting and volcanism as a
byproduct of Neogene global plate reorganisation. Most obvious was the start of the separation ofAfrica
from Arabia along the Red Sea-Aden rifts.

Australia is currently on a collision course with the Indonesian Arc and ultimately with south east Asia,
converging at the rate of some 6 cm/year.

2.3.4 The Quaternary
The Quaternary is the last and shortest period of the Cenozoic, but it deserves special treatment, as the recent

past is within this period and the top few tens of metres of the Earth's surface, i.e. the part of the earth in which
engineering geologists, geomorphologists and civil engineers work, was predominantly shaped, certainly in detail,
by the events of the Quaternary. These events were mainly climatically controlled and typified by glacial and
interglacial periods. Details of the Quaternary Ice Age are given in the accompanying text box.



3.0 THE ENGINEERING GEOLOGY ENVIRONMENT

In some countries (including the UK) little geomorphology is taught to geologists: it is often taught as part of
a general or specialised geography degree. We consider it essential that engineering geologists have a good
grounding in geomorphology. In this paper, the term 'engineering geology' implies that the geology component
includes geomorphology.

In the same manner, the engineering geology environment ofa site reflects the product of its total geological
and geomorphological histories. Engineering geology environments may thus be described by the site scale
stratigraphy and structure models concerned with 'bedrock' geology - the geological models; and those concerned
with the superficial deposits and landforms - the geomorphological models.

It is important to state that these initial models speak also for themselves and, like the Tectonic models, are
extremely simple and must be considered quite idealised. They are conceptual and reflect existing geological and
geomorphological knowledge, and aim to help anticipate the association and possible geometric relationship of
geological and geomorphological characteristics and features of the project. This approach is loosely based on,



but is different from the GEM (Geological Environmental Matrix) approach described in Fookes (1997), p.395,
which is constructed by considering the results of interaction of rock forming processes with rock modifying
processes.

The purpose of the models is to:
• anticipate and stimulate thoughts on associations ofgeological and geomorphological characteristics and

features;
• give some idea of their spatial and possibly temporal relationship and, importantly;
• enable development ofcheck lists ofcharacteristics and features which need to be considered in the design

of the site investigation and the project. In these it becomes necessary to establish whether such features
occur on site or not and, if so, what is their location, form, range of characteristics and engineering
significance.

The models are also a crude teaching aid to the understanding of geology and geomorphology. As a result of
the simplifications made in developing the models, many geological and geomorphological concepts may have been
omitted or inadequately illustrated. Those wishing to develop their understanding further must read well beyond
this paper. The models are intended to help engineers not so well versed in the ways of geology and
geomorphology. However, to understand them fully requires considerable training, usually gained on a degree
course at University in these subjects, and subsequent relevant experience in the field. A little geological or
geomorphological knowledge can be dangerous unless its limitations are fully appreciated.

3.1 The Site Scale Geological Models
These models represent the 'building blocks' ofthe project site geology and comprise associations ofgeological

materials and geological structures, igneous and sedimentary rock types in various structural and metamorphic
settings. The models can be considered as site or 'local' scale geology. They relate to the global scale Tectonic
models discussed in Section 2.2, as their characteristics relate to their global setting. The Tectonic models can
be considered as parents to the 'regional' geology.

Geological materials at a site will be part of one or more of the three main groups of rocks, igneous,
sedimentary and metamorphic, which are directly or indirectly related to the plate tectonic setting:

• Igneous rocks are divided, on the basis of origin, into intrusives and extrusives, the former are usually
coarse grained: the latter fine grained or glassy. They are also classified as felsic (acid) or mafic (basic),
depending on the kinds and relative amounts of light and dark minerals. Volcanic rocks are further divided
by texture.

• Sediments and Sedimentary rocks fall into two main groups: the detrital, those formed from particles eroded
from pre-existing rocks and the chemical, those formed by chemical precipitation of minerals from salt or
fresh water. Detrital sediments are subdivided on the basis of genesis, grain size and mineralogy. The
chemical sediments are subdivided primarily on the basis of chemical composition. Subsequent to
deposition, new sediments are subject to diagenesis. Diagenetic changes to sediments are those which occur
at lower temperatures and pressures than common in metamorphic processes: with increasing pressure,
diagenesis grades into metamorphism. Diagenetic processes include compaction, dissolution, cementation,
replacement and recrystallisation, which are the means by which unconsolidated or loose sediment is turned
into sedimentary rock, e.g. sand becomes a sandstone. For related discussions see the following text box
on weathering, erosion and deposition.

• Metamorphic rocks are the products ofeither regional metamorphism in which large volumes of in situ rock
are transformed by regional increases in pressure and temperature, or contact metamorphismin which rocks
close to igneous intrusions are transformed primarily by heat. Metamorphic rocks are classified according
to their nature of foliation or cleavage and mineral assemblage or facies.

Detail may be found in any good basic geology or petrology textbook. Engineering geology discussions can
also be found in many good texts, e.g. Bell (1993) and Blyth and de Freitas (1996).

Geological structures are produced by forces acting on the geological materials within the crust. Tectonic
forces can deform large regions of the continents and produce earthquakes when released quickly.

• In some cases the regional movements are simple up and down displacements, i.e. epeirogeny, without
serious deformation of the rock formations. In other cases, horizontal forces connected mainly with plate
collisions, i.e. orogeny, can produce extensive and complex folding and faulting.

• Most oftoday's continental crust can be divided into belts that have been deformed during different orogenic



periods. Africa and North America, for example, contain large stable central regions that have been
relatively undisturbed (except for gentle vertical epeirogenic movements and erosion) since undergoing
episodes of intense deformation in the Precambrian, i.e. they are now cratons. Surrounding these stable
interiors are younger orogenic belts - mountainous areas which were deformed at various times in the
Palaeozoic, Mesozoic and Cenozoic eras (see Tables and Figures 2.1, 2.2 and 2.3).

On the project site, geological structures can result from: tectonic forces related to plate movement; unloading
by erosion; loading by deposition; cooling ofigneous rocks, or drying out ofsediments, and can occur on different
scales at different times depending on the circumstances. The stress from such activities can be accommodated
either by the flow and deformation of rocks over long periods of time or by fracture, the latter being common in
the brittle rocks of the upper crust, often in a shorter period of time. In engineering geology,fractures are called
discontinuities (or defects) in the rock mass. Fractures in geological materials develop in response to stress and
form joints or faults. Joints are structures of small dimension formed in tension or shear but lacking any
significant shear in the plane of the joint. Faults are typically larger structures commonly formed by shear but
where significant movement occurs in the plane ofthe fault. Fault movement ranges from up to a few centimetres
on shallow faults to tens, or hundreds ofkilometres on faults extending to the base of the lithosphere. Most faults
can be broadly classified according to the direction of slip of the adjacent blocks, e.g. dip-slip, strike-slip.

Very commonly structural geology features occur in families ('sets') or patterns related to their formation.
Knowledge of these sets is helpful in anticipating the nature of such features.

While fracturing is a common response to stress at the surface, sustained stress under high confinement
pressures can cause bedrock deformation byfolding. Most folds originate at some depth, the simplest forms being
the monocline, anticline and syncline. Recumbent folds occur where rocks are overturned and both limbs of the
fold are nearly horizontal. The horizontal compression that creates recumbent folds may eventually lead to
shearing of the upper part of the fold, along a thrust fault. Fold patterns relate to the geological stress history, and
again an understanding of this can help in anticipation of the nature of the geological structure of the site.

3.1.1 The Geological Models
Seventeen site scale geological models have been built from personal experience and geological knowledge

briefly described in Section 2.0, Section 3.1 and the text boxes, and by further discussion following in Section 3.2.
They are presented together in the Models Appendix at the end ofthe paper as three-dimensional models. Figures
3.1 to 3.17 have been subdivided into three interrelated groups, i.e. the igneous group, comprising basic volcanic~

acid volcanic; and intrusions of plutonic rock; the sedimentary group, comprising continental fluvial, colluvial
and lacustrine; deltaic; shelfcarbonates and evaporites; and deep marine deposits; the structural and metamorphic
group, comprising jointing patterns in undeformed sediments; normal fault systems; strike-slip fault systems;
thrust systems; open folds and joints; plastic folded with cleavage; multiple-folded/sheared; melanges; schistose;
and gneiss and migmatite.

It is likely that more than one site Geological model will be required to describe adequately a site because the
models are idealised end members whereas project sites are underlain by real, often complex geological and
geomorphological conditions.

3.2 The Site Scale Geomorphological Models

3.2.1 Climate and Geomorphology
The role ofclimatic factors in influencing the nature and rate ofoperation ofgeomorphological processes has

led to the suggestion that different climates are associated with characteristic landform assemblages, i.e. over a
period of time climatic environments can generate a distinctive association oflandforms ofregional extent. Areas
characterised by landforms associated with a particular climate are called morphoclimatic zones.

Table 3.1 shows the earth's current major morphoclimatic zones which relate to the global distribution of the
morphoclimatic zones ofTricart and Cailleux (1972) and the important geomorphological processes in that zone.
We cannot over emphasise the importance of such processes in the site near-surface geology. We have added to
Table 3.1 the approximate correlation ofour initial Geomorphological models with the appropriate morphoclimatic
zone. Where there is no close equivalent, we have quoted two models, the first quoted probably being the closer
to the given zone. The validity of the assumptions behind climatic geomorphology has been strongly challenged
by those who see little evidence ofa close relationship between current climate and landform morphology, except



under the most extreme climatic contrast. Suffice to say that with the exception of landforms which have a very
short relaxation time (i.e. response ofthe landscape to changing climate), most elements ofthe landscape are likely
to be, to a greater or lesser extent, out ofequilibrium with the prevailingclimate conditions because of the rapidity
and magnitude of global climate changes that have occurred over the last few million years. Indeed, in some
regions, such as central Australia and central Southern Africa, there is generally a very low rate of
geomorphological activity and the landscape is dominated by relic landforms developed over millions of years,
often under climates somewhat different from those prevailing now. See, for example, the helpful discussions in
Stoddart (1969), Thomes and Brunsden (1977) and Biidel (1982).

TABLE 3.1 : THE EARTH'S MAJOR MORPHOCLIMATIC ZONES

Morphoclimatic Mean Annual Mean Annual Relative Importance of Examples of Site Scale
Zone Temperature Precipitation Geomorphological Processes Geomorphological

(OC) (mm) Models in this Paper
Azonal Highly Highly Rates of all processes vary significantly with altitude; Fig. 3.18
Mountain variable variable mechanical and glacial action become significant Fig. 3.21
Zone at high elevations.

Glacial <0 0-1000 Mechanical weathering rates (especially frost action) Fig. 3.18
high; chemical weathering rates low; mass movement Fig. 3.19
rates low except locally; fluvial action confined to
seasonal melt; glacial action at a maximum; wind
action significant.

Periglacial -1 to +2 100-1000 Mechanical weathering very active with frost action Fig. 3.20
at a maximum; chemical weathering rates low to
moderate; mass movement very active; fluvial
processes seasonally active; wind action rates locally
high. Effects of the repeated formation and decay of
permafrost.

Wet 0-20 400-1800 Chemical weathering rates moderate, increasing to Fig.3.21
mid-latitude high at lower latitudes; mechanical weathering activity

moderate with frost action important at higher latitudes;
mass movement activity moderate to high; moderate
rates of fluvial processes; wind action confined to coasts.

Dry 0-10 100-400 Chemical weathering rates low to moderate; mechanical Fig. 3.22
continental weathering, especially frost action, seasonally active;

mass movement moderate and episodic; fluvial processes
active in wet season; wind action locally moderate.

Hot dry 10-30 0-300 Mechanical weathering rates high (especially salt Fig. 3.22
(arid weathering); chemical weathering minimal; mass move-
tropical) ment minimal; rates of fluvial activity generally very

low but sporadically high; wind action at maximum.

Hot semi-dry 10-30 300-600 Chemical weathering rates moderate to low; mechanical Fig. 3.21
(semi-arid weathering locally active especially on drier and cooler Fig. 3.22
tropical) margins; mass movement locally active but sporadic;

fluvial action rates high but episodic; wind action
moderate to high.

Hot wet-dry 20-30 600-1500 Chemical weathering active during wet season; rates Fig. 3.21
(humid-arid of mechanical weathering low to moderate; mass Fig. 3.23
tropical) movement fairly active; fluvial action high during wet

season with overland and channel flow; wind action
generally minimal but locally moderate in dry season.

Hot wet 20-30 >1500 High potential rates of chemical weathering; mechanical Fig. 3.23
(humid weathering limited; active, highly episodic mass
tropical) movement; moderate to low rates of stream corrasion

but locally high rates of dissolved and suspended load
transport.

(partly based on various sources summarised in Summerfield, 1991)





If the concept ofrelaxation time is accepted, then distinctive processes and landforms may be associated with
certain climatic environments and that association clearly demonstrates that major differences in climate can have
a profound effect on landscape development. Uncertainty comes with the finer distinctions between degrees of
humidity and temperature evident in attempts to characterise morphoclimatic zones uniquely. There also have
been many discussions relating climatic controls to the magnitude and frequency of meteorological events, e.g.
Douglas (1978).

We present some simple Geomorphological models related to the basic climate classifications, so that the
association of processes and possible landform elements can be considered, together with key annotations and
descriptions which go with the particular model for the purposes of the engineering geology site evaluation.

Basic details of weathering, erosion and deposition are given in the accompanying text box.

TABLE 3.2 : A HIERARCHICAL RELATIONSHIP BETWEEN TIME AND SPACE SCALES
IN LANDFORM EVOLUTION

Dimensions Examples of Landforms Major Controlling Factors
Spatial Time Scale in years
Scale Linear Areal Endo- Fluvial Exogenic Aeolian Endogenic Exogenic

(kIn) (kIn2) genic Glacial
Micro <0.5 <0.25 Minor Pools and Small Sand Individual Microclimates Steady Tens

fault riffles in moraine ripples earthquakes meteorological time
scarps a small ridges and events

river volcanic
channel eruptions

Meso 0.5-10 0.25-102 Small Meanders Small Dunes Local and Local climates Dyna- Thousands
volcanoes glacial regional short-term mic

valleys isostatic climatic time
uplift; change
localised
volcanism
and
seismicity

Macro 10-103 102-106 Block- Flood- Highland Sand Regional Regional
faulted plains ice caps seas uplift and climates;
terrain of major subsidence long-term

rivers climatic
change
(glacial-
interglacial
cycles) Hundreds

Cyclic of
Mega >103 >106 Major Major Continental Large Long-term Major climatic time thousands

mountain drainage ice sheets sand patterns of zones; very to
ranges basins seas uplift, little climatic millions

subsidence change
and (ice ages)
continental
motion

(after Summerfield, 1991)

3.2.2 Scale and Time in Geomorphology
In general terms, any change in an input to a geomorphological system, such as an increased rate of uplift or

decrease in river discharge, is reflected in a change of form. The time this takes may be particularly important
for the life of an engineering structure, as it can range from a few minutes for changes in a small section of an
alluvial channel, to tens ofmillions ofyears, say, for the uplift of a major mountain range. The form of a channel
in unconsolidated alluvium may change in a few hours in response to marked changes in river discharge, whereas
a channel of similar size, cutting into dense, resistant bedrock, may take hundreds or thousands ofyears to adjust,
assuming that the change in discharge persists. It is therefore useful to categorise this range of scale and to talk
of, for instance, micro-scale or macro-scale forms. Such a classification is presented in Table 3.2.

The table gives some suggested ranges of linear and areal dimensions, though it should be emphasised that the
divisions between each scale are somewhat arbitrary. Clearly the micro- and meso-scales are ofmost importance



to engineering projects and on occasion perhaps the macro-scale, e.g. flood plains ofmajor rivers. In environments
in which rates oferosion and deposition are high, landforms can be modified rapidly and the effects of occasional
high magnitude/low frequency events can be obliterated fairly quickly. In such environments a steady state of
equilibrium can be reached in a short period oftime. There are many factors affecting this, an important one being
the degree of resistance of the material being eroded.

Such scale effects are not implicit in the models and their annotation, and need further evaluation during the
project investigations.

For further discussions on geomorphological processes on various scales, see for example the several excellent
discussions in Thorn (1982).

3.2.3 The Geomorphological Models
The Geomorphological models are designed to be combined with the selected site scale Geological model(s)

for the site. It is the combination ofthese initial Geological and Geomorphological models that provide the simple
preliminary model of the engineering geology environment. It is again stated that the objective is to help identify
and predict associations and spatial relationships of geological and geomorphological features and to develop
check lists for further evaluation of the site.

Eight models have been devised and are presented together in the Models Appendix, as three dimensional
models, see Figures 3.18 to 3.25. These portray: mountain glaciation; continental glaciation; periglacial;
temperate; hot/dry; hot/wet; coastal; and soluble. They are based on our experience and the geomorphological
knowledge synthesised in Table 3.1. This table indicates how the models have been combined to cover all the
zones described.

It is likely that more than one Geomorphological model will be required to describe a site adequately because
the models are idealised end members, whereas project sites exhibit real, often complex, landforms and superficial
deposits. These will reflect past morphoclimatic regimes, varying relaxation times and the local geology.

4.0 PREDICTIONS FROM THE INITIAL ENGINEERING GEOLOGY ENVIRONMENT MODELS

In summary: the global Tectonic models provides the setting for the other two groups ofmodels. The site scale
Geomorphological and Geological models have annotations and key descriptions to form the basis for the check
lists, since it is these models which provide the initial basic conceptual picture of the local potential conditions.
Of course, an understanding of the actual geology/geomorphology of the site must come from the subsequent
ground investigation.

We also repeat, we consider it essential that an engineering geologist/geomorphologist of experience be
involved in important projects. It is his/her training and experience that are needed to interpret and develop the
engineering geology history and to input to the planning and the investigation design.

At the desk study stage: the relationship of the initial models for identifying and building the site check list is:

IIdentify Relevant Global Tectonic Model(s) I

~

Identify Relevant Initial Site Scale

Geolo ical + Geomor holo ical Model(s)

IPreliminary Site Check List(s) I

~

Preliminary Site Engineering Geology Environment Model

When the preliminary site engineering geology environment model has been developed, it is used for overall



planning and for the design of the preliminary ground investigation or the full ground investigation, should there
be no preliminary investigation stage.

At the ground investigation stagers): a well designed ground investigation should now progressively identify
site conditions, answer check list questions and give information to build the site real model(s). It is not the
intention here to elaborate on the development ofthe specific site geologicallgeotechnical modeles) and the conduct
ofthe ground investigations - guidance is given in numerous publications, but it is worth emphasising that the site
check list should continue to be systematically evaluated and developed, using geological/ geomorphological
judgement and the findings from the investigation.

It is also necessary to emphasise that the investigation should not consist solely of boreholes. Adequate
engineering geology/geomorphology mapping should be carried out or be in place early in the investigations, and
pits and other high return ground observation techniques should figure largely in the investigation. Engineering
geological/geomorphological interpretation of the situation must be continuous and early observation and
deductions continuously reviewed, objectives defined and questions asked (see for example Stapledon, 1983 and
1996). This process must continue into construction and the service life of the project.

5.0 THE CASE HISTORIES

6
4
3
3
2
1
1
1

3
2
2
2
2
1
1
1
1
1
1

No. of Cases

No. of Cases
Physical Factors

Technological Factors

TABLE 5.1 : FACTORS WHICH CONTRIBUTED
TO DAM INCIDENTS (from Stapledon, 1976)

Description
Limit of state of art was reached in one or more aspects
Lack of engineering knowledge by geologist
Geological advice was incorrect or insufficient
Inadequate project management machinery
Inadequate subsurface exploration
Communications problem - geological language not understood by engineer
Error in design or construction
Magnitude of project introduces extraordinary site investigation problems

Factor
Sliding
Uplift
Displacement on fault
Internal erosion
Earthquake
Weakening of foundation on inundation
Slope creep
Landslide into storage
Excessive deformation of foundation
Excessive deformation of dam
Flood scour

5.1 Introduction
Case histories have been used for many years to illustrate reasons for various failures. For example, Stapledon

(1976) reviewed what he called 'factors which contributed to dam incidents' which we have reproduced in Table
5.1. This table illustrates the need for good geological advice and good interaction and communication between
engineers and geologists, in short, good engineering geology.

The case histories which
follow are presented to show how
the use of the models, described
in this paper, could have helped
in anticipating the various
geological causes of failure that
were identified. These cases
resulted from a considerable
review of worldwide literature.
There was some difficulty in
choosing them since many of the
cases reviewed contained
insufficient geological
information to make hindsight
judgements on the relevance of
appropriate models, and in many
cases the causes of the failures
were not clear. Such case
histories were not used. The
coverage by case histories is
therefore not complete and it
should be noted that:

• examples illustrating the relevance of some site scale models (and two global Tectonic models) are not
provided through lack of leading case histories;

• where it is not clear which particular model would have prompted the inclusion in the check list of the
condition that was the cause of the failure (due to lack of information published within the case history),
i.e. identifying the single most significant model, two site scale models have been given as potentially
containing the appropriate check list item.

• some site scale models were over-represented with cases, e.g. the soluble, open folds and joints, mountain
glaciation and periglacial models. Where this occurred these models have been limited to three or four
leading case histories.



• the majority of case histories are somewhat negative; they are, by necessity, all about failures.
• some of the case histories are from many decades ago, and investigation techniques have moved on.
As the models are all part ofa continuous series, i.e. anyone model can merge with any other model, and many

of the potential check lists will repeat items. For example, sheared clay might appear in several models, as also
do many situations leading to mass movements or the presence ofweathered material. The case histories are not
in particular order: developing a systematic scheme for presenting them was not found practical and, therefore,
the case histories have been simply numbered in the order in which they appear in the text to illustrate the model.
Models are presented in their figure number order related to the site scale models.

It is important to note that many of the models illustrate contemporary conditions as well as ancient, i.e. fossil
conditions or activity at the time offormation. For example, 'fluvial, colluvial and lacustrine' (Fig. 3.4) illustrates
both modem river systems and evidence of the existence of ancient river systems, now preserved in their
sedimentary rocks. 'Basic volcanics' (Fig. 3.1) serves to illustrate both modem volcanic situations (e.g. common
in island arcs) and long cooled ancient volcanic rocks. 'Hot dry climate features' (Fig. 3.22) illustrates both
modem deserts, and ancient deserts such as those found in the Permo-Trias in Europe. In southwest England,
tropical residual soils still exist in the weathered profile ofnear surface rocks, although the climate that was largely
responsible for them ceased to exist in Britain before the Quaternary as its plate moved northward into cooler
latitudes. 'Hot wet' (Fig. 3.23) therefore illustrates this situation, as well as modem conditions in tropical
rainforests.

5.2 Global Tectonic Models and Case Histories
These models are large scale and are primarily intended to help identify site scale initial models and to put these

models into the broader setting. No anticipation list has been given with the global Tectonic models for this
reason; anticipation annotation is only supplied with the site scale models. Therefore, the case histories are not
specifically based on the global models although the relevant global model is indicated in each case history; where
more than one model pertains, this is also indicated.

Identification of the appropriate Tectonic model for any particular site would be made by the geologist, either
from his local knowledge or reading of the literature. Since the theory of plate tectonics was developed in the
1960s, many of the subsequent geological papers published of a particular area identify the relevant tectonic
setting. Such papers can be used to identify one or more of the models. Appropriate modem text books carry
maps of the world divided into various plate-related subdivisions, which can be used to help identify the relevant
model or models. Our Figures 2.1, 2.2 and 2.3 and Sections 2.0 and 3.0 are to help broadly in this.

Each Tectonic model contains a list of the principal lithologies associated with the model, the gross structure,
examples and, in particular, related site scale Geological models. However, the site scale list must not be
considered fully comprehensive as, within reason, each Tectonic model has the potential to contain parts of the
great majority ofthe site scale Geological models and, therefore, only the most likely models have been listed. The
engineering geologist using this system should be aware of this.

Each figure portraying the model is meant to be essentially self-contained and requires little further comment.
The way the figures relate to each other is broadly indicated in Section 2.2, in Figure 2.2 , and in Tables 2.2 and
3.1. Discussion of the fundamental geology of the global structure and processes is given in Section 2.0. The
following are short notes on each global Tectonic model and indicate their relevant case histories.

Cratons (Fig. 2.4) - Refer especially to Figure 2.2 to see how these ancient land masses merge into adjacent
systems: see Case Histories 16 and 17 below.

Mobile belts (Fig. 2.5) - These rocks are the remains of ancient collision zones: see Case Histories 14,26 and
27.

Platform sediments and basins (Fig. 2.6) - This model covers large parts of the world and produced many
case histories. For example, see Case Histories 4, 12, 18, 19,20,21,22,24,26 and 31.

Continental rifts (Fig. 2.7) - We thought that this would produce several case histories: in fact, we could not
find a good one - no doubt they exist.

Oceanic rifts (Fig. 2.8) - Much of this model exists on sea floors and where these emerge, for example in
Iceland, conventional case histories become possible. See Case History 6.

Accretionary prisms (Fig. 2.9) - In the formative stage of this model the system is under deep water and
therefore did not produce conventional case histories, and we did not find any good examples from the older parts
of the stratigraphic column.



Fold and Thrust belt (Fig. 2.10) - This model is generally found as a distinct zone in orogenic belts, after the
deep water sequences of forearc or backarc basins have been subjected to orogenesis (see Figs. 2.2 and 2.3). See
Case History 27 which is one of a few that we have tested ourselves by work in the field, using key words and
check lists that we developed and which were very successful in identifying problems, some of which were hitherto
unforeseen (although not unforeseeable) in the original site investigation. Though the model and key words were
only used after the original site investigation had been completed, problems were quickly identified. Note that this
same case history is used to illustrate the magmatic arc model as the site setting contained elements ofboth models.

Magmatic arc (Fig. 2.11) - Modem examples of this are found in the world's active island arc zones and are
illustrated by our Case History 27.

Collision complexes (Fig. 2.12) - This proved one ofthe easier models for which to find case histories as much
engineering and building construction seems to have been carried out in such zones. See Case Histories 1, 11, 13,
14, 23 and 28.

Foreland basins (Fig. 2.13) - Again, another area in which construction is active. See, for example, Case
Histories 3, 4, 5, 10 and 15.
5.3 Site Scale Models and Case Histories

Selection ofthe case history number was based on what was considered to be the site scale model most relevant
to that case history, i.e. it becomes the leading case history: each case history invariably had several other, i.e.
associated, site scale models that could also be related to it.

It is opportune to emphasise again that in the figures the models are portrayed simply for clarity. Each model
will inevitably require considerably more detail to be added to it and the engineering geologists are encouraged
to do this from their experience and from relevant literature studies. The check lists produced should therefore
be much more comprehensive than the model. For example, Fell, et al. (1992), their Section 3.2.7, gives a check
list ofquestions for intrusive and flow volcanic rocks, and a separate check list of questions for pyroclastic rocks
in Section 3.3.3. The discussions they give with the development of their check list are very helpful in
understanding the function and derivation of such lists.

5.3.1 Geological Models
Basic volcanics (Fig. 3.1) - Although potentially a common model, no case history was found where it was

thought this model would be the leading one providing the check list. However, several of the case histories also
include this particular model as an associated model. These cases are identified in the following text.

Acid volcanic (Fig. 3.2) - Similar comments to those for the basic volcanic model apply also to this model.
Plutonic intrusions (Fig. 3.3) - This is an example of a model with geological processes that do not have an

active expression on the ground surface, so that all the examples of such a model are ancient. See Case History
1.



Continental, fluvial, colluvial and lacustrine (Fig. 3.4) - A good example of a model representing both
modem and ancient situations, illustrated by Case Histories 2, 3 and 4. Case History 2 is one of the cases with
which the authors have had direct experience. In their view the existence of initial models would have helped
anticipate the problems that occurred.



Continental deltaic (Fig. 3.5) - Although this incorporates ancient coal measure systems, which commonly
occur, we could not find a leading case history. However, this model is given elsewhere as an associated case
history.

Shelfcarbonates andevaporites (Fig. 3.6) - Again, this is a good model to illustrate local modem and ancient
environments. See Case History 5.



Deep marine deposits (Fig. 3.7) - Although offshore oil exploration is extending into deeper water, and we
hoped would provide good examples of case history studies, we have found only Case Histories 6 and 7 to
illustrate this site scale model.

Normal/aults (Fig. 3.8) - Although such features are relatively common and often encourage landslide
occurrence, only one suitable, but small scale, case history was found. See Case History 8.



Strike-slip faults (Fig. 3.9) - Again, a relatively common model. The 1906 San Franciscan earthquake on
the San Andreas Fault is used to illustrate this model. Case History 9.

Thrust systems (Fig. 3.10) - Again, a relatively common phenomenon in active plate tectonic areas but no
leading case history was found.

Jointings in undeformedsediments (Fig. 3.11) - Again, we thought this would produce several case histories,
but no leading case history was found.

Openfolds andjoints (Fig. 3.12) - This particular model produced many case histories from which we have
selected three. Case Histories 3 (again), 10 and 11.
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B =dam crest; Js =Upper Jurassic limestones; C =Lower Cretaceous marls;

1 = rinci al fissure; 2 =other, dee er fissures; 3 and 4 =secondar fissures; 5 =stress relief fissures

(Gignoux and Barbier, 1955)
Figure 5.1 : Barrage de Castillon - block diagram



Plastic folded with cleavage (Fig. 3.13) - This model is again potentially fairly common in convergent
boundary systems. However, we did not find any readily identifiable case histories and thought that this could
be because the cleaved nature of the rocks involved was not brought out in the case histories we reviewed.

Multiple folded sheared (Fig. 3.14) - This model related to several of the case histories, though not always
as the leading case. It is again a potentially very common model, especially for convergent boundaries, and we
illustrate it with Case History 12.

Tectonised melanges (Fig. 3.15) - A potentially fairly common situation in convergent boundaries but also
one for which we found no leading case history.

Schistose rocks (Fig. 3.16) - A potentially fairly common situation in convergent boundaries but also one for
which we found no leading case history, but see Case Histories 14 and 30.

Gneiss and migmatite (Fig. 3.17) - A potentially fairly common situation in convergent boundaries but also
one for which we found no leading case history, but also see Case History 30.

5.3.2 Geomorphological Models
Mountain glaciation (Fig. 3.18) - This model is related to many case histories and itself merges into the

continental glaciation and periglacial models and potentially into the temperate model, so that there is a lot of
overlap in this area. This particular model is illustrated by Case Histories 13, 14 and 15.
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RG, RD = left bank, right bank; a = morainic, colluvial and alluvial material;

B = dam; V = reinforced concrete vault; G = aller

(Gignoux and Barbier, 1955)

Figure 5.2 : Barrage des Echelles d' Annibal - cross section of gorge cut by sub-glacial torrent

Continental glaciation (Fig. 3.19) - Again, this is a potential, common model which we illustrate with Case
Histories 16, 17 and 18. This model merges into mountain glaciation, periglacial and temperate models.




















































































































	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



