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Preface

Excel HD

PDF [[[]

It took a whole quarter of a century to get there, but at last, in December 2004,
the long-awaited Eurocode 7: Geotechnical design — Part 1: General rules was
finally published. This European design standard is to be fully adopted by 2010
and its introduction and subsequent implementation mean a radical change to all
aspects of geotechnical design across Europe. This affects practising engineers,
university lecturers of geotechnical engineering and, of course, all students under-
taking courses in civil engineering. The long-established, traditional approaches to
geotechnical design must now be moved to one side to make way for the new limit
state design approach advocated in Eurocode 7. This is a daunting thought for
lecturers and students alike and so I have endeavoured to make the understanding of
the new Code as simple and painless as possible by introducing it in this, the eighth
edition of Elements of Soil Mechanics. Through several worked examples and clear
explanatory text, the philosophy of Eurocode 7 and its design approaches are set
out covering a whole range of topics including slope stability, retaining walls and
shallow and deep foundations.

To help the reader follow many of the principles and worked examples in the
book, I have produced a suite of spreadsheets and portable documents to accompany
the book. The spreadsheets match up against many of the worked examples and
these can be used by the reader to better understand the analysis being adopted in
the worked example. This, I hope, will be particularly beneficial to understanding
the Eurocode 7 design examples. In addition, I have produced the solutions to the
exercises at the end of the chapters as a series of portable document format (pdf)
files. All of these files can be freely downloaded from: http://sbe.napier.ac.uk/esm.

Whilst the introduction of Eurocode 7 has driven the bulk of the new material in
this edition, I have also updated other aspects of the text throughout. This was done
in recognition that some aspects of the book had become dated as a result of the
introduction of new methods and standards. Furthermore, the format of the book
has been improved to aid readability and thus help the reader in understanding
the material. All in all, I believe I have produced a valuable and very up-to-date
textbook on soil mechanics from which the learning of the subject should be made
easier.

I must thank Dr Andrew Bond, Director of Geocentrix and UK delegate on the
Eurocode 7 committee, for his feedback during the preparation of the material for
the chapters dealing with Eurocode 7. Also, thanks must go to my colleague Dr John
McDougall for his advice on the revisions I have made to the chapter on unsaturated
soils.
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Preface ix

G. N. Smith, 1927-2002

In April 2002 my father died. This edition of the book would not have been written
had it not been for the popularity of the earlier editions that he wrote, and I am grateful
that I had the opportunity to write this edition based on his previous accomplishment.
This edition is as much his work as mine.

lan Smith
October 2005
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Notation Index

The following is a list of the more important symbols used in the text.
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Area, pore pressure coefficient

Effective foundation area

Area of base of pile

Arearatio

Area of surface of embedded length of pile shaft

Width, diameter, pore pressure coefficient

Effective foundation width

Cohesive force, constant

Compression index, soil compressibility

Static cone resistance

Constant of compressibility

Uniformity coefficient

Void fluid compressibility

Diameter, depth factor, embedded length of pile

Relative density

Effective particle size

Modulus of elasticity, efficiency of pile group

Eurocode 7 design value of effect of actions

Eurocode 7 design value of effect of destabilising actions
Eurocode 7 design value of effect of stabilising actions
Factor of safety

Factor of safety on pile base resistance

Eurocode 7 design axial compression load on a pile
Eurocode 7 design value of an action

Eurocode 7 representative value of an action

Factor of safety on pile shaft resistance

Eurocode 7 design value of destabilising permanent vertical action
(uplift)

Particle specific gravity

Eurocode 7 design value of stabilising permanent vertical action (uplift)
Eurocode 7 design value of stabilising permanent vertical action (heave)
Groundwater level

Thickness, height, horizontal load

Index, moment of inertia

Liquidity index

Plasticity index

Vertical stress influence factor
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Notation Index xi

Factor, ratio of 0;/0,

Coefficient of active earth pressure

Coefficient of earth pressure at rest

Coefficient of passive earth pressure

Pile constant

Length

Effective foundation length

Moment, slope projection of critical state line, mass, mobilisation factor
Mass of solids

Mass of water

Moisture condition value

Number, stability number, specific volume for In p” =0 (one-dimensional
consolidation), uncorrected blow count in SPT
Corrected blow count in SPT

Bearing capacity coefficients

Force

Thrust due to active earth pressure

Thrust due to passive earth pressure

Thrust due to water or seepage forces

Total quantity of flow in time t

Ultimate soil strength at pile base

Ultimate soil strength around pile shaft

Ultimate load carrying capacity of pile

Radius, reaction, residual factor

Eurocode 7 calculated value of pile base resistance
Eurocode 7 characteristic value of pile base resistance
Eurocode 7 compressive resistance of ground against a pile at ultimate
limit state

Eurocode 7 calculated value of R,

Eurocode 7 design value of R,

Eurocode 7 characteristic value of R |

Eurocode 7 measured value of R

Eurocode 7 design resisting force

Overconsolidation ratio (one-dimensional)
Overconsolidation ratio (isotropic)

Eurocode 7 calculated value of pile shaft resistance
Eurocode 7 characteristic value of pile shaft resistance
Vane shear strength

Eurocode 7 design value of destabilising seepage force
Degree of saturation

Sensitivity

Time factor, tangential force, surface tension, torque
Eurocode 7 design value of total shearing resistance around structure
Average degree of consolidation

Degree of consolidation at a point at depth z

Volume, vertical load
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xii Notation Index
V. Volume of air
A\ Eurocode 7 design value of destabilising vertical action on a structure
v, Volume of solids
v, Volume of voids
V. Volume of water
\ Weight
W, Weight of solids
W, Weight of water
Xy Eurocode 7 design value of a material property
Xy Eurocode 7 representative value of a material property
zZ Section modulus
a Area, intercept of MCYV calibration line with w axis
b Width, slope of MCYV calibration line
¢ Unit cohesion with respect to total stresses
¢’ Unit cohesion with respect to effective stresses
Cp Undisturbed soil shear strength at pile base
c Eurocode 7 design value of effective cohesion
C, Residual value of cohesion
C, Undrained unit cohesion
C, Average undrained shear strength of soil
Cud Eurocode 7 design value of undrained shear strength
c, Coefficient of consolidation
Cy Unit cohesion between wall and soil
d Pile penetration, pile diameter
d. dq, dy Depth factors
e Void ratio, eccentricity
f Ultimate skin friction for piles
g Gravitational acceleration
h Hydrostatic head, height
h, Capillary rise, tension crack depth
h, Equivalent height of soil
h,, Excess head
i Hydraulic gradient
i Critical hydraulic gradient
i1 @ iy Inclination factors
k Coefficient of permeability
1 Length
m Stability coefficient
mp, My Eurocode 7 load inclination factor parameters
m, Coefficient of volume compressibility
n Porosity, stability coefficient
p Pressure, mean pressure
Pa Active earth pressure
P, Preconsolidation pressure (one-dimensional)
p. Equivalent consolidation pressure (isotropic)

o
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Notation Index xiii
Po Earth pressure at rest
Ul Preconsolidation pressure (isotropic)
P, Effective overburden pressure
P, Passive earth pressure
q Unit quantity of flow, deviator stress, uniform surcharge
d, Safe bearing capacity
q, Ultimate bearing capacity
Ay net Net ultimate bearing capacity
r Radius, radial distance, finite difference constant
T, Pore pressure ratio
S Suction value of soil, stress parameter
Ser Sqr Sy Shape factors
Sw Corrected drawdown in pumping well
t Time, stress parameter
u, u,, Pore water pressure
u, Pore air pressure, pore pressure due to 0j in a saturated soil
uy Pore pressure due to (0, — 0;) in a saturated soil
Ugged Eurocode 7 design value of destabilising total pore water pressure
u; Initial pore water pressure
\ Velocity, specific volume
w Water, or moisture, content
W Liquid limit
Wp Plastic limit
W Shrinkage limit
X Horizontal distance
y Vertical, or horizontal, distance
z Vertical distance, depth
zZ, Depth of tension crack
a Angle, pile adhesion factor
B Slope angle
r Eurocode 7 over-design factor, specific volume at In P’=0
Y Unit weight (weight density)
Y’ Submerged, buoyant or effective unit weight (effective weight density)
Yasdst Eurocode 7 partial factor: accidental action — unfavourable
% Bulk unit weight (bulk weight density), Eurocode 7 partial factor: pile
base resistance
Ve Eurocode 7 partial factor: effective cohesion
Yeu Eurocode 7 partial factor: undrained shear strength
Y Dry unit weight (dry weight density)
Y% Eurocode 7 partial factor for an action
YG:dst Eurocode 7 partial factor: permanent action — unfavourable
YG:stb Eurocode 7 partial factor: permanent action — favourable
W Eurocode 7 partial factor for a soil parameter
Youdst Eurocode 7 partial factor: variable action — unfavourable
Yqu Eurocode 7 partial factor: unconfined compressive strength

o



SEOAO01 28/04/2006 01:56PM Page xiv $

xiv Notation Index
R Eurocode 7 partial factor for a resistance
Yre Eurocode 7 partial factor: earth resistance
Yrn Eurocode 7 partial factor: sliding resistance
Yy Eurocode 7 partial factor: bearing resistance
Y Eurocode 7 partial factor: pile shaft resistance
Yeat Saturated unit weight (saturated weight density)
% Eurocode 7 partial factor: pile total resistance
Yo Unit weight of water (weight density of water)
Y, Eurocode 7 partial factor: weight density
yq)’ Eurocode 7 partial factor: angle of shearing resistance
o Ground-structure interface friction angle
£ Strain
0 Angle subtended at centre of slip circle
K Slope of swelling line
A Slope of normal consolidation line
n Settlement coefficient, one micron, Poisson’s ratio
&né Eurocode 7 correlation factors to evaluate results of static pile load tests
&L é, Eurocode 7 correlation factors to derive pile resistance from ground
investigation results
p Density, settlement
o Submerged, buoyant or effective density
Py Bulk density
P, Consolidation settlement
P4 Dry density
o3 Immediate settlement
Paat Saturated density
Py Density of water
o Total normal stress
o’ Effective normal stress
o, G; Total, effective axial stress
o, Equivalent consolidation pressure (one-dimensional)
Ot Octahedral normal stress
o, Gr' Total, effective radial stress
Oyibid Eurocode 7 design value of stabilising total vertical stress
o) Effective overburden pressure
o, Average effective overburden pressure

0,, 0,, 0y  Total major, intermediate and minor stress
o1, 05, 05 Effective major, intermediate and minor stress
T Shear stress

Tot Octahedral shear stress

(0] Angle of shearing resistance with respect to total stresses

g Angle of shearing resistance with respect to effective stresses
(- Design value of critical state angle of shearing resistance

o) Design value of ¢’

X Saturation parameter

74 Angle of back of wall to horizontal

o
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Chapter 8
Bearing Capacity of Soils

8.1 Bearing capacity terms

The following terms are used in bearing capacity problems.

Ultimate bearing capacity

The value of the average contact pressure between the foundation and the soil which
will produce shear failure in the soil.

Safe bearing capacity

The maximum value of contact pressure to which the soil can be subjected without
risk of shear failure. This is based solely on the strength of the soil and is simply the
ultimate bearing capacity divided by a suitable factor of safety.

Allowable bearing pressure

The maximum allowable net loading intensity on the soil allowing for both shear and
settlement effects.

8.2 Types of foundation

Strip foundation

Often termed a continuous footing this foundation has a length significantly greater
than its width. It is generally used to support a series of columns or a wall.

Pad footing

Generally an individual foundation designed to carry a single column load although
there are occasions when a pad foundation supports two or more columns.

Raft foundation

This is a generic term for all types of foundations that cover large areas. A raft founda-
tion is also called a mat foundation and can vary from a fascine mattress supporting a
farm road to a large reinforced concrete basement supporting a high rise block.

o



SEOC08 28/04/2006 02:04PM Page 304 $

304 Smith’s Elements of Soil Mechanics

Pile foundation

Piles are used to transfer structural loads to either the foundation soil or the bedrock
underlying the site. They are usually designed to work in groups, with the column
loads they support transferred into them via a capping slab.

Pier foundation

This is a large column built up either from the bedrock or from a slab supported by
piles. Its purpose is to support a large load, such as that from a bridge. A pier operates
in the same manner as a pile but it is essentially a short squat column whereas a pile is
relatively longer and more slender.

Shallow foundation

A foundation whose depth below the surface, z, is equal to or less than its least
dimension, B. Most strip and pad footings fall into this category.

Deep foundation

A foundation whose depth below the surface is greater than its least dimension. Piles
and piers fall into this category.

8.3 Analytical methods for the determination of the ultimate
bearing capacity of a foundation

The ultimate bearing capacity of a foundation is given the symbol q, and there are
various analytical methods by which it can be evaluated. As will be seen, some of
these approaches are not all that suitable but they still form a very useful introduction
to the study of the bearing capacity of a foundation.

8.3.1 Earth pressure theory

Consider an element of soil under a foundation (Fig. 8.1). The vertical downward
pressure of the footing, q,, is a major principal stress causing a corresponding Rankine

H%_i’l ?gz

Fig. 8.1 Earth pressure conditions immediately below a foundation.

o
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active pressure, p. For particles beyond the edge of the foundation this lateral stress
can be considered as a major principal stress (i.e. passive resistance) with its corres-
ponding vertical minor principal stress yz (the weight of the soil).

Now

1—sin ¢
P=9 "
1+sin ¢
also
1+ si
— vy sin ¢
1—sin @
(1+sin¢)2
= Q=2 |\
1 —sin ¢

This is the formula for the ultimate bearing capacity, q,. It will be seen that it is not
satisfactory for shallow footings because when z = 0 then, according to the formula,
g, also=0.

Bell’s development of the Rankine solution for c—¢ soils gives the following
equation:

—

. 2 | . 3 e
q,= 72 1+s?n¢ +2e “; 1+s?n¢ + 2 “}1+s%n¢
1—sin¢ \\1—sin¢ \'1—sin¢
For ¢=0°,
q,=7Yz+4c

or (, = 4c forasurface footing.

8.3.2 Slip circle methods

With slip circle methods the foundation is assumed to fail by rotation about some slip
surface, usually taken as the arc of a circle. Almost all foundation failures exhibit
rotational effects, and Fellenius (1927) showed that the centre of rotation is slightly
above the base of the foundation and to one side of it. He found that in a saturated
cohesive soil the ultimate bearing capacity for a surface footing is

q,=35.52¢,
To illustrate the method we will consider a foundation failing by rotation about

one edge and founded at a depth z below the surface of a saturated clay of unit weight
y and undrained strength ¢ (Fig. 8.2).

o
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Fig. 8.2 Foundation failure rotation about one edge.

Disturbing moment about O:

B LB?
quxLBxazq“—

2

Resisting moments about O

Cohesion along cylindrical sliding surface = ¢, 7LB

= Moment = 7rc LB?

Cohesion along CD = ¢ zL
= Moment =c zLB

Weight of soil above foundation level = yzLB

= Moment =

Yz

LB?

For limit equilibrium (1) = (2) + (3) + (4)

i.e.

q,LB

=

2
= mrc, LB?

q, =2mc, +

1 1
=2”Cu(l+_£+_EJ

= 6.28¢, (

yzLB?

+c,zLB +

2c,z s
B 7

T B 2mc

u

1+032% 4016 ﬁ]
B [¢]

u

o
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2
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Cohesion of end sectors

The above formula only applies to a strip footing, and if the foundation is of finite
dimensions then the effect of the ends must be included.

To obtain this it is assumed that when the cohesion along the perimeter of the
sector has reached its maximum value, ¢, the value of cohesion at some point on
the sector at distance r from O is ¢, = ¢ 1/B, as shown in Fig. 8.3.

dr
0 -~ -

Fig. 8.3 Cohesion of end sectors.

Rotational resistance of an elemental ring, dr thick

c.r
L x zrr dr

cr c
Momentabout0=%Xﬂrdrxr:ng‘lr’dr

B
Total moment of both ends = ZJ b4 % r3dr
0
B4 B3
—og Sy 2T Q)
4 2

This analysis ignores the cohesion of the soil above the base of the foundation at
the two ends, but unless the foundation is very deep this will have little effect on the
value of q,. The term (5) should be added into the original equation.

For a surface footing the formula for g, is:

q, = 6.28¢c,

This value is high because the centre of rotation is actually above the base, but in
practice a series of rotational centres are chosen and each circle is analysed (as for
a slope stability problem) until the lowest g, value has been obtained. The method
can be extended to allow for frictional effects but is considered most satisfactory
when used for cohesive soils; it was extended by Wilson (1941), who prepared a
chart (Fig. 8.4) which gives the centre of the most critical circle for cohesive soils
(his technique is not applicable to other categories of soil or to surface footings).

The slip circle method is useful when the soil properties beneath the founda-
tion vary, since an approximate position of the critical circle can be obtained from
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Fig. 8.4 Location of centre of critical circle for use with Fellenius” method (after Wilson, 1941).

Fig. 8.4 and then other circles near to it can be analysed. When the soil conditions are
uniform Wilson’s critical circle gives

q,=5.52¢,

for a surface footing.

8.3.3 Plastic failure theory

Forms of bearing capacity failure

Terzaghi (1943) stated that the bearing capacity failure of a foundation is caused by
either a general soil shear failure or a local soil shear failure. Vesic (1963) listed
punching shear failure as a further form of bearing capacity failure.

(1) General shear failure

The form of this failure is illustrated in Fig. 8.5, which shows a strip footing. The fail-
ure pattern is clearly defined and it can be seen that definite failure surfaces develop
within the soil. A wedge of compressed soil (I) goes down with the footing, creating
slip surfaces and areas of plastic flow (II). These areas are initially prevented from
moving outwards by the passive resistance of the soil wedges (III). Once this passive
resistance is overcome, movement takes place and bulging of the soil surface around
the foundation occurs. With general shear failure collapse is sudden and is accom-
panied by a tilting of the foundation.

(2) Local shear failure

The failure pattern developed is of the same form as for general shear failure but only
the slip surfaces immediately below the foundation are well defined. Shear failure
is local and does not create the large zones of plastic failure which develop with

o
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Fig. 8.5 General shear failure.

general shear failure. Some heaving of the soil around the foundation may occur but
the actual slip surfaces do not penetrate the surface of the soil and there is no tilting
of the foundation.

(3) Punching shear failure

This is a downward movement of the foundation caused by soil shear failure only
occurring along the boundaries of the wedge of soil immediately below the founda-
tion. There is little bulging of the surface of the soil and no slip surfaces can be
seen.

For both punching and local shear failure, settlement considerations are invariably
more critical than those of bearing capacity so that the evaluation of the ultimate
bearing capacity of a foundation is usually obtained from an analysis of general
shear failure.

Prandtl’s analysis

Prandtl (1921) was interested in the plastic failure of metals and one of his solutions
(for the penetration of a punch into metal) can be applied to the case of a foundation
penetrating downwards into a soil with no attendant rotation.

The analysis gives solutions for various values of ¢, and for a surface footing with
¢ =0, Prandtl obtained:

q,=5.14c

Terzaghi’s analysis

Working on similar lines to Prandtl’s analysis, Terzaghi (1943) produced a formula
for q, which allows for the effects of cohesion and friction between the base of the
footing and the soil and is also applicable to shallow (z/B < 1) and surface founda-
tions. His solution for a strip footing is:

q,=cN_+ yqu + O.SVBNY 6)
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Fig. 8.6 Terzaghi’s bearing capacity coefficients.

The coefficients N, N, and N, depend upon the soil’s angle of shearing resistance
and can be obtained from Fig. 8.6. When ¢ = 0°, N =5.7; Nq =1.0; Ny= 0.

= q,=57c+7yz

or q, = 5.7¢ for a surface footing.

The increase in the value of N, from 5.14 to 5.7 is due to the fact that Terzaghi
allowed for frictional effects between the foundation and its supporting soil.

The coefficient N, allows for the surcharge effects due to the soil above the founda-
tion level, and N, allows for the size of the footing, B. The effect of Ny is of little
consequence with clays, where the angle of shearing resistance is usually assumed
to be the undrained value, ¢, and assumed equal to 0°, but it can become significant
with wide foundations supported on cohesionless soil.

Terzaghi’s solution for a circular footing is:

q,=1.3cN_+ yqu + O.SyBNy (where B = diameter) (7)
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Fig. 8.7 Variation of the coefficient N_ with depth (after Skempton, 1951).
For a square footing:
q,=1.3cN_+ 7/ZNq + ().47/BN7, 8)

and for a rectangular footing:
B B
q,=cN_ |{1+0.3 T +7zN,+0.5yBN, | 1-0.2 L )

Skempton (1951) showed that for a cohesive soil (¢ =0°) the value of the
coefficient N increases with the value of the foundation depth, z. His suggested
values for N, applicable to circular, square and strip footings, are given in Fig. 8.7.
In the case of a rectangular footing on a cohesive soil a value for N_ can either be
estimated from Fig. 8.7 or obtained from the formula:

B
N, = 5(1 +02 —) (1 +02 3)
L B

with a limiting value for N, of N, =7.5(1 + 0.2B/L), which corresponds to a z/B
ratio greater than 2.5 (Skempton, 1951).

8.3.4 Summary of bearing capacity formula

It can be seen that Rankine’s theory does not give satisfactory results and that, for
variable subsoil conditions, the slip surface analysis of Fellenius provides the best
solution. For normal soil conditions, Equations (6)—(9) can generally be used and
may be applied to foundations at any depth in c—¢ soils and to shallow foundations
in cohesive soils. For deep footings in cohesive soil the values of N suggested by
Skempton may be used in place of the Terzaghi values.
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8.3.5 Choice of soil parameters

As with earth pressure equations, bearing capacity equations can be used with
either the undrained or the drained soil parameters. As granular soils operate in the
drained state at all stages during and after construction, the relevant soil strength
parameter is ¢’.

Saturated cohesive soils operate in the undrained state during and immediately

after construction and the relevant parameters are ¢, and ¢, (with ¢, generally assumed
equal to zero). If required, the long-term stability can be checked with the assump-
tion that the soil will be drained and the relevant parameters are ¢’ and ¢ (with ¢’
generally taken as equal to zero) but this procedure is not often carried out.

Example 8.1

A rectangular foundation, 2 m X 4 m, is to be founded at a depth of 1 m below
the surface of a deep stratum of soft saturated clay (unit weight = 20 kN/m?).
Undrained and consolidated undrained triaxial tests established the following
soil parameters: ¢, = 0°, ¢, = 24 kPa; ¢’ =25°,¢" = 0.
Determine the ultimate bearing capacity of the foundation, (i) immediately
after construction and, (ii) some years after construction.

Solution

(1) It may be assumed that immediately after construction the clay will be in an

undrained state. The relevant soil parameters are therefore ¢, = 0° and ¢, = 24 kPa.
From Fig. 8.6: N =5.7,N,=1.0,N, =0.0.

q, =cN,(1+0.3B/L) + yz2N,
=24%57(1+03x2/4)+20x 1 x 1
=177.3 kPa

(i1) It can be assumed that, after some years, the clay will be fully drained so that
the relevant soil parameters are ¢” = 25° and ¢’ = 0.
From Fig. 8.6: N, =25.1,N, =12.7.N, =9.7.

q,= yqu + O.SyBNy(l —0.2B/L)
=20X1x12.7+0.5%x20%x2x%x9.7(1 —0.2 x2/4)
=428.6 kPa

Example 8.2

A continuous foundation is 1.5 m wide and is founded at a depth of 1.5 m in a
deep layer of sand of unit weight 18.5 kN/m?.

Determine the ultimate bearing capacity of the foundation if the soil strength
parameters are ¢’ = 0 and ¢’ = (i) 35°, (ii) 30°.

o
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Solution
(i) From Fig. 8.6: for ¢" = 35°, N, =573, Nq =414, Ny =42.4. For a continuous
footing:

q, =¢'N_ +7zN, +0.5yBN
=185%x1.5%x41.4+05%x185x%x1.5%x42.4
= 1737 kPa

(i) From Fig. 8.6: for ¢" = 30°,N_ = 37.2, N, = 22.5, N, =19.7.

q,=185x1.5%x225+0.5x185x1.5x19.7
=898 kPa

The ultimate bearing capacity is reduced by some 48 per cent when the value
of ¢ is reduced by some 15 per cent.

8.4 Determination of the safe bearing capacity

Lumped factor of safety approach

The value of the safe bearing capacity is simply the value of the net ultimate bearing
capacity divided by a suitable factor of safety, F. The value of F is usually not less
than 3.0, except for a relatively unimportant structure, and sometimes can be as
much as 5.0. At first glance these values for F appear high but the necessity for them
is illustrated in Example 8.2, which demonstrates the effect on g, of a small variation
in the value of ¢.

The net ultimate bearing capacity is the increase in vertical pressure, above that
of the original overburden pressure, that the soil can just carry before shear failure
occurs.

The original overburden pressure is ¥z and this term should be subtracted from the
bearing capacity equations, i.e. for a strip footing:

Qynet = SN+ 72(N, = 1) + 0.5yBN,,

The safe bearing capacity is therefore the above expression divided by F plus the

term yz:

oN, +7z(N, — 1) + 0.5BN

Y
+ Yz
F Y

Safe bearing capacity =

In the case of a footing founded in undrained clay, where ¢, = 0°, the net ultimate
bearing capacity is, of course, ¢ N_.
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The safe bearing capacity notion is not used during design to Eurocode 7 where, as
will be demonstrated in Section 8.7, conformity of the bearing resistance limit state
is achieved by ensuring that the design effect of the actions does not exceed the
design bearing resistance.

8.5 The effect of groundwater on bearing capacity

Water table below the foundation level

If the water table is at a depth of not less than B below the foundation, the expression
for net ultimate bearing capacity is the one given above, but when the water table
rises to a depth of less than B below the foundation the expression becomes:

=N+ 7z(N,— 1)+ 0.57’BN,

qu net

where

¥ = unit weight of soil above groundwater level

v’ = effective unit weight.

For cohesive soils ¢, is small and the term 0.5y ’BNy is of little account, the
value of the bearing capacity being virtually unaffected by groundwater. With sands,
however, the term cN_ is zero and the term 0.5y ’BNy is about one half of 0.5 YBN,,
so that groundwater has a significant effect.

Water table above the foundation level

For this case Terzaghi’s expressions are best written in the form:

Qynet = CN, + 0':,(Nq -+ O.Sy’BNy
where o/, = effective overburden pressure removed.

From the expression it will be seen that, in these circumstances, the bearing
capacity of a cohesive soil can be affected by groundwater.

8.6 Developments in bearing capacity equations

Terzaghi’s bearing capacity equations have been successfully used in the design of
numerous shallow foundations throughout the world and are still in use. However,
they are viewed by many to be conservative as they do not consider factors that affect
bearing capacity such as inclined loading, foundation depth and the shear resistance
of the soil above the foundation. This section describes developments that have been
made to the original equations.

o
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8.6.1 General form of the bearing capacity equation

Meyerhof (1963) proposed the following general equation for g,;:

q, =cNgs.id, +yzNs i d +05yBN s i d, (10)
where
Ser Sq and s, are shape factors

i1 q and iy are inclination factors
d., dq and dy are depth factors.

Other factors, G, G, and G, to allow for a sloping ground surface, and B_, B q and
B, to allow for any inclination of the base, can also be included when required.

It must be noted that the values of N, N and N, used in the general bearing
capacity equation are not the Terzaghi values. The values of N, and N are now
obtained from Meyerhof’s equations (1963), as they are recognised as probably
being the most satisfactory.

¢ .
— — 2 o mtan
Nc = (Nq 1) cot ¢, Nq = tan (45 + ert ¢

Unfortunately there is not the same agreement about the remaining factor N v and
the following expressions all have their supporters:

Nyz (Nq —1)tan 1.4¢ Meyerhof (1963)
Ny= 1.5(Nq —1)tan ¢ Hansen (1970)
Ny= 2(Nq + 1) tan ¢ Vesic (1973)

It should be noted that Hansen suggested that the operating value of ¢ should be
that corresponding to plane strain, which is some 10 per cent greater than the value of
¢ obtained from the triaxial test and normally used. With this approach Hansen’s
expression for N, = 1.5(Nq — 1) tan 1.1¢, which applies to a continuous footing but
is probably not so relevant to other shapes of footings.

In order to give the reader some guidance it can be said that the expression suggested
by Vesic is being increasingly used. Further examples in this chapter will therefore
use the following expressions for the bearing capacity coefficients:

N,=(N,~ Dcot ¢

N = tan? (45° + 2) ertang
4 2

N,=2(N,+ 1) tan ¢

Typical values are shown in Table 8.1.
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O Table 8.1 Bearing capacity factors in common use.
©
8 60 N, N, N,
L
0 5.14 1.00 0.00
5 6.49 1.57 0.45
10 8.34 2.47 1.22
15 10.98 3.94 2.65
20 14.83 6.40 5.39
25 20.72 10.66 10.88
30 30.14 18.40 22.40
35 46.12 33.30 48.03
40 75.31 64.20 109.41
45 133.87 134.87 271.75
50 266.88 319.06 762.86

8.6.2 Shape factors

These factors are intended to allow for the effect of the shape of the foundation on its
bearing capacity. The factors have largely been evaluated from laboratory tests and
the values in present use are those proposed by De Beer (1970):

B N
sC:1+—-—q

L N,

B
sq=1+ftan¢
s,=1-04—

8.6.3 Depth factors

These factors are intended to allow for the shear strength of the soil above the
foundation. Hansen (1970) proposed the following values:

z/B<1.0 z/B>1.0
d. 1+ 0.4(z/B) 1 + 0.4 arctan(z/B)
d, 1+ 2 tan ¢(1 — sin ¢)*(z/B) 1+ 2 tan ¢(1 — sin ¢)? arctan(z/B)
d 1.0 1.0

Note The arctan values must be expressed in radians, e.g. if z=1.5and B=1.0 m
then arctan(z/B) = arctan(1.5) = 56.3° = 0.983 radians.

o
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Example 8.3
§ Recalculate Example 8.1 using Meyerhof’s general bearing capacity formula.
[
Solution
(i) From Table 8.1, for ¢, =0°,N_=5.14, Nq =1.0and Ny= 0.0.
Shape factors:
s.=1+(2/4)(1.0/5.14)=1.1
Sq = 1+(2/4)tan 0°=1.0
s,=1-04(2/4)=0.8
Depth factors:
z/B =1/2 =0.5. Using Hansen’s values for z/B < 1.0:
d.=1+0.4(1/2)=1.2, d,=1.0(as ¢,=0°), d,=10
q, =cNgsd. + yzNgs d,
=24%x514x11%x12+20x1.0x1.0x1.0
=182.8 kPa
(ii) From Table 8.1, for ¢” = 25°, Nq =10.66 and Ny= 10.88.
The expressions for s_ and dq involve ¢. These two factors will therefore have
different values from those in case (i):
sq=1+(2/4) tan 25° =1.23
d,=1+2tan25°(1 —sin 25°%(1/2)=1.16
q,= yqusqdq 4 O.SyBNysydy
=20x1x10.66x1.23x1.16+0.5x20x2x10.88x0.8x 1.0
=478.3 kPa
Example 8.4
§ Using a factor of safety = 3.0 determine the values of safe bearing capacity for
[

cases (i) and (ii) in Example 8.3.

Solution
Case (i):
Qupet =9y — Y2 = 162.8 kPa

162.8
Safe bearing capacity =

+20x 1

=74.3 kPa
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For case (ii):

qu net = yZ(Nqudq - 1) + O-SYBNySydy
=458.3 kPa
. . 458.
Safe bearing capacity = +20x1
=172.8 kPa

8.6.4 Kffect of eccentric and inclined loading on foundations

A foundation can be subjected to eccentric loads and/or to inclined loads, eccentric
or concentric.

Eccentric loads

Let us consider first the relatively simple case of a vertical load acting on a rec-
tangular foundation of width B and length L such that the load has eccentricities ey
and e; (Fig. 8.8). To solve the problem we must think in terms of the rather artificial
concept of effective foundation width and length. That part of the foundation that
is symmetrical about the point of application of the load is considered to be useful,
or effective, and is the area of the rectangle of effective length L’ =L — 2¢; and of
effective width B’ =B — 2e;.

In the case of a strip footing of width B, subjected to a line load with an eccentricity
e, then B” = B — 2¢ and the ultimate bearing capacity of the foundation is found from
either equation (6) or the general equation (10) with the term B replaced by B’.

Y
| U |

B| x ?BI X
Ly-1_ -4+
-3 &L
Y
L

Fig. 8.8 Effective widths and area.



SEOC08 28/04/2006 02:04PM Page 319 $

Bearing Capacity of Soils 319

The overall eccentricity of the bearing pressure, e, must consider the self-weight
of the foundation and is equal to:

where

P = magnitude of the eccentric load
W = self-weight of the foundation

e, = eccentricity of P.

Inclined loads

The usual method of dealing with an inclined line load, such as P in Fig. 8.9, is to
first determine its horizontal and vertical components Py, and Py, and then, by taking
moments, determine its eccentricity, e, in order that the effective width of the
foundation B’ can be determined from the formula B’ =B — 2e.

The ultimate bearing capacity of the strip foundation (of width B) is then taken to
be equal to that of a strip foundation of width B’ subjected to a concentric load, P,
inclined at rto the vertical.

Various methods of solution have been proposed for this problem, e.g. Janbu
(1957), Hansen (1957), but possibly the simplest approach is that proposed by
Meyerhof (1953) in which the bearing capacity coefficients N, N, and N, are
reduced by multiplying them by the factors i, i, and i, in his general equation (10).
Meyerhof’s expressions for these factors are:

i, =i, =(1-0/90°7
i,=(1-a/¢)

Py I
P

]
N

\ Al
| ¥ Pu

7= 70 7% WA RS ~7r S
P

e

B

Fig. 8.9 Strip foundation with inclined load.
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8.7 Designing spread foundations to Eurocode 7

The design of spread foundations is covered in Section 6 of Eurocode 7. The limit
states to be checked and the partial factors to be used in the design are the same as we
saw when we looked at the design of retaining walls in Section 7.4.2.

In terms of establishing the bearing resistance, the code states that a commonly
recognised method should be used, and Annex D of the Standard gives a sample cal-
culation. Interestingly the depth factors are excluded in Eurocode 7 (without expla-
nation) and for this reason they are excluded too from the solutions to Examples 8.5
and 8.6 in this chapter. Spreadsheets Example 8.5 .xls and Example 8.6.xls, however,
offer the choice whether to include the depth factors or not.

While the design procedure required to satisfy the conditions of Eurocode 7
involves essentially the same methods as we have seen so far in this chapter, there are
a few differences listed in Annex D which can be considered for drained conditions.
These concern the shape and inclination factors as well as the bearing resistance
factor, Ny, and are listed below:

N = 2 (Nq — 1) tan ¢’ (for arough base, such as a typical foundation)

sq=1+ (B"/L") sin ¢’ (for a rectangular foundation)
Sq = 1 +sin ¢’ (for a square or circular foundation)
s,=1-03 (B’/L") (for a rectangular foundation)
S, = 0.7 (for a square or circular foundation)

s,N, —1
S, = % (rectangular, square and circle foundation)

=
1 - 1 H m m+|

i=i,-|——| i=l-—1; i =il

4 N, tan ¢’ q V + A’¢’ cot ¢’ v

where

V = vertical load acting on foundation
H = horizontal load (or component of inclined load) acting on foundation
A’ = design effective area of foundation

when H acts in the direction of B”;
when H acts in the direction of L.

Eurocode 7 also states that the vertical total action should include the weight of
any backfill acting on top of the foundation in addition to the weight of the foundation
itself plus the applied load it is carrying.

o
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Example 8.5

A continuous footing is 1.8 m wide by 0.5 m deep and is founded at a depth of
0.75 m in a clay soil of unit weight 20 kN/m?® with ¢, = 0° and ¢, = 30 kPa. The
foundation is to carry a vertical line load of magnitude 50 kN/m run, which will
act at a distance of 0.4 m from the centre-line. Take the unit weight of concrete

as 24 kKN/m>.

(i) Determine the safe bearing capacity for the footing, taking F = 3.0.

(ii) Check the Eurocode 7 GEO limit state (Design Approach 1) by establishing

the magnitude of the over-design factor.

Solution
(i) Safe bearing capacity

Self-weight of foundation, W= 0.5 X 24 X 1.8 = 21.6 kN/m run
Weight of soil on top of foundation, W, = 0.25 X 20 X 1.8 = 9.0 kN/m run
Total weight of foundation + soil, W = 21.6 + 9.0 = 30.6 kN/m run

Pxep, 50x04

= =0.25m
P+W 50+ 30.6

Eccentricity of bearing pressure, e =

B
Since e < E, the total force acts within the middle third of the foundation.

Effective width of footing, B’=1.8 =2 x 0.25=1.3m
From Table 8.1, for ¢, = 0°, N, =5.14, Nq =1.0, Ny= 0.
Footing is continuous, i.e. L — oo; s = 1.0.

d,=1+04 (0—75j =117
1.8

N_s.d
Safe bearing capacity (per metre run) = Qunet +yz= ble Yz

_30x5.14x1.0x1.17
- 3

+20 % 0.75

=75 kPa
Safe bearing capacity = 75 x B’ = 97.5 kN/m run

(i1)) Eurocode 7 GEO limit state

1. Combination I (partial factor sets Al + M1 + R1)
From Table 7.1: 5.4 = 1.35; Y45 = 1.5 %y = 1.0; %, = 1.0

Design material property: ¢ .4 = “u _ ? =30kPa

cu

o
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Design actions:

Weight of foundation, W = W X ¥ 4, = 30.6 X 1.35 = 41.3 kN/m run
Applied line load, Py =P X %54 = 50 X 1.35 = 67.5 KN/m run

Effect of design actions:

Total vertical force, Fy = 41.3 + 67.5 = 108.8 kN/m run
Pyxep  67.5x04
P,+W, 675+413

Eccentricity, e = =0.248 m

B
Since e < g , the total force acts within the middle-third of the foundation.

Effective width of footing, B"=1.8 —2 X 0.248 = 1.3 m

Design resistance:

From before, N_ = 5.14, Nq =1.0, Ny= 0,s,=1.0.

Ultimate bearing capacity, q, = ¢,,4N.s, + yzN,
=30%x5.14x1+20x0.75x 1.0
=169.2 kPa

Ultimate bearing capacity per metre run, Q, = 169.2 x 1.3 = 220 kN/m run

22
Bearing resistance, R ; = Q, = TO =220 kN/m run
va
R 22
Over-design factor, I'= —4 = 220 2.03
F, 108.8

Since I' > 1, the GEO limit state requirement is satisfied.

2. Combination 2 (partial factor sets A2 + M2 + R1)
The calculations are the same as for Combination 1 except that this time the following
partial factors (from Table 7.1) are used: 15,4 = 1.0; Y549 = 1.3 %, = 1.40; 1, = L.0.

Cpq=21.4kPa
Wy =30.6 X Y545 = 30.6 KN/m run
Py = 50.0 X Y545 = 50.0 KN/m run
F,=30.6 +50.0 = 80.6 kN/m run
e=0248m;B" =13 m
Q, = (0, ¢N,s.+ 72N,) X B'=125.1 x 1.3 = 163.1 kN/m run

R, = Q, = E =163.1 kN/m run
yRV
= Ry _I1631_ 2.02
F, 80.6

Since I" > 1, the GEO limit state requirement is satisfied.
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A concrete foundation 3 m wide, 9 m long and 0.75 m deep is to be founded at a
depth of 1.5 m in a deep deposit of dense sand. The angle of shearing resistance

of the sand is 35° and its unit weight is 19 kN/m?3. The unit weight of concrete is

24 kN/m?>,

(a) Using a lumped factor of safety approach (take F = 3.0):

(i) Determine the safe bearing capacity for the foundation.
(i) Determine the safe bearing capacity of the foundation if it is subjected
to a vertical line load of 220 kIN/m at an eccentricity of 0.3 m, together
with a horizontal line load of 50 kN/m acting at the base of the foundation

as illustrated in Figure 8.10.

(b) For the situation described in (ii) above, establish the magnitude of the over-

design factor for the Eurocode 7 GEO limit state, using Design Approach 1.

Solution
(a) Lumped factor of safety
®

Safe bearing capacity

_ Y net

3
a yz(N

+ 7Yz

q

sqdqg =D + 0.5yBN,s.d, oo

3

From Table 8.1, for ¢" = 35°, N,=33.3,N, =48.03:

q

s:1+(§)tan35°=1.23; s=1—0.4(
9 Y

j =0.87
9

1.
d,=1+2tan 35°(1 - sin 35°)2(?5) =1.13; d,=1

220 KN/m

l,0.3m

Y
1.5m

e

|
T
|
A
t
|
|

Fig. 8.10 Example 8.6.

3.0m

50 KN/m
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Safe bearing capacity

C19% 15333 x1.23 X 113 — 1) + 0.5 X 19 X 3 X 48.03 X 0.87 X 1.0
a 3

+19x1.5

=855.7 kPa

(ii)

Self-weight of foundation, W = 0.75 X 9 x 3 x 24 = 486 kN
Total applied vertical load, P =220 x 9 = 1980 kN

Total applied horizontal load, H =50 x 9 = 450 kN

Total vertical load acting on soil, V =486 + 1980 = 2466 kN

Eccentricity of bearing pressure

_ Pxep 1980x03

e= = 0.24 m
P+W 2466

B
Since e < g, the total force acts within the middle-third of the foundation.

Effective width of footing, B’=3.0 —2 X 0.24 =2.52 m

The foundation is effectively acted upon by a load of magnitude, F inclined at an
angle to the vertical, o

F=+V2+ H2 = /24662 + 4502 =2506.7 kN

o= tan‘l( 430 ) =10.3°

2466
2 2
i =(1—£) =0.78; iz(l—gj =0.50
4 90 4 35
S :1+(&)tan 35°=1.2; S :1XO.4(£j=O.89
4 9 v 9
d =1+ 2tan 35°(1 — sin 35°)? (i) =1.15; d=1
d 252) 7 4

Safe bearing capacity

_ 7eNgsydgiy =D +05yB'N,s,d, i,

6 + yz
_ 19%1.5333x1.2x1.15x0.78 = 1) + 0.5 X 19 X 2.52 X 48.03 x 0.89 x 1.0 x 0.5
3
+19x 1.5
=530 kPa
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(b) Eurocode 7

Weight of soil on top of foundation, W, = 0.75 X 9 X 3 X 19 = 384.8 kN
Total weight of foundation + soil, W = 486 + 384.8 = 870.8 kN

1. Combination I (partial factor sets Al + M1 + R1)
From Table 7.1: 5.4y = 1.35; Y49 = 1.5; ¥y = 1.0; %, = 1.0.

t ’
Design material property: ¢ = tan~! [MJ =135°
Yy

Design actions:

Weight of foundation, W; =W X 75,4, = 870.8 X 1.35 = 1175.6 kN
Applied vertical line load, Py = P X 75,4, = 1980 X 1.35 = 2673 kN
Applied horizontal line load, Hy = H X ¥4, = 450 X 1.35 = 607.5 kN

Effect of design actions:

Total vertical force, Fy = W, + P, = 1175.6 + 2673 = 3848.6 kN

Pyxep _ 2673x0.3 ~0208 m
P, + W, 3848.6

Eccentricity, e =

B
Since e < g , the total force acts within the middle-third of the foundation.

Effective width of footing, B"=3.0 — 2 X 0.208 = 2.58 m
Effective area of footing, A" =2.58 X 9 =23.2 m?2

Design resistance:

From Table 8.1, N, =46.1, Nq =333,

From Eurocode 7, Annex D,

N, =2 (N, - Dtan ¢’ =452

4

B . ,
sq=1+fsm¢=1+

_sqN -1

s,= 44— =1.17
Nq—l
B’
sy=l—0.3 (—)=O.91
L
B/
2 dp =
m=—UL _178
B
Il 4F =
L

(%) sin 35°=1.16
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ol H m_[_ 607.5
o V + A’c’ cot ¢’ 3848.6 + 0

1-1i _
=i = 0.74—(ﬂ)=0.72
4 N, tan ¢’ 46.1 tan 35°

() 278
i,= T = 0.7417® =0.62

1.78
} =074 (V=F)

Ultimate bearing capacity, per m?,

q, = NSl + %zN s i, + 0.5B )N, s i,

=0+ (19%x1.5%x33.3%x1.16 x0.74)
+(0.5%x2.58 x19x45.2x0.91 x 0.62)

= 1439 kPa

Ultimate bearing capacity, Q, =g, X L X B =1439 x 9 X 3 =38 853 kN
Q, 38853

Bearing resistance, R ; = =38 853 kN
YRV
R

Over-design factor, I' = —d _ St =10.1
F; 3848.6

Since I" > 1, the GEO limit state requirement is satisfied.

2. Combination 2 (partial factor sets A2 + M2 + R1)

The calculations are the same as for Combination 1 except that this time
the following partial factors (from Table 7.1) are used: ¥g 4o = 1.0; 5,94 = 1.3
Yy = 1.25; 15, = 1.0.

¢ = tan! [ta“ ¢ ] = tan""! (ﬁ) =29.3°

Yy 1.25

W, =870.8 X 7, = 870.8 kN
P, = 1980 X 7, = 1980 kN
H, = 450 X y, = 450 kN
o Paxep _ 1980x03
P,+ W, 1980 +870.8

B’=3.0-2x0.208=2.58 m
N,=169,N,=1738,s,=1.14,5,=0.91,i,=0.74,1,= 0.62.

=0.208 m (within the middle-third)

Ultimate bearing capacity, per m?,

q, = ¢gNsi, + yzNs i, + 0.5BYN, s i,

ccc

=653.5 kPa

o
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Ultimate bearing capacity, Q, = 653.5 x L x B =17 644 kN
Q, 17644

Bearing resistance, R ; = =17 644 kN
J/Rv

Over-design factor, I' = Ry = 17644 =6.19
F,  2850.1

Since I' > 1, the GEO limit state requirement is satisfied.

8.8 Non-homogeneous soil conditions

The bearing capacity equations (6)—(10) are based on the assumption that the
foundation soil is homogeneous and isotropic.

In the case of variable soil conditions the analysis of bearing capacity can be
carried out using some form of slip circle method, as described earlier in this chapter.
This procedure can take time and designs based on one of the bearing capacity for-
mulae are consequently quite often used.

For the case of a foundation resting on thin layers of soil, of thicknesses H;,
H,, H,, . . . H, and of total depth H, Bowles (1982) suggests that these layers can be
treated as one layer with an average c value c,, and an average ¢ value ¢, , where

_cH +cHy +¢Hy +---+¢c HY
av H

H, tan ¢, + H, tan ¢, + Hy tan ¢; +-- -+ H tan ¢
H

¢,, = arctan

Vesic (1975) suggested that, for the case of a foundation founded in a layer of soft
clay which overlies a stiff clay, the ultimate bearing capacity of the foundation can
be expressed as:

ql.l = CuNcm + ’yZ

where ¢ = the undrained strength of the soft clay and N, = a modified form of N,
the value of which depends upon the ratio of the ¢, values of both clays, the thickness
of the upper layer, the foundation depth and the shape and width of the foundation.
Values of N are quoted in Vesic’s paper.

The converse situation, i.e. that of a foundation founded in a layer of stiff clay
which overlies a soft clay, has been studied by Brown and Meyerhof (1969), who
quoted a formula for N based on a punching shear failure analysis.

For other cases of more heterogeneous soil conditions there is at present no
recognised method by which the bearing capacity equations can be realistically
applied.

o
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At first glance a safe way of determining the bearing capacity of a foundation
might be to base it on the shear strength of the weakest soil below it, but such a
procedure can be uneconomical, particularly if the weak soil is overlain by much
stronger soil. A more suitable method is to calculate the safe bearing capacity
using the shear strength of the stronger material and then to check the amount
of overstressing that this will cause in the weaker layers. The method is shown in
Example 8.7, which illustrates a typical problem that may arise during the selection
of a site for a new spoil heap.

For structural foundations the factor of safety against bearing capacity failure
is generally not less than 3.0, but for spoil heaps this factor can often be reduced
to 2.0.

Example 8.7

The effective width of a proposed spoil heap will be about 61 m. The subsoil
conditions on which the tip is to be built are shown in Fig. 8.11a.

Determine a value for the maximum safe pressure that may be exerted by the
tip on to the soil.

Solution
The average undrained cohesion of the stiff clay is about 165 kPa.
Using this value with Terzaghi’s formula:

q, =N, = 165 x 5.7 = 940 kPa

4
Assign safe bearing capacity = 430 kPa; F= % =2.19

Various vertical sections through the soil must now be selected (A, B, C,
D and E in Fig. 8.11a). Using a contact pressure value of 430 kPa, the induced
shear stresses are obtained from Fig. 4.11b, and for each section the variation
in soil strength with depth is plotted along with the corresponding values of
shear stress increments (Fig. 8.11b). From these plots the areas of overstressing
(shown hatched) are apparent and it is possible to plot this area on a cross-section
(Fig. 8.11c¢).

A considerable portion of the silt is overstressed and if this were applied to
the design of a raft foundation carrying a normal structure it would not be
acceptable. With a spoil heap, however, the amount of settlement induced would
hardly be detrimental. Also, as the load will be applied gradually, there will be a
chance for the silt to consolidate partially and obtain some increase in strength
before the full load is applied.

Owing to the thickness of boulder clay there is little chance of a heave of the
ground surface around the tip. For interest, the overstressed zone corresponding
to a contact pressure of 320 kPa is also shown in Fig. 8.11c.

o
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(c) Overstressed zone

Fig. 8.11 Example 8.7.

If the contact pressure had been determined by considering the strength of the
silt (average ¢ = 67 kPa):

g, =95.7 X 67 kPa =382 kPa
Safe bearing capacity (F =2) = 191 kPa

o
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8.9

8.9.1

In situ testing for ultimate bearing capacity
The plate loading test

In this test an excavation is made to the expected foundation level of the proposed
structure and a steel plate, usually from 300 to 750 mm square, is placed in position
and loaded by means of a kentledge. During loading the settlement of the plate is
measured and a curve similar to that illustrated in Fig. 8.12 is obtained.

On dense sands and gravels and stiff clays there is a pronounced departure
from the straight line relationship that applies in the initial stages of loading, and the
q, value is then determined by extrapolating backwards (as shown in the figure).
With a soft clay or a loose sand the plate experiences a more or less constant rate of
settlement under load and no definite failure point can be established.

In spite of the fact that a plate loading test can only assess a metre or two of
the soil layer below the test level, the method can be extremely helpful in stony soils
where undisturbed sampling is not possible provided it is preceded by a boring
programme, to prove that the soil does not exhibit significant variations.

The test can give erratic results in sands when there is a variation in density over
the site, and several tests should be carrried out to determine a sensible average. This
procedure is costly, particularly if the groundwater level is near the foundation level
and groundwater lowering techniques consequently become necessary.

Estimation of allowable bearing pressure from the plate loading test

As would be expected, the settlement of a square footing kept at a constant pressure
increases as the size of the footing increases.

Bearing pressure (kPa)

0 200 400 600 800 1000 1200
T T 1 T T
\
251 \
\  stiff clay,

= 50 \ dense sand
£ \or gravel
e 75
OEJ Soft clay or
2 100+ loose sand
%
n

125+

150

Fig. 8.12 Typical plate loading test results.
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Terzaghi and Peck (1948) investigated this effect and produced the relationship:

s—s( 2B jz
"B+03

where

S, = settlement of a loaded area 0.305 m square under a given loading intensity p
S = settlement of a square or rectangular footing of width B (in metres) under
the same pressure p.

In order to use plate loading test results the designer must first decide upon an
acceptable value for the maximum allowable settlement. Unless there are other con-
ditions to be taken into account it is generally accepted that maximum allowable
settlement is 25 mm.

The method for determining the allowable bearing pressure for a foundation of
width B m is apparent from the formula. If S is put equal to 25 mm and the numerical
value of B is inserted in the formula, S, will be obtained. From the plate loading
test results we have the relationship between S, and p (Fig. 8.12), so the value of p
corresponding to the calculated value of S, is the allowable bearing pressure of the
foundation subject to any adjustment that may be necessary for certain groundwater
conditions. The adjustment procedure is the same as that employed to obtain the
allowable bearing pressure from the standard penetration test.

8.9.2 Standard penetration test

This test is generally used to determine the bearing capacity of sands or gravels
and is conducted with a split spoon sampler (a sample tube which can be split open
longitudinally after sampling) with internal and external diameters of 35 and 50 mm
respectively. The sampler is sometimes referred to as the Raymond spoon sampler
after the piling firm that evolved the test (Fig. 8.13). A full guide on the methods and
use of the SPT is given by Clayton (1995).

5
Drilirod | 600 mm /

16 mm ¢ water ports \

Cone fixture = 30°
for gravels ——

Tube split longitudinally

Fig. 8.13 Standard penetration test.
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Table 8.2 Relative density of sands.

N Relative density
Terzaghi and Peck Gibbs and Holtz
0-4 very loose 0-15%
4-10 loose 15-35
10-30 medium 35-65
30-50 dense 65-85
over 50 very dense 85-100

The sampler is lowered down the borehole until it rests on the layer of cohesion-
less soil to be tested. It is then driven into the soil for a length of 450 mm by means of
a 65 kg hammer free-falling 760 mm for each blow. The number of blows required
to drive the last 300 mm is recorded and this figure is designated as the N value of
the soil (the first 150 mm of driving is ignored because of possible loose soil in the
bottom of the borehole from the boring operations). After the tube has been removed
from the borehole it can opened and its contents examined.

In gravelly soils damage can occur to the cutting head, and a solid cone, evolved
by Palmer and Stuart (1957), is fitted in its place. The N value derived from such
soils appears to be of the same order as that obtained when the cutting head is used in
finer soils.

Terzaghi and Peck (1948) evolved a qualitative relationship between the relative
density of the soil tested and the number of blows from the standard penetration
test, N. Gibbs and Holtz (1957) put figures to this relationship, which are given in
Table 8.2.

Corrections to the measured N value

An important feature of the standard penetration test is the influence of the effective
overburden pressure on the N count. Sand can exhibit different N values at differ-
ent depths even though its relative density is constant. Terzaghi and Peck make no
reference to the effects that this can have, but Gibbs and Holtz examined the effects
of most of the variables involved and concluded that the significant factors affecting
the N value are the relative density of the soil and the value of the effective over-
burden pressure removed.

Various workers have investigated this problem (Coffmann, 1960; Bazaraa,
1967), but the method proposed by Thorburn (1963) now seems to have gained
general acceptance, at least in the UK.

Thorburn assumed that the original Terzaghi and Peck relationships between N
and the relative density corresponded to an effective overburden pressure of 138 kPa.
His correction chart therefore dealt with a range of effective overburden pressure
for 0 to 138 kPa, it being tacitly assumed that for values of effective overburden
pressure greater than 138 kPa, N’ can be taken as equal to N.

o
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Fig. 8.14 Estimation of N’ from the test value N (after Thorburn, 1963).

It is possible, by the use of Thorburn’s chart, to prepare the plot of the N’/N ratio
relationship to effective overburden pressure, over the range 0 to 138 kPa (roughly
from O to 7 m depth of overburden).

This relationship is reproduced in Fig. 8.14 and can be used directly in design.

Terzaghi and Peck point out that in saturated (i.e. below the water table) fine
and silty sands the N value can be altered by the low permeability of the soil. If
the void ratio of the soil is higher than that corresponding to its critical density, the
penetration resistance is less than in a large-grained soil of the same relative density.
Conversely, if the void ratio is less than that corresponding to critical density the
penetration resistance is increased.

The value of N corresponding to the critical density appears to be about 15, and
Terzaghi and Peck suggest that if the number of measured blows, N, is greater than
15 it should be assumed that the density of the tested soil is equal to that of a sand for
which the number of blows is equal to 15 + 0.5 (N — 15), i.e.:

TrueN=15+0.5(N-15)
where

N = actual number of blows recorded in the test
True N = number of blows from which N’ should be evaluated

Estimation of allowable bearing pressure from the standard
penetration test

Having obtained N, the determination of the allowable bearing pressure is generally
based upon an empirical relationship evolved by Terzaghi and Peck (1948) that is
based on the measured settlements of various foundations on sand (Fig. 8.15). The
allowable bearing pressure for these curves (which are applicable to both square and
rectangular foundations) was defined by Terzaghi and Peck as the pressure that will
not cause a settlement greater than 25 mm.

o
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Fig. 8.15 Allowable bearing pressure from the standard penetration test (after Terzaghi and Peck,
1948).

When several foundations are involved the normal design procedure is to deter-
mine an average value for N’ from all the boreholes. The allowable bearing pressure
for the widest foundation is then obtained with this figure and this bearing pressure
is used for the design of all the foundations. The procedure generally leads to only
small differential settlements, but even in extreme cases the differential settlement
between any two foundations will not exceed 20 mm.

The curves of Fig. 8.15 apply to unsaturated soils, i.e. when the water table is at a
depth of at least 1.0 B below the foundation. When the soil is submerged the value of
allowable bearing pressure obtained from the curves should be reduced. Originally
the values were reduced to 50 per cent but this is now considered excessively con-
servative as the influence of the groundwater will have already been included in
the observed penetration resistance. General practice is now to apply the 50 per cent
reduction if the groundwater level is at or above the foundation level, and to apply
no reduction if the groundwater level occurs at a depth of at least B below the
foundation level. Between these two limits the amount of reduction can be estimated
by linear interpolation.

If settlement is of no consequence it is possible to think in terms of ultimate bear-
ing capacity using the approximate relationship between ¢ and N’ given in Fig. 3.34.
Knowing N’, a ¢’ value, from which bearing capacity coefficients are evaluated, can
be obtained. This procedure is not generally adopted.

o
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8.9.3

Example 8.8

A granular soil was subjected to standard penetration tests at depths of 3 m.
Groundwater level occurred at a depth of 1.5 m below the surface of the soil
which was saturated and had a unit weight of 19.3 kN/m?. The average N count
was 15.

(i) Determine the corrected value N”.

(i1) A strip footing, 3 m wide, is to be founded at a depth of 3 m. Assuming that
the sand’s strength characteristics are constant with depth, determine the
allowable bearing pressure.

Solution

(1) Effective overburden pressure =3 x 19.3 — 1.5 X 10 =43 kPa
From Fig. 8.14, for o/, = 43 kPa, N'/N =2.1.

Therefore N’ = 15 x 2.1 =31.

(ii) From Fig. 8.15, for N’=31and B =3 m:
Allowable bearing pressure = 300 kPa

But this value is for dry soil and the sand below the foundation is also below
groundwater level and is therefore submerged.

It seems that allowable bearing pressure = % =150 kPa

Correlation between the plate loading and the standard
penetration tests

Meigh and Nixon (1961) compared the results of plate loading tests with those of
standard penetration tests carried out at the same sites by determining from both
sets of results the allowable bearing pressure, p (defined as the pressure causing
25 mm settlement of the foundation) for a 3.05 m square foundation. The differ-
ences were quite marked: for fine and silty sands the plate loading test led to values
of p about 1.5 times the value obtained from the standard penetration test results,
whilst for gravels the plate loading test gave values of p that were from 4 to 6 times
greater.

It should be pointed out that Meigh and Nixon used the uncorrected N test values
in their calculations, and when Sutherland (1963) examined Meigh and Nixon’s results
he showed that the disparity between the allowable bearing pressures calculated from
the two tests became much less when the corrected N’ value (in which overburden
pressure is allowed for) was used.

o
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8.9.4 The static cone penetration test

This penetrometer, often called the Dutch cone penetrometer, is headed by a cone
of overall diameter 35.7 mm, giving an end area of 1000 mm?, and having an apex
angle of 60°. The cone is forced downwards at a steady rate (15-20 mmy/s) through
the soil by means of a load from a hydraulic cylinder transmitted to solid 15 mm
diameter rods. These solid rods are centrally placed within 36 mm diameter outer
rods. The load acting at the top of the inner rods can be determined from pressure
gauge readings and the cone resistance, C,, is taken to be this load divided by the
end area.

Improved forms of the Dutch cone, such as that introduced by Begemann (1965),
make it possible to measure cone and side resistances separately, an advantage if the
test results are to be used in pile design.

A further development has been the electrical friction—cone penetrometer, described
by Lousberg et al. (1974), in which the cone penetration resistance is measured and
recorded continuously by means of a load cell within the instrument. The penetro-
meter also has a frictional sleeve connected to a second and independent load cell
so that frictional resistance can also be recorded.

A full description of cone penetration testing and its application in geotechnical
and geo-environmental engineering is given by Lunne et al. (1997).

8.9.5 Presumed bearing capacity

The British Standard BS 8004: 1986 gives a list of safe bearing capacity values
and this is reproduced in Table 8.3. The values are based on the following
assumptions:

(i) The site and adjoining sites are reasonably level.

(i) The ground strata are reasonably level.

(iii) There is no softer layer below the foundation stratum.
(iv) The site is protected from deterioration.

Foundations designed to these values will normally have an adequate factor of
safety against bearing capacity failure, provided that they are not subjected to
inclined loading, but it must be remembered that settlement effects have not been
considered.

For cohesive soils the consistency is related to the undrained strength, c,. Such a
relationship is suggested in BS 5930 and is reproduced in Table 8.4.
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Table 8.3 Presumed safe bearing capacity, q,, values (based on BS 8004: 1986).

q, (kPa)

Rocks

(Values based on assumption that foundation is carried down to unweathered rock)
Hard igneous and gneissic 10 000
Hard sandstones and limestones 4000
Schists and slates 3 000
Hard shale and mudstones, soft sandstone 2 000
Soft shales and mudstones 1000-600
Hard chalk, soft limestone 600

Cohesionless soils

(Values to be halved if soil submerged)
Compact gravel, sand and gravel >600
Medium dense gravel, or sand and gravel 600-200
Loose gravel, or sand and gravel <200
Compact sand >300
Medium dense sand 300-100
Loose sand <100

Cobhesive soils

(Susceptible to long-term consolidation settlement)
Very stiff boulder clays and hard clays 600-300
Stiff clays 300-150
Firm clays 150-75
Soft clays and silts <75
Very soft clays and silts Not applicable

Table 8.4 Undrained shear strength of cohesive soils.

Consistency c, (kPa) Field behaviour

Hard >300 Brittle

Very stiff 300-150 Brittle or very tough

Stiff 150-75 Cannot be moulded in fingers

Firm 75-40 Can just be moulded in fingers

Soft 40-20 Easily moulded in fingers

Very soft <20 Exudes between fingers if squeezed

8.10 Pile foundations

The use of sheet piling, which can be of timber, concrete or steel, for earth retaining
structures has been described in Chapter 7. Piled foundations form a separate category
and are generally used:

o
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(1) totransmit a foundation load to a solid soil stratum,;

(ii) to support a foundation by friction of the piles against the soil;
(iii) to resist a horizontal or uplift load;

(iv) tocompact a loose layer of granular soil.

8.10.1 Classification of piles

Piles can be classified by different criteria, such as their material (e.g. concrete, steel,
timber), their method of installation (e.g. driven or bored), the degree of soil displace-
ment during installation, or their size (e.g. large diameter, small diameter). However,
in terms of pile design, the most appropriate classification criteria is the behaviour of
the pile once installed (e.g. end bearing pile, friction pile, combination pile).

End bearing (Fig. 8.16a)

Derive most of their carrying capacity from the penetration resistance of the soil at
the toe of the pile. The pile behaves as an ordinary column and should be designed as
such except that, even in weak soil, a pile will not fail by buckling and this effect need
only be considered if part of the pile is unsupported, i.e. it is in either air or water.

Friction (Fig. 8.16b)

Carrying capacity is derived mainly from the adhesion or friction of the soil in contact
with the shaft of the pile.

Combination (Fig. 8.16c¢)

Really an extension of the end bearing pile when the bearing stratum is not hard,
such as a firm clay. The pile is driven far enough into the lower material to develop
adequate frictional resistance. A further variation of the end bearing pile is piles with
enlarged bearing areas. This is achieved by forcing a bulb of concrete into the soft
stratum immediately above the firm layer to give an enlarged base. A similar effect is

g o] e
Soft Soft
Harg .0
(a) End bearing (b) Friction (c) Combination

Fig.8.16 Classification of piles.
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Hammer
Runners

Pile

Fig. 8.17 Piledriving rig.

produced with bored piles by forming a large cone or bell at the bottom with a special
reaming tool.

8.10.2 Driven piles

These are prefabricated piles that are installed into the ground through the use of
a pile driver as illustrated in Fig. 8.17. The pile is hoisted into position on the pile
driver and aligned against the runners so that the pile is driven into the ground at
exactly the required angle, to exactly the required depth. The pile is driven into the
soil by striking the top of the pile repeatedly with a pneumatic or percussive hammer
or by driving the pile down using a hydraulic ram. Most commonly the piles are
made from precast concrete although timber and steel piles are also available.

Precast concrete

These are usually of square or octagonal section. Reinforcement is necessary within
the pile to help withstand both handling and driving stresses. Prestressed concrete
piles are also used and are becoming more popular than ordinary precast as less
reinforcement is required.

Timber

Timber piles have been used from earliest recorded times and are still used for
permanent work where timber is plentiful. In the UK, timber piles are used mainly in
temporary works, due to their lightness and shock resistance, but they are also used
for piers and fenders and can have a useful life of some 25 years or more if kept

o
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completely below the water table. However, they can deteriorate rapidly if used in
ground in which the water level varies and allows the upper part to come above
the water surface. Pressure creosoting is the usual method of protection. In tropical
climes timber piles above groundwater level are liable to be destroyed by wood-
eating insects, sometimes in a matter of weeks.

Steel piles: tubular, box or H-section

These are suitable for handling and driving in long lengths. They have a relatively
small cross-sectional area and penetration is easier than with other types. The risk
from corrosion is not as great as one might think although tar coating or cathodic
protection can be employed in permanent work.

Jetted pile

When driving piles in non-cohesive soils the penetration resistance can often be
considerably reduced by jetting a stream of high-pressured water into the soil just
below the pile. There have been cases where piles have been installed by jetting
alone. The method requires considerable experience, particularly when near to
existing foundations.

Vibrated pile

As an alternative to jetting, vibration techniques can be used to place piles in granular
soils. Vibrators are not efficient in clays but can be used if piles are to be extracted.

Jacked pile

Generally built up with a series of short sections of precast concrete, this pile is
jacked into the ground and progressively increased in length by the addition of a pile
section whenever space becomes available. The jacking force is easily measured and
the load to pile penetration relationship can be obtained as jacking proceeds. Jacked
piles are often used to underpin existing structures where lack of space excludes the
use of pile driving hammers.

Screw pile

A screw pile consists of a steel, or concrete, cylinder with helical blades attached to
its lower end. The pile is made to screw down into the soil by rotating the cylinder
with a capstan at the top of the pile. A screw pile, due to the large size of its screw
blades, can offer large uplift resistance.

8.10.3 Driven and cast-in-place piles

Two of the main types of this pile, used in Britain, are described below.
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| (1) R.C. shells threaded on
Reinforced mandrel and set in
shell position

(2) Pile driven to req'd set
Concrete toe (3) Mandrel withdrawn, spare
—] shells removed and core
reinforcement placed
(4) Core concrete inserted

I
—

I

I

I
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Fig. 8.18 West's shell pile.
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West’s shell pile

Precast, reinforced concrete tubes, about 1 m long, are threaded on to a steel mandrel
and driven into the ground after a concrete shoe has been placed at the front of the
shells. Once the shells have been driven to specification the mandrel is withdrawn
and reinforced concrete inserted in the core. Diameters vary from 325 to 600 mm.
Details of the pile and the method of installation are shown in Fig. 8.18.

Franki pile

A steel tube is erected vertically over the place where the pile is to be driven, and
about a metre depth of gravel is placed at the end of the tube. A drop hammer, 1500
to 4000 kg mass, compacts the aggregate into a solid plug which then penetrates the
soil and takes the steel tube down with it. When the required set has been achieved
the tube is raised slightly and the aggregate broken out. Dry concrete is now added
and hammered until a bulb is formed. Reinforcement is placed in position and more
dry concrete is placed and rammed until the pile top comes up to ground level.
The sequence of operations is illustrated in Fig. 8.19.

8.10.4 Bored and cast-in-situ piles

These piles are formed within a drilled borehole. During the drilling process the sides
of the borehole are supported to prevent the soil from collapsing inwards and temporary
sections of steel cylindrical casing are advanced along with the drilling process to
provide this required support. As the drilling progresses, the soil is removed from
within the casing and brought to the surface. Once the full depth of the borehole has
been reached, the casing is gradually withdrawn, the reinforcement cage is placed

o
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(1) Gravel plug compacted
(2) Req'd set obtained

(3) Plug broken out and
concrete bulb formed

(4) Reinforcement placed
(5) Tube withdrawn and
concrete placed

D¢

"mn @ (©)

Fig. 8.19 Installation of a Franki pile.

and the concrete which forms the pile is pumped into the borehole. For very deep
boreholes the installation of many sections of temporary casing can be an expensive
and slow process, and an alternative means of supporting the sides is through the use of
a bentonite slurry in the same manner as for a diaphragm wall (see Section 7.3.2).
An alternative technique which does not use borehole side-support is the continuous
flight auger (CFA) pile. With this technique a continuous flight auger with a hollow
stem is used to create the borehole. The sides of the borehole are supported by the soil
on the flights of the auger and so no casing is required. Once the required depth has
been reached, the concrete is pumped down the hollow stem and the auger is steadily
withdrawn. The steel reinforcement is placed once the auger is clear of the borehole.

8.10.5 Large diameter bored piles

The driven or bored and cast-in-place piles discussed previously generally have
maximum diameters in the order of 0.6 m and are capable of working loads round
about 2 MN. With modern buildings column loads in the order of 20 MN are not
uncommon. A column carrying such a load would need about ten conventional piles,
placed in a group and capped by a concrete slab, probably some 25 m? in area.

A consequence of this problem has been the increasing use of the large diameter
bored pile. This pile has a minimum shaft diameter of 0.75 m and may be under-
reamed to give a larger bearing area if necessary. Such a pile is capable of working
loads in the order of 25 MN and, if taken down through the soft to the hard material,
will minimise settlement problems so that only one such pile is required to support
each column of the building. Large diameter bored piles have been installed in
depths down to 60 m.

8.10.6 Determination of the bearing capacity of a pile by load tests

The load test is the only really reliable means of determining a pile’s load capacity,
but it is expensive, particularly if the ground is variable and a large number of piles
must therefore be tested.
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Fig. 8.20 (a)—(c) Methods for testing a pile. (d) Load to settlement relationship.

Full-scale piles should be used-and these should be driven in the same manner as
those placed for the permanent work.

Figure 8.20 gives rough indications of how a test pile may be loaded. A large mass
of dead weight is placed on a platform supported by the pile. The load is applied in
increments and the settlement is recorded when the rate of settlement has reduced to
0.25 mm in an hour, at which stage a further increment can be applied (Fig. 8.20a).
The method has the disadvantage that the platform must be balanced on top of the
pile and there is always the risk of collapse. An alternative, and better, technique is to
jack the pile against a kentledge using an arrangement similar to Fig. 8.20b.

Sometimes the piles to be used permanently can be used to test a pile as shown in
Fig. 8.20c.

The form of load to settlement relationship obtained from a loading test is shown
in Fig. 8.20d. Loading is continued until failure occurs, except for large diameter
bored piles which, having a working load of some 25 MN, would require massive
kentledges if failure loads were to be achieved. General practice has become to test
load these piles to the working load plus 50 per cent.

Design standards offer some limited guidance on static load pile test methods.
BS 8004 specifies two types of test, described below, from which the ultimate load of
apile can be obtained, and Eurocode 7 (see Section 8.11) makes reference to the ASTM
suggested method for the axial pile loading test, described by Smoltczyk (1985).
Furthermore, it is likely that the forthcoming European standard for pile testing will
adopt the recommendations and procedures described by De Cock et al. (2003).

(1) The maintained load test

Here the load is applied to the pile in a series of increments, usually equal to 25 per
cent of the designated working load for the pile. The ultimate pile load is taken to be
the load that achieves some specified amount of settlement, usually 10 per cent of the
pile’s diameter.
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(2) The constant rate of penetration test

In this test the pile is jacked downwards at a constant rate of penetration. The
ultimate pile load is considered to be the load at which either a shear failure
takes place within the soil or the penetration of the pile equals 10 per cent of its
diameter.

The figure of one tenth is intended for normal sized piles and, if applied to large
diameter bored piles, could lead to excessive settlements if a factor of safety of 2.5
were adopted. This, of course, only applies to large diameter piles resting on soft
rocks. In the case of a large diameter bored pile resting on hard rock the ultimate load
depends upon the ultimate stress in the concrete.

8.10.7 Determination of the bearing capacity of a pile by soil
mechanics
A pile is supported in the soil by the resistance of the toe to futher penetration plus

the frictional or adhesive forces along its embedded length.
Ultimate bearing capacity = Ultimate base resistance + Ultimate skin friction:

Qu=Qb+Qs

Cohesive soils

Q, for piles in cohesive soils is based on Meyerhof’s equation (1951):
Q, =N, Xcy XA,
where

N, = bearing capacity factor, widely accepted as equal t0 9.0
¢, = undisturbed undrained shear strength of the soil at base of pile.

Q, is given by the equation:
Q= axC XA
where
o= adhesion factor
¢, = average undisturbed undrained shear strength of soil adjoining pile
A = surface area of embedded length of pile.

Hence

Q,=¢,NA, +ac A
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The adhesion factor o,

Most of the bearing capacity of a pile in cohesive soil is derived from its shaft resist-
ance, and the problem of determining the ultimate load resolves into determining
a value for o . For soft clays « can be equal to or greater than 1.0 as, after driving,
soft clays tend to increase in strength. In overconsolidated clays o has been found to
vary from 0.3 to 0.6. The usual value assumed for London clay was, for many years,
taken as 0.45 but more recently a value of 0.6 for this type of soil has become more
accepted.

Cohesionless soils

The ultimate load of a pile installed in cohesionless soil is estimated using only the
value of the drained parameter, ¢’, and assuming that any contribution due to ¢’ is zero.

Q= qpAy, = G(/NqAb
where

o, = the effective overburden pressure at the base of the pile
N, = the bearing capacity coefficient
A, = the area of the pile base.

The selection of a suitable value for N, q is obviously a crucial part of the design of
the pile. The values suggested by Berezantzev et al. (1961) are often used and are
reproduced in Fig. 8.21. Note that the full value of N is used as it is assumed that the
weight of soil removed or displaced is equal to the weight of the pile that replaced it.

1000

600

300

100

w
o

Bearing capacity factor N,

3 o A I
25 30 35 40 45

Angle of shearing resistance (degrees)

Fig. 8.21 Bearing capacity factor N (after Berezantzev et al., 1961).
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QS = fSAS
where

f, = average value of the ultimate skin friction over the embedded length of the
pile
A = surface area of embedded length of pile.

Meyerhof (1959) suggested that for the average value of the ultimate skin friction:
f,=K.o)tan §
where

K, = the coefficient of lateral earth pressure

o, = average effective overburden pressure acting along the embedded length
of the pile shaft
0 = angle of friction between the pile and the soil.

Hence
Q,=AK.0)tan §
and
Q,=0/NA,+AKo; tan §

Typical values for 6 and K_ were derived by Broms (1966), and are listed in
Table 8.5.

Vesic (1973) pointed out that the value of g, i.e. O':,Nq, does not increase inde-
finitely but has a limiting value at a depth of some 20 times the pile diameter. There is
therefore a maximum value of 6\ N that can be used in the calculations for Q.

In a similar manner there is a limiting value that can be used for the average ultimate
skin friction, f,. This maximum value of f, occurs when the pile has an embedded

Table 8.5 Typical values for §and K, suggested by Broms (1966).

Pile material 1) K

Relative density of soil

Loose Dense
Steel 20° 0.5 1.0
Concrete 0.75¢ 1.0 2.0
Timber 0.67¢ 1.5 4.0
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length between 10 and 20 pile diameters. Vesic (1970) suggested that the maximum
value of the average ultimate skin resistance should be obtained from the formula:

f. = 0.08(10)!3®)*

where D, = the relative density of the cohesionless soil.

In practice f is often taken as 100 kPa if the formula gives a greater value.

Unlike piles embedded in cohesive soils, the end resistances of piles in cohesion-
less soils are of considerable significance and short piles are therefore more efficient
in cohesionless soils.

8.10.8 Determination of soil piling parameters from in situ tests

With cohesionless soils it is possible to make reasonable estimates of the values of g,
and f_ from in situ penetration tests. Meyerhof (1976) suggests the following formulae
to be used in conjunction with the standard penetration test.

Driven piles
40ND
Sands and gravel q, = B < 400N (kPa)
40ND
Non-plastic silts q, = < 300N (kPa)
Bored piles
14ND
Any type of granular soil q, = B kPa
Large diameter driven piles fi= 2N kPa
Average diameter driven piles fi= N kPa
Bored piles f. = 0.67N kPa
where

N = the uncorrected blow count at the pile base
N = the average uncorrected N value over the embedded length of the pile
D = embedded length of the pile in the end bearing stratum

B = width, or diameter, of pile.

An alternative method is to use the results of the Dutch cone test. Typical results
from such a test are shown in Fig. 8.22 and are given in the form of a plot showing the
variation of the cone penetrations resistance with depth.

For the ultimate base resistance, C, the cone resistance is taken as being the aver-
age value of C_ over the depth 4d as shown, where d = diameter of shaft. Then:

Q,=CA,

o
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Fig. 8.22 Typical results from a Dutch cone test.

The ultimate skin friction, f , can be obtained from one of the following:

s Lgo

f,= ——kPa for driven piles in dense sand
200
G . o
f = 2 kPa for driven piles in loose sand
C, . I .
f, = 150 kPa for driven piles in non-plastic silts

where C, = average cone resistance along the embedded length of the pile (De Beer,
1963).
Then Q, = f A  and, as before, Q, = Q, + Q..

Example 8.9

A 5 m thick layer of medium sand overlies a deep deposit of dense gravel. A
series of standard penetration tests carried out through the depth of the sand has
established that the average blow count, N, is 22. Further tests show that the
gravel has a standard penetration value of N =40 in the region of the interface
with the sand. A precast pile of square section 0.25 x 0.25 m? is to be driven
down through the sand and to penetrate sufficiently into the gravel to give good
end bearing.

Adopting a safety factor of 3.0 determine the allowable load that the pile will
be able to carry.

o
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Solution

Ultimate bearing capacity of the pile = Q, = Q, + Q,

Q,: All end bearing effects will occur in the gravel. Now
D . .
q,=40N = kPa or 400 x N kPa (whichever is the lesser)
i.e.

D
qb=40x40xE:400X40=16OOOkPa

1 2
Penetration into gravel, D, = M =25m
40 x 40

and
Q, =16 000 x 0.25%2 = 1000 kN

Q,insand:  Q,=fA =22X5x025x4=110kN
Q,ingravel: Q =fA_=40x2.5x0.25x4=100kN

i.e.

Q, =210+ 1000 = 1210 kN

Allowable load = % =400 kN

Example 8.9 illustrates that, as discussed earlier, the end bearing effects are
much greater than those due to side friction. It can be argued that, in order to
develop side friction (shaft resistance) fully, a significant downward movement
of the pile is required which cannot occur in this example because of the end
resistance of the gravel. As a result of this phenomenon, it is common practice to
apply a different factor of safety to the shaft resistance than that applied to the
end bearing resistance. Typically a factor of safety of around 1.5 is applied to
shaft resistance, and a factor of safety between 2.5 and 3.0 is applied to the end
bearing resistance.

Returning to Example 8.9, and adopting F, = 3, F = 1.5, the allowable load now

becomes:
—1000 + & =473 kN
3 5

o
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Negative skin friction

8.11

If a soil subsides or consolidates around a group of piles these piles will tend to
support the soil and there can be a considerable increase in the load on the piles.
The main causes for this state of affairs are that:

(i) bearing piles have been driven into recently placed fill;
(ii) fill has been placed around the piles after driving.

If negative friction effects are likely to occur then the piles must be designed to
carry the additional load. In extreme cases the value of negative skin friction can
equal the positive skin friction but, of course, this maximum value cannot act over
the entire bedded length of the pile, being virtually zero at the top of the pile and
reaching some maximum value at its base.

Designing pile foundations to Eurocode 7

The principles of Eurocode 7, as described in Section 7.4.2, apply to the design
of pile foundations, and the reader is advised to refer back to that section whilst
studying the following few pages.

The design of pile foundations is covered in Section 7 of Eurocode 7. There are
11 limit states listed that should be considered, though only those limit states most
relevant to the particular situation would normally be considered in the design. These
include the loss of overall stability, bearing resistance failure of the pile, uplift of
the pile and structural failure of the pile. In this chapter we will look only at checking
against ground resistance failure through the compressive loading of the pile.

Pile design methods acceptable to Eurocode 7 are in the main based on the results
of static pile load tests, and the design calculations should be validated against the
test results. When considering the compressive ground resistance limit state the task
is to demonstrate that the design axial compression load on a pile or pile group, F_. 4,
is less than or equal to the design compressive ground resistance, R ;, against the
pile or pile group. In the case of pile groups, R is taken as the lesser value of the
design ground resistance of an individual pile and that of the whole group.

In keeping with the rules of Eurocode 7, the design value of the compressive
resistance of the ground is obtained by dividing the characteristic value by a partial
factor of safety. The characteristic value is obtained by one of three approaches:
from static load tests, from ground tests results or from dynamic tests results.

(i) Ultimate compressive resistance from static load tests

The characteristic value of the compressive ground resistance, R ., is obtained by com-
bining the measured value from the pile load tests with a correlation factor, & (related
to the number of piles tested). More explicitly, R, is taken as the lesser value of:

_ (Rc;m )mean (Rc;m )min

R £ and R = £
1 2

o
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where

(Re.)imean = the mean measured resistance
(R..;))min = the minimum measured resistance
&,, &, = correlation factors obtained from Table 8.6.

Table 8.6 Correlation factors — static load tests results.

Number of piles tested

1 2 3 4 >5
& 1.4 1.3 1.2 1.1 1.0
I 1.4 1.2 1.05 1.0 1.0

It may be that the characteristic compressive resistance of the ground is more
appropriately determined from the characteristic values of the base resistance, Ry
and the shaft resistance, R, :

Rc;k = Rb;k + Rs;k
The design compressive resistance of the ground may be derived by either:

Rc;k
If

Rc;d =

or

R,. R,
Rc;d — bk + sk
’J/b yS

where 7,, 7, and 7, are partial factors on base resistance, shaft resistance and the total
resistance respectively. The partial factors for piles in compression recommended in
Eurocode 7 are given in Table 8.7.

Considering Design Approach 1, the following partial factor sets (see Section 7.4.2)
are used for the design of axially loaded piles:

Combination 1: Al + M1 +R1
Combination2: A2+ (M1 or M2)* + R4

* M1 is used for calculating pile resistance; M2 is used for calculating unfavourable
actions on piles.

o
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Table 8.7 Piles in compression: partial factor sets RT, R2, R3 and R4.

Partial factor set R1 R2 R3 R4

Driven Bored CFA All All Driven Bored CFA

Base, ¥, 1.0 1.25 1.1 1.1 1.0 1.3 1.6 1.45
Shaft, ¥, 1.0 1.00 1.0 1.1 1.0 1.3 1.3 1.30
Total, , 1.0 1.15 1.1 1.1 1.0 1.3 1.5 1.40

Example 8.10

A series of static load tests on a set of four bored piles gave the following results:

Test no.

Measured load (kN) 382 425 365 412

From an understanding of the ground conditions, it is assumed that the ratio of
base resistance to shaft resistance is 3:1.

Determine the design compressive resistance of the ground in accordance with
Eurocode 7, Design Approach 1.

Solution
382 + 425 + 365 + 412
(Rc;m)mean = 4

(R )i = 365 kKN

=396 kN

From Table 8.6, &, = 1.1; £, = 1.0
_ (RC'm)mean 396

R, = —2mmean - =7 — 360 kN
ok 3 1.1
R, = Remlmn _ 365_ 505y
ok &, 1.0
that is

R, =360 kN (i.e.the minimum value)
Since the ratio of base resistance to shaft resistance is 3:1, we have:

Characteristic base resistance, Ry, =360 x 0.75 =270 kN
Characteristic shaft resistance, RS;k =360 % 0.25 =90 kN

o
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1. Design Approach I, Combination 1

Partial factor set R1 is used:

R..
Rer 30 _ 5308

R =
oy 15

or

R, R, 2
R, b Rae L 270 90 _o0ciN
= Ty 12510

2. Design Approach 1, Combination 2

Partial factor set R4 is used:

Ry, 360
R =—% = T3 ~240kN
Y :
or
R, R,
R, =—2K 4 3K = 20, 90 _o3gkN
’ Yo Ys 1.6 13

The design compressive resistance of the ground is thus determined:

R 4 =min(313,306, 240, 238) = 238 kN

i imate compressive resistance from ground tests results
Ultimat 1 it g d test It
The design compressive resistance can be determined from ground tests results.
Here the characteristic compressive resistance, R ., is taken as the lesser value of:
Ry...+R..)) Ry +Re..)
R = b;cal s;cal /mean and R = b;cal s;cal /min

:k :k
¢ & ¢ &4
where

(Rb; cal)mean = the mean calculated base resistance
(RS; cal)mean = the mean calculated shaft resistance
(Rb; cal)min = the minimum calculated base resistance
(RS; cal)min = the minimum calculated shaft resistance
&,, &, = correlation factors obtained from Table 8.8.

The calculated base and shaft resistances are determined using the equations set
out in Section 8.10.7.

o
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Table 8.8 Correlation factors — ground tests results.

Number of test profiles

1 2 3 4 5 7 10
& 1.4 1.35 1.33 1.31 1.29 1.27 1.25
¢, 1.4 1.27 1.23 1.20 1.15 1.12 1.08

Example 8.11

Excel HD

A 10 m long by 0.7 m diameter CFA pile is to be founded in a uniform soft clay.
The following test results were established in a geotechnical laboratory as part of
a site investigation:

Borehole no. 1 2 3 4

Mean undrained strength along shaft, Cysshaft (kPa) 65 62 70 73
Mean undrained strength at base, G- (kPa) 90 79 96 100

The pile will carry a permanent axial load of 500 kN (includes the self-weight of
the pile) and an applied transient (variable) axial load of 150 kN.

Check the bearing resistance (GEO) limit state in accordance with Eurocode 7,
Design Approach 1 by establishing the magnitude of the over-design factor.
Assume N, =9 and or=0.7.

Solution

D2 7w x 0.7

Area of base of pile, A, = - =0.385 m?

The total resistance is determined from the results from each borehole:

Rpea); =Ny X, XA +(mxDXLxaxc)
=(9%90x0.385) +(rx0.7x 10 x 0.7 X 65) = 1312 kN
(Ryca)s = (9 X 79 % 0.385) + (7% 0.7 x 10 x 0.7 x 62) = 1228 kN
(Ryca)3 = (9 %96 % 0.385) + (7% 0.7 x 10 x 0.7 x 70) = 1410 kN
(Ry.can)s = (9 % 100 x 0.385) + (7% 0.7 x 10 x 0.7 x 73) = 1470 kN

1312 + 1228 + 1410 + 1470
(Rc;cal)mean = 4 = 1355 kN

Re.cadmin = 1228 KN (i.e. Borehole 2)

o
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From Table 8.8, &, = 1.31; &, = 1.2.

— (Rc;cal)mean 1355

R. = = 1034 kN
ok & 1.31
R.. ; 1228
Rc-k — ( c,cal)mm — = 1023 kKN
’ & 1.2
thatis, (R .., ), governs and this lower value of R , is taken as the characteristic

compressive resistance.

Therefore, using &,:

Characteristic base resistance, R | = % =228 kN
Characteristic shaft resistance, R = mx07 X11(2)OX 0.7x 62 =795 kN

1. Design Approach 1, Combination 1 :
Design resistance: partial factor set R1 is used (Table 8.7):

R,. R..
R. :ﬂ+ﬁ:ﬁ+7_95:1002k1\1
ad 110

yb ’}/s 1.

Design actions: partial factor set Al is used (Table 7.1):
F.4=500x1.35+ 150 x 1.5 = 900 kN

1002
Over-design factor, I' = 1002 =1.11
900

2. Design Approach 1, Combination 2:
Design resistance: partial factor set R4 is used (Table 8.7):

Ry, R,
~ oy R 298 7 _g60 kN

R ==
Yo Y, 145 13

c;d

Design actions: partial factor set A2 is used (Table 7.1):
F.4=500% 1.0+ 150 x 1.3 =695 kKN

Over-design factor, I' = 769 =1.11
695

Since I" > 1, the design of the pile satisfies the GEO limit state requirement.

o
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(iii) Ultimate compressive resistance from dynamic tests results

Although static load tests and ground tests are the most common methods of deter-
mining the compressive resistance of the pile, the resistance can also be estimated
from dynamic tests provided that the test procedure has been calibrated against static
load tests.

8.12 Pile groups

8.12.1 Action of pile groups

Piles are usually driven in groups (see Fig. 8.23).

In the case of end bearing piles the pressure bulbs of the individual piles will over-
lap (if spacing < 5d — the usual condition). Provided that the bearing strata are firm
throughout the affected depth of this combined bulb then the bearing capacity of the
group will be equal to the summation of the individual strengths of the piles. How-
ever, if there is a compressible soil layer beneath the firm layer in which the piles are
founded, care must be taken to ensure that this weaker layer is not overstressed.

Pile groups in cohesionless soils

Pile driving in sands and gravels compacts the soil between the piles. This com-
pactive effect can make the bearing capacity of the pile group greater than the sum of
the individual pile strengths. Spacing of piles is usually from two to three times the
diameter, or breadth, of the piles.

Pile groups in cohesive soils

A pile group placed in a cohesive soil has a collective strength which is considerably
less than the summation of the individual pile strengths which compose it.

One characteristic of pile groups in cohesive soils is the phenomenon of ‘block
failure’. If the piles are placed very close together (a common temptation when

& L >
1 | |
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Fig. 8.23 A typical pile group.
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dealing with a limited site area), the strength of the groups may be governed by its
strength at block failure. This is when the soil fails along the perimeter of the group.
For block failure:

Q,=2DB +L)x ¢, + 1.3¢,N BL
where

D = depth of pile penetration
L = length of pile group
B = breadth of pile group
N_ = bearing capacity coefficient (taken generally as 9.0).

Whitaker (1957), in a series of model tests, showed that block failure will not occur if
the piles are spaced at not less than 1.5d apart. General practice is to use 2d to 3d spacings.
In such cases:

Qu =En Qup
where

E = efficiency of pile group (0.7 for spacings 2d—3d)
Q= ultimate bearing capacity of single pile
n = number of piles in group.

8.12.2 Settlement effects in pile groups

Quite often it is the allowable settlement, rather than the safe bearing capacity, that
decides the working load that a pile group may carry.

For bearing piles the total foundation load is assumed to act at the base of the piles
on a foundation of the same size as the plan of the pile group. With this assumption it
becomes a simple matter to examine settlement effects.

With friction piles it is virtually impossible to determine the level at which
the foundation load is effectively transferred to the soil. An approximate method,
often used in design, is to assume that the effective transfer level is at a depth of
2D/3 below the top of the piles. It is also assumed that there is a spread of the total
load, one horizontal to four vertical. The settlement of this equivalent foundation
(Fig. 8.24) can then be determined by the normal methods.

3 A} 3

O
win
O

Fig. 8.24 Transference of load in friction piles.

o
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Exercises

Note Where applicable the answers quoted incorporate a factor of safety
equal to 3.0.

Exercise 8.1

A fine sand deposit is saturated throughout with a unit weight of 20 kN/m?.
Ground water level is at a depth of 1 m below the surface. A standard penetra-
tion test, carried out at a depth of 2 m, gave an N value of 18. If the settle-
ment is to be limited to not more than 25 mm, determine an allowable bearing
pressure value for a 2 m square foundation founded at a depth of 2 m.

Answers  460/2 =230 kPa (N = 40)

Exercise 8.2

A strip footing 3 m wide is to be founded at a depth of 2 m in a saturated
soil of unit weight 19 kN/m?3. The soil has an angle of friction, ¢, of 28° and
a cohesion, ¢, of 5 kPa. Groundwater level is at a depth of 4 m. Determine a
value for the safe bearing capacity of the foundation.

If the groundwater level was to rise to the ground surface, determine the
new value of safe bearing capacity.

Answer 459 kPa; 249 kPa

Exercise 8.3

A 2.44 m wide strip footing is to be founded in a coarse sand at a depth of
3.05 m. The unit weight of the sand is 19.3 kN/m? and standard penetration
tests at the 3.05 m depth gave an N value of 12.

(i) Determine the safe bearing capacity of the foundation if settlement is
of no account.

(i1) Determine the allowable bearing pressure if settlement of the founda-
tion is not to exceed 25 mm.

Answers (i) 1300 kPa, (ii) 300 kPa

Exercise 8.4

A single test pile, 300 mm diameter, is driven through a depth of 8 m of clay
which has an undrained cohesive strength varying from 10 kPa at its surface
to 50 kPa at a depth of 8 m. Estimate the safe load that the pile can carry.

Answer 60 kN

o
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Exercise 8.5

A continuous concrete footing (y, = 24 kN/m?) of breadth 2.0 m and thick-
ness 0.5 mis to be founded in a clay soil (¢, = 0% ¢, =22 kPa; y =19 kN/m?)
at a depth of 1.0 m. The footing will carry an applied vertical load of
magnitude 85 kN per metre run. The load will act on the centre-line of the
footing.

Using Eurocode 7 Design Approach 1, determine the magnitude of the
over-design factor for both Combination 1 and Combination 2.

Answer 1.53 (DA1-1); 1.56 (DA1-2)

If you were to include depth factors in the design procedure, what would be
the revised value of the over-design factor for each combination?

Answer 1.79 (DA1-1); 1.81 (DA1-2)

Note: Adopting depth factors in the design will invariably lead to higher
values of over-design factor.

Exercise 8.6

A rectangular foundation (2.5 m X 6 m X 0.8 m deep) is to be founded at
a depth of 1.2 m in a dense sand (¢’ = 0; ¢’ =32° y=19.4 kN/m?). The
unit weight of concrete = 24 kN/m?. The foundation will carry a vertical
line load of 250 kN/m at an eccentricity of 0.4 m.

By following Eurocode 7, Design Approach 1 establish the proportion of
the available resistance that will be used.

Answer 16 per cent (DA1-1); 24 per cent (DA1-2)

Note: The proportion of available resistance that will be used is deter-
mined by taking the reciprocal of the over-design factor.
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