this document downloaded from

vulcanhammer.info

the website about a
Vulcan Iron Works

Inc. and the pile

driving equipment it
manufactured

http:// ww.vulcunhumni

| L, — — ..-
| —

Terms and Conditions of Use:

All of the information, data and computer software (“information”)
presented on this web site is for general information only. While every
effort will be made to insure its accuracy, this information should not |
be used or relied on for any specific application without independent,
competent professional examination and verification of ifs accuracy, suit-
ability and applicability by a licensed professional. Anyone making use
of this information does so at his or her own risk and assumes any and all
liability resulting from such use. The entire risk as to quality or usability of
the information contained within is with the reader. In no event will this web
page or webmaster be held liable, nor does this web page or its webmaster
provide insurance against liability, for any damages including lost profits, lost
savings or any other incidental or consequential damages arising from the use
or inability to use the information contained within.

This site is not an official site of Prentice-Hall, Pile Buck, or Vulcan Foundation
Equipment. All references to sources of software, equipment, parts, service or
repairs do not constitute an endorsement.


http://www.vulcanhammer.info
http://www.vulcanhammer.org/

oo

THE SHAFT RESISTANCE OF DRIVEN PILES IN CLAY
. 'EZ
D.M. POTTS and J.P. MARTINS
(Imperial Collieqge London)

1. INTRODUCTION

In recent years much research effort has been devoted to the
develomment of an effective stress approach to pile design in ciays.
Although the objectives of such research are simpie the probiem has
proved to be of such complexity that only limited progress has bheen
made to date. The major probliems arise in the prediction of the
changes in effective stresses which occur as a resuit of both
instaliation and the subsequent loading. Much recent work (eq.
Randolph et.al. 1979, Kirby and Fsrig 1980) has concentrated on
predicting stress changes arisinq from the instaliation of, and
subsequent consolidation around, driven piles in ciay. Much progress
has been made in this respect. However the same attention has not
been given to the effects of ioading such piles after installation. '

-‘The shaft resistance of a pile may be determined by inteqgration of
the shear stresses at failure acting over its surface area in contact
with the surrounding soil. The peak (maximum) shear stress T
acging on the pile shaft may be reiated to the effective radial strgg;
c; by the following equation,

! ]

T = o~ ,tand + ¢ (1)
max  r _
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where g} is the radial stress acting at peak shear stress,

) represents the peak mobilised argle of friction
a}ong‘the pile shaft,
and c , the effective cohesion intercept; this is usually
neglected on .account of the remoulding assumed to occur
~during pile installation. '

Thus, in order to estimate the maximum shear stre§s, the' design
engineer must be able to predict the values of both c; and 8 acting
at peak. ‘These values are likely to be influenced by, among other
factors, the soil type, its stress history, the type of pile, the
method of pile installation and the rate of loading. Clearly this is

‘a_complex situation.

In this paper the results of a numerical investigation into the
mobilisation of shear resistance along the shaft of a fulil
dispiacement pile are presented. The analysis has considered the

'behaviour»qf the soil around a short segment of a very long pile, well"

away from the influences of both the pile tip and the ground' surface.
The pile is assumed to have been installed by driving and only loaded
after any excess pore pressures have dissipated.  The stress

-conditions prevailing in the soil after pile driving and subsequent

consolidation have been taken from Randolph et.al. 1979 and Wroth
et.al. (1980). The numerical analysis has been performed using the
Finite Element method and the soil has been assumed to bhe an
elasto-plastic material behaving in accordance with a form of the
Modifiedicam Clay model (Roscoe and Burland, 1958), .

The behaviour of two piles, one installed in a normaily
consolidated clay and the other in a clay with an original
overconsoliidation ratio of eight, will first be discussed. It will be
shown that the pile behaviour on loading is essentially controlled by
the stress state of the soil immediately adjacent to the pile shaft.
The resuits of a parametric study are then briefly described. The aim
of ‘the study was to identify the features of the stress state around
the pile after driving and consolidation, to which the subsequent
loading behaviour is most sensitive. . -
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2 FINITE ELEMENT ANALYSIS

For the purposes of the present analyses a thin horizontal siice
of soil of considerablg;lateral extent compared to the pile diameter
has been considered with houndary conditions relevant to the idealised °
situation of a lbnq pile in an infinite soil medium. The geometry
adopted is illustrated in fiqure 1, and consists of a horizontal disc
of soil having a thickness of 5 units and an external radius of 345 ,
units. The modelled pile of 7.5 units radius is coaxial with the
disc. In figure 1 this disc has been divided into 20, eight noded,
isoparametric elements. tmmediatély adjacent to the pile shaft the
elements have a width of only 0.25 units. ’ |

COORDINATE SYSTEM

PILE _ OUTER BOUNDARY

Figure 1: Finite element mesh

To model the loading of the pile axial dispiacements have been
imposed over the houndary AF. To model the infinite extent of the
disc zero dispiacement boundary conditions were imposed over the
boundary region CD. Parametric studies were performed wvarying the
element sizes, the number of eiements and the radial distance to the
boundary CD in order to verify that the mesh shown in fiqure 1
accurately modelled the problem under consideration. Along the
boundaries AC and FD the dispiacements were tied; that is to say at
any radius r the dispiacements both vertically and radially at '
corresponding nodes on AC and FD were forced to be identical. This
resuited in a vertical line such as FR in figure 1 remaining verticadl
during loading. -The magnitudes of both the vertical and radial
dispiacements of this 1line are cliearly unknown at the outset of the
caicuiation and are a resuit of the 'analysis. This tYinq of
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displacements was achieved 1in the finite element analysis by giving
the same degree of freedom number to nodes at the same radius along AC
and FD. This also resulited in a smaller stiffness matrix and

essentially reduced the problem to a one dimensional situation in -

which all variabies were a function of radius only. 1Initial stresses,
equal to the stresses after pile installation and subsequent
consolidation, were specified in the soil at the start of the
analysis. Pile dispiacements were applied incrementally and the
finite element equations solved using an accelerated form of the
initial stress approach. Typicaily fifty increments  of pile
dispiacement were employed with an average of four iterations per
increment. A parametric study was performed to ensure that the
increment size was sufficiently smail to provide accurate predictions.

3 SOIL MODEL

The soil model adopted for the finite element calculations was a

form of the Modified Cam Clay mcdel of Roscoe and Ruriand (1958). 1In
this model it is assumed that the consolidation gharacteristics of the
soil may be adequately represented in v—=1ln(p ) space by the virgi
consolidation line; _ ‘

] .
v = vl-A.ln(p ) : (2)
and the family of swelling lines;

!
v = vs-K.ln(p ) - (3)

where v=specific volume=l+e, p =1/3(c- +o- +0- ) =the mean
effective stress, A is the slope of the virgin consolidation
line, K is the siope of the swelling lines and v_ is the
virgin consolidation specific volume at unit pressure. A , K
and v1 are material properties.

Behaviour under increasing deviator stress is assumed to  be
elastic until a yield curve of the form;

2 L
F= S - (po /p -1y =0 (4)

SN
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is reached at which point strain harQening/softeﬁing plastic
behaviour occurs. 1In the above expression p is the vaiue of p at
the intersection o¢f the current swelligq line and the virgin
consolidation line and S is defined as; ' ‘

S=J/(p .g(8)) o ' (5)

where J the Second inyariant pf the gfgective'strgss tensor is

defined by J =1/6((oz o ) f(ca —o ) + (c; ~o7 ) ), e=Lgde

angle (see figure 2), and the function g(®) expresses the
- manner in which the yield surface varies with the Lode angle.

In the present studies g(8) is taken as either:-

a Mohr Coulomb héxagon given by; ‘

] 1]
g(8)=sing /(cos8 + 1/ B.sinb.sing ) (A)

] _
and where ¢ is the Mohr Coulomb angle of shearing resistance,
or as a circie with;

g(8)=M/f3 ' | (7)

|
Cs '
|

Figure 2: Variation of g(8) in deviatoric plane
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Faquation 4 pliots as an ellipse, in terms of n and .7 above each

sweilint line aiven By equation ? anc! the major axis of the ellipse is
a function of P which varies with v in accordance with equation 2.
o .

The intersection of the yield surface with a deviatoric plane produces-

either a Mohr Coulomb hexagon as described by equation % or a circle
with radius M/V/3.

The piastic strain increment vector is assumed to be perrendiculiar
to aAplastic potential surface which is also given by equation (4).
However, the plastic potential is assumed to be‘independeht of the
Lode angle © having rotational symmetry about the space diagonal in
effective stress space. Tt is therefore obtained from equation 4 by
replacing the variable 8, used to evaluate S, by the parameter 8(g Y,
the Lode angle at the point in stress smace at which the plastic

‘potential is to be employed'to evaluate the plastic strain increments.

Although replacing © by 8(g ) does not change the value of F it does
change the value of the derivatives of F required to evaluate the

strain increments. The intersection of the plastic potential with a

deviatoric plane produces a circle. As the pile problem under
investigation has a zero strain constraint in the 'z' direction and as
the piastic potential has rotational symmetry the stress state at peak
load conditions corresponds to a Lode angle e=o°, see Potts and Gens
(1982). This condition (e=o°) will be referred to as the "plane
strain” situation throughout the remainder of this paper. In terms of
the nomenclature of classical plasticity the yield surface and its
piastic potential are non-associated if equation 4 is used to define
q(8), and associated if equatioh 7 is employed.

Soil behaviour under unloading ahd reloading of the effective

stress p is assumed to obey equation 3 which gives the elastic bulk
moduius KB as ;

KB=V-P /x .(8)

This expressio? indicates that the elastic bulk moduius depends on the
stress leveli p and the specific volume v. 1In the original version of
Modified Cam clay (Roscoe and Burland, 1948) elastic shear strains
were neglected; however, if the model is to be incorporated into an
eiasto-piastic finite element formulation neqgiect of elastic shear

it
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strains produces problems when purely elastic behaviour is considered.

To overcome this difficuity a constant valiue of the shear modulius G,
independent of stress level, has been adopted.

To completely specify the soil‘model, values of ‘the following five
parameters are required: G, Mor ¢ , A , K and vl.

4 DRIVEN PILES

Recently considerable research effort into the prediction of
iikely stress changes occurring in the soil due to pile driving and
subseduent consolidation has been made at Cambridge University (e.g.
Randolph et.ai., 1979)

This work is based on cavity expansion theory incorporating the
Modified Cam élay medel and empioying the finite element method to
obtain numerical predictions. One of the most important predictions
érising from this research is that after drivinmg and subsequent
consolidation the soil adjacent to the pile is in  a normally
consolidated state, irrespective of its overconsolidation ratio prior
to pile installation. The analysis also shows that immediately
adjacent to the pile shaft o} =Ko c.o' and cé -o; where Ko ne is the

"at rest" coefficient of earth pressure associated with a one
dimensionaily normally consolidated ciay.

In an attempt to examine the likely stress chahqes that may arise
on subsequent pile loading the resuits of two of the analyses
'presented by Randolph et.al. (1979) and Wroth et.al. (1080) were
used as initial conditions in numerical caiculations using the finite
element mesh qiven in figure 1. The two cases selected were that of a
pile installed in an initially normally consolidated Boston Rlue Clay
ana that of a pile installéd in Iondon c¢lay having an initial
overconsol idation ratio of eight. As a form of the Modified Cam ciay
model which had rotational symmetry in the deviatoric plane was
adopted in the cavity expansion anaiysis, the model described in
section 3 with g(8)=M/3 has heen used for the present calculations.
This ensures some form of consistency. |



1) Pile Installed in Normaiiy Consoiidated Boston Blue Clay

The soil parameters for the Modified Cam clay mocdel were assigned
the following values apparently representative of Roston Blue ciay;

M=1.2, A =0.15, K =0.03, c=1zooom/m7‘, v =283

‘ | ' } '
The wvariation of the principal effective stressgs c} ' c; and o;
with radial distance from the pile, obtained from Randolph et.al.
(1979), were input as initial stresses and the soil assumed to he
everywhere in a normally consolidated condition. Pile loading was
simulated by appiying increments of shaft displacement and the
anaiysis performed first under fully' drained conditions. The
resulting stress path for a soil element adjacent to the pile shaft
predicted by the énalysis is shown in figure 3 as the dashed line BCl.

150 ) //
J/ C
Cuj N
N
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. .
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Figufe 3: Stress path for a soil element immediately adjacent to a
pile installed in normally consolidated Boston Blue clay

Tnspection of this figure indicates that the effective stress path
foliowed during the loading travels to th? left with a consequent
reduction in the'mean'effegtive stress p . The variations with pile
displacement of c} ’ cb ’ o; ’ -trz' I, ¥ vz and & for a soil element
adjacent to the pile shaft are shown in fiqure 4. oL is Adefined as

the inclination of the maximum principal stress to the z direction.
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Pigure 4: Variation of stresses adjacent to a pile installed in
normally consolidated Boston Blue clay on drained loading

In these plots the stresses have been normalised by Cu , the
undrained shear strength under "plane strain” co?ditions (e=0°),lprior
to pile loading. The very large reduction in o}‘ (about  40%) during
pile loading should be noted. Tnitially the principal stresses
rotated rapidiy with pile displacement and after 80% of the peak shaft
resistance had heen mobilised, the principal stresses had rotated
through 400 of the overall 450. At peak the inclination of the major

L < 4 >
principal stress to the ,vertical , ¢ ,was 45 indicating that

-1
8 =tan (sing ), where ¢ is the equivaient anqgle of shearing
resistance at peak conditions. -

The analysis was repeated under undrained conditions and the total
stréss path for a soil elenent adjacent to the pile shaft ;s sﬁgwn %n
figqure 3. The variations with pile displacement of c} ’ o; y G
'Yiz; Y __r J, uand =& in this same soil element are presented in
figure 5. In these figures u is the excess pore pressure generated
during pile loading. The predicted pore pressure distribution with

raddius at peak conditions is represented in figure A.

a"
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Figure 5: Variation of stresses adjacent to a pile installed in
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Figure 6: Pore pressure variation with radius
In this Ffigure the pore pressures have been normalised with

respect to the undrained shear strength CuO prior to pile installation
and the radial distance normalised with respect to the pile radius,

10



and piotted on a iogarithmic scalie. Also indicated on the fiqure are
the predicted pore pressures generated durind piie driving (Randoinh
et.al. 1979). Inspection of the figure indicates that during pile
léadinq the pore pressures are considerably smaiier in magnitude and
much more localised than those generated on dAriving. The times for
compiete dissipation of pore  pressures qenerated on loading are
therefore likely to he quite short compared with the "set uo" time and
the question arises as to whether pile loading is, in practice,’é
drained or an unrrained phenomenon.

ii) Pile Instaiied in Overconsoiidated London Ciay

The soil parameters for the Modified Cam Clay model were assiqned
the followinq'values; '

 M=0,558, A =0.161, K =N.0A?, G=5750 Kw/m7,v1=?.7aq
A ] ’ L]

The yariation of the principal effective stresses o} ,c; and c; ;
and the undrained shear strenath after pile driving and subsequent
consoilidation were ohtained from h&oth et.al.(198M), Pile loading was
again simulated by applying increments of shaft dispiacement and the
ana.ysis performed under fully drained conditions. The predicted
stress path for » soil element adjacent to the piie shaft is shown in
figure 7 as the dashed iine RC ,

15k

J
2
10 | DRAINED
cavity CAVITY A LOADINGS
EXPANSION  EXPANDED B N
)
\—9— — \ o
FULLr CONSOLIDATED
05t A N T T = &~ AFTER DRIVING

|
_IN SITH CONDITIONS
le | OCR B
1

05 10 15 20 25 30
o
/Cu;
Figure 7: Stress path for a soil element adjacent to a pile installed
in over consolidated London clay
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The variations of o ,0 ,0
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adjacent to the pile shaft,

with pile -dispiacement,

[ { _+» & and J for a soil eliement
are shown in g
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figure 83, the early rapid rotation of principal stresses and the fact

o
that at failure & =45 should be noted.
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Figure 8: Variation of stresses
overconsol idated London
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Figure 9: Variation of shear strain with radius
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In figure 9 the predicted variations of shear strain ‘{rz'with radial
distance from the pile shaft are shown for various stages of loading.
From this figure it is evident that as peak conditions are approached,
extremely high shear strains are predicted in the immediate vicinity
of the pile. If the soil model were to incorporate even very gradual
strain sofﬁeninq then progressive failure wouid be predicted.

iii) Simplified Stress Conditions

Two further analyses were then performed ignoring the radial
variation of stresses foliowing, pile installation as predicted by
Randolph et.al.(1979), and Wroth et.al.(1980)., 1Instead the initial
stresses were everywhere set to the Values appropriate to . the soil
immediately adjacent to the pile shaft. The predicted stress path for
an ' element adjacent to a pile driven and then'loaded in normaily
consolidated Boston Blue Clay, is shown as the dotted line BC7 in
figure 3. Inspection of this figure indicates that there is very
ciose agreement between this stress path and that obtained from the
previous anaiysis using the 'correct' initial stress distribution in
the soil.

The predicted stress path from a similar anaiysis of a pile in
overconsolidated London Clay is shown as the dotted line HC7 in fiqure
7. The close correspondence between this stress path and that
obtained using the 'correct' initial stress distribution is not as
good as that for the pile installed in normaily consol idated material
but still illustrates the dominating influence of the material closest
to the pile. The approximate anaiysis predicted a stress path to the
ieft of the 'correct' one and is therefore on the conservative side.

In the cases of the pile installed ig bogh the normalily and
overconsolidated material, the variations of o ,c; 1T, trz' sz,cz
and J for the soil element adjacent to the pile shaft, with pile
displacement, predicted using the simplified initial stresses were

~also in good agreement with the corresponding anaiyses employing the

'correct' stresses. It shouid be noted that in hoth caSes considered
the soil immediately adjacentvto the pile was taken to be normalily
consol idated; see Randolph et.a2l.(1979).

13



iv) Undrained Behaviour

4

Anailyses employing the simpiified stress conditions were performed
enforcing undrained conditions. The results were compared with those
obtained above for the case of the undrainad loadinq‘of a pile driven
into normally consolidated Boston Riue Clay (empioying the 'correct'

radlal variation of post installation stresses). The main conciusions:®

were that:-

i) the stress state in the element ihmediately,adﬁacent to the
pile shaft controls the pile hehaviour on loading.
ii) at peak cond@tions':—
a o =0 =0
by o= & F
i 6' = ta3 -1 (sing
c) tan S

v

iii) as the loading is undrained , z;“ax=0u , the undrained

~ shear strength in "pliane strain" prior to pile locading.

If the conciusion from Randoiph et.al.(1979), that the material
adjacent to a driven pile is aiways normally consolidated is adopted
in conjunction with the above' ohservations then the ‘followina
expression for the reduction of o} on pile loadina may “e deriver:—

Acr' 1-1/3. (140 _ [ 0.5 [ 1Ko ) Tu 1= 5/

)
nc

crri'= am (1+?Ko

This relationshio' indicates that the change in the radial
effective stress c} o is a function of its initial value after
installation (c‘i ) , the magnitude of KonC , and the value4 of q(8e)
prior to loading (adjacent to the pile conditions correspond to
triaxial compression (9=—?OO)). The valiue of g(8) may be determined
from equations 5 or 7.

. 1)

In figure 10 the wvariation of o} is piotted against Ko
employing the parameters for London Clay used ahove, - and a Mohr
Couiomb hexagon for gq(R). For vaiues of Ko ne in the range of interest
(0.5 to 0.75), the reduction in ¢ is about 40%. See section Sii for

Sr
2 further discussion of the effects of the magnitude of Ko .
' nc

14
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Figure 10: Variation of radial stress on loading as a function of gbnc

It is therefore possible to determine the undrained failure
conditions without performing a numerical analysis and the undrained

 case therefore becomes trivial. However, the behaviour under drained
.conditions is much more complex, and no such simple reliations have

been found to determine the conditions at peak. In the remainder of
this paper, attention is therefore concentrated on drained hehaviour.
In practice pile loading will probably be a partially drained
phenomenon  and the actual hehaviour wouid be expected to lie between
the bounds of fully drained and undrained conditions. |

S PARAMETRIC STUDY

Apart from the assumptions incorporated in the soil model and the
values assigned to the parameters necessary to define it, the above
caiculations are dependent on the stress state within the soil prior
to pile loading. These stresses havinq been taken directly from the
resuits of cavity expansion analyses. 1Tn an attempt to investigate
the infiuence of small perturbations to these values on thé'pile
behaviour on loading, a limited parametric study has been completed, .
In particular the effects of the shape of the yield curve in the
deviatoric plane, the value of Konc and state of consolidation

15



immediately adjacent to the pile prior to pile loading have heen
considered. For the purposes of this study the idealised situation in
which the initial stresses do not vary with radius has heen employed.
A brief ﬁiscussion of the resuits of this study will now be given.

i) Shape of‘the Yield Surface in the Deviatoric Plane

In order to maintain compatibility with ‘the cavity expansion
anaiyses, the caliculations performed in the previous sections have
adopted a . surface of revolution for the yield surface in the
deviatoric plane. Howpver, it shouid be noted that the use of such an
assumption leads to a variation of the angle of shearinq resistance ¢
with Lode angle. For exampie if a valiue of ¢ of 75 is specified for
triaxial compre551on (Q=~70 ) a value of ¢ ?4 5 is obtained in

"plane straln (e=o ) . Alternatively if ¢—25 is specified at "plane
strain” a valiue of ¢-19 is obtained in triaxial compression. Neither
of these two situations is realistic and the majority of ciays have g
vaiues which vary little with Lode angle, having, perhaps only a l or
2 variation of ¢ between triaxial compression and "piane strain”
conditions.

In order to demonstrate the effect of the shape of the -vyield

surface on the predicted piie hehaviour the results of three analyses

are presented. All three analyses had the same starting stresses and
soil conditions. T™wo of the analvses have adopted a surface of
revoiution (SR) for the yieid surface (circlie in the Aeviatorie plane}
having M values of N.73 and 0.9% respectiveliy. These M values qive g
vaiues in triaxial compression (Q=-?00) of ]00 and 750 and at "plane
strain” (e=0°) oF'ZSO and zﬁ.qo respectively. Tn the third Analysis a
Mohr Couiomb hexagon has bheen adopted for the sh?pe of the vyield
surface in the deviatoric plane (see section 3, and 4 has been set
to 250. The resulting stress paths obtained from theselanalyses Aare
presented in figure 11 and the predicted reduction in o in fiqure

. . r (o}
12. }n alli cases, as with the previous analiyses, the Lode anqie @=Nn
’ ] .

and o =0, =0, at peak loading conditions. Considering the two
anaiyses in which a surface of revolution was adopted (curves a and h
in fiqures 11 and 12) the following roints should he noted.



1) The predicted valiues of J at peak c':onditions are markedly
different. However, the values of p are similar. This
resurts 1in the peak valiue of J being directly proportional to
the M values adopted in the analysis. As & =45°  at peak
conditions in both cases the maximum shaft resistance of the
pile ’crz is also proportionai to M. '

ii) The variations of oo with pile displacement are very

r
similar for both analyses. They are not, therefore, strongly
influenced by ™. -

- M=0 98
)2 : .
18 ¢ . ’(/ (Prc=257)
2 pd
Cuj ‘
1.6 | ’/(\ ‘
' 7 N S f;s"’m?-'-{
16 f ’ \ - s =79
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Figure 11: Stress paths as a function of the shape of the yield curve

in_the deviatoric plane
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Figure 12: Variation of the radial stress as a function of the shape

of the yield surface in the deviatoric plane
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The resuits of the analysis using the Mohr Couiomb hexagon are
indicated by the lines, labeiled c, in figures 11 and 12. Inspection
of figure 11 indicates that at peak the value of J, and hence 't ,‘is
less than predicted using a surface of revolution for the shape of the
y1?¢d surface in the deviatoric piane. A slightly larger reduction in
c; is also predicted, see figure 12, These observations indicate
that analyses based on a scil medel involving rotational symmetry
about the space diagonal in effective stress space may lead to
slightly unconservative predictions. However, it should be.noged ghat
the differences between the two analyses with the same 4 =25 at
"piane strain", i.e. curves b and c, are at the most only 10% and
therefore within the uncertainty arising from the selection of
material pa:ametérs. Use of a surface of revolution for the shape of
the yield surface therefore appears a reasonable approximation as long
as the predicted shaft capacities are adjusted to give the approptlate

M vaiuve at "piane strain” (G=O ). The predicted reduction in c}
needs no such adjustment.

ii) Initial Stress Ratio

- One of the major concliusions arising from the work of Randoiph

~et.al. (1979) is that immediately adjacent to the piie shaft the soil

is in a normally consolidated condition after dr1v1nq and subsequent
pore pressure dissipation, the stresses belnq such that o' =
% -Konc.o} ; Where Konc is the "at rest" earth pressure coofF1c1ent
appropriate to normaily consolidated c;ay.. For the situation of the
piie installed in London clAay discussed prev1ou5¢y a Ko e of 0.715 has
been predicted. Wwhile thlS vaiue is appropriate to the Modified Cam
ciay model it s not in agreement with Jaky's formula, 0-1-51n¢ ’
which predicts a value of 0.5774. To investiqate the likely effect of
the magnitude of Ko on subsequent pile loading several analyses
varying the value of this parameter have been performed. In all cGases
a Mohr Coulomb hexagon has heen adopted for the shame of the yield
surface in the deviatoric plane (& -?R Y, and  the undrained shear
strength in plane strain ”u prior to pile loading has been set to a
common vaiuve, Values of Kbnc of 0.715, 0.5774, and 0.AR254 have been
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T adopted. The first of these corresponds to the situation preﬁictod by
r \ Randolph et Al (1970), where as the second is bhased on .Jaky's formulae
with 3 ¢ ?‘3 The third value is also hased on Jaky s formulae but
with a ¢ 7? and represpnts the 51tuat10n in whmh g -77 in triaxiali
compression and 7‘% at "plane strain".

=0 625
08+ ’ 47'._.. Konc =0.M5
07F e
06 2 I 1 ) i ) 1 ] ’
25 26 2.7 2.8 29 30 31 3.2 33 3.4

Pigure 13: Stress paths as a functlon of 1n1tla... stress ratlo
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Figure 14: Variation of radial stress as a function of initial stress
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The predictgd' stress paths are presented in figure 13 and the
reductions of 0} with pile displacement are shown in figure 14,
Inspection of these piots indicate that the predicted value og J at

peak (and therefore shaft friction T ), and the changes in o are

: r

all very similar. This clearly indicates that the predictions are not
greatly affected by the numerical value of Konc, at least over the
range considered.

iii) Initial Over Consolidation Ratio Adjacent to the Pile

As stated previously the cavity expansion theory predicts that the
soil immediately adjacent to the pile shaft will always be in a
normaily ‘consolidated condition after driving and suhsequent pore
pressure dissipation irrespective of the overconsolidation ratio in
the soil prior to pile installation. 1In order to investigate the
infiuence on loading of deviations from normal consolidation
immediately adjac?nt to the pile two analyses with (0CR's of 1.5 and ?
(defined as po /P ) have bheen performed. The results of thes?
caicuiations, in the form of stress paths and the reduction of c;
with pile displacement, are compared with the normaily consolidated
situation in fiqures 15 and 15 (solid lines). '

S

Figure 15: Stress paths as function of the over consolidation ratio
i ' adjacent to the pile
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Figure 1f: Variation of radial stress as a function of the over
consolidation ratio adjacent to the pile

While there are ciearly differences in these predictions, the
vaiues of J and c} at peak loading are very similar for all cases.
The stress conditions acting on the pile shaft at peak are therefore
little affected by the actual OCR as lona as the correct undrained
strength after pile driving and pore pressure dissipation Cui has been
defined. Corresponding results from analyses adopting a surface of
revolutign for the shgpe of the yield function in the deviatoric piane
with 2 g value of 25 in "plane strain" are shown as dotted lines in
figure 15 for comparison. ‘

6 SUMMARY AND CONCLUSIONS

A numerical study of the behaviour of driven piles on axial
ioading has been performed, employing a work hardening/softening
elastopiastic constitutive law for the soil. The stress conditions
induced around the pile as a resuit of installation were taken from
predictions based on cavity expansion theory. The effects of
deviations from these conditions were then examined with “the aim of
highlighting the features of the post—-instaliliation stress state which
need to he determined with the greatest confidence. '
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It has been shown that the capacity of a pile loaded under drained
conditions seldom exceeds that of one loaded under undrained

conditions by more than about ten per-cent. A significant reduction.

in the radial effective stress on loading is predicted in both drained
and undrained conditions; the peak mobilized angle of shaft friction

was shown to be imdependant of the initial stress  conditions

(& =tan-1(sin 2)).

It was demonstrated that the stress state in the soil closest . to
the pile has an over-riding influence on the loading behaviour,. and

that the conditions in the soil further away are relatively

unimportant and therefore need not he predicted with great precision.
To obtain the stress conditions immediately adjacent to the pile shaft
from the cavity expansion calculations extrapolation is necessary, see
Randoiph et.al. (1979). As the stresses have highly varying
gradients in this vicinity such extrapolation will be subject to
error. Care must therefore be exercised when 6btaininq the initial
streSs conditions from the results of cavity expansion calculations.

A parametric study showed that provided the post installation
undrained shear strenqth in the soil adjacent to the pile is correctly

predicted, then the pile capacity is relatively insensitive to the

ratio of stresses, the shape of the yield surface in the deviatoric
piane, or the local cverconsolidation ratio. '

An approach commonliy adopted in practice for the design of piles
is to relate the unit shaft resistance to the undrained shear stremgth
of the soil Cuo prior to pile instailation using the following
empirical equation;

X .cu

tshaft = o

where & is an empirical constant., As the drained capacity is always
predicted to be of the same order as the undrained capacity, valiues of
® in excess of unity are predicted from the analyses presented in

this paper. This arises hecause the cavity expansion calculations

used predict that the . undrained strength post pile installation is
greater than that before installation. TIn practice, values of & are
seldom above unity and it is believed that although there are many



contrihuting factors, a major reason for the discrepancy is the
failure to take account of the severe fabric disturhance that must
occur around a piie on driving. This is particularly applicablie to

‘soiis with a high piasticity index. Work at Tmperiai Colleqe is

currentiy in proaress tc ouantify the effects of such fabric
disturbance. '

ACKNOWLEDGEMENTS

The writers are indebted to their colleaques at Tmperial Colleqae,
particuiarly Mr, A, Gens, for many stimulating discussions and
considerabie assistance; special thanks gqo to Professor .J. B.
Buriand for his assistance and continuina encouragement. Mr. Martins
was supported by an award from the Science Research Council.

REFERENCES

Chandier, R. J. and Martins, J. P. (10987),

An experimentai stuwdy of skin friction around piles.
Submitted for publiication.

Kirby, R. C. and Fsrig, M. I. (1980).
Further developments of a general effective stress method
for prediction of axial capacity for driven piies in
ciay. Recent deveiopments in desian and constructicn of
piles. T.C.F. London.

Potts, D. M. and Gens, A, (l922),
The anaiysis of houndary vaiue prohlems in Geomechanics -

the effect of the shape of the piastic potential. TIn
preparation.

22



r.w)

Potts, D. M. and Martins, J. P. (1982).
The shear resistance of axially loaded piles in clay - a
theoretical study. Submited for publication.

Randoiph, M. F., Carter, J. P. and Wroth, C. P. (1979).

Driven piies in clay - the effects of installation and
suhsequent consolidation. Geotechnique 29, no.4,
351-393, ' ‘

Roscoe, K. H. and Burland, J. B. (1968),
On the generalised stress strain behaviour of 'wet'
clays. Pngineering plasticity, ed. J. Heyman and F.
Leckie, 535~A09, Cambridge, Cambridge University Press.

Wroth, C. P., Carter, J. P. and Randolph, M. F. (1930),
Stress changes around a pile driven into cohesive soil.
Recent developments in the design and construction of
piles. I.C.E, London '

24





