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Synopsis

The purpose of this investigation was to examine the behaviour
of inclined piles , both singly and in groups , embedded in cohesionléss
soil .

Model tests have been carried out on single piles and on pile
groups driven into carefully prepared beds of uniform sand . Freestanding
groups of piles with different configurations , with and without raked
piles have been tested under both vertical and horizontal loads . The
behaviour of the groups has been compared .

Various methods of anéysis have examined , and a method has
been developed to predict the behaviour of pile groups contaning raked
piles from the observed behaviour of gsingle test pile . Two computer
programmes are presented to analyse single piles and pile groups .There
was good agreement between the computer predictions and the observed

behaviour of the models .
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List of Symbols

Symbols are defined when they first appear and are listed
here for convenience ,
a and P coefficients governing the linear and non linear behaviour

of the soil respectively .

B pile width .

C, compression index .

EI flexural stiffness of the pile .

ka coefficient of active earth pressure .
kH modulus of subgrade reaction .

ko coefficient of earth pressure at rest .,
kp coefficient of passive earth pressure .
oy constant of horizontal of subgrade reaction .
M bending moment .

P force .

P effective overburden pressure .

q transverse soil pressure on the pile .
q, unit cone resistance .

maximum lateral pressure .

R relative stiffness factor .

RD relative density .

T relative stiffness factor .

y transverse displacement of the pile .

Z depth .
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o O =4

an angle defining the size of the sliding wedge in front
of the pile .
= 45° + &/ 2
angle of shearing resistance .
settlement .,
effective unit weight of soil .
rotation of the pile head .

displacement of the pile head .
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Chapter 1

Introduction

1.1 Historical review

Piled foundations have been used from the earliest times .
Vitruvius gives detailed instructions for the use of piles for bridge
foundations and for the support of load - bearing walls in poor soil .
The art of using piles however was not supplemented with scientific
knowledge until the eighteenth century . The earliest recorded observations
of the driving behaviour of a pile were made by Perronmet , a famous
eighteenth century French engineer . Sandeman ( 1880 ) performed the
first recorded lateral load tests on piles . In many cases piles appear
to have been used by early engineers with the object of compacting soft

ground , for which purpose they would frequently have been ineffective .,

1.2 Purpose of piled foundations

Although piles are occasionally used for compacting suitable

soils , they are commonly used in modern practice as a means of transmitting
surface structural loads through weak or compressible soils to stronger
or stiffer soils below . They may also be used to resist uplift forces
or lateral loads . These lateral loads , if small , may be resisted solely
by the lateral resistance of vertical piles , but where they are larger
they are commonly resisted by incorporating raked piles in the foundation .

' Although piled foundations capable of resisting vertical and
lateral forces have been frequently used in the past , the behaviour of

laterally loaded piles and pile groups is still in some respects not



well understood . However » in recent years the increasing quantity and
size of civil engineering works and the need to build on weak and
compressible soils has induced economic pressure for a more precise

knowledge of pile behaviour .

1.3 Requirements for satisfactory design

The choice of the type of pile will be determined by the
ground conditions , the effects which the installation of the piles may
have upon nearby structures and other property and , if more than one
type is suitable in the particular conditions s by the relative cost ,

Whatever type is chosen however , every design will have to
satisfy two conditions :

a — The factor of safety against ultimate failure » both of
the fabric of the foundation and of the supporting soil will need to be
adequate .

b - The settlement and displacement of the foundation ( and
in particular the differential settlement under working load ) will
have to be no more than can be tolerated by the completed structure .

A complete analysis of the behaviour of a piled foundation is possible
only if the load deformation characteristics of each pile in the group ,

both vertical and raked , can be precisely assessed .

1.4 Method of load transfer

Piles may be classified into three major categories based on
the manner in which they function ( Terzaghi and Peck ( 1948 )) .,
a - Friction piles in coarse grained soils :
These piles transfer most of the load to the soil by skin

friction and they are usually " driven " piles . Sometimes a cluster of



these piles is driven specifically to reduce the porosity of the granular
material , in which case they are usually referred to as compaction
piles .

b = Friction piles in fine grained soil :

These piles also transfer their load to the soil primarily
by skin friction , but without compacting the soil appreciably .

¢ = End bearing piles : -

These piles transfer their load directly to a firm stratum
located at a considerable depth below overlaying soft strata through
which they are normally driven .

A piled foundation may be subjected to various loading conditions ,
static , dynamic and repetitive . The orientation of loading is also a

variable factor .

1.5 Effect of the pile cap

Pile groups may be classified into two major categories based
on the position of the cap :

a = Freestanding pile groups , as in a jetty where there is no
direct contact between the pile cap and the soil .

b= Piie groups with caps in contact with or embedded in the
soil , In these structures a significant part of the vertical and horizontal
loads may be transfered directly from the cap to underlying and surrounding

soil .,

1.6 Methods of analysis

Several analyses have been made of the behaviour of single
vertical and raked piles in different types of soil and on groups of
vertical piles under axial and lateral forces . In most of these analyses

the soil is assumed to be either a Winkler medium or a homogeneous

3



isotropic elastic solid .

Analyses of the behaviour of pile groups subjected to lateral
loads - and , in particular , of pile groups containing raked piles subject
to vertical and lateral loads - has received little attention compared
with the space devoted in the literature to single piles . In the present
investigation , the various methods are fully discussed s, and a method
derived from the work of Reese and others is developed to predict the
behaviour of pile groups containing raked piles from the observed behaviour

of a single pile .

1.7 Model tests

The best information about pile group behaviour would clearly
be obtained from the results of full scale tests . However such tests
are slow , very expensive , and frequently difficult to control . Much
valuable information may be obtained from model tests carried out under
carefully controlled conditions .

In the present investigation , model tests have been carried
out on single piles and on pile groups driven into carefully prepared
beds of uniform sand . Groups of piles with different configurations ,
with and without raked piles , have been tested under both vertical

and horizontal loads and the behaviour of the groups has been compared .

1.8 Conclusions

The investigation reported herein attempts to correlate the
behaviour of a single pile with that of a pile gtoup when they are
subjected to vertical and lateral loads .

The information given in this thesis may be used to solve the
following problems :

a = To predict the moment and displacement distributions along

4



a single verti;al or raked pile on the basis of it's own load - displacement
data at the cap , and to predict the rotation of the cap .
b = To predict the displacement and rotation of the cap of a
Pile group , and to predict the distribution of bending moment along
the piles in the group , on the basis of the load = displacement record
of a single test pile .,
On the basis of all the work performed as part of this investigation ,
conclusions are drawn about vertically and laterally loaded pile groups ,
and suggestions are made for research that could advance the knowledge

of pile behaviour .



Chapter 2

Previous studies of the behaviour of piles.and pile groups

in cohesionless soil

2.1 Introduction

This chapter presents a review of the previously published
work on piles and pile groups in cohesionless soil .

In the past , many important factors affecting pile behaviour
have not been well understood , and as a result a very large number of
model and field tests have been made and reported . The greater part of
this previous work has been confined to studies of single piles , but
in recent years more attention has been paid to the behaviour of pile
_ groups ., However , because of the very large forces required to load a
full sized pile group , the reported tests on such groups have been
almost invariably on a model scale . Moreover , very few of those tests
have included raked piles .

The literature on this subject is very extensive , and in
many cases the same points have been made by a number of investigators .
It has therefore been neither desirable nor indeed possible to refer in
detail to every published reference in the discussion which follows .
Only the more important and easily accessible authorities have been cited
in the text of this chapter . A full list of all the publications consulted
in its preparation will be found in the references . The principal
references for this chapter are Fleming ( 1958 ) , West ( 1964 ) ,

Kezdi ( 1960 ) , Broms ( 1972 , 1976 ) and Franke ( 1976 ) .



2,2 Observed behaviour of an axially loaded single pile

The ultimate resistance to axial load is generally found to
depend on :
a = The rate of penetration .
b = The roughness of the pile shaft .
¢ = The depth of penetration ,
d = The cross section of the pile .
e = The relative density ( RD ) of the soil .
| The point resistance increases rapidly with increasing depth
of penetration , although this rate of increase is smaller in loose soil
than in dense soil . The shaft resistance probably represents between
10Z and 507 of the total ultimate resistance , depending on the soil
density and the length / diameter ratio and roughness of the pile shaft .
The ratio of shaft resistance to total resistance is higher
in loose soil than in denge soil Fleming ( 1958 ) .
The shaft resistance is greater if the shaft is rough .
The majority of the shaft resistance is generally mobilized
at much smaller settlements than the point resistance ( Fleming ( 1958 ) ,
West ( 1964 ) , Hindi ( 1964 ) ) . This has two important consequences .
Firstly , where resistance forms a large part of the ultimate resistance ,
the working load ( say 40%Z of the ultimate resistance ) may be carried
almost entirely by shaft friction . Secondly , the settlement under the
working load is commonly very much smaller than the settlement as the
ultimate resistance is approached .
The pull - out resistance of a pile ( unless it has an enlarged
base ) depends only on the shaft resistance and this is significantly less

than the shaft resistance during penetration ( Hindi ( 1964 ) ) .



It is worth noting in this context , that negatively battered
piles in the rear row of a group subjected to horizontal load only are

often in tension , and hence offer poor resistance to axial movement .

2,3 Observed behaviour of a laterally loaded single pile

a = Deflections

The deflections under a given lateral load are decreased if the
embedded length is increased . However , beyond a certain point , increasing
the length has only an insignificant effect on the deflection , and the
pile may be assumed for the purposes of analysis to be of infinite length .
This critical length depends on the relative stiffness of pile and soil
which , for the purposes of analysis using a coefficient of subgrade reaction ,
may be defined as follows :

(i) Where the modulus of subgrade reaction ( kH ) is constant
with depth

EI

*y

R‘q (2.1)

where R = the relative stiffness factor
EI = the flexural stiffness of the pile
( ii ) Where the modulus of subgrade reaction ( kH ) increases

linearly with depth ( Z )

kﬂ.-.- nHZ ( 2.2)

.

where n, = the constant of horizontal subgrade reaction

EI

"H

where T = the relative stiffness factor .



Any pile whose length is greater than 5R or 5T , respectively ,
may be assumed to be infinitely long .

The value of the coefficient of subgrade reaction depends

on ¢
a = The stiffness of the pile .,
b - The size of the pile .
¢ = The soil properties . .
d = The nature of the applied load .
e — The compaction of the soil .
The value of the coefficient of subgrade reaction decreases
as @ I

a - Pile deflection increases .

b - Pile width increases , and

¢ = Flexural resistance of the pile increases .
If piles of different flexural stiffness are embedded in the same soil
so deeply as to be considered infinitely long , the deflection for a
~given load is smallest for the stiffest pile .
A pile whose head is restrained against rotation will defiist

-5 WA

under a given transverse load only about one half or one third/{as a pile

not so restrained .

b - Maximum bending moment

Under lateral load , the maximum bending moment in the pile
occurs at a relatively shallow depth below ground surface ( in practice
.usually not more than five or six pile diameters ) . However , a pile
whose head is restrained against rotation by a pile cap may have its

maximum moment at the cap .



c - Creep 7

Pile deflections under sustained lateral load are nearly
constant with time . However , there is evidence , at least on a model
scale , for some creep in sands for a short period after loading . For
this reason it is usual in model tests to apply the loads slowly and

in small increments .

d = Maximum lateral soil resistance

Near the ground surface , the ultimate soil resistance is
governed by the resistance of a wedge of soil moving upwards in front
of the pile . At some depth below the ground surface there is a transition
to a different mode of failure in which the soil flows around the pile
( Parker and Reese ( 1971 ) ) . The maximum pressure that can be developed
at any depth excedes Rankine's two dimensional passive pressure at that
depth ., Parker and Reese give the following theoretical expressions
for the maximum lateral pressure :

(1) Near the ground surface

/i
q =YZ{Kp-Ka+__ tanB[K tan a

max B P

+K (tan ¢~ tan a )]}

where B =45°4+ ¢/ 2
¢ is an angle defining the size of the wedge and is
assumed ( by Parker and Reese ) tobe ¢/ 2 .

( ii ) At greater depths
=YZ{K3+2K tan¢(K2+l)-K}
nax j o P a

the effective unit weight of soil

=
o
=
o
=
[}

o}
I

the depth
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B =. the pile width

Ka = the coefficient of active earth pressure ( tan? (45° = ¢/ 2))
Kp = the coefficient of passive earth pressure ( tan?( 45° + &/ 2))
Ko = the earth pressure coefficient at rest which is assumed
to be 0.5 .
e — Inelastic behaviour

Upon removal of the lateral load , the recovery of the pile
is seldom complete . Usually some residual deflections and the corresponding
moments are locked into the soil - pile system . The primary causes of
this behaviour are :
i = Irrecoverable compaction of the soil in front of the pile , and
ii = The tendency for a void to form behind the pile and to become
filled with loose material .
As a result of this , the response of the soil - pile system
to lateral loads is generally non - linear and inelastic even under small

loads .

f - Cyclic loading

Reese ( 1973 ) , discussing piles for oil platforms subject
to wave action , says that " .,.,.. it is believed that the effect of
cyclic loading on the behaviour of sand around a laterally loaded pile
would be small . " However , it is clear that this is not generally true .
Where the load oscillates symmetrically about a zero value , the alternate
application of the two effects described above will cause a general
tightening of the soil on both sides of the pile and a corresponding
reduction in the deflection for a given load . Where the load is applied
in one direction only , there is an increasing permanent deflection . The

increase of this deflection however is at a decreasing rate with respect



to the number of load cycles . Eventually an equilibrium deflection is

reached ( Prakash and Chandrasekaram ( 1970 ) ) .

2.4 Theoretical analyses of single piles loaded axially and transversely

The many published theoretical investigations of single piles
fall into two main groups :
a = Methods based on linear elastic theory .

b - Methods based on subgrade reaction ‘theory .

The former methods are generally based on the assumption that
both pile and soil are linear elastic solids . They have been more
generally applied to the study of pile groups and are considered fully

in section 2.8 below .

In the latter methods , the pile is assumed to behave as a
vertical or inclined beam and the soil as a Winkler medium - that is 3
the soil reaction at any point on the pile is proportional to the
transverse displacement of the pile at that point . The methods are
only applicable to analysis of behaviour under transverse loading .

Then , the ordinary differential equation for a beam in bending

may be written ,

day
EI = - y B ( 2.4)
2 “u
dz
where , E I - 1is the flexural stiffness of the pile .

y = is the transverse deflection of the pile .
Z - 1is the distance coordinate measured along the pile .
kH = 1s the modulus of transverse subgrade reaction of the

soil .

By solving equation ( 2.4 ) , the transverse deflections s

12



and hence the bending moments , shear forces and lateral pressures applied
to the pile may be calculated .
The advantages of these methods are as follows :

a - The computation is relatively simple . Although the use of a
digital computer is a help , the computation time required is trivial
compared with that required for any of the methods based on linear elastic
theory .

b = It is possible to make allowance for variations in soil stiffness
with depth and to allow for the non - linear response of the soil - pile
system .

The disadvantage of these methods is that the modulus of
subgrade reaction ( kH ) depends on the pile dimensions and properties
as well as on the soil characteristics . It is therefore not possible
to determine ( kH ) directly from conventional soil tests . Nor can the
results of a lateral load test on one pile be directly applied to the

analysis of another with a different cross - section .

2.5 Ultimate resistance of vertically loaded groups of driven piles

The ultimate resistance and the load / settlement characteristics
depend to a large extend on the order of driving , the pile roughness ,
the spacing , the compactness of the sand , the group size , the depth

and the shape of the piles ( conical or straight - sided ) .

a - Effect of pile driving

A pile driven into cohesionless soil of loose or medium
density causes compaction of the surrounding soil . Meyerhof ( 1959 ) and
many others since have indicated significant compaction of the soil to

a distance of three to four diameters from the pile face . When therefore

13



the 'spacing of the piles in a group is less than about seven diameters ,
centre to centre of the piles , driving the later piles in the group compacts
the soil around and between the piles already driven , increasing both

shaft friction and point resistance . Where however the spacing exce&es

about seven diameters , the effect of this compaction is insignificant

( Walker ( 1964 ) , Tcheng and Panet ( 1973 ) ) .

On the other hand , where the soil is initially dense , driving
the later piles in a group may actually reduce the density around piles
already driven . ( West ( 1964 ) , Kishida and Meyerhof ( 1965 ) ) . Thus
the average capacity of piles in a group may be expected to increase with
increasing number of piles when the initial relative density of the soil

is low or medium , but may decrease if the soil is initially dense .

b - Effect of surface roughness

Stuart , Hanna and Naylor ( 1960 ) , and several others since ,
have found that the roughness of the pile surface has a large influence
on the bearing capacity of the pile group . For groups of piles with
rough surfaces in both loose and denge soil the ultimate bearing capacity
is larger than the capacity of the same number of single piles . For piles
with smooth Surféces » the ultimate resistance of the group is less than

for the single piles in dense sand but larger in loose sand .

¢ -~ Optimum spacing and group efficiency

In loose soil , the efficiency of a pile group ( that is , the
ratio of the group bearing capacity to that of the individual piles )
increases as the spacing is reduced until an optimum spacing is reached .
Any further decrease in spacing reduces the group bearing capacity .
Schiff ( 1961 ) reports an optimum spacing of about five or six pile

diameters , but most reported results indicate a value of about three

14



pile diameters ( Cambefort ( 1953 ) , Kezdi ( 1960 ) , Stuart et al ( 1960 ) ,
Stuart and Hanna ( 1961 ) ) .

For a small group of short piles in loose sand , Broms ( 1976 )
suggested , that the efficiency is typically about 1.5 at three diameters
spacing , reducing to 1.0 at five diameters . For a large group of long
piles the efficiency may be 2.0 at three diameters spacing . This will

reduce to 1.0 at about seven diameters .

d = Pull - out resistance of pile groups

Pulling tests on pile groups by Fleming ( 1958 ) have shown
that the resistance to uplift depends on the sizes of the piles and
of the groups , but the pulling force is always less than that required
for an equal number of isolated piles . For any given group , the

efficiency falls rapidly with decreasing spacing .

e = Eccentric and inclined loads

For small eccentricity , the ultimate bearing capacity will
not be significantly affected , for larger eccentricities the total
bearing capacity decreases rapidly with eccentricity .

The ultimate strength of pile groups containing vertical
piles only under inclined loads , decreases with increasing inclination
of the applied load .,

f - Distribution of load between piles

Test results show that the load on a pile group is not
evenly distributed among the piles , and the corner piles carry a
smaller part than those in the centre ( Fleming ( 1958 ) , Stuart et al
( 1960 ) , Hindi ( 1964 ) , Beredugo ( 1966 ) ) .

Since the driving resistance increases with increasing number

15



of piles in the group , the order of driving has an important influence
on the distribution when the group is loaded for the first time ( Fleming
( 1958 ) ) . At failure , the corner piles fail first ( offering least
resistance ) , followed by the midside piles and finally by the centre
piles .

Hindi ( 1964 ) reports that when the cap was removed from a
group after application and removal of the load , the pile heads rebounded
in the form of a dome , with the maximum rebound for the centre pile .
This indicates that , after relief of loads but before removal of the
cap , there were considerable axial forces locked into the soil - pile

system .,

2,6 Settlement of axially loaded pile groups

a — Settlement ratio

Time dependent settlement of a pile group in cohesionless soil
is generally insignificant and almost all settlement is complete at the
end of loading . The settlement of the group is affected by the driving
process which compacts the soil and increases the bearing capacity .

The settlement of a pile is generally considerably greater than
that of an equivalent number of isolated piles under the same load ( West
( 1964 ) , Hindi ( 1964 ) ) . However there are reported cases where the
reverse has been observed ( Leonards ( 1972 ) ) .

The group settlement ratio ( that is , the ratio of the group
settlement to that of an individual pile under the same average load )
is generally larger for piles which mainly carry the load by shaft
friction ( Kezdi ( 1960 ) , Beresantsev et al ( 1961 ) ) , Piles with
a fairly large shaft resistance frequently carry almost all the working

load by shaft friction ( section 2.2 above ) . Then the settlement ratio

16



can be expected to be considerably larger for a group driven into a
loose bed of sand than for a similar group driven through alluvium and
founded in dense gravel below .

Kezdi ( 1957 ) and Stuart et al ( 1960 ) both found that the
settlement of a pile group decreased with decreasing spacing , presumably

as a result of the increasing compaction of the surrounding soil .

b - Empirical methods for predicting the group settlement ratio

Of the consideratle number of empirical methods which have
been proposed , Broms ( 1976 ) recommends the use of those suggested by
Skempton et al ( 1953 ) , by Beresantzev et al ( 1961 ) , and by Vesic
¢ 1967 ) .

Skempton et al ( 1953 ) , on the basis of a rather small

number of test results suggested the following relationship for piles

in sand ,
4B+ 3 2
Group settlement ratio =
B+ 4
where , B 1is the breadth of the pile group in meters .

Beresantzev et al ( 1961 ) , carried out load tests and , from

an analysis of these they suggested that :
i = The settlement is nearly proportional to the equivalent width
as shown in Fig. 2.1 , and
ii = The settlement is nearly independent of the number of piles

in the group .

This method of calculation is said to be widely used in the
USSR .

Vesic re-examined the test data reported by Beresantzev et al
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and suggested that the settlement is nearly proportional to

where B is the width of the group and D is the pile diameter .

B/D

Table 2,1 shows the group settlement ratio computed by these

three methods for a square ( 3 x 3 ) group of nine piles of 400 mm

diameter for spacings of three and five diameters and for lengths of

30 diameters and 50 diameters .

From the considerable variation in the values it may be seen

that the methods are far from exact .

/. Z
—_— = 30 — = 50
D D
s S S S
—_—= 3 —= 5 —_— = 3 e =5
D D D D
Skempton et al ( 1958 ) 435 6.01 4,35 6.01
Beresantzev et al ( 1961 ) .71 2.19 1.45 1.75
Vesic ( 1967 ) 26 3.3 2.6 3.3

Table 2.1

18

Group settlement ratios computed by various methods




¢ =  Prediction of settlements by static penetration tests

Settlements of pile groups have also been predicted from the
results of static cone penetration tests using the methods proposed by
De Beer and Marteﬁs ( 1957 ) , for analysis of bridge foundations ., The
piled foundation is assumed to be equivalent to a raft of the same
dimensions founded at one third of the embedded length above the bases
( see Fig, 2.2 ) . Soil below this level is divided into horizontal
layers and for each layer a compressibility index Cc is determined from

the empirical expression ,

q
[
Cc = ‘LoD -
P,
where , q, is the unit cone resistance

po is the effective overburden pressure at the centre of

the layer .

The increment of vertical stress AtIz is computed either by
using Boussinesq's analysis or by assuming the simple 2 : | spread of
the load as shown in Fig. 2.2 .

Then for each layer the change of thickness is ,

» -

H po+baz
AH=— log . =
cc Py

and the total settlement is given by the sum of the settlement in all

the layers ,

p=LAH
The method is intended to give an upper limit to the settlement
and predicted values are commonly between one and three times those actually

observed .
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Settlements in overcomsolidated sands are likely to be considerably
less than predicted by this method which was intended for normally

consolidated soils ( De Beer ( 1965 ) ) .

2.7 Pile groups subjected to lateral load

The various factors governing the lateral deflection and the
ultimate strength of laterally loaded pile groups are :
a = The dimensions of the pile
b - The properties of the pile material
¢ = The type of soil
d = The batter angle
e - The arrangements of piles in the group
f = The spacing of piles in the group
g = The batter ratio ( ie , the number of battered piles to total
number of piles in the group )
h = The rotational restraint and pile end conditions .

The piles in the group tend to react as less than the sum of
the individual piles if the pile spacing is decreased to less than eight
pile diameters in the direction of the load and one or three pile diameters
normal to the load .

The moments and deflections of a laterally loaded pile increase ,
for a given load , as the relative density of the sand decreases ., Pile
driving tends to increase the density of the soil within and around the
pile group , so that deflections and moments under given load are thereby
reduced ( Parkash ( 1962 ) ) ,

Cyclic loading tends to increase the deflections and moments at
a decreasing rate . After about 50 to 100 cycles , an equilibrium position
~is reached . An increase in the load level will start the process again .

The moments tend to reach a constant level before the deflections ( Parkash
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( 1962 ) , Parkash and Chandrasekaran ( 1970 ) , Oteo ( 1973 ) ) .

The soil becomes progressively more elastic with the increase
of number of cycles and a nearly perfect elastic state ( defined by
reversible load - deflection characteristics ) is attained after a certain
number of repetitions ( Parkash and Chandrasekaran ( 1970 ) ) .

Battered piles in the group offer larger resistance to sustained
lateral loading . The performance of a negatively battered pile is generally
poor as compared with that of positively battered piles ( Parkash and
Chandrasekaran ( 1970 ) ) .

The effect of the pile cap on the horizontal bearing capacity
of a vertical pile , founded in sand is very small . The load carried
by the cap ranged from O to 7Z of the bearing capacity of similar free

standing pile group .

2.8 Theoretical analyses for pile groups

From the preceding sections of this chapter , it is clear that
an ideal method of analysis would need to take account of the following :
.a = Any three dimensional combination of forces and moments applied
to the pile cap .
. b = The geometry of the pile group , including the number , diameter 4
length , stiffness , spacing , configuration , and batter of the piles ,
¢ = The rigidity of the pile cap and the effect of contact ( if any )
between the cap and the soil .
d - The effect of interaction between closely spaced piles under all
combinations of axial and transverse load .
.e = The variation of Ehe soil behaviour with depth ,
f = The non - linearity of the stress / strain behaviour of the

go1l
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g = The effect of pile driving on the behaviour of soil surrounding
each pile .

h - The effect of cyclic loading .

The analysis should yield values for the displacement and
rotation of the pile cap and for the axial load , shear force and bending
moment in each pile . It should not make excessive demands on a digital
computer .

No analytical method exists which will meet all these criteria |,
but with the exception of ( g ) and ( h ) above , all the factors can
be allowed for in one or more of the methods described below . The final
choice will depend on the relative importance of the factors in the
particular case being considered .

Fa
‘The following isfevalution $er the different theoretical methods

which can deal with the settlement and load distribution problem for pile

groups when subjected to general loading :
I = Three - dimensional frame analysis .
2 = Methods based on a modulus of transverse subgrade reaction .
-( Three = dimensional stiffness method )
3 - Linear elastic methods .,
( The pile - soil interation method )
a —= Integral equation method .

b - Finite element method .
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I - Three - dimensional frame analysis

This method assumes that :
a = The piles behave as columns subjected to axial force and
moment .
b = The presence of the soil is ignored .
¢ = The pile heads are rigidly connected to a rigid cap .,
d = The pile bases are fixed or pinned in a three - dimensional
space .
This method has been found to lead to inaccurate estimates
of displacements and moments even for very soft soils or for end bearing

piles .

2 = Methods based on a modulus .of transverse subgrade reaction

This method has been developed by Kishida and Meyerhof ( 1965 ) >
Reese ( 1971 ) , and Bowles ( 1974 ) , is essentially the same as the
frame analysis method , except that the‘presence of soil in the direction
normal to the pile axis is included by treating the soil as an ideally
elastic Winkler medium . The behaviour of the medium at any point is
defined by a single elastic constant , the modulus of subgrade reaction
(ky ) . ( Terzaghi ( 1955 ) )

This method can be applied to any end bearing pile groups but
not to floating pile groups because a Winkler medium cannot transmit shear
from the piles to the surrounding soil in these situations . It is possible
to extend this method to deal with such problems by using two sets of
spring constants , kHl to transmit the-loading intensity acting normal
to the pile axis , and kHZ to transmit the shear stress along the pile

shaft surface .
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In this method the main disadvantage lies in the difficulty
in assessing the value of the modulus of subgrade reaction ( kH 3 A
The value of the modulus of subgrade reaction ( kH ) that can
be used to analyse the behaviour of pile groups depends upon :
1 = The properties of the soil .
2 - The length to diameter ratio of the piles .
3 - The diameter of the piles ,

4 = The compressibility ( EA ) and the flexibility ( EI ) of the

5 = The height of the cap above ground .

6 - The spacing of the piles .

7 = The angle of rake , including the sign .

8 - The number of piles in the group .

9 - The relative magnitudes of the ratio of the vertical loads to
that of the horizontal loads .

10 = Whether the piles are end =~ bearing or floating within the
soil layer .

11 = The method of construction employed ( boring or driving ) .

12 = The order in which piles are being driven .

13 = The separation of the soil from the pile near the ground level .,

14

The compaction of the soil .

The use of a test pile to determine suitable values for the

coefficients of subgrade reaction is discussed in chapter 3 ,

3 - Linear elastic methods

a - Integral equation method

This method has been developed by Poulus ( 1968 , 1971 3 ATELE)

and by Butterfield and Banerjee ( 1970 , 1971 ) , and is based on the
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assumption that the piles themselves are linearly elastic and are embedded
in another linearly elastic three — dimensional solid .

It uses an integral equation method , for representing the pile
soil interfaces , which is similar to Mindlin's solution for a point load
within a semi - infinite , elastic solid . Such an idealisation differs
in many respects from real soil .

This method has the following disadvantages :

1 = The coefficient of soil elasticity ( Es ) will not only vary
from one point to another in the soil mass , but at a given point it
will be a function of stress condition at that point .

2 - Near failure , Mindlin's equation , which has been used for
calculating displacement at any point in the elastic soil mass , can not
be used , therefore this method is limited to working load only .,

3 = The accuracy of the solutions depends upon the number of
elements into which the pile is divided , but fine subdivision of the

pile makes large demands on computer store and time .

b - The finite element method

The finite element method may be regarded as an extension of
the stiffness method used in structural analysis to continuum problems
or to combined problems .

This extension is effected by representing the piles and the
soil as an assembly of small elastic finite elements connected together
at node points .

The advantages of the method in itfs flexibility . It is
possible to model complicated geometry . Variations in elastic properties
use simply provided for , as the elastic constants may be different in
each element . The method may be adopted to allow for non - linear material

properties .
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The major disadvantage of the method is the very large demand
made on the computer . This has hitherto prevented the use of the method

except in very simple cases .
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Chapter 3

Analytical method and computer programme for a single laterally

loaded pile

3.1 Introduction

This chapter presents an analysis based on a modulus of lateral
subgrade reaction . The method uses a numerical solution ( based on finite
differences ) to determine the transverse displacement , and hence the
bending moment , at points along the pile . The computer programme uses
an iterative procedure to allow for the non = linear response of the soil
to lateral pressure .

The programme is first used to compute the elastic and plastic
soil constants which give the best fit to the observed behaviour of a
single test pile under transverse loading . It is then used to compute
the moments and forces atﬁﬁile head resulting from unit transverse
displacement and unit transverse rotation , assuming the soil response

is elastic . This information is required for use in the programme

PILEGROUP described in the next chapter .

3.2 The modulus of lateral subgrade reaction

The soil reaction at any point on the pile may be expressed in

the form

qQ=yk ( 3.1)
where , q 1is the transverse soil pressure on the pile

y 1is the transverse displacement of the pile at this point

kH is a modulus of subgrade reaction .
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The modulus kH also increases with depth in sand and , for very

- small horizontal displacements may be assumed to have the form

pNSE
e 55 e

where , Z 1is the depth below ground level

am and n are constant coefficients .

Terzaghi ( 1955 ) proposed taking n = 1,0 for sands . A
preliminary comparison between predicted and observed behaviour of a
single pile ( Fig. 3.1 ) shows good agreement for the magnitude and
position of the maximum bending moment , if n is taken to be 1.0 . Further
down the pile the observed moment is rather larger than predicted and
agreement here might have been somewhat improved by taking a smaller value

for n . However this is of secondary importance and it is assumed that

(3.3)

for small displacements .

Terzaghi also suggested values for a but these are known to
give too large a value for horizontal displacement and in all the work
which follows the values of a have been determined by back analysis of
the observed behaviour of a single laterally loaded test pile .

Sands behave nonlinearly even under quite small loads , q
eventually reaching a maximum value as the soil fails . Parker and Reese
( 1971 ) have computed the following theoretical maximum values for 9 5

Near the ground surface

qmax=yz'{Kp-Ka+Ttan S[Kp tan o

+K (tan ¢-tana) ]} ( 3.4)
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where , B="45°+ ¢/ 2
¢ is an angle defining the size of the sliding wedge in
front of the pile and is assumed ( by Parker and Reese )

to be equal to ¢ / 2

At greater depth

3 2

q =YZ{KP+2K0tan¢(Kp+l)-Ka} { 3.5)

max

Thus the ultimate resistance Qo B2Y be expected to vary

with depth as shown in Fig. 3.2 .

A preliminary investigation indicates that the effect of the
reduced ultimate resistance near the ground surface is small and it is

therefore assumed that

qmax = B Z ( 3.6 )

where , P, is a constant determined by back analysis of a test

on a single laterally loaded pile .

At stresses lower than the ultimate , Parker and Reese suggested

that the lateral pressure may be expressed ( see Fig. 3.3 ) in the form

L

q=q  tanh { } £ 3.7)
Unax
a 'y
= p, Z tamh { } ; ( 3.8)
P, B

A comparison of predicted and observed displacements of a pile
head under increasing transverse load shows good agreement except at small
loads ( Fig. 3.4 ) . Here the predicted displacement is somewhat larger

than that observed , but this again is of secondary importance , and it
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is therefore assumed that

ay
: m
e Z tanh { }
B
Py
where , a, and P, are constants determined by back analysis of a test

on a single laterally loaded pile .

3.3 General method of analysis using finite differences

Consider the pile as a vertical or inclined beam of breadth B

and length Z , Then , the general expressions for bending are :

dzy
EI =M ( 3.9)
de
dAy
EI =(p-q)B ¢ 3.10 )
dZ4
where , M is the bending moment

P 1is the intensity of external applied load ( per unit area
of the pile face )

q 1is the intensity of soil reaction ( per unit area of pile
face )

y 1is the lateral displacement

Z 1is the longitudinal dimension

E I is the flexural rigidity of the pile .

Now consider the pile divided into m equal parts by m+l node
Z
points , spaced h = —— apart ( Fig. 3.5 ) .
m

For any node point ( i ) , not near the ends , the expressions f 3.9)

and ( 3,10 ) may be written in finite difference form as follows :
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_ M, h
Yo (oo Y S, & = (511 )
B n?
Mier " AR TS B SR I e S oy ( 3.12 )

3.3.1 Boundary conditions at the pile head

Let M, P] , and Gl be the moment , applied force and rotation
at the pile head ( node 1 ) ( see Fig. 3.5 )

Then between nodes ( 1 ) and ( 2 ) , at any depth Z below ( 1) ,

a2y M My P, Z
= = +
dzZ EI ELI EI
2
dy HIZ P]Z
= + -—el
dZ EI 28 T
dy
( since —— == 01 if Z=20)
dZ
Then ,
2 3
HIZ PlZ
b + -6i2+yl
2E1I 6EI
( since y = Y, s Y Z ®w0,.)
The equations above may be rewritten as follows :
Moment M= Ml + P] Z
HIZ PlZ
Rotation 0= 9] - -
E 1 2E1I
ulzz P‘Z3
Displacement ygs 91 Z+ +
2E1 6 EI
Then at node ( 2 ) 2 3
Hl h Pl h
2E1 6 E1
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Also at node ( 2 ) ( using eq., 3.11)

2 2 3
th Mlh | Plh
Y T2 ¥s Y™ = + (3,14 )
] 2 3 E1I E I EI

At node ( 3 ) ( using eq. 3.11)

M3h Mlh 2P1h B h

¥y =8 T Y™ = + =.q
2 4 1 E I E I E I 2 w1

( 3,15 )

Also at node ( 3 ) ( using eq. 3.12 )

B h4

¥y~ Ay 28 Y Ao Fy, =74, ( 3.16 )

EI

Alternatively , if M, and Pl are unknown while Y, and 91 are

known , equations ( 3.13 ) to ( 3.16 ) may be rewritten in the form :

M]hz P]h3 :

+ —yz =e1h_y] (3-17)
2E1 6 E1 :
thZ P1h3

+ — 2y =y, =Yy ( 3.18)
EI E 1 ¢ 3 ]
thz 2P]h3 Bh(‘

+ Yo 2 ¥ = Y wue (3.19)
E I E I - Ay A

B ha

-4y2+6y3—4y4+y5=—y1—q3 < (.3.20.)

3.3.2 Boundary conditions at the toe of the pile

e
These are that the moment and shear force atftoe are both zero .
Mm+1 ;1 vm+l 9

By a similar process to that described above , we obtain ,
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Bh
- e SR Mg SR G R S (3.21)
B h4
2 ym—] =R ym o ym+] s qm*l EI (3.22)

3.3.3 Finite difference equations in matrix form

The equations therefore have one or other of the forms given on
the next two pages .

In the computer programmes PILE and PILEGROUP , the appropriate
form of matrix R is set up by subroutine FORMR .

Subroutine RHS sets up the appropriate form of matrix l P (

Then ,

[RJ{y}={P}-{Q} ( 3.23)
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(o PR = PR = |

Case A ( 91 and y, are unknown , M; and P, are known )

0, h M]hZIZEI+Plh3f6E'I
Y, M]hZIEI+Plh3/EI
: 3 3 4
+1 ¥ M, b" /JET+2P 0 /EX-q,Bh /BT
= +1 v -q;Bh* /ET
25,k Y - q BB /BT
§ i-
+1 =4 46 =4 +] y -q Bh* /E 1
m1 1
4
¥l =4 45 =2 . -q Bh /[ EI
4
+2 =4 42 2 ~ gy B BT

[R]{y} = t2}+ {q}




Case B ( Ml and P1 are unknown , 9l and y, are known )

' 2
o - - 4
. 1 Mlh ! BIE Glh Yy . 0
+1 +2 =1 PlhleI Y, 0
$2' i AU , 0 -qzsh“/EI
0 =4 +6 =4 +1 Y3 Vs q3Bh4/EI
0 +1 =4 46 =4 +1 Y4 i 0 h q43h4/EI
e - ]
#1=h w6 =4 41 ||y 0 q _,Bh' /ETI
3 = 4
+1 =4 +5 =2 e 0 9, Bh /EI
2 -4 w2 ||y 0 q, Bh'/ETI
-

[R]{y} o PV = £q)}




3.3.4 Soil reaction terms. ( matrix { Q. })

The intensity of soil reaction at any node ( i ) is assumed to

be :
& Yi
qi=puzitanh{———-B-—} ( 3.24 )
Py
where , Zi is the depth of node ( i ) below the ground surface

a » P, are coefficients governing the linear and non linear

behaviour of the soil respectively .

Then we may write ,

B p
q. = ¥ ( 3.25 )
1 E I 1 : 2
where , am &i < h4
K, =p_ Z taoh { } ( 3.26 )
T p B EIly
u y &
ed

The programme procedes iteratively by successive improvement .
The existing values of y; at each stage are used to compute values of
Ki « These are in turn used to compute improved values of ys ( see Fig,

3.6 ) , then

{Ql=[k]{y} ( 3.27)
where , [K ] is a diagonal matrix of K, terms .
But [2 0y} =2} <40} ( 3.28)

Then we may write ,
{8 ] <L ehel®] ( 3.29)

[s]ty1=(p} ( 3.30 )

and

Matrix [ S ] is formed by subroutine SOIL .
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3.3.5 Solution of the equations (. subroutine SOIN )

Matrix [S ] has a band width of only 5 , and each solution
is required once only . The best method is therefore a simple Gauss

elimination routine which may be expressed in matrix form as shown below ,

The set of ( m + 1 ) equations are partitioned as shown below ,

" ; 4 r X o 2
11 ! 512 4 R
e O T L L | e My ke B o,
|
591 ! S22 Y2 Py
. i I e : b
where , S11 isa 1 x 1 matrix
S]2 isa 1 xm matrix
821 18a mx | matrix
822 1§ 4a m X m matrix

[ & FdF ] =[]
[é—] g [522] =[5y ] [SnJ“l [sz]
L8] = 2] = [84] [SH]_I[PIJ

The procedure is then repeated until[ §'] is reduced to a

where ,

single element when direct solution is possible for y

m+ 1

The remaning values of y may be obtained by back substitution

ron e 1T (2] "[511]-1 [s12] [v2]

[ Sll] "1 js written over [ Sll ] » while [ 312] and [ 821]

are retained at each stage so that the whole solution is performed within

the original band width of the matrix .
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3.4 Programme PILE

General This programme is designed :
a2 - To determine the values of a and B by back analysis of observed

displacements of the pile head under transverse load .

b - To compute values of displacement , rotation and bending moment
for each stage of loading , for comparsion with observed values .

¢ = To compute elastic coefficients of pile head stiffness for

use in matrix (B of programme PILEGROUP .

Data These consist of :

a - Pile geometry

b - Loads applied to the pile head at each stage of the test

c = First approximations to a_ and Py,

d = Two values of displacement ¥i(e) and yl(p) determined from

the test results as shown in Fig. 3.7 .

3.4,1 Procedure

( see flow chart attached )

Stage 1

a - Form matrix [ R ] for case A ( Yy » Gl , unknown ) i
h

b = Compute matrix [ S ] for : £ Tl 0 only ( so that Ki -~ e Zi -;r;T-
is independent of P, )

¢ = Using this value of [ S ] compute y, and compare it with Y1ce)

g= If el 4:-yl(e) / 100 correct the value of a, and repeat .

39



Stage 2

As above but procede iteratively by successive improvement until
the correct values v have been used to compute Ki .
Compare the last value of i with the given value of y](p) .
IE 2 |
y yl(p) < yl(p) / 100 , correct the value of P, and

repeat .

Stage 3

Using the values of a and P, computed above , calculate the
displacements and moments for each stage of loading used in the test

and print these for compargflon with the observed values .

Stage 4 and 5

a = Form matrix [ R ] for case B ( M] and Pl unknown )
b - Compute matrix [ S ] for y; =0 only ( as in stage 1 above )
¢ - For Xy 1.0 and Gl =0 , compute Ml and Pl ( stage 4 )

d - For ¥y 0 and 0] = 1.0 , compute M, and PI ( stage 5 )
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STAGE |

Programme Entry

L. -
¥

1

L 4

Form Matrix [R] (case A)

Common Block

.
L

.

Set { y } =0

Read

Data

L3

Write

Data

Form Matrix { P }

Compute Co

efficients

Form Matrix [S]

Flow

3 A

Chart

Programme PILE

Solve for { y }

Print Latest Values
of a  and Py

is
- Yy = Ayt 100

Correct a

A

Y

Stop

Pl



STAGE 2

®

Y

Set {yl}l=0

Set Iteration Counter

Form Matrix { P }

-

Form Matrix [S]

iy}

Solve for

No

Last
Iteration
?

Print Latest Values
of a_ and p
m u

Number of Correction

orrec
Correct P,

STAGE 3

Y

-

Set Load Increment
Counter

Set {y}=0

Set Iteration Counter

Form Matrix { P }

Form Matrix [ S]

r

Solve for { y }

No

Stop

Last
Iteration
?

Print Latest Values
of a_ and p
m u

3

Print moments
and Displacements

Load Increment
?

Yeél

Increase Load




STAGE 4

Form Matrix R
( case B )

STAGE 5

r

set {y}=0

4

Set {y}l=0

v

Form Matrix { P }

Form Matrix { }
(y; =0, 6; = 1.0)

Form Matrix S

4

4

Form Matrix S

Solve for { y }

Solve for {y }

Print Pile Head
Force and Moment

Print Pile Head
Force and Moment

Print Moments
and Displacements

Print Moments
and Displacements

Stop




3.4.2 Data specification

1 = Heading card ( 10A8 )

variable entry
TITLE Enter heading information to be printed with
out put .

2 - Pile data (3 F 0.0, 21I0)

variable entry
Z Length of the pile
B Breadth of the pile
EI Stiffness of the pile
M Number of parts ( m )
K Number of load stagef. ///

.3 - Lload data - One card per load stage ( 2.F 0.0))

variable entry
PE (K ) Applied force at pile head for load
BMI (I) Applied moment at pile head stage 1

4 - Soil data (2 F 0.0 ,2T1I0)

variable entry
AM First trial value of linear soil coefficient a
PU First trial value of non - linear soil coefficient P,
MG Number of node at ground level
L Number of iterations .
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5 = Measured displacement data ( 4 F 0.0 )

varible

YIE

YIP

AN

PN

entry

Measured value of yl(e)
Measured value of yl(p)
Coefficient for correction of ap

Coefficient for correction of Py
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Pf - 1is the ultimate soil resistance per unit length of pile in N/mm
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Fig. 3.2 Ultimate lTateral soil resistance for sand (after Reese, 1970)
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Chapter 4

The analysis and computer programme for the pile group

4.1 Introduction

When several piles are clustered , it is reasonable to expect
that the soil pressures developed in the soil as resistance will overlap .
With sufficient overlap , either the soil will fail or the pile group
will settle excessively .

The variables affecting the ultimate load and displacement
performance of pile groups are : depth , spacing , soil properties ,
placing technique , roughness and shape of the pile surface , group shape
and number of piles in the group , and effect of repeated loading .

A designer is interested in the following aspects of the
behaviour of;:ile group ,

1 = Evaluation of collapse load of such foundations .

2 = Calculation of immediate and long term displacement so that he
can select a suitable factor of safety in his design .

3 - The distribution of the loads and moments in piles so that he
can provide adequate strength in the piles .

Evaluationsof the collapse loads of pile groupsare usually of
" secondary importance because relatively large factors of safety are needed
to keep displacements within acceptable limits .

Analytical methods which can deal with the displacements and the
load distribution problems are :

1 = Three - dimensional frame analysis .
2 - Modulus of subgrade reaction methods .

3 = Linear elastic methods .
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These methods were discussed in section 2,8 above .

The linear elastic method is used in the comparison in
section 8.4 ,

This chapter presents an analysis based on a modulus of
subgrade reaction method . The method of solution is in principle

similar to that used by Reese et al ( 1970 ) .

4.2 Analysis of pile groups

To formulate a three - dimensional matrix solution for a group
of piles , assume that the piles are interconnected at their heads to
a rigid pile cap . ( this implies that relative movement of the piie cap
between adjacent pile - head connections is negligible ) .

Consider a pile = cap having six degrees of freedom ( translations
and rotations ) , three displacements in the X and Y directions
( horizontally ) and in the Z direction ( vertically downwards ) , and

three rotations about X , Y and Z axes .

4,2.1 Linear elastic analysis

The forces and moments applied to a pile group ( expressed in
the X Y Z system ) are related to the pile head forces ( expressed in
a local axial and transverse coordinate system A T S on the pile head )

as follows ( see Fig., 4.1 ) :

de) = ncla]l tr})

where ,
x
e Forces on the cap in the
Py
. Pz X, Y and Z directions .
{G}"1 r
Hﬁ
Moments about the
M
y X, Y and Z axes .
Hz

54



and

PA i Axial force on pile head .
PT Transverse forces in the
PS pile head .

1y 1 = 4 |
Mp
My Moments at the pile head ,
MS

and [ A ] is a 6 x 6 transformation matrix for each pile . Consider
a pile having a batter of B in a direction a from the X axis ( see

Fig. 4.1 ) . An axial load P

A in this pile would apply ( among others )

a force in the X direction of ,
P, cosa sinB

then a,, = cost sin B

The other terms of matrix [ A ] are shown on the follewing
s
page«, ( Saul ( 1968 ) ) .

Similarly , the displacements in the A T S system are related

to the displacements in the X Y Z system by the expression

tv) = [a] ¢n)

where ,
6 A
) Displacements of the
2 pile head .
_ 6 ¢
ol P
9 A
5 Rotations of the pile
= head .
g s
and
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8 Displacements of the cap .
Ry =~ "

(C]
(¢} Rotations of the cap .
0

and [A.]T is the transpose of matrix [ A‘] .
The pile head forces may be expressed in terms of the pile

head displacements in the form

{Fr} = [B] (U}

where , [ B ] is a 6 x 6 stiffness matrix for the pile head . Matrix

5%
[ B ] is shown on the feddewsng pagesf.

Note that most of the terms in matrix[:B']are zero ., For
example , bll is the axial force PA required to give a unit axial
displacement §A .

Then ,
{a} = i [a] [a]]a)t 315}
s [c)im}
where , C is the stiffness matrix for the whole group .
Then ,

{H} = [c]'l {c}
= [p] {6}

where , [.D ] is the inverse of the stiffness matrix [C ] .
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Matrix A
PA PT PS MA M'T. MS
cosoasin B cosacos B - sino 0 0 0
sinosin B sinocos B coso. 0 0 0
cos B - 8inf 0 0 0 0
( Ycos B = -( ¥YsinfB + - Z cosO cosoasin B cosodcos B - sino
Zsinosin PR ) Zsinocos B)
( Zcosasin B ( Zcosocos B - Zsin B sinosin B sinacos R coso
- Xcos B ) + XsinB)
( XsinosinB ( Xsinccos B (Xcosa+ Ysino) cos B - sinB 0

- Ycospgsin P

- Ycostcos B)



Matrix B

Bl 0 0 0 0 0
0 BZ 0 0 0 BG
0 0 B3 Q2= B6 0

where , ;

B, is the force in the A direction required for unit displacement
in the A direction .

B, is the force in the T direction required for unit displacement
in the T direction .

B, is the force in the S direction required for unit displacement

in the S direction .

34 is the moment about the T axis required for unit rotation
about the T axis .

B. is the moment about the S axis required for unit rotation
about the S axis .

36 is the force in the T direction required for unit rotation
about the S axis and is assumed to be equal to the force in
the S direction required for unit negative rotation about the

T axis .These must also be equal to the moments required for

unit displacement in each case .

The moment about the A axis to cause unit rotation of the pile

is small compared with the moment required to cause rotation of the

whole group , and it has been assumed to be zero .
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4,2,2 Procedure for nonlinear analysis

a - For any given set of forces { G } applied to the pile cap ,

determine the linear elastic displacement { H } of the cap ,
48} = [p] L6}

b = For each pile in turn determine the displacements { U }

and the corresponding elastic forces { F }
{u} = [a]" (n)
{Fr} = [B] {u}
¢ - Use the procedure of programme PILE to compute modified valucs
of the pile head forces { F } » allowing for the effect of soil
plasticity . ( all elements of { F } will be less than or equal to { F } )

d - Compute the total force transmitted to the pile cap by the

piles .
{6ty » x( [a]' (¥} )
e — Compute the residual forces

_{Rc} ={c¢} -{c1}

f- If {RG} is not less than some prescribed limiting value

(say {G1} /100 ), reapply { RG } as a new force as in ( a ) above .

This procedure is shown diagrammatically in Fig. 4.2 .
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4.3 The computer programme PILEGROUP

The computer programme PILEGROUP ( Appendix II ) computes
the displacements and rotations of the pile group either for first time
loading or after cyclic loading .

* The pile reactions are assumed to be linear except for
v Bns VRS
displacements in the ¥ direction ( hexisemtal direction of loading ) .
In this direction the reactions are computed using the procedure of
programme PILE .

The programme first computes the displacements and rotations
of the pile éap under the applied load using trial values of stiffness
for Gx and By .

The pile head forces and moments for these displacements and
rotations are then computed using the method of programme PILE ,

The total pile reactions are then compared with the applied
load and any residual load is reapplied in the same manner . This iterative
procedure continues until the residual force and moment are both

sufficiently small ( assumed to be when both Px and My are less than

1Z of the applied value ) .

A flow chart is attached .
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4.4 Some practical limitations

The method of analysis employed in programme PILEGROUP
cannot take account of the following practical aspects which are known

to influence the behaviour of pile groups :
a = The stiffness of the cap
b = The method of construction
¢ = The order of driving

d - The compaction of loose sand and the loosening of dense
sand caused by pile driving .

o
The piles hes been assumed to carry all loads , therefore

the programme can be used for pile groups in which the cap rests on
relatively soft overlying strata , or , more appropriately , where the

cap is not in contact with the ground .
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Programme structure for pile group analysis

Programme PILEGROUP

Programme Entry

Commen Block

-

Read Overall Data

Write Overall Data

L -

Call FORMR , Form Matrix (R\

Set fCl=[D) =0

Set Counter for Number of Piles

T

®



®

L 4

Call FORMA(I) , Form Matrix [ A

4

Call FORMB(I) , Form Matrix (B'\

v

Form [A\[B]} [A]T and Add to

Stiffness Matrix [ C| to Form

Matrix [C7

Last Pile ?

Call INVERT

Invert Stiffness Matrix [ C1

and Store in [ D7\

r

Set { G} = 1% 10ad Increment , { Gl } =0

Set Counter for Number of Load Increment

®



®

Y

A 4

Set Residual Force{ R6 } = { ¢ } - { ¢1 }

Y

r

Compute Increment of Elastic Displacement
of Pile Cap Under Effect of{ RG } ,
(a{H}=(DV{RG})

(BAR)=H(E)*D(K,L).R (L))

r

Set Counter for Number of Piles

Y

Compute Pile Head Displacements
T-
(fuv)= T&%" {1}))

(U (I,K) =U (I,K) + A (I,L,K) . H (L) )

[

Compute Elastic Pile Head Forces and Moments
({Frl}=¢(BY{U})

(F (1,K) = F (I,K) + B (I,K,L) . U (I,L) )

-

Call' PELR (T , KT , YT , HR', E(1,18) )
Use the Procedure of PILE to Correct the
Lateral Forces and Moments in { F } Affected

by Soil Plasticity .




Compute Pile Head Forces and Moments

Transfered to the Cap , and Add to{ GI }

(Gl (K) = GI(K) + A (I,K,L) . F (I,L) )

-t Last Pile ?
No
Yes
Compute Residual Force{ RG } ={ ¢ }- { G1 }
- Is{ RG } S Limit ?
No

Print Pile Cap Displacements and Pile Moments

Last Load Increment ?

No

r

Add Next Load Increment to { G }

A

Stop




4,5 Programme PILEGROUP

Data specification

( All input is in free format )

1 - Heading card (10A8 )

variable entry

TITLE (12)

Enter heading information to be printed

with output .

2 - Master control card ( 5I0., F 0.0 )
variable entry
NP Number of piles
NL Number of load stages
NM Number of parts ( m ) per pile
NI Number of iterations in subroutine PILE
EQ. 1 for linear analysis
GE. 2 for non - linear analysis
LIST Output control parameter
EQ. 0 only maximum +ve and =ve moments
are printed
EQ. 1 moment and displacement at each
node is printed
'/ Depth of ground surface below pile heads .

3 -

Pile data - Two cards per pile

15¢ card (8F0.0 )
variable entry

E(1,1)

E(1,2).

E(1,3)

Pile head coordinates
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E(1,4) Pile direction angle o

E(1,5) Pile batter angle Bo
E(1,6) Pile length
E(1,7) Pile breadth
E(1,8) Pile stiffness ( E I )
nd
2 card (8F0.0)
variable entry
E(I1,10) Linear soil constant ( elastic ) a
m
E(I,11) Non = linear soil constant ( plastic ) Py
E(1,12) B]
E(I,13) Linear stiffness B2
E(I,14) coefficients B3
E(1,15) B4
E(I,16) B5
E(I,17) Bg
4 - Load data - One card per load stage (6F0.0)
variable entry
G(I,1) Py
G(1,2) Applied forces Py
G(1,3) P
z
G(1,4) Mx
G(1,5) Applied Moments My
G(1,6) M
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A1l moments are positive if clockwise when viewed in the direction of
thg{force vector on the axis of rotation.

Ve

Fig. 4.1 Pile -Group with foundation forces and individual pile forces
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pile head

plan

vertical section

Relationship between XYZ and ATS systems of co-ordinates.

Fig. 4.1. A



Method of obtaining non-linear relationship between {G} and {H}

I ST
v
. t:
{H} = [c]” {a} =
iy
(4]
<
[
|
-
(4] —
— ®
on
8
wv
4
vy
b
&
1 ‘
{H} (1st stage)
{H} (Final value)
- =1




. .Chapter 5

, Design of test apparatus and preparation.of . the.sand beds

5.1 Introduction

Properly conducted full - scale tests in the field will generally
provide the most reliable experimental evidence of pile group behaviour .
However the scope of such tests is usually restricted by the high cost
and time required . Moreover , it is often difficult to control all the
variables affecting the pile group behaviour , so that the relevance of
the test results to groups under different conditions is often difficult
to establish .

Significant quantitative results may be obtained from model
studies , provided that the requirements for similarity are adequately
accounted for . Useful results are generally more easily obtained from
mbdel studies of problems where , as in the present case , reasonable
theoretical solutions may be developed .

The number of variables affecting the behaviour of a pile
groups is large , and it was therefore necessary to limit those which
could be examined . The present study is primarily concerned with the
effect of varying the batter angle in groups of different configuration .
The apparatus and test programme have therefore been designed to maintain
the following constant so far as is possible :

a - Soil type and density of packing .

b - Pile diameter and stiffness .

¢ - Ratio of embedded length to pile diameter .

d - Pile spacing at cap level .,

e - Pile cap stiffness .

f - Method of installation of the piles and pile caps .
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Ouhd\
This chapter presents the design of the apparatus ,f preparation

of the sand beds , with these ojects in view .

5.2 Choice of soil type

The overriding consideration here is that the granular soil
chosen should be easily compacted to a standard density . For this reason
a washed Leighton Buzzard sand , screened nominally between 0.4 mm and
1.00 mm , was used . Figure 5.1 shows a grading curve of this material ,
as received . Two further sieve analyses were carried out on this material
after use , but no significant difference in the grading was observed
although there was a very small increase in the finest fractions ( see
table 5.1 ) . The maximum and minimum densities of this sand were found
to be 1,780 Mg!m3 and 1.534 Mg/m3 respectively , and the specific gravity
c.” 2,65 . After placing in the tank by the method described below ,
the mean density was found to be 1,732 Mg/m3 representing a Relative
Density ( RD ) of 0.82 .

The particles of this sand are vary round in shape , and in
this respect this is a somewhat unatural material . However . vgry
satisfactory uniformity of density was obtained , and the particles ,
although fairly large , are sufficiently small in relation to the pile

diameter for the soil to be considered as a continuum .

5.3 The sand tank

All the model tests were carried out in a sand placed in a

steel tank 1.82 m square internally and 1.37 m deep . A detachable stiff

steel frame or " upper structure " was bolted to the top of the tank to
carry a double acting hydraulic jack for driving the piles and also to
provide vertical load to the pile groups under test . The design allowed
for the jack to be moved in three dimensions and to be tilted at any

angle to the vertical ( see Fig. 5.2 and 5.3 , and Plate 6 ) .
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A concrete bin was provided , capable of holding the wholé
charge of tank , and a hopper ( described below ) was used to transfer
the sand between bin and tank .

Two trap doors were provided in the side of the tank to
facilitate emptying . These doors could be replaced by plate glass
screens to allow visual inspection and photography of the sand during

placing .

5.4 The hopper

A steel hopper was constructed to transfer the sand between
the bin and the tank . It would obviously have been desirable for the
hopper to have been large enough to carry the whole charge of the tank -
but the limited headroom in the laboratory and the limited capacity of
the crane available ( 2 tonnes ) required the charge to be transfered in
several stages .

The hopper was the same size as the tank in plan and 450 mm
deep . The bottom was formed of two steel plates , both of which were
perforated with holes 12,75 mm in diameter at 38 mm centres in both
directions . The lower plate could be moved relative to the upper by
means of two hand - operated screw jacks fixed to the side of the hopper ,
thus opening or closing the holes . Thus the sand could be discharged
into the tank as a steady rain evenly spread over the plan area . ( Plates

6 and 8 )

5.5 The sand diffuser

It had been hoped that the sand grains , in passing through
the holes in the hopper bottom , would have aquired sufficient horizontal
velocity to ensure a uniform spread , provided that the hopper was kept

at a sufficient height above the sand surface in the tank .
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However , visual inspection and photographs taken through the
side of the tank ( Plates 8 and 9 ) showed that this was not happening
and .that the sand grains were falling nearly vertically from each hole .
On landing , the grains appeared to rebound and scatter , and at the
end of each charge there was no surface indication that the particles
were not uniformly distributed ., However it seemed likely that the
constant impact of grains falling the full height would result in a
column of more densely compacted sand immediately under each hole ., A
timber diffuser was therefore constructed to scatter the sand grains
immediately after they passed through the hopper bottom ,

This diffuser consisted of four layers of hardwood dowels 19 mm
in diameter spaced at 38 mm cgire to centre in each layer . The layers
were placed alternately in a longitudinal and transvers direction and
the lower layer of longitudinal dowels was placed immediately below the
spaces in the upper layer ( see Fig . 5.4 ) .

Thus there was no direct passage through the diffuser and
each grain on rebounding from the surface of a dowel would aquire a
horizontal velocity sufficient to scatter it .

Subsequent visual inspection showed that the scattering appeared
to be coglete and.the distribution of the sand grains on first impact

appeared to be uniform ,

5.6 Formation of the sand beds

Seven charges of the hopper were required to fill the tank
( see Fig . 5.5 ) . At each stage the height of the hopper and diffuser
was adjusted to give , as far as possible , the same height above the
sand surface in the tank . The procedure for each stage was as follows
a - A plywood skirt of appropriate height was attached to

the top of the tank .
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e
1

to retain the sand in the tank » and
ii - to support the diffuser .
ALY

b - Four vertical steel bars of appropriate lenght were
bolted to the top cormers of the tank to locate the hopper at the correct
height .

¢ = The hopper was closed and filled from the bin to a depth
of 200 mm , the surface being carefully levelled .

d = The hopper was placed on the locating bars and the
bottom was opened , discharging the sand through the diffuser into the
tank .,

At each stage , containers were placed in the tank to measure
the sand density . After each stage the hopper was rotated through 180°
to eliminate the small effects of any misalignment of the holes in the
two bottom plates . After the final ( seventh ) stage the sand was
everywhere slightly higher than the ggquired level in the tank ., The
surplus was carefully removed by hand with the minimum disturbance using

a sharp edged steel plate and a scoop .

5.7 Uniformity of the sand beds

The uniformity of the sand beds was checked by two methods :

a = By measuring the dry density of the sand in the tank .

The dry density was measured by placing cylindrical
containers ( 98.5 mm in diameter and 127.5 mm deep internally ) inside
the tank before each hopper discharge . The containers were placed at
positions marked A and B in Table 5.2 so as not to interfere with the
driving of the piles . However , there is no reason to suppose that the
measured densities are not typical of the whole tank . The measured dry

density increased very slightly with depth ( due to increased overburden
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Pressure ) , with an average of 1,73 Mg/m3 for all the tests carried
out . Details are given in Table 5.2 , The maximum difference in the
mean dry densities from one bed to another was less than 2% which would
have no significant effect on the behaviour of the piles driven into

it .

b - By cgbaring the horizontal displacements of single

vertical piles under horizontal load .

Four tests ( 6A , 5A , 13A , 13B ) were made on single

- vertical piles and the measured displacements of the pile head are shown
in Table 5.3 . Tests 6A and 13A were in the centre of the tank but in
different beds and the displacement are nearly identical . Tests 13A and
13B were made in the same bed , but 5A and 13B ( in different beds ) were
within 400 mm of the tank side . This boundary effect probably accounts
for the slightly increased soil stiffness in these cases . No other test

was carried out so close to the wall .

5.8 Advantages of the technique used in forming the sand bed

The following are the main advantages of the technique used
in forming the sand bed :

a = The rate of deposition of the sand can be controlled by
controlling the size of the holes in the hopper base .

b - By keeping the height of the hopper above the sand bed
nearly constant , the mean velocity of the sand particles on landing is
nearly the same at all stages of loading the tank .

c = Since the holes in the hopper are all opened to the same
extent , the sand is deposited uniformly and to the same level over the

whole plan area of the tank .
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5.9 Model piles - dimensions and materials

Three preliminary tests on instrumented single vertical piles

were carried out in sand as follows :

Outside Wall Total Embedded
Test Material diameter thickness length length
mm mm mm min
A Aluminium 25.4 1.26 900 750
tube (Gauge 18)
B Brass 25.4 1.626 900 750
tube (gauge 16)
C Brass 25.4 1.26 900 750
tube (Gauge 18)

From the load - displacement behaviour ( see Fig . 5.6 ) and
the bending moment behaviour , the dimensions and material of the third
test ( C ) was chosen for the model piles .
So , the model piles were made of Brass alloy tubing , 25.4 mm
outside diameter and 1.26 mm wall thickness . The overall length of the
pile was 900 mm of which 750 mm was embedded in the sand .
The mean flexural stiffness ( EI ) was found to be 0.8 x 109 N.mm2 5

The model piles were instrumented with electrical resistance

strain gauges at different depths .

5.10 Instrumentation of the model piles

The piles were instrumented with 120 ohm electrical resistance
foil strain gauges mounted as follows :

a - Fourteen gauges were mounted in pairs on the inside of
the embedded portion of each pile , to measure bending strains . Each
pair of gauges was mounted on opposite sides of the pile in the direction

of horizontal loading and at the depths shown in Fig . 5.7 .
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b - One pair of gauges was mounted transversely to the
direction of horizontal loading , inside and near the top of the pile ,
to measure the axial load .

The technique developed to mount the gauges was as follows :

a - The lead wires were soldered to the wire connections of each
gauge using the migmum of heat and a suitable heat sink . The connections
and the back of the gauge were sealed with I S 12 adhesive , and the
connections were insulated with rubber slegves . Continuity of the gauges
was checked at this stage .

b - The inside of the brass tube was thoroughly cleaned .,

¢ = Seven gauges were attached with double sided " Sellotape " to
small pads of plastic foam and these were in turn secured at the required

LUV-R-\
spacing to a woodenA10 mm in diameter and 1.1 m long . Care was taken

to ensure that the gauges were allizhe same longitudinal alignment on the
dowel .

d = The face of each gauge was coated with a thin layer of Araldite
adhesive .

e = The wooden dowel , with the strain gauges attached was carefully
inserted in the brass tube . The tube was then pressed firmly onto the
wooden dowel , the ends of the dowel were placed on a pair of horizontal
supports , and a load of 5 Kg was placed at the centre of the tube to
keep it firmly in contact with the dowel .

f - After 24 hours , the load wai¢femoved and the dowel was sharply
twisted to remove the plastic pads from‘;;llotape » leaving the gauges
adhering to the inside of the tube .

g8 = The same procedure was used to mount the seven gauges on the
opposite side of the tube , and the additional pair of gauges near the

top ( for measuring axial load ) .

h = The leads from the gauges were brought out through holes cut
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near the top of the tube , and were attached to lengths of miniature
tag strip secured to the top , and thence to the Modulog Data Logger .

Temperature compensation for each pair was provided by two
dummy gauges attached to an unloaded length of brass tube embedded in
the sand in the tank .

After mouﬂting s the gauges were tested for continuity ,
insulation and bond . No discontinuity or electrical leakage was detected
in any of the circuits , Bond was checked by placing the ends of the
pile horizontally on a pair of knife - edges , and loading it at the
centre ., In every case the sensitivity , linearity and stability of the
response was found to be good .

A total of fourteen piles were instrumented in this way .

This method of instrumentation has the following advantages :

a = The piles were made from one continuous length of drawn tube .

b - The wall could be thin enough for reliable sensitivity , and
yet the pile diameter was large enough for the gauges to be mounted inside .

¢ - The flexural stiffness EI of the pile was constant throughout
the length .,

d - There was no loss of effective pile surface area or difference
in surface roughnéss » as would have been the case if the gauges had
Ibeen mounted on the outside ,

e = The gauges and wires were completely protected against both

mechanical damage and humidity .
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5.11 Data logging equipment

Strain measurementé were made using a " Modulog " automatic
data logger (Plate | and 2 ) , the essential features of which were :
8- A constaﬁt d.c. voltage supply for energising the strain gauge
bridges .
b - A commutating unit to select the channels to be read .
¢ = Trim potentiometers for the initial balancing of each channel .
d - A digital voltmeter to record the output of the selected bridge ,
and to provide a visual display .
e = A printer to provide an immediate hard copy of the digital
voltmeter reading .
The instrument has a maximum sensitivity of 0.1 microstrain
and a maximum accuracy under the present conditions of about 0.3 microstrain .
A full bridge circuit was provided for each pair of gauges ( see
Fig . 5.8 ) , the four arms of the bridge being the two active gauges
and two dummy gauges for temperature compensation mounted on an unloaded

length of brass tube embedded in the sand in the tank .

5.12 Model pile caps

The pile caps used throughout the test programme were free
standing - that is , there was no contact between the cap and the soil
to avoid uncertainties about the contact pressure of the cap on the soil .
The cap was required :
a - To secure the pile head with the minimum relative rotation
between the cap and the pile .
b - To have a flexural stiffness much greater than that of the piles .
¢ = To be capable of being fitted after the piles had been driven

without imposing lateral forces or moments on the piles .
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d - To be easily removed after testing without risk of damaging

the piles .

e = To provide guides for driving the piles .

Two types of cap were used in the present study :
a - Bolted mild steel caps .

b - Reinforced plaster caps .

The steel caps were used as guides when driving the piles and
for tests where no vertical loads were applied ., Details of these caps

are shown in Figs . 5.9 to 5.1 2and Plates 3 and 4 .

. The plaster caps were used for tests on pile groups where
w R
vertical loadsfapplied . The caps were 76 mm thick and 228 mm by 355 mm
in plan . They were made of " Kaffa D " hard dental plaster having the

following properties :

Water content 100 parts plaster s by
30 parts water weight
Initial set approximately 10 minutes
Compressive strength at 2 hours 23.43 memz
vhen dry 51.69 N/mm?

5.13 Loading system

Vertical loads were applied to the models using the hydraulic
jack and a proving ring to record the load applied .

Horizontal loads were applied by attaching weights to a flexible
cable passing over a pu1f§ and attached to the pile cap .

Both vertical and horizontal loads were applied on the centre

line of the cap ( see Plate 7 ) .
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Table 5.1

Sieve analysis test

Mass retained , gm

Sieve Sample | Sample 2 Sample 3
1.7 mm - - -
1.4 mm o - =
1.18mm 0.38 0.368 0.32
1.0 mn 52,564 52.815 51,32
850 um 179.968 179.5 178,92
710 um 136.468 135.5 136.05
600 um 80.99 80.461 79.862
425 ym 44,268 45,235 47.052
300 ym 4.291 4,033 4,331
212 um 0.704 0.74 0.873
150 ym 0.102 0.176 0.256

63 ym 0.083 0.256 0.353
Pan 0.018 0.051 0.108

Total 499,836 499.135 499.445



Table 5.2

Depth from
Container sand surface
Cm

1A 30

2A 45

3A 60

4A 75

5A 105

1B 30

2B 45

3B 60

4B 75

5B 105
Average A
Average B
Average

o=

oF

Dry Density gm/Gﬂ3 c.C

Test No.

3,4,5 6,7,8,9 10,11,12 13,14 15

1.7070 1.7430 1.7374 1,72 -

1.7127 1.7472 1.7425 1.7204 1.7240
1.7415 1.7508 - - 1.6808
1.7343 1.7353 1.7549 17127 1.7148
1.7564 1.7585 1.7513 1.7106 1.7405
- - 1.7477 1.7204 -

- 1.7395 1.7436 1.7080 1.7302
14271 - - - 1. 7261
1.7256 1.7456 1.7400 1.6920 1.7353
1,7395 1.7636 1.7436 1.7280 1.7292
1.7304 1.7470 1,7465 1.7160 1.7150
1.7307 1.7490 1.7437 1.7120 1,7302
1.73055 1.7480 1.7451 1,7140 1:7226

Average = 1,732 gm/Cm3



Table 5.3

Horizontal Horizontal displacements of single vertical piles , mm
load Test No.
N 6A 13A 138 5A
60 1.34 0.93 1.16 1.11
80 1,91 1.61 1.64 1.65
100 2,49 2,34 2:25 2,21
120 3.15 3.15 2,85 2,85

£
Tests No., 6A and 13A were made in the cenre of the tank but in different

beds , while tests 13B and 5A were made within 400 mm of the tank side

( in different beds ) .

6A 5A

13A 13B




Chapter 6

Testing procedures and the test programme

6.1 Introduction

This chapter describes the experimental procedure for installing
and testing the piles and pile groups . This includes :
a = The calibration of the instrumented piles for bending moment
and axial load .
b ~ The determination of the flexural stiffness of the piles .
¢ = The method of driving the piles and forming the pile groups .
d = The method of testing the single piles and pile groups .

e = The test programme .

All material and equipment used for these tests are described
in chapter 5 above . The results of the tests on single piles and pile

groups are fully discussed in chapter 7 below .

6.2 Calibration of the model piles in bending

The instrumentation of the model piles was calibrated against
known bending moments before the test programme commenced . This
calibration was repeated three times during the test programme but "
with the exception of three gauges which were apparently damaged , only
insignificant changes in the calibration were observed . The calibration
constants used in calculation were the mean of those observed in all
three tests and are given in Table 6.1 .

The procedure used was as follows :

a = Each pile was supported horizontally on a pair of knife - edges

as a simply supported beam ,
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b- A loéd of 100 N was applied in five equal increments to the
centre of the pile and the digital voltmeter reading was taken after
each increment had been in position for one minute .

¢ = The calculated bending moments and observed voltmeter readings
for each gauge were plotted and the mean calibration constant was
determined . In all cases , the relationship between bending moment
and voltmeter reading was found to be linear within 1% over the range

tested .

6.3 Calibration of the model piles under axial load

Each pile'was set up vertically in the tank . The base of
the pile was secured to the guide frame channels to prevent vertical
movement , and the pile was supported laterally at two levels to pPrevent
buckling . A vertical load was applied in increments using the hydraulic
jack and proving ring , and the voltmeter reading was recorded for
each increment .,

Axial load and voltmeter reading were plotted to obtain the

mean calibration constant .

6.4 Flexural rigidity of the pile

During calibration of the piles in bending , the deflection
of the centre of the pile was measured . The flexural stiffness ( EI )
was computed from the expression

p 13

EI =
48 &

where ,
P is the applied load
L is the length between supports
8 is the measured deflection at the centre
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The measured values were nearly identical for all the piles ,
the mean value being
EI = 0.80 x 109 N.mm2

This value has been used in all calculations .

6.5 Preparing the model

The following procedure was adopted in driving the piles and
preparing the model for testing :

a - The upper - structure was mounted on the tank , with a clearance
of 1.0 m between the sand surface and the head of the jack in its fully
retracted position .

b - A temparary guide frame was bolted to the top of the tank to
hold the steel pile cap in position while the piles were driven . The
cap was bolted to this frame , with the clamps on the cap loosened to
allow the pile to pass freely through ( see Fig. 6.1 ) .

¢ = The order of driving the piles for the model pile groups was
standardized and is shown in Fig. 6.2 . This order is commonly used in
the field .

d - Each pile in turn was placed in the appropriate hole in the
cap and was aligned with a temporary guide 400 mm above the cap .

e = The hydraulic jack was aligned with the centre line of the
pile and was used to drive the pile at a constant rate of penetration .
An approximate measure of the driving resistance was obtained by
recording the jack pressure .

f - After each pile had been driven , a dial gauge was placed on
the head to record the vertical movements as subsequent piles were
driven . In addition , during tests 15 and 16 , the strain gauges in

the piles were read during the driving of subsequent piles .
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g — After all piles had been driven , the appropriate cap was
fixed securely to the heads of the piles , and the guide frame was
removed .

h - Dial gauges were attached to measure the displacements and
rotation of the cap , and the loading equipment wag attached to the
cap .

The model was then ready for testing .

6.6 Test procedure

The following procedure was adopted in testing each of the
models :

a-~- An initial reading of the strain gauges and dial gauges was
taken .

b - When both vertical and horizontal loads were applied to the
model , the vertical load was first applied in increments . When the
full vertical load had been applied , this was maintained constant and
the horizontal load was applied , also in increments .

¢ = As each increment was applied , reading of all gauges were
taken after the increment had been applied for one minute .

d - After the maximum load had been applied » this was maintained
constant for 60 minutes , readings being taken every 20 minutes to
observe any time dependent effects on the model .

e = The load was then removed from the model in stages , first
the horizontal load and then the vertical load . @fter all the load
‘had been removed , the model was left unloaded for 60 minutes and further
readings were taken to observe any time dependent effects .

f - This loading cycle was repeated ten times for each model to

determine the effect of cyclic loading on the pile behaviour .
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6,7 . Test data

During the driving and test loading process the data which
were recorded for each test were :

a = The total applied load .

b - The bending moments at points along the pile shaft . The
voltmeter output observed at each electrical strain gauge station was
converted to moment by multiplying by the appropriate calibration
constant .

c.- The vertical and horizontal displacements of the pile cap .

d = The rotations of the pile cap .

e = The movements of the existing piles during driving of another
pile .

All the data were analysed , and the full analysis is

discussed in chapter 7 below .

6.8 Test programme

All tests were carried out in a uniform bed of sand and the
caps were free standing - that is , there was no contact between the
cap and the soil surface .

The test programme ( see Table 6.2 ) was divided as follows :
a - Single piles
i = Three single piles were tested under horizontal loads

only , with batters of :

¢ 15° ( Test No., 8A )
0° ( Test No. 6A )
e}

= 15 ( Test No. 9A )
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ii ~ Five single piles were tested under combinations of

axial and transverse load with following batters :

o

+ 30 ( Test No. 14C )
+ 15° ( Test No. 14A )

0° ( Test No. 13A)
- 15° ( Test No. 14B )
- 30° ( Test No. 14D )

b - Four - pile groups ( 2 x 2 )
Five model groups were tested under horizontal load , using

steel pile caps .

No. of positive No. of vertical No. of negative Degree of Test
battered piles piles battered piles inclination No.
- 4 - 0° 9
2 S - 15° 2
- 2 2 15° 1
2 _ - 2 15° 8
2 2 - 30° 12

¢ = Nine - pile groups ( 3 x 3)
Seven model groups were tested under horizontal load , using

steel pile caps .

No. of positive No, of vertical No. of negative Degree of Test
battered piles .piles battered piles inclination No.

- 9 - 0° 3

3 6 - 15° 4

6 . - 15° 5

3 3 3 15° 6

6 - 3 15° 7

3 3 3 30° 10

3 6 - 30° 1
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d - Nine - pile groups ( 3 x 3 )
Two model groups were tested under vertical and horizontal

loads , using reinforced plaster caps .

No. of positive No., of vertical No. of negative Degree of Test

battered piles piles battered piles inclination No.
- 9 - g* 15
3 3 3 15° 16
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Table 6.1

Mean gauge constant

Mean gauge constant N , mm / uv

Station
No. Piles
A B c D E F G
1 CENEdel  =125.0 0 =121,3 . =128.5 T =128:8 ~132.0 ~124:0
2 ~125,2 =127.0 -134.2 =-128.4 -127.0 -126.7 ~125.0
3 =125.,5 =131,6 =137.2 =133.3 -131.8 =155.0 =128.0
4 -132,0 -328.6 ~-798.5 ~-131,0 ~-139,0 ~-144,6 =-135.6
5 =128.0  —137.5 - =128.,2 - «155.7 =123.4
6 -125.0 -140.0 -228,5 =-122,5 -129,0 -146,7 ~125.8
7 «=125,0 = =123.8 =129.0 -115.5 ~121,8 ~119,7 =112.9
H J K L M N
1 -113.8 =132,4 -107.6 111,0 130.0 112,0
2 =112.8° =+222.,2 <108,2 116.5 130.0 =
3 -169.6 -117.6 =-122,9 124.0 123.5 113.5
4 -430.6 -240,2 ~-217.3 120.0 130.0 ~-109.5
5 =329,7  =~225.4 @ =268.2 123.0 122,0 -300.0
6 -167.7 =234.,1 =500.0 122.0 127.0 254,5



Table 6.2

Test Programme Diagram




Table 6.2

Negative Vertical Positive
batter pile batter
pile pile

Sign convention for battered piles

O Vertical pile
e Negative batter pile
o

Positive batter pile



Table 6.2 - continued

Test Schematic Diagram Type of Degree of Notes

No. Plan Elevation piles Inclination
6A O v - Single
T piles under
8A ® 'T + B 15° sustained
lateral
9A o ,:7_:, - B 15° load
134 O = v 0°
Single
14A ® +B 15° piles
:T under
14B O - B 15° axial
T and
14C ® + B 30° transverse
ﬁ loads
14D (@) T - B 30°



Table 6.2 = continued

Four - pile groups ( 2 x 2 )

 Pile groups under horizontal load and using steel pile caps

Test Schematic Diagram No. of No. of Degree
Vertical Battered of
No. Plan Elevation Piles Piles Inclination
@ O ;
1 2 -2 15
@ O /l
O ® ¢
2 . 2 + 2 15
O &
o i
8 - -2,42 15
© ¢ ; i
€ O
9 4 - 0°
.0
o @ ?
12 2 + 2 30
O @ , <



Table 6.2 - continued

Nine - pile groups ( 3 x 3 )

Pile groups under horizontal load and using steel pile caps

Test Schematic Diagram No. of No. of Degree

Vertical Battered of

No. Plan Elevation piles piles Inclination
00O

0

3 B0 O 9 . 0
Q -0
OO0 O

4 OO0 & 6 + 3 15°
O 0O ®
C ¢ @

O O
@ @
e e
/
/"I
&
G“O

6 O O 0 ; | 2 +3,-3 15°
@ OO

7 e @ @ : \ - +6,-3 15°
© ® @

10 © OO ' \ 3 +3,-3 30°
© OO0

11 g0 0 B TR +3 30°
O O @




Table 6.2 - continued

Nine - pile groups ( 3 x 3 )

Pile groups using reinforced plaster caps and under

vertical and horizontal loads

Test Schematic Diagram No of No.of Degree
Vertical Battered of
No. Plan Elevation Piles Piles Inclinatio
Q0O
Blo .00 9 - 0°
O, OO
® O ¢
6|0 O @ 3 +3 , -3 15°




Chapter 7

‘Model pile and pile group test .results

7.1 Introduction

The purpose of this chapter is to present and discuss the results
of tests on single model piles and model pile groups carried out according
to the test procedure presented in section 6,8 above .

The results of 20 tests are reported , and the following are
presented in each case :

a = The displacements and rotations of the pile cap .

b - The variation of bending moment along the length of each pile .

¢ = The effect of time and cyclic loading on these displacements ,
rotations and bending moments .

d - The residual displacements , rotations and bending moments
after unloading .

e = The effect 'of pile installation on the axial stiffness of piles
- previously and subsequently driven , and on the movement of piles
already installed .

Comparisons between the theoretical and experimental results

are discussed in‘chapter 8 below .

7.2 Analysis of tests on single piles

The results of eight tests are discussed in this section .
In five of these tests ( 13A , 14A , 14B , 14C and 14D ) the piles were
subjected to a combination of axial and transverse loads . In the remaining
three tests ( 6A , 8A and 9A ) the piles were subjected to horizontal

load only .
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7.2.1 Displacements and rotations.of the pile caps

The measured displacements and rotations of the pile caps
are shown in Fig., 7.1 to 7.18 and are summarised in Table 7.11 to 7.13 .

In test 13A , a single vertical pile was first loaded vertically
with 1335 N ( about 35Z of the driving resistance ) and then subjected
to a horizontal load of 120 N applied in six equal increments of 20 N .
This load cycle was repeated 10 times , and the measured transverse
displacements and rotations are given in Figs. 7.1 and 7.2 . A further
four load cycles were then applied in which the axial load was increased
by equal increments to 3114 N ( about 80% of the driving resistance ) .
The measured transverse displacements and rotations are given in Figs.
7.3 to 7.10 .

Four further tests ( 14A to 14D ) were then carried out on
piles driven at various inclinations to the vertical . The measured values
of transverse displacements and rotations are given in Figs. 7.11 to
418

The following general conclusions may be drawn from the results
of all these tests :

a = The transverse displacements of the pile cap on first loading
were reduced with increasing inclination to the vertical . This reduction
was significantly greater for piles with a positive batter , as shown
in Table 7.1 below . The rotations of the pile cap were similarly reduced
with increasing inclination , and these reductions were again most

significant for piles with a positive batter .
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Test No. Inclination Displacement Rotation

14D ~ 30° 41% 867
14B - 15° 742 897
13A : 0° 1007 1007
14A + 15° 52% 697
14C R 20% 53%

Table 7.1 Transverse displacements and rotations on first loading
expressed as Z of the displacement and rotation of a

vertical pile .

b - The transverse and rotatidal stiffness after cyclic loading
were increased for vertical piles and piles with a negative batter but
were almost unchanged for piles with a positive batter , This is shown

in Table 7.2 below .

Displacement Rotation
Test Inclination Sth 10th Sth lOth
No. loading loading loading loading
14D - 30° 43% 412 50% 48%
14B - 15° 62% 59% 73% 697
13A 0° 70% 64% 78% 72%
14A + 15° 100% 94% 101Z 93%
14C + 30° 103% 100% 97% 947

Table 7.2 Transverse displacements and rotations for Sth and 10th

loadingsexpressed as % of displacements and rotations on

o loading .

It is also clear from Table 7.2 that the bulk of the increase

in stiffness occurs in the first few load cycles .
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¢ = Cyclic loading caused a significant permanent displacement of
the pile head . In the case of vertical piles and those with a negative
batter , this displacement was in the direction of transverse load .
However , in the case of positively battered piles under both axial and
transverse loading , the permanent displacement was in the contrary
direction - that is , a positive transverse load was associated with a
negative permanent displacement . Examination of Figs, 7.11 to 7.18
indicates that this permanent displacement is the result of two effects
superimposed :
i - A permanent displacement associated with cycling of the
transverse load . This is always in the direction of tramsverse loading .

ii - A permanent displacement associated with cycling of the

axial load . This is small in the case of the vertical pile ( Test 13A ) .
In the case of the battered piles , this displacement is always contrary
to the direction of batter and increases with increasing inclination of
the pile .

The probable exﬁanation of this behaviour is as follows . While
the piles for tests 15 and 16 were being driven , measurements were made
of the bending moments in the piles . In all cases there was a significant
bending moment locked into the raked piles after driving . This moment
was in all cases positive for the positively raked piles and negative for

| those with a negative rake , and perhaps related to the increasing
stiffness of the soil with depth . As explained above , examination of
Figs. 7.11 to 7.18 indicates that much of the inelastic movement during
cyclic loading takes place during the application and removal of the
axial load . These movements are negative for the piles with positive
rake and positive for those with a negative rake ., It would seem therefore
that the large cumulative movements of the raked piles under cyclic

loading are related to the release of this locked = in bending moment
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by the changes of axial load , and the consequent straightening of the
pile . -

Similarly , the greater stiffness of the raked piles on first
loading is perhaps related to the prestressing effect on pile and soil

of this locked - in moment .

d - Table 7.3 compares the transverse displacements of piles on
first loading , with and without axial loads . From this it can be seen
that the ratio of maximum axial to transverse loads does not significantly
affect the transverse stiffness of the pile head . This is confirmed by
the behaviour of the pile in test 13A during the four final load cycles .
( Figs. 7.3 to 7.10 ) . Thus , in determining these stiffnesses for use

mAY)

in the pile group analysis , they{be treated as independent quantities

and superposition may be used in computing the forces applied to the piles .

Test Inclination Axial Transverse Transverse
load load displacement

No. N N mm

9A - 15° 0 116 3.01

14B - 15° 1335 116 2,29

6A 0° 0 120 3.15
134 0° 1335 120 3.115

8A + 15° 0 116 1.58

14A + 15° 1335 116 1.63

Table 7.3 Comparison of transverse displacements of piles with and

without axial load .
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g -Distribution of bending mament due to transverse load ( on

first loading )

The distribution of bending moment along the single piles is
shown in Figs. 7.19 to 7.21 , Figs. 7.23 to 7.25 ;, ad in Tables 7,14
and 7.15 .

F rom these results , the following conclusions may be drawn :

a - The position of the maximum moment was at about one quarter
of the embedded length below the soil surface in the case of the vertical
- pile . The maximum moment was slightly higher for raked piles , particilarly
those with a positive rake .

b = The maximum bending moment in the negatively inclined piles)
was nearly equal to that in the vertical pile . A positive inclination
however reduces the maximm moment significantly . This is shown in Table
7.4 below .

Comparison with the three tests without axial load confirms

again that this load has little effect on transverse behaviour .

Test Inclination Axial Maximm
load
No. _ N moment
14D - 30° 1335 101%
14B - 15° 1335 1038
13A o° 1335 1003
14A + 15° 1335 76%
14C + 30° 1335 643
9A - 15° . 0 109%
6A o° 0 106%
8A + 15° 0 74

Table 7.4 Maximum bending moment due to transverse force expressed as %

of value for a vertical pile with axial load .
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c - In the case of the piles with a positive batter , the maximum

moments were reduced very sharply below the point of maximum moment .

7.3 BAnalysis of the pile group tests

The results of 14 tests are presented and discussed below as
follows :

a- Five tests on four - pile groups ( 2 x 2 ) , under horizontal
load only ( Tests 1 , 2 , 8 , 9 and 12 ) . The results of these tests are
presented in Figs. 7.26 to 7.46 and in Tables 7.16 to 7.18 .

b - Seven tests on nine - pile groups ( 3 x 3 ) , under horizontal
load only (Tests 3 , 4 ,5 ,6 , 7, 10 and 11 ) . The results of these
tests are presented in Figs. 7.47 to 7.95 and Tables 7.19 to 7.13 .

¢ = Two tests on nine - pile groups ( 3 x 3 ) , subjected to a
carbination of vertical and horizontal loads ( Tests 15 and 16 ) . The
results of these tests are presented in Figs. 7.96 to 7.112 and in

Tables 7.24 to 7.28 .

7.3.1 Displacements and rotations of the pile caps = Four - pile groups

- Fram the results of these tests , the following general

conclusions may be drawn :

a = Where the groups contained raked piles , the horizontal displacements
of the pile caps on first loading were considerably smaller than in the
case of a group of vertical piles . This was especially marked where both
front and rear rows were raked . Thus , the horizontal displacements were
reduced by about 70% if either the front or rear row was raked and by
about 85% if both front and rear rows were raked .

b - Where the groups contained raked piles , the rotaticns of the
caps were similarly much smaller than the rotation of the group of vertical

piles under the same load . Also , the rotation was in the reverse directicn -
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that is , a positive horizontal force caused a negative rotation of the pile
cap . This is to be expected since the axial stiffness of the raked piles
is considerably greater than the transverse stiffness .

¢ = There was a significant increase in the transverse and rotational
stiffness of the pile cap as a result of cyclic loading . In all cases ,
the greater part of this increase in stiffness occured within the first
few load cycles .

d - Cyclic loading caused a significant permanent horizontal
displacement and rotation of the pile cap . In all cases this displacement
~ was in the direction of horizontal loading . Thus , in the groups containing
raked piles , the rotation under each load was negative but the cumilative
permanent displacement was positive . These permanent displacements and
rotations were considerably smaller where the group contained raked piles ,
and much of it occured within the first few load cycles .
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7.3.2 Displacements and rotations of the pile caps - Nine pile groups

under horizontal load only

a = BAs in the case of the four - pile groups , the horizontal
displacements on first loading were considerably smaller where the group
contained raked piles . The effect of the different group configurations

is shown in Table 7.5 below .

Test Diagram Inclination of Horizontal pile
No. raked piles cap displacement
3 - - 100%
4 5 \ + 15° 56%

5 + 15° 50%
\\

6 i : £ 15° 29%
[T\

7 fie Lo A 27%

11 e + 30° 26%
I

10 + 30° 11%

N

Table 7.5 Horizontal pile cap displacement expressed as % of the

displacement of a group of vertical piles .
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b - The pile cap rotations were also considerably reduced where the
groups contained raked piles . As in the four - pile groups , the rotations
. of groups containing raked piles were in the reverse direction - that is ,
positive horizontal forces caused negative rotations . The effect of

the different group configurations is shown in Table 7.6 below .

a
Test Digram Inclination of pile cap
No. raked piles rotation

3 ' - 100%

4 y \ + 15° - 51%
et
e SR
/\\
, \ + 30° - 913
SR iy

Table 7.6 Pile cap rotations expressed as % of the rotation of a

~

|

1+

&
]

4

11

4

10

group of vertical piles .
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¢ - There was a significant increase in the horizontal and rotaticnal
stiffness of the groups as a result of cyclic loading . Most of this
increase in stiffness occured during the first few cycles of loading

( see Table 7.7 ) .

Inclination Displacement Rotation
Test Diagram of raked
sth 100 5th i
No. piles loading loading loading loading

3 ’ - 63% 58% 50% 47%

I \ + 15° 473 47% 718 74%
Vs m + 15° 56% 53% 85% 72%
B m + 15° 64% 67% 86% 86%
i m + 15° 63% 63% 86% 81%
sl

‘I‘T s 58% 56% 76% 78%
v X
th

Table 7.7 Displacements and rotations for 5 and 100 loading expressed

1+
80

73% 71% 85% 84%

as % of displacements and rotations for ISt loading .
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7.3.3 Displacements and rotations of the pile cap - Nine - pile groups

under vertical and horizontal loads

Two tests only were carried out in this series - one test in
which all piles were vertical ( Test 15 ) and one test in which the
front and rear rows were inclined at 15° to the vertical ( Test 16 ) .
The results of these tests are presented in Figs. 7.97 to 7.100 and
Figs. 7.106 to 7.108 and in Tables 7.24 to 7.27 . The following general
observations were made :

a - 'The vertical displacement under vertical load on first loading
in Test 16 was only 47% of that for Test 15 in which all the piles were
vertical . I

b - There was same small rotation of the cap under central vertical
load as a result of the variation in axial stiffness of the piles produced
by the driving sequence . Raking the piles , as in Test 16 , reduced
this rotation by 80% .

¢ = Conparison of Tests 3 and 6 with Tests 15 and 16 show that the
existance of the vertical load had insignificant effect on the horizontal
stiffness of the pile head . Thus , superposition may be used in computing
the forces applied to the piles ( see Table 7.8 ) .

Test Diagram Inclination of Horizontal Rotation
No. raked piles displacement
3 e (o 100% 100%
15N L2 o
15 . o) 104% 146%

R e T‘K + 15° 29% - 843
) + o
16 i + 15 20% - 622

Table 7.8 Horizontal displacements and rotations on first loading
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expressed as % of the displacement and rotation of the pile

group in Test 3 .

7.3.4 Bending moments in the piles - four - pile groups

The distribution of the bending moments along the piles in
these groups are shown in  Figs, 7.27 , 7.28 , 7.31 , 7.32 , 7.32a ,
7.36 , 7.37 , 7.41 , 7.42 , 7.45 and 7.46 arnd in Table 7.18 .

The following general conclusions may be drawn :

a - The position of the maximum positive bending moment was at
about one quarter of the embedded length for vertical piles . In the
case of raked piles the position of the maximum bending moment was
significantly lower , particularly in the case of piles with a negative
rake .

b - The mean value of the negative bending moment at the soil
swrface was reduced where the rear row of piles was raked , but was not
greatly affected by raking the front row . Also , there was a considerable
reduction in the mean maximum positive bending moment where any of the
piles were raked . This is shown in Table 7.9 below .

Test Inclination Mean negative  Mean maximum

Diagram of raked moment at the positive
No. piles soil surface mament
Qi —T o° 1002 100%
R R ""K % 15° 100% 30%
A Seclitly ' - 15° 75% 35%
s e Z—K + 15° 100% 30%
( cont. )
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12 e ‘ S + 30° 1102 26%

Table 7.9 Mean negative moment at the soil surface and mean maximum

positive mament expressed as % of the value in Test 9 .

¢ = Within any pile group , the maximum positive maments in the
front row were larger than those in the rear row . Within each row ,
the moment in the first pile driven was smaller than that in the second .
d - In most of the piles , a small negative moment occured near
the tip .

7.3.5 Bending moments in the piles - nine - pile groups

The distribution of the bending moments along the piles in

these groups are shown in the following figures .

Figs., 7.50 to 7.53 ( Test 3 )
Figs. 7.57 to 7.60 ( Test 4 )
Figs. 7.64 to 7.67 ( Test 5 )
Figs. 7.71 to 7.74 ( Test 6 )
Figs. 7.78 to 7.81 ( Test 7 )
~ Figs, 7.85 to 7.88 ( Test 10 )
Figs. 7.92 to 7.95 ( Test 11 )
Figs., 7.101 to 7.104 ( Test 15 )
Figs. 7.109 to 7.112 ( Test 16 )

The following general conclusions may be drawn :

a = The position of the maximum positive bending moment was at
about one fifth of the embedded length for vertical piles . The position
of maximmm positive mament was significantly lower where the piles were
raked . This was particularly noticeable in the case of piles in the

centre and rear rows .
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b - The mean negative moment at the soil surface , and the mean
of the maximum positive moments were smaller where the group contained
raked piles , than where the piles were all vertical . This is shown
in Table 7.10 below .

Test Inclination Mean negative Mean maximum

Diagram of raked nmoment at the positive
No, piles soil surface mament
e o o

3 ' o 100% 1008
P \ + 359 843 623
R l i 4 352 863 623 °
e i I \ + 15° 75% 442
y SRR o S‘k + 15° 60% 39%
3 ‘I‘T + 30° 65% 30%
+ 30° 55% 25%

10 _'/“\

15 et ¥ o° 85% 99%

5 acape

1+
&

67% 40%

Table 7.10 Mean negative moment at the soil surface and mean maximum

positive moment expressed as % of the values in Test 3 .
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¢ = The negative bending maments at the soil surface in the piles
of each group had nearly the same value . However the maximum positive
moments depended on the position of the pile in the group , and on the
inclination in the case of a raked pile . For example , in Test 15 ,
the greatest positive bending mament were those for the four corner piles ,
which had nearly the same value . Similarly , the four piles at the
centre of each side of the group carried nearly the same moment , while
the smallest mavent was carried by the centre pile .

d - The mean value of the maximum positive bending moments in Test
3 was 10719 N.mm and in Test 15 it was 10607 N.mm a difference of less
than 1% . Similarly , the mean values in Tests 6 and 16 were 4753 N.mm
and 4283 N.mm respectively - a difference of less than 10% . Thus the
vertical load do$€ not significantly affect the bending moments caused
by horizontal loads .

7.4 Driving and redriving resistance of the piles

In driving the piles for all of the groups except those for
Tests 15 and 16 , an approximate measurement of the driving resistance
was obtained by noting the jack pressure . These driving resistance are
shomm in' Figs, (7.33 , 7.38 , 7.47 , 7,54 , 7.6) , 7.68 , 7.75 , 7.82 ;
7.89 . No attempt was made to redrive any of these piles .

When driving the piles for Tests 15 ard 16 , an accurate
measurement of the driving resistance was made and the piles were initially
driven to within 5 mm of there correct final position . When all the
piles were in position , they were redriven , in the same order as before ,
to the correct final level . The redriving resistarnce was measured and
is shown in Figs. 7.96 and 7.105 .

It was observed that :
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a - For pile groups containing vertical piles only , the driving
resistanceswere increased with increasing number of piles in the group ,
with the largest value for the latest driven pile .

For Test 15 , the redriving resistance was greater than the
driving resistance for the same pile in the group by an ammount ranging
between 10% to 25% depending on the position of the pile in the group .

These increases in the driving and redriving resistance were

related to the increase of soil density during driving .

b - For pile groups containing raked piles , the driving resistance
within each row increased with increasing number in the row ( the largest
value was always for the latest driven pile ) . The mean resistance in
the second driven row t:;:;salways greater than in the first , but the
increase in resistance was small where the inclination of the rows were

different so that the tips of the piles were far apart .

7.5 Upward movement of the existing piles due to pile installation

The ypwards movement of the existing piles due to pile
installation was measured when installing the nine - pile groups , the
movements are given in Figs., 7.47 , 7.54 , 7.61 and 7.68 .

The upward movement of an existing pile during installation
of ancther pile was affected by the position of the pile in the group ,
the degree of inclination , and the number of raked piles in the group .

The maximum value was noticed for the pile group containing
vertical piles only and for the pile installed first .
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Fig. 7.61 Driving resistance and upwards movement in the piles during driving
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Fig. 7.68 Driving resistance and upwards movement in the piles during driving
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Fig. 7.75 Driving resistance and upwards movement in the piles during driving
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Fig. 7.82 Driving resistance in the piles.
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Fig. 7.96 Driving and Re-Driving resistance in the piles
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Table No. 7.11

Transverse Displacements , mm
Test No.
Loading No. Transverse load , N
0 20cos@ 40cos® 60cos@ 80cosOd 100cos® 120cos®
13A 1 0 0.0775 0.38 0.925 1.605 22335 Fe 115
(0=0°) 5 0 0.06 0.373 0.888 1.333 1.743 2,183
10 0 - 0.40 - 1.23 1.61 1,995
14A ol 0 0.0052 0,049 0,169 0,494 1,024 1.63
(0=15%) 5 0 - 0.055  0.218 0.579 1,118  1.635
10 0 - 0.061 - 0.599 1.068 1,531
14B 1 0 0,184 0.483 0.862 1,292 1.784 2,299
(0=15°% 5 0 0.209  0.432  0.661 0.912 1,167 1,447
10 0 - 0.405 = 0.873 1.079 1,343
14C 1 0 0.0145 0.065 0.104 0,298 = 0,37 0,627
(9=30% 5 0 - 0.013 0.085 0.203 0.384 0.645
10 0 - 0.013 - 0.196 0.370 0.620
14D 1 0 0,107 0.283 0.526 0.766 1.049 1,285
(0=30°) 5 0 - 0.155  0.245 0.339 0,448  0.559
10 0 - 0.153 e 0.325 0.45 0.53
13 A Single vertical pile |, 0°
14 A Single batter pile - e i8t
14 B Single batter pile S 15°
14 C Single batter pile s i 30°
o

14 D Single batter pile s =30



Table No.

7.12

Test No.

13A
14A
14B
14C

14D

Applied axial load = 1334.5 N

Axial Displacements , mm

First

0.29

1.024
1,042
1.389

1.367

Loading No.

Fifth

0.1533
0.711
0.991
1.391

1.064

13A Single vertical pile s

14A Single batter pile .

14B Single batter pile ’

14C Single batter pile -

14D Single batter pile 5

15
15
30

30

Tenth



Table No. 7.13

Test No. Rotation , 10“2
Loading No. Transverse Load , N
0 20cos® 40cos® 60cos® 80cos0 100cos® 120cos®
13A 1 0 0.0346 0.1519 0.3385 0.5769 0.8192 1.08]
(0=0°) 5 0 0.0308 0.1615 0.3308 0.5115 0.6692 0.8462
10 0 - 0.15 - 0.4731 0.6308 0.7923
14A 1 0 0.0118 0.038  0.1059 0.2686 0.4902 0.7431
(0=15%) 5 0 0.0137 0.049  0.1392 0.31 0.5314  0.7490
10 0 - 0.0451 - 0.3177 0.5137 0.7216
14B 1 0 0.0726 0.2098 0.3706 0.5451 0.7490 = 0.9490
(0=15°) 5 0 0.1 0.2078 0.32 0.4431 0.5667 0.6941
10 0 - 0.1941 - 0.4255 0.5302 0.6569
14C 4 0 0.0255 0.0706 0.1471 0.2490 0.3922 0.5726
(0=30°) 5 0 - 0.049  0.1118 0.2216 0.3686 0.5561
10 0 - 0.053 - 0.2149 0.3471 0.54
14D 1 0 0.07451 0.2 0.3824 0,551  0.742  0.9341
(0= 30% 5 0 - 0.1216 0.2 0.2824 0.3686 0.4706
10 0 - 0118y = 0.2706 0.3843  0.4451
13A Single vertical pile , 0°
14A Single batter pile U Caays®
14B Single batter pile g 15°
14C Single batter pile o aran®

14D Single batter pile 5L = 30°



Table No., 7.14

Test Na.

Bending Moments, N,mm

Station No.

1 2 3 4 5 6 7
T. load = 80cos@ N
13A 7276 11235 13915 14214 10760 0 375
14A 4627 8331 10447 8475 1341 - 500 123
14B 7102 11036 14134 14776 6973 - 500 370
14C 6241 9738 10569 5867 536 = 500 0
14D 6994 10387 12659 12603 5364 0 370
T. load = 100cos@ N
13A 9844 14980 18634 19570 15602 1000 625
14A 7102 12010 15117 14125 5096 - 500 246
14B 9146 14174 18312 19557 10460 - 500 616
14C 8500 12876 14502 9561 2414 -1000 123
14D 9038 13525 16592 16732 8046 0 493
T. load = 120cos@ N
13A 12305 18725 23353 25132 20444 1500 875
14A 9899 16014 20033 20209 9387 = 500 493
14B 11298 17420 22368 24555 13946 - 500 739
14C 10652 16122 18681 14776 5900 - 500 0
14D 10975 16446 20156 20643 10460 0 616
C13A Single vertical pile , 0°
14A  Single batter pile , + 15°
- 14B Single batter pile ’y = 15°
14C Single batter pile , + 30°
14D  Single batter pile , = 30°



Table No.7.15

Test No.

H,load,N

80
6A 100

120

80
8A 100

120

94 100

120

Bending Moments , N.mm

Station No.

1 2 3 4 5 6 7

8346 12091 14762 16274 8339 - 500 - 250
10379 15087 18634 20806 11298 - 500 - 500
12412 17976 22264 25338 15064 0 - 625
7276 11128 13915 16686 13450 2000 * 625
8988 13803 17545 21630 18561 3500 -1000
10887 16478 21054 26574 23941 5500 «1375
6099 9416 10769 7004 538 - 500 0
7597 11877 13915 9888 1345 -1000 - 125
9095 14231 17061 12978 2421 -1000 - 125

6A Single vertical pile ,

8A Single batter pile 51 E

9A Single batter pile , ™ 15°



Table No.

7.16

Te

st No.

H. Displacements , mm

Loading No. H. load , N
0 200 400 500 600 700 800
1 0 0.12 0.3
1 2 0.1 0.28 0.4
3 0 0.1 0.25 0.35 0.545 0.875
p 0 0.14 0.365  0.515
2 2 0.115 - 0.38 0.535
3 0.12 0.315 0.37 0.48 0.715
1 0 0.06 0.175 0.245 0.345 0.442
1 0 0.463 125 1.695 2.265
9 5 . 0 = 0.758 o 213 1.462
10 - = = 1.14 1,335
o 0.0525 0.4425 — 0.52 - 0.624
12 5 0 0.0245 0.1025 = 0.256 = 0.3025
10 0 0.023 0.1025 = 0.20 - 0.293
Test No. 1  Pile group 2x2 2v -2 15°
Test No., 2 Pile group 2x2 - A 15°
Test No. 8 Pile group 2x2 +2B -2B 15°
Test No. 9 Pile group 2x2 4v 0°
Test No. 12 ' Pile group 2x2 +2B 2V 30°



Table No. 7.17

Test No. Rotation of the cap , 10 2
Loading No, H. load , N
200 400 500 600 700 800
1 -0.0115
1 2 -0,0077 - -0.0019
3 -0.0058 =-0.0212 =0,0023
1 ~-0.0147 =-0.,0353 =0.0441
2 2 -0.0088 - -0.0353 =-0,0382
1 -0.0227 =-0.0481 0.0634 =-0,0752 =-0.0822
8 5 - - - -0,0698 - -0.0913
10 - - - -0.0636 - -0.0853
1 0.0675 0.2069 0.288 0.405
9 5 - 0.0973 - 0.1542 0.1927
10 - - - 0.1371 0.1688
1 0.0238 0.082 - 0.106 - 0.1341
12 5 0.0159 0.03864 = 0.0717 = 0.0932
10 0.016 0.0372 - 0.06157 - 0.08554




Table No. 7.18

H. Load = 600N

Test No. Bending Moments, N,mm
Pile No. Station No.
1 2 3 4 5 6 7
(i | 1 -5565 127 3870 6552 1703 - 127 - 222
2 -4375 889 4606 7797 1251 282 - 127
3 =-5061 -1485 2394 819 - 237 0
4 -4428 0 3140 5698 2480 - 250 0
2 ) -6321 =-2048 1403 5699 - 387 - 119
2 -7115 -1905 2345 4917 2772 0 -
3 -6750 -2241 1950 5300 3813 250 0
4 -7504 -2147 688 2625 260 -1152 -1477
8 =1 -6758 -3375 - 625 3814 3456 125 = 125
2 -6000 -2667 395 6682 2584 0 0
3 -6832 -3599 - 990 0 - 880 - 123
4 -7239 =3900 - 807 2915 3483 494 0
9 %3 -6758 2000 8750 17358 13696 2000 =1500
2 -7000 2032 9212 20683 13056 1251 -1089
3 -6588 - 667 5656 10892 - 3740 - 369
4 -6223 130 5784 14443 14190 3705 - 448
Sl 1 -8428 -4507 -1255 4092 4992 1250 =~ 250
2 -4622 -1926 133 3930 4231 858 116
3 -8580 -4815 -2635 578 3270 2934 120
4 -7564 -4875 -2048 1627 3949 2264 o 8



Table No. 7.19

H., Displacements, mm

Test No.
Loading' No. H,Load , N
200 400 600 800 1000 1200
1 0.115 0.34 0.62 1.00 1,32
3 5 - - 0.442 - 08375
10 - = - - 0.7675
1 0.0625 0.18 0335 0.53 0.74
4 5 o - 0.17 - 0.365 0.485
10 - i - = 0.365 0.435
1 0.05 0.18 0.305 0.49 0.665 0.90
5 5 - - - - 0.3775 0.4575
10 - - - o 0.3525 0.4375
1 0.07 0.0875 0.:1775 0.274 0.3875 0.495
6 5 - - - - 0.251 0.314
10 - - = - 0.30 0.31
1 0.03 0.085 0.1675 0.256 0.35 0.4775
7 5 — - s - 0.2215 0.28
10 — o= = — 0.22 0.28
10 5 - = 0.064 = 011305 0.1615
10 - - 0.061 - 0.126 0.153
1 0.023 0.0815 0.16 0.24 0.346 0.4524
31 5 i = 0.094 - 0.2015 -
10 — = 0.0915 - 0.195 0.245




.Table No.

7.20

Test No.

Rotation of the cap , 10

=i

Loading No. H, Load , N
200 400 600 800 1000 1200
] 0.0063 0.0173 0.0322 0.059 0.0802
3 5 - - 0.0214 - 0.0403
10 - - - - 0.0377
1 -0.0055 =0.0126 =0.0229 =-0.0346 =-0,0409
4 5 - - -0.0154 - -0.029 =0.0359
10 - - -~ - -0.0308 =0.0344
] -0.0079 =-0.0138 =0.0204 =0.0299 =0.0365 =0.0432
5 5 - - -~ - -0.03113 =0.,0377
10 - - - - -0.0263 =0.0334
1 -0.0063 =-0.0188 =-0.0316 0.0492 =0.067 =0.0846
6 5 - - - - -0.058 =-0.0719
10 - - - - -0.058 =0.0690
1 -0.005 =0.0125 =0.027 =-0.0333 =0.0427 =0.0522
7 5 - - - - -0.0411 =0.0519
10 - ~ - - -0.0388 =0,0488
1 - -0.0208 =-0.0372 -0.0541 =0.0727 -0.0906
10 5 - - -0.033 - -0.0616 =0.0764
10 - - -0.0316 - -0.061 =0.0739
1 -0.007 =-0.0164 =-0.031 =-0.0414 =0.0556 =0.0677
11 5 - - -0.0227 - -0.434 -
10 - - -0.0222 - -0.0422 =-0.051




Table No., 7.21

H.Load = 1000 N

Test No. Bending Moments , N,mm
Pile No. Station No.
1 2 3 4 5 6 7

3 1 -8288 -1750 3375 9205 7936 1750 =375
2 -7250 -1651 3158 9864 8160 1251 0
3 -8418 -1866 4666 13226 & 660 - 123
4 =-9398 =-4290 404 7685 9288 2841
5 -8320 -3906 680 7367 - 2838 -1000
6 -9636 -3840 625 7400 9579 2708 - 366
7 -9272 -4693 0 6962 11081 2166 - 220
8 -8778 =-4294 1190 10063 14136 3843 1250
9 ~9576 =-1111 1309 10535 12667 4998 570

4 1 =7650 =3500 « 125 5392 5760 625 = 250
2 -7125 =-2921 658 8273 5712 139 - 121
3 -5612 -2000 1838 10114 - 220 0
4 -8636 -4810 -1076 3710 5418 2347 - 560
5 -6528 -3906 -1088 3197 — 2580 - 250
6 -8580 -3328 156 4440 5562 1425 0
7 -7198 -3829 -1012 3276 5603 2421 0
8 -7296 -4068 - 850 3938 7440 2196 500
9 -7581 -2889 -1190 4165 6692 3570 380

5 1 -6885 -3000 125 5129 5248 375
2 -6625 -2667 921 5728 4760 278
3 -5246 -2000 1273 5446 - 220
4 -8509 -4420 - 673 5433 5805 1112 = 336
5 -7296 -4158 -1360 3753 - 1161 0
6 -8052 =-4096 -1250 4144 6026 855 - 366
7 -8052 =4570 -1518 3003 5354 2293 - 330
8 -7980 -4407 - 340 6125 9300 4392 1500
9 -8911 -2444 -1428 6615 9560 4046 950




Table No., 7.22

H., Load = 1000 N
Test No. Bending Moments, N.mm
Pile No. Station No,
1 2 3 7 5 6 7
0 1 -6630  -2500 1000 4866 2432 0 - 125
2 -6500  -2667 395 5409 2176 0 - 121
3 -6466  -2933 848 7780 - 0 0
4 -6731  -3380 - 538 3313 2967 371 - 224
5 -5888  -3150 - 816 2502 - 387 0
6 -6600  -2560 156 3848 2781 285 0
7 -6466  -3829  =1265 2184 3611 1019 - 220
8 -6498  =3729 - 340 4375 5952 2196 750
9 -6650 -1333 - 476 4655 5497 2380 760
7 i -4973  =1750 375 3682 2816 125 - 125
2 -5000  -1950 1448 5404 1904 0 0
3 -4270  -1866 1131 3890 - - 440- 0
4 -4826  -1820 672 4240 2064 0 - 448
5 -5120  -2646 - 408 2919 - 129 0
6 -5940  -2944 - 938 3108 3399 713 - 122
7 -5734  =3211  -1139 1638 2844 1529 - 110
8 |-5586 -3277 170 4375 5952 3294 2250
9 -5586 - 888 - 952 4165 5019 2856 1140
10 1 -4086  -1753 0 2508 1536 250 - 125
2 -5772  =3262 - 744 1800 369 - 610 590
3 -4494  =2054 667 3275 1282 0 0
4 -5412  =2534 - 620 2024 1713 147 0
5 -5200 -2730 - 494 2470 2196 381 137
6 -5331  -3000 - 768 2034 1974 0 0
7 -4666  -2369 170 3445 3297 1006 1339
8 -3024 - 681 438 900 1018 802
9 -4899 - 888 118 3363 2930 1405 892




_.Table No..7.23

H.Load =

1000N

Test No, Bending Moments , N,mm
Pile No. Station No.
1 2 3 4 5 6 7

L0 1 -5491 -2629 - 126 3828 2944 250 - 250
2 -7992 =-5243 -2480 1920 861 -1708 -1062
3 -5136 -2183 400 4061 2436 368 - 693
4 -5808 -2914 - 465 2458 2491 734 - 240
5 -4680 -2210 371 3640 4392 2159 274
6 -6448 =3375 - 896 2712 3455 755 0
7 -5576 -2933 - 848 2584 1978 1342 446
8 -4592 - =568 1424 2700 1273 573
9 -5296 =2444 - 588 2402 3156 1405 357




Table No, .7.24

Test No.

V. Displacements , mm

Loading No. V. Load , N
3558 7117 8896 14234 16013 17792
15 1 0.15 0.2963 0.3715 0.6458 0,765 0.897
5 0.0688 0.1705 0.2158 0.3588 0.,4088 0.4728
10 0.0668 0.17 0.2155 b 0.4075 0.4613
.16 1 0.0463 0.1113 0.1513 0.2945 0.349 0.4313
5 0.065 - 0.18 - 0.3338 0.3925
10 0.067 = 0.1995 e 0.3608 0.4183
Test No. 15 Pile group 3x3 9V
Test No. 16 Pile group  3x3 +3B 3v =3B 15°



Table No. 7.25

Test No. H., Displacements , mm
Loading No. H, Load , N
0 400 800 1000 1200 1400 1500
15 1 0 0.3325 0.965 1.375 1.825 2:315 2,565
5 0 0.3 0.825 1.07 1.333 1.63 1.799
10 0 0.3 0.8125 . 1.05 1.295 1.565 1.738
16 1 0 0.066 0.1865 0.265 0.3475 0.4375 0,4825
5 0 0.0925 0.205 0.265 0.33 "™ 0.435
10 0 0.0925 0,205 0.265 0.325 = 0.4275
Test No. 15 Pile group 3x3 9v
Test No. 16 Pile group 33 +3B 3V =3B 15



Table No. 7.26

Test No.

Rotations of the cap , 100

2

Loading No, V. Load , N
3558 7117 8896 14234 16013 17792
©
y
15 1 0.0808 0.1029 0.1135 0.l161 0.1731 0.,1907
5 0.0040 0.0162 0.0217 0.0367 0.0425 0.0483
10 0.006 0.027 0.0362 - 0.0673 0.074
16 1 -0.0029 0.00096 0.0048 0,02346 0.03346 0.04904
5 0.00385 -~ 0.0135 - 0.03365 0.04423
10 0.00423 =~ 0.02923 - 0.05712 0,0725
S)
x
15 1 0.035 0.0788 0.,0975 0.1618 0,195 0.222
5 0.0138 0.0395 0.0483 0.0788 0.0913 0.1078
10 0.016 0.045 0.057 - 0.1 0.1138
iy




Table No. 7.27

Test No.

Rotations of the cap , 10

2

Loading No. H, Load , N
400 800 1000 1200 1400 1500
a?
15 1 0.0294 0.,0823 0.1175 0.15308 0,1929 0.217
5 0.0246 0.0548 0,0779 0.1001 0,1221 0.1385
10 0.021 0.0558 0.0721 0.,0914 0.1115 0,1279
16 1 -0.0052 =-0.0236 =-0.0496 =-0.0567 =0,0759 =-0.0827
5 -0.0023 -0,0202 -0.0294 -0.0394 - -0.0589
10 -0.009 -0.024 -0.0323 -0.04! = -0.0637
ex
15 1 0.0043 0.008 0.0073 0.0125 0,0093 0,0115
5 0.0055 0.0048 0,0033 0.0073 0.0048 0,006
10 0.0078 0.005 0.006 0.0063 0,007 0.006
16 1 0.00075 0.00125 0,001 0.0005 0.00125 -
5 -0.012 -0.0098 -0.0108 =-0.0112 - =0.011
10 0.00325 0.00125 0.002 0.00175 - 0.00475




Table No. . 7.28

H. Load = 1000 N
Test No. Bending Moments , N.mm
Pile No. Station No.
1 2 3 4 5 6 7

15 ] -7917 =~ 376 5648 12408 7552 1875 125
2 -7881 2447 3224 9240 4674 0 -1534
3 -7319 - 770 5465 12183 7436 1838 0
4 ~7656 -1647 3410 9977 9031 2201 - 240
5 ~7747 -2380 2704 10213 10996 2500 & 123
6 ~-7192 -1875 3584 9899 8761 2139 - 226
7 -8307 -2482 4070 12057 10550 2683 1116
8 ~5264 - 4994 6461 6300 3054 916
9 -7547 1333 3058 12250 11946 4213 714

16 1 =5619 - 751 1883 3828 1408 125 - 125
2 =5550 =-1631 1612 2520 369 - 732 -1180
3 -5008 - 642 2399 4192 1282 245 0
4 -4620 -1267 620 3326 2024 440 0
5 =4734 -1839 615 3477 2146 0 =123
6 -4836 -1875 896 3254 1851 252 =113
7 =5121 =2594 1019 6028 3956 1174 1339
8 -2016 = 2838 767 - 600 2036 1489
9 -5164 - 444 588 6245 4283 2107 892




Chapter 8

———— e

A comparison between the theoretical and experimental test results

8.1 Introduction

The purpose of this chapter is to compare the results obtained
using the computer programmes PILE and PILEGROUP with the experimental
observations .,

A comparison is also presented with the results of a computer
analysis based on the surface integral method of Butterfield and Banerjee
( 1971 ) . For reasons which will be discussed later » this method is
not satisfactory in this case .

Comparisons have been made between the theoretical and experimental
values for displacement and rotation of the pile cap and distribution
of bending moment along the length of the pile , in the cases of both

single piles and pile groups .

8.2 Comparison of the results of tests on single piles

Comparisons have been made between the theoretical and experimental
values for displacement and rotation of the cap and for bending moment
in the piles in Test 13A ( vertical pile ) and in Tests 14A to 14D ( raked
piles ) .

The theoretical analysis was discussed in chapter 3 and is
the basis of the computer programme PILE , listed in Appendix 1 .

8.2.1 Displacement and rotation of the pile cap

The initial slope of the transverse load displacement relationship ,
and the maximum transverse displacement on first loading were used to
obtain the elastic and plastic soil constants from the computer programme

PILE . fhe displacements and rotations for each load increment were then
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computed and comared with the measured values(sece Figs. 8.5 to 8,14).

There is generally very good agreement , although the theoretical

values are generally rather too large at small loads .

8.2.2 Distribution of bending moment along the piles due to horizontal

load”

Fig. 8.15 shows the theoretical relationship between bending
moment and depth for different horizontal loads in Test 13A ( vertical
pile ) . It may be seen that the shape of the bending moment diagram is

_ generally similar at all loads , but that the position of maximum moment
is slightly lower for larger horizontal loads .
_Figs, 8.16 to 8.20 show the theoretical and measured bending
moments plotted against depth for each of the single pile tests. The
differences betwwen the magmum theoretical and measured bending moments

are given in Table 1 below :

Test Inclination of Difference between measured and
No. raked pile calculated maximum moment
14D -30° 1.8%
14B -15° 0.8%
13A 0° 8.4%
14A +15° 8.27%
14c +30° 0.2%

Table 1 Difference between measured and theoretical maximum moment ,

expressed as % of the theoretical value .
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8.3 Comparison of the results of tests on pile groups

The programme PILE was used to determine the elastic and plastic
soil constant and the initial stiffness coefficients B2 to B6 . Comparisons
were then made beéeen the measured values of displacements and rotations
of the pile caps and moments in the piles , and the corresponding theoretical
values obtained from programme PILEGROUP , as follows :

a - Four - pile groups ( 2 x 2 ) , under horizontal load only

( Tests' 1 42 , 8, 9 and 12 )
b - Nine - pile groups ( 3 x 3 ) , under horizontal load only
( Tests 4 , 5 , 7 , 10 and 11 )
¢ — Nine - pile groups ( 3 x 3 ) , under vertical and
horizontal load ( Tests 15 and 16 )
The theoretical analysis was discussed in chapter 4 and is the basis

of the computer programme PILEGROUP , listed in Appendix 11 .,

8.3.1 Group of four vertical piles ( Test 9 )

Preliminary investigations showed that the displacements and
in particular the pile cap rotations were very sensitive to the value
of the axial stiffness coefficient Bl . After some experiment , the
value of 2000 N/ﬁm was found to give the best agreement . this is only
about 447 of the value measured in Test 13A on a single vertical pile .

Two cases were then investigated :

Case | The value of the elastic and plastic soil stiffness constants

and the initial stiffness coefficients ( B2 to B6 ) for all piles were
computed ( by programme PILE ) from the results of the Test 13A on a

single vertical pile ., Bl was taken to be 2000 N/mm .

e The values of the elastic and plastic soil stiffness constant

were increased by 30%Z for piles in the front row . Coefficients Bl to B6

were computed as in case 1 .
260



The results of these anai%es are given in Figs. 8.24 , 8.25 ,
8.30 and 8.31 . From these results it may be seen that :

a - Case 2 gives rather better agreement than case 1 .

b - Case 2 gives excellent agreement with éhe measured displacements
but overestimates the rotation by about 40%

c = Case 2 overestimates the maximum positive bending moments
in the piles by from 10%Z to 30% and correspondingly underestimates the

negative bending moment at the ground surface .

8.3.2 Four = pile groups with raked piles ( Tests 1 , 2 , 8 and 12 )

Three cases were investigated :

Case 1 The elastic and plastic soil stiffness constants and the initial

stiffness coefficients B2 to B6 for all piles were computed from Test 13A
on a single vertical pile . The axial stiffness coeficient Bl was given
the value 4600 N/mm which is also the value computed from Test 13A .

.Case 2 The elastic and plastic soil stiffness constants were increased

by 30% for the front row of piles . The coefficients Bl to B6 were
computed as in case 1 ,

Case 3 The soil stiffness constants and the stiffness coefficients B2

to B6 for each pile were taken from the corresponding test on a single
pile with the same inclination . The coefficient Bl was given the value
4600 N/mm .

From these results it may be seen that :

a - Results of case 2 showed no significant difference from
the results of case 1 .

b = Case 3 overestimates the dispacements and the bending

moments in the piles .
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8.3.3 Nine - pile groups under horizontal loading

(Tests & 5 5 ;7 , 10 and 11 )

Three cases were investigated as follows :
Case 1 The soil stiffness constants and the stiffness coefficients
B2 to B6 for all piles were taken from Test 13A on a single pile . The
coefficient Bl was given the value 4600 N/mm ( obtained also from Test 13A )
Case 2 As in case 1 , but the soil stiffness coefficients were increased
by 30%Z for positively raked piles and reduced by 30% for negatively raked
piles . Results of this case‘showed no significant difference from the
results of case 1 above ,

Case 3 The soil stiffness constants and the stiffness coefficients B2

to B6 were taken from the corresponding test on a single pile with the
same inclination . The coefficient Bl was given the value 4600 N/mm
( obtained from Test 13A )

The results of these investigations are given in Figs. 8.33
to 8,52 .

Case 3 underestimates the displacements of the pile caps .

8.3.4 Nine - pile groups under vertical and horizontal loading

( Tests 15 and 16 )

The following three cases were examined :

Case 1 Soil stiffness constants and stiffness coefficients B2 to B6

were taken from Test 13A ( single vertical pile ) . The coefficient
Bl was given the value 2000 N/mm in Test 15 ( all vertical piles ) and

4600 N/mm in Test 16 ( containing raked piles ) .

..Case 2 As in case 1 above , but the soil stiffness coefficients were

increased by 30% for the front row of piles and decreased by 30% for

piles in the rear row .
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The results of this case showed no sigificant difference from

these of case 1 .

Case 3 Soil stiffness constants and stiffness coefficients B2 to B6 were

obtained from Test 13A . The coefficient Bl for the central pile was given
the value 2000N/mm ( for Test 15 ) or 4600 N/mm (for Test 16 ) . The values
for the other piles were computed in proportion to the resistance measured
during redriving .

From these results it may be seen that :

a - Case 3 showed no significant difference for the vertical
displacemenis from the results of case 1 .

b - Case 3 overestimates the horizontal displacement for Test 15 ,

¢ - Case 3 overestimates the rotation for Test 15 and underestimates

the rotation for Test 16 .

8.4 Comparison of the test results with a linear elastic solution

A comparison was made between the experimental observation and the
results of an analysis using the computer programme PGROUP prepared by the
Highway Engineering Coéater Branch of the Department of the Environment .
This programme uses the surface integral method of Butterfield and Banerjee
(1971) and presumes that the materials of both the soil and the piles are
uniform linear elastic solid$, The method has been successfully used to
analyse pile groups in clay ( Ghosh , 1975 ) . For reasons which will be
discussed later , it was not thought likely that the method would prove
useful for pile groups in sands , but it was felt that the attempt should
be made .

The results of two tests were analysed :

a - Test 13A ( a single vertical pile ) .

b - Test 15 ( a nine - pile group loaded vertically and horizontally ) .
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8.4.1 Analysis of a test on a single vertical pile

The horizontal and vertical displacements measured in Test 13A were

each back - analysed to determine the values of Young's Modulus which would
give the same displacements in the elastic model .,

Where this process has been usef for piles in clays , the two values
obtained have been found to differ by;;;re than 30%Z . In this case , however ,
the ratio of the modulus obtained from horizontal displacement to that required
to give the correct vertical displacement was 0.008 to 1 , Moreover , even using
the smaller of these values of the modulus , the depth of the maximum computed
bending moment was only about 0.14 of the embedded length compared with 0,27

of the embedded length measured in Test 13A , The measured bending moments

were also considerably larger than predicted . ( see Figs. | and 2 )

8.4.2 Analysis of a test on a group of nine vertical piles

A similar analysis was made on the results of Test 15 , the results
of which are shown in Figs. 8.3 and 8.4 .

From this analysis the following conclusion may be drawn :

a - The ratio of the values of the elastic moduli obtained from
the measured horizontal and vertical displacements was 0.0484 to 1 .,

b = The position of the maximum theoretical bending moment in
no case agreed with the position measured in Test 15 .

¢ = The measured values of the negative moments in the piles at
the soil surface were six to seven times the theoretical values .

d = In all piles the measured maximum positive moments were greater
than the theoretical values .

8.4.3 Discussion of the results

The method is clearly unsuitable for analysis of piles and pile
groups in sands . Although this was not unexpected , the extent of the

discrepancies was surprising . The reasons for these are however easily seen .
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The horizontal displacement under horizontal load depends on the
stiffness of the soil over the first few pile diameters from the surface .

The vertical displacement under vertical load , on the other hand ,
depends mainly on the stiffness of the soil under the tips of the pile . This
soil is much stiffer than the soil near the surface ,

a - because it is deeper and the stiffness of the soil increases with depth , and
b - because the soil beneath the pile tips has been compacted during driving .

The method used camnot account for this since the soil modulus
is presumed to be constant with depth . It is understood that the programme
is being extended to allow for soils in which the elastic modulus increases
with depth , This modified method may give better agreement with the
experimental réults » although it will still be unable to allow for the
inelastic behaviour of the soil and the effect of compaction during pile

driving .
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8.5 General conclusions

The méthod outlined in chapter 3 and 4 can allow for the
non =~ linear soil behaviour and the variation of soil stiffness with
depth . Allowance cannot , however be made for the interaction of
closely spaced piles in a group , except by empirical adjustment of
the coefficients . In this respect , the most important quantity is
the axial pile stiffness ( coefficient Bl ) . The computed rotation
of the cap is particularly sensitive to changes in its magnitude .

Where the piles were raked , so that the tips were far apart ,
good agreement was reached using the value of Bl measured in a single
pile test ., Where all the piles in the group were vertical so that the
tips were close together , it was necessary to reduce the value of B!
by more than 507 .
ik Some small additional improvement was cktained by modifying
the(soil stiffness constants in some cases .

The tests on single raked piles proved less satisfactory than
the test or 2 single vertical pile as a means of predicting the stiffness
of the raked piles in the groups . The reason for this is not obvious ,
but may be related to the effect on the stiffness of the locked - in
moments observed during driving and discssed in section 7.2.1.c above.

The method used in the computer programme PGROUP is , at
least in its present form , unsuitable for the analysis of pile groups

in sands .
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Table 8.1

e ———

Single vertical pile ( Test 13A )

Results from programme — PGROUP ( D . 0 . E . )

Young's modulus Pile group flexibility coefficients
of soil , E cll 022 032
2 v = =
N/ 1073 1072 1074
3.346 0.7733 0.9774 0.4632
6.892 0.4132 0.6836 0.3727
13.784 0.2405 0.5033 0.3098
27.568 0.1498 0.3857 0.2640
34.460 0,.1303 0.3573 0.2522

C]l = Vertical displacement due to unit vertical load

C22 - Horizontal displacement due to unit horizontal load

032 - Rotation due to unit horizontal load

Cap displacements

Young's modulus Load Vertical Horizontal Rotations
of soil , E case displacement displacement (radians)
N/mm ;i No. mm om
3.346 1 1.029 0.0 0.0
2 0.0 1.173 0.00558
6.892 1 0.5496 0.0 0.0
2 0.0 0.8203 0.004472
"13.784 1 0.3199 0.0 0.0
2 0.0 0.6039 0.003718
27.568 1 0.1993 0.0 0.0
2 0.0 0.4629 0.003169
34.460 - 0.1734 0.0 0.0
. 0.0 0.4288 0.3026
Load case No. 1 = Vertical load = 1330 N

Load case No. 2 - Horizontal load = 120 N



Table 8.2

Single vertical pile ( Test 13A )

Results from programme — PGROUP ( D . 0 . E ., )

Total moment at top of each pile segment , N.mm

Load case No. 2 - Horizontal load = 120 N

No. of

shaft Young's modulus of soil , N/mm2

segments 3.346 6.892 13.784 27.568 34,460
1 12000 12000 12000 12000 12000
2 16000 14600 13200 11700 11200
3 11300 8150 5350 2890 2210
4 5800 2840 848 -258 -439
5 _ 2110 290 =419 =443 =375
6 327 -416 -384 =140 =753
7 -194 . =344 =150 =1.16 16

8 =115 =110 =274 -10.1 10.5



. .Table 8.3

The elastic and plastic soil stiffness constant and the

initial stiffness coefficients B2 to B6

Type Latest Latest Initial stiffness coefficients
of elastic plastic B2 = B3 B4 = BS B6
pile constant constant N/mm N/mm N/mm
A 37255.734 257.793 246,4482 8.6645 38.58775
+15°  149022.937 397.571 444,9917 10,7391 58,21975
~-15° 40627.666 306.569 256.1439 8.7862 39.63635
+30°  1141638.83 545,254 944.,6711 14,1529 98.46435
-30° 32715,237 306.569 232,497 8.484 37.057
% "
V - Single vertical pile
+15° - Single batter pile ( +15% ) !
-15° - Single batter pile ( -15°)
+30° - Single batter pile ( +30° )

-30" - Single batter pile ( -30° )



Chapter 9

. .Conclusions and suggestions for further investigations

9.1 Conclusions

As a summing up , it can be concluded :

a — Single piles

1 = The transverse displacements and rotations of the pile cap on
first loading were reduced with increasing inclination to the vertical .
This reduction was significantly greater for piles with a positive batter .

2 - The transverse and rotational stiffness after cyclic loading
were increased for vertical piles with a negative batter but were almost
unchanged for piles with positive batter . The bulk of the increase in
stiffness occured in the first few load cycles .

3 = Cyclic loading caused a significant permanent displacement of
the pile head . In the case of vertical piles and negative batter piles ,
this displacement was in the direction of the tranverse load . It was in
the contrary direction for positive batter piles under both axial and
transverse loading .

4 = The ratio of maximum axial to transverse loads dogé not significantly
affect the transverse or rotational stiffness of the pile head .

5 = The position of the maximum moment was about one quarter of the
embedded length below the soil surface in the case of the vertical pile ,
The maximum moment was slightly higher for raked piles , particularly
those with a positive rake .

6 - The maximum bending moment in the negatively inclined piles
was nearly equal to that in the vertical pile . A positive inclination
reduces the maximum moment significantly .

7 = In the case of the piles with a positive batter , the bending

moments were reduced very sharply below the point of maximum moment .
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b - Pile groups

1 = Where the groups contained raked piles , the horizontal and
vertical displacements of the pile caps on first locading were considerably
smaller than in the case of a group of vertical piles .

2 - Where the groups contained raked piles , the rotations of the
pile caps were considerably reduced and in the @pposite direction to that
in the case of a group of vertical piles .

3 - There was a significant increase in the horizontal and rotational
stiffness of the groups as a result of cyclic loading . Most of this
increase in stiffness occured during the first few load cycles .

4 - Cyclic loading caused significant permanent displacements and
rotations of the pile caps , much of which occured within the first few
load cycles . _

5 = 1In the case of a group of vertical piles there was some small
rotation of the cap under a central vertical load , as a result of the
variation in axial stiffness of the piles produced by the driving sequence .
Raking the piles reduced this rotationm .

6 = The egistance of the vertical load had no significant effect
on the horizontal stiffness of the pile head .

I 7 = For four - pile groups , the position of the maximum positive
bending moment was at about one quarter of the embedded length for
vertical piles . In the case of raked piles the position was significantly
lower , particularly in the case of piles with a negative rake .

For nine - pile groups , the position of the maximum positive
bending moment was about one fifth of the embedded length for vertical
piles . The position of maximum positive moment was significantly lower
where the piles were raked . This was particalarly noticeable in the
case of piles in the centre and rear rows .

8 = The mean negative moment at the soil surface , and the mean
of the maximum positive moments were smaller where the group contained
raked piles than where the piles were all vertical .

9 - The negative bending moments at the soil surface in the piles
of each group had nearly the same value . However , the maximum positive
moments depended on the position of the pile in the group , and on the

inclination in the case of a raked pile .
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10 = The vertical load did not significantly affect the bending
moments caused by horizontal loads .

11 = In the case of a group of vertical piles , the driving resistance
was increased with increasing number of piles in the group , with the
largest value for the latest driven pile . Where the groups contained
raked piles , the driving resistance was increased within the same row ,
but it was increased or decreased for the next row depending on the
number of piles and degree of inclinations of the neighbouring rows .

12 = Time dependent displacements , rotations and bending moments
of pile groups were generally insignificant .

13 = There was good agreement between the computer prediction and
the observed behaviour of the models , although this method cannot allow
directly for interaction between closely spaced piles .

14 = Some allowance for interaction can be made by empirical adjustment
of the pile and soil stiffness coefficients , of which the most important
is the axial stiffness coefficient ( Bl )

15 = Where the piles were raked , so that the tips were far apart ,

~ good agreement was reached using the value of B, measured in a single

pile test . Where all the piles in the group we:e vertical so that the
tips were close together , it was necessary to reduce the value of B1
by more than 50 % .

16 = The tests on single raked piles proved less satisfactory than
the test on a single vertical pile as a means of predicting the stiffness
of the raked piles in the groups .

17 = The surface integral method proved uns&i?sfactory for the
analysis of pile groups in sands since it assumedfelastic modulus to be
constant with depth . It is possible that an adaptation allowing the

elastic modulus to vary with depth might prove more successfully .
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9.2 Suggestions for further investigations

The following suggestion are made for further investigations :
1 = The extension of the investigation to larger groups .
2 - The extension of the investigation to groups with pile caps
in contact with or embedded in the soil surface .

3 - The investigations of the behaviour of groups with raked piles

in cohesive soils .
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APPENDIX 1
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A et 28 .~

S PP e . i b

e e i

. -
L . L . e . 2
o A A e A L) e MR

& 9 Q90 Y

o O

O

Q

e
4 >
P TV

* SUBF ILE PlLE °

goof

0302
0003
0004
0005
0005
cue?
00006
000Y
0010
0611

0012
0213
0314
0G15
o040
0017
0018
0019
6126
2021
0022
0023
0024
0025
00296
0327
0028
0429
0030
0931
032
0333
0034

0g3o

100
101

102

103
104

105

106

107

MASTER PILE

CUMMON P1(10).BM1(10),R(40,5), 5(4009) P(40!a

2Y(40),13ME40), 1 ITLECTD)
R=AD(1,100) TLITLE
FURMAT(1U0ADB)
Reab(1,101) Z.,B,ELl,M,K
FURMAT(SFO.0280)
N=M+2
Cu 1 1=1.K
ReAD(1,102) P1¢L)» BMICL)
FURMAT(2t0.0)
READ(1.,108) AM,PU»Mu,L
FURMAT(2FO.Ua200)
RTA.}(" J1 f’"} Y1h’Y1F:AN:PN
FURMAT(4r1.,0)
HRITE(2,1U9) [1TLE-Z,B,E]
FURMATC1H1/77/76X,21HLATeRALLY LOADEL PlLEe//

264>10A8//776Xs 9RPILE DATA//6X,11HPILE LENGTH,

S1uX,F10.8,3%,1HM/0Xs12HPILE bREAUTRT18X,
4F10,3,3X,10M/€6%,1483T1LFrNeSS (cl),10X,
DF10.,3,3%s /HRN=SG.M/)

WRITE(2,100)MK

FURMAT(&6X, 1oHNUMbER Or PARTS,20X.15/6X%,
225HNUMUER Op LUAD INUREMENTS,10X.15/777)
WrlTeE(2,107) i A
FURMAT(6X, YHLUAD DATA/Z/6X:5ASTAGE,SX, 2HP1,
21UuX,3HBM1 /)
guU 2 [=1:K
CWRITEC2,1008) - $2P1C1),8R1¢01) SELO I e L E
FURMAT(19,2r12.5) by
NH1T5(2:1U9] AM,PUL MG L
FURMAT{///76X,9yASULL DATAZ/
26X:26HINITIAL ELASTIC CUONSTAnT =,p10.1/
SE6X2Z26HINITIAL PLASTIC CUNSTARY =,F10.31/
46X, 22AN00E AT GRUUND LEVEL =,]15%/

D6Xy 22HNUMHER UF LYERATIUNS =,(5//7)



Pl e st e L o

TR TR SRR SN TN SRR W e e

0037

0036 o

0039
0340
Q41
0242
0043
0344
0045
GC46

- 0047

pu4as
0049
Besb
0351
0ls2
0053
0054
0055
0056
0257
0058
0059
Lose
0081
0062
0063
6364
0063
L0s6
0067
Co¢s
0069
DAY

s W

- H=z/M

C1=B%H*w#4/k]

CZ=H#el /|

Co=Hw(2
CALL FORMHIN,1)

KN2KESRP=0
DU 4 1S1,N
Y(I)=0.0

K1=n

IP(KN.L&-15

DU 6 J1=1.11
1=J1

IP‘KNoth1}

LY =6

Ir(KN.EQ.Q)
DU v J=q.Ly

SER

1=K

L1=1

CALL RASCI.N)H,C2,C8)
CHLL SUIL(N,BJH.AMJPUOHG‘C1’
CabkL SOLN¢N)

IF{KN.LE«1)

Gl TU &

Cakl MUMENT(1,N,C2)
CAL-L. PHINT‘ llN:ﬂN: Ha AN; PUJ Ud)

IF(KNNE. D)

DIF=YYE~Y{2)
ALIM=Y1E/100

IFCABS(UIF)oLEGALLIM)

TELDLIF LT, 0,.0)
Ir¢DIF +GTDs0
AN=AN/2
KeSKE*1
Ir(r(c.GT.‘IZ}

GuU

K=

Gu

T0 3
1

10 5

G0 TU &

GO Tl 7
AMSAM®Z2 %% Al
AMSAN/2a AN

STuP

T




e e,

e P R P S B

i Wl el e e

e o

Pl ot s ey b

©C 6.8 0 06 06 06 © o

10

11"

12

Clr (kN EG 20
" DIFEYIP=Y(2)

< GO TO 10

ALIM=Y1P/100

Ir{AdS(UIb).Lb.ALIH) G0 TU ¢
PUSPUS 2% %Py .

If(u!l‘ .Lr.U.U)
IF¢DIF.CT.0.,0)
PN=PN/2 :
KFESKP+1 ' :
Ir¢(KP.GT.12) ; STUP
GU TO ¢ :

Rns2

GU TO

CallL FORMR(N,Z2) -

DU 12 [=211,12

FUSPU/2ewpN

+ Dt 11 J=1.,N

Y(J)=0.0

LALL HHS‘I:N:HatzoCJ)

CaLL SOLL(NaBsH, AM, PUS MG, C1 )
CaklL SOLN(N)

CALL MOMENT(},N,(C2)

CakL PHINTclaN:KN.ﬁ.AH.Pu.csa
SiopP

END




c &

e

'

oa,@_oooca_

[ SR S Y-

&

S— Tu

"0094 _ A SUBROUTINE FUKMR(N,KA).

2B 0098 - o £ i sieiin < CUMMON P1(1U)»Bﬂ1{1U}=R{4Uab);b(4ﬂ 5)sP(40)s -
BOBE st — 2Y(40);BP(40};T‘TL:(10}
R ¥ ; PUs 15t ed
9B DU 1 J=1.5 , NE
0099 | R(1,J)=0.0 : 5!
01040 * DU 2 I%4,N _ : s sy
0401 okl S coe Rela3)=6. *
0402 -+ e R R(I,2),R([=1,4)=~4,
0183 it 2 c RCIs1).RUL1=2,9)=1,
0104 Ir¢(KALEQ.2) 80 TO ¢
G105 : R(123)/RE155)sR(2,3)sR(S5¢8)51.0
0106 - R(1,4)==1.4
0107 ° : R(2,4),R(3,8)==2,0
¢408 Gu TO 4
t109 3 R(4,1)=0.0
0110 _ : R(1,8)=0.5
0111 R(1,4)50.1c600666667
0412 R(Z;?)JR(Z:JJ‘:H(J:"):'I.U
0118 R(1,5),R(2,32),R8(3,3),R(8,2)==1.¢
0114 R(2,4),R(38,2)sR(S,4)=2.0
0115 > 4 RlNa‘iJaR(NoJ}:a.
0116 R(N=1,3)=55.,
0117 R(N=1,4)==2,
0116 ReTURN

0119 i END
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0120
0121
0922
0423
0124
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125 -

0127
0i20
0129
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0131
04132
0933
0134
0135
0135
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SUBROUTINE SUIL(N;bahaAHaPUaHGaC1)

CUMMON P1(1u:.um1t1ua,ﬁ:4u,5>.sc4u;b>.Pc4ua;

2Y(40J:BH(4U}JTITLb{1U}

DU 1 [=1.N

JU 1 J=1.,5

SClod)=R(1,9)

Du ¢ 1sMG+2,N

[US]=-MG~1

YI2ABS(Y(!))

Ir!YI.Lb.U.UUHQUU1) e rne g
X={AMeY ]/ (PUsg))
S(1:3)=S(Ia6)*PU*H'IU*TANH(X)*C1/Y1
GU TU 3

S(Ia3J=S(l:dJ*AH*H*ID*C1/d

CUNTINUE

RezTURN
EnD
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‘iﬂﬁ_0137_."

0434
0139
0340
0141
014g
01495
0444
0445
C146

- 0147

04942
0149
0150
0151
0152
0154

~. 0154 .
0455

N

- SUBROUTINE RAS(IsNsH,L2,08)

CUMMON P1{1U}abm1(1UJ:R(4U;5),S(4U,b);P(4U}a
2Y(4U);HH(QUJJTITL:{1OJ

DU 1 J=1.N

P(J)=0.0

It¢1.6T.10) G0 Tu 2
P(1)=5H1(1J*02/2+P1(1)#06/6
P(2)=8H1(!J*CZ*P1(I)653
P{31=BH1cIJ602+P1(IJﬂU3*2

5U TO 4 ,

Il‘{I'tQ-‘II&J LlU TU\S

P(1}="100

P(2)=1.0

P(4)=-1.0

GUu TO 4

P(1)=H |

CUNTINUE -

ReTURN
EnD -
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0156
0457
0158

0159 -

016U
0161
0162
0963
0164
0165
0160
0167
0160
0169
0470
0171
0172
0173
J174
6175
0170
0177

0178

END

SUBRUUTINE SULN(N)
CuMMON P1(1U).BM 1c1u>aac4a 5),S(4U,5),P(40)

2Y(40),BM(40)s1ITLECT1D)

Du 1 1=1.N=~2

S(1,3)=1.0/8(1,8)

pu 1 J=1.2

Ju 1 K=1.2 .
S(IvJrS+K~Q)ES{I*JsS+hmy)~ SCivdrd~Jdes(l.3)% .
2S(1,3+K)

SIN=1,3)=1,U/5¢{N~1,3)
SIN,3)=SIN»S)=S(N,2)4S(N=1,8)%S(N~1,4)

NuU 2 131.N"2

U 2 J=1.2

PlI+J)=P([+y)~ S(l*d:d JIRS(1,8)%P(1)
YIN)S(P(N)"SIN»2)¥S(N=1,8)P(N"1))/S(N,$) .
Y(N=1)3(P(N=1)nS(N=~1, 4>av<m>aostu -1,3) '

v DU 4 1122,N+4

I=N~-11
DU & JU=1»
PCIY=P(])
YCL)=P(1)
ReTURN

(123«0)2Y(|+J)
(1:3)

2
=S
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0179
0483
0181
0452
0183
0184
0185
(486
018/
0184
0169
Qiou
0191
06192
0394
0194
0195
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SUBROUTINE MOMENT(JLN,CZ)

CUMMON P1(10),8M1(1U)»R(4U,5), s¢4u.p>.P{4u:.
2Y(40),8M(4V),T11ITLE(T1V)

IrtJGT.10) sU TU 1

BM(1)=8M1(J)

Br(2)3(Y(2)=2#Y(3)*Y(4))/L2

l;'-’ TU 3

BM{1)=Y(1)/Ce

IrtJ.£0.12) GO TU 2
BM(2)=(1.0=2%Y(3)+Y(4))/LC2
Gu TO $ '

Brn(2)=(~22y(3)+Y(4)) /L2

DU 4 ]153,N"2
BULIIS(Y(I)=2eY([+1)+Y(]+2))/C2
BM{N=1)=0,

ReTURN

END

e — Y T S $ i e s
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0196
0197
0498
0199
0204

0201 "~
0202

0203
0204
0205
0200
0297
0208
0209
0210

6211~

0z12
0213
0214
0215
0216
0217
0210

L 021%

0220
0221
0222

0223,

0224
0225
0Z26
0227
0228

100

101

102

103

SUBROUTINE PRINT(LI,N,AN,H, AM,PU,CS)
CUMMON P1(1BJ.Bn1c1s).Rg4u,b).s(4u.b).P(4n)¢
2Y(40),8M0400,TLTLECT D)
Irtl,uT,10) G0 TO 1
YR2Y(1)/H .
WRITEC(2,100) 1,Y(2),YR
FURMAT(//76X38HSTAGE = ,12,6X,
224HPILE HzAD UISFLAGEMENT =,:10,7/22X,
$2uHPlLE HEAU ROTATIUN =at14.7/7)
WRITE(2,101) AM,PU
FURMAT(22X,25HLATeST ELASTIC CUNSTANT =,F12.3¢
222%,22rLATEST PLASTIC CUNSTANT =2r12.3/7/77)
Gu TO 2
Pr=Y(2)/L3
WrlTe(2,102) L,PR,BM(1)
FURMAT(///706X281STAGE = »12,06X,
21/HPILE HEAD PORCE =,r18,4/22X.
ST1UHPILE AEAU MOMENT =,F12.4//7)
Ir (KN,.LEe.1) Gu TO %
WRITE(2,108) ;
FURMAT(/6X,4RN0UE, 6X, 6HMUMENT, 4%,
212HDISPLACEMENT )

IF¢I.L5.10) YO=Y(2)
[FC1.£0.11) Y0=1.0
Ir¢l.20.12) YUsu,0

WrlTE(2,104) BM{1),YU
FURMAT(BX,1H,,2F1247)

DU & 112, N1

WRITE(2,105) 11,8M(11).Y(l1+1)
FURMAT(19,2F12.7) D
CUNTINUE 3 : e vl -
ReTURN s =
Nl e




APPENDIX 11

List of Computer Programme ( PILEGROUP )
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tnu1l
on02
cn03
G4
enos
Ln0a
LOL?
l‘,' 0 0 3
ALY
4n1o
(N
onté
uin13

j unls
On1Ss -

wnléd
aan’7
GOV 8

ey i

unén

anel .

neéé
¢nes
s
G0éeés

ongeé .

{;06?
n<dad
4

ans0

n31
onse

G033,

08

99

100

101

102

103

MASTER prLEgROLlIP 3
COMMONZONE/TITLECIO0Y N NP, NL.NM,NT 1 TSY,?7

2I1TW0/E(0,21).6C10,4)

3/THREE/A(D.6,6) ,R(9,6,6),ABAT(S,6),8AT(6.4)
W1EQUR/IC LAY D(6H,6)

"RIFIVEIYCO,L0) s R(A0,5),8¢40,5),p(40),BMCL0)

AISTNIHCGHY 161 €6) ,R6GL(46) ,U(R.8) . F(9,6)

READC1,0R) TITLE

FORMAT(10AR)Y ’

READCT,00) NP, NL,NM,NI.LISY.,2Z

FORMATCSIN, 0.0y °

no 4 I=1,np

READC1,100) (E(1.d),J=1.8)

READCY,100) (E(1.J),d=10,17)

FORHMATCEe0, o)

no 2 I=1,HL

REARCIIN0Y CGC1.JY 2T .6)

URITEC2,101) TITLE NP, NI NM

FORMAT(//7/6X.208PILE GROUP PROGRAM 2//6X.,
232HuNN= | TNFAR LATERAL SOIL REACTIONZ/
B4EXrADAR1EX,1SHUNIMBER OF PILFS. 20X, 11/6%,
A21HNDIIBRER OF LOAD STAGES.13X,12/6%,
S2LANUNBER OF PARTS PER PILE,10X,12)
WRITEC2,102y N1,2

FORMAT(HX3OHNUNRER OF ITFRATIONS IN wPlIFw,
2167/6X+32HHETIGHT NF CAP ARGVE SOIL SURFACFE.,
ZE7.3/176X,9HPILE DATA/Y)

po % 1=1,ND

WRETEC2 . ANZY Y RO Y b e 5)

FORMAT (66X, 7HPILE NO,T12/6X, _
?22HHEAD (O~ORDINATES: X =,F7.3,5H; v =,F7.3,
$SHI 2 =,F7.3/0X,23HDIREATION FROM X AXIS =,
LF6.2,104: BATTER =.£6.2)
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gn3a
an35
0036
on37
0038
0ni%
OunGo
o041
un&éé
Gn43
CNb4b
cnéd
U066
coh?
(n&d
(nne9
N30
a051
Gnse
ynsv3
EL
gnss

Ihﬂbﬁ

Gno7
(1058
(29
G060
uno1
uneed
¢nel

104

105

106

107

URITEC2,104) CECT4d),0=6:8)

EORMAT(AX, BHLENGTH =,F7.3,11H: BREADTH =,F7.3%,

2917H: STIEFNESS(EY) =,F7.%)

MRITECZ,105) (Eel,d).,4310,;17)
FORMAT (X, 23HELASTIC SOTL CONSTANT =,F10.3/
26X 23HPLASTIC SOTL COMSTANY =,F10.3/6X,

%Z2HINITIAL STIFFNESS COFFFICIENTS:=/12X,4HB1 =

4. EV0. 360 R2 =,F10.3,4H: B3 =,F10.3/12X,
54HB4L =,F10,3,6H; BS =,F10,3,6H: B6 =,F106.3//)
ECI,9)= 72/COSCE(1,5)*0.01745327)

FCL,18)=F (1,40 /11
E(1,19)=F(1,7)%F¢1,18)%%4/E(1,8)
ECI,29)=F(1,18)%«w2/E(1,8)
F(I,21)=F(1,18)%F(1,20)

CONTIRNUE

WRITECZ2,106)

EORMATC/ 76X . 10HLOAD DATA:/6X . SHSTAGE, 14X, 1HX,
211X,1HY,11X,1H2)

pO 4 I=1,NL

WRITEC2,107)1+¢GC1,J),0=1,6) ;
FORMATCHY ,12,6X,3HF =,3F12,3/14X,3HM =,3F12.3)
N=Np+d :

CALL FORMR

o 8 J=4,6 »

PO 5 K=q,6

C¢J . K2eDtJ,k)=0_0

ho ¢ l=1,Np

PO 6 J=1,6 :

no 6 K=4.6 :

e



R,

Q

T e i L ] B i b e

@@@'@@@O@-@@@

uné 4
606S
Gno6
0neé?
(in63
0neo9
toro
on/1
onré
un’3
unra
unrs
Gn7é
one7
uh?78
unee
0nso
l;nH‘I
Gnoe
Gns3
Gndé
anss
ond6
cos?7
Ons8
(H89
0nYo
unY1
G092
6nY3
G0Y 4
unYs
un96é

G0ge

;I

14

15

16

UL KI=UCT, KI*ACT /L, Ky wh(L)

CAL). FOrMB (1)
PO 7 J=1,6

PO 7 K=1.6

DO 7 L=y, 6
RAT(J:K)=RA7(J.K>+B(I.J.L)*A(I.K.L)
b0 8 J=1,6

PO 8 K=4,6

PO 8 L=1,6
nuArtJ.xw=AnAT<J.K>+At1.J.L>*RAT<L,w>
PO ‘0 d=q .4 *
N0 9 K=1,6
CCI,KI=CCd,kI*ABAT (Y, K)
PO 10 1=1.,6

PO 10 J=1,6
h(IoJ>='I:fI:J)

CALL INvpRY

DO 11 K=1,6
H(K),61¢¥v)=p.0

PO 21 J=1,NL

K1=n
ALT=ABS(G6(J,1))w0,01
AL3=ABS(6(J,3))wn, 01

PO 14 K=1,6
RGEKIZG N, KY=GT (x)

Gl (gy=0_n

PO 15 K=1,6

PO 15:-L=1,6
HtK):H(K\+n(K;L>*RGcL)
PO 19 1=4,Np

DO 14 K21f6

UCer.K2=0.0

DO 16 L=1.,48
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T 0n98

on99
gauo0
o101
;102
0103
0104
Ga0s
106
0107
g108
04109
110
011
3112
0113
0114
115
116
0117
0418
U119
u120
121
12
n4¢3
14
0145
1246
G147
(13

17

13

19

20

110

21

pOLs 2 R=T74
F(I.K):ﬂ.ﬂ

N0 17 Ls=1,6
FCLLK) =21, K)+B(T K, L)wUCI, L)
yi=ucl,2»

HR==U(1,6) ,

CALL PILECYI,KT,Y1,HR.E(1,18))
PCI.2)=vel1,2Y/ECT,21) °
FCL,6)=av(1,1)/ECL,20)

DU 18 K=1.()

PO 18 L=1+4

GIIK)Y=OT (KY+A(T, K LYRF(T,LL)
CONTINUE

1F(K1.E0. 1) GO YO 20
R1SABS(ACJ,1)=G1(1))
R3I=ABS(G(J,3)=61(3))

TFCR1.LT_ ALT1.AND.R3_LT.ALZ): K1=1
6O Y0 13

cONyINUE

URITF"Z.110)J!(G(JJK)'K'—" 06)061.:'*
FORMATC//7/6X.9HLOAD CASF,13/
AZORLANK IV TAY V1IN, TH2 )
36X¢21HAOPLIED LOAD:  FORCE ,3F12.5/
421X, 6HAMOMENT ,3F12.5//

S6Xe21HPYILE RFACTTON:. FORCE ,3F12.5/
621X, 68HOMENT.3F12.57/
76Xe21HPILE CAP DISPLACEMENT,3F12.5/
815X, 8BHROTATION4X s 3F12.57/17)
CONTINUE \ {

STOp ;

END
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0129
0130
G433
G132
(G| 55

U154

SASS
01356
137
(138
G139
¢c1460
0141
01462
G143
G144
01465
(11406

e e e — ——— . .+ w8

SUBROUTINE EORMR
CUHHON/UNEITITLE(10).N:NP,NL.NH.N],LIST,Z
S/FIVE/YCOaLﬂ):9(40.5).S(&O.S).D(&ﬁ).ﬁm(&ﬂ)

DO 1 I=4, U :
RELS3)=6.0
R(1,2),2(1=1,4)==4_0
R(I,1),r(1=2,5)=1.0
R(6,10=0_0

9(193)'—‘(”5
R(OT1,4)2=0.1646666467
R(2,2),€2,3Y+4R(3+1)=1.0
RC1,5).R€2,5):R(3,3),R(3.,5)a~1.0
R(2,4),R¢3,2),0(¢%,4)=2.0
REN,1I,Re¢N,3)22.0
R(N=1:3)=5.n

Q(N-1JL):’2_O

RETHRN , ' Ay
END ;

o
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0147
;148
(149

G150

[;151
g152
(4153
G156
0155
0156
G157
(158
0199
G100
(0161
0162
G163
(1164
(1165
0166
U167
(168
(1169
0170
6171

SUBROUTINE pORMACI)

,CO”HG“/HNE/TYTLE'10).N.NP.NL.NH.NI:LIST-Z

2ITWO/E(D,21),6(10,6)
XITHRFE/Af9.h.6),3(0.6.6):ABAT(6.6>oRﬁT(6¢6)
snA:slufﬂt!.4)*0.01?453??)
suB:sIN(F(I.ﬁ)*0.01?45377)
CSA=COS(F(L, L) %0, 01745357)
CSB=COS(E(T1,5)%w0,.01745327)
ACL,1+1)=CS5a%SNp

A(I.1a2)1CSA*CSB

ACL,1¢3)==gxA

ACT,2,1)=SNA*SNR

ACl,2+2y=SNa+CSR

A(I,2r3)=CSh

A(I,3r1)=C§R

ACI,3s2)y==5NR

hO 1 Jd=4 .3
A(I.LrJ)=E(!.2)*&{1,3.J)-E(l.KN*A(I.Z.J)
A(I,%rJ)thI.3)¢A(T.1.J)-F(I.1)*A(I.3.J3
A(I,6)J)=E(I.1)*A(!.Z.J)-E(I:Z)*A(I.1.J)
PO 1 K=1,3

ACI,0*3,K+3)=A(1,J.,K)

CONTINUE :

RETURN

END
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b

p172
u1/3
C174
B1LrS
0176
U177
(178
U179
0180
0181
b2
G163
1184

SUBROUTINE FORMBeT)
COHHON/HMEITITLE(10).N.NP.NL;NH.NI:I!ST.?
2/THN/E(D,21),6(10,6)

%/THREE/n(O.A.d).R£9.6;6)aABAT(ﬁ.ﬁ).BA?(ﬁ-ﬁ)

BCI,1¢eMy= Ec1,12)

RCI,2:2)= E(1,13)

R(1,3/3)= E(1,14)

R(I.S+Sy= E(1,15)
R(I1.276),RB(1,6,2)= E(1.,17)
n([lx’S)IRfIISPS’B "E‘!c’?)
RCI,606)2 E(1,16)

RETHRN

FAND
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0185
(186
0187
0188
0189
0190
0191
w192
(193
0194
(3195
0196
0197
0198
0199
0200
G201

SUBROUTINE [NVERT

COMMON/FOUR/G(6,6) D06, 6)
PO 4 K=1,6
ho 1 Jd=1.,6
1FCo . NE_K)
ny 2 1=4.6

D(K.,u)=D(K,J)/D(K,K)

YF(1.EQ_¥) GO Tn 2
DO 2 J=1,4
1FC _Ea k) G Tn 2

n(l..I>=nf'l;J)-D(K:J)*D“-K)
CONTYIHUE

DO 3 l=4 .8
1FCr _NE k)
P(K,KI=1,0/pCK,K)
CONTIHUE

RETuRN

END

D(I,K)==D(Y,K)/N(K,K)

T
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gr02
G203
(204
G205
0206
(207
a2 08
P09
210
o2
pe1e
¢213
214

SUBROUTINE PILECT,K1,Y1.HR,H)
COMHONIfN'IF,TtTLF.(1n) e NaMPNL.NM,NTY s LIST 2

CSIFIVE/Y(O,40),R(A0,5),8(40,5),PC40),RM40)

PO 9 Jd=q,MN1

CALIL RHSCY1,HR,H)

CALL SOr1 (1) '

CALI. SOLNCY)

TF(K1.EQ.0,0R. J.NE.NT) GO TO 1
CALL MOMENTCTI»YT)

CALL PRINTC(TI.Y1)

CONTINUE

RETIIRN

END

e w—— vy

e
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0215

(216
0217
G218
0219
(240
h?d‘l
2eé
0223
(PLh
U2ées

SUBROUTINE RHSC(Y1,KR,H)
COMMON/ONE/TYTLES10) ,N,NP,NL.NM,NI,LIST,2
SIFIVE/Y(9,40)/R(L0,5),8¢40,5).,PC40),BMC4LD)
PC1)="Y1+HRwH '

pl{2y=Y1
p(3y=0_0
P($)=FY1
PU 1 J=5,N
pldy=V 0
PETURN

END
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0226
G227
(228
(12¢9
72350
il s
232
233
02564
(235
(1256
0257
238
(0239
0?60
yrael
(242
0243
g2464

SUBROUVUTINE gOIL(Y)
COMMON/ONE/TITLECINY N, NP, NL,NM, N1, IST,?
2/TUO/ECD,213,6C10,6)
SIFIVE/Y(O,40) s R(AD,5),8¢40+5),PC4D),BM(4L0)
b no 1 J=1:h
PO 1 K=4,5
1 SCJ,KI=R¢d,K)
PO > J=3_MN
- PPR(J=2)%F(1,18)=E(1,9)

IF(pP.LE.O.0) : GO TO 2
YIZABS YL, 0))
1F(YJI.LE . 0,1F=6) GO TO 3

X=CE (1, 10)eva/(ECT,11)%F (T, 7))
S(J.3)=85CJ,3V+E(T 21 1)*NP*TANK(XI*E(CT,10)/Vd

GO NG 2
3 S€J,3)=5(J,V+ECT,10)wDPwECY,19)/ECT,7)
2 CONTINUE

RETURN

END
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P45
(0246
(247
P48
(249
G20
251
(1252
P53
(254
0255
0226
Or97
0?58
(P59
0260
261
0262
1263
(264
(1265
0266
0267

SUBRNUT INE §OLN(TP)

CUHHHNIUNF/TYTLE(10):NaNPaNLoNM:N!oL!ST.?
%/FIVE/V(O.kn\:R(aﬂ.S).S(ko.S).D(LO).RM(LO)

bO 1 I=1v~“2

S(I1,3)=1_0/5¢1,3)

no 4 J=4q.,2
PO 9 K=q,2

Q(I+Jr3+K-J)=S(l*J,S*K-J)-S(!*Ja3-J)*S(T:3)*

2S¢l ,3*%K)

R(N-1r3)n1.d/S(N'ﬂo3)

s(N,3)=3:n.?)-S(N.2)*S(M-1.3)*S(N-1.4)

PO 2 I=q ,Nap
po 2 Jd=1,2

D(I+JJ=DfI¢J\-$(1*J.3-J)*S(I.3)*Pt13
Y(Ip.“):fp{ﬂﬁ-S(M:2)*S(N-1aS)*P(N-1))XS(N.3)
V(IP.N~11=(9(N-1)-S(N-1.6)*Y(tP.N))wS(N-1.3)
DO 4 T1452,N=1 3

1=N.11
ho 3 J=1,2

9(1)=p(I)-S(Ir3+J)iY(IPoI¢J)

YCIp,1)=p(1ywS(1,3)

PETURN
END
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0r72
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ar76
G275
(276
0277
278

SUBROUTINE MOMENT(T,VY1)
COHHONIHNE/7TTLEf1n).N;NP;NL-NH.NI-LTST.?
2/TH0/7E(0,21,6(10,6)
S/FIVE/Y(Qv(bQ)rﬂ(fsnsS)rSfﬁﬁnS)ap("!n)tﬂM(‘on)
RMC1)=Y(1,1)/E(1,20)
BEE2)=C(v1=2uy(1,3)4Y(1,4))/E(1,20)
DO 1 J=3, k=2
1 HH(J)=(YflcJ)"2*Y(I;J+1)+Y(Ipd+2))lF(Ip2n)
' alilu=1y=0,0
RETURN
END
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0279
0280
(281
(762
67263
284
(265
P66
Qru?
(7288
{749
{r?‘/”
291
(792
0293
P94
l_!?‘)s
0296
urY7
(298
orye
0300
U 201
w3he
G303
G304
o305
0306
0307
0208
1309
0310
0311
(312
0%13
031¢
(%15

SUBROUTINE pRINTC(I,Y1)
COH!ON/nuFlrrTLF(1ﬂ).N NP,NL,NM, N! LIST.Z
2/TWUn/EC0,21y,6(¢10,4)
SIFIVE/IV(O,40),2¢40,5),8¢40,.5), 9(40) BMC4O)
PREVIL2VY/E(T.21)

WRITE(2,100) 1,PR,R11C1)

100 FORHAT(IIISK. 7HPILE NO,Y12.6X,

218HPILE HEAD FORCE =,F12.4/21X.,
Z18HPTLE MEAD MONFNY =,812.4/7)

YECLISTY . GT.0)) GO TO 3

BMIN,BMAX=0_0

e 2 11=1,N=1

TFCpMCT1y, LY. BMAYX) GO TO 1
BMAY=BM(cT1)

MHAN =11

G, T0 ¢

1 TFlapM(I1) Gy BMIN) GO T0O 2

BIITN=BM(11)
MMIN=11
2 CONTINUE
WRITEC2,101)BMAX, MMAX,BHMIN,HMIN
101 FURHATf?1X.1R““nY1PUM MOMENT =,F12.4/

221X, 18HAT HODE NUMRER 10/
Z21XA8HMINTHUM HOMENT =,F12.4/
421X, 18HAT MODE NUMAZR e 1011 1)
60 TH S
3 Welte(2,102)

102 FORHATC/AX, 4HNODF 26X, 6HMOMENT , 4 X o
212HDISPLACENENT /)
WRITEC2,103) BM(¢1),v1
103 . FORMAT(AX,1H1,2F14.7)
DO 4 11=22,N-

4 RITYTEC2,104y 119, BMCI1) . V(I.I1+1)
104 rannT(lo CF14.7)
5 . CORYINUE

RETuRN

FrD






