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Dedication

This book is dedicated to Bill Curtin who died suddenly in
November 1991 following a short illness.

Bill’s contribution to the book at that time was all but 
complete and certainly well ahead of his co-authors. It is a
source of sadness that Bill did not have the pleasure and
satisfaction of seeing the completed publication but his
input and enthusiasm gave his co-authors the will to com-
plete their input and progress the book to completion.
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Preface

relevant to the subject area and the opportunity has been
taken to revise and update the original material in line with
these new references. In particular, the chapter on con-
taminated and derelict sites has been rewritten incorporat-
ing current UK guidelines contained within the Part IIA
Environmental Protection Act 1990 and guidance provided
by DEFRA, the Environment Agency and BS 10175.

The work continues to draw on the practical experience
gained by the directors and staff of Curtins Consulting over
45 years of civil and structural engineering consultancy,
who I thank for their comments and feedback. Thanks also
go to the Department of Engineering at the University 
of Wales, Newport for providing secretarial support and
editing facilities.

N.J. Seward

In this age of increasing specialism, it is important that 
the engineer responsible for the safe design of structures
maintains an all-round knowledge of the art and science of
foundation design. In keeping with the aims and aspirations
of the original authors, this second edition of the Structural
Foundation Designers’ Manual provides an up-to-date refer-
ence book, for the use of structural and civil engineers
involved in the foundation design process.

The inspiration provided by Bill Curtin who was the driv-
ing force behind the practical approach and no-nonsense
style of the original book, has not been sacrificed and the
book continues to provide assistance for the new graduate
and the experienced design engineer in the face of the 
myriad choices available when selecting a suitable founda-
tion for a tricky structure on difficult ground.

Since the first edition was written, there have been changes
to the many technical publications and British Standards



foundation design is unnecessarily costly and the advances
in civil engineering construction have not always resulted
in a spin-off for building foundations. Traditional building
foundations, while they may have sometimes been over-
costly were quick to construct and safe – on good ground.
But most of the good ground is now used up and we have to
build on sites which would have been rejected on the basis
of cost and difficulty as recently as a decade ago. Advances
in techniques and developments can now make such sites a
cost-and-construction viable option. All these aspects have
been addressed in this book.

Though the book is the work of four senior members of the
consultancy, it represents the collective experience of all
directors, associates and senior staff, and we are grateful for
their support and encouragement. As in all engineering
design there is no unique ‘right’ answer to a problem –
designers differ on approach, priorities, evaluation of 
criteria, etc. We discussed, debated and disagreed – the
result is a reasonable consensus of opinion but not a com-
promise. Engineering is an art as well as a science, but the
art content is even greater in foundation design. No two
painters would paint a daffodil in the same way (unless
they were painting by numbers!). So no two designers
would design a foundation in exactly the same manner
(unless they chose the same computer program and fed it
with identical data).

So we do not expect experienced senior designers to agree
totally with us and long may individual preference be
important. All engineering design, while based on the same
studies and knowledge, is an exercise in judgement backed
by experience and expertise. Some designers can be daring
and others over-cautious; some are innovative and others
prefer to use stock solutions. But all foundation design must
be safe, cost-effective, durable and buildable, and these
have been our main priorities. We hope that all designers
find this book useful.

‘Why yet another book on foundations when so many good
ones are already available?’ – a good question which
deserves an answer.

This book has grown out of our consultancy’s extensive
experience in often difficult and always cost-competitive
conditions of designing structural foundations. Many of
the existing good books are written with a civil engineering
bias and devote long sections to the design of aspects such
as bridge caissons and marine structures. Furthermore, 
a lot of books give good explanations of soil mechanics and
research – but mainly for green field sites. We expect designers
to know soil mechanics and where to turn for reference
when necessary. However there are few books which cover
the new advances in geotechnical processes necessary now
that we have to build on derelict, abandoned inner-city
sites, polluted or toxic sites and similar problem sites. And
no book, yet, deals with the developments we and other
engineers have made, for example, in raft foundations.
Some books are highly specialized, dealing only (and 
thoroughly) with topics such as piling or underpinning.

Foundation engineering is a wide subject and designers
need, primarily, one reference for guidance. Much has been
written on foundation construction work and methods –
and that deserves a treatise in its own right. Design and
construction should be interactive, but in order to limit the
size of the book, we decided, with regret to restrict dis-
cussion to design and omit discussion of techniques such 
as dewatering, bentonite diaphragm wall construction,
timbering, etc.

Foundation construction can be the biggest bottleneck in a
building programme so attention to speed of construction
is vital in the design and detailing process. Repairs to failed
or deteriorating foundations are frequently the most costly
of all building remedial measures so care in safe design 
is crucial, but extravagant design is wasteful. Too much

Preface to First Edition



The book is arranged so that it is possible for individual
designers to use the manual in different ways, depending
upon their experience and the particular aspects of founda-
tion design under consideration.

The book, which is divided into three parts, deals with the
whole of foundation design from a practical engineering
viewpoint. Chapters 1–3, i.e. Part 1, deal with soil mech-
anics and the behaviour of soils, and the commission and
interpretation of site investigations are covered in detail.

In Part 2 (Chapters 4–8), the authors continue to share their
experience – going back over 45 years – of dealing with
filled and contaminated sites and sites in mining areas;
these ‘problem’ sites are increasingly becoming ‘normal’
sites for today’s engineers.

In Part 3 (Chapters 9–15), discussion and practical selection
of foundation types are covered extensively, followed by
detailed design guidance and examples for the various
foundation types. The design approach ties together the
safe working load design of soils with the limit-state design
of structural foundation members.

The emphasis on practical design is a constant theme 
running through this book, together with the application of
engineering judgement and experience to achieve appro-
priate and economic foundation solutions for difficult sites.
This is especially true of raft design, where a range of raft
types, often used in conjunction with filled sites, provides
an economic alternative to piled foundations.

It is intended that the experienced engineer would find Part
1 useful to recapitulate the basics of design, and refresh
his/her memory on the soils, geology and site investigation
aspects. The younger engineer should find Part 1 of more
use in gaining an overall appreciation of the starting point
of the design process and the interrelationship of design,
soils, geology, testing and ground investigation.

Part 2 covers further and special considerations which may

affect a site. Experienced and young engineers should find
useful information within this section when dealing with
sites affected by contamination, mining, fills or when con-
sidering the treatment of sub-soils to improve bearing or
settlement performance. The chapters in Part 2 give informa-
tion which will help when planning site investigations and
assist in the foundation selection and design process.

Part 3 covers the different foundation types, the selection of
an appropriate foundation solution and the factors affect-
ing the choice between one foundation type and another.
Also covered is the actual design approach, calculation
method and presentation for the various foundation types.
Experienced and young engineers should find this section
useful for the selection and design of pads, strips, rafts and
piled foundations.

The experienced designer can refer to Parts 1, 2 and 3 in any
sequence. Following an initial perusal of the manual, the
young engineer could also refer to the various parts out of
sequence to assist with the different stages and aspects of
foundation design.

For those practising engineers who become familiar with
the book and its information, the tables, graphs and charts
grouped together in the Appendices should become a quick
and easy form of reference for useful, practical and economic
foundations in the majority of natural and man-made
ground conditions.

Occasional re-reading of the text, by the more experienced
designer, may refresh his/her appreciation of the basic
important aspects of economical foundation design, which
can often be forgotten when judging the merits of often
over-emphasized and over-reactive responses to relatively
rare foundation problems. Such problems should not be
allowed to dictate the ‘norm’ when, for the majority of 
similar cases, a much simpler and more practical solution
(many of which are described within these pages) is likely
still to be quite appropriate.

The Book’s Structure and What It Is About
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APPLIED LOADS AND CORRESPONDING
PRESSURES AND STRESSES

Loads
F = FB + FS foundation loads
FB buried foundation/backfill load
FS new surcharge load
G superstructure dead load
H horizontal load
Hf horizontal load capacity at failure
M bending moment
N = T − S net load

P superstructure vertical load

Q superstructure imposed load
S = SB + SS existing load
SB ‘buried’ surcharge load (i.e. ≈FB)
SS existing surcharge load

T = P + F total vertical load

V shear force
W superstructure wind load

General subscripts for loads and pressures
a allowable (load or bearing pressure)
f failure (load or bearing pressure)
u ultimate (limit-state)

G dead
Q imposed
W wind

F foundation
P superstructure
T total

Partial safety factors for loads and pressures
γG partial safety factor for dead loads
γQ partial safety factor for imposed loads
γW partial safety factor for wind loads

γF combined partial safety factor for
foundation loads

γP combined partial safety factor for
superstructure loads

γT combined partial safety factor for total  loads

Pressures and stresses
f = F/A pressure component resulting from F
fB = FB/A pressure component resulting from FB
fS = FS/A pressure component resulting from FS
g pressure component resulting from G

n = t − s pressure component resulting from N
n′ = n − γwzw net effective stress
nf net ultimate bearing capacity at failure
p = t − f pressure component resulting from P
pu = tu − fu resultant ultimate design pressure
pz pressure component at depth z resulting

from P
q pressure component resulting from Q
s = S/A pressure component resulting from S
sB = SB/A pressure component resulting from SB
sS = SS/A pressure component resulting from SS
s′ = s − γwzw existing effective stress
t pressure resulting from T
t′ = t − γwzw total effective stress
tf total ultimate bearing capacity at failure
v shear stress due to V
w pressure component resulting from W

Notation



Notation xvii

Notation principles for loads and pressures
(1) Loads are in capitals, e.g.

P = load from superstructure (kN)
F = load from foundation (kN)

(2) Loads per unit length are also in capitals, e.g.
P = load from superstructure (kN/m)
F = load from foundation (kN/m)

(3) Differentiating between loads and loads per unit length.
This is usually made clear by the context, i.e. pad foundation calculations will normally be in terms of loads (in kN), and
strip foundations will normally be in terms of loads per unit length (kN/m). Where there is a need to differentiate, this is
done, as follows:
∑ P = load from superstructure (kN)

P = load from superstructure per unit length (kN/m)

(4) Distributed loads (loads per unit area) are lower case, e.g.
f = uniformly distributed foundation load (kN/m2)

(5) Ground pressures are also in lower case, e.g.
p = pressure distribution due to superstructure loads (kN/m2)
f = pressure distribution due to foundation loads (kN/m2)

(6) Characteristic versus ultimate (u subscript).
Loads and pressures are either characteristic values or ultimate values. This distinction is important, since characteristic
values (working loads/pressures) are used for bearing pressure checks, while ultimate values (factored loads/
pressures) are used for structural member design. All ultimate values have u subscripts. Thus
p = characteristic pressure due to superstructure loads

pu = ultimate pressure due to superstructure loads

GENERAL NOTATION

Dimensions
a distance of edge of footing from face of wall/beam
A area of base
Ab effective area of base (over which compressive bearing pressures act)
As area of reinforcement

OR surface area of pile shaft
b width of the section for reinforcement design
B width of base
Bb width of beam thickening in raft
Bconc assumed width of concrete base
Bfill assumed spread of load at underside of compacted fill material
d effective depth of reinforcement
D depth of underside of foundation below ground level

OR diameter of pile
Dw depth of water-table below ground level
e eccentricity
h thickness of base
hb thickness of beam thickening in raft
hfill thickness of compacted fill material
hconc thickness of concrete
H length of pile

OR height of retaining wall
H1, H2 thickness of soil strata ‘1’, ‘2’, etc.
L length of base

OR length of depression
Lb effective length of base (over which compressive bearing pressures act)
tw thickness of wall
u length of punching shear perimeter
x projection of external footing beyond line of action of load



xviii Notation

z depth below ground level
zw depth below water-table

ρ1, ρ2 settlement of strata ‘1’, ‘2’, etc.

Miscellaneous
c cohesion
cb undisturbed shear strength at base of pile
cs average undrained shear strength for pile shaft
e void ratio
fbs characteristic local bond stress
fc ultimate concrete stress (in pile)
fcu characteristic concrete cube strength
I moment of inertia
k permeability
K earth pressure coefficient
Ka active earth pressure coefficient
Km bending moment factor (raft design)
mv coefficient of volume compressibility
N SPT value
Nc Terzaghi bearing capacity factor
Nq Terzaghi bearing capacity factor
Nγ Terzaghi bearing capacity factor
vc ultimate concrete shear strength
V total volume
Vs volume of solids
Vv volume of voids
Z section modulus

α creep compression rate parameter
OR adhesion factor

γ unit weight of soil
γdry dry unit weight of soil
γsat saturated unit weight of soil
γw unit weight of water
δ angle of wall friction
ε strain
µ coefficient of friction
σ (soil) stress normal to the shear plane
σ′ (soil) effective normal stress
τ (soil) shear stress
φ angle of internal friction

Occasionally it has been necessary to vary the notation system from that indicated here. Where this does happen, the
changes to the notation are specifically defined in the accompanying text or illustrations.
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Approach and First Considerations





1 Principles of Foundation Design

The foundation must also be economical in construction
costs, materials and time.

There are a number of reasons for foundation failure, the
two major causes being:

(1) Bearing capacity. When the shear stress within the 
soil, due to the structure’s loading, exceeds the shear
strength of the soil, catastrophic collapse of the sup-
porting soil can occur. Before ultimate collapse of the
soil occurs there can be large deformations within it
which may lead to unacceptable differential movement
or settlement of, and damage to, the structure. (In some
situations however, collapse can occur with little or no
advance warning!)

(2) Settlement. Practically all materials contract under com-
pressive loading and distort under shear loading – soils
are no exception. Provided that the settlement is either
acceptable (i.e. will not cause structural damage or
undue cracking, will not damage services, and will be
visually acceptable and free from practical problems of
door sticking, etc.) or can be catered for in the structural
design (e.g. by using three-pinned arches which can
accommodate settlement, in lieu of fixed portal frames),
there is not necessarily a foundation design problem.
Problems will occur when the settlement is significantly
excessive or differential.

Settlement is the combination of two phenomena:

(i) Contraction of the soil due to compressive and shear
stresses resulting from the structure’s loading. This con-
traction, partly elastic and partly plastic, is relatively
rapid. Since soils exhibit non-linear stress/strain beha-
viour and the soil under stress is of complex geometry, 
it is not possible to predict accurately the magnitude 
of settlement.

(ii) Consolidation of the soil due to volume changes. Under
applied load the moisture is ‘squeezed’ from the soil
and the soil compacts to partly fill the voids left by the
retreating moisture. In soils of low permeability, such
as clays, the consolidation process is slow and can even
continue throughout the life of the structure (for ex-
ample, the leaning tower of Pisa). Clays of relatively high
moisture content will consolidate by greater amounts
than clays with lower moisture contents. (Clays are 
susceptible to volume change with change in moisture
content – they can shrink on drying out and heave, i.e.
expand, with increase in moisture content.) Sands tend
to have higher permeability and lower moisture con-
tent than clays. Therefore the consolidation of sand is
faster but less than that of clay.

1.1 Introduction

Foundation design could be thought of as analogous to a
beam design. The designer of the beam will need to know
the load to be carried, the load-carrying capacity of the
beam, how much it will deflect and whether there are any
long-term effects such as creep, moisture movement, etc. If
the calculated beam section is, for some reason, not strong
enough to support the load or is likely to deflect unduly,
then the beam section is changed. Alternatively, the beam
can either be substituted for another type of structural ele-
ment, or a stronger material be chosen for the beam.

Similarly the soil supporting the structure must have 
adequate load-carrying capacity (bearing capacity) and 
not deflect (settle) unduly. The long-term effect of the soil’s
bearing capacity and settlement must be considered. If the
ground is not strong enough to bear the proposed initial
design load then the structural contact load (bearing pres-
sure) can be reduced by spreading the load over a greater
area – by increasing the foundation size or other means – or
by transferring the load to a lower stratum. For example,
rafts could replace isolated pad bases – or the load can 
be transferred to stronger soil at a lower depth beneath 
the surface by means of piles. Alternatively, the ground 
can be strengthened by compaction, stabilization, pre-
consolidation or other means. The structural materials in
the superstructure are subject to stress, strain, movement,
etc., and it can be helpful to consider the soil supporting 
the superstructure as a structural material, also subject to
stress, strain and movement.

Structural design has been described as using materials not
fully understood, to make frames which cannot be accur-
ately analysed, to resist forces which can only be estimated.
Foundation design is, at best, no better. ‘Accuracy’ is a
chimera and the designer must exercise judgement.

Sections 1.2–1.6 outline the general principles before dealing
with individual topics in the following sections and chapters.

1.2 Foundation safety criteria

It is a statement of the obvious that the function of a founda-
tion is to transfer the load from the structure to the ground
(i.e. soil) supporting it – and it must do this safely, for if it
does not then the foundation will fail in bearing and/or set-
tlement, and seriously affect the structure which may also
fail. The history of foundation failure is as old as the history
of building itself, and our language abounds in such idioms
as ‘the god with feet of clay’, ‘build not thy house on sand’,
‘build on a firm foundation’, ‘the bedrock of our policy’.
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1.3 Bearing capacity

1.3.1 Introduction

Some designers, when in a hurry, tend to want simple
‘rules of thumb’ (based on local experience) for values of
bearing capacity. But like most rules of thumb, while 
safe for typical structures on normal soils, their use can 
produce uneconomic solutions, restrict the development 
of improved methods of foundation design, and lead to
expensive mistakes when the structure is not typical.

For typical buildings:

(1) The dead and imposed loads are built up gradually and
relatively slowly.

(2) Actual imposed loads (as distinct from those assumed
for design purposes) are often only a third of the dead
load.

(3) The building has a height/width ratio of between 1/3
and 3.

(4) The building has regularly distributed columns or load-
bearing walls, most of them fairly evenly loaded.

Typical buildings have changed dramatically since the Sec-
ond World War. The use of higher design stresses, lower
factors of safety, the removal of robust non-load-bearing
partitioning, etc., has resulted in buildings of half their 
previous weight, more susceptible to the effects of settle-
ment, and built for use by clients who are less tolerant in
accepting relatively minor cracking of finishes, etc. Because
of these changes, practical experience gained in the past is
not always applicable to present construction.

For non-typical structures:

(1) The imposed load may be applied rapidly, as in tanks
and silos, resulting in possible settlement problems.

(2) There may be a high ratio of imposed to dead load.
Unbalanced imposed-loading cases – imposed load
over part of the structure – can be critical, resulting in
differential settlement or bearing capacity failures, if
not allowed for in design.

(3) The requirement may be for a tall, slender building
which may be susceptible to tilting or overturning and
have more critical wind loads.

(4) The requirement may be for a non-regular column/
wall layout, subjected to widely varying loadings,
which may require special consideration to prevent
excessive differential settlement and bearing capacity
failure.

There is also the danger of going to the other extreme 
by doing complicated calculations based on numbers from
unrepresentative soil tests alone, and ignoring the import-
ant evidence of the soil profile and local experience. Structural
design and materials are not, as previously stated, mathem-
atically precise; foundation design and materials are even
less precise. Determining the bearing capacity solely from a
100 mm thick small-diameter sample and applying it to
predict the behaviour of a 10 m deep stratum, is obviously
not sensible – particularly when many structures could fail,
in serviceability, by settlement at bearing pressures well
below the soil’s ultimate bearing capacity.

1.3.2 Bearing capacity

Probably the happy medium is to follow the sound advice
given by experienced engineers in the British Standard
Institution’s Code of practice for foundations, BS 8004. There
they define ultimate bearing capacity as ‘the value of the gross
loading intensity for a particular foundation at which the
resistance of the soil to displacement of the foundation is
fully mobilized.’ (Ultimate in this instance does not refer to
ultimate limit state.)

The net loading intensity (net bearing pressure) is the addi-
tional intensity of vertical loading at the base of a founda-
tion due to the weight of the new structure and its loading,
including any earthworks.

The ultimate bearing capacity divided by a suitable 
factor of safety – typically 3 – is referred to as the safe bearing
capacity.

It has not been found possible, yet, to apply limit state
design fully to foundations, since bearing capacity and 
settlement are so intertwined and influence both founda-
tion and superstructure design (this is discussed further in 
section 1.5). Furthermore, the superstructure itself can be
altered in design to accommodate, or reduce, the effects of
settlement. A reasonable compromise has been devised by
engineers in the past and is given below.

1.3.3 Presumed bearing value

The pressure within the soil will depend on the net loading
intensity, which in turn depends on the structural loads
and the foundation type. This pressure is then compared
with the ultimate bearing capacity to determine a factor 
of safety. This appears reasonable and straightforward –
but there is a catch-22 snag. It is not possible to determine
the net loading intensity without first knowing the founda-
tion type and size, but the foundation type and size can-
not be designed without knowing the acceptable bearing
pressure.

The deadlock has been broken by BS 8004, which gives pre-
sumed allowable bearing values (estimated bearing pressures)
for different types of ground. This enables a preliminary
foundation design to be carried out which can be adjusted,
up or down, on further analysis. The presumed bearing
value is defined as: ‘the net loading intensity considered
appropriate to the particular type of ground for prelimin-
ary design purposes’. The value is based on either local
experience or on calculation from laboratory strength tests
or field loading tests using a factor of safety against bearing
capacity failure.

Foundation design, like superstructure design, is a trial-
and-error method – a preliminary design is made, then
checked and, if necessary, amended. Amendments would
be necessary, for example, to restrict settlement or over-
loading; in consideration of economic and construction
implications, or designing the superstructure to resist 
or accommodate settlements. The Code’s presumed bear-
ing values are given in Table 1.1 and experience shows 
that these are valuable and reasonable in preliminary
design.
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1.3.4 Allowable bearing pressure

Knowing the structural loads, the preliminary foundation
design and the ultimate bearing capacity, a check can be
made on the allowable bearing pressure. The allowable net
bearing pressure is defined in the Code as ‘the maximum
allowable net loading intensity at the base of the founda-
tion’ taking into account:

(1) The ultimate bearing capacity.
(2) The amount and kind of settlement expected.
(3) The ability of the given structure to accommodate this

settlement.

This practical definition shows that the allowable bearing
pressure is a combination of three functions; the strength
and settlement characteristics of the ground, the founda-
tion type, and the settlement characteristics of the structure.

1.3.5 Non-vertical loading

When horizontal foundations are subject to inclined forces
(portal frames, cantilever structures, etc.) the passive resist-
ance of the ground must be checked for its capacity to resist

the horizontal component of the inclined load. This could
result in reducing the value of the allowable bearing pres-
sure to carry the vertical component of the inclined load. 
BS 8004 (Code of practice for foundations) suggests a simple
rule for design of foundations subject to non-vertical loads
as follows:

+ < 1

where V = vertical component of the inclined load,
H = horizontal component of the inclined load,
Pv = allowable vertical load – dependent on allow-

able bearing pressure,
Ph = allowable horizontal load – dependent on

allowable friction and/or adhesion on the
horizontal base, plus passive resistance
where this can be relied upon.

However, like all simple rules which are on the safe side,
there are exceptions. A more conservative value can be 
necessary when the horizontal component is relatively high
and is acting on shallow foundations (where their depth/
breadth ratio is less than 1/4) founded on non-cohesive soils.

H
Ph

V
Pv

Table 1.1 Presumed bearing values (BS 8004, Table 1)(1)

NOTE. These values are for preliminary design purposes only, and may need alteration upwards or downwards. No addition has
been made for the depth of embedment of the foundation (see 2.1.2.3.2 and 2.1.2.3.3).

Category

Rocks

Non-cohesive
soils

Cohesive soils

Peat and organic soils

Made ground or fill

* 107.25 kN/m2 = 1.094 kgf/cm2 = 1 tonf/ft2

All references within this table refer to the original document

Types of rocks and soils

Strong igneous and gneissic rocks in
sound condition
Strong limestones and strong
sandstones
Schists and slates
Strong shales, strong mudstones and
strong siltstones

Dense gravel, or dense sand and gravel
Medium dense gravel, or medium
dense sand and gravel
Loose gravel, or loose sand and gravel
Compact sand
Medium dense sand
Loose sand

Very stiff boulder clays and hard clays
Stiff clays
Firm clays
Soft clays and silts

Very soft clays and silts

Presumed allowable bearing value

kN/m2*

10 000

4000
3000

2000

>600

<200 to 600
<200
>300
100 to 300

<100
Value depending on degree of
looseness

300 to 600
150 to 300

75 to 150
<75

Not applicable

Not applicable

Not applicable

kgf/cm2* tonf/ft2

100

40
30

20

>6

<2 to 6
<2
>3
1 to 3

<1

3 to 6
1.5 to 3
0.75 to 1.5
<0.75

Remarks

These values are based on 
the assumption that the
foundations are taken down to
unweathered rock. For weak,
weathered and broken rock,
see 2.2.2.3.1.12

Width of foundation not less
than 1 m. Groundwater level
assumed to be a depth not 
less than below the base of 
the foundation. For effect 
of relative density and
groundwater level, 
see 2.2.2.3.2

Group 3 is susceptible to long-
term consolidation settlement
(see 2.1.2.3.3).
For consistencies of clays, see
table 5

See 2.2.2.3.4

See 2.2.2.3.5
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In the same way that allowable bearing pressure is reduced
to prevent excessive settlement, so too may allowable passive
resistance, to prevent unacceptable horizontal movement.

If the requirements of this rule cannot be met, provision
should be made for the horizontal component to be taken
by some other part of the structure or by raking piles, by
tying back to a line of sheet piling or by some other means.

1.4 Settlement

If the building settles excessively, particularly differentially
– e.g. adjacent columns settling by different amounts – the
settlement may be serious enough to endanger the stability
of the structure, and would be likely to cause serious ser-
viceability problems.

Less serious settlement may still be sufficient to cause
cracking which could affect the building’s weathertight-
ness, thermal and sound insulation, fire resistance, damage
finishes and services, affect the operation of plant such as
overhead cranes, and other serviceability factors. Further-
more, settlement, even relatively minor, which causes the
building to tilt, can render it visually unacceptable. (Old
Tudor buildings, for example, may look charming and
quaint with their tilts and leaning, but clients and owners of
modern buildings are unlikely to accept similar tilts.)

Differential settlement, sagging, hogging and relative 
rotation are shown in Fig. 1.1.

In general terms it should be remembered that founda-
tions are no different from other structural members and
deflection criteria similar to those for superstructure 
members would also apply to foundation members.

From experience it has been found that the magnitude 
of relative rotation – sometimes referred to as angular 
distortion – is critical in framed structures, and the magni-
tude of the deflection ratio, ∆/L, is critical for load-bearing
walls. Empirical criteria have been established to minimize
cracking, or other damage, by limiting the movement, as
shown in Table 1.2.

The length-to-height ratio is important since according to
some researchers the greater the length-to-height ratio the
greater the limiting value of ∆/L. It should be noted that
cracking due to hogging occurs at half the deflection ratio of
that for sagging. Sagging problems appear to occur more
frequently than hogging in practice.

Since separate serviceability and ultimate limit state analy-
ses are not at present carried out for the soil – see section 1.5
– it is current practice to adjust the factor of safety which is
applied to the soil’s ultimate bearing capacity, in order to
obtain the allowable bearing pressure.

Similarly, the partial safety factor applied to the character-
istic structural loads will be affected by the usual super-
structure design factors and then adjusted depending 
on the structure (its sensitivity to movement, design life,
damaging effects of movement), and the type of imposed
loading. For example, full imposed load occurs infre-
quently in theatres and almost permanently in grain stores.
Overlooking this permanence of loading in design has
caused foundation failure in some grain stores. A number
of failures due to such loading conditions have been 
investigated by the authors’ practice. A typical example is
an existing grain store whose foundations performed satis-
factorily until a new grain store was built alongside. The

original position
of base

settled position
of base

settlement

differential
settlement

relative rotation

tilt

H

H

LL

L

relative
deflection ∆ deflection ratio =

tension cracks

hogging sagging

L

tension cracks

∆

∆

∆
L

Fig. 1.1 Settlement definitions.
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ground pressure from the new store increased the pressure
in the soil below the existing store – which settled and tilted.
Similarly, any bending moments transferred to the ground
(by, for example, fixing moments at the base of fixed portal
frames) must be considered in the design, since they will
affect the structure’s contact pressure on the soil.

There is a rough correlation between bearing capacity and
settlement. Soils of high bearing capacity tend to settle less
than soils of low bearing capacity. It is therefore even more
advisable to check the likely settlement of structures founded
on weak soils. As a guide, care is required when the safe
bearing capacity (i.e. ultimate bearing capacity divided by a
factor of safety) falls below 125 kN/m2; each site, and each
structure, must however be judged on its own merits.

1.5 Limit state philosophy

1.5.1 Working stress design

A common design method (based on working stress) used in
the past was to determine the ultimate bearing capacity of
the soil, then divide it by a factor of safety, commonly 3, 
to determine the safe bearing capacity. The safe bearing
capacity is the maximum allowable design loading intens-
ity on the soil. The ultimate bearing capacity is exceeded
when the loading intensity causes the soil to fail in shear.
Typical ultimate bearing capacities are 150 kN/m2 for soft
clays, 300–600 kN/m2 for firm clays and loose sands/
gravels, and 1000–1500 kN/m2 for hard boulder clays and
dense gravels.

Consider the following example for a column foundation.
The ultimate bearing capacity for a stiff clay is 750 kN/m2.
If the factor of safety equals 3, determine the area of a pad
base to support a column load of 1000 kN (ignoring the
weight of the base and any overburden).

Safe bearing capacity =

= = 250 kN/m2

actual bearing pressure =
column load

base area

750
3

ultimate bearing capacity
factor of safety

therefore,

required base area =

= = 4 m2

The method has the attraction of simplicity and was gener-
ally adequate for traditional buildings in the past. However,
it can be uneconomic and ignores other factors. A nuclear
power station, complex chemical works housing expensive
plant susceptible to foundation movement or similar build-
ings, can warrant a higher factor of safety than a supermar-
ket warehouse storing tinned pet food. A crowded theatre
may deserve a higher safety factor than an occasionally
used cow-shed. The designer should exercise judgement in
the choice of factor of safety.

In addition, while there must be precautions taken against
foundation collapse limit state (i.e. total failure) there must be
a check that the serviceability limit state (i.e. movement
under load which causes structural or building use dis-
tress) is not exceeded. Where settlement criteria dominate,
the bearing pressure is restricted to a suitable value below
that of the safe bearing capacity, known as the allowable
bearing pressure.

1.5.2 Limit state design

Attempts to apply limit state philosophy to foundation
design have, so far, not been considered totally successful.
So a compromise between working stress and limit state has
developed, where the designer determines an estimated
allowable bearing pressure and checks for settlements and
building serviceability. The actual bearing pressure is then
factored up into an ultimate design pressure, for structural
design of the foundation members.

The partial safety factors applied for ultimate design loads
(i.e. typically 1.4 × dead, 1.6 × imposed, 1.4 × wind and 1.2
for dead + imposed + wind) are for superstructure design
and should not be applied to foundation design for allow-
able bearing calculations.

For dead and imposed loads the actual working load, i.e.
the unfactored characteristic load, should be used in most

1000
250

column load
safe bearing capacity

Table 1.2 Typical values of angular distortion to limit cracking (Ground Subsidence, Table 1, Institution of Civil
Engineers, 1977)(2)

Class of structure

1

2

3

4

5

Type of structure

Rigid

Statically determinate steel and timber structures

Statically indeterminate steel and reinforced concrete framed structures,
load-bearing reinforced brickwork buildings, all founded on reinforced
concrete continuous and slab foundations

As class 3, but not satisfying one of the stated conditions

Precast concrete large-panel structures

Limiting angular distortion

Not applicable: tilt is criterion

1/100 to 1/200

1/200 to 1/300

1/300 to 1/500

1/500 to 1/700
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foundation designs. Where there are important isolated
foundations and particularly when subject to significant
eccentric loading (as in heavily loaded gantry columns,
water towers, and the like), the engineer should exercise
discretion in applying a partial safety factor to the imposed
load. Similarly when the imposed load is very high in rela-
tion to the dead load (as in large cylindrical steel oil tanks),
the engineer should apply a partial safety factor to the
imposed load.

In fact when the foundation load due to wind load on 
the superstructure is relatively small – i.e. less than 25% of
(dead + imposed) – it may be ignored. Where the occa-
sional foundation load due to wind exceeds 25% of (dead +
imposed), then the foundation area should be proportioned
so that the pressure due to wind + dead + imposed loads
does not exceed 1.25 × (allowable bearing pressure). When
wind uplift on a foundation exceeds dead load, then this
becomes a critical load case.

1.6 Interaction of superstructure and soil

The superstructure, its foundation, and the supporting soil
should be considered as a structural entity, with the three
elements interacting.

Adjustments to the superstructure design to resist the
effects of bearing failure and settlements, at minor extra
costs, are often more economic than the expensive area
increase or stiffening of the foundations. Some examples
from the authors’ practice are given here to illustrate these
adjustments. Adjustments to the soil to improve its prop-
erties are briefly discussed in section 1.8. The choice of
foundation type is outlined in section 1.7. Adjustments and
choices are made to produce the most economical solution.

1.6.1 Example 1: Three pinned arch

The superstructure costs for a rigid-steel portal-frame shed
are generally cheaper than the three pinned arch solution
(see Fig. 1.2).

Differential settlement of the column pad bases will how-
ever seriously affect the bending moments (and thus the
stresses) in the rigid portal, but have insignificant effect on
the three pinned arch. Therefore the pad foundations for
the rigid portal will have to be bigger and more expensive
than those for the arch, and may far exceed the saving in
superstructure steelwork costs for the portal. (In some cases
it can be worthwhile to place the column eccentric to the
foundation base to counteract the moment at the base of the
foundation due to column fixity and/or horizontal thrust.)

1.6.2 Example 2: Vierendeel 
superstructure

The single-storey reinforced concrete (r.c.) frame structure
shown in Fig. 1.3 was founded in soft ground liable to
excessive sagging/differential settlement. Two main solu-
tions were investigated:

(1) Normal r.c. superstructure founded on deep, stiff,
heavily reinforced strip footings.

(2) Stiffer superstructure, to act as a Vierendeel truss and
thus in effect becoming a stiff beam, with the foundation
beam acting as the bottom boom of the truss.

The truss solution (2) showed significant savings in con-
struction costs and time.

1.6.3 Example 3: Prestressed brick 
diaphragm wall

A sports hall was to be built on a site with severe mining
subsidence. At first sight the economic superstructure 

rigid portal

three pinned arch

Fig. 1.2 Rigid portal versus three pinned arch.

deep stiff footing independent of superstructure

stiffened superstructure

normal superstructure

relatively shallow foundation
beam acting as a truss
with the superstructure

Fig. 1.3 Stiff footing versus Vierendeel truss.
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solution of a brickwork diaphragm wall was ruled out,
since the settlement due to mining would result in unac-
ceptable tensile stresses in the brickwork. The obvious solu-
tions were to cast massive, expensive foundation beams to
resist the settlement and support the walls, or to abandon
the brickwork diaphragm wall solution in favour of a prob-
ably more expensive structural steelwork superstructure.
The problem was economically solved by prestressing the
wall to eliminate the tensile stresses resulting from differ-
ential settlement.

1.6.4 Example 4: Composite deep beams

Load-bearing masonry walls built on a soil of low bearing
capacity containing soft spots are often founded on strip
footings reinforced to act as beams, to enable the footings to
span over local depressions. The possibility of composite
action between the wall and strip footing, acting together as
a deeper beam, is not usually considered. Composite action
significantly reduces foundation costs with only minor
increases in wall construction costs (i.e. engineering bricks
are used as a d.p.c. in lieu of normal d.p.c.s, which would
otherwise act as a slip plane of low shear resistance). Bed
joint reinforcement may also be used to increase the
strength of the wall/foundation composite.

1.6.5 Example 5: Buoyancy raft

A four-storey block of flats was to be built on a site where
part of the site was liable to ground heave due to removal 

of trees. The sub-soil was of low bearing capacity over-
lying dense gravel. The building plan was amended to
incorporate two sections of flats interconnected by staircase
and lift shafts, see Fig. 1.4. A basement was required
beneath the staircase section and the removal of over-
burden enabled the soil to sustain structural loading. To
have piled this area would have added unnecessary expense.
The final design was piling for the two, four-storey sections
of the flats, and a buoyancy raft (see section 13.9) for 
the basement.

It is hoped that these five simple examples illustrate the
importance of considering the soil/structure interaction
and encourage young designers not to consider the founda-
tion design in isolation.

Bearing capacity, pressure, settlement, etc., are dealt with
more fully in Chapter 2 and in section B of Chapter 10.

1.7 Foundation types

Foundation types are discussed in detail in Chapter 9; a
brief outline only is given here to facilitate appreciation of
the philosophy.

Basically there are four major foundation types: pads,
strips, rafts, and piles. There are a number of variations
within each type and there are combinations of types. Full
details of the choice, application and design is dealt with 
in detail in later chapters. The choice is determined by the
structural loads, ground conditions, economics of design,

hinge joints
to allow blocks
to settle
differentially

compressible material to
allow for movement due
to heave or settlement

basement
not piled

floors span between
blocks of flats

Fig. 1.4 Buoyancy raft.
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economics of scale of the contract and construction costs,
buildability, durability – as is all structural design choice.
Only a brief description is given in this section to help
understand the soil behaviour.

1.7.1 Pad foundations

Pad foundations tend to be the simplest and cheapest foun-
dation type and are used when the soil is relatively strong
or when the column loads are relatively light. They are 
usually square or rectangular on plan, of uniform thickness
and generally of reinforced concrete. They can be stepped
or haunched, if material costs outweigh labour costs. 
The reinforcement can vary from nothing at one extreme
through to a heavy steel grillage at the other, with lightly
reinforced sections being the most common. Typical types
are shown in Fig. 1.5.

1.7.2 Strip footings

Strip footings are commonly used for the foundations 
to load-bearing walls. They are also used when the pad
foundations for a number of columns in line are so closely
spaced that the distance between the pads is approximately
equal to the length of the side of the pads. (It is usually more
economic and faster to excavate and cast concrete in one
long strip, than as a series of closely spaced isolated pads.)
They are also used on weak ground to increase the founda-
tion bearing area, and thus reduce the bearing pressure –
the weaker the ground then the wider the strip. When it is
necessary to stiffen the strip to resist differential settlement,
then tee or inverted tee strip footings can be adopted. Typical
examples are shown in Fig. 1.6.

1.7.3 Raft foundations

When strips become so wide (because of heavy column
loads or weak ground) that the clear distance between them
is about the same as the width of the strips (or when the
depth to suitable bearing capacity strata for strip footing
loading becomes too deep), it is worth considering raft
foundations. They are useful in restricting the differential
settlement on variable ground, and to distribute variations
of superstructure loading from area to area. Rafts can be
stiffened (as strips can) by the inclusion of tee beams.

Rafts can also be made buoyant by the excavation (displace-
ment) of a depth of soil, similar to the way that seagoing
rafts are made to float by displacing an equal weight of

mass

haunched

stepped

reinforced

Fig. 1.5 Pad foundations.

load-bearing wall

inverted tee tee wide strip

row of columns

Fig. 1.6 Strip footings.


