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Foreword and endorsement

Geotechnical engineering quite literally underpins the construction industry.

Using a combination of geophysics, structural engineering and materials science, geotechnical engineers
explore the interactions between soil, rock, water and structures, and develop solutions that enable
buildings, tunnels, bridges, roads and other forms of infrastructure to carry the loads they are designed for,
under all the conditions they may be expected to experience, over their planned lifetime and beyond.

Throughout my career, | have worked on numerous projects which have relied heavily on the skills of
geotechnical engineering, so | am personally aware of the need to ensure the next generation of engineers
continues to develop the knowledge and skills necessary to ensure our infrastructure continues to be built
on safe, sustainable and long-lasting foundations.

| therefore commend this impressive and comprehensive work to all those who wish to develop and improve
their knowledge of geotechnical engineering.

Keith Howells BSc, MBA, CEng, FICE, FCIWEM, FRENng
ICE President, 2022-2023

The ICE Manual of Geotechnical Engineering is an essential reference document for experienced geo-
professionals and non-specialists seeking to improve their knowledge of the subject. It covers historical
aspects of how the subject evolved, the principles of soil mechanics, their application to designing and
building in and on the ground, and how to manage and report geotechnical aspects of projects. The British
Geotechnical Association is proud to remain affiliated with this updated edition of the document.

Dr Andrew Ridley
Chair of the British Geotechnical Association

ICE Manual of Geotechnical Engineering, Second edition © 2024 Emerald Publishing Limited www.icevirtuallibrary.com
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We began to formulate the initial ideas for the first edition of this Manual as early as 2006. It had become
apparent to us that civil and structural engineers not specialising in geotechnics face a daunting knowledge
gap when they come up against a geotechnical problem. Most civil engineers leave university with very
little grounding in geotechnical engineering. They will have a fair grasp of applied mechanics (mainly
aimed at structural engineering). They will have had a basic introduction to geology and they will have
studied the elements of soil mechanics and rock mechanics. But a recent graduate usually lacks a
coherent understanding of the approach to, and methods of, geotechnical engineering and how these
differ from other more widely practised branches of engineering. A survey carried out by ICE Publishing
showed that information tends to be obtained from a wide range of sources through word of mouth, the
internet and various publications. For the young practitioner this leads to a fragmented approach. Much of
the geotechnical material is written by specialists for specialists, and its ad hoc application by a general
practitioner is often inappropriate and can be extremely dangerous. We felt that it would be of great benefit
to our profession to provide a single first-port-of-call authoritative reference source aimed at informing the
less experienced engineer. To our delight this concept was endorsed by the ICE Best Practice Panel and
the British Geotechnical Association and has offered a unique opportunity to provide authoritative guidance
within a coherent framework of good geotechnical engineering.

It is most gratifying to note that the first edition of this Manual proved to be the most downloaded e-book of
ICE Publishing’s portfolio in 2022. Most of the chapters in this second edition have been extensively revised
and updated to include the latest guidance documents and references. A major advance is the inclusion of
carbon as a key metric in the choice of foundations and basement systems. In this regard, great emphasis is
placed on avoiding unnecessary carbon emissions by avoiding over-conservatism in new designs and the
application of codes sensitively in the remediation of old structures. Another important emerging challenge
is the impact of climate change which will affect earthworks and slope engineering in particular.

As with the first edition, this second edition of the ICE Manual of Geotechnical Engineering has been a
labour of love! The contribution of 99 contributors and ten section editors has made it possible to distil a
great deal of experience from the profession into the chapters you see here. Don’t imagine this will cover
everything that a geotechnical engineer will face in their career — but it provides a ‘starting point’ from which
to build experience while remaining grounded in robust fundamentals.

As mentioned previously, the Manual is aimed at people in the early stage of their careers who need

a readily accessible source of information when working in new aspects of geotechnical engineering.
However, it is expected that it should also prove valuable to all geotechnical engineering professionals.
The aim has been to produce a manual that addresses the practice of geotechnical engineering in the
twenty-first century including contemporary procurement, process and design standards and procedures.
The grouping of chapters has been carefully chosen to facilitate a multidisciplinary and holistic approach
to the solution of construction challenges. A key message is the importance of drawing on ‘well-winnowed
experience’ for the smooth and reliable execution of projects. Such experience is best gained by working
closely with a suitably experienced design or construction team.

xiii
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It is hoped that this Manual will help in the training and development of the next generation of geotechnical
engineers and will act as a useful source of reference to those with more experience.

The editors are grateful to all those contributors and section editors who have generously given so much of
their time and knowledge in producing such a comprehensive book.

Michael Brown, John Burland, Tim Chapman, Kelvin Higgins, Hilary Skinner and David Toll

Xiv www.icevirtuallibrary.com ICE Manual of Geotechnical Engineering, Second edition © 2024 Emerald Publishing Limited
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Figure 1.1 Layout of chapters in Section 1

Figure 1.1 outlines the layout and contents of Section 1 Context.

The first three parts of the section address the development
of soil mechanics and geotechnical engineering as a distinct
discipline over the past 80 years or so. Chapter 2 Foundations
and other geotechnical elements in context — their role
explains the importance of foundations and structures built
in or of the ground within civil engineering and construction,
and the need for a formal and holistic geotechnical engineering
design process. Chapter 3 A brief history of the development of
geotechnical engineering gives a history of the development
of geotechnical engineering at the borderline between science
and art, with the latter defined by Terzaghi in 1957 as ‘mental
processes leading to satisfactory results without the assistance
of step-for-step logical reasoning’. This is reflected in the ‘geo-
technical triangle’, described in Chapter 4 The geotechnical
triangle, which emphasises the essential elements of successful
geotechnical engineering as understanding the ground, mate-
rial properties and relevant precedents (well-winnowed experi-
ence), connected by an appropriate model for analysis.
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Chapters 5 Structural and geotechnical modelling and 6
Computer analysis principles in geotechnical engineering
address some important principles of modelling and analy-
sis in geotechnical engineering. Particular attention is paid in
Chapter 6 Computer analysis principles in geotechnical engi-
neering to computer methods, for which it is essential that an
engineer has a sound understanding of the basis of the method
of analysis, the influence of the material properties used and
the shortcomings and limitations of the approach.

Finally, Chapters 7: Geotechnical risks and their context for
the whole project to 11 Sustainable geotechnics discuss key
aspects of the regulatory, commercial and ethical framework
with which geotechnical engineering practice must comply,
now and into the future. Chapter 9 Foundation design deci-
sions emphasises that foundation engineering is a ‘process’
involving a number of interlinked operations, and design deci-
sions need to take account of this. The other chapters address
understanding and apportioning of geotechnical risk within a
whole-project context (Chapter 7 Geotechnical risks and their
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context for the whole project); health and safety (Chapter 8
Health and safety in geotechnical engineering); current stan-
dards and codes of practice (Chapter 10 Codes and standards
and their relevance); and sustainability (Chapter 11 Sustainable
geotechnics). These issues are especially important, given that

the place occupied by geotechnical engineering at the bor-
derline between science and art means that risks are often
more difficult to foresee and quantify than other areas of civil
engineering, and the discipline does not lend itself to highly
detailed codes of practice.
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Chapter 2
Foundations and other

geotechnical elements in

context — their role

John B Burland Imperial College London, London, UK
Tim Chapman Arup, London, UK
Marianne Walsh Arup, London, UK

The purpose of this chapter is to describe the basic principles of geotechnical design and
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construction in the context of the whole project. At a given site the ground conditions have 2.6. The geotechnical design

resulted from millions of years of natural geological processes (which are seldom simple) and
have sometimes been modified by humans (e.g. by mining or many other processes). As a
consequence there are always inherent uncertainties and risks, and the art of geotechnical
engineering is to make informed allowance for these, in both design and construction. The key

and construction cycle 8

2.7. Common factors
associated with
geotechnical success 10

requirements for all geotechnical elements of a project are described. Emphasis is placed on the
importance of constructive and positive interaction with professionals engaged in the many
other contributing disciplines. The design life of the geotechnical elements is considered and the
important concepts of geotechnical design and the construction cycle are introduced. Various
managerial approaches to identifying the key elements of the complete design and construction
process are described. The chapter concludes with a summary of the factors common to most
geotechnical design and construction projects that are necessary for a successful outcome.

2.1. Geotechnical elements in the context of the
rest of the whole structure
All built structures touch the ground in some way and hence
all need some form of foundation. Other geotechnical elements
include retaining walls and ground anchors. Sometimes they
can be shallow (e.g. pad footings or gravity-retaining walls),
other times they are deep (e.g. piles or embedded retaining
walls). Often they rely on geotechnical processes such as
ground improvement to produce a geotechnical element.

All foundations and other geotechnical elements have a
number of characteristics that distinguish them from other
parts of the structures that they support.

W They tend to be among the most heavily loaded elements in any
structure.

m Their installation process is less amenable to factory-style
production.

B Their capacity is very dependent on the ground of the site, which
is always characterised by few observations and tests, and is nor-
mally very heterogeneous and may contain hazards that are dif-
ficult to foresee.

B Their capacity is strongly influenced by the method of construc-
tion and how well it is controlled.

Hence, the risk of failure tends to be significantly higher
than that for other parts of the structure. The management of
ground uncertainty is an important part of the design and con-
struction process in order to produce elements that have the
required degree of reliability.
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A vital consideration in geotechnical design is the interac-
tion of the structural element that is inserted into the ground
with the ground itself — so-called ‘soil-structure interaction’.
Structural loads are applied to the element and the ground
resists — generally either by friction along the element, or
by bearing of the element against the ground. Both of these
resistances can occur vertically or horizontally, as shown in
Figure 2.1. Normally ground stresses are maintained within
failure limits, so the resulting displacements depend on the
stiffness of both the element and the ground.

’7\\ // / Load
/]
/ 5
/ A —— S
4:: IE { \
/" Earth | —= ;Elir;r;ure
/ pressure \ P \

Figure 2.1 Soil-structure interaction
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Loads can be imparted into foundations directly, as vertical
or horizontal loads, or as imposed bending moments. They
can also be imposed indirectly as displacements, which induce
loads into the structural parts of the foundation. Eurocode 7
(BS EN 1997 — BSI, 2004, 2007b) treats these in a similar way
by introducing the Newtonian concept of an ‘action’.

Geotechnical elements are characterised by much higher
degrees of uncertainty than other structural elements. The
uncertainty is derived from

the inevitable significant assumptions and idealisations that
underlie the overall geotechnical design

natural variability in the ground being modelled, often mani-
fested by vast scatter in data points on graphs

inherent variability in the construction processes, and their con-
trol, that are used to install the geotechnical elements and foun-
dations, which may also have a profound effect on their eventual
performance in service

usual variability in the applied loads transmitted through a nor-
mally highly structurally indeterminate construction meaning
that the actual loads on each foundation may be very uncertain

the possibility of the construction and performance being heav-
ily influenced by an unexpected feature of a site — for example
a major geological discontinuity such as a sinkhole or a fault. It
is not unusual for major construction problems to arise owing to
adverse groundwater conditions.

All of these uncertainties mean that engineers who pre-
sume that their calculations are precise and predictable are
deluded and may expose themselves to much more oner-
ous load combinations than they could imagine. The wise
geotechnical engineer should be humble and make prudent
allowances for uncertainty. This is explained in more detail
in Chapter 7 Geotechnical risks and their context for the
whole project.

2.2. Key requirements for all geotechnical
elements

All foundations or other geotechnical elements must fulfil a
number of essential criteria.

They must not fail, or else the structure they support will also
fail. In terms of limit state design, failure by any mode is termed
reaching or exceeding an ‘ultimate’ limit state, and may involve
failure of a structural element or rupture along a soil—structure or
a soil-soil interface.

They must not move excessively or else the structure they support
may become impaired or fail to operate as intended. In terms
of limit state design, excessive deflection involves breaching a
‘serviceability’ limit state.

They must last for as long as intended. Unlike many other build-
ing elements, foundations are hugely difficult to upgrade or
repair, so their longevity will often dictate the life of the structure
that they support.

There is a range of ways in which geotechnical structures can
fail an ultimate limit state, and these are shown in Figure 2.2.

Failure of a serviceability limit state is usually less serious
than failure of an ultimate limit state, and is often repairable.
It usually occurs when excessive displacements have taken
place that impair the function of the structure. In addition to
excessive movement, it also includes other forms of unaccept-
able tolerances, such as moisture penetration into basements.
Examples are illustrated in Figure 2.2.

Design lives are covered in more detail in Section 2.4. Other
than failures of a limit state, the life of a structure can be
reached when

it has become affected by material deterioration processes, such
as corrosion of steel, carbonation of concrete or rotting or insect
infestation of timber

it has been subjected to physical processes, such as repeated load-
ing cycles causing fatigue, or excessive damage from impacts

it fails to meet new design or material standards and so offers a less
than acceptable level of resistance against load, corrosion and so on.

2.3. Interaction with other professionals

The geotechnical engineer is seldom the professional solely
in charge of a complete project — almost invariably the func-
tion sought of a new structure or facility goes beyond merely
geotechnical considerations. Therefore, the role of a geotech-
nical engineer should be to support the wider design and con-
struction process. They are likely to have most influence if the
input complements the work of other professionals rather than
seeking to dominate or failing to engage.
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The geotechnical engineer should be alive to the broader
design process and any failures or gaps in those wider pro-
cesses. The ICE (2018) report In Plain Sight: Assuring the
Whole-Life Safety of Infrastructure highlighted a series of
broad lessons that the construction industry and civil engineers
should learn from the Grenfell Disaster — many projects have
similar failings, so-called ‘soft hazards’ — and it is the respon-
sibility of the professional to be alert to wider problems and
ensure that the whole team react positively to resolve them.

All project programmes involve controlled phases of input so
that the optimum solution is devised with mutually consistent
input from all members of the project team, through design
procurement, implementation and commissioning. Once com-
missioned there is a need for maintenance, upgrades and
repairs through the working life of the structure and finally
decommissioning and sometimes reuse of the original ele-
ments in a fresh structure.

Client Best Practice Guide (ICE, 2009) provides a gener-
alised approach for such inputs, based on the systems used
for buildings (Royal Institute of British Architects, 2007 and
updated in 2020) and the rail industry (Network Rail, 2007,
previously known as the Governance for Railway Investment
Projects, replaced in 2021 with Project Acceleration in a
Controlled Environment), as well as guidance from the UK’s
former Office of Government Commerce (OGC) (now part of
the Cabinet Office Efficiency and Reform Group). More detail
on these processes is given in Section 2.5.

In the early stages there will be little certainty about the
optimum solution, and many competing options will be con-
sidered and dismissed, often for reasons not obvious to indi-
vidual members of the technical team. The design team can
contribute best to this process if they understand the required
function and the client’s business drivers for the new structure
or facility.

The early stages are also the period when it is easiest for the
project to take on board geotechnical constraints and design
and construction requirements. Hence, the geotechnical engi-
neer is likely to have most success in integrating these require-
ments into the rest of the structure if they are identified early
on, although this will often be in advance of the acquisition of
data and completion of analyses. Therefore, experienced geo-
technical input is valuable in these early stages and will often
lead to a better solution, simpler design and construction pro-
cesses and less costly subsequent geotechnical involvement.

The work of the geotechnical engineer is seldom completed
in isolation. Normally there is much interaction with structural
engineers. Sometimes the work of the geotechnical engineer is
subsumed beneath that of the structural engineer. For simple
structures this may be appropriate and sufficient, but for more
complex geotechnical structures, or where the ground condi-
tions are complex, it is likely that the geotechnical engineer

will be better able to explain the particular issues directly to
other members of the design team.

2.4. Design lives for geotechnical elements
Relevant design lives for structures are defined in Eurocode
‘Basis of structural design’ (BSI, 2010) and are generally dis-
tinguished according to whether the structure is a building or
a piece of infrastructure. In its Table 2.1 it defines design life
categories as follows.

Category 1: Temporary structures, not including structures or
parts of structures that can be dismantled with a view to being
reused — 10 years.

Category 2: Replaceable structural parts, such as gantry gird-
ers, bearings — 10-25 years (the UK National Annex to BS EN
1990:2002 modifies this to 10-30 years).

Category 3: Agricultural and similar buildings — 15-30 years
(modified in the UK to 15-25 years).

Category 4: Building structures and other common structures —
50 years.

Category 5: Monumental building structures, bridges and other
civil engineering structures — 100 years (currently modified in
the UK to 120 years to bring it into line with traditional National
Highways bridge design life; it is possible that the UK may revert
to 100 years if National Highways changes their guidance).

As foundations are difficult to repair or upgrade and as most
structures last for longer than the period for which they were
designed, allowing for a longer life is prudent.

Foundations are difficult and expensive to remove and so
some consideration should be given to what will occur after the
life expiry of the structure they support. This was addressed
by the RuFUS (Reuse of Foundations on Urban Sites) project
(see Butcher et al., 2006; Chapman et al., 2007) and in the
paper A Short Guide to Reusing Foundations (Tayler, 2020).
Where it is likely that a new structure with new foundations
could become a major obstruction, the potential for future
development of the site may be inhibited.

To prevent abandoned foundations from becoming an
insidious form of ground contamination, the RuFUS project
advocated that all foundations should be designed with the
intention of allowing subsequent reuse. This mainly relates to
the recording and saving of records so that the old foundations
can be assessed by the future design team.

While most foundation and geotechnical elements are pro-
vided for ‘permanent’ elements that are required to persist for
a normal structural life, sometimes foundations are required
for shorter periods. These include the following.

Interim structures, required for a significant life, perhaps
10 years.

Contractor’s ‘temporary’ works — structures that fulfil a tempo-
rary function during construction of a more significant structure,
such as thrust blocks and crane bases. Sometimes a life of 1-2



years is specified. For these, Eurocode 7 Part 1 (BS EN 1997-
1:2004; BSI, 2004) Clause 2.4.7.1(5) states ‘Less severe values
than those recommended in Annex A [for partial factors] may
be used for temporary structures or transient design situations,
where the likely consequences justify it’. This guidance is current
at the time of writing and the next update of Eurocode 7 is due for
publication in 2024.

m Demountable structures, such as scaffolding or temporary stands
as may be required at sport or music venues, where a life of
only perhaps weeks is required. The Institution of Structural
Engineers (2017) guide, Temporary Demountable Structures:
Guidance on Procurement, Guidance and Use, defines typical
foundation concerns for such structures.

Design life can influence choice of factor of safety. However, it
needs to be considered with the following points.

W The frequency with which the most onerous design load combi-
nation occurs — if it is very infrequent compared with the design
life, some reduction in margin against failure may be possible.
This may occur with 1-in-100-year wind or flood events or with
1-in-475-year seismic events.

m The consequences of failure — where the consequences are mild
and do not threaten safety, then a lower factor may be permissible
provided the economic consequences are judged and agreed as
acceptable.

The design life also to some extent governs the measures
required to limit deterioration of the foundation materials.
Conventional structural design codes such as Eurocodes 2 (BS
EN 1992; BSI, 2006) and 3 (BS EN 1993; BSI, 2007a) contain
implicit requirements to ensure longevity of foundations; prin-
cipally, crack width criteria for reinforced concrete, intended
to limit the intrusion of air and water which then can come
into contact with the reinforcing steel, and whose effect can be
exacerbated by the presence of chloride ions from salt. Where
potential corrosion processes will be slow compared with the
foundation design life, it may be possible to relax these struc-
tural requirements for structures intended to have short lives,
provided that code non-compliance is acceptable to the owner
and any approver.

Temporary structures may sometimes have less onerous
movement limits. Their nature may mean that larger movements
are easy to accommodate; for instance, in temporary stands
where shims and jacks can be used to compensate for differen-
tial foundation movements or where there are no rigid finishes
that make obvious the effects of differential settlements.

2.5. Design in a time of climate and biodiversity
emergency

It is now very clear that the planet is going through a period
of unprecedented climate change, resource depletion and huge
impacts on biodiversity — all caused by human activity, and
the construction industry is responsible for a significant part of
those effects. It is important that geotechnical designers (oper-
ating as part of a wider team) take into account

8 www.icevirtuallibrary.com

B aneed for much greater circular economy so resources are used
more sustainably

W as part of that, a much stronger emphasis on refurbishment of
structures rather than new build, with reuse of foundations a
major enabler for that

B aneed to integrate better with nature

m aneed to always reduce carbon, both capital and whole life, fol-
lowing the principles of PAS 2080 (BSI, 2023)

B much stronger emphasis on resilience — and potentially adapta-
tion — to new climate conditions, for instance much higher sus-
tained temperatures or much greater rainfall.

These are discussed in more detail in Chapter 11 Sustainable
geotechnics.

2.6. The geotechnical design and construction
cycle

Geotechnical design should be carried out in conjunction with
the design of the whole structure, as explained in Section 2.1.
Geotechnical design must always be carried out consider-
ing the source of the data and how the design will be imple-
mented, with all three parts of this process being inextricably
linked, as illustrated in Figure 2.3.

2.6.1 Project phases

All construction projects go through a number of distinct
phases

B planning

m development

implementation

operation

decommissioning.

Buildability concerns require
data to influence choice of
most appropriate construction
method

Alternative designs

Construction process
influences choice of
appropriate design

parameters

Figure 2.3 The geotechnical design and construction cycle
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