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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. Itis 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

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

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



Preface to First Edition

‘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

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.



The Book's Structure and What It Is About

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.

Itis 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.
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Notation

APPLIED LOADS AND CORRESPONDING

Pressures and stresses

PRESSURES AND STRESSES

Loads

F=Fp+Fg foundation loads f=F/A

Fg buried foundation/backfill load fe=Fg/A

Fq new surcharge load fs=Fs/A

G superstructure dead load g

H horizontal load

H; horizontal load capacity at failure

M bending moment

N=T-S netload n=t—s
n=n-vy,z
i

P superstructure vertical load p=t—f
Pu=t, _f u
pZ

Q superstructure imposed load q

S=55+54 existing load s=S/A

Sg ‘buried’ surcharge load (i.e. =Fp) sp=Sg/A

Sg existing surcharge load sg=S5g/A
§'=5—"Y,Zy

T=P+F total vertical load t
t'=t—"v,2,
Iy

1% shear force v

w superstructure wind load

General subscripts forloads and pressures

49T TO06O & TR

allowable (load or bearing pressure)
failure (load or bearing pressure)
ultimate (limit-state)

dead
imposed
wind
foundation

superstructure
total

Partial safety factors for loads and pressures

el
o
Tw

Yr
p

1

partial safety factor for dead loads
partial safety factor for imposed loads
partial safety factor for wind loads

combined partial safety factor for
foundation loads

combined partial safety factor for
superstructure loads

combined partial safety factor for total loads

pressure component resulting from F
pressure component resulting from F
pressure component resulting from Fg
pressure component resulting from G

pressure component resulting from N
net effective stress

net ultimate bearing capacity at failure
pressure component resulting from P
resultant ultimate design pressure
pressure component at depth z resulting
from P

pressure component resulting from Q
pressure component resulting from S
pressure component resulting from Sg
pressure component resulting from Sg
existing effective stress

pressure resulting from T

total effective stress

total ultimate bearing capacity at failure
shear stress due to V

pressure component resulting from W



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:
2. 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/m?)

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

(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
p, = ultimate pressure due to superstructure loads

GENERAL NOTATION
Dimensions
a distance of edge of footing from face of wall/beam
A area of base
Ay effective area of base (over which compressive bearing pressures act)
A area of reinforcement
OR surface area of pile shaft
b width of the section for reinforcement design
B width of base
B, width of beam thickening in raft
Bone assumed width of concrete base
By 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
D, depth of water-table below ground level
e eccentricity
h thickness of base
hy, thickness of beam thickening in raft
By thickness of compacted fill material
Beone thickness of concrete
H length of pile
OR height of retaining wall
H,, H, thickness of soil strata “1’, ‘2’, etc.
L length of base
OR length of depression
L, effective length of base (over which compressive bearing pressures act)
ty thickness of wall
u length of punching shear perimeter

projection of external footing beyond line of action of load
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depth below ground level
depth below water-table

w

Py Py settlement of strata “1’, 2/, etc.

Miscellaneous

c cohesion

Cp undisturbed shear strength at base of pile

Cs average undrained shear strength for pile shaft
void ratio

characteristic local bond stress

ultimate concrete stress (in pile)

characteristic concrete cube strength

moment of inertia

permeability

earth pressure coefficient

active earth pressure coefficient

bending moment factor (raft design)

coefficient of volume compressibility

SPT value

Terzaghi bearing capacity factor

Terzaghi bearing capacity factor

Terzaghi bearing capacity factor

ultimate concrete shear strength

total volume

volume of solids

volume of voids

section modulus

R

o

AARR=T=

8

3
<

o)

S zzZZ

N << <

Q

creep compression rate parameter
OR adhesion factor

Y unit weight of soil

Yary dry unit weight of soil

Ysat saturated unit weight of soil

unit weight of water

angle of wall friction

strain

coefficient of friction

(soil) stress normal to the shear plane
(soil) effective normal stress

(soil) shear stress

angle of internal friction

D

e aqgaE®

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

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

Itis 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’.

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.
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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.

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

(4) Thebuildinghas 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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Table 1.1

Presumed bearing values (BS 8004, Table 1)V

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).

Very soft clays and silts

Category Types of rocks and soils Presumed allowable bearing value | Remarks
kN/m?2 kgf/cm?* tonf/ft?
Rocks Strong igneous and gneissic rocks in These values are based on
sound condition 10 000 100 the assumption that the
Strong limestones and strong foundations are taken down to
sandstones 4000 40 unweathered rock. For weak,
Schists and slates 3000 30 weathered and broken rock,
Strong shales, strong mudstones and see 2.2.2.3.1.12
strong siltstones 2000 20
Non-cohesive | Dense gravel, or dense sand and gravel >600 >6 Width of foundation not less
soils Medium dense gravel, or medium than 1 m. Groundwater level
dense sand and gravel <200 to 600 <2to6 assumed to be a depth not
Loose gravel, or loose sand and gravel <200 <2 less than below the base of
Compact sand >300 >3 the foundation. For effect
Medium dense sand 100 to 300 1to3 of relative density and
Loose sand <100 <1 groundwater level,
Value depending on degree of see2.2.2.3.2
looseness
Cohesive soils | Very stiff boulder clays and hard clays 300 to 600 3to6 Group 3 is susceptible to long-
Stiff clays 150 to 300 1.5t03 term consolidation settlement
Firm clays 75to 150 0.75t0 1.5 (see 2.1.2.3.3).
Soft clays and silts <75 <0.75 For consistencies of clays, see

Not applicable

table 5

Peat and organic soils

Not applicable

See2.2.2.3.4

Made ground or fill

Not applicable

See2.2.2.3.5

#107.25 kN/m? = 1.094 kgf/cm? = 1 tonf/ft?
All references within this table refer to the original document

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:

V H
—+—x<1
P v P h
where V =vertical component of the inclined load,

H =horizontal component of the inclined load,

P, = allowable vertical load — dependent on allow-
able bearing pressure,

P, = 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.
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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.

original position settled position
of base of base
settlement

differential relative rotation
settlement

L

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, A/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 A/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

' I
e— — 1
———————— —
relative tension cracks l
deflection A deflection ratio = %
hogging sagging

Fig. 1.1 Settlement definitions.
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Table 1.2 Typical values of angular distortion to limit cracking (Ground Subsidence, Table 1, Institution of Civil

Engineers, 1977)@

Class of structure Type of structure

Limiting angular distortion

1 Rigid Not applicable: tilt is criterion
2 Statically determinate steel and timber structures 1/100 to 1/200
3 Statically indeterminate steel and reinforced concrete framed structures, 1/200 to 1/300

load-bearing reinforced brickwork buildings, all founded on reinforced

concrete continuous and slab foundations

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

1/300 to 1/500

5 Precast concrete large-panel structures

1/500 to 1/700

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/ m?Z; 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/m? for soft
clays, 300-600 kN/m? for firm clays and loose sands/
gravels, and 1000-1500 kN /m? 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/m?.
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).

_ ultimate bearing capacity

Safe beari i
ale bearing capacity factor of safety
= @ =250 kN/m?
3
. column load
actual bearing pressure= ———
base area

therefore,
. column load
required base area = - -
safe bearing capacity
1000 _ Am?
250

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 x dead, 1.6 x imposed, 1.4 x 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
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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 x (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.

L]

rigid portal

three pinned arch

Fig. 1.2 Rigid portal versus three pinned arch.

normal superstructure

deep stiff footing independent of superstructure

stiffened superstructure

%

relatively shallow foundation
beam acting as a truss
with the superstructure

Fig. 1.3 Stiff footing versus Vierendeel truss.

(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
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hinge joints

to allow blocks
to settle
differentially

|
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compressible material to
allow for movement due
to heave or settlement

Fig. 1.4 Buoyancy raft.

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

basement
not piled

floors span between
blocks of flats

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,



10 Approach and First Considerations

77
mass
T7
haunched
LA
1
stepped
77
L I
reinforced

Fig. 1.5 Pad foundations.

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.

7

/|

load-bearing wall

i

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. (Itis 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

row of columns

L |

inverted tee

Fig. 1.6 Strip footings.

wide strip
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stiffened rafts
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]

buoyant raft

Fig. 1.7 Raft foundations.

water. A cubic metre of soil can weigh as much as three
floor loads per square metre, so a deep basement excava-
tion can displace the same weight of soil as the weight of the
proposed structure. However where there is a high water-
table then flotation of the raft can occur, if the water pres-
sures exceed the self-weight! Typical examples of rafts are
shown in Fig. 1.7.

1.7.4 Piled foundations

Piles are used when they are more economical than the
alternatives, or when the ground at foundation level is too
weak to support any of the previously described founda-
tion types. Piles are also used on sites where soils are par-
ticularly affected by seasonal changes (and/or the action
of tree roots), to transfer the structural loads below the level
of such influence. Piles can transfer the structure load to
stronger soil, or to bedrock and dense gravel. The structural
load is supported by the pile, acting as a column, when it
is end-bearing on rock (or driven into dense gravel), or
alternatively by skin friction between the peripheral area
of the pile and the surrounding soil (similar to a nail driven
into wood) or by a combination of both.

Rapid advances in piling technology have made piling on
many sites a viable alternative economic proposition and
not necessarily a last resort. The reduction in piling costs
has also made possible the use of land which previously

was considered unsuitable for building. The authors” prac-
tice, for example, economically founded a small housing
estate on a thick bed of peat by the use of 20 m long piles to
support the low-rise domestic housing. Consideration
should also be given to the use of piles on contaminated
sites where driven piles can be economic as they do not
produce arisings that would otherwise need to be disposed
of off site at great cost. Typical examples of piling are
shown in Fig. 1.8.

1.8 Ground treatment (geotechnical
processes)

Soil properties can change under the action of superstruc-
ture loading. It compacts, consolidates and drains, and so
becomes denser, stronger and less prone to settlement.
These improvements can also be induced by a variety of
geotechnical processes before construction. The ground
can be temporarily loaded before construction (pre-
consolidated), hammered by heavy weights to compact it
(dynamic consolidation), vibrated to shake down and reduce
the voids ratio (vibro stabilization), the soil moisture
drained off (dewatering, sand wicks), the voids filled with
cementitious material (grouting, chemical injection), and
similar techniques.

Imported material (usually sandy gravel) can be laid over
weak ground and compacted so that the pressure from
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Fig. 1.8 Piled foundations.
column pad foundations can be spread over a greater area. Gl
Ir.nported materia} can also be us.,ed to seal contam.inate.d m I —EST
sites. Imported soils can also be laid and compacted in thin
(say 150 mm) layers with polymer nets placed between each weight of I
layer. The composite material, known as reinforced soil, has I soil
been widely used in retaining walls and embankments. level 1 | I
These techniques are discussed in detail in Chapter 8. The Sz ”
development of these techniques has made it possible to \ consolidated
build economically on sites which, until recently, were too soil
difficult and expensive to be considered as building land.
Tempor.ary Fl:geo.tecll'mical prf)cesses can be used to ease GL overburden
excavation. Typical cases are: ASES7—]  removed to RS
(1) Temporary dewatering to allow the excavation to be form basement

carried out in the dry,
(2) Chemical injection, freezing, grouting and the like to

maintain sides of excavations, etc. |9V9|v1 e —_ — heave

Permanent processes are employed to improve the ground
properties by:

(1) Compaction (making the soil denser and thus
stronger), and

(2) Consolidation and drainage processes to reduce the
magnitude of settlement. (Such measures are discussed
in detail in Chapter 8.)

1.9 Changes of soil properties during
excavation

The soil at level 1, below ground level — see Fig. 1.9 —is sub-
ject to pressure, and thus consolidation, due to the weight
of the soil above, and is in equilibrium. If the overlying soil
is removed to form a basement then the pressure, and con-
solidation effects, at level 1 are also removed. The unloaded
soil, in this condition, is known as over-consolidated, and is
likely to recover from the consolidation and rise in level
(heave). This can be likened to the elastic recovery of con-
traction on a column when its load is removed.

//

Fig. 1.9 Heave following removal of overburden.

over-consolidated
soil liable to heave

1.10 Post-construction foundation failure

A foundation that has been designed well and has per-
formed perfectly satisfactorily, may suffer distress due to
nearby disturbance. Typical examples of such disturbance
are piling for a new adjacent building; rerouting of heavy
traffic; new heavy hammering plant installed in adjoining
factories; and other activities which may vibrate or send
impact shocks through the soil under the existing founda-
tion, thus causing compaction and further settlement,
which may be unacceptable.

Similarly, changes in the moisture content (by increasing it
due to leaking mains and drains or by the removal of trees,
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or decreasing it by introducing drainage paths due to
neighbouring excavation or by further growth of trees)
can disturb the state of equilibrium of the soil /foundation
interaction. An interesting case, investigated by the authors’
practice, was the deforestation of land uphill of a factory.
The increased rain water run-off seriously affected the
basement of the factory.

The construction and loading of new foundations may dis-
turb existing buildings. The rising level of the water-table
in cities due to the cessation of artesian well pumping is
also causing problems (see Chapter 4 on topography, and
CIRIA Special Publication 69, The engineering implications of
rising groundwater levels in the deep aquifer beneath London).®)

1.11 Practical considerations

There are, in foundation design, a number of practical
construction problems and costs to be considered. The
chief ones are:

(1) The foundations should be kept as shallow as possible,
commensurate with climatic effects on, and strength
of, the surface soil; particularly in waterlogged ground.
Excavation in seriously waterlogged ground can be
expensive and slow.

(2) Expensive and complex shuttering details should be
avoided, particularly in stiffened rafts. Attention
should be paid to buildability.

(3) Reduction in the costs of piling, improvements in
ground treatment, advances in soil mechanics, etc.
have considerably altered the economics of design,
and many standard solutions are now out-of-date. There
is a need to constantly review construction costs and
techniques.

(4) Designers need to be more aware of the assumptions
made in design, the variability of ground conditions,
the occasional inapplicability of refined soil analyses
and the practicality of construction.

(5) The reliability of the soil investigation, by critical
assessment.

(6) Effect of construction on ground properties, i.e. vibra-
tion from piling, deterioration of ground exposed by
excavation in adverse weather conditions, removal of
overburden, seasonal variation in the water-table,
compaction of the ground by construction plant.

(7) Effect of varying shape, length and rigidity of the
foundation, and the need for movement and settle-
ment joints.

(8) After-effects on completed foundations of sulfate
attack on concrete, ground movements due to frost
heave, shrinkable clays, and the effects of trees; also
changes in local environment, e.g. new construction,
re-routing of heavy traffic, installation of plant in
adjoining factories causing impact and vibration.

(9) Fast but expensive construction may be more eco-
nomic than low-cost but slow construction to clients
needing quick return on capital investment.

(10) Effect of new foundation loading on existing adjoining
structures.

These practical considerations are illustrated by the follow-
ing examples.

1.11.1 Example 6: Excavation in
waterlogged ground

A simple example of excavation in waterlogged ground
exemplifies the problems which may be encountered. At
the commencement of a 1-2 m deep underpinning contract
in mass concrete, groundwater was found to be rising
much higher and faster than previous trial pits had
indicated. The circumstances were such that a minipiling
contractor was quickly brought onto site, and speedily
installed what was, at face value, a more costly solution, but
proved far less expensive overall than slowly struggling to
construct with mass concrete while pumping. As will be
well-known to many of our readers, few small site pumps
are capable of running for longer than two hours without
malfunctioning!

1.11.2 Example 7: Variability of
ground conditions

On one site a varying clay fill had been placed to a depth of
roughly 2 m over clay of a similar soft to firm consistency.
Since a large industrial estate was to be developed on the
site in numerous phases by different developers, a thor-
ough site investigation had been undertaken. Nevertheless,
on more than one occasion, the project engineer found him-
self looking down a hole of depth 2 m or greater, trying to
decide if a mass concrete base was about to be founded in
fill or virgin ground, and in either case whether it would
achieve 100 kN/m? allowable bearing pressure or not. This
emphasizes the importance of engineers looking at the
ground first-hand by examining the trial pits rather than
relying on the site investigation report from the relative
comfort of their desk.

1.11.3 Example 8: Reliability of the soils
investigation

On one site a contractor quoted a small diameter steel tube
pile length of 5 m (to achieve a suitable set), based upon
a site investigation report. In the event his piles achieved
the set at an average of 22 m (!), so obviously cost complica-
tions ensued. In addition to this, one of the main difficulties
was convincing the contractor to guarantee his piles at that
depth, as he was understandably concerned about their
slenderness.

1.11.4 Example 9: Deterioration of ground
exposed by excavation

An investigation by the authors’ practice of one particular
failure springs to mind as an example. Part of a factory had
been demolished exposing what had been a party wall, but
a 20 m length of this wall was undermined by an excavation
for a new service duct and a classic failure ensued. The
exposed excavation was then left open over a wet weekend,
resulting in softening of the face and a collapse occurred
early on the Monday.
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So often the most catastrophic of failures are as a result of
these types of classic textbook examples, which could be
prevented by the most basic precautions.

1.11.5 Example 10: Effect of new foundation
on existing structure

A new storage silo was to be constructed within an existing
mill, and the proposal was to found it on a filled basement,
in the same way that the adjacent silo had been 20 years
before. The authors’ practice was called in for their opinion
fairly late in the day, with the steel silo already under
fabrication.

After investigation of the fill, the client was advised to carry
the new silo on small diameter piles through the fill down
to bedrock. This would thereby avoid placing additional
loading into the fill, and thus causing settlement of the
existing silo.

1.12 Design procedures

Good design must not only be safe but must aim to save
construction costs, time and materials. The following pro-
cedures should help to achieve this and an ‘educated’ client
will recognize the importance of funding this work with a
realistic fee.

(1) On the building plan, the position of columns and load-
bearing walls should be marked, and any other induced
loadings and bending moments. The loads should be
classified into dead, imposed and wind loadings, giv-
ing the appropriate partial safety factors for these loads.

(2) From a study of the site ground investigation (if avail-
able), the strength of the soil at various depths or strata
below foundation level should be studied, to determine
the safe bearing capacity at various levels. These values
— or presumed bearing values from BS 8004 in the
absence of a site investigation — are used to estimate the
allowable bearing pressure.

(3) The invert level (underside) of the foundation is deter-
mined by either the minimum depth below ground level
unaffected by temperature, moisture content variation
or erosion — this can be as low as 450 mm in granular
soils but, depending on the site and ground conditions,

can exceed 1 m — or by the depth of basement, boiler
house, service ducts or similar.

(4) The foundation area required is determined from the
characteristic (working) loads and estimated allowable
pressure. This determines the preliminary design of
the types or combination of types of foundation. The
selection is usually based on economics, speed and
buildability of construction.

(5) The variation with depth of the vertical stress is deter-
mined, to check for possible over-stressing of any
underlying weak strata.

(6) Settlement calculations should be carried out to check
that the total and differential settlements are acceptable.
If these are unacceptable then a revised allowable bear-
ing pressure should be determined, and the foundation
design amended to increase its area, or the foundations
should be taken down to a deeper and stronger stratum.

(7) Before finalizing the choice of foundation type, the
preliminary costing of alternative superstructure
designs should be made, to determine the economics
of increasing superstructure costs in order to reduce
foundation costs.

(8) Alternative safe designs should be checked for eco-
nomy, speed and simplicity of construction. Speed and
economy can conflict in foundation construction — an
initial low-cost solution may increase the construction
period. Time is often of the essence for a client needing
early return on capital investment. A fast-track pro-
gramme for superstructure construction can be negated
by slow foundation construction.

(9) The design office should be prepared to amend the
design, if excavation shows variation in ground condi-
tions from those predicted from the site soil survey and
investigation.
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2 Soil Mechanics, Lab Testing and Geology

SECTION A: SOIL MECHANICS

2.1 Introduction to soil mechanics

Since most foundation designers have an understanding
of soil mechanics testing it is not proposed, in this chapter,
to go into great detail on the topic. There are, in any case,
numerous textbooks, proceedings of international confer-
ences and learned papers on the subject.

It is aimed therefore to give a recapitulation (and greater
confidence) for the experienced designer, and perhaps a
sense of proportion to those young engineers who appear
to think it is a branch of applied mathematics. The subject is
of vital importance to the designer and contractor. The
designer must know the strength, stability and behaviour of
the soil under load and the contractor must equally know
what will have to be contended with in construction. Soil
mechanics is a serious and valuable scientific attempt to
determine the soil’s type and properties.

The subject grew out of separate inquiries into a variety of
early foundation failures, together with the new need to
found heavier loads on poorer soils. The early pioneers
of the subject, such as Terzaghi, collected and collated this
dispersed information to establish a scientific, organized
discipline. After the Second World War, the desperate need
for reconstruction focused more widespread interest in the
subject, and by the mid- to late 1950s many universities had
started courses and research. Today it is accepted as normal
that it forms part of an engineer’s training. The earlier
hostility to this relatively new science by older engineers,
and the uncritical acceptance of it as ‘gospel’ by young
engineers, has since developed into healthy appreciation
of its value, and the need for experience and judgement
in its application by many designers.

When practical designers criticize passive acceptance of
inapplicable theory they can be accused (admittedly by
second-rate academics and researchers) of being reaction-
ary, and anti-scholarship and research — this is not the case.
Terzaghi himself stated, after criticizing some teaching, that:

‘as a consequence, engineers imagined that the future of
science of foundations would consist in carrying out the
following programme — drill a hole in the ground. Send
the soil samples to a laboratory, collect the figures, intro-
duce them into equations and compute the results. The
last remnants of this period are still found in attempts to
prescribe simple formulas for computing settlements —
no such formulas can possibly be obtained except by
ignoring a considerable number of factors.’

He has also said:

‘Rigour is often equated with mathematics but there is at
least as much rigour in observing and recording physical
phenomena, developing logical argument and setting
these out on paper.’

Casagrande criticized those teachers:

‘who had not the faculty to train their students to critical,
independent thinking. Such ideas are then dragging
through his life [the student] like invisible chains,
hampering his professional progress.’

Emeritus Professor John Burland, of Imperial College,
London, in his Nash lecture,!) said:

‘the greatest problem lies in the fact that all too often
the boundaries between reality, empiricism and theory
become thoroughly confused. As a result the student can
quickly lose confidence, believing that there is no secure
basic frame of reference from which to work — the whole
subject becomes a kind of “black art”...an attitude
widely prevalent today amongst general practitioners.’

He also said:

‘soil mechanics is a craft as much as a science. A distinctive
feature of a craftsman . . . is that he “knows” his material.
He may not be able to quote its Young’s modulus, yield
strength, etc., but he knows from handling it and work-
ing it far more about its likely behaviour than would be
revealed by measuring a dozen difficult properties.”

Itis reassuring to designers that such an eminent expert has
expressed these views.

Soil mechanics tests determine the soil’s classification, its
bearing capacity, settlement characteristics, its stability and
pressures within it, and finally the ease or difficulty of its
excavation and treatment.

2.2 Pressure distribution through ground

The pressure distribution of concentrated loads on, say,
concrete padstones or masonry walls is often assumed to
disperse through 45° planes as shown in Fig. 2.1 (a).

Since
load
stress = and area =472
area
then
load
stress=——
Z
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Fig.2.1 Variation of vertical stress with depth
(45° dispersal assumption).

and a pressure distribution/depth results in the graph
shown in Fig. 2.1 (b). In most soils, a dispersion angle of 60°
from the horizontal plane is a more commonly accepted
value. The use of a dispersion angle is an oversimplified
approach which can produce incorrect results, but helps to
understand the principles. A redefined and more accurate
method developed by Boussinesq is more generally adopted.

The vertical stress, p,, at any point beneath the concentrated
load, P, ata depth, z, and a radius r is given by the equation:

3P 1
w2 272
{1 + (1) ]
z

This results in the pressure distribution graph shown in
Fig.2.2.

p.=

The solving of the equation for a number of different depths
and plan positions is obviously laborious without the aid of
a computer, and designers tend to use pressure contour
charts as shown in Fig. 2.3.

While the 60° dispersal is an assumption, it should be
appreciated that the Boussinesq equation is also based on
assumptions. The assumptions are that the soil is elastic,
homogeneous and isotropic —which, of course, it is not, and

vertical stress p,
at depth z caused
by applied load P

Fig. 2.2 Variation of vertical stress with depth
(Boussinesq assumption).

it also assumes that the contact pressure is uniform which it
is often not. Nevertheless the assumptions produce reason-
able results for practical design and more closely correlates
with pressure distribution in the soil, than the 60° dispersal
assumption.

The three exceptions to the Boussinesq equation occur:

(1) When a soft layer underlies a stiff layer leading to a
wider spread of lateral pressure,

(2) When a very stiff foundation does not transfer uniform
pressure to the soil, and

(3) For those occasional soils with high vertical shear
modulus, which tend to have a narrower spread of
lateral load.

The variation of vertical stress across a horizontal plane
within the soil subject to uniform vertical contact pressure
is not uniform. Figure 2.4 shows the variation of pressure
along a horizontal plane due to a uniform contact pres-
sure under a raft or strip, assuming again a 45° dispersal of
stress for simplicity.

The simplification shows the maximum pressure under
the centre of the raft, or strip, and diminishing pressure
towards the edge. This may help to clarify the cause of strip
footings sagging when supporting a uniformly distributed
load, and a uniformly loaded raft deflecting like a saucer.
Figure 2.4 also shows that the soil is subject to vertical stress
(and thus settlement) beyond the edge of the foundations.
An existing building, close to a new raft foundation, may
suffer settlement due to the new loaded foundation. Fig-
ure 2.3 shows the stress variation across a horizontal plane
based on the Boussinesq equation.
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Fig. 2.3 Vertical stress contours beneath an infinite strip (Weltman & Head, Site Investigation Manual, CIRIA (1983),

Fig.72).2

2.3 Bearing capacity

2.3.1 Introduction to bearing capacity

A simplistic explanation, to ensure the understanding of
the basic principles of bearing capacity, is given below.

The loaded foundation in Fig. 2.5 (a) pushes down a trian-
gular wedge of soil, the downward load, P, is resisted by
the upward reactions, P/2 on each triangle. The reactions

can be resolved parallel and perpendicular to the boundary
planes, AC and BC, (Fig. 2.5 (b)) into compressive and
shearing forces P, and P,. These forces are resisted by the
soil’s shear strength, 7, and its compressive strength, ¢ (see
Fig. 2.5 (c)). The soil will tend to fail in shear long before it
fails in compression.

The shearing resistance of the soil, 7, is a factor of its cohe-
sion, ¢, and its internal friction (dependent on the angle of
internal friction, ¢).
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Coulomb’s equation states that:
T=c+0ctan¢
where 6 = normal pressure across the shear plane.

In a friction-less clay:

T=c
\ / In a non-cohesive sand:
\/ T=ctan¢
Y . ‘ .
P P Many soils are rarely solely cohesive or frictional but are a
2 2

(@)

AK AX&

A\ N7
5 ( c A
o)

(©)

Fig. 2.5 Normal and shear stresses for a triangular
wedge of soil.

mixture of both, such as silty sands, sandy clays, etc.

As an example, determine the shear resistance of a soil with
¢ =100 kN/m?, and ¢ = 20°, subject to a normal pressure of
200 kN/m?2.

T=c+0ctan¢
©=100+ (200 x tan 20°)
1=173 kN/m?

The simple triangular wedge action shown in Fig. 2.5 is
mainly confined to frictional non-cohesive soils. In mainly
cohesive soils the triangular wedge in pushing down tends
to disturb and displace soil on both sides of the wedge (see
Fig. 2.6) and further soil shear resistance will be mobilized
along the planes of disturbance.
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Fig. 2.6 Triangular wedge action in cohesive soils.

2.3.2 Main variables affecting bearing
capacity

(1) The surface area of the wedge resisting the foundation
load depends on the size of the foundation and its
shape, as is shown in Figs 2.7 (a), (b) and (c).

Figures 2.7 (a) and (b) show diagrammatically that
the larger a square base then the greater the surface area
of the wedge, and that a strip footing has less surface
area per unit area of foundation (see Fig. 2.7 (¢)).

(2) The bearing capacity of a foundation is affected by its
depth, D, and the density of the soil (see Fig. 2.8).

Comparing Fig. 2.8 with Fig. 2.6, it will be noted that
there is a greater volume of soil to push up, and the
shear planes are longer. Furthermore, the greater the
density (the weight) of the soil then the greater the force
necessary to push it up.

(3) In any horizontal plane at or below foundation level
there is an existing pressure due to the weight of soil
above the plane. This existing overburden pressure will
vary with the density and weight of the soil and the
percentage of water within the soil.

(a) Total overburden pressure, s, equals pressure due
to weight of soil and water (and any other existing
surcharge loads) before construction.

(b) Effective overburden pressure, s’, equals the total
overburden pressure, s, minus the porewater pres-
sure (usually equal to the head of water above the
plane).

Atadepth z, below the water-table, s’ =5 -y, z,,
where v, is the unit weight of water.

As an example, determine the effective over-burden pres-
sures at the levels of water-table, proposed foundation base,
and 1 m below proposed foundation, shown in Fig. 2.9. The

P

/ AN

C

Fig. 2.8 Effect of depth of base on bearing capacity.

ground level

7]
0.5m
1 water-table -

im D,

I I R o

2 foundation base

3

Fig. 2.9 Variation of effective overburden pressure for
a pad foundation.

sand has a dry unit weight of 17.5 kN/m? and a saturated
unit weight of 20 kN/m?.

Atlevel1(z,=0):

§'=5=Yey Dy, =17.5%0.5=8.75 KN /m?

Atlevel2(z,,=D-D,,):

S, = Ysat(D - Dw) + ydry(Dw) - YW(D - Dw)
=20(1.0-0.5) + 17.5(0.5) — 10(1.0 — 0.5)
=10+8.75-5=13.75 kN/m?

Atlevel3(z,=2.0-D,):

§"=Y5a(2.0-D,)) + Y4, (D) = 7%, (20 - D)
=20(2.0 - 0.5) +17.5(0.5) — 10(2.0 - 0.5)
=30+8.75-15
=23.75kN/m?

2.3.3 Bearing capacity and bearing pressure

In the previous section both bearing pressure and capacity
were discussed. It is important to differentiate between
the two.

a4 —4

square bases
(a) (b)

Fig. 2.7 Effect of base size and shape on soil wedge.

strip footing

()
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Fig.2.10 Terzaghi's bearing capacity coefficients (Reproduced from Terzaghi, K. & Peck, R. B. (1996) Soil Mechanics
in Engineering Practice, 3rd edn, permission of John Wiley and Sons, Inc.®).

The bearing capacity is the pressure the soil is capable of
resisting.

The bearing pressure is the pressure exerted on the soil by the
foundation.

Both terms have sub-divisions as follows:

(1) The total bearing pressure, t, is the total pressure on
the ground due to the weight of the foundations, the
structure and any backfill.

(2) The net bearing pressure, n, is the net increase in pressure
due to the weight of the structure and its foundation,
ie.n=t-s.

(3) The total ultimate bearing capacity, t,, is the total loading
intensity at which the ground fails in shear (Note “ultim-
ate’ does not refer to ultimate limit state in this context.)

(4) The net ultimate bearing capacity, n,, is the net loading
intensity at which the ground fails in shear, i.e., n;=t;—s.

(5) The net allowable bearing pressure, n, = ng/(factor of
safety). The factor of safety is determined by the
designer’s experience and judgement, the magnitude
and rate of settlement and the structure’s resistance, or
susceptibility, to settlement. It is common in practice to
adopt a factor of safety of 3 for normal structures.

2.3.4 Determination of ultimate
bearing capacity

As discussed above the bearing capacity depends on such
factors as the shear strength of the soil and the size and
shape of the foundation. Terzaghi, some 60 years ago,
developed mathematical solutions to cover all these
variations. The solutions were modified by experiments,
and further modified by Brinch Hansen. For shallow founda-
tions, using dimension-less coefficients, N, N, q and Ny (given

in Fig. 2.10), the net and total ultimate bearing capacities
are, respectively,

(1) Strip footings
ng=cN_+ s’(Nq —-1)+0.5yBN,
ti=cN_+ s’(NCi -1+ 0.5YBN, +s
(2) Square or circular bases
ng=1.3cN+5'(N,— 1) +0.4yBN,
t=13cN+5' (N, — 1) + 04BN, +5
For sands and gravels, when non-cohesive, the term c¢N_ in
the above equations is equal to zero.
The net ultimate bearing capacity, 1, for such soils is:
ny=s'(Ng—1)+0.5yBN, for strips, and
n;=5"(Ng—1)+0.4yBN, for square bases.

For pure cohesive soils, where ¢ =0°, ;= cN_for both strips
and square bases. For ¢ =0°, N_is generally taken as 5.14.

Example 1

A strip footing of width B = 1.5 m is founded at a depth
D =2.0 m in a soil of unit weight y=19 kN/m?. The soil has
a cohesion ¢ = 10 kN/m? and an angle of internal friction of
¢ = 25°. No groundwater was encountered during the site
investigation.

For a strip footing the total ultimate bearing capacity is
given by:
t;=cN +5'(N;—1)+0.5yBN, +s

Since there is no groundwater, the effective overburden
pressure equals the total overburden pressure.

§’=5=yD=19x2.0=38 kN/m?
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From Fig. 2.10, N =25, Nq =13, NY= 10. Thus:

t;=cN_ .+ s’(NCl -1+ 0.5yBN, +s
=cN +s'N;+0.5yBN,
=10(25) +38(13) + 0.5(19 x 1.5 x 10)
=250+494+142.5
=886.5 kN/m?

Applying a factor of safety of 3, this gives a total allowable
bearing pressure

=255 _po5 kn/m2
*3 3

Example 2

A strip footing of width B = 1.0 m is to be founded at a
depth D = 1.5 m below the surface of a cohesionless sand
with dry and saturated unit weights Yary = 16 kN/m?® and
Yoot = 18 KN/m3, and an angle of internal friction of ¢ = 30°.

The net ultimate bearing capacity is
ne= s'(Nq -1+ 0.5yBN,
From Fig. 2.10, Nq =22 and NY: 20.

The net ultimate bearing capacity at depth D is to be
checked, assuming the groundwater is

(1) below 3 m depth,
(2) at1.5mdepth,

(3) at0.5mdepth.
(

1) Groundwater below 3 m depth
Effective overburden, s’=y,, D=16x1.5=24 kN/m?2
Unit weight, y=1;,, =16 kN/m’

ng=5'(N,—1)+0.5yBN,
=24(22—-1) +0.5(16 x 1.0 x 20)
=664 kKN/m?

(2) Groundwater at 1.5 m depth
s’=24 kN/m?as in (1).

When groundwater is present at or above foundation level,
the unit weight v in the second half of the bearing capacity
equation should be the submerged unit weight.

Y="Yeat — Yo = 18 =10 =8 kN/m?

ne=5'(N,—1)+05yBN,
=24(22-1)+0.5(8 x 1.0 x 20)
=584 kN/m?

(8) Groundwater at 0.5 m depth

s'= ydrwa + Ysat(D - Dw) - yW(D - Dw)
—16(0.5) + 18(1.5— 0.5) — 10(1.5 — 0.5)
=17 kN/m?

vy=8kN/m3?  asin(2)

ny=s'(N,~ 1) +0.5yBN,
=16(22—-1)+0.5(8 x 1.0 x 20)
=416 kN/m?

There are underlying and well-known approximating
assumptions in all the equations both in this section and the
previous sections. Typically these are:

(1) ¢ and c are well-known from tests and are constant for a
given soil,

(2) That the loads imposed on the ground are known with
exactitude, and

(3) The effect of settlement on the structure is not considered.

Asin all structural design, the engineer will therefore apply
the results of calculations with judgement and experience.

It has not yet proved possible to apply limit-state philo-
sophy to bearing capacity. Simply applying a partial safety
factor to ultimate bearing capacity and checking for ser-
viceability, i.e., prevention of undue settlement, does not go
all the way to producing good design. This is considered
further in the following sub-sections.

In general, however, when the bearing capacity is low
the settlements tend to be high, and, conversely, when the
bearing capacity is high the settlement is more likely to
be low.

2.3.5 Safe bearing capacity —
cohesionless soils

It is extremely difficult to obtain truly undisturbed samples
of cohesionless soils (sands and gravels), and furthermore,
shear tests, which fully simulate in situ conditions, are
not without difficulties. The angle of internal friction, ¢, is
more often determined by the various penetration tests,
and these too can give varying results. From Fig. 2.10, it will
be seen that for small increases in ¢ there are large increases
inboth N q and Ny, leading to a large increase in net ultimate
bearing capacity, ;.

For example,

whenq)=30°,Nq=22 and N,=20
when ¢=33° N;=30 and N,=30

Thus, for a 3 m square base founded in sand of unit
weight v =20 kN/m® with an effective overburden pres-
sure s’ =20 kN/m?, then:

For ¢ =30, n;=5'(N,— 1)+ 0.4yBN,
=20(22 - 1) +0.4(20 x 3 x 20)
=420 + 480 =900 kN/m?

For ¢ =33°, 1,=20(30 — 1) + 0.4(20 x 3 x 30)
=580 + 720 = 1300 kN /m?

So a 10% increase in ¢ results in approximately a 40%
increase in n,. However, foundation design pressure on
non-cohesive soil is usually governed by acceptable settle-
ment, and this restriction on bearing pressure is usually
much lower than the ultimate bearing capacity divided by
the factor of safety of 3. Generally only in the case of narrow
strip foundations on loose submerged sands is it vital to
determine the ultimate bearing capacity, since this may be
more critical than settlement.

In practice settlements are limited to 25 mm by use of
charts relating allowable bearing pressure to standard
penetration test results, as shown in Terzaghi & Peck’s chart
in Fig. 2.11 and reproduced with an example in Appendix N.
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Fig.2.11 Terzaghi & Peck allowable bearing
pressure/SPT chart. (Reproduced from Terzaghi, K. &
Peck, R.B. (1996) Soil Mechanics in Engineering Practice,
3rd edn, permission of John Wiley and Sons, Inc.®).

2.3.6 Safe bearing capacity — cohesive soils

It is easier to sample and test clay soils. The test results can
be more reliable — provided that the moisture content of the
test sample is the same as the clay strata in situ. As water
is squeezed (or drained) from the soil then the value of ¢
increases. But since the drainage of water from the clay is
slow then so too is the increase in c, so that generally the
increase in bearing capacity is ignored in foundation
design. The value of ¢ from undrained shear strength tests
is therefore adopted in most designs.

Unlike non-cohesive soils, the bearing capacity, and not
settlement, is found to be the main design factor in the
foundation design of light structures founded on firm clay.
Applying a factor of safety of 2.5-3.0 to the ultimate bearing
capacity usually restricts settlement to acceptable levels.
Where there is no experience of the behaviour of the soil
under load, the clay is less than firm, or the structures are
heavy, then settlement estimates should be made.

2.3.7 Safe bearing capacity — combined soils

Soils such as silts, sandy clays, silty sands and the like pos-
sess both c and ¢ properties. Reasonable soil samples can be
taken for testing, usually by triaxial compression tests. The
ultimate bearing capacity results obtained from such tests
are divided by a factor of safety based on experience and
judgement and the design for settlement (as is shown later).

2.4 Settlement

2.4.1 Introduction to settlement

Soils, like other engineering materials, contract under load.
This contraction, known in foundation engineering as settle-
ment, must be determined and checked, so that either its
magnitude will not affect the superstructure, or the super-
structure design should build-in flexibility to accommodate

the settlement. In the same way as the magnitude of a
beam’s deflection depends on the strength/stiffness of the
beam and the load on it, so too does settlement depend
on the strength/stiffness of the soil and the load (bearing
pressure) on it. Limiting beam deflections to acceptable
levels is done by either reducing the load or strengthen-
ing/stiffening the beam, and so too settlement is limited
in design, by either restricting the load (bearing pressure),
or strengthening/stiffening the material (by geotechnical
processes).

Just as steel and concrete beams deflect by different
amounts, so too does the magnitude of settlement differ
between cohesive and non-cohesive soils. The rate of
deflection of a prestressed concrete beam differs from
that of a steel beam, the prestressed beam is affected by
long-term creep. Similarly the rate of settlement differs
between cohesive and non-cohesive soils.

If the whole structure settled evenly there would be little
problem, but, as shown in Figs 2.3 and 2.4, even uniform
pressure at foundation level results in non-uniform pres-
sure within the soil, leading to differential settlement and
sagging (or hogging) as shown in Fig. 1.1. The situation is
worse when the foundation loading is not uniform.

The settlement of soils under load is somewhat analogous
to squeezing a saturated sponge. If the sponge shown in
Fig. 2.12 is contained in a sealed and flexible plastic envel-
ope it will deform by spreading. The water in the sponge
will be under pressure. But in the strata it is difficult for the
soil to spread, and if the sponge is restrained the water
pressure will be greater. If the plastic is punctured the
water will at first spurt out, reduce gradually to a trickle,
and when there is equilibrium of pressure between the

pressure

plastic

cover

water in \

voids sponge
r—————- | | settlement
| |
| |
| |
| |

—-1——-1—» spreading

Fig. 2.12 Squeezing a saturated sponge in
a sealed bag.
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sponge and the loaded pressure on it, then the drainage of
moisture will cease (see Fig. 2.13).

If the load is increased then again water will drain from the
sponge, settlement increases, and finally reaches equilib-
rium again.

Apart from drainage of moisture from the sponge other
actions take place. The sponge particles are compressed
and pushed into closer contact — similar to elastic con-
traction. The spreading of the soil, shown in Fig. 2.12, is
indicative of a Poisson’s ratio action. With the reduction in
volume the sponge is becoming more compact and there-
fore stronger, more able to resist the load pressure, and
settles relatively less with increased pressure. A settlement/
time graph under increasing pressure, say 6,, 6,, etc., would
then be as shown in Fig. 2.14.

This is what happens in practice. The mechanics are out-
lined in the following sub-sections.

2.4.2 Void ratio

Soils are not totally solid, but comprise a mixture of soil
particles and water below the water-table, or soil, air and
water above the water-table.

Figure 2.15(a) shows the actual soil, and Fig. 2.15(b) shows
a convenient idealized form. The ratio of the voids to the
solids, i.e.
. . volume of voids V.
void ratio,e= —————— =—%
volume of solids ~ V

All readers will have experienced the effect of differing
void ratios in practice. Where a road repair has been
undertaken, backfilled and resurfaced, on a route used
regularly, they will have noticed after a few weeks that the
repair has consolidated under vehicle loading, and has
become an irritating rut in the road. The poorly compacted
backfill started off with a relatively high voids ratio; load-
ing has led to compaction and settlement, until the voids
ratio has reduced to a similar level to the rest of the road
construction.

2.4.3 Consolidation test

This is basically a refined squeezing the sponge exercise, and
is shown in Fig. 2.16.

V, = volume of
voids

%

V, = volume of
solids

Y |




24 Approach and First Considerations

dial gauge measuring
settlement

applied vertical
pressure

4

steel cutting
ring

NN

porous disk to
allow drainage

soil sample, 75 mm dia.,
20 mm thick

Fig.2.16 Consolidation test.
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Fig.2.17 Variation of void ratio with increasing
pressure.

A pressure, known as the consolidation pressure ¢, is
applied, and by reading the dial gauge the settlement is
noted at time intervals until full consolidation is reached,
normally after 24 hours. The water in the soil squeezes out
through the porous discs, the sample contracts, and the
new void ratio, e, can be determined. The test is repeated
with increasing increments of ¢’ (i.e. 61, 65, 6}, etc.) and
the change ine (i.e. e;, e,, €5, etc.) noted.

A typical graph of void ratio to consolidation pressure
generally results in a curve (see Fig. 2.17).

The slope of the e-6’ curve, a, decreases with increase in
pressure (since the soil is becoming more and more dense);
consequently a is not constant. In calculations, however, the
pressure range, from initial to final result, is such that a is
often assumed constant, i.e. the e-6’ curve between the two
pressures is a straight line. Therefore:

479 2N

’

61-0,;

2.4.4 Coefficient of volume compressibility
This coefficient is important in calculating settlement.

The compression of a soil, per unit thickness, due to a unit
increase in effective pressure is represented by

volumetric change

Y unit of pressure increase

If H, = original thickness, and H, = final thickness, then,
since the area is constant,

. H,-H
volumetric change =—1—2

1

But the change in height is due to the change in void
ratio, i.e.

. e;—e
volumetric change =—-1—2
1+e
Now
a=8"%
do’
therefore
a ’
volumetric change =
1+e
hence
ado’
_l+e
Vv dcl
ado” 1
= X—
1+e; do
a
= m?/kN
1+e

Determining a from experiments, and knowing m,, the
pressure increase dc’, and the thickness of the strata H;,
then:

settlement, p, =m  dc’H,

If there are, say, four strata, then the total settlement = p, +
p, +p5+p,, where p,, p,, etc. represent the settlement of the
individual strata.

Typical values of m, for clays are given in Table 2.1.

For example, for a clay strata, m, = 0.2 x 10 m?/kN, the
thickness of the strata H; = 1.5 m and the change in pressure
in the strata do’ = 100 kN /m?.

Table 2.1 Typical values of m,

soil m,(m%kN x 1073) Compressibility

2.0-0.25
0.25-0.125
0.125-0.00625

Soft clay
Soft-to-stiff clay
Stiff-to-hard boulder clay

very high to high
medium
low to very low
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Fig. 2.18 Settlement of sands and clays with time.

To determine the settlement, p,,

p,;=m,dc’H,
=(0.2x1073) (100) (1.5 x 10%)
=30mm

2.4.5 Magnitude and rate of settlement

Soils are of course not solid (as are steel, granite or similar
materials) but, like a wet sponge, are a mixture of soil
particles and water in the voids between the particles. The
magnitude of the settlement depends not only on the bear-
ing pressure but also on the amount of water in the soil (its
void ratio). The rate of settlement depends on how fast the
water can be squeezed from the soil (its permeability).
Sands generally contain less water than clays, and the
water can escape faster. So sands settle less and faster than
clays (see Fig. 2.18).

In sands the bulk of the settlement occurs during construc-
tion, but clays continue to settle long after construction is
complete.

The short-term settlement of sands is termed immediate
settlement. The long-term settlement of clays is termed
consolidation. Because of the similarity between the settle-
ment/time graph for sand and clay and the stress/strain
graphs for steel and concrete, it is tempting to postulate a
modulus of elasticity for soils. Thus mathematical theories
can be proposed which, while elegant, can bear little rela-
tion to facts.

2.4.6 Settlement calculations

The structural loads used in foundation design for settle-
ment calculations (and bearing pressure) should be the actual
loads, and not those factored up to give ultimate loads.

Estimation of the magnitude and particularly the rate of
settlement is one of the most difficult engineering design
estimates — accurate forecasts are practically impossible,
and engineering experience and judgement are essential.
Trial hole inspection, to study the horizontal, vertical and
inclined drainage paths, is essential in order to make adjust-
ments to calculated results. Vegetation roots which have
decayed leave drainage paths which can be undetected in

sample tests. Examination of the settlement behaviour of
comparable structures on similar soils is advisable, and
the insertion of movement joints in the structure (to form
controlled cracks) where damaging differential settlement
is likely, is good design policy.

As the soil moisture is drained away under foundation
loading, the soil becomes denser and stronger until equilib-
rium is reached and settlement ceases. If, later, the soil is
further loaded by increasing the structural loads, or new
structures are added on, or there are further soil moisture
reductions, then further settlement will start. The pressure
within the strata varies, see Fig. 2.1, and though the strata
can be sub-divided into thin layers for purposes of calcula-
tion, this still gives only the settlement of that stratum at
one particular point, and not along the stratum.

The sample tested in the consolidation test is allowed
to drain on the vertical axis only, whereas in situ there
are other drainage paths. The sample (supposedly undis-
turbed) is, relative to the strata, very thin, and may not be
representative of the strata in situ.

The pressure in the strata is not always that due to the total
load assumed in design. The design load at foundation
level must cover the case of full imposed load, yet, for say
an office block, this may occur for only a quarter of the time,
so the pressure in the strata causing settlement is an estimate.

Certainly the use of finite-element analysis and computers
can eliminate the need for laborious calculations but they
do not necessarily produce the right answer.

It cannot be over-emphasized that it is the magnitude of
differential settlement that mainly causes structural damage,
rather than the magnitude of overall settlement. Particular
settlement calculation checks should be made where the
foundation loading is not uniform, where the strata varies
in thickness, where the structure is particularly susceptible
to differential settlement, and where there is no previous
experience of the soil from which to work.

Because of so many variables, exact estimates are difficult,
and it is usual to quote settlements to the nearest:

e 5 mm where the settlement is 25 mm or less.
¢ 25 mm where the settlement is up to 150 mm.
¢ 50 mm where the settlement is greater than 150 mm.

To reduce the effects of differential settlements to an
acceptable level the designer can:

(1) Avoid the adoption of structures and foundations
sensitive to settlement.

(2) Employ ground improvement techniques.

(3) Transfer, by piling, the load to strong strata.

(4) Build injacking pockets to re-level the structure.

(5) Use deep basements of cellular construction.

(6) Userigid rafts or strip beams.

In addition to the measures of structural/foundation inter-
action design, given in sections 10.5 and 10.6, the designer
can let the structure settle differentially and control the
cracking by inserting movement joints (which in effect are
controlled cracks). This method is often the most economic
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solution. The placing of such joints is based on experience
and some guidance is given below:

(1) Separate tall heavy blocks from low, light ones.

(2) Decrease the centres of joints positioned for structural
differential movement due to thermal moisture and
other movements.

(3) Place joints at stress concentrations (i.e. top of door to
bottom of window-sill above).

(4) Placejoints at changes of plan shape.

2.5 Allowable bearing pressure

In most structural designs a factor of safety is applied to
ultimate strength to produce a design safe strength, and
then checked for serviceability resulting in, sometimes,
a further restriction to produce an allowable strength. In
foundation design the soil’s ultimate bearing capacity is
determined and a factor of safety is applied to give a safe
bearing capacity, so that the soil does not fail in shear. This
safe bearing capacity is checked for the possibility of undue
settlement, and to control this it may be necessary to reduce
the safe bearing capacity to an allowable bearing pressure, to
limit undue settlement to the structure.

Safety factors, as in all structural design, are necessary to
allow for uncertainties, so judgement and experience are
necessary in the choice of magnitude of the factor. Safety
factors account for:

(1) Variations in the shear strength within and between
the strata.

(2) Variation in the reliability of experimental and theor-
etical determination of ultimate bearing capacity.

(8) Variation of shear strength during and after foundation
construction.

(4) Consideration of the serviceability limit of settlement.

(5) Thelife of the structure, i.e., a lower factor of safety may
be adopted for temporary works.

Common values are 2.5-3.0 to cover these variations. This
is reduced to 2.0 when the strata is uniform, reliable and
differential settlement is not critical. This can be further
reduced to 1.5 for temporary works when unaffected by
significant settlement.

2.6 Conclusions

Soil mechanics is not an exact science (but neither is much
of structural design). Some engineers dismiss the subject
as academic and of no practical value — such an attitude can
lead to over-design or even foundation failure. The good
designer will know the subject, appreciate its limitations,
and apply sound judgement and experience in design.
The engineer, needing detailed information on specific
matters, is referred to the numerous excellent textbooks on
the subject.

SECTION B: LABORATORY TESTING

2.7 Introduction to laboratory testing

Soil mechanics tests determine the classification of a soil, its
bearing capacity, its settlement characteristics, its stability
and pressures within it, and finally, the ease, or difficulty,
of its excavation and treatment.

2.8 Classification (disturbed sample tests)

2.8.1 Particle size and distribution

Soils vary enormously in formation, chemical composition,
density and even colour. The main factor affecting their
physical behaviour is the size of the soil’s particles and this
characteristic is used to determine the classification.

For example, clay particles are relatively minute (less than
0.002 mm) and the particles stick together — they are cohesive
(as every site engineer knows, clay can stick like glue to
gumboots). Sand particles are 30-1000 times bigger than
clay particles and they interlock — they possess internal
friction (dry sand does not stick to gumboots). Clay particles
are practically impervious, while sands and gravels possess
high permeability.

The cohesion of clay particles and the friction between sand
particles have an important affect on the soil’s strength,
stability and behaviour, as does its permeability and vari-
ation in moisture content. Silt particles are intermediate
between clays and sands; gravel particles are bigger than

Table 2.2 Soil descriptions and particle sizes (Weltman, A.J. & Head, J.M., Site Investigation Manual, CIRIA (1983),®

Table 6)

Grain size (mm)

(log scale) 200 60 20 6 0.6 0.2 0.06 0.02 0.006 0.002
Basic soil type @ S @ g @ S
. s le|le| 5|3 | 2|83 ¢
5 8 S| | &[S |s|&|8|=|=&
S a
3 8
] V] GRAVELS SANDS SILTS CLAYS
VERY COARSE SOILS COARSE SOILS FINE SOILS

fine materials <35%

fine materials > 35%

Drainage High permeability generally k > 10~ m/s (fine sands) Low permeability | Practically
properties Maximum can approach 1 m/s poor drainage impervious
106>k>108m/s | k<108m/s
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100 — — 0
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o _ gap-graded silty, gravelly - -
£ medium-fine SAND 2
& 60 — uniform fine — 40 g
g GRAVEL =
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@ 40— — 60 &
S well-graded s
Q . sandy, slightly — Q
50 — silty GRAVEL | 80
7] B
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0.001 0.005 0.01 0.05 0.1 05 1 10 50 100
particle size (mm)
fine | medium | coarse fine medium | coarse fine medium | coarse
CLAY SILT SAND GRAVEL
0.002 0.06 2 60 (mm)

Fig.2.19 Grading curves for coarse grained soils (Weltman, A.J. & Head, J.M., Site Investigation Manual,

CIRIA (1983),? Fig. 61).

sands, and cobbles and boulders are bigger than gravels.
There is further sub-division into coarse and fine soils, and,
within a soil type, into fine, medium and coarse.

The relationship between particle or grain size, and the
main descriptive divisions for soils, together with their
approximate permeability, are shown in Table 2.2.

Soils are frequently variable - the particles vary in size —and
are often mixtures of differing soils. The variation in particle
size is termed grading. When there is uniformity of particle
size the soil is described as uniformly graded, and when it varies
widely it is termed well-graded (see Table 2.2 and Fig. 2.19).

Figure 2.20 shows, diagrammatically, that well-graded
soils and compacted soils tend to be denser and therefore
stronger than uniform uncompacted soils.

When gravel contains a proportion of sand it is described
as sandy gravel, and clays with a silt content are described
as silty clays. Reference should be made to Table 2.3 for
description of mixtures of basic soil types. A typical classi-
fication of coarse soils is shown in Table 2.3.

A general identification of soils from BS 5930 is given in
Fig. 2.21. A more detailed identification and description of
soils from BS 5930 is given in Table 2.4.

2.8.2 Density

The denser the soil then generally the stronger it is likely
to be. There are in situ and laboratory tests to determine
density, and it is also important to evaluate the moisture
content of the sample. This is performed by weighing the
soil before and after drying.

gravel

coarse sand

fine sand

silt

Well graded, sandy, slightly
silty gravel

Compact gravel

Fig. 2.20 Effect of grading on density.
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Table 2.3 Classification of coarse soils (Weltman, A.J. &
Head, J. M., Site Investigation Manual, CIRIA (1983),?
Table 5)

Material Composition (by weight)

Slightly sandy GRAVEL up to 5% sand

Sandy GRAVEL 5% to 20% sand
Very sandy GRAVEL over 20% sand
GRAVEL/SAND about equal proportions

of gravel and sand
over 20% gravel
5% to 20% gravel
up to 5% gravel

Very gravelly SAND
Gravelly SAND
Slightly gravelly SAND

2.8.3 Liquidity and plasticity

A clay, depending on its moisture content, can be in three
physical states, i.e., solid, plastic or liquid. The divisions
between the three states are known as the plastic limit and
liquid limit which are the moisture contents at which, by
defined tests, the soil changes physical state. Knowing
these consistency limits allows the soil to be classified
according to its position on the plasticity chart shown in
Fig. 2.22. Silty soils are usually found to be plotted below
the A-line, and clayey soils above it.

The plasticity can be a useful guide to the compressibility
and liability to shrinking of clays and silts.

2.8.4 General

Soils within a stratum having the same particle size distribu-
tion, moisture content, density, etc. will tend to have the
same engineering properties and behaviour. The disturbed
sample tests (on particle size, consistency limits, etc.) are
relatively cheap and quick to carry out, and can give good
guidance on the degree and magnitude of the test pro-
gramme of the more expensive and time-consuming undis-
turbed sample testing. Undisturbed samples are tested for
shear strength, permeability, settlement, etc., and are rela-
tively expensive.

2.9 Undisturbed sample testing

Undisturbed is a misnomer, for the soil sample is not only
disturbed in obtaining it from a borehole or trial pit, but
also there can be further disturbance in extruding it from
the tube sampler (an undisturbed sample however, is less
disturbed than a disturbed sample). Before testing, the
sample should be examined for its soil fabric and possible
disturbance. A lateral slice can be cut off to check further
the fabric, note any organic matter, root holes (direction
and distribution) and inclusions of other material which
may affect the performance of drainage paths.

Testing apparatus is becoming increasingly more sophistic-
ated and reliable. However, poor laboratory techniques,
use of incorrect loading rates and drainage conditions, and
other lack of care, will produce results which will be unreli-
able. As in structural design, where final calculations are
checked against preliminary estimates, so too should the

results of soil tests be checked against expectations from the
borehole logs, site tests and inspection of trial pits.

2.9.1 Moisture content

While moisture content can be determined from good dis-
turbed samples, it is usually better practice to determine
it from undisturbed samples, since disturbing the sample
may alter its moisture content so that it is unrepresentative
of the in situ condition of the soil.

2.9.2 Shear strength

The shear strength of silts and clays is vitally important
since it determines their bearing capacity. There are two
main types of test:

(1) Unconfined compression test. This is the simpler test
carried out on a 40 mm diameter cylindrical section cut
from the sample and subjected to axial compression.
The test cannot be carried out on sands and gravels, or
on very weak silts and clays which are too soft to stand
under their own weight in the apparatus.

(2) Triaxial compression test. The sample is subjected to axial
and all-round lateral compression (i.e. on the three
axes). A wider range of clay and silt soils can be tested
under varying conditions, and results can be used to
determine the cohesion and angle of shearing resistance
of the soil. Under stress the moisture in the soil will tend
to be squeezed out of the sample and thus alter its den-
sity, strength, etc., and the contraction (consolidation)
of the sample and the ‘drainage’ of the sample can be
controlled to simulate expected site conditions.

The shear strength of granular soils such as sands and fine
gravels is sometimes determined by the shear box test, but
it is often more reliable to obtain data from the in situ SPT
and vane tests (see section 3.6).

The shear strength of clay is related to its cohesion, which is
usually constant and mainly unaffected by the foundation
pressure. The shear strength of sand is related to its internal
friction and is affected by foundation pressure. For ex-
ample, the greater the pressure on two sheets of sandpaper
then the more difficult it is to slide them apart. The shear
strength of soils is highly important in determining their
bearing capacity.

Many soils are a mixture of sand, clay and silt (see Table 2.2),
and will possess both frictional and cohesive properties.

2.9.3 Consolidation tests (oedometer
apparatus)

A lateral slice of the soil sample is enclosed in a metal ring
and loaded. The magnitude and rate of consolidation
(contraction under load) is noted, and used to predict the
settlement behaviour of the foundation. (The stiffer the clay
then the less it will compress; typical values are given in
Table 2.5.) In many cases the settlement behaviour of the
soil has a more critical influence on foundation design than
bearing capacity — the soil may not fail in bearing, but the
structure may fail due to unforeseen differential settlement.
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Table 2.4 Identification and description of soils (BS 5930, 1999, table 13)*
Soil Density/compactness/strength i o ) Composite soil Particle | Particle | PRINCIPAL
rou Discontinuities Bedding Colour |[types (mixtures of shape size SOIL
group Term Field test basic soil types) p TYPE
. _ For mixtures
o Loose Scale of spacing of Scale of bedding involving very BOULDERS
T 4, ) ) ) discontuities thickness coarse soils
8z By inspection of voids L 500
% @ and particle packing Mean Red Angular
= |Dense Term Mean Term thickness  [Orange|term ~ |APPrOX. %" COBBLES
spacing mm mm secondary |Sub angular
Yellow - 60
v Very
Borehole with SPT N-value w‘ij’gly Over 2000 thickly | Over 2000 [Brown fgyqpy, Sub rounded | Coarse
bedded Green |(sandy®) <5 |
0 Thickly Rounded 20
— i Blue
N Very loose 0-4 | Widely 2000 to 600 bedded 2000 to 600 . Medium | GRAVEL
5 Vied White Flat
& | Loose 4-10 |Medium  {600t0200 [/ = | 600 to 200 - 6
o edae Cream (sandyd’) 5 to 20% Tabular .
272 ) Thinly Gre Fine
S ® | Medium dense 10-30 | Closely 200 to 60 bedded 200 to 60 y
o g edde: Black Elongated | o
@ @ _ Very Very thinly
8 P Dense 30-50 closely 60 to 20 bedded 60 to 20 oo, Very . — Coarse
© d)y [> .
= |Very dense >50 |Extremely | oo o0 |Thickly |50, & (sandy®) constituent |- 0.6
2 closely laminated type .
; o Thinly Calcareous, Medium SAND
2 - . reaks into shelly,
3| Visual examination: . blocks along | laminated Under 6 SAND glauconitic, - 0.2
Slightly pick removes soil in | Fissured unpolished AND about 50° |micaceous ete. | _
cemented lumps which can be discontinuities GRAVEL using terms Fine
abraded such as [ 006
Approx. %°
T N
) Breaksinto |Inter- Alternating ) M | secondary Sty Coarse
Uncompact Easily moulded o g, o4 [blocks along  [bedded | avers of Light " Fooe
crushed in the fingers polished different types. - _
discontinuities mzﬂ::g:::: Dark calcareous, Medium
if in equal 0.006
proportions. i very — U
Can be moulded or Otherwise Mottled S“ghtlye) <35 calcareous.
__| Compact crushed by strong thickness of (sandy®) Fine
3 pressure in the fingers and spacing
g between — 0.002 [ CLAY/SILT
. . i Iso Inter- subordinate
% | very soft Finger easily pushed |SPacing terms al X
i) : ; I defined
S |0-20 in up to 25 mm used for dlstgnce laminated | 'avers define o% defined
T between partings, X
@5 . on a site or
B e . . isolated beds or material
o Soft Finger pushed in up [ |aminae, desiccation spedific
€ 3220-40 to 10 mm cracks, rootlets etc. pe
o basis or
S |Firm Thumb makes o o |sublective
o
8 |40-75 impression easily (sandy”) | 35 to 65
5 CLAY
3 | Stiff Can be indented
75-150 slightly by thumb
Very stiff Can be indented
150-300 by thumb nail
wery ny |>65%
Hard (or (sandy”)
very weak Can be scratched by
mudstone) thumbnail
Cu >300 kPa
Plant remains Transported mixtures Colour
) Fibres already . recognizable - - -
Firm Fibrous X
compressed together and retains some Sl!ghtly organic clay or silt Greyl Contains finely divided or discrete particles of
Slightly organic sand as mineral ; e
strength - - organic matter, often with distinctive smell, may
2 Organic clay or silt Dark grey |oxidize rapidly. Describe as for inorganic soils
5 ' Organic sand Dark grey |ysing terminology above.
g Soon Very compressible | Pseudo- f’e'zl(’)‘t ;?Z’T;'lzs Very organic clay or silt | Black
S e and open structure | fibrous strenggth ot Very organic sand Black
o
Accumulated in situ . .
Predominantly plant remains, usually dark brown or black
Can be moulded in . in colour, distinctive smell, low bulk density. Can contain
. Amor- | Recognizable plant ) ) ) ) .
Plastic hand and smears h h Peat disseminated or discrete mineral soils
fingers phous |remains absent
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Table 2.4 (cont’d)

PRINCIPAL
SOIL Visual identification Minor constituents Stratum name Example descriptions
TYPE
BOULDERS | Only seen complete in pits or exposures
Loose brown very sandy sub-angular fine
. to coarse flint GRAVEL with small pockets
COBBLES o:eln (::ff:]uklf t:’ I:eclzover Shell fragments, pockets of (up to 30 mm) of clay.
whole from boreholes peat, gypsum crystals, flint (TERRACE GRAVELS)
gravel, fragments of brick,
rootlets, plastic bags etc.
using terms such as: RECENT DEPOSITS,
Easily visible to naked eye; Medium dense light brown gravelly clayey fine
GRAVEL | particle shape can be described; SAND.
grading can be described. with rare ALLUVIUM, Gravel is fine
(GLACIAL DEPOSITS)
with occasional
with abundant/frequent/ WEATHERED
numerous BRACKLESHAM CLAY,
Visible to naked eye; LIAS CLAY,
SAND no cohesion when dry; % defined on a site or Stiff very closely sheared orange mottled
grading can be described. material specific basis brown slightly gravelly CLAY.
or subjective Gravel is fine and medium of rounded
EMBANKMENT FILL, quartzite.
(REWORKED WEATHERED LONDON CLAY)
Only coarse silt visible with hand lens; TOPSOIL,
exhibits little plasticity and marked dilatancy;
slightly granular or silky to the touch;
SILT disintegrates in water;
lumps dry quickly; MADE GROUND OR
possesses cohesion but can be powdered GLACIAL DEPOSITS?
easily between fingers etc. Firm thinly laminated grey CLAY with closely
spaced thick laminae of sand.
CLAY/ SILT Intermediate in behaviour between clay and silt. (ALLUVIUM)
Slightly dilatant
Dry lumps can be broken but not powdered Plastic brown clayey amorphous PEAT.
between the fingers; (RECENT DEPOSITS)
they also disintegrate under water but more
slowly than silt;
CLAY smooth to the touch;
exhibits plasticity but no dilatancy;
sticks to the fingers and dries slowly;
shrinks appreciably on drying usually showing
cracks.

NOTES:

3 Or described as coarse soil depending on mass

behaviour

® Or described as fine soil depending on mass

behaviour
<)

cobbles and boulders

% coarse or fine soil type assessed excluding

9 Gravelly or sandy and/or silty or clayey

® Gravelly and/or sandy

" Gravelly or sandy
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upper plasticity range U
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notes: 1 silt (M-soil), plots below A-line
clay (C-soil), plots above A-line

M and C may be
combined as fine soil F

2 the letter ‘O’ is added to the symbol of any material
containing a significant proportion of organic matter

(e.g. MHO)

3 chart is based on material passing a 425 um BS sieve

Fig. 2.22 Plasticity chart for the classification of fine soils and the finer part of coarse soils (BS 5930, 1999, Fig. 18@¥).

Table 2.5 Typical values of compressibility of cohesive materials (Weltman, A.J. & Head, J.M., Site Investigation

Manual, CIRIA (1983),@ Table 10)

Clay type

Coefficient of volume
compressibility m, (m?kN) x 1073

Compressibility

Very heavily overconsolidated clays, sun weathered rocks, some tills

Heavily overconsolidated clays, some tills, hard London clay

Overconsolidated clays such as upper London clays, some glacial clays

Normally consolidated clays (e.g. alluvial or estuarine)
Highly organic alluvial clays and peats

Very low <0.05
Low 0.05t0 0.1
Medium 0.1t00.3
High 0.3t0 1.5
Very high >1.5

2.9.4 Permeability tests

Permeability is the rate at which fluid passes through the
material, and thus affects the drainage and rate of con-
solidation of the soil. Relatively permeable soils are tested
in a constant head permeameter, where a constant head of water
is maintained across the sample. For less permeable soils a
falling head permeameter is used. In some soils the permeab-
ility differs in the vertical and horizontal planes, and the
laboratory tests are susceptible to errors. In such cases some
designers prefer to carry out site tests, particularly when
full details of the soil are necessary, as in impounded reser-
voirs, earth dam construction and similar projects.

2.9.5 Chemical tests

It is often advisable to determine the sulfate and chloride
content of the soil and ground water, and the pH value, in
order that the concrete properties and mix proportions are
adapted to ensure durability. In dealing with contaminated
or filled sites, the reader should consult the further guid-
ance given in Chapters 5and 7.

2.10 Summary of tests

A brief summary of tests for simple foundations and excava-
tions is given in Table 2.6 and a fuller schedule is given in
Table2.7.
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Table 2.6 Laboratory tests appropriate to geotechnical problems (Weltman, A.J. & Head, J.M., Site Investigation
Manual, CIRIA (1983), Table 9(?)

Geotechnical Soil type Classification tests Other laboratory tests Remarks
problem
Bearing Soft to firm Moisture content, liquid and  Triaxial compression tests—  —
capacity CLAYS plastic limit. Bulk density. generally unconsolidated
undrained. Laboratory vane
tests in soft clays.
Firm to stiff Moisture content, liquid and  Triaxial compression tests—  Sample size and anisotropy
CLAYS plastic limit. Bulk density. generally unconsolidated effects can be important in stiff
undrained or consolidated fissured clays.
undrained for effective
stress parameters.

Gravelly Moisture content and liquid ~ Triaxial unconsolidated

CLAYS and plastic limit on material ~ undrained compression tests
passing a 425-micron sieve. on 100 mm diameter
Bulk density. specimens. Multi-stage tests.

SANDS Maximum and minimum Possibly shear box forrange  Presence of secondary constituents
densities. Particle size of densities. (e.g. organic or clay pocket) have a
distribution. marked effect on bearing capacity.

Bearing capacity usually determined
from in situ tests (SPT or static cone).

GRAVELS Maximum and minimum Possibly shear box forrange  For most projects field tests are used
densities. Particle size of densities. rather than laboratory tests.
distribution.

WEAK ROCKS  Bulk density, specific gravity, Uniaxial compression tests Shear box test on appropriate
moisture content, point load may be appropriate insome  discontinuities may sometimes
tests, disc test, petrological situations. be useful.
examination

Settlement CLAYS Moisture content, liquid and  Consolidation tests. Stress Swelling parameters may also be
plastic limit. Specific gravity.  path triaxial. of importance.

SANDS — Stress path triaxial. Analysis usually based on in situ

tests (SPT or static cone).

GRAVELS — — No appropriate test.

WEAK ROCKS Moisture content, specific — Modulus of deformation tests are
gravity, petrological unlikely to be representative of the
examination, uniaxial field condition. Long term creep
compression strength tests on large specimens may

sometimes be appropriate
Excavation CLAYS Moisture content, liquid and Consolidated undrained and —
plastic limit. Bulk density. consolidated drained triaxial
tests for effective stress
parameters.

SANDS and Particle size distribution. — —

GRAVELS

ROCK Moisture content, pointload Uniaxial compression tests. Laboratory tests mainly to establish
index, disc tests, uniaxial ease or difficulty of excavation
compressive strength

Earth CLAY Moisture content, liquid and Consolidated undrained and  Fully softened or residual shear
pressures plastic limits. Bulk density. consolidated drained triaxial strength parameters may be

and compression tests — for appropriate for stiff fissured clays
stability effective stress parameters.  if long term stability is required.

SANDS and Particle size distribution — Shear box may be considered if

GRAVELS representative density can be

approximated.

WEAK ROCKS Moisture content, bulk Shear box tests on Residual strength may be

density.

discontinuities.

appropriate.
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Table 2.7 Common laboratory tests for soil (BS 5930, Table 10¢)

in groundwater

Category Name of test or Where details | Remarks

of test parameter measured | can be found

Classification | Moisture content or BS 1377-2 Frequently carried out as a part of other soil tests. Read in conjunction

tests water content with liquid and plastic limits, it gives an indication of undrained
strength.

Soil suction [142] To assess negative pore pressures in soil samples; especially for
desiccated soils.

Liquid and plastic BS 1377-2 To classify fine-grained soil and the fine fraction of mixed soil.

limits (Atterberg

limits)

Volumetric shrinkage | BS 1377-2 To determine the moisture content below which a clay ceases to

limit shrink.

Linear shrinkage BS 1377 To assess the magnitude of shrinkage on desiccation.

Swelling clay content | BS 1377 Relevant to expansive materials and based on total cation exchange
capacity of soil.

Particle density BS 1377-2 Values commonly range between 2.55 and 2.75 but a more accurate
value is required for air voids determination. Only occasional checks
are needed for most British soils, for which a value of 2.65 is assumed
unless experience of similar soils shows otherwise.

Mass density or unit BS 1377-2 Used in the calculation of forces exerted by soil.

weight

Classification | Particle size BS 1377 Sieving methods give the grading of soil coarser than silt and the
tests distribution (grading) | BS 1377-2 proportion passing the finest sieve represents the combined silt/clay

(a) sieving BS 1377-2 fraction. When the sample contains silt or clay the test should be done

(b) sedimentation by wet sieving. The relative proportions of silt and clay can only be
determined by means of sedimentation tests.

Chemical Dispersion BS 1377-5 Qualitative tests to assess the erodibility of fine-grained soils.

and electro-

chemical Contaminants See AnnexF This is a rapidly developing field: check the most recent guidelines.
tests

Organic matter BS 1377-3 Detects the presence of organic matter able to interfere with the

BS 1924 hydration of Portland cement in soil: cement pastes.

Mass loss on ignition | BS 1377-3 Measures the organic content in soils, particularly peats.

Sulfate content of BS 1377-3 Assesses the aggressiveness of soil or groundwater to buried concrete.

soil and groundwater (See remarks on test for pH value and chloride content.)

Magnesium content [143] Supplements the sulfate content test to assess the aggressiveness of
soil or groundwater to buried concrete.

pH value BS 1377-3 Measures the acidity or alkalinity of the soil or water. It is usually
carried out in conjunction with sulfate content tests. This test and the
two above should be performed as soon as possible after the samples
have been taken.

Carbonate content BS 1377-3 Confirms the presence of carbonates, which often indicates cementing.

Chloride content BS 1377-3 Test recommended where pH of ground is less than 5.8. Results used in
conjunction with those for sulfate, nitrate and pH to assess
aggressiveness of ground, especially to concrete.

Total dissolved solids | BS 1377-3 A general measure of salinity indicative of aggressiveness of ground

and related to electrical conductivity or soil resistivity.
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Table 2.7 (cont’d)

Category Name of test or Where details | Remarks
of test parameter measured | can be found
Soil (a) Bacteriological BS 7361-1 Undisturbed specimens required in sterilized containers.
corrosivity (b) Redox pot BS 7361-1
tests BS 1377-3
(c) Resistivity BS 1377-3
Compaction- | Dry density (or dry BS 1377-9 Measures the mass (or weight) of solids per unit volume of soil. Often
related tests | unit weight) used as a quality control for compaction of fill.
Standard compaction | BS 1377-4 Indicate the degree of compaction that can be achieved at different
tests moisture contents with different compactive efforts.
Maximum, minimum | BS 1377-4 Density index indicates the stiffness and peak strength of coarse-
density and density grained soils. A number of different methods are available, so the
index of coarse- method used should be clearly stated.
grained soil
Moisture condition BS 1377-4 Determines compactive effort required to produce near-full
value (MCV) compaction. Used for control of materials for earthworks.
Pavement California bearing BS 1377-4 This is an empirical test used for design of flexible pavements. The test
design ratio (CBR) can be made either in situ (see 31.4) or in the laboratory.
tests
Chalk crushing value | BS 1377-4 Similar in concept to the aggregate crushing value (ACV).
(ccv)
Frost heave test BS812 Assesses susceptibility of compacted soil to frost heave.
Aggregate suitability | BS812 Physical and chemical tests for aiding the selection and assessing the

suitability of materials to act as bound and unbound aggregates.

Soil strength | Triaxial compression:
tests

BS 1377 [141]

Triaxial tests are normally carried out on nominal 100 mm or 38 mm
diameter samples with height to diameter ratio 2 : 1. If the height to
diameter ratio is reduced to 1 : 1 the end platens should be lubricated.
Undrained tests measure undrained strength s . Drained tests, or
undrained tests with measurement of pore pressure, evaluate the
Mohr Coulomb parameters ¢’ and f’. Since soil strength depends on
strain it is necessary to state whether the strength corresponds to the
peak state, the critical state or the residual [144].

(a) Unconsolidated BS 1377-7 Prior to triaxial shearing, samples may be consolidated in the
undrained apparatus to some specified state: these are then known as
(b) Undrained with BS 1377-8 consolidated undrained or consolidated drained tests as appropriate.
measurement Any drained or undrained test in which pore pressures are measured
of porewater should be consolidated before shearing.
pressure
(c) Drained with BS 1377-8
measurements of
volume change
(d) Multi-stage BS 1377-7 Several techniques have been used for both drained and undrained
multi-stage tests, details of which may be found in the references. The
test may be useful where there is a shortage of specimens. Multi-stage
tests are not recommended when single-stage tests can be carried out.
(e) Stress path tests [143] Stress paths other than those used in a) to ¢) may be applied to
reproduce the history of stress and strain in the ground before and
during construction.
Unconfined BS 1377-7 This simple test is a rapid substitute for the undrained triaxial test. It is
compression test suitable only for saturated non-fissured fine-grained soil.
Laboratory vane BS 1377-7 For soft clay, as an alternative to the undrained triaxial test or the
shear unconfined compression test.
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Table 2.7 (cont’d)

Category
of test

Name of test or
parameter measured

Where details
can be found

Remarks

(incremental
loading)
oedometer test

(b) Continuous

[141][145]

Soil strength | Direct shear box BS 1377-7 Direct shear tests are an alternative to triaxial tests although the latter
tests are more versatile and more often used.
Disadvantages are: drainage conditions cannot be controlled nor pore
pressures measured and the plane of shear is predetermined by the
nature of the test. An advantage is that samples of coarse-grained soil
can be more easily prepared than in the triaxial test. In general only
drained tests should be undertaken.
Shear boxes are normally square with sides 60 mm or 100 mm but may
also be circular in plan. For very coarse-grained soils shear boxes with
sides 300 mm or larger should be used.
Residual shear BS 1377-7 The residual shear strength of clay soil is relevant for slope stability
strength: problems where previous sliding has developed residual slip planes
(a) Multiple reversal in situ.
sh.ear. box . The multiple reversal shear box test is the one that is most commonly
(b) Triaxial test with . . .
used, although the ring shear test would be the more logical choice.
pre-formed shear
surface
(c) Shear-box test
with preformed
shear surface
(d) Ringshear test
Soil One-dimensional BS 1377 These tests measure soil parameters m, and ¢, for simple calculations of
deformation | compression and the magnitude and rate of settlement of foundations.
tests consolidation tests:
(a) Standard BS 1377-5 The standard dead weight loading oedometer is the one in general

use. The alternative is the hydraulic oedometer (Rowe cell) in which
the vertical loading and the pore pressures can be independently
controlled.

Reasonable assessments of the magnitudes of foundation settlements
can be made if:

Class 1A samples are tested:

For stiff clay a careful load-unload and reload sequence is applied
using small increments and decrements.

For soft clay reliable determinations of the yield shell are made.

Estimates of settlement can be much improved if small strain triaxial
and pressure meter tests are used.

Estimates of the rate of settlement have been found to be highly
inaccurate with certain types of soil.

Instead of applying the loads in discrete increments, as in the standard

loading test, stresses, strains or pore pressures may be varied continuously.
oedometer tests

(c) Swelling and BS 1377-5 Additional tests are carried out to determine the swelling pressure and
collapse on the swelling or settlement on saturation.
wetting

Shear and bulk [146] Stress/strain relations for soils are highly non-linear and the bulk

modulus

modulus and shear modulus both vary with loading. For the relatively
small loadings, appropriate to most engineering applications soil
strains are relatively small (typically less than 0.1%).

Measurement of these small strains requires use of special apparatus
and procedures. These include use of local strain gauges attached to
the sample and application of stress paths closely resembling the field
stress paths.
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Table 2.7 (cont’d)

(b) Falling head test
Triaxial permeability

[140]

BS 1377-6
Rowe consolidation BS 1377-6
cell

Category Name of test or Where details | Remarks
of test parameter measured | can be found
Soil Testsin BS 1377 The constant head test is suited only to soils of permeability normally
permeability | permeameters within the range 10 m/s to 1072 m/s. For soils of lower permeability,
tests the falling head test is applicable.

(a) Constant head BS 1377-5 For various reasons laboratory permeability tests often yield results of

test limited value and in situ tests are generally thought to yield more
reliable data.

The triaxial cell and the Rowe consolidation cell allow the direct
measurement of permeability under constant head with a back

test pressure and confining pressures more closely consistent with the field
state. The Rowe cell allows either vertical or radial flow.

All references within this table refer to the original document.

2.11 Analysis of results

A senior soils engineer, of the soil investigation firm,
should study the test results, borehole logs and other data
and be able to give firm recommendations, agreed with the
design engineer, in a soil report on the following;:

(1) Soil classification, density, compaction, moisture content,
plastic and liquid limits, the permeability of the soil, and
the effect of any variation in level of groundwater.

(2) Soluble sulfate and chloride content, pH value, cor-
rosive action from soil and/or wastes, methane and
other gases.

(3) Presence of peat, possibility of running sand, presence
of possible cavities, boulders or other obstructions.

(4) Strength, shear value and cohesion (drained and
undrained); bearing capacity.

(5) Settlement characteristics — magnitude and rate.

(6) Need for any type of geotechnical processes to improve
the soil or ease excavation.

(7) Possible difficulties in excavation.

(8) Whether, in clays, the soil is naturally consolidated or
overconsolidated.

It is strongly advisable that the soils engineer should dis-
cuss the soil report with the structural design engineer
where there is a possibility of conflict, dispute or difference
of opinion on the recommendations. This is particularly
important when other specialists (geologists; piling engin-
eers; mining and brine extraction experts; ground treatment
specialists in stabilization, dewatering, compaction, etc.)
are called in, since specialization can lead to limited
outlook, conflicting advice and a tendency to ignore altern-
atives. Over-reliance on impressive scientific specialist
reports can fog engineering judgement. The engineer
should exercise judgement on the reliability, relevance and
practicality of the information and make their own inter-
pretations and recommendations.

2.12 Final observations on testing

It is hoped that this very brief description of soil mechanics
and testing will show the importance of the subject — and

also its limitations. Soil strata vary in composition and
degree of consolidation, they are liable to change in pro-
perties with variation of moisture content, and may further
change under foundation pressure. It is essential to use
engineering judgement, based on experience and know-
ledge, in applying the results of small samples, of varying
degrees of disturbance, taken from isolated boreholes and
tested in laboratory apparatus designed to simulate the site
conditions of the in situ and variable strata. To accept uncrit-
ically the results of too few and unreliable tests would be
akin to accepting the computer print-out of an untested
finite-element analysis program based on unverified, theor-
etical and over-simplified assumptions for a real structure.

However, rather than rejecting soil mechanics, it should
be appreciated that, for example, design engineers can leap
to false conclusions after a casual inspection of a trial pit.
Soil mechanics tests can act as a safety net, and alert the
engineer to re-examination of possibly false assumptions.

The laboratory test data must be checked against the
borehole and trial pit logs, site tests, site investigation, any
specialists’ reports and, wherever possible, previous experi-
ence of similar local soil. Where there is conflict between the
engineer’s estimate from observations and the results of
testing, the engineer must re-examine predictions and have
a check carried out on the tests and the test procedure.

Laboratory testing is costly and time-consuming - its
justification is more economical design, better pre-planning
and costing of construction, and a reduction in the possibil-
ity of foundation failure.

SECTION C: GEOLOGY

2.13 Introduction to geology

The subject of geology is very briefly treated here to refresh
designers” memories, increase awareness of its relevance,
assist in choice of sites, help in site investigations and to
know when to call on specialist advice. It must be appreci-
ated that at the very least some knowledge of engineering
geology is essential for sound assessment and application
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of soil mechanics. Many foundation failures have been due
to ignorance of geology, and not due to inadequacies in the
study of soils. To restrict the size of this manual the authors
have had to limit the discussion of this important subject;
nor is there any discussion on rock mechanics, since the
overwhelming bulk of building structures, as distinct from
civil engineering works, are founded on soils. Where rock is
encountered in building structure foundations the strength
of even weak, fractured or decomposed rock is not usually
a serious foundation design problem.

2.14 Formation of rock types

As the original molten mass of the earth cooled to form a
hard, dense crust, igneous rock was formed. This contained
all the mineral elements to form sand, clays, silts, chalk, etc.,
and under erosion and weathering (see section 2.16) formed
sediments of these materials. These sediments under high
pressure over a long length of time created sedimentary rocks,
i.e., sandstone, chalk, limestone, etc. Under the action of
extreme heat (from phenomena such as volcanic activity)
and exceptionally high pressures these rocks could change,
metamorphose, to form metamorphic rocks — limestone
changed to marble, clay deposits metamorphosed to slate.
As the earth continued to cool and shrink it ‘crinkled” (like
a drying orange) to form hills and mountains, and these
sedimentary and metamorphic rocks were again attacked
by weathering and erosion. Vegetation and forests grew on
some of the sedimentary rocks, and as the forests decayed
they formed layers of peat which were sometimes meta-
morphosed to coal and other deposits.

2.15 Weathering of rocks

Young engineers ‘’know’ that rocks weather —because they've
been told so — but it can be difficult to believe that such
strong dense material can be worn away by rain, wind and
sun. They believe it when they examine old gravestones in
a cemetery where inscriptions are difficult to read due
to weathering of the stone, and in excavation they find that
rock overlain by soil invariably has the top metre or so
shattered, disintegrated, etc., due to weathering. Those
interested in mountaineering can see ample evidence
of weathering and erosion in even the old rocks, in a tem-
perate climate, in Snowdonia and the Lake District. The
evidence is even more striking in the relatively new moun-
tains of the Alps and the Himalayas, where glaciation and
extreme cold is wearing away the rock more swiftly.

2.16 Agents of weathering

2.16.1 Temperature

The mineral constituents of igneous rocks have varying
thermal coefficients of expansion and contraction, so that
under heat and cold they expand or contract differentially
which sets up internal strains and stresses in the rock, caus-
ing it to shatter and fracture.

2.16.2 Water

Rain water enters the fractures in rocks, freezes to ice and
expands and levers the rock apart and deepens the cracks.

More rain can enter, penetrate deeper, freeze and expand
and break off chunks of rock.

Heavy rain and floods can roll and wash the lumps of rocks
to streams and down rivers and finally to the sea. In this
transportation the rocks are rolled along against other rock
particles, etc. and become more and more broken down
into fragments —boulders, cobbles, sand particles and mud.
The load-carrying capacity of a river is approximately pro-
portional to the square of its velocity, so as the river reaches
the plains or dries up in the summer, the boulders are
deposited and will remain until the next flood. When the
river reaches the sea and the velocity drops, the cobbles are
deposited on the beach, the sand is deposited further out
and the clay particles further still. (In a silt content test
for concreting sands, when the sand is stirred up in water
and allowed to settle, the coarser grains of sand settle first,
followed by the finer grains and finally by the silt.) The
calcium content dissolves, is absorbed by marine life to
form their skeletons, and on their death they sink to the
floor of the ocean to form beds of chalk.

2.16.3 Wind

Sand-blasting is an effective technique for scraping off the
surface of dirty deteriorated stone masonry. Sandstorms
are erosive as is evident from the scouring of the Egyptian
Sphinxes and other stone artifacts. A measurement of
building exposure is the driving rain index — the combination
of rain and wind velocity.

Storms at sea erode the coastline where sea cliffs are subject
to a barrage of beach cobbles, hurled by the wind. Sand,
drifted by the wind, forms sand dunes.

2.16.4 Glaciation

In previous Ice Ages, deep rivers of ice (glaciers) spreading
from both the north and south poles have eroded deep
valleys and transported large quantities of stone and soil
huge distances. At the ends of the glaciers the melt
water has formed large outwash plains of boulder clay —i.e.
fine particles of clay containing some boulders. When
the glaciers terminated for any length of time, a jumble of
boulders, clay, stones and sand have left an undulating
mass, termed a moraine. These terminal moraines are highly
variable in content, and are practically impossible to invest-
igate with precision.

The Ice Ages, being relatively recent geologically, have spread
their deposits over earlier sedimentary and other rock.

2.17 Earth movement

The earth is not static. Great land masses have split apart
— England was once connected to Europe. Land masses, in
splitting, move relative to one another, as suggested by the
plate theory. As the movement takes place, earthquakes occur
in such areas as the San Andreas fault in California, USA.

2.17.1 Folds, fractures and faults

As the earth contracts, the strata are subject to lateral pres-
sure causing them to fold - like a tablecloth pushed from
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both ends. The peaks of the folds are termed anticlines and
the inverts synclines (see Fig. 2.23).

The anticline, in tension, is seriously weakened and cracks.
(The London basin was once covered by a dome or anticline
of chalk which has been eroded back to the North and
South Downs (see Fig. 2.24).)

The syncline, under enormous compression, can crack and
shatter. This folding can lift strata up thousands of metres
from the sea bed (and the discovery of marine fossils on
mountain tops caused Victorian Christian fundamentalists
problems with theology!). The folding and resulting stresses
create joints in the rock at right angles to the bedding plane
and can form planes of structural weakness, and are more
prone to attack by weathering and erosion.

The fracture and movement of rock is termed faulting and
the plane of fracture is termed a fault (see Fig. 2.25).

2.17.2 Dip and strike

The slope of the folded rock is known as the dip. Dip is the
angle of maximum slope, and strike is the direction at right

strike

horizontal
projection
of dip line

Fig.2.26 Dip and strike.

domed anticline

joints

Fig.2.27 Jointing.

angles to the dip (see Fig. 2.26). The dip angle is expressed
in degrees from the horizontal and its compass orientation
should also be stated. In Fig. 2.26 the stratum dips 40° at
235°toN.

2.17.3 Jointing

Joints are fractures in the rock where the rock, either side
of the fracture, has not moved differentially as occurs in
faulting. Joints are due to the contraction in cooling of
igneous and volcanic rocks, the shrinkage in drying out of
sedimentary rock (particularly chalk and limestone), and
the fracture of the rock in folding, particularly in domed
anticlines. The joint patterns are frequently a mesh of cracks
often at right angles to each other and perpendicular to the
bedjoints. Joint patterns can cause areas of weakness in the
strata, and provide easy access to the ingress of water and
accelerate the weathering process, see Fig. 2.27.

2.17.4 Drift

Drift is the term used for superficial (surface) deposits
overlying the solid rock. The drifts may be deposits from
glaciers, rivers (alluvium), old lagoons and beaches, etc.
The drift covers, or blankets, the underlying rock which
may be faulted, folded, eroded and otherwise weakened,
and examination of the drift alone could lead to false
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conclusions about the ground behaviour. Drift can vary in
thickness from a few metres to 30 m or more.

Geological maps, for many areas, are of two types: one,
showing the type and condition of the underlying rock, is
known as a solid geological map, and the other, showing the
type, depth etc., of the overlying deposits, is known as the
drift geological map. It is advisable in site investigation,
particularly for heavy structures on shallow drifts, to study
both types of map.

2.18 Errors in borehole interpretation

Some typical errors, due to ignorance of geology, are given
below:

(1) Mistaken bedrock. Boulders in boulder clay are
assumed to be bedrock, see Fig. 2.28.

(2) Mistaken strata formation. An unchecked fault, see
Fig. 2.29.

(3) Anunchecked dip. The retaining wall shown in Fig. 2.30
was not designed to take extra pressure from rock
inclined to the wall.

(4) Folded strata mistaken for level strata, see Fig. 2.31.

boreholes

|

N

0O ©

boulders mistaken
for bedrock

assumed profile

VAV AAAA) V4

assumed profile

sharply dipping
stratified rock

Fig.2.30 Unchecked dip causing overloading of
retaining wall.

retaining wall

It was decided to use piles for the structure, and
because of false interpretation the piles had to be
extended beyond their estimated length, resulting in a
large claim for extras on the contract.
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(5) Highly variable borehole information, see Fig. 2.32.
When boreholes show little correlation and high
variability this frequently indicates morainic deposits
(i.e. terminal moraines).
(6) Drift underlain by uninvestigated rock.
Figure 2.33 shows clay overlying coal seams and
Fig. 2.34 shows clay overlying chalk. In both cases
the clay was found to be firm and consistent. It was
thoroughly tested and assumed to overlie firm strata.
In both cases the assumption was wrong — and

/

bell-pit workings
in coal

Fig.2.35 Bell-worked coal seam.

caused extensive foundation problems, extra costs and
site delays. The coal seam was later found to be extens-
ively bell-worked (see Fig. 2.35) and this frequently occurs
where coal seams are at relatively shallow depths from
the surface.

In the case of the chalk the site was riddled with
swallow-holes (sink holes) — see Fig. 2.36. Swallow-holes
frequently occur at the intersections of joints in chalk
and limestone, where groundwater can seep through
easily to lower bedjoints. As the water seeps through it
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dissolves the chalk thus forming a shaft in it. The water
having travelled down through the strata may then
travel along the strata on a weak bedding joint. Again
the chalk is dissolved and underground caverns and
caves are formed (to the delight of potholers!). Often the
shafts are filled with a mixture of stones and gravel
transported by rain run-off, and may not be detectable
from casual inspection of the ground level.

(7) Slope failure. Where clay overlies sloping slate or sim-
ilar rock the ground may be stable before construction
and the soil stiff, dense and strong, but construction
work or foundation loading may disturb the equilib-
rium (see Fig. 2.37).

The removal of passive resistance due to excavating
the trench for services may result in the clay strata slid-
ing over the smooth, and possibly wet, surface of the
slate. Such trenches should only be opened in short sec-
tions, provided with extra strong walings and strutting,
and backfilled as quickly as possible with lean concrete.

(8) Soil creep and landslides. Soil can creep (i.e. the upper
layers move downbhill) even on slopes as little as 1in 10,
particularly when the sub-soil is stiff, fissured clay. The

moving layer can vary from 200 mm to several metres
in depth. The soil can remain static for years, then,
without apparent warning, start to creep again; this is
often due to excessive increase in groundwater due to
unusually heavy rainfall, interference with the natural
drainage, or new construction works affecting stability.

Warning signs of a creeping slope area are tilted
boundary walls, fences, trees and sometimes a
crumpled appearance of the ground surface. Such sites
should be avoided where possible. If there is no option
but to build on such sites then attention must be given
to the uphill drainage of the site, the use of raking piles
to increase passive resistance, excavation being kept
to a minimum, retaining structures designed for high
surcharge, and similar precautions.

2.19 Geophysical investigation

Geophysical investigation, in addition to the normal boring
and sampling, employs specialist techniques not commonly
used by designers. Satellites and aerial photographic tech-
niques can record the energy of the electromagnetic
spectrum; infra-red photography aids the assessment of
moisture contents and flooding danger; seismic reflection
and refraction surveys determine depths of strata as do
electromagnetic techniques. Many of these techniques
were developed to aid the exploration for oil, natural gas
and mineral deposits, and have since been applied to site
investigation for major civil engineering works.

Some site investigation boreholes should, in discussion
with the geologist, be left open to allow further penetration
for taking rock cores. The top metre or so of the bedrock is
frequently severely weathered, and it can be difficult to
withdraw good undisturbed samples of weathered rock.

2.20 Expert knowledge and advice

Most experienced engineers have sufficient knowledge
of geology to interpret geological maps, records and local
knowledge. Furthermore, geological causes of failures to
building foundations (as distinct from some civil engineer-
ing foundations) are fortunately relatively rare. However,
when the geological conditions are suspect or beyond the
experience of the engineer, then advice should be sought
from expert geologists. Even though this advice may be
affirmation, reassurance or confirmation, it is still neverthe-
less advisable to obtain it. The ever-increasing breadth of
knowledge required by senior designers increases the diffi-
culty of acquiring specialized, deep expertise, and designers
should not feel inadequate in seeking such assistance.
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3 Ground Investigation

3.1 Introduction

This chapter is a summary of experience in dealing with a
large variety of ground conditions on which to build a wide
range of structures. It may help young engineers who tend
to deal with soil properties, geotechnical engineering and
superstructure design only — but sometimes give too little
attention to ground investigation on which such engineer-
ing topics are dependent. This chapter may also be a helpful
recapitulation for the experienced engineer.

The ground or sub-strata material needs to be considered as
part of the structure, for, like the superstructure, it will be
subject to stress, strain and deformation and also possibly
to deterioration. If that part of the ‘structure’ is defective or
fails then experience shows that it can be the most expens-
ive structural failure to remedy. Furthermore, no matter
how well or expertly the superstructure is designed, if the
foundation fails it is possible that the superstructure will
also fail. Foundation failure is one of the largest causes
of cost claims. For example, claims for subsidence damage
to foundations and buildings following the 1995-96 period
of dry weather in Britain rose to £475 million.()) It has been
stated that piling contractors do not have adequate site
investigation details for over half the projects for which
they are invited to tender. Before a foundation can be
designed it is necessary to know what load the ground can
support, how it will react under the load, both in the short-
term and over the structure’s life, and also the effect of this
new loading on adjoining structures. Without this informa-
tion, safe and economic design is difficult and may not be
possible. Further, the design should be practical and build-
able so the designer should be aware of the contractor’s
likely construction methods and possible problems. (Site
construction progress can be slow until the foundations are
complete, i.e. the building is “‘out of the ground’.)

Before a foundation can be constructed the contractor needs
to tender for the project, plan methods of excavation, tem-
porary works and ground treatment, and be forewarned
of possible problems, etc., to enable skilful, safe and rapid
construction of the foundations. Standard forms of agree-
ment between the design engineer and his client usually
state that the designer should exercise ‘reasonable skill and
ability” and meet the standard of a ‘reasonably competent
practitioner’. The designer is not expected to be an expert in
construction or a specialist in ground treatment. The designer
should be wary of non-standard forms with clauses which
increase the duty of care to ‘fitness for purpose’. The
fact that a cause of failure could not have reasonably been
foreseen is no defence with such a clause, nor would pro-
fessional indemnity insurers accept any obligation.

The ground information is obtained by means of a site
investigation. Site investigation, like X-rays and other tests
on a sick patient, is not an exact science. The investigation
of the ground —as laid down by geological processes, some-
times modified by previous construction, mining, etc., and
possibly subject to future change — requires detailed plan-
ning, careful collection of information, testing and analysis,
to be as reliable as possible. Most importantly, it requires
the application of engineering knowledge, judgement and
experience.

The results need to be reported clearly, precisely and
without ambiguity — but it should be appreciated that the
result of the most thorough investigation is an estimate
and not necessarily an accurate forecast. (It has been stated,
cynically, that ‘there is only one way to determine the
exact soil conditions and that is to dig it all out, examine it
and replace it" — the designer would then be faced with the
problem of building on a fill!)

Even the most thorough, detailed and careful survey and
investigation can sometimes lead to false conclusions.
Isolated pockets of peat, meandering channels of loose,
saturated sands, fissures, filled-in shafts and wells, etc., can
remain undetected. It is always advisable, therefore, to
include in the project estimate a contingency item to cover
the possible additional expense of dealing with unforeseen
foundation construction difficulties. The engineer should
remember that no two samples of soil will have identical
properties and that most of the soil tested and reported
on will now be in the testing laboratory and not left on site.
The soil encountered on site is likely to differ (in varying
degrees) to that previously tested and due allowance
should be made for this at all stages of the design and
construction process.

Since investigation, analysis and reporting (i.e. interpreta-
tion of the results of the investigation) should be based on
readily available knowledge and established soil investiga-
tion procedures — it may be difficult to plead ignorance in a
later dispute over a failure. The designer must obtain the
available and relevant data from reliable sources and must
interpret that data, not necessarily with over-sophisticated
mathematics but with sound judgement and skill.

The costs of a site investigation are low in relation to the
overall cost of the project. Engineers can find it difficult to
get their client to agree to spending upfront monies result-
ing in nothing more than a report. The fact that the informa-
tion contained within this report can be crucial in saving
significant sums of money in the design and construction
stages of the project is often overlooked. Engineers need to
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educate their clients on the costly results of cheap, inade-
quate soil surveys.

Though a percentage of the capital cost is useful as a
preliminary estimate it must be appreciated that it is not a
true guide for every site and sufficient funding should be
allocated to site investigation to ensure both economic
foundation design and construction. Sites and the struc-
tures built on them are so varied that it is not possible to
fix firm cost percentages without details of the site and
proposed structure. For example, a low-rise housing estate
to be built on well-known and tested London clay overlying
Thames ballast is likely to incur less investigation cost
than that for a multi-storey, heavily loaded structure on a
suspect, highly variable glacial deposit. Contractors tender-
ing for excavation without adequate (or with suspect) site
information may gamble, ‘load’ the tender or claim high
rates for ‘extras’ and variations.

Clients who object to the cost of a survey or foundation
design should be informed of the risks of such cost-cutting.
Clients rarely accept the responsibility of the risk or refuse
the additional finance for survey and design.

Delays in construction due to inadequate investigation can
easily cost more than any money ‘saved’ by cheap surveys.
Extra-over costs in amending foundation design or con-
struction methods to cope with undetected problems
can substantially exceed the total cost of an inadequately
funded investigation. Time spent in advising the client to
provide adequate funding is therefore worthwhile and
often essential. In addition, it is advisable that the client
should be made aware that the survey cost begins as an
estimate which may need revising as the investigation
proceeds.

Many clients are in a hurry for early handover of the com-
pleted project (with the increasing need for early return
on capital investment) and can find time spent on site
investigation to be an irksome and unnecessary delay to
construction start. The engineer should resist any tempta-
tion to skimp the survey and have regard for the client’s
long-term interests.

When analysing tenders it is important to have a clear under-
standing of the kind of sampling and test regime which will
actually be required. In the following example (Table 3.1
(a)), Firm 1 appears cheaper initially because their set-up on
site and rates of boring and sampling are lower. But when
an analysis is undertaken to include the anticipated labor-
atory testing requirements (Table 3.1 (b)), Firm 2 is the more
cost-effective, due to their lower testing rates.

3.2 The need for investigation

Site investigations can determine the soil properties and
behaviour which will affect the choice and design of the
foundations, the method of construction, and can also
affect the design of the superstructure as an economic and
viable proposition. So the designer, the contractor and the
client all have a ‘need to know’.

Site investigations are also necessary prior to carrying out
remedial measures to a failed existing foundation.

Table 3.1
(a) Site investigation tenders as received

Firm 1 Firm 2
(£) (£)

Set-up etc. 400 500
Boring to z metres 350 750
Obstructions (6 hours) Rate only Rate only
Tests/samples on site:
10 standard penetration tests 100 150
20 disturbed samples 50 25
10 water samples 200 120
20 undisturbed samples 250 200
Laboratory tests:
6 No. sulfates Rate only Rate only
6 No. pHs Rate only Rate only
3 No. particle size distribution Rate only Rate only
6 No. PL/LL Rate only Rate only
6 No. triaxial tests Rate only Rate only
Engineer’s site visit 200 150
Site investigation report 300 250
Insurance 50 incl.

1900 2145
(b) Analysis of site investigation tenders

Firm 1 Firm 2
(£) (£)

Set-up etc. 400 500
Boring to z metres 350 750
Obstructions (6 hours) 350 240
Tests/samples on site:
10 standard penetration tests 100 150
20 disturbed samples 50 25
10 water samples 200 120
20 undisturbed samples 250 200
Laboratory tests:
6 No. sulfates 250 150
6 No. pHs 75 50
3 No. particle size distribution 220 100
6 No. PL/LL 210 150
6 No. triaxial tests 275 200
Engineer’s site visit 200 150
Site investigation report 300 250
Insurance 50 incl.

3280 3035

3.2.1 The designer’s need

The following information does not cover all of the
designer’s needs but it may assist in producing the most
economical design:

(1) Is the site suitable for the proposed structure, i.e. can it
be built economically on the soil or should an altern-
ative location be investigated or has the right price
been paid for the land in the first instance?

(2) The load-bearing capacity, settlement and behaviour
characteristics of the soil.
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(3) The effect of the new foundation loading on adjoining
structures and sub-structures.

(4) The presence of aggressive chemicals in the soil, e.g.
high sulfate content which could attack concrete.

(5) Possible changes in settlement behaviour, i.e. future
and past mineral extraction, changes in permeability
and moisture content, danger of running sand.

(6) Shrinkage and swelling characteristics, frost heave
susceptibility and vibration sensitivity of the soils.

(7) Water-table fluctuations, tidal effects, sub-surface
erosion, seasonal and possible long-term variations.

(8) Change in behaviour of the soils due to exposure
during foundation construction.

(9) The advisability and economy of ground treatment.

3.2.2 The contractor’s need

Similarly the following information assists the contractor in
producing the most economical construction:

(1) The stability of the soil during excavation and founda-
tion construction, i.e. soft mud and similar material
will not support heavy piling frames without matting.

(2) The amount of timbering and shoring necessary to
support the sides of excavations.

(3) The need for geotechnical processes such as dewater-
ing, freezing and chemical injection.

(4) The presence of any fill material which must be treated
or removed, including health and safety implications
inherent in dealing with contaminated ground.

(5) The presence of useful excavated material such as
broken rock for hardcore, sand for concreting or suit-
able backfill material.

(6) The suitability of the ground at excavation inverts as a
base for poured concrete.

(7) The need for special plant such as rippers and drills for
decomposed rock, or draglines and grabs where the
ground is too weak to support scrapers.

(8) The ground levels relative to a known datum. (This is
particularly important for piling operations where pile
cut-off levels are specified.)

(9) The need for any special health and safety precautions
due to ground conditions, e.g. dangerous shafts, run-
ning sand, etc.

(10) The position and other details of existing services, old
foundations, etc.

3.2.3 The client’s need
The client needs to know:

(1) Ifitis worth buying the site.

(2) If the foundations will be slow and expensive to construct.

(3) If the soil conditions are such that there are planning
constraints on the proposed building.

(4) If the site contains contaminants for which he is legally
responsible.

(5) If the soils on the site are combustible.

(6) If methane gas or other dangerous gases exist beneath
the site.

(7) If the site is subject to flooding, subsidence or landslides.

(8) If the developable area is likely to be restricted by mine-
shafts or other sterilized zones.

3.2.4 Site investigation for failed, or failing,
existing foundations

Failures of existing foundations are often due to changes
in local environment such as re-routing of heavy traffic,
leaking drains and water mains, new adjoining construc-
tion work (e.g. piling, inadequately shored excavations),
new fast-growing tree planting, extra load on sub-soil
from new buildings and similar. Before carrying out a
soil investigation it is usually worthwhile examining such
possible causes of failure in the same way that a desk
study and a site walkabout should precede any other soil
investigation.

3.3 Procedure
The stages of a ground investigation are given in Table 3.2.

A ground investigation consists, basically, of four main
operations:

(1) Study of existing information (known as desk-top study)
and preliminary site reconnaissance (site walkabout).

(2) Soilinvestigation and testing.

(3) Analysis and appraisal of results.

(4) Writing and distribution of soil reports.

In the same way that structural design is a continuous
decision-making process and interactive with detailing, other
members of the design team, building control and services
authorities and the client, so too is the site investigation.

Decisions must be made:

(1) At the start of the survey to determine objectives and
methods to achieve the objectives.

(2) On choice of site equipment, where and how best to use
the equipment.

(3) On choice of samples to be tested, how to test and inter-
pretation of the test results.

(4) On methods of analysis and recommendations to lead
to efficient and economic design and construction.

There should be interaction between the designer and site
investigator:

(1) The preliminary design should give the investigator
an indication of the proposed positioning of the struc-
ture on the site, an estimate of foundation loading, any
special requirements of basements, services, vibrating
or stamping plant and similar information.

(2) The investigator should report periodically to the
designer on the findings so that, if necessary, the scope
of the site investigation, the position of the building,
the foundation loading, or the preliminary foundation
proposals may be amended.

(3) When the designer has the final site investigation
information the final design can be refined.

(4) The site investigator, given the final design, can refine
the report.

(5) Either the designer alone or in collaboration with the
site investigator can then write the final report.

(6) Both the designer and investigator should monitor
the progress of foundation construction and post-
construction structural behaviour. This will determine
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Table 3.2 Stages of a ground investigation

DESIGN CONCEPTS

PRELIMINARY INFORMATION (DESK STUDY)

old and new topographical maps
soil survey maps

public utility records

adjacent site investigation reports

aerial photographs

geological maps and memoirs
mining and mineral records
consult public bodies

SITE INSPECTION
land ownership, access and services

PRELIMINARY GROUND INVESTIGATION

geological mapping

SAFETY

Safety is of paramount importance
for every activity in a site investigation.
A safety plan should be prepared and

boreholes and excavations

soft ground boring trial pits X !
. . _ implemented for all stages of a site
| rotary drilling | geophysical surveying investigation to ensure the safety of
sampling probing all personnel involved, including the

| | general public

in situ testing

laboratory testing
|

[
preliminary report

ASSESSMENT

MAIN GROUND INVESTIGATION

special field tests further boreholes
| excavations
and geophysics

trial embankments

vane tests

plate bearing test piles

Dutch cone
pressuremeter
pumping tests

in situ shear

areas for special
investigation

instrumentation

laboratory testing

in situ stress

final report and recommendations

INVESTIGATION DURING CONSTRUCTION

INVESTIGATION DURING OPERATION

N.B. all stages demand consultation with the
design engineer

whether the ground conditions were as predicted;
whether there were any unexpected excavation prob-
lems; whether the magnitude and rate of settlement was
as calculated; whether movement joints performed satis-
factorily and if the structure remained fully serviceable

(i.e. no cracking, undue settlement, etc.). It is difficult
for a busy designer to find time to go back and examine
past projects, but from long experience it has been
found beneficial for progress in foundation design to
make time to go back and look critically at past projects.
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3.3.1 Site survey plan

If a site survey has not been done, or provided by the client,
then a topographical survey should be carried out. The
survey should show the site location and access, give site
boundaries, building lines, position of proposed structure,
levels and contours, benchmarks and survey stations or
reference points. In addition, information should be shown
on such conditions as previous workings, overhead lines,
underground services, evidence of drainage or flooding,
condition of adjacent structures and other easily detectable
and useful evidence.

3.3.2 Study of existing information

There is often quite a surprising amount of information
available for many sites and the surrounding area — even
green sites in undeveloped areas — and a study of this
information can be invaluable in planning an efficient
and economical soil survey.

Valuable sources of information are listed below:

(1) Ordnance Survey maps (old maps are often useful in
providing information on any previous use of the site
which may not appear on revised up-to-date maps).

(2) Geological survey maps, both solid and drift; the
Institute of Geological Science Records; Soil Survey and
Land Research Centre (SSLRC); The Land Utilization
Survey; The Coal Authority can often supply informa-
tion on proposed mining, present, past and abandoned
workings, and finally the Institute of Materials, Minerals
and Mining may have records of other extractions such as
tin mining in Cornwall and brine extraction in Cheshire.

(3) Aerial survey photographs which may be of use can be
sourced via the National Association of Aerial Photo-
graphic Libraries (NAPLIB).

(4) Local authorities” building control offices and inspec-
tors often have detailed information on any previous
use of the site, local conditions and records of previous
investigations.

(5) Local contractors frequently know of behaviour and
construction difficulties of excavation, together with
records of ground condition and type in the locality.

(6) Local people, such as miners, quarry workers and
grave-diggers, can be helpful (sometimes they can be
‘overhelpful” in telling what they think the investigator
wants to know with the temptation to embroider their
information).

(7) Local Planning Authorities. It is essential to contact
them to determine any planning conditions or restric-
tions for the proposed structure and such matters as
rights of light, way and support. They can also advise
on site access for plant and transport, noise and other
nuisance restrictions. They may also have information
on existing or proposed services below ground level,
i.e. water mains, sewers, other service pipes, etc., and
similar information on overhead power lines, and can
put the investigator into contact with the public utility
authorities. The planning process will now generally
result in a number of detailed requirements for the
implementation of a site investigation and a list of

conditions to be discharged before redeveloping a
previously used site.

(8) Public Services Authorities. Utility services for tele-
communications, gas, water and electricity usually
keep up-to-date records.

(9) Local street and area names. Sometimes local place
names may indicate previous use. Typical names are
Brick Kiln Lane, Quarry Bank and Marsh Street.

Since many people in the above list of information sources
are busy it has been found from experience that it can be
quicker and more efficient to go and see them to discuss the
site rather than engage in long drawn-out correspondence.
It is not uncommon in such discussions to discover valu-
able information which may have been unexpected, not
known to exist or not asked for.

For further information see Reference 2.

3.3.3 Preliminary site reconnaissance and
site walkabout

With the above information, presented clearly in an easily
digested report, the senior design engineer should visit the
site and the immediate neighbourhood to develop a feel for
the site. It is sometimes advisable for the senior engineer to
visit the site before the ‘study of existing information’ so that
assistants can be advised on important points, such as
where there is a particular need for detailed study and the
like in carrying out the investigation.

The senior engineer would note the soil type and condition
in any adjoining cuttings (road, rail and stream banks),
adjacent buildings showing signs of foundation distress,
uneven ridge lines, tilting or settled boundary walls,
unstable or creeping slopes, depressions in the ground
and their possible cause, type and changes in vegetation
on green sites, previous use and ground behaviour of
abandoned sites and similar points. Typical warning signs
of possible foundation difficulties are:

(1) Unused sites in built-up pre-war housing estates
which can indicate that local builders had encountered
site problems.

Flat, rubble-strewn derelict sites in inner-city housing

areas which may be riddled with backfilled base-

ments, cellars and bomb craters (unexploded bombs
remain a distinct possibility).

Dry, firm ground in summer which is sprouting marsh

grass may be a quagmire in winter. Many cases of

landslip slope failure are caused by water, so the
identification of possible sources of groundwater on
both historic maps and on site is most important.

(4) Undeveloped areas around the outskirts of towns and
not encroaching on green-belt boundaries which can
indicate problem sites.

(5) Backfilled quarries; domestic refuse and industrial
waste tips.

(6) Bumpy, irregular ground surface which can be indic-
ative of glacial terminal moraine deposits.

(7) Evidence of ‘bell-working” where mineral seams are
near ground level.
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(8) ‘Blow holes’ in chalk soils.
(9) Subsidence in areas of brine extraction.

(10) Evidence of erosion or deposition. Where structures
are to be founded on coasts, estuaries or tidal rivers,
then full hydrographic information on extremes of
tides, velocity of currents, seasonal levels, flooding
danger, etc., must be obtained.

(11) Warm soils in winter months or burnt shales indicat-
ing possible combustion.

Problems of confined access, overhead cables or steeply
sloping sites should be noted since this can affect the soil
investigation equipment and the contractor’s excavation
and piling plant.

Knowledge of the position and type of the proposed struc-
ture is important so that particular attention can be given to
areas where deep excavations for basements, heavy loads
and the like are to be located.

It is useful for the senior engineer when visiting the site
to be assisted by a young engineer to make notes of any
observations and to take photographs and soil samples.
This saves the senior engineer time and gives the young
engineer valuable experience. The senior engineer should
write up the notes and report any findings while they are
fresh in the mind. Where possible the findings from the
study and reconnaissance should be shown diagrammatic-
ally on the site survey plan. This enables a clearer image of
site conditions and aids the planning of the soil survey.

This section should be read in conjunction with Chapter 4
on site topography.

3.4 Soil investigation

A soil survey can range from a few trial pits inspected by
the designer and the soil untested by laboratory analysis to
an extensive borehole investigation with deep and numer-
ous bores and extensive sampling and testing of the soil
usually by specialist investigation contractors.

The factors affecting the investigation are the amount of
existing information available, the known uniformity or
likely variability of the sub-soil in the area, the foundation
loading and the type of structure, the general topography
and likely groundwater conditions of the site.

Subsidiary factors such as the amount of time and money
available, the site access and other matters should not
inhibit the planning of a thorough (and as reliable as is
reasonably possible) investigation.

No matter what kind of investigation is carried out, the
authors, from experience, recommend the digging of
trial pits as a first stage. Trial pits have over the past few
decades fallen into almost contemptuous dismissal by some
with the increased sophistication of boring techniques,
increased cost of labour in digging pits and increased
awareness of the limitations of pits (e.g. they do not detect
underlying soft soils which can be affected by foundation
loading). But during the same period there has been
increased adaptability, mobility, etc., of relatively small
excavators. Such machines can easily excavate and backfill

a dozen pits, or trenches, in a day to a depth of 3-6 m and
can be hired on a daily basis at cost-effective rates. The cost
of replacing services damaged during excavation can be
substantial, especially in the case of optical fibre cables, and
the responsibility for adequate insurance cover should
therefore not be overlooked.

3.4.1 Borehole layout

Three bores are the minimum necessary to determine the
dip of a plane strata (where known with confidence to
be plane) and as a rough guide this is the minimum for a
proposed investigation (it is almost self-evident not to have
too many!). The more bores drilled then the more is known
about the soil and the risks of meeting difficulties and the
greater surety and economy of the foundation design. But
obviously once enough is known to design an economical
foundation then any further bores are an added-on cost
to the project. This assumes, of course, that the stratum
are accurately recorded, described and positioned, etc. by
a competent supervisor during the drilling operations.
Inadequate or inexperienced supervision could lead to
expensive errors.

On large sites, say for an industrial estate, when the posi-
tions of structures have not been defined it is advisable to
establish a grid of boreholes as shown in Fig. 3.1 (c). The
spacing of the grid depends upon the site study and recon-
naissance. A common grid spacing is about 30 m but, if the
site is well-known and of uniform strata, the spacing may
be increased. If the site is unknown, suspect and variable,

heavy item
of plant

Ve [l\

backfilled
pond

¥ borehole
¥ probing

Fig. 3.1 Typical borehole layouts for (a) multi-storey
flats, (b) factory building, (c) large development area
where building layout is not decided.
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the spacing should be decreased. Where the findings are
not uniform and difficulties are unknown, or are expected,
then the grid centres should be closed up. Where the site
has been mined, an irregular grid is advisable since the
workings may be on a regular grid.

The boreholes enable soil profiles (cross-sections) to be
drawn noting the strata classification, thickness and level,
and samples taken from the borehole enable the properties
of the soil in each strata to be examined. The bores can also
enable observations to be made on groundwater levels and
variations. The depth of the borehole depends on:

(1) The foundation load. Light, single-storey structures
founded on known firm ground of thick strata need
investigation to a depth of about 3 m — and this can be
done effectively by trial pits. Tall, heavily loaded struc-
tures may need bores taken down to proven firm soil of
adequate strata thickness.

(2) The width of the structure. At a depth of 1.5 times the
width of the structure the vertical pressure on the soil
can be about 20% of the foundation contact pressure.
Closely spaced (i.e. at centres less than about 4 times
their width) strip or pad foundations due to pressure
distribution overlap would have the same pressure
effect at such a depth as a raft foundation. The wider
the structure the deeper the effect of vertical pressure
(see Fig. 3.2) and it may be necessary to bore down to
1.5 times the width of the structure.
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Fig. 3.2 Vertical pressure at a depth of 1.5 times
foundation width.

(3) Whether there is a possible need for piling. Then the
bores should be taken down to 3 m below preliminary
estimated pile base level.

(4) Whether there is a possible need for foundations to be
taken down to bedrock. It is advisable to prove that it is
in fact bedrock and not boulders (in glacial or flood
deposits or quarry backfill) or relatively thin layers of
cemented rock-hard soils (shales in mining areas). This
can mean that drilling should continue for at least 3 m
into the rock. There have been a number of spectacular
failures in mistaking isolated boulders as bedrock.

3.4.2 Trial pit layout

Trial pits should be located near to the proposed or exist-
ing foundations but not so close as to adversely affect
foundation excavation or to disturb existing underground
services and drains. They should straddle the proposed site
of the building to give cross-sections along the major axes.
Generally five or more pits are necessary.

Trial pits yield such information as soil classification, how
well the sides of the excavation stand up, the position of
the water-table, whether seepage of groundwater will be a
problem, the ease of level, ram and trim, the invert of the
excavation, possible deterioration of the soil on exposure to
the atmosphere, the presence and depth of fills, and the
ease or difficulty of excavation. (Boreholes can discover
sandstone, for example, which contractors will tend to
price with high excavation rates yet the trial pit excavator
may well be able to excavate the rock easily.) Percussion
boring may compress thick layers of peat into thin slices
and it is not uncommon to receive descriptions such as
‘sand with traces of peat” when trial pits would disclose the
layer of peat within the stratum of sand. For this reason it is
good practice to excavate several trial pits in the vicinity of
proposed boreholes so as to check the correlation of the
findings of the two techniques. It is easier to take good
undisturbed soil samples from a trial pit than a borehole; to
carry out in situ tests (such as the standard penetration test
and shear vane test) and to give the soil the apocryphal kick
with the heel to estimate its strength.

Trial pits should be excavated down to at least the expected
excavation level and on difficult sites (subject to thorough
boring, sampling and testing) the information obtained can
be used as a useful additional aid to foundation design and
construction. They can also provide a visual check on the
likely reliability of test information. If the sides of the pitare
liable to collapse and access is required, then propping
should be carried out to protect the investigator, or the
sides should be battered or stepped by the excavator.

Where the site is open to access by people or animals, the
pits should be backfilled or protected at the end of each day.
Where it is necessary to check, over a period of time, seep-
age or deterioration, the pit should be planked over and
covered with tarpaulins or otherwise adequately protected.

The position, ground level and invert level of the
pits should be noted together with the findings of soil
classification, properties and levels of the strata. Colour
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photographs of the sides of the pits can be useful and
the photographs have increased value if a ranging rod is
included to confirm the scale. Where the presence of ser-
vices is suspected, trial pits can be used to detect them,
preferably by careful hand-digging.

Where, from past experience, the ground is known to be
firm clay or dense gravel of considerable depth, then trial
pits may be all that is necessary to investigate the suitability
of the site for a lightly loaded structure. They must be dug
to an adequate depth, to prove the stratum and to detect
soft lenses or layers likely to be affected by the foundation
loading. Trial pit information is also invaluable in deter-
mining the borehole grid layout.

3.4.3 Hand augers

Hand augers are sometimes used in preliminary reconnais-
sance since the equipment is light, cheap and immediately
available, and so that overall, time can be saved in planning
a full survey. They can, in soft to firm soils, bore a hole
about 150 mm diameter to a depth of 3—-4 m and provide
disturbed samples of the soil. They can be used in restricted
spaces, which is useful in investigating foundation failure
below a confined basement. However the work can be
physically hard, somewhat slow and very difficult, or
impossible, in stony clays and gravels.

3.4.4 Boring

Most bores are carried out using light cable percussion
plant backed up, when necessary, with rotary coring and
other equipment and attachments. The cable percussion rig
commonly uses an 8 m high tripod and employs a friction
winch to raise and lower the boring tubes and tools. Rotary
coring is used when hard shales, boulders or rock strata are
encountered.

There is an increasing variety of plant, sampling methods
and tools, with particular advantages in cost, quality of
sampling, speed of operation, use in conditions of limited
access or headroom, etc., and the choice of rig is affected by
the likely soil conditions to be encountered. Further details
are given in References 3 and 4.

3.4.5 Backfilling of trial pits and boreholes

If bores and particularly pits are positioned sufficiently
close to the proposed structure so as to affect foundation
excavation then they should be carefully backfilled. A strip
footing founded on firm clay and passing over an inade-
quately compacted backfilled trial pit is effectively passing
over a soft-spot. A borehole can sometimes act as an artesian
well or as a seepage point. Trial pits or trenches should be
backfilled in layers with controlled compaction. Boreholes
should be backfilled, as the casing is withdrawn, with
selected excavated material and punned with a weighted
shell. Grouting boreholes is sometimes necessary with 4 : 1
cement : bentonite. The quality of backfilling of trial pits
is however often unreliable and if the pits are close to the
foundation they should be re-excavated along with the
foundation excavation and backfilled again after comple-
tion of foundation construction.

3.4.6 Soil sampling

Samples of the soil are taken from boreholes and trial pits
so that the soil can be described and tested. There are two
types of samples:

e Disturbed samples. Samples taken from boring tubes or
hand excavated from the sides and bottom of trial pits
where the soil structure is disturbed i.e. broken up, cut,
pressed, etc. These samples are placed in airtight jars
(similar to screw lid jam-jars), labelled to identify the
borehole or pit number, the position of the sample, the
number given to it in the records, and the date taken.
Failure to label samples in standard format will obvi-
ously lead to confusion at the laboratory so the label
must be secure and the information noted on it must be
legible and written in waterproof ink.

Disturbed samples are tested to determine, mainly,
the type and description of the soil. The sampling and
testing of disturbed samples is relatively inexpensive
and the test results are used to determine the test
programme of undisturbed samples.

If the disturbed samples are to be used to determine
the moisture content of the soil it is important that the
sample jar should be completely filled by the sample to
prevent it drying out. As a further precaution the air-
tight cap should be wound round by a water-resistant
tape.

o Undisturbed samples. The term undisturbed is somewhat
of a misnomer for even with refined equipment it is
difficult to obtain a true undisturbed sample. Certainly,
undisturbed samples are generally superior to disturbed
samples in representing more closely the actual in situ
structure and moisture content of the soil. The soil struc-
ture and moisture content are important factors in soil
strength and behaviour under load. Disturbed soil is
trimmed from the ends of the sample tubes, the ends are
then covered by foil and waxed before screwing on the
tube cap or lid. Labels, giving the same information as
for disturbed samples, should be placed both inside
the cap and outside the tube.

Undisturbed samples are tested to determine mainly
the strength and behaviour of the soil. Undisturbed
samples are relatively expensive to obtain and test and it
is generally not necessary to test all the samples. Never-
theless it is advisable to obtain at least one sample for
each stratum at each borehole. The test programme is fully
determined after study of borehole logs and soil profiles.

3.4.7 Storage of samples

Preferably samples should be sent to the testing laboratory
immediately — and this, of course, is not always possible.
If they are just left lying around the site they could be sub-
ject to drying out, impact, etc. so they should be carefully
stacked and stored in a cool and somewhat moist site hut or
container box.

3.4.8 Frequency of sampling

The soil investigation engineer, preferably with the design
engineer’s report on site study, reconnaissance and trial pit
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Fig.3.3 The MIT classification for clay, silt and sand.

findings if available, can decide on an economic frequency
of sampling. Generally undisturbed soil samples should be
taken at 1.5 m intervals and at change of stratum level and
disturbed samples taken at 1 m intervals. This is not a rigid
rule and should be varied to suit soil and foundation condi-
tions. When trial pits have not been excavated, these inter-
vals should be halved from ground level to 2-3 m below the
anticipated depth of foundation excavation. It is at or near
ground level that the soil is usually most variable due to
exposure to weather, change in moisture conditions and
variations in the water-table level.

The foreman driller should keep a log noting the type
(classification) of soil, its depth, change of stratum level,
position of obstructions, changes of soil conditions within a
stratum, groundwater level, seepage and similar informa-
tion. Experienced and reliable foremen drillers are becom-
ing, unfortunately, rarer and it is essential that the soil
survey investigator backs up the foreman’s observations by
adequate inspection visits by site supervision engineers.
The log should give a continuous description of the soil in
the borehole from ground level to base of bore. It is import-
ant that the foreman is aware of the standard classification
and description used in References 3 and 4 and does not
solely employ (the often colourful) local terms such as cow-
belly, sludge, mucky clay, cobbly clay. While these terms may
be well-known to local engineers they can be unfamiliar
and totally misleading to others. The local terms are often
an invaluable guide to experienced local engineers in
describing the soil and its properties and it would be a pity

in some cases if these were to die out. Where there is a mix-
ture of clay, silt and sand the MIT (Massachusetts Institute
of Technology) classification should be used (see Fig. 3.3).

3.4.9 Appointment of specialist soil
investigator

Most design offices do not have sufficient demand for soil
investigations to warrant the capital costs of obtaining site
and laboratory equipment, nor the current costs of employ-
ing site and laboratory personnel. It is therefore generally
necessary to appoint specialist firms — and this may not
always be as easy as it might appear.

The work should be carried out by competent soil survey
specialists of good reputation, staffed by experienced engin-
eers (and drillers) who will not only supervise the borings
but also the testing and can be relied upon to report accur-
ately and advise soundly on their findings. The specialist
firm should carry adequate indemnity. In the past a num-
ber of excellent firms have been driven out of business
by cut-throat competition from ‘cowboy’ firms savagely
undercutting sensible rates. This is a deplorable situation
which could cost the client, in the end, far more than has
been saved by employing such firms. (On more than one
occasion the authors’ practice has been asked to investigate
foundation failures and found that borehole logs are a
complete fabrication —because they were not done!)

There should be detailed discussion between the design
engineer and the soil specialist on the survey specification,
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cost and time. Soil specialists may not have wide experi-
ence of foundation design, behaviour of structures, eco-
nomics of alternative designs, construction difficulties, etc.,
so the discussion is essential for reliable investigations.

It is also strongly advisable for the design engineer in
person to inspect the boring during progress to see first-
hand the condition of the soil samples and sampling methods.

3.5 Site examination of soils

Trial pits allow the soil to be examined in situ. Similarly the
soil can be examined from borehole samples which may be
of a disturbed nature. Examination methods to identify and
describe the soil should be based on the guidance given in
BS 59300) (see Table 2.4).

3.6 Field (site) testing of soils

No matter how carefully soil samples are taken, stored,
transported to a laboratory and tested, some disturbance is
possible and even likely — and therefore many engineers
prefer the alternative of testing the soil in situ. As with
sampling techniques there have been advances in sophist-
ication and variety of field testing techniques and the most
common types are briefly described here.

Site testing has come a long way from kicking the clay at the
bottom of a trial pit with the heel of the investigator’s shoe —
though this can still be a useful, if crude, assessment when
carried out by an experienced engineer familiar with local
conditions.

In foundation design less is known of soil as a structural
material than is known of concrete and steel. It is not pos-
sible to analyse and forecast, with certainty, the stresses in
the soil or the soil’s reaction to those stresses, since the
foundation loading can only be a reasonable assessment.

Foundation design is therefore based not solely on analy-
sis but also needs the application of sound engineering
judgement.

In a sensible and valuable search to understand the mater-
ial it must be tested and some researchers have devoted
their careers to this essential cause. In each of the following
field and laboratory tests there has been extensive research,
literally thousands of learned papers and many international
conferences — some devoted to just one test, for example,

see References 5 and 6. It is not possible therefore in a
book on foundation design to discuss fully in depth any one
test; discussion is limited to the broader considerations.
Furthermore the site and laboratory testing of soils is
the contractual responsibility of the soil survey specialist.
Hence the following sections outline and summarize the
tests and the main references are given for designers wish-
ing for more detailed information. Experience is necessary
to estimate what and how to test, the test results need engin-
eering judgement in assessing their application and relev-
ance and in forecasting estimated behaviour — for none
of the tests give scientifically accurate results applicable to
the actual strata under the real pressure. The theories, as in
structural theory, are based on simplifying assumptions
not fully related to the reality of practice. But to dismiss
tests and theory and rely on outdated rules of thumb
methods is inappropriate to modern structures and is as
foolish as blind faith in science.

3.6.1 Standard Penetration Test (SPT)

The SPT is a useful method of indicating the relative
density of sands and gravels. It is based on the fact that the
denser the sand or gravel the harder it is to hammer a peg
into it. A standard weight is dropped a defined distance on
a tube, with either a split tube or a cone head (cone penetra-
tion test, CPT), placed in the borehole. The tube is driven
450 mm into the soil and the number of hammer-blows taken
to drive the tube into the last 300 mm of soil is termed its
N value. Care in interpreting the result is particularly
necessary where boulders, very coarse gravel or bricks in
backfill may be present, for the measurement may be of the
resistance of the obstruction and not of the soil.

Approximate values of the relationship between sand
properties and N values are given in Table 3.3 and a
summary of the test is given in Table 3.4.

CIRIA Publication The Standard Penetration Test (SPT):
Methods and Use is a comprehensive reference.

3.6.2 Vane test

If a garden spade is driven into clay and then rotated it will
effectively shear the clay and the higher the shear resistance
of the clay then the greater the force (torque) required to
rotate the spade. This is the principle of the vane test.

Table 3.3 Relationship between N values and sand properties®

Very loose Loose Medium dense Dense Very dense
SPT N value (blows/0.3 m)? <4 4-10 10-30 30-50 >50
CPT cone resistance (MN/mm?)P <5 5-10 10-15 15-20 >20
Equivalent relative density (%)¢ <15 15-35 35-65 65-85 85-10
Dry unit weight (kN/m3) <14 14-16 16-18 18-20 >20
Friction angle (degrees) <30 30-32 32-35 35-38 >38
Cyclic stress ratio causing liquefaction (t/c’) <0.04 0.04-0.10 0.10-0.35 >0.35 -

2 At an effective vertical overburden pressure of 100 kN/m?

b There is no unique relationship between CPT and SPT values - it should be reassessed at each site

¢ Freshly deposited, normally consolidated sand
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Table 3.4 Standard Penetration Test (Weltman, A.J. & Head, J.M., Site Investigation Manual, CIRIA (1983),®
Section 4.1.1)

Method

Application

Advantages

Disadvantages

Standard
Penetration
Test

Derivation of a standardized blow
count from dynamic penetration in
granular soils (silts, sands, gravels)
and in certain cases, other materials
such as weak rock or clays
containing gravels which are not
readily sampled by other means.
Convenient both above and below
the groundwater table. The blow
count (N value) may be used
directly in empirical formulae for
bearing capacity and settlement
estimates: relative density and
estimation of ¢. Approximate
values of cohesion may be inferred
using empirical relationships.

Simple, robust equipment.
Procedure is straightforward and
permits frequent tests.

A highly disturbed sample obtained
when the shoe is used, permitting
identification of the soil.

A number of empirical relationships
exist to convert the N value to
approximate various soil
characteristics or indications of
performance.

Widespread use.

Inexpensive.

Simplicity of the equipment belies
sensitivity to operator techniques,
equipment, malfunctions and poor
boring practice.

Equipment and technique are not
standardized internationally.

Tests below 6 m in water-bearing
sands may not be fully representative
and in other materials as the depth
increases. If solid cone used instead
of the shoe to prevent damage, the
results may not be comparable.

Test values may vary with diameter of
borehole. Results require interpretation.
Test insensitive in loose sands.
Misleading results in fissured clays. N
values are affected if a sample liner is
used with a 38 mm diameter spoon.

Table 3.5 Vane test (Weltman, A.J. & Head, J.M., Site Investigation Manual, CIRIA (1983),® Section 4.1.2)

Method

Application

Advantages

Disadvantages

Vane test

Measurement of undrained shear
strength of clays and measurement
of remoulded strength. The results
should be used in conjunction with
laboratory derived values of
cohesion and measurement of
plasticity index in order that an
assessment of the validity of the
results may be made.

Permits in situ measurement of the
undrained strength of sensitive
clays with cohesions generally up to
100 kN/m2. The remoulded shear
strength may also be measured in
situ. Causes little disturbance to the
soil. Can be used direct from the
base of a borehole.

Results are direct and immediate.
Tests can be rapid.

Small hand-operated vane test
instruments are available for use in
side or base of excavations.

The results are affected by silty or
sandy pockets or significant organic
content in the clay.

There is some dependence on the
plasticity index (PI) of clay. Anisotropy
effects can give rise to values of
cohesion unrepresentative of the
engineering problems being studied.
Poor maintenance of equipment gives
excessive friction between rods and
guide tubes, or in bearings. To be used
in conjunction with careful soil
description and backed up with high-
quality sampling and laboratory
testing. Results are in terms of total
stress only. Specialist technicians
required.

The vane is a cruciform of four blades fixed to the end of the
boring tube’s rod. It is pushed into the undisturbed soil at
the base of the borehole or trial pit and the torque required
to rotate the vane is measured. Table 3.5 gives a summary
of the test.

When the height of the vane is twice its diameter, D(m), the
relationship between shear strength of the soil, 7, and the
maximum applied torque, M(kN m), is generally:

M

1=———kN/m?
3.66 D3

3.6.3 Plate bearing test

A plate, of known area, can be placed at the bottom of a trial
pit or borehole and loaded. The settlement of the soil under

load can be measured and also the pressure required to cause
shear failure of the soil. The test is summarized in Table 3.6.

3.6.4 Pressuremeters

A pressuremeter could be considered as basically a vertical
plate test. If an expanding cell is placed in a borehole and
pumped up to exert pressure against the sides of the bore
then the stronger the soil the greater the pressure required
to expand the cell. Summaries of different pressuremeters
are given in Table 3.7. See Reference 9.

3.6.5 Groundwater (piezometers and
standpipes)

The presence of moisture in, and the magnitude of moisture
content of, soils has a pronounced effect on soil properties
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Table 3.6 Plate bearing test (Weltman, A.J. & Head, J.M., Site Investigation Manual, CIRIA (1983),® Section 4.1.3)

Method

Application

Advantages

Disadvantages

Plate bearing
test

For determination of elastic modulus
and bearing capacity of soils and weak
rock, with minimum disturbance.

Gives close simulation of
actual loading condition
typically found in
foundations. The loaded
volume of soil or rock is large
by comparison with other
tests, and therefore more
representative.

There is close control of
loading intensity, rate and
duration.

More representative results
than laboratory testing.
Can be carried out in pits or
boreholes.

A number of tests are required to
obtain coverage with depth for
application to foundation designs.
Upward seepage pressures at the
test level reduce effective stress and
have significant effects. Specialist
technicians are necessary.

An expensive and time-consuming
test.

Equipment not widely available.
Scale effects should be considered.
Possibility of ground disturbance
during excavation.

Excavation causes unavoidable
change in ground stresses which may
be irreversible. Large-diameter hole
desirable for tests in boreholes.
Results difficult to interpret in some
soil types.

Table 3.7 Pressuremeter test (Weltman, A.J. & Head, J.M., Site Investigation Manual, CIRIA (1983), Section 4.1.3)

Method Application Advantages Disadvantages
Pressuremeter  Three similar main types of In situ low-disturbance In some soils and rocks the operation
test pressuremeter are available: measurement of important of the equipment can be uncertain,

(a) The Menard pressuremeter, installed
into a borehole.
(b) The Camkometer, self-boring type.
(c) The Stressprobe, pressed into the soil
from the base of the borehole.
The Menard pressuremeter is particularly
suitable in weak rock, for modulus creep
pressure and limit pressure.
The Stressprobe and Camkometer give
similar information, the former being
particularly suited to measuring the
shear strength of stiff clays, the latter
also containing a porewater pressure
transducer to enable effective stress
measurements to be carried out.
Itis suitable in clays, silts and sands.
Lateral stress and K|, (coefficient of earth
pressure at rest) measurement are
possible. Becoming more widely used
and expected to be used more
extensively in future.

soil and weak rock
parameters.

Less expensive than direct
bearing tests and larger
volume of rock stressed than
laboratory testing methods.
Depth limitations vary with
subsoil, but could be carried
out at any depth in
appropriate circumstances.
Direct bearing capacity
measurements can be taken.
Rapid test procedure.

particularly in granular soils.

In some weak rocks, unstable walls
can give rise to results which are
difficult to interpret (Menard type).
The loading direction is radial, in a
horizontal plane, which may not
correspond to the condition in the
foundation considered.

Where porewater pressures are not
measured, drainage conditions have
to be assumed.

A large number of tests with depth
are required if the results are to be
used for typical foundation designs.
Tests not suited to coarse granular
materials.

Drilling disturbance cannot be
detected and may lead to unusually
low results (Menard type).
Specialist technicians necessary.

and behaviour. Since the moisture content can vary so too
can the soil. It is essential therefore to investigate the ground-
water conditions and possible variation. Groundwater
variations are likely on coastal, estuarine and tidal river
sites; sites subject to artesian conditions and variable water-
table levels; sites with permeable granular soil where bored
piles or bentonite diaphragm walls are to be used, and par-
ticularly sites founded on fills.

The rate of seepage of groundwater into pits and bores

together with level and variations in level should be
recorded. Piezometers or standpipes should be employed
when groundwater problems are anticipated.

A standpipe can at its simplest be the open borehole, and
the outline of the test is summarized in Table 3.8.

Piezometers, of varying sophistication, are basically per-
forated tubes lined internally with porous tubing, and
details are summarized in Table 3.9.
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Table 3.8 Open borehole test (Weltman, A.J. & Head, J.M., Site Investigation Manual, CIRIA (1983),® Section 3.3.1)

Method Application

Advantages

Disadvantages

Open borehole For estimation of permeability in

test medium and course grained soils and
fissured or fractured rock where
appropriate. The approximate
particle size of granular soils may be

Relatively low cost method
of obtaining permeability
information and additional
grain size information.
Conventional equipment

Methods very approximate particularly
falling or constant head tests where
sedimentation or loosening can occur.
Rising head tests are markedly affected
by poor boring techniques which leave

estimated from the results (e.g. using  utilized. loosened soil, or by piping, should it
the Hazen'' formula). Broken or No specialized personnel occur during the test.

fissured zones in rock may be necessary. Results may require close scrutiny,
identified. Seepage conditions likely Widely used. particularly in variable sub-soil.

during construction and under
foundations may be estimated.
The need for dewatering schemes
may be assessed.

cases.

Yields more reliable data
than laboratory tests in some

Accurate permanent groundwater
levels necessary.
Hydraulic fracturing can occur.

Table 3.9 Piezometer test (Weltman, A.J. & Head, J.M., Site Investigation Manual, CIRIA (1983),® Section 3.3.2)

Method Application

Advantages

Disadvantages

Constant head
test from
piezometers

For estimation of permeability and
consolidation parameters in fine
grained soils. When combined with
laboratory determined values of m,
(coefficient of volume
compressibility), better estimates of
¢, (coefficient of consolidation) may
be made.

soils.

Large-scale determination of
permeability and
consolidation parameters.
Generally more reliable than
laboratory values in alluvial

The tests are most conveniently carried
out with a positive head.

Swelling conditions produced are not
appropriate to the foundation problem.
The tests are time-consuming and
expensive.

The radial drainage conditions require
to be carefully assessed relative to the
stratigraphy detail at the test location
and the full-scale drainage conditions.
Specialist technicians required.

The groundwater must be at
equilibrium in the borehole before
starting the test.

3.6.6 Other field tests

There are a number of developments, refinements and
adjustments to the above tests as well as geophysical
tests, aerial infra-red photography, video photography in
boreholes, etc. These newer tests can sometimes be less
expensive, less time-consuming and yield more informa-
tion than the traditional tests. The interested reader should
refer to specialist soil mechanics literature for details. See
Reference 10.

3.7 Recording information - trial pit and
borehole logs and soil profiles

Before embarking on expensive laboratory testing of soil
samples it is advisable to record (log) the information
gained on site in order to plan the test programme. To facil-
itate the reading of logs and boreholes the soils and rocks
should be indicated by standardized symbols. Widely
accepted diagrammatic symbols are given in Fig. 3.4.

A typical trial pit log of the engineer’s observations is given
in Fig. 3.5.

A borehole log should give details of the foreman driller’s
log, the observations of the supervising engineer and the

results of any site tests. A typical borehole log is shown in
Fig. 3.6.

Trial pits, trenches and boreholes should be given reference
numbers, located on plan, their ground level noted and the
date of excavation recorded. It is advisable to record the
following additional information:

(1) Type of rig, diameter and depth of bore or width of
bucket.

(2) Diameter and depth of any casing used and why it was
necessary.

(3) Depth of each change of strata and a full description of
the strata. (Was the soil virgin ground or fill?)

(4) Depths at which samples taken, type of sample and
sample reference number.

(5) Insitu test depth and reference number.

(6) The levels at which groundwater was first noted;
the rate of rise of the water; its level at start and end of
each day. (When more information on permeability,
porewater pressure, and the like is required, then it is
vitally important that the use of piezometers should
be considered.)

(7) Depth and description of obstructions (i.e. boulders),
services (drains) or cavities encountered.
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Fig. 3.4 Recommended symbols for soils and rocks (BS 5930, Table 15).G)

(8) Rate of boring or excavation (useful to contractors and
piling sub-contractors as such information gives some
guidance in ease of excavation or pile driving).

(9) Name of supervising engineer.

(10) Date and weather conditions during investigation.

3.8 Soil samples and soil profiles

It is a wise precaution to take more soil samples than neces-
sary to determine the ground conditions (and increasing
the frequency of samples does not proportionally increase
the cost of the soil survey). It is not however necessary to
test every single sample. If the surface soil is weak and
underlain by good rock or dense gravel there may be little
point in testing the weak surface soil if piling down to the
good strata is proposed.
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