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CHAPTER FOUR

ANALYSIS OF SINGLE GRANULAR |

PILES AND SMALL GROUPS
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4.1 INTRODUCTION

Stone columns are frequently used either singly or in small
groups to support isolated strip or pad footings. In this chapter
the finite elenent analysis described in the previous chapter is used
to determine the important parametersaffecting the load-settlement
behaviocur of a single stone column. This method of analysis is then
used to reproduce the load-settlement response of a full-scale load
test. When slip at the granular pile-soft clay interface is allowed,

the agreement between observed and predicted behaviour is very good.

The results of a parametric study of the settlement of two
piles at varying spacing are presented. These results were obtained
-
using the elastic method described by Poulos (1968a) and are used in
conjunction with a finite element analysis of a single stcne column

to predict the locad-settlement response of small groups of stone

columns.

The strength and deformation properties of the pile and
soil along with the initial stress conditions are required for a
finite element analysis of the load-settlement behavicur of a stone
column. Field and laboratory methods for estimating this dat. are

discussed and some recommendations made.

4.2 SINGLE PILES

In this section the finite element analysis described in
the previous chapter is used to obtain theoretical results which

indicate that the use of granular piles as a method of soil stavili-
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sation results in significant improvement in the load-settlement be-

haviour of a foundation.

The prediction of the load-settlement response of a full
scale load test on a single stone column (Hughes et al., 1975) using
this method of analysis is presented. A compariscon between the finite
element solutions and the results using the method of Mattes and Poulos
(1969) for the analysis of conventional piles is made. The finite
element solutions show that considerable yield of both the granular
material and the clay would take place unless conservative working
loads are adopted in comparison to the ultimate bearing capacity. Thus
the method described by Mattes and Poulos for the load-settlement ana-
lysis of conventiornal piles underestimates the settlements except at

low working loads.

4.2.1 Typical Results From Finite Element Analysis

To illustrate the application of the preceding analysis and
examine some of the general trends in the behaviour of granular piles,
a number of soluticons were obtained for an idealised case (Fig. 4.1}.
The solutions presented in this section fall inte two categories;
those in which all three modes of failure in the pile-so0il system are
considered (Fig. 4.3) and those in which slip at the pile soil inter-

face is not included in the analysis (Figs. 4.2, 4.4, 4.5).

The axisymmetric finite element mesh consisted of 224 tri-
angular elements. The outer boundary was located at 10.8 pile radii
from the pile axis and was assumed to be stress free. The elastic

deflection given by the mesh for a uniform pressure applied to a homo-
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geneous soil layer was compared with that given by Poulos and Davis
(1974) and found to differ by 4.2%. Since only relative behaviour
and general trends.were being sought the mesn was considered to be

adequate.

A granular pile of dimensionless length L/d = 4, Poisson's
ratio Ug = 0.3 and Young's Modulus Eé = 10,000 situated in a homo-
geneous soil layer of depth h = 2L was initially considered. The
Poisson's ratio of the soil layer US was taken to be 0.48 to repre-
sent undrained loading of the pile and the ratio of soil modulus ES
to cohesion c, Was constant and equal to 500. The coefficient of
earth pressure at rest Ko' was taken to bhe 1.0 in both the pile and
soil. The unit weight of both the pile and soil was assumed to be
1.92 times that of water. The pile was taken to have zero cohesion,
an angle of friction ¢ and an angle of dilatancy ¢, while the soil
was assumed to be purely cohesive. The scil layer was underlain by
a rough rigid base and a uniform pressure q applied across the top

of the pile.

For a given ¢, L and modular ratio EPLﬁS, the ultimate load of a
single pile is proportional to the undrained cohesion of the soil cy. By
plotting deflections in the non-dimensional form 6E54h31 the load-deflection
curves for a particular value of ¢ and of Eﬁ/bs is unique, i.e. independent

. B
of the ratio S/cu'

rlg. 4.0 llidustriates WIE dlllerefive LIl PiuvalcLea 10ga sectie=
ment behaviour when slip at the pile-soil interface is included in the
analysis. The pile has ¢ = 40° and ) = 20°. Solutions have been com-
puted for the cases when the pile—soil.adhesion ca is taken equal to

the cohesion and half the cohesion of the so0il respectively. These are
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In Fig. 4.2, load-deflection curves for the pile with wva-
ricus angles of friction ¢ are shown. The angle of dilatancy is
taken to be equal to ¢/2. The increased load capacity with increasing

¢ of the pile is evident.

Fig. 4.3 illustrates the difference in predicted load settle-
ment behaviour when slip at the pile-goil interface is included in the

analygis. The pile has ¢ = 40° and § = 20°. Solutions have been com-

puted for the cases when the pile-soil adhesion < is taken equal to

the cohegsion and half the cohesicon of the soil respectively. These are
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FIG.4.2 EFFECT OF INTERNAL FRICTION @& ON THE LOAD
DEFLECTION BEHAVIOUR
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plotted together with the solution for no slip at the interface. As

might be expected, the advent of slip decreases the load capacity.

E
The value of s/cu = 500 was assumed for the theoretical analyses as
this value appears to be representative for many clays, althouygh the

kaolin used in the laboratory tests was found to have a value of ES/Cu of

about 250.

ment and lcad carrying capacity. However, even a short pile leads

to a great improvement in the load-mettlement performance, thus con-
firming the value of granular piles for soil stabilisation. In Fig.
4.5, the results of analysing the pile with L/d = 4 and ¢ = 40°,

p = 20°, for varying ratios of Eﬁ /Es are shown. Both seittlement and

load capacity are very significantly affected by the value of Ep’/ES.

In Fig. 4.6 the zones of yielding within the pile and soil
are shown for the case illustrated in Fig. 4.3 (with c, = O.SCU) for
q/cu = 12.0 and 13.6, the latter being the estimated ultimate bearing

capacity. In both cases slip has occurred over the full length of the

shaft.

Tne growth of the plastic zones obtained from the finite element
analyses shows that the mechanism of failure by bulging of the stone
is similar to that assumed

columns, causing passive failure of the soil,

by Hughes and Withers.

(ii) The depth to which the pile is installed, L
(iii} The cohesion of the insitu sojl, cy
The angle of dilatancy of the pile material is of little importance.

If allowance for slip at the pile-soil interface is included in the




The result of varying the dimensionless length L/d of the
pile when ¢ = 40°, §y = 20° is shown in Fig. 4.4. The itimiting cases
of no pile and the fully penetrating pile are .shown. For this case,
the pile length has a very significant influence on both the settle-
ment and load carrying capacity. However, even a short pile leads
to a great improvement in the load=-settlement performance, thus con-
firming the value of granular piles for soil stabilisation. 1In Fig.
4.5, the results of analysing the pile with L/d = 4 and ¢ = 40°,

Y = 20°, for varying ratios of Eg /ES are shown. Both settlement and

load capacity are very significantly affected by the value of Eﬁ /Es.

The theoretical results presented in this section indicate
that the three most important factors affecting the ultimate bearing

capacity of a stone column are;

(i) The friction angle of the pile material, ¢
(ii) The depth to which the pile is installed, L
{(iii} The cohesion 2f the insitu soil,

The angle of dilatancy of the pile material is of little importance.

1f allowance for slip at the pile-soil interface is included in the
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analysis, the value for the adhesive strength ca needs to be chosen
carefully as it affects the load-settlement response significantly.
As expected, the settlement behaviour of the stone column is affec-

ted by the ES/cu ratio and the ratio of pile to scil moduli, Ep'/EE.
The results confirm the findings in practice that the use
of granular piles leads to significant improvements in the load-

settlement behaviour of the soial.

4.2.2 Comparison Between Theoretical Results and a Full Scale

Load Test

Hughes et al., (1975) have presented in detail the results
of a pl. « loading test on an lsolated stone column installed in
soft clay at Canvey Island (Britain). The results of a site investi-
gation, supplemented by Cambridge and Ménard pressuremeter tests, are

also presented.

The authors predicted the result of the test prior to the
field testing using the theory outlined by Hughes and Withers (1974)
which was discussed in Chapter 2. When an accurate assessment of the
column diamcter was obtained the prediction of the load carrying ca-
pacity was excellent. However, the settlements were underestimated
at low load levels. The column strength calculated by the authors
was based on the lowest value of measured passive restraint over the
critical length of the column whaere the critical length was defined
as the minimum length at which both bulging and bearing failure

occurred simultaneously.
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In this section the finite element analysis presented in
Chapter 3 is used to reproduce the load-settlement response of the
stone column, The test took half an hour to complete and therefore
it is assumed that the soil deformed under undrained conditions.
The pile is treated as a purely frictional dilatant material whereas

the soil is taken to be purely cohesive.

On a macro scale the site is uniform with a top crust of
1~2m thick and then soft clay to a depth of about 9m where the stiffer
stratum is found. ‘The water table is 2m below the surface. On ex-
cavating the column after testing, the initial column diameter was
estimated at 730mm. The load was applied to the top of the column by
a circular plate., The isoparametric finite element mesh used for the

analyses is shown in Fig. 4.7,

The data given epnables an intuitive assessment of the basic
soil parameters required for a finite element analysis. The profile
of ingitu lateral stresses measured by the Cambridge pressuremeter
along with that used for the finite element analyses is reproduced in
Fig. 4.8. The s0il shear strength profile was measured using the
Ménard and Cambridge pressuremete.s, Dutch Cone and conventional un-—
drained triaxial tests supplemented by vane tests. The Cambridge pres-
suremeter results indicate a relatively homogeheous soil with an
average cohesion of approximately 22 kN/mz. The profile obtaine; from-
the conventional undrained triaxial tests and vane tests along with
that used in the finite element analyses is reproduced in Fig. 4.9.
This profile was used because normelly the availability of the results

from the pressuremeters would be rarep. To determ.ne the Young's modu-

lus of the clay, the radial stress-strain curves from the Cambridge




P Dudl Nodes

SN SN N _J SN STT1

Soft Clay

Smooth Rigid

;LSS S S S
Rough Rigid

IG. 4-7 ISOPARAMETRIC FINITE ELEMENT MESH
USED FOR_ ANA YSES OF HUGHES et al
LOAD TEST




— e ——

(G£6L ID 32 SIHONH © ¥314V) YIIINIINSSINE IOAIHENWVYD
WOd4 SS3HIS VY3V NLIS NI 40 3I71408d 8% 9

-4 8
o A@C_m.._‘vhrb...ODuIb o
= Q
g
>

—
, 3
f S2SA|DUY -

Wwawa|3 ayuiy -
10} P2sn 214044 _ AMO ¢
| ! | | | 0
QoL 08 09 ov 0¢

(zW/NoM) ssans 1ppDY nps U jojoL



SasA|Duy  JU2W|J

U4 Ul

141

p2Sn  2]104d

\

\

UoISaYOD)
-

(Q)

( w) ydag

3N408d HION3IYLIS HVIHS TOS 6-'F "9i4

(G/6L 1D 2
saybny J21yv) s152) 2ubp puy
IDIXDIJ]  P2UIDJPUN  |DUOITUZAUQD (D)

BUDA Pploi4 O

aubp  AuopJdogn] O
9 Jupl Vv

G MUDL e




pressuremeter were used to construct shear stress versus strain curves
(Ladd et al., 1977). From these an average vaiue of 8000 kN/m? was
adopted. A unit weight of 18 kN/m? was assumed for both the column
and soil. The angle of internal friction of the pile assumed by the
authors to be 38° was used and an angle of dilatancy i = 12° assumed.

Because the pile is rammed into the soft clay, the coefficient of

earth pressure at rest, K; , is taken to be 1.0 in the pile. Finally,

the modulus for the pile of 50,000 kN/m? was backfigured from the
elastic portion of the load-settlement curve. This value compares
favourably with 58,000 kN/m? suggested by Engelhardt and Kirsch (1977)

for the modulus of a single stone column.

The results of five analyses along with the measured load-
settlement curve are shown in Fig. 4.10. The first ahalysis was
performed to estimate the increased bearing capacity of the circular
plate due to the installation of the column. As reported by Hughes
et al., the stone column causes a significant increase in bearing

capacity.

The second analysis, which closely reproduces the measured
load deflection curve, is obtained when the interface strength is
purely adhesive. The adhesion is taken to be the full cohesion of
the soil as shown in Fig. 4.9(b). The third analysis is for an inter-
face strength which is purely frictional and dilatant. 1In this ana-
lysis the friction angle governing slip at the interface ¢a is 38°
and the dilatancy angle of the interface wa is 12°, these being
identical to the friction and dilatancy angles of the pile material.
The curve is not continued past the point plotted because of the ad-

vent of negative plastic work in elements at the column-clay inter-
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face. This may occur because the interface dilatancy being imposed
is not compatible with the plastic deformation in the pile and soil
materials. Howewver, it may be a numerical -problem eliminated by re-
ducing the size of the load steps. Nevertheless, the frictional
slip will clearly not model the measured behavicur as closely as the

adhesive slip.

In the fourth analysis the stone column-clay interface
strength is made sufficiently large so that no slip occurs. This
results in an overestimate of the load carrying capacity ~f the
column. Finally, the results from an analysis using the method des-
cribed by Mattes and Poulos (1969) for conventional piles is presen-
ted. In this analysis a iimiting interface strength and base resis-
tance is specified. The adhesive slip criterion adopted in the second
analysis was employed along with a base resistance calculated from
the standard penetration numbers of the underlying grey silty sand.
Yield within the pile and soil are not taken into account in this ana-
lysis, and conseguently the predicted settlements are tooc small except

at low working loads.

In Fig. 4.11 the results of the second analysis are replotted
along with the two predictions of Hughes, Withers and Greenwood. The
aunthors' predictions are in close agreement with the cbserved results
when the shearing resistance at the interface is taken into account.

If the interface is assumed to have no shear resistance the ultimate

load is underestimated and poor agreement results.

The growth of the yielded 2ones within the pile and soil,

obtained from the second finite element analysis in which an adhesive
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interface strength is specified, is shown in Fig. 4.12, These results
verify the mechanism of passive failure of the soil by bulging of the
pile which was adopted by Hughes and Withers (1974) for their theory

of the ultimate locad of a single column.

The results from this load test illustrace that close agree-
ment between observed and predicted behaviour can be achieved from the
finite element analysis when an adhesive interface strength is speci-
fied. Although the method of Hughes and Withers (1974) predicts the

ultimate load closely it underestimatezs the settlements for small load

levels.

4.3 SMALL GROUPS

In this section the elastic method described by Poulos (1968a)
is used to obtain theoretical solutjons which, when used in conjunction
with the results of a finite element analysis of a single stone column,
enable an estimate of the load-settlemont response of small groups of

granular piles installed to support isclated footings.

In an attempt to wverify the applicability of the elastic so-
lutions, the results are used to predict the settlements from a load
test on a group of seven columns performed by Datye and Nagaraju (1975).
The predicted settlements are too small, but the secil data is incomp-
lete and the test arrangement is such that several assumptions are ne-
cessary for an analysis. Better agreement could possibly be cobtained

if the so0il properties were more clearly defined.
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4.3.1 Load-Settlement Analysis of Small Groups

The load-settlement behaviour of a small group of stone

colums can be estimated from the results of a finite element analy-

sis of a single stone column using the procedure ocutlined below:

(i) The load-settlement response of a single stone column,
installed at the site being considered, is predicted

by the finite element analysis described in Chapter 3.

(ii) The relationship between the average lead on a column
in the group and settlement is then constructed using

the following relationship [Fig. 4.1i3(a)}

= {4.1)
sG Rs sl
where SG = Settlement of the group
Sl = BSettlement of the single pile from the

finite element analysis

n
R_ = I a
5 i=1 £
and n = number of piles
af = interaction factors computed from an elastic

analysis of two identical piles (Poulos, 1968a).

{(iii) The total load versus settlement relationship for the group
is computed by multiplying the average load on each pile by
the number of piles in the group ([Fig. 4.13(b)].

An important assumption in the above appreach is that the elastic inter-
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action factors can be used to construct the entire load settlement
curve, even though yielding in both the piles and scil will result
in a non-linear response of the mass. In addition, it is assumed

that the ultimate load of the group is not affected by interactions

between the piles.

4.3.1 (i} Thecretical Solutions for Interaction Factors

The method of analysis used in this section has been des-
cribed in detail by Poulos (1968a) and thus only the relevant equations
are reproduced here for completeness. The results presented in this
section were obtained using a computer program for pile analysis (AXPL4)

which was developed at Sydney University.

From an elastic analysis of two identical piles of length L,

diameter d and at a spacing s (Fig. 4.14), an interaction factor e is

computed where

increase in settlement of pile 1 due to pile 2
settlement of pile 1 due to own lo- '

In Figs. 4.15, 4.16 and 4.17 interaction factors a_ fre presented for

£
L/d =5, 10, 20 and h/L = 1 and 2 for the complete range of spacings
s/d. Three values of relative stiffness K (5, 10 and 20) are con-

sidered where
E

B
E

drained pile molulus

soil modulus (drained or undrained as appropriate)
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To analyse the elastic settlement behaviour of a pile group
the principle of superposition is used. Therofore, the settlement of

the ith pile Si in a group of n identical piles is yiven by

n
Si = SI I (p, ul.) {4.4)
j=1 J ]
where SI = settlement of a single pile under a unit load
Pj = applied load on pile j
aij = is the interaction factor computed for a spacing

{s/d} where s is the spacing between piles i and j.
In the process of computing the interaction factors shown in Figs.
4.15, 4.16 and 4.17, the settlement of a single pile is calculated.
In Fig. 4.18 the influence factors ID for the settlement of a single
pile are plotted against the dimensionless length L/d for K = 5, 10

and 20 where the settlement of a single pile 15 ygiven by

P
5 = =7 d - Ip (4.5)
s
whe re P = applied load

with these results an elastic settlement of two types of groups can

be calculated:

(i) a group with a rigid cap -allpiles in the group have equal
settlement,
(ii) a group with a flexible cap - the load on each pile is known.

For the rigid cap case, the settlements of each pile are equated giving
n simultanecus equations which together with equilibrium can be solved
to give n unknown loads and the settlement of the cap. If a flexible

cap is being analysed the loads on each of the piles is known and thus
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settlements of each pile in the group can be obtained directly

n equation 4.4.

The regults presented in this section enable an assessment
the elastic settlement characteristics of small groups of granular
~g5 for use in preliminary design work. However, if us;d in con-

tion with the results of a finite element analysis of a single
column, the entire load-settlement response of a small group

be predicted.

Finally, it is worth noting that the theoretical solutions
ane tnat the load from a group is only carried by the piles. 1In

.ctice this would gencrally not be the case as the soil between the

8 would carry a proportion of the load. A typical pile croup was
.lysed for two cases; (i) the load being carried entirely by the

les and (ii) the load being applied over the soil surface and there-
>re being shared by the piles and soil in the ratio of their areas.

. ie program AXFL4 was used for both analyses.

The computed settlement from the analysis assuming the load
is taken entirely by the piles is 13% greater than for the case where
the load is shared by the soil and piles. llowever, except for per-

fectly flexible footings, the locad shared by the piles and soil is a

function of the geometry of the pile layout and the modular and area

ratios of the pile and scil materials. In meny instances, the analyses

assuming the piles carry all the load adequately repraéents the prac-

tical situation.
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4.3.1 (ii) Datye and NagarajulLoad Test

Datye and Nagaraju (1975) have presented the results of
load tests on four single stone columns and a group of seven columns.
The elastic analysis described in the previous section was employed
to backfigure the soil modulus from the single column tests and then
predict the elastic settlement of the group of seven columns. Only
limited data on the soil properties are given and thus it was not
possible to construct the theoretiral load=-settlement relationship
for the small group using the method describe ' previously. Therefore,
it is assuned that the reported settlement is within the elastic

range for the small group.

The test arrangement is shown in Fig. 4.19., Several assump-
tions were necessary in order to backfigure the soil modulus. One of
the single column tests was not considered because the load was applied
onto a fill placed over the column making analysis difficult. The

.

load in the oth.'r threec tests was applied te a casing installed

through the fill and seated ontc the top of the column. Only two of
these tests are considered as the load-settlement response from the
remaining test was not consistent with the other results. The load
carried through to the column was estimated assuming full shear was
developed along the casing. ©On the basis of the vane tests a stiff
stratum was placed at 9.5m and a modulus of 4000t/m? was assumed,
which is approximately 500 times the cohesion. A pile modulus of
6000t/m* was adopted and the soil modulus was then backfigured. The
theoretical curve for settlement versus Es' is shown in Fig. 4.20 along
with the backfigured moduli for the two piles considered, referred to

by the authors as C9 and Cl3 respectively. The moduli suggest that
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the site is non-uniform, with the modulus backfigured from pile C9

being consistent with a very stiff clay.

These two moduli were used to predict the settlement of
the group of seven columns. The authors report a measured scttle-
ment of B6mm at 350 tonnes. A layer of fill material was placed
over the group prior to loading and thus a flexible cap analysis
is considered relevant, The results of the predictions are tabu-

lated below:

Backfigured Value Computed Group Settlements

of Eg Centre Edge

1550 t/m?

{(From Pile Cl3)

2800 t/m?

{From Pile C9)

Measured Settlement

The predicted settlements are too small, although the mo-

dulus backfigured from pile Cl3 gives reasonable agreement with the

measured settlement. Close agreement is obtained when a value of

Es' = 900 t/m® is adopted which corresponds to a E; /cu ratio of

approximately 450. However, more reported load tests are required

before a reliable assessment can be made of the applicability of the

analysis.
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4,4 ESTIMATION OF THE MATERIAL PROPERTIES FOR USE IN THE ANALYSES

The finite element analyses of stone column behaviour re-

quire the following strength and deformation parameters of the pile

and soil:
(i) Eu' undrained Young's modulus of the soil
(ii) ¢, undrained cohesion of the soil
(1ii) Es', Young's modulus of the soil skeluton
(iv) ¢',9’', drained cohesion and frictjon angle of the pile
and soil materials
{v) Ko coefficient of lateral earth pressure at rest in
both the pile and soil
(wvi) v; . Poisson's ratio of soil skeleton
{vii) Eé ' Young's modulus of pile material
(viii) vé , Poisson's ratio of the pile material.

In this section methods for estimating these properties are discussed.

The undrained Young's modulus Eu of the soil may be determined

by the following procedures:

(a) plate loading tests- Bu backfigured from the immediate settle-~
ment of the plate, using elastic theory

(b) triaxial testing using the stress path method {Davis and
Poulos, 1963; Lambe, 1964)
correlations with <, (Ladd et al., 1977); these indicate a
range in the ratio Eu/cu of approximately 100-800 when the
clay is normally consclidated. This ratio reduces with

increasing stress level and OCR (overconsolidation ratio).




It should be noted that Eu is very sensitive to stress level and the
initial stress state {(Poulos and “hlston, 1974) and thus an accurate

assessment of this property is wvery difficult.

The undrained cohesion of the scoil Cu can be readily deter~-
mined by the conventicnal laboratory methods, preferably from conso-
lidated undrained triaxial or simple shear tests. The undrained co-
hesion can also be determined by field testing methods, ie. plate
loading tests, vane shear tests and Ménard or self-boring pressure-

meter testing.

The Young's modulus of the soil skeleton ES' can also be
determined by the methods {a) and (b} above. In addition, if a
Poisson's ratic v; is assumed, the following relationship for an
ideal elastic soil can often be used with fair accuracy:

(l+v; )(1-2v; )

Fg = m_(1-v_') (4.6
v s

where mv coefficient of volume decrease (measured in an
oedometer test).

In the absence of any data, the following typical values (Poules, 1975)

are suggested:

2

Soft clays l.4 - 4.2 MN/m
Medium clays 4.2 - 8.4 MN /m?
Stiff clays 8.4 - 20 + MN/m2

The drained cohesion and friction angle of the soil skeleton can be

determined from triaxial tests.




lée4

The coefficient of lateral earth pressure at rest Ko for
normally consclidated soils can be estimated from correlations with
the plasticity index or friction angle (Ladd et al., 1977). These
correlations are reproduced in Fig. 4.21. For overconsolidated scoils

the following relationship can be used

K_(oc)/x (NC) = ocr™ (4.7)
[e} o
where KO(OC) = Ko if the soil is overconsolidated
KO(NC) = Ko if the scil is normally consolidated
m = 1index.

A plot of the index m as a function of the plasticity index is repro-
duced from Ladd et al., (1977} in Figure 4.22. The above values of
Ko apply to the seil. For the pile, which is rammed into place by
the vibroflot, a value of Ko equal to one may give an adequate rep-

resentation of the complex stress state in the pile.

The Poisson's ratios vs' and vp' can be determined from
triaxial testing using the stress path method. However, in the ab~
sence of data an adopted value for the pile of 0.3 can be used.

Typical values for the scil (Poulos, 1975) are:

Soft N/C clays Q.35 - 0.45
Medium clays 0.30 - 0.35

Stiff O/C clays 0.10 - G.30

For undrained analyses the Poisson's ratio of the soil, vu, is 0.5.

Finally, the Young's modulus Ep’ and strength parameters c'
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and ¢' for the pile could be determined from large diameter triaxial
tests but this would normally not be feasible. Published data on the
deformation properties of the stone comprising the columns is scant.
However, the available published data su: * in the absence

of any test results, the drained cohesion ‘an be
assumed to be zero and the angle of friction ¢' taken to be 35-40°.
Engelhardt and Kirsch (1977} suggest a modulus of 60O kp/cm2 (58000
kN/m?) as being a representative value. If it were considered neces-
sary, the modulus could be backfigured from a plate loading test.

The limited data available suggests that an appropriate value lies

between 40000 - 70000 kN/m?.

4.5 SUMMARY AND CONCLUSIONS

In this chapter the finite element analysis described in
Chapter 3 has been used to obtain theoretical solutions for idealised
cases. These solutions illustrate the improved load carrying capacity

of a circular footing due to the installation of a single stone column.

The theoretical results indicate that the three most impor-
tant factors affecting the ultimate bearing capacity of a stone column

are;

(i) The friction angle of the pile material
{ii) The depth to which the pile is installeqd

(iii) The cohesion of the insitu soil.

The finite elepwpyt analysis has then been used to reproduce

the load-settlement response of a single stone column reported in a pre-
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viously published full sc¢ale load test. The agreement between the
measured response and the finite element solutjon is very good when
an adhesive strength is specified for the stone column-clay inter-
face. The adhesion is taken equal to the cohesion of the insitu
clay. The growth of the plastic zones within the pile and soil
verify the mechanism of failure adopted by Hughes and Withers (1974)
ie. bulging of the pile which results in a passive failure of the

soil.

Elastic solutions are presented which enable the load-
settlement response of small groups of stone columns to be estimated
when used in conjunction with a finite element analysis of a single
stone column. The elastic solutions are compared with the settle-—
ments measured in a full scale load test on a group of seven columns.
The predicted settlements are too small, which may be due to the
extent of local yield within the pile and scoil at the test load.
However, many assumptions were necessary due to the lack of reported
data and thus more comparisons of this type are required before re-

liable conclusions can be drawn.
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5.1 INTRODUCTION

B

S AR

In Chapters 5, 6 and 7 attention is focussed on the use of

=

158

large numbers of granular piles installed in a regular array to

i

B

Stabilise soft clays over an extensive area. In this case the be-

PR

havicur of the stabilised scoil may be analysed by considering a ty-

7

EEEAA

pical pile-soil 'unit'., The presence of the stiffer pile results

e

PR

in a reduction in settlement of the clay. In this chapter the effects

of geometric factors such as pile length, diameter, spacing and soil

Sl

layer depth on the settlement characteristics of the reinforced soil

are examined using an elastic finite element analysis. The solutions

AT

presented are applicable to a uniform vertical pressure such as might

be imposed by a flexible raft foundaticn, an ©0il or water storage

TR TR

tank or an embankment. In Chapter 6 solutions to diffusion theory
are presented for the rate of settlement of a flexible foundation.

Attention is then focussed in Chapter 7 on the magnitude and rate of

settlement of rigid foundations supported by the stabilised clay.

oot s

-
The finite element analysis used in this Chapter is capable

S g Mkl

=

of taking account of glasto-plastic behaviour of the soil and of
elasto-plastic and dilatant behaviour of the pile material. This is

utilised to illustrate the comparatively small effect of local yield

b2 310 RS

within the pile and soil materials on the settlement behaviour for

T

what is considered a representative range of working pressures.

Under widespread loads the limiting factor in design will be
the settlement of the reinforced ground, as a mechanism for a general

shear failure is only possible near the edges of the loaded area. The
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results of conventional slip circle analyses of an embankment supported
by reinforced soil are presented in the fipnal portion of this chapter.
This method of analysis has been used successfully by Rathgeb and
Kutzner {1975) to find the most economical number and arranyement of
stone columns beneath an embankment for a motorway according tc a yiven
factor of safety in the stability analysis. The results suggest that
near the edges of the lsad precautionary measures such as reducing the
spacing of the piles and extending them to full depth of the soft layer

is desirable.

5.2 SETTLEMENT ANALYSIS OF REINFORCED CLAY

A regular pattern of vertical granular piles may be analysed
by considering a typical pile-soil ‘'urnit'. For a triangular arrange-
ment each pile has a hexagonal domain of influence [Fig. 5.1(a)] where-
as for a square arrangement each pile has a square domain of influence.
These domains are replaced by a cylindrical unit of diamcter de for
ease of analysis. For a triangular spacing an equal area of influence
is given by a circular domain of diameter de = 1.05s where s is the
pile spacing. For a square arrangement of piles, de =1.13s. A finite
element model such as that shown in Fig. 5.1(b) is used for the analysis

of settlement magnitude.

5.2.1 Finite Element Analysis

The elastic finite element solutions presented illustrating
the reduction in settlement, under drained conditicons, of soft c¢lays
reinforced with granular piles are applicable to a uniform vertical

pressure applied over a large area such as might be imposed by a flexible
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raft foundation, an ©il or water storage tank or an embankment. Since
b , ;
§ strains are primarily vertical, undrained secttlements are likely to be

small and are therefore not considered.

[
3

il

The elastic finite element calculations were based on the

e

following assumptions:

e

LAY

! (i) the drained Poisson's ratios of the pile material and
%
. soil (v', v') are 0.3
4 P s
b {ii) at any point the undrained and drained Young's moduli of
¥ the soil (Es' Es') are related by the equation
E_ B
f S5 - __5
| 1.5 (Tev ') (5-1)

{iii}) at any depth the ratio of the drained Young's modulus of
the pile material to Eq is constant and eqgual to 20 unless

otherwise specified

it {(iv) any variation of modulus with depth is linear.

As the loading pressure g is increased, local yield in the
form of contained plastic flow will develop within the pile and/or

soil. The extent to which this causes an increase in settlement com-

pared with settlement from an elastic analysis under drained condi-

tions is shown in Fig. 5.2 for h/d = 5, de/d = 2, L/h = 0.5, and the

The settlements § are pre-

material properties shown in Table 5.

sented in the dimensionless form 6Go/hq {(where GD is the shear modu-

lus of the scil at the surface) and the elasto-plastic profile is for
g = 0.5vh (Y = unit weight of so0il) which is considered representative

of the upper limit of working load. The inset to Fig. 5.2 shows the
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corresponding areas of yield in the pile and soil.

TABLE 5.1

MATERIAL PROPERTIES USED FOR FIGURE 5.2

Property } Pile Material Soil

Coefficient of horizontal 1.0 1.0
et fective stress at rest, K;

Drained cohesion c* o] 0

Drained angle of internal 40° 30°
friction, ¢'

Angle of dilatancy, W 20° 15¢

Ratio of surface Young's 0.5 0.5
modulus E (0) to modulus
at depth R, ES(h)

—_—

The maximum settlement and the maximum discrepancy between
the elastic and the elasto-plastic settlements occurs at the boundary
of the pile-soil unit. The increased settiement due to local yield
is shown in Fig. 5.3. The ratio of the elastic settlement to the
settlement with local yield taken into account is plotted against
q/Yh for the centre and edge of the pile-seoil unit. As the pressure
increases the discrepancy also increases with a maximum of some 5% at
the edge of the pile-soil unit for g/Yh = .5. The growth of the plas-
tic zones within the piie and soil as the pressure is increased is.

shown diagrammatically in Fig. 5.4.

These results suggested that the relative effects of various
changes in a pile~-soil unit could be determined to satisfactory accu-

racy by means of a parametric study of elastic settlements. A para-
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metric study investigating the effects of strength and deformation
characteristics of both the pile and soil woula be very incumplete
or extremely cumbersome. llowever, where insitu stress conditions

or the magnitude of the applied pressure suggests that local yield .ff

will be widespread, a full elasto-plastic analysis should be per-

formed for predicting the settlement. N

m§ e S S R

SRS

TR AT ‘.‘&"ﬁﬁ?

Figs. 5.5 to 5.11 summarise the results of a parametric

study of elastic drained settlements at the boundary of a pile-

soil unit, in which the settlement is presented in dimensionless

F% form as the ratio of settlement of the pile-scil unit, to the set- if“
% tlement which would occur if there were no pile.

%

% The ratio of pile volume to the volume of a pile-scoil ‘V
ii unit, ie. the fraction of the original scil volume occcupied by :
g granular pile material, is given by

e

Pile Volume d 2 L
Original Soil Volume {d } : (h) (5.2)

C. equently for a given degree of pile penetration {(L/h), the curves

R e

for constant de/d which have been plotted in Figs. 5.5, 5.6 and 5.7
represent curves for constant pile/soil volume ratio. Because the

value of this ratio is the major factor in determining the relative

73 e Bt et e S

2o

costs of various pile arrangements, for purposes of preliminary de-
sign, these curves may be regarded as constant cost curves in deter-

mining the optimum proportions of the pile system.

a

4
Y
_.r.
3
¥
'

-

Fig. 5.5 shows the effect on soil settlement of variation

P
.

k
KN
-
iy
o
i
=y

of the ratio of pile and soil moduli (Eﬁ /ES), when both moduli are
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constant with depth and L/h = 0.5. While the value of the ratio o:
moduli has some effect on the results, it can be seen that it 1is

not of major significance. The subsequent results presented in Figs.
5.6 and 5.7 are for E '/ES = 20, which is considered to be represen-—
tative of the ratios likely to be encountered in practice (Baumann

and Bauver, 1974).

Fig. 5.6 shows the effect on soil settlement of increasing
the degree of pile penetration (L/h) from 0.5 to 1.0, when both the
pile and scil moduli are constant with depth. It is of interest to
note that Settlement Ratios are approximately equal for de/d = 2,

L/h = 0.5 and de/d =5, L/h = 1,0, although the fully penetrating
piles occupy 4 percent of the total volume compared with 12.5 percent
of the total volume when the piles are only installed to half the

layer depth.

Fig. 5.7 shows the effect on soil settlement of increasing
the degree of pile penetration from 0.5 to 1.0 when both pile and
soil moduli inerease linearly with depth. This increase in modulus
over the value at the surface is 50% at half the layer depth and 100%

at the layer base.

A more complete set of Settlement Ratios for fully penetra-
ting piles are presented in Figs. 5.8 to 5.11 for h/d = 5, 10, 15 and
20 for a range of de/d betweer 1.0 and 3.0 which is considered rep-
resentative of the values found in practice. The pile and soil modu-

li are assumed constant.

Analyses of cases where the pile penetration is a guarter
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of the layer depth indicate that even if the piles are closely spaced,
the settlement reductjon is not significant. Fig. 5.12 shows the
effect of the deqree of penetration of the piles on the Scttlement
Ratio when h/d = 60 for de/d = 2 and 5. For closely spaced piles

{de/d = 2} the reduction in settlement diminishes rapidly when L/h< 0.5
whereas for larger spacings (de/d = 5), the reduction in settlement is
not significant if L/h < 0.5. The rate of increase of pile and soil
moduli with depth and the value of Poisson's ratio of the pile and soil

materials had a negligible effect on the Settlement Ratios.

Al though the results presented are limited in terms of the
number of parameters, they should provide a sound basis for estimating
the reduction in settlement due to pile installation. The results
presented in Figs. 5.5 to 5.11 indicate that when granular piles are
installed in a regular pattern over a large area, significant reduc-
tions in secttlement occur only if the piles are closely spaced (s/d £ 5)
and usually only if the piles are installed to tha full depth of the

censolidating layer.

5.2.2 Comparisons Betweenh Observed Settlements, Existing Methods for

Predicting Settlements and Elastic Analyses

A demonstration of the applicability of the elastic sclutions
is difficult because of the lack of published data. In an attempt to
illustrate their usefulness comparisons between field data and the

elastic solutions are made.

Greenwoord's (1970) curves for estimating consolidation settle-

ments under widespread leoads for uniform soft clays strengthened by
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granular piles, which were discussed in Chapter 2, are reproduced in
Fig. 5.13. The shaded region represents the expected ratio of settle-
ment of the stabilised clay to the settlement if there were no piles,
when the wet process of construction is employed. These reductions
{or ratios) in settlement could be expected when the columns rested

on firm clay, sand or harder ground and thus correspond teo the fully
penetrating pile solutions from the previous section. Watt, de Boer
and Greenwood (1967) suggested that the use of the wet process of
construction is preferable and is usually employed because without a
jetting fluid the scil immediately surrounding the vibrator is re-
moulded and disturbed to some extent. The elastic solutions cannot
there fore b+ directly applied when the dry process of construction

is adopted and for this reascn comparisons between the elastic results
and Greenwood's predicted reductions in settlement are restricted to
those referring to the wet process of construction. It is worth noting
however, that Thorburn and MacVicar (1968) suggest that the use of
jetting water should be limited and generally restricted to virgin
sites with good natural drajinage facilities. According to Greenwcad
the wet technique results in piles whose diameters are normally 0.9m

to 1.04m and thus a representative value of 1.0m is used throughout for

purposes of the comparisons.

On Fig. 5.13 the range in Settlement Ratios from the elastic
analyses is superimposed on Greenwood's plot. This spread has been de-
termined in the following way. For a given spacing of piles the egui-
valent diameters de are calculated for both a square and triangular
pattern of piles. A range of de/d values is then obtained using the
representative value for the diameter ef 1.0m. With this range in

de/d values a spread of predicted ratios is found by interpolation of
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the results presented in the previous section for fully penetrating

piles.

Although the agreement between the two methods of prediction
is good when the spacing of the piles is small, there is considerable
discrepancy as the spacing increases, with the elastic solutions pre-
dicting larger settlement reductions. However, closer agreement would
be obtained if the effect of local yield is taken into account. In
addition, the elastic solutions are for a rigid base whereas Greenwood's
reductions are for a firm base of clay, sand or harder ground which in
practice will not be completely rigid resulting in smaller reductions

in settlement.

Few settlement records for structures founded on soft cohesive
soils reinforced with granular piles installed over a large area have
been published. The resvlt of an analysis of the available data is

shown in Fig. 5.14 and discussed below.

Watt et al., (1967) have reported the results of loading tests
on structures constructed on three different sites; Teesport, Hedon and
Newport. Teesport is situated in Yorkshire in England and is the site
of a large ocil refinery. The six oil tanks for which data is presented,
with the exception of tank 104 (T1l04), were constructed on cohesive
soils reinforced with granular piles installed in a triangular grid at
1.90m spacing. For tank 104 a spacing of 2,13m was initially adopted
although additional columns were installed in particularly soft areas.
The authors have presented a table showing the maximum settlement mea-
sured along the perimeter of the tanks, differential settlement and for

two tanks oaly, the settlement at the centre. The estimated settlements
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for the centre and perimeter are also reported. For uniformity, a
ratio of observed to estimated settlements has been calculated at .

the perimeter of each tank. These ratios are plotted in Fig. 5.14.

Hedon is situated on the Humber River in England. Granular
piles were installed in a triangular grid at a spacing of 2.13m to
an average depth of 6.71lm before the construction of a 43.8%m diameter
tank. Consumption of the granular material indicated an average dia-
meter of the piles of 1.03m. The elastic solutions presented can be
applied directly to predict the ratio in settlement at this site be-
cause of the uniformity in the compressibility of the clay. The data
corresponds to de/d = 2.17 and h/d = 6.5. Assuming the boulder clay
on which the piles were founded is sufficiently stiff for the fully
penetrating pile analyses to be applicable, interpolation of the re-
sults (Figs. 5.8 and 5.9) suggests a Settlement Ratio of .3-.35. The
measured reducticen in settlement at the perimeter of the tank of .38
is in good agreement with the prediction. Finally, the form of lnading
used at Newport was not widespread and thus the results arc not appli-

cable to the present investigation.

Greenwood (1970) has reported the results of a large scale
field test at Bremerhaven (England) for a moto-vway cembankment. Gra-
nular piles were installed through a shallew layer of peat and clay
into fine uniform sand on a triangular grid at 2.3m spacing. Columns
were either formed with sand of grain size 9-~3mm or with gravel of
£ize30-70mm. The test indicated the necessity of using gr:vel sizes
to reduce the settlements. After 15 moi:ths the average settlements
for the grawvel piles, sand piles and untreated areas were 468 + 3lmm,

645 + 75mm. and 765 + l13mm respectively. The reduction in settlement

~




193

for the piles formed with gravel is plotted in Fig. 5.14. At this
site the elastic settlement results significantly overestimate the
effectiveness of thz stone columns in reducing the settlement.
However, the range in values of q/Yh is approximately .7-.9 indi-
cating that a full elasto-plastic analysis is required for predic-

ting the settlement.

D I A e g

5.3 STABILITY OF EMBANKMENTS SUPPORTED BY STONLE COLUMNS

e

3
Eh

3

S
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A mechanism for a general shear failure of an embankment

2
=

supported by a large group of granular piles only exists at the edges

of the reinforced area. In this section a method of evaluating a

AT R S

factor of safety agair.st this type of failure from a slip circle ana-
lysis is briefly described. For the purposes of this analysis the
factor of safety is defined as the resisting moments divided by the

overturning moments.

In order that a conventional slip circie «.alysis can be
utilised a row of piles is represented by a plane strain ‘trench' of

pile material with & volume equal to that of the row of piles. This

:
g
5

-
o

assumption is considered to be acceptable because of the relative

T

stiffness of the pile and soil materials, ie. when failure occurs the
goil and piles would act as a combined mass rather than the scil mo-
ving between the piles as would be the case if conventional steel and

concrete piles were being analysed.

S e R A S

The results of an analysis of a typical geometry is shown
in Fig. 5.15. The analyses were performed using a standard computer

program (Pells and Poulos, 1976) which allowed for the inclusian of
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soils with differing strength properties. The ratio of the factors

of safety with piles te the factor of safety if no piles are installed
is plotted against the number of piles extended to full depth. The
elastic solutions for settlement indicated that no appreciable reduc-
tion in settlement was achieved by installing piles to less than half
depth. Thus a convenient point to commence the analysis is to consider
piles with differing spacings installed to half depth. For this case
then, spacings of s/d = 3 and 5 resulted in no increase in the shearing
capacity when all the piles were to half depth ie. the critical circle
was deep seated and passed between the piles. The analysis was then
repeated for a given spacing with increasing numbers of piles extended
to full depth. A point is reached where if further piles are extended
to full depth ho further benefit is cobtained. This then corresponds

to the factor of safety if all piles are to full depth.

The results can be used as a basis for estimating the required
layout of piles for a given factor of safety. In additicon, the effect
on stability of installation ot piles beyond the toe of the embankment
and varying the height of the embankment may be investigated by this
method of analysis. The results verify that if the piles are closely
spaced and installed to full depth the factor of safety of the embank-
ment is increased markedly although for a particular geometry this im-

provement will depend on the material properties of the pile and soil.

5.4 SUMMARY AND CONCLUSIONS

In this chapter the behaviour of foundations resting on clays
reinforced with granular piles installed in a regular pattern over a

large area has been investigated. Elastic -“inite element results have
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been presented showing the reduction in settlement due to the presence
of the stiffer pile. These indicate that significant reductions in
settlement occur only if the piles are closely spaced and installed to
at least half depth of the clay layer. Although the results are limi-
ted in terms of the number of parameters they should provide a sound
basis for estimating the reduction in settlement for a given layout of

piles.

Comparisons between field data and the eclastic solutions
have been presented. Agreement 1s generally good although data is un-

available for piles whose spacing is greater than 2.3m.

Finally, the results of conventional slip circle analyses
of an embankment resting on a soft clay stratum reinforced with granu-
lar piles demonstrate the applicability of this approach in determining
a factor of safety. 1In addition, the usefulness of granular piles in
acting as 'shear pins' resisting failure of the embankment has been

demonstrated.
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6.1 INTRODUCTIOQON

The load-settlement behaviour of soft clays reinforced with
granular piles is improved by the presence of the stiffer pile material
and also because of the 'sand drain' action of the piles which promotes

more rapid consolidation of the clay. This is an important advantage

e
% of ctone columns in comparison with conventional piling systems. In
i,
é% this chapter the rate of settlement of flexible foun. ‘o -, supported
3y
i '% by a rlay stratum reinforced with a regqular ttern - anular piles,
) 1
:z is examined. Comparisons are made between 1~ment suvlutions to
% Biot's theory of consolidation and finite dit -«Cions to dif-
B
b fusion theory for the rate of settlement of the Agreement is

Lap

found to be generally good and becanse the diffusion theory solutions

are more easily obtainable, a series of these solutions are presented

in the form of a parametric study. These results, if used in conjunc-
tion with the elastic settlement reduction factors presented in Chapter
5, form the basis of a rational method of predicting the settlement-

time behaviour of soft clays reinforced with granular piles.

e I i M Lot i e 7 i e ML S

In practice the rate of application of the load to the rein-

St N et

forced clay is such that dissipation of the excess pore pressures re-

el T L

sults in improvement in the strength and deformation properties of the

ey el o T

clay before the load reaches its maximum value. However, water and

A

A * oil storage structures are usually important exceptions to this. If

the clay is suitable for the SHANSEP (an acronym forxr Stress History

TR I

and Normalized Soil Engineering Properties) method of design to be

employed (Ladd and Foott, 1974}, then design based on the initial in-
) situ values of strength and deformation properties may be over-conser-

vative. The SHANSEP method assumes that the soil's engineering pro-
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perties can be normalised as a function of the stress system and over-
consolidat.ion ratio {OCR}. Therefore, as consolidation takes place
and the effective stresses increase, the strength and deformation pro-

perties of the clay improve.

Installation 6f granular piles increase the rate of consoli-
dation of the clay layer to such an extent that only a comparatively
short period of preloading is necessary. Excess pore pressures from
diffusion theory solutions could then be uscd to estimate the stress
system throughout the reinforced clay and thus establish new strength
profiles for stability analyses similar to those described in Chapter
5. In addition, new deformation moduli could be established for pre-

diction of settlements due to subsequent load applications.

6.2 CONSCLIDATION THEORY

In order to predict the rate ¢f settlement of the reinforced
s0il a solution is required for the consolidation of the clay due to
the expulsion of pore water by vertical flow and radial flow towards

the granular piles.

6.2.1 Biot Consclidation Theory

The most rigorous theory of three dimensional consolidation
is that due to Biot (1941l) which combines the effecvts of diffusion and
the elastic deformations resulting from the decrease in pore pressSure.
For a fully saturated isotropic soil skeleton the equation governing

water flow in terms of cartesian co-ordinates x, vy and z is given by
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du 2 1 36
L R Vi o+ = S .
ot “v3 b 3 ot (6.1)
where u = excess pore pressure
t = time
2 2 2
2 a 3 2
= + +
v x? " oy? t 327
6 = bulk total stress
= J + 0 +0
X Y z
ch = coefficient of consolidation in the vertical direction

for three dimensional strain conditions.
In addition, consideration of equilibrium, compatibility and stress-

strain relationships leads to a further three equations of the form

GVlp + 7o— = - 2 o (6.2)

where G = Shear modulus
Dx = displacement in the x-direction
v; = Poisson's ratic of the soil skeleton
Ev = Volume strain

and similarly for the y and z directions.

Equations 6.1 and 6.2 provide four equations whicli can be
solved (together with the appropriate compatibility and stress-strain
relationships) for the unknown pore pressure u and displacements O
py, P+ Few analytic solutions to Biot's equations of consolidation
have been produced and numerical methods of solution are usually adop-
ted (Sandhu and Wilson, 1969; Christias and Boehmey, 1970; Booker,

1973). The finite element method is a convenient numerical technigque

for the solution of these equations. The finite element equations can
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be derived in a number of ways. Sandhu and Wilson have used a Gurtin
variational principle. However, solutions to Biot's theory presented
in this chapter were obtained using a program written by Booker and
Small (1975) in which a variational theorem involving the Laplace
transform of the field guantities is used to derive the finite element

equations,

Using this technique, a set of finite element eguations are
assembled using the elastic properties of the soil skeleton which can

be expreszsed as

,T
[x;) - (L} {6t+At} {Rt+At}

= (6.3}

—{L] -{1-a) At [ 9] [qt+0t} {bt}

where the valuve of a variabie at time t is denoted by a subscript and

[KEJ = elastic stiffness matrix
[$] = a matrix governing flow through a rigid skeleton
{iL] = a coupling matrix linking de formation and flow
{§}] = vector of nodal deflections
{g} = wvector of nodal excess pore pressures

@ = integration parameter {(forward marching soclutions

are stable if 0 £ a £ 0.5)
At = increment in time
A forward marching technique is used to obtain values of nodal deflec-
tions and excess porec pressur it discrete times. With these solutions
it is possible to calculate the degree of settlement for any point on
the surface whereas diffusion theory solutions yield only an average
degree of settlement. Furthermore, different material properties can

be assigned to the sand and clay. However, the numerical solutions to
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Biot's equations of consolidation do not differ significantly from the
diffusion theory solutions. 1In this chapter a series «+# - !{fusion
theory solutions are presented in the form of a parametric study of

the factors affecting the rate cof consolidation.

6.2.2 Diffusion Theory

The process of consolidation under two and threc dimensional
strain conditions involves a redistribution of bulk stress throughout
the soil mass and thus the term 36/3t (Eguation 6.1) is generally non-
zero. If however, this term is assumed to be zero the eguations
governing conscolidation are identical to those of heat diffusion. An
equation for consolidation involving two dimensional flow with one-
dimensional strain conditions can be written .ith respect te cylindri-

cal co-ordinates as

Ju 3%u 32u 1 au
-— - T —_— 4 C _— + = 6.4
t vl 3z2 rl [3r? r 3ar ( )
where cvl = coefficient of consolidation in the vertical direc-
tion for one dimensional strain conditions
crl = coefficient of consolidation in the radial direction

for one dimensional strain conditions
r = radial co-ordinate
Zz = vertical co-ordinate.
This equation is an extension of Terzaghi's (1925) theory of one dimen-
sional consolidation. Its development and analytical solution has been
reviewed by Barron (1948). The analytical solution is applicable for a

pile which penetrates through the full depth of the consolidating laver.
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Richart (1959) investigated the use of the finite difference method
for solutions to problems which depart from the ideal case (ie. fully
penetrating pile in a layered soil system). Hart et al., (1958) used
this approach to analyse an illustrative problem in which the pile
penetration varied although a simplifying assumption was made that
the cylinder of clay directly beneath the pile 4id not drain. This
was done to avoid the necessity of considering the special form of

equation 6.4 when r = 0. It can however be readily shown that

: z
L£im Jdu - d°u (6.5)
r+0 Jr ar?
Therefore on the axis (r=0) equation 6.4 is replaced by
du 2%u 3°u
gy _ I s A 6.
ot vl 9z2 * 2crl ar? (6.6)

Equations 6.4 and 6.6 are rewritten in an implicit finite difference
form. A set of simultanecus equatjions for the unknown nodal values

of u at time t + At are obtained by expressing the partial derivatives
as an average value over the time interval t to t + At. The finite

difference equivalents to these equations are given in Appendix 6A.

The implicit form of the equations is utilised because solu-
tion of the alternative set of equations (explicit form) can be prohi-
bitively long and laboriocus as the maximum allowable time increment is
dictated by a stability criterion. Solution of the implicit form of
the equations is stable and no restriction is placed on the size of
space or time increments. However, the finite differences must be

reasonable approximations to the corresponding differentials and thus
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the time interval chosen will depend on the rate of change of the pore

pressures.

Solution of the equations leads to a set of excess pore
pressures which are then used to calculate the average degree of pore

pressure dissipation Up, where

. Ir u - r . dr dz

2 .
U = 1 - — (6.7) '
P 2n fS 4y » T .dr dz
where ut = exXcess pore pressure at time t
u, = initial excess pore pressure, which is assumed

here te be uniform throughout the mass.

6.2.3 Comparison Between Diffusion and Biot Theory Solutions

An important difference between diffusion theory solutions
and solutions to Biot's theory of consolidation is that from the dif-
fusion theory, only an average degree of pore pressure dissipation can
be calculated whereas from the solutions to Biot's theory, both the
degree of consolidation settlement and the average degree of pore
pressure dissipation can be calculated. The degree of conscolidation
settlement is the guantity of engineering interest. Davis and Poulos
(1972) have compared analytical solutions to Biot's consolidation ;
theory with solutions from diffusion theory for a uniformly loaded
strip footing and circle on a semi~infinite mass and for a uniformly
loaded circle on finite layers. From these comparisons it was found
that the average degree of pore pressure dissipation Up approximates
the degree of ¢onsolidation settlement.uS by defining the time factor

Tv in terms of the one-dimensional coefficient of consolidation cvl
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for all cases, one-~-two or three dimensional.

The results discussed in this chapter arc applicable to
vertical granular piles installed in a reqular pattern over a large
area. In this case, except near the edges of the loaded area, the
behaviour of all pile-soil units is virtually the same and thus the
rate of settlement of the large group of piles may be analysed by
considering a typical pile-scil unit as was the case for the settle-
ment analyses discussed in the previous chapter. For a triangular
arrangement, each pile may be considered as having a hexagonal domain
of influence [Fig. 6.1(a))] and an egual area of influence is given by
a Ccircular domain of diameter de = 1.05s, where s is the pile spacing.
For a square arrangement of piles, de = ].13s., The pile-soil units
analysed are cylindrical with diameter de and are divided into finite
elements as shown in Fig. 6.1l (b) for Biot theory solutions, and a finite

difference grid as shown in Fig. 6.1(c¢) for the diffusion theory solu-

tions.

In Fig. 6.2 the results of a comparison between finite element
solutions to Biot's theory and finite difference solutions to diffusion
theory are shown for a granular pile with varying degrees of penetration

through the soil layer. The average degree of pore pressure dissipation

Up (diffusion theory) and degree of consolidation settlement Us {(Biot's

theory}l are pilotted against the one—-dimensional time factor Tv - Al-

1
though the discrepancy is significant for the fully penetrating pile,
for values of L/h less than 0.B the agreement between the solutions to

the two theories is generally good.

The finite element sclutions are for the pile and so0il being
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ideal elastic materials. The s0il and pile are homogeneous, EP'/Es =
20 where Eg is the drained Young's modulus of the pile and ES the
undrained value for the soil. The drained Peoisson's ratio of the
pile material and soil (v ', U; ) are 0.3. The undrained and drained

P

Young's moduli of the soil (EB, Es') are related by the equation

ES ES'
T5 T TR (6.8)

The finite element mesh used for thus comparison is shown in Fig. 6.3.
The outer boundary is taken to be smooth, rigid and impermeable while
the base is rough, rigid and impermeable ({(l-way drainage). The high
permeability ratio of the pile and soil can be taken into account in
one of two ways. The elements within the pile can be assigned a per-
meability much larger than the soil or the excess pore pressures within
the pile can be specified as 2zero which corresponds to infinite perme-
ability. For these analyses the excess pore pressures were specified

a5 Zero.

Settlement versus time plots for the nodes at the. centre of
the pile and at the outer edge of the cylindrical pile-soil unit are
shown in Fig. 6.4 for the fully penetrating pile. The magnitudes of
the settlements of these nodes are significantly different. However,
the degree or rate of settlement (Fig. 6.5) is nearly identical. It
is important tu note that this also applies to partially penetrating

piles. In Fig. 6.6 the final surface settlement profiles are shown

for the various penetration lengths. The settlements at the outer

e, Ty

edge (r/rw = 5) correspond to those presented in Chapter 5 calculated

Zet

asing elastic finite element res :lts.

Tt
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Thus, from the Biot theory, solutions for both the magnitude

e 2
R
e
L)
1
gt

i
¥

] and rate of settlement can be calculated from the one analysis. How-
&
E% ever, the results of the comparisons show that diffusion theory solu-
g tions provide close approximations to the degree of consclidation
g settlement. A series of diffusion theory sclutions in the form of a
E:
J% parametric study of the increased rate of consclidation of the clay,
% due to the installation of the piles, is presented in the following
E!
§ section.
3 6.3 EFFECT OF PILE DIAMETER, SPACING AND DEGREE OF PENETRATION ON
. RATE OF PORE PRESSUFE DISSIPATION
%. A series of diffusion theory solutions have been computed
E to quantify the increased rate of consolidation of the clay as the
f degree of penetration of the pile increases from L/h = 7 (no pile) to
5 L/h = 1 (fully penetrating pile). In order to establish the fineness
% of the finite difference grids required for accurate sclutions compa-
% risons with the analytic solution for the fully penetrating piles were
E made for each geometry considered. Typical results of these compari-
A
E sons are shown in Fig. 6.7 for de/d = 5 (h/d = 12.5, 25) -4 de/d = 10,
% h/d = 12.5. This close agreement is obtair- ~ng grids which con-
é sist of approximately 200 nodal points. Therefore, approximately this
-1
;? number of nodes were used for the analyses of the partially penetrating
% piles. In Fig. 6.8 a representative grid is reproduced to illustrate
i the fineness of the grids used for these analyses.

The results of the analyses for de/d = 2, 5, 10 for both h,/d =
;; 12.5 and 25 are shown in Figs. 6.9 to 6.14 for isotropic cenditions.

This range in values is considered representative of those found in
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practice, The results are for a permeable top and an impermeable base

beneath the clay layer.

It is interesting to note in Figs. 6.13 and 6.14 the shape
of the consolidation curves for de/d = 2. The change in shape with
changing L/h is duz to the rapid radial dissipation alongside the pile
followed by the predominantly vertical flow from the clay beneath the
pile. Because of the change in shape of the curves an investigation
into the numerical accuracy of the solutions was undertaken. This was

done in two ways.

Firstly, the number of nodal points in the finite difference
grid were increased dramatically and the time intervals reduced. The
effect on the solutions was found to be negligible. or example, solu-
tions using 198 and 1131 nodal points were virtually iden%tical . the
case de/d = 2, h/d = 25 and L/h = 0.6, except for slight discrepai.
at early times. This slight discrepancy is to be expected as the excess
pore pressures are set to zero at the first time step at the nodal points
along the face of the pile and along the top surface. This has a compa-

ratively larger effect for the grid with fewer nodal points, resulting

in a slightly larger degree of pore pressure dissipation.

Secondiy, for this geometry a degree of pore pressure dissi-
pation UR was calculated for the annulus of soil which embodies the
pile. This was done to verify the assertion tha: the piles are so
closely spaced that initially the dissipation of the excess pore pres-
sures occur rapidly in this annulus of soil. In Fig -~ 7 — ¢+ (7.t
ted along with "F rhdoh ] e T it A ks e

of soil. The tCine - Ty . Livar




222

SNOILNIOS 40 ADVHNDOV VOIMANWNN 40 NOILVOILSIANI SL°'9 ‘Ol

2\ LA
="
1o
0l M) 10-0 L00-0 1000-0
1L L] | ] ____._H_ i | _d____./_ § _______ 1 I o._‘
AN o
6-0=4n

— 9:0=4/
G-2l=p/y
2=p/%p

LLLLL

| P

°p

_________ i 11 4 1 1 |

_.___w_ ] 1

-« | SN




o
bl
A
!
u!
n
ke

E
d
§
|
-
" 'f‘
B
=
o
Al

223

point of inflection in the solution for U This suggests that the

P
initial portion of the sclutions for these close spacings is due to
the rapid radial dissipation and the point of inflection occurs when
the flow is changiny from predominantly radial alongside the pile to
vertical from the cylinder of clay beneath the pile. Thus, the

results of this investigation show that the solutions are numerically

accurate.

The solutions presented in Figures 6.9 to €.14 illustrate
the increased rate of consolidation of the clay due to the installa-
tion of the piles. A convenient method of quantifying this increcased
rate is by comparing the rate with piles to the rate without piles
ie. the one dimcnsional consolidation conditions. This comparison
has been made by evaluating the ratic of time factors, 'I'vl for the
'with piles’' solution to the 'without piles' solution when UF = 0.3,
The results of these comparisons are shown in Fiqg. 6.16. These re-
sults i1llustrate the importance of the degree of penetration of the
piles on the rate of consclidation. For example, when h/d = 25 and
de/d = 5, if the degree of penetration is increased from 0.4 to 0.8
{ie. the volume of pile material doubled), the rate of conselidation
is increased by a factor of seven. Thus, if a given rate of consoli-
dation is required, these results could be used to optimise the spa-
cing, degree of penetration and diameter of the piles, If, for
example, the rate required is ten times that for one dimensional con-
solidation conditions and the diameter of the piles chosen represent
a value of h/d = 25, then if the piles are spaced such that de/d = 5,
the degree of penetration required is .43, whereas if the piles are
spaced such that de/d = 10, then a degree of penetration of 0.8 is

necessary. The first alternative requires twice the wolume of pile
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0.4 LFFECT OF ANISOTROPY AND DRAINAGE CONDITIONS ON RATE UF PORI

PHRESSURE DISSIPATIOLN

In Figs. 6.17 to 6.22 the increascd rate of consolidation
of the clay as the degree of penetration of the pille increases is
shown when the cocfficient of consolidation in the radial direction
is twice the vertical. The rate of pore pressure dissipation is
fagster tha. for isotropic conditions which results in a displacement
to the left of the curves shown in Figs. 6.9 to 6.14. This displace-
ment illustrates the relative importance of radial drainage for the
geometry being considered., The results of the comparison of time

factors 'I‘V for the 'with piles' solution to the 'without piles' solu-

1

tion when UP = 0.5, is shown in Fig. 6.23.

In many anisotropic clays the ratio of horizontal te vertical
permeability is much larger than two to one. To illustrate the cffect
of increasing the anisotropy on the rate of consolidation, solutions
are presented in Figs. 6.24 to 6.27 for ratios of € 1% of 3, 4, 6
and 10 for the geometry de/d = 5, h/d = 12.5 and L./h varying from 1.0
to 0. If the ratios of the times for 50% consolidation under isotropic
and anisotropic conditions are plotted against the degree cof anisotropy
(Fig. 6.28), the increased importance of the degree of penetration as
the anisotropy increases is clearly demonstrated. The solutions for
L/h = 1.0, 0.8 and 0.6 are nearly linear for this geometry because the
rate of dissipation of the excess pore pressures is controlled predo-

minantly by radial drainage. Thus. if the permeability in the radial

direction is doubled, then the rate of consolidation is approximately
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doubled. However, for smaller values of L/h (0.4, 0.2) wvertical drain-
age becomes relatively more important and thus increasing the radial
permeability by a factor of two does not cause a corresponding increase
in the rate of consolidation. Finally these results show that for
clays with larger radial permeabilities than vertical, increasing the
degree of penetration of the piles leads to more efficient use of the

pile material.

As expected, when the top and bottom of the consolidating
layer are permeable, the piles are not as effective in increasing the
rate of consolidation compared to when the base of the layer is imper-
meable, The curves of Figs. 6.9 to 6.14 are thus displaced to the
right. This displacement is illustrated in Fig. 6,29 for the iscotropic

case when de/d =5, h/d = 5.

6.5 EXAMPLE ILLUSTRATING THE USE OF SQLUTIONS PRESENTED IN CHAPTERS

5 AND 6

To illustrate the use of the solutions presented in Chapters

»

5 and 6, the following example is considered.

A large flexible raft which exerts a pressure of 70 kN/m? is
to be constructed on a soft homogeneous normally consolidated clay of
depth 10m which overlies dense sands. QOedometer tests on samples taken

from mid depth of the layer give the following results:

Initial woid ratio (eo) = 0.7
Compression index (CCJ = 0.45
Recompression index (Cr) = .05
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One-dimensional coefficient

of consolidation (c ) 2.5 mz/year

vl

Bulk density of clay (Yt)

18 knN/m?

The maximum allowable settlement of the raft is 250mm. The water

table is taken to be at the surface.

One-dimensional settlement theory predicts a settlement of
1145mm which exceeds the allewable value of 250mm. Stabilisation by
granular piles is considered an economical alternative. The vibro-
flotation rig installs piles using the wet process »f construction
with an average diameter of 1lm. The following example calculations

are presented for three possible alternatives.

() Installation of the Piles Followed by Construction of the Raft

If the piles are installed to full depth of the soft clay
(10m) in a triangular grid at a spacing of 1.90m; then from Figs. 5.6
and 5.7; For h/d = 10 and de/d = 2 the Settlement Ratiec is .20 teo

.30, depending on the distribution of modulus with depth.

Settlement range (.20) (1145) to {.30)(1145)

I

229 - 344mm

Therefore, even if the piles are jinstalled at this close spacing the
reduction in settlement is not sufficient to satisfy the maximum

allowable settlement criterion.
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(B) Installation of the Piles Followed by a Short Period of Preloading

and the Commencement of Construction (assuming Preload not Removed)

If the piles are installed and the site preloaded by 3m of
fill with density 19 kN/m? then from the diffusion theory results (Figq,
6.13) consolidation is taken to be complete when TVl = .002 which cor-

responds to a time t where

2
T h
t = *iim—
vl
. ] 10) ?
e = i_Q%E%L_QL years
..t = .08 years

The preloading need only be left for a month before construction com-

mences.

Calculation of Settlement of Raft

After 1 month the effecvive gstress in the clay at mid depth

OE is approximated by

Q
fi

(3) (19) + (5)(18-9.8) kN/m’

98 kN/m?

The wvoid ratio corresponding to this effective stress is given by

g "
£
®1 T %o T S 199y C
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where oo' = 1initial effective stress at mid depth
= 41.0 kN/m?
- 98.0
.. = .7 = 0.45 1 S
€1 0.7 - 0.45 log), (370
e = .53
The final effective stress in the clay UH' is approximated by
off' = 70 + (3)(19) + (5)(18-9.8)

]

168 kN/m?

(i} -Settlement without piles

0 '
ff
c 1 e
c %90 o,
Settlement = H

1 + e,

where H thickness of the clay layer {(assumed still to be 10m)

168.0

0. 45 loglD {98.0)

1.53

10

L}

688mm

.
B
N

{ii) Settlement of raft (with piles)

From Figs. 5.6 and 5.7 for h/d = 10 and de/d = 2 the Settle-

ment Ratio is .2 to .3

Settlement range = (.2)(688) ~ (.3)(688)

= 138 - 207mm
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The range in predicted settlements is now acceptable.

{C) 1Installation of the Piles Followed by One Month of Preloading,

Removal of Preload and then Commencement of Construction

At many sites the removal of the preload, before commencement

of construction, is essential. This sequence of stabilisation is now

considered.

If the piles were not installed but the ground prelcaded,
then the preload removed, one-dimensional settlement theory predicts a
raft settlement of 280mm. Applying the Settlement Ratio of .2 - .3

results in a predicted range in settlement (with piles) of:
Settlement range = 56 - 84mm
This range of predicted settlement is also acceptable. An important

assumption in the above examples is that the differential settlements

due to the presence of the piles has been accounted for in the design

of the raft.

6.6 SUMMARY AND CONCLUSIONS

Ingtallation of granular piles in a regular pattern over a

large area leads to an increased rate of consolidation due to the 'sand

drain' action of the piles.

In this chapter comparisons have been made between finite

element solutions to Biot's theory of consolidation and finite difference
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solutions to simple diffusion theory for piles with varying degrees
of penetration. It has been shown that by a suitable adjustment of

the time scale, the discrepancy hetween the solutions is small except

for piles which are nearly fully penetrating. A series of diffusion

theory solutions are presented to show the effect of geometric fac-
tors, (such as pile penetration, spacing and soil layer depth), on

the rate of consolidation of the clay.

The study indicates that the effectiveness of granular piles
in increasing the rate of consolidation is increased dramatically by
simultaneous reduction of pile spacing and increased pile penetration.
The relative importance of the degree of pile penetration is increased
with increasing anisotropy of the clay. In addition, because granular
piles can increase the rate of consoclidation of a clay layer to such
an extent, an efficient mode of usage would be to install the piles and
then subject the reinforced layer to a comparatively short period of
preloading, which would result in significant reduction in setclement

due to subsequent loading, and an increased load carrying capacity.

The solutions enable predictions of the rate of consolidation
of the reinforced clay and can be used for optimising the spacing, dia-
meter and degree of penetration of the piles for a required rate of

consolidation.

Finally, an example to illustrate the use of the solutions
presented in Chapters 5 and 6 is considered. The calculations emphasise
the effectiveness of granular piles in increasing the rate of consolida-

tion and reducing settlements.
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APPENDIX 6A

FINITE DIFFERENCE EXPRESSIONS FOR

DIFFUSION THEORY FQUATION

The diffusion theory equation can be written as

du o _ 2% Ezu 1 A&]
7 ~ Sviazz T n1 2t T oz (6a.1)
Referring to Fig. 6A.1 and letting
Azl
w = {(6A.2)
1 Azl AZE(AZJ, + Azz)
Azz :l
W = (6A.3) '
2 Azl Az2(Azl + Azz)
Arl
p = {6A.4)
1 Arl Arz(ﬁrl + Arz)
p. = o— wﬂrz (6A.5)
2 Arl ’,\Arl + Arz)
a = L : (5A.6)
1 2r (Arl + Arz)
a; = €,1 At (6A.7)
a2 = <, At (6A.8)

then at time t the finite difference equivalents to the differentials

can be written as

u -
du _  _o,t+it o,t (6A.9)

ot At
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2
%E; = 2y oy 0wy T (g iy ) ) (6A.10)
r !’ r '
_ﬂiﬂ = 2 {{u - u ) p, - (u -u ) p.} {(6A.11)
ar? 1,t o,t 1 o.t 3.t 2
1 3u 1 %, " Y%t
T - % { Arl - Ar2 ) . (6A.12)

For the implicit form of the equations, average values fgr the differen-
tials are used over the time interval At. An equation for the unknown

nodal value of excess pore pressure at time t + At (u in terms

o,t+At)

of the known values at time t is assembled for each grid point, ie.

{a}" (u) B} {u), (62.13)

t+At

where {u} = vector of excess pore pressures at the node being

considered and the adjacent nodes

{uor ul: u2: u31 U4}
. T
and the subscripts t, t+At refer to the time. The vectors {al}l  ana

{b}T contain the following texms:

{a}T = {ao, ay, 8y, ag, a,l (6A.14)

whe re a, = 1+ al(wl + w2) + a2(P1 + p2) (6A.15)
a, = -~ az(p1 + ql) (6A.16)

a, = =0y W, {(6A.17)

a; = athl - pz) {6A.18)

s R
" RO &
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= ~0_ w _ {(6A.19)

= {b, b, b, b, b} (6A.20)

= 1 - a, (wl + w2) -a, (pl + sz (6A.21) |
i
= -a . (6A.22)
= - a, (6A.23)
= - 6A.
ag (6A.24)
= - 6A .
2, (6a.25)

The boundary conditicon r = 0

ey SN

EaREY

For nodal points on the axis r = 0, a special form of equation

R,

6A.1 is used as

gim 1 3u _ 2%u '
J 0 r gr ar2 (6A.26)

Thus, eguation 6A.1 15 replaced by

ou ?%u 32u .
EE = cvl FY Ty + 2¢ 1 FE {6A.27)

T T
For these nodal points the vectors {al and {b) contain the following

terms:

a = 1+ o, (w, + w2) + 2a2 (pl + pz) (6A.28)

fo 1 1
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